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Abstract

Objectives: Incorporation of lutetium-177 ("”’Lu) into suitable molecules that are implicated in cancer pat-
hology represents a promising approach for the diagnosis and treatment of cancer. The goal of the present
study was to develop a novel "’Lu labeled radiopharmaceutical agent for both radioimaging and targeted
radionuclide therapy. Animals and Methods: Given the synthetic versatility of 1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid (DOTA) ligand as a metal chelator and high demand of sugar molecules
such as deoxyglucose (DG) in cancer cells, we carried out the radiosynthesis of a novel radiopharmaceutical
agent, namely, "’Lu-DOTA-DG, and utilized it for imaging of cancer and also for the targeted radiation the-
rapy of cancer tissues. Results: In this study, we developed an efficient radiochemical synthesis of ’Lu-DO-
TA-DG and evaluated its pharmacological properties in vitro/in vivo. Our results showed DOTA-DG can be
labeled with "’Lu with excellent radiochemical yield at 90°C in 30min. The resulting ’Lu-DOTA-DG exhibi-
ted high degree of stability without significant radiolysis up to 120h in human serum and phosphate buffer.

Favorable pharmacokinetics profile was demonstrated by rapid blood clearance in 4T1 murine tumor mice
and heterogeneous whole body biodistribution of ’Lu-DOTA-DG. Further, Comet assay experiments indi-
177,

cated that cancer cells treated with "’Lu-DOTA-DG showed significant higher degree of DNA damage com-
pared to cells treated with "”’Lu’ or non-treated cells. Conclusion: This study showed that there is a great

177

potential of using “Lu-DOTA-DG as an imaging and therapeutic agent for cancer diagnosis and treatment.
Furthermore, this study provides valuable information for developing novel '’Lu-labeled radiopharma-
ceuticals.

Hell INuclMed 2019;22(2):103-110 Epubahead of print:7 July 2019 Publishedonline: 20 July 2019

Introduction

argeted radionuclide therapy (TRT) has recently emerged as a powerful strategy
totackle unmet medical needs in cancer treatment [1-2]. This strategy relies on the
delivery of a radiolabeled compound to specific malignant targets such as cancer
cells. In contrast to traditional chemo/radiotherapy that impose undesirable threat to
normal cells [3-5], the TRT is featured by targeted delivery of radioactive warhead that
can emit aor 3 particles directly to the tumor tissue while avoiding irradiation of healthy
tissue [6]. Lutetium-177 ("’Lu) has a half-life of 6.71 days and decays through B-particle
emission and y emission to a stable hafnium-177 ("Hf). The relatively long half-life helps
to reduce the number of radiopharmaceutical injections to the patient, which in turn re-
duces the radiation dose to the patient. Given its relative long half-life and unique decay
mode, ’Lu is useful for both radioimaging [7-8] and radiotherapy [9-13]. In particular,
the average penetration of B-particles released by "’Lu in soft tissue is 670um, making
this radionuclide a suitable tool for delivering radiation energy within small space, inclu-
ding micro-metastatic disease and tumor cells near the luminal surface [14]. Therefore,
""Lu effectively localizes cytotoxic radiation in a relatively small area, and precisely des-
troys tumors smaller than 3mm in diameter, with less damage to adjacent normal tissues
[15-16].In addition to the therapeutic benefits through 3 decay, simultaneous emission
of y photons with appropriate energy can also be imaged to provide valuable temporal
and functional information within the tumor tissues to evaluate response to treatment
[17]. The utility of ’Lu as a radionuclide in targeted radiotherapy has long been estab-
lished [18]. For example, it has been widely used in a variety of clinical trials in recent
years, including prostate cancer [19], adult neuroendocrine diseases [20] and colorectal
carcinoma[21]andisfrequently used for peptide receptorradionuclide therapy [22].
In orderto achieve the desired therapeutic and diagnostic (combined as“theranostic”)
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benefits of the 'Ly, a judicious design of the delivering car-

rier and a reliable and robust linker that bridges ”’Lu and the
carrier becomes critical. Glucose is one of the three major
energy sources in the human body, especially for tissues with
high glucose metabolism, such as brain, kidney and cancer
cells [23]. Consequently, glucose and its analogs can be ex-
ploited as suitable carrier for cancer-specific delivery. For ins-
tance, fluorine-18-labeled 2-deoxy-2-fluoro-D-glucose ("°F-
FDG) [24] has found widespread use in positron emission to-
mography (PET) imaging of cancer [25] or neurodegenera-
tive diseases [26]. However, due to intrinsic shorter half-life
and single positron decay mode, *F-FDG is largely limited to
PET imaging and is not suitable for theranostic applications.
More importantly, most sugar molecules do not comprise an
appropriate labeling site to introduce metal atoms and are
thus not amenable for direct ’Lu-labeling. As a result, a lin-
ker unit such as multi-dentate chelating ligand is necessary
to bridge the radionuclide and the carrier moiety. In view of
the recent development of radiolabeling strategy that in-
volves chelation of metal-based nuclide with multidentate li-
gand [27-29], we envisioned that a sugar carrier could be in-
directly labeled with metal nuclides through chelation che-
mistry. As part of our continuing efforts in developing novel
sugar based radiopharmaceuticals, we recently reported the
development of technetium-99m (*"Tc) labeled DTPA-DG
(diethylenetriaminepentaacetic acid-DTPA, deoxy-glucosa-
mine-DG) and renium-188 ("**Re) labeled DTPA-DG, which
demonstrated therapeutic effects in nude mice bearing bre-
ast cancer (MCF-7 cells). In addition, Lee et al. (2017) reported
the successful synthesis of gallium-68 (*Ga)-labeled DOTA-
Capsaicin which showed high tumor to non-tumor ratios and
distinct biodistribution results [30].

Inspired by previous studies, we developed a novel "’Lu-
labeled agent, namely, 1,4,7,10-tetraazacyclododecane-1,4,
7,10-tetraacetic acid (DOTA)-2-deoxy-D-glucose ("’Lu-DO-
TA-DG). In this study, we prepared ""Lu-DOTA-DG by che-
lation of "’Lu* with DOTA ligand, which has shown excellent
stability in phosphate buffered saline buffer (PBS) and hu-
man blood serum.We were able to demonstrate in mice high
binding affinity of ""Lu-DOTA-DG with tumor tissues thro-
ugh in vitro cell uptake study, whole body biodistribution
study, and in vivo imaging. Furthermore, we confirmed the
DNA damaging process of cancer cells induced by ”’Lu-DO-
TA-DG through Comet assays. Accordingly, we present here-
in our efforts in exploring a novel "’Lu-labled radiopharma-
ceutical agent for theranostic applications and this work may
lead to an alternative approach for cancer diagnosis and tre-
atment.

Animals, Materials and Methods

Synthesis of the labeling precursor DOTA-DG

2-deoxy-D-glucosamine hydrochloride (DG-HCI) (2.8mg,
0.13mmol) was mixed with DOTA-NHS-ester (9.1mg, 0.12
mmol) in an aqueous solution (Figure 1). The resulting solu-
tion was stirred at room temperature for 48h followed by

addition of 0.01mol/L sodium bicarbonate solution to ad-
just the pH to 8.The progress of the reaction was monitored
by high-performance liquid chromatography (HPLC). After
completion of the reaction, the crude product of DOTA-DG
was purified and isolated by preparative HPLC and lyophi-
lized for the following steps. DOTA-DG was analyzed via the
Waters Quadrupole Mass Spectrometer (ACQUITY QDa)
system equipped withan ACQUITY UPLC BEH Amide 1.7um
Column (2.1x100mm). High-performance liquid chromato-
graphy solvent system is as follows: solvent A=0.1% triflu-
oroacetic acid (TFA) in acetonitrile; solvent B=0.1% TFA in
water.The solvent gradient is as follows: A, 0%-85% over 0-2
min; A, 85%-65% over 2-30min; A, 65%-85% over 30-35min.
The flow rate was TmL/min.
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Figure 1. The synthesis of DOTA-DG and radiolabeling with "'Lu™.

Radiolabeling of DOTA-DG with ’Lu

To optimize the conditions for the "’Lu-labeling of DOTA-DG,
several reaction parameters including reaction time, tempe-
rature, pH and ligand concentrations were screened. The radi-
olabeling was performed in small volumes of sodium acetate
buffer (typically 50-100uL) using double-sealed plastic reac-
tion tubes (PCR thermocycler tubes, max volume 200uL, BIO-
RAD, USA). The pH was regulated by 1M sodium hydrogen
acetate buffer solution or 1M acetic acid buffer solution. He-
ating was performed in a temperature-controlled heating
block (Wiggens, Germany). All reactions were carried out at
least in duplicate runs, using at least two different production
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batches of the “’Lu radionuclides.

Determination of radiochemical yield (RCY)

The radiochemical yield of "’Lu-DOTA-DG was analyzed by
radio TLC scanner (Bioscan, USA). Sheets of No. 1 Xinhua filter
paper (Hangzhou Xinhua Group Co., Ltd., Hangzhou, China)
were cut into 1.2x30cm strips. Samples of 1uL were applied
to the strips and were developed in 10% ammonium acetate
and 50% methanol mixture solution as mobile phases. The
paper strips were dried thoroughly and the radioactivity was
measured by radio TLC. The chromatograms were visualized
using CS Chrom Plus software. The Rf value of the radiolabe-
led ”’Lu-DOTA-DG was 0.8 to 1.0 and Rf of the free ”’Lu’* was
in the range of 0 to 0.3. The error in measurements of the ra-
diochemical conversion was approximately £5%.

Stability studies
In vitro stability experiments were carried out according to
previously published procedures [31]. The stability of ”Lu-DO-

Hellenic Journal of Nuclear Medicine * May-August 2019

www.nuclmed.gr



Original Article

TA-DG was measured in fresh human serum and PBS at 37°C.
Briefly, an aliquot of 25uL of the ""Lu-DOTA-DG (3.7MBgq) was
added to serum or PBS and incubated at 37°C for 120h. In ad-
dition, a control experiment where the "’Lu-DOTA-DG was
kept at room temperature in the original solution was also
conducted. The radiochemical purity in different time points
was monitored by radioTLC at 4h, 24h, 48h, 72h, 96h and

120h of incubation.

Invitro cell uptake assay

4T1 murine breast cancer cells were maintained in RPMI 16-
40 medium (Invitrogen) supplemented with 10% fetal bo-
vine serum and were incubated at 37°C in a 5% CO, humi-
dified incubator. Cell uptake assays were performed after
seeding 8x104 4T1 cells/mL/well in 12-multiwell culture
plates. When the cells were about 80% confluent, each well
wasinjected with 1.85KBq of ’Lu-DOTA-DG or 37KBq of "F-
FDG in TmL of culture media. A blocking study was perfor-
med with the addition of Tmg of 2-deoxy-D-glucose to cells
(100uL/well) treated with either "’Lu-DOTA-DG or "F-FDG.
After 4h of incubation at 37°C, the culture media were remo-
ved, and the cells were washed twice with PBS.The cells we-
re then dissolved in 0.5% sodium dodecyl sulfate (0.5mL/
well). The radioactivity in the cells was measured using a
gamma counter, using a radionuclide specific energy win-
dow, a counting time of 30s and a counting error <5%. The
cell uptake of the radiotracer was calculated using the for-
mula %uptake=(radioactivity of cells/total radioactivi-
ty)x100%.

Murine breast cancer models

All animal studies were approved by the Southwest Medical
University and were in compliance with the Laboratory Ani-
mal Regulations for the Care and Use of Animals. Female
Kunming mice at 4-6 weeks of age were housed under speci-
fic pathogen-free conditions and kept on twelve-hour light
and dark cycles in the Sichuan Key Laboratory of Nuclear Me-
dicine and Molecular Imaging. To generate the breast cancer
model, mice were implanted subcutaneously with 2x10° 4T1
cells in a 1:1 mixture of Matrigel (Corning, USA) on the right
thighs. Mice were imaged and used in whole body biodistri-
bution studies 15-20 days after implantation when the tumor
grew toreach 8-10mm in diameter.

Whole body biodistribution of "’Lu-DOTA-DG in tu-
mor mice

Fifteen mammary tumor mice were divided to five groups
with three mice in each group. They were anesthetized by
2% isoflurane inhalation and injected intravenously trough
caudal vein with ’Lu-DOTA-DG (3.7MBg/mouse). Each gro-
up was euthanized by CO, inhalation at five different time
points, namely at 10min, 30min, 1h, 4h, 24h after injection.
Blood was promptly withdrawn, and other organs such as
heart, liver, spleen, kidney, muscle, tumor tissues etc were
harvested. The weight of each organ/tissue was deter-
mined. The radioactivity was also measured using agamma
counter. Uptake of radiotracer in various organs/tissues was
normalized to percentage injected dose pergram (% ID/qg).
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Imaging of tumor mice with “Lu-DOTA-DG

Imaging studies were carried out on a dual-head gamma
unit (Millennium VG5, GE Healthcare) equipped with a pa-
rallel-hole, low-energy collimator. Each tumor bearing mo-
use was injected via the tail vein with 0.1mL of ’Lu-DOTA-
DG (7.4MBq). After injection, images were taken at 60min
list-mode acquisition under anesthesia, with five mice in
each group.The region of interest (ROI) was identified to be
the area between tumor tissue and the contralateral thigh
muscle, which was used to determine tumor-to-backgro-
und ratios (T/NT).

Comet assay

The comet assay was performed by adopting the protocol
of OxiSelect™ Comet Assay Kit (Cell Biolabs, INC.). MCF-7
cells (breast adenocarcinoma cells) were purchased from
the National Key Laboratory for Biological Treatment, West
China Hospital, Sichuan University. All cells were mainta-
ined in Dulbecco’s modifies eagle’s medium (Gibco, USA)
supplemented with 10% fetal bovine serum penicillin-st-
reptomycin 1% (v/v) (Gibco, USA). The cells were cultured in
5% CO, incubator at 37°Cin a humidified atmosphere. Cells
were seeded in 6-well tissue-culture plates and incubate for
24h for adherence. Subsequently, cells were divided into
three groups and each group was treated with "”’Lu-DOTA-
DG 3.7MBg/well, ""LuCl, 3.7MBg/well and DOTA-DG dilu-
ted to the same concentration of "’Lu-DOTA-DG as control
group, for 24h, respectively [32]. All cells were harvested by
trypsin digestion, washed with PBS and centrifuged. The
supernatant was discarded and the cells were resuspended
at 1x10°cells/mL in ice-cold PBS. Seventy five uL of Comet
Agarose per well was added onto the OxiSelect™ Comet
Slide to create a Base Layer, in the dark at 4°C for 15 minutes.
The resuspended cells were mixed with Comet Agarose at
1:10 ratio (v/v), and 75pL/well of cells were immediately
transferred onto the top of the Comet Agarose Base Layer, in
the dark at 4°C for 15 minutes. The slide was transferred to a
horizontal electrophoresis chamber, and was allowed to run
for 20min at 25V and 300mA. Subsequently, the slides were
rinsed with pre-chilled distilled water (~25mL/slide) and
this procedure was repeated twice every 2min. The final wa-
ter rinse was aspirated and replaced with cold 70% ethanol
for 5min. After the slides were completely dried, 100uL/well
of diluted Vista Green DNA Dye was added, and the slides
were incubated at room temperature for 15min. The slides
were viewed by epifluorescence microscopy using a FITCfil-
ter at a magnification of 10X (Carl Zeiss Apo Tome, Ger-
many). A hundred of randomly selected cells were analyzed.
The damaged DNA (containing cleavage and strand breaks)
migrated further than intact DNA and produced a “comet
tail” shape. The captured images were analyzed using Co-
met Score image analysis software, and the percentage of
tail DNA content (% tail DNA) was measured as an indicator
of DNA damage (single strand breaks).

Statistical analysis
All data were expressed as mean+tstandard deviation (SD).
Statistical analysis was carried out using the unpaired, 2-tailed
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Student t test of variance with Microsoft Office (Excel) 365 or
GraphPad Prism V.5.0. P value of less than 0.05 was consi-
dered statistically significant. The following marks are used
throughout the paper: *,P<0.05; **,P<0.01; ***,P<0.001.

Results and Discussion

DOTA-DG synthesis

We prepared DOTA-DG via an amide bond formation bet-
ween DG and DOTA-NHS ester (Figure 1).The crude product
was purified via semi-preparative HPLC column, which sho-
wed a retention time of 7.61min with greater than 90% DO-
TA-DG purity. The mass/charge ratio (m/z) of 566 for [M+H]"
was detected by electrospray ionization (ESI) mass spectro-
metry which is consistent with the calculated value for
C,,H,,N,0,,0f 565.

The efficient synthesis of DOTA-DG sets the stage for the
following radiolabeling step. As a versatile radiolabeling
precursor, DOTA-DG was shown in literature to exhibit pro-
neoplastic properties [33-34] and we predicted that it can
be specifically taken up by tumor cells after chelation with
""Luto ""Lu-DOTA-DG.

Radiochemistry of ""Lu-DOTA-DG

The reaction parameters for the radiosynthesis of "’Lu-DOTA-
DG were investigated. Firstly, the radiolabeling reaction was
screened at 25°C, 40°C, 60°C and 90°C. As shown in Figure 2, it
is observed that the reaction proceeded at higher rates with
increasing reaction temperatures. The radiochemical yield re-
ached >98% in 30min when the reaction was performed at
90°C. In comparison, the reaction proceeded at a much slo-
wer rate at 25°C where 81% of radiochemical yield was obta-
ined in 30min. It is noted that extended reaction time from
30min to 2h at lower temperatures, i.e., 25°C, 40°C and 60°C
did not significantly improve the yield. Therefore, 90°C was
determined to be the optimal temperature for radiolabeling.

—
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Figure 2. Dependence of the rate of "Lu-DOTA-DG formation on temperature

(pH=6, DOTA-DG=4x10"M, "Lu=3.7MBg).

Subsequently, we optimized the pH for the labeling of
DOTA-DG with ’Lu. As shown in Figure 3, the optimal pH
window for the reaction was determined tobe 4.5to 7. In the
optimal pH window, the radiolabeled product was consis-
tently obtained with greater than 95% yield in 30min. In con-
trast, the reaction was less efficient when conducted in pH of

2.5, 3.5, or 7.5. For instance, when the reaction was perfor-
med at the pH of 2.5, the radiochemical yield dropped drasti-
cally and less than 50% of radiolabeled product was obta-
ined in 60min. Additionally, we studied the effects of the li-
gand concentration on the outcome of the radiolabeling
reaction. As indicated in Figure 4, the optimal ratio for DOTA-
OG precursor to ’Lu* was 4x10* M to "’Lu 3.7MBq. There-
fore, we identified the optimized reaction conditions for fur-
ther experiments as follows: reaction time is 30min, reaction
temperature is 90°C, pH=4.5 and DOTA-OG concentration is
4x10" M with respect to 3.7MBq of ’Lu™. The typical radio-
chromatogram of ""Lu-DOTA-DG at the optimized condition
is shown in Figure 5. By taking advantage of the synthetic
versatility of DOTA-DG, we envision a series of metal based
radio-pharmaceutical agent can be prepared in a similar fas-
hion as described above, thus greatly expanding our capa-
bility to develop novel radiopharmaceutical agents for can-
cerdiagnosis and treatment [35].
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Figure 3. Dependence of the rate of “Lu-DOTA-DG formation on pH (Tempe-
rature=90°C, DOTA-DG=4x10"M, "'Lu=3.7MBq).
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Figure 5. An example of radioTLC chromatogram of “"Lu-DOTA-DG, mobile phase:
10% ammonium acetate and 50% methanol mixture solution, pH=5.5.
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Stability of ’Lu-DOTA-DG

The stability of the radiolabeled productin human blood se-
rum and in PBS at 4h, 24h, 48h, 72h, 96h and 120h at 37°C
were summarized in Figure 6. At 72h, 97% and 89% of the ra-
diolabeled product remained intact in PBS and human blo-
od serum, respectively. Further, 95% stability was observed
for the control group where "’Lu-DOTA-DG was kept at ro-
om temperature in the original solution. As shown in Figure
6,"'Lu-DOTA-DG showed good stability up to 120h without
significant radiolysis observed during this period of time.
On average, 94+0.53%, 93+1.1% and 82+1.8% of the radio-
labeled product remained intact at 120h in the original so-
lution, in PBS, and in human blood serum, respectively. The
plasma metabolism is considered to be the major contri-
butor of the lower stability observed in human blood se-
rum. Nevertheless, the stability of ’Lu-DOTA-DG is over
80% up to 5 days in both PBS and human serum, indicating

the feasibility of using "'Lu-DOTA-DG in clinical diagnostic
and therapeutic applications.
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Figure 6. The stability of "'Lu-DOTA-DG at room temperature in PBS and human
blood. Serum overthe course of 120 h.

In vitro cancer cell uptake

The cell uptake results for ”’Lu-DOTA-DG and “F-FDG in 4T1
cells after 4h of incubation is shown in Figure 7. The percen-
tage cell uptake values for ”’Lu-DOTA-DG and "“F-FDG were
4.64% and 10.34%, respectively. In order to investigate the
binding specificity of ’Lu-DOTA-DG with glucose transpor-
ters, blocking experiments were carried out. When the cells
were pre-treated with Tmg/mL of 2-deoxy-D-glucose
(1mg/mL), the uptake value of “F-FDG decreased signifi-
cantly from 11% to 4% (P<0.001). To our surprise, pre-treat-
ment of deoxy-D-glucose did not block the uptake of "’Lu-
DOTA-DG. As shown in the left two bars of Figure 7, no
substantive change was observed for the cell uptake of
"’Lu-DOTA-DG when the cells are pre-treated with 2-deoxy-
D-glucose. These observations may be attributed to the
non-specific binding of the "’Lu-DOTA-DG with tumor cells.
Additionally, the blocking studies may also suggest "’Lu-
DOTA-DG bind to receptors other than glucose transpor-

ters.

Whole body biodistribution of ’Lu-DOTA-DG in tu-
mor mice

The data for whole body biodistribution of ’Lu-DOTA-DG
was recorded at 5 different time points, namely, 10min,

30min, 60min, 4h and 24h after injection to mice bearing
4T1 tumors, and the results are summarized in Table 1. As
shown in the first column of Table 1, a high initial kidney up-
take was noted shortly after injection (t=10min) which may
due to kidney’s function as a major urinary excretion path-
way. At this time point, tumor tissues showed significant
higher uptake (4.59%ID/g) of the "Lu-DOTA-DG than all
the other organs except for kidney. In comparison, low up-
take was found in the brain, spleen, muscle, and intestines
at the same time point (t=10min). The tumor to muscle up-
take ratios was calculated to be 5.68 at 10min after injection
indicating high binding affinity with tumor tissues and ex-
cellent targeting selectivity of tumor over other organs.
These advantageous features render ’Lu-DOTA-DG a pro-
mising imaging agent that generates high contrast images
in clinics as well as an efficient radiotherapeutic agent that
precisely delivers radiation to tumor cells without dama-
ging healthy tissues. For direct comparison, the percentage
injected dose in different organs at two representative time
points (i.e., 10min and 30min) was summarized in Figure 8.
Following the initial uptake, a rapid decrease of radioac-
tivity was observed in several organs including tumor, lung,
heart, bone, kidney, and blood. Particularly, a rapid washout
of radioactivity from blood took place within 1h (10/60min
ratio of 11.1). The radioactivity in intestines increased from
10min to 30min which is possibly attributed to the hepato-
biliary elimination. It is worth noting that brain uptake re-
mained low (<0.3%ID/g) throughout the time period after
injection of the radiolabeled compound.This observation is
consistent with the fact that blood-brain barrier playsanim-
portant role in regulating the compounds entering the cen-
tral nervous system. Based on this result, we postulate that it
is unlikely "’Lu-DOTA-DG will impose significant neurologi-
cal toxicity issues for the diagnosis and treatment of cancer.
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Figure 7. Invitro cellular uptake of "Lu-DOTA-DG and “F-FDG in 4T1 cells (in bloc-
king experiments, both radiotracers were incubated with an excessive amount of D-
glucose); ***:P<0.001.
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Table 1. Whole body biodistribution results of ”Lu-DOTA-DG in4T1 tumor mice (Expressed as % ID/g+SD, n=3).

Site 10min 30min 60min 4h 24h
Tumor 4.59+0.36 1.47+0.13 0.50+0.05 0.10%=0.00 0.15+0.08
Heart 1.99+0.80 0.65+0.29 0.19+0.01 0.10+0.10 0.08+0.01
Liver 1.35+0.19 0.96+0.56 0.34+0.03 0.12+0.02 0.11+0.03
Spleen 0.66+0.14 0.55+0.15 0.11+0.03 0.12+0.04 0.12+0.03
Lung 3.62+0.97 0.79+0.45 0.52+0.10 0.16+0.02 0.14+0.03
Kidney 20.74x1.14 4.42+1.43 2.26+0.36 1.15+0.26 0.52+0.10
Stomach 2.24+0.37 1.93+0.44 1.26+0.35 0.06+0.01 0.07+0.01
Intestine 0.99+0.10 1.41x+0.49 0.24+0.01 0.05+0.01 0.05+0.00
Brain 0.21+£0.03 0.28+0.27 0.06+0.03 0.05+0.02 0.02+0.00
Bone 1.91+1.00 0.93+0.31 0.74+0.15 0.08+0.04 0.08+0.03
Muscle 0.81+0.13 0.79+0.52 0.20+0.14 0.08+0.01 0.03+0.00
Blood 5.77+0.84 2.14+0.26 0.52+0.11 0.02+0.00 0.02+0.00

Mean %ID/q (+ standard deviation)

”’Lu-DOTA-DG imaging of tumor mice

The preliminary imaging results with ’Lu-DOTA-DG at five
different time points are shownin Figure 9.1n order to inves-
tigate tumor uptake and in vivo kinetics profile of the radio-
labeled agent, we performed our study with 4T1 tumor
mice. As shown in Figure 9(A), the tumor region was clearly
visualized with high contrast to the background through-
out the time period after injection. The distribution of the
radiolabeled agent was heterogeneous, with the majority
of the activity in tumor tissues. The uptake peaked at 30min
and the in vivo kinetics profile obtained from "’Lu-DOTA-
DG imaging studies is consistent with the ex vivo whole bo-
dy biodistribution data. It isinteresting to note that the regi-
on of interest (ROI) ratios for the tumor to non-tumor (T/NT
ratios) gradually increased over the time (except for t=120
min). TheT/NT ratio was calculated as 2.9,3.6,3.8,4.3and 2.4
at 10min, 30min, 60min, 90min and 120min, respectively.
This trend suggested that there was a slower washout rate
in tumor tissues than that in other organs. The stronger as-
sociation of the radiolabeled compound with tumor tissues
is beneficial for radionuclide therapy as it allows for longer
exposure of tumor cells to radioactivity. It is worth noting
that besides tumor tissues, kidneys, liver, and bladder were
also visualized in the imaging study, albeit with less inten-
sity.

Figure 9. Imaging of a4T1tumor bearing mouse acquired at 10min (a), 30min (b),
60min (), 90min (d) and 120min (e) after injection of "Lu-DOTA-DG (7.4MBq);
arrows indicate the tumors.

’Lu-DOTA-DG radiation-Induced DNA damage

In order to evaluate the potential mutagenic effect of ’Lu-
DOTA-DG to induce DNA damage, Comet assays were car-
ried out. As shown in Figure 10(A)-(C), cancer cells were ex-
posed to ’Lu-DOTA-DG, "’LuCl,, and blank control, respec-
tively. By comparing the photomicrographs of stained DNA
of MCF-7 cells in different groups, we observed cells treated
with "’Lu-DOTA-DG showed longer and brighter tail which
indicates amuch higher degree of DNA damaging. Cells tre-

ated with ’LuCl, showed shorter tails as compared to cells

treated with ’Lu-DOTA-DG. In contrast, most non-treated
cells remained in the cavity with a circle shape and no tail
was observed, which indicated very low level of DNA dama-
ging in these cells in the given time window. A total of 100
nucleoids were further analyzed for each group to deter-
mine the percentage of DNA in tail. As shown in Figure
10(D), cells treated with ’Lu-DOTA-DG and "’LuCl, both
showed statistically significant higher ratio of DNA tailing
than cells in the control group. Moreover, despite the well-
known genotoxicity of ’LuCl, [36], "'Lu-DOTA-DG outper-
formed ’LuCl, by inducing a higher degree of DNA damage
in cancer cells. The DNA damaging progresses through se-
veral stages, including programmed cell-cycle delays, DNA
single-strand breaks, and DNA double-strand breaks, cell
death or DNA repair. The main damage induced by
radiation occurs in the nucleus of cells [37]. In the Comet as-
say, we were able to quantify and distinguish cells with
different rates of DNA damage, thus confirming a signifi-
cantamount of DNA was damaged when the cells are expo-
sedto'’Lu-DOTA-DG.

Summing the above, a novel “Lu-labeled radiopharma-
ceutical ""Lu-DOTA-DG was synthesized and evaluated for
stability, tumor binding affinity, tumor binding specificity
and ability to induce DNA damage in cancer cells. The syn-
thetic procedures for the radiolabeling reaction were effici-
ent and operationally simple. Under the optimized condi-
tions, "Lu-DOTA-DG was prepared from readily available
precursor (DOTA-DG) in 30min at 90°C with more than 98%

| 177

Hellenic Journal of Nuclear Medicine * May-August 2019

www.nuclmed.gr



Original Article

% DNA in Tail
3

o

177,

Figure 10. Photomicrographs of stained DNA of MCF-7 cells for alkaline comet as-say: (A) cells treated with "’Lu-DOTA-DG (3.7MBq) 24h; (B) cells treated with "Ludl,

77 177,

(3.7MBq) 24h; (C) non-treated cell; (D) a total of 100 nucleoids were analyzed for each group to obtain % DNA in tail; significant differences between “Lu-DOTA-DGand "Lu-
DOTA and control cells (***P<0.001); the inset boxes in upper panels are shown at pseudorandom of single cell in lower panels.

radiochemical yield. The stability of ’Lu-DOTA-DG was eva-
luated in both PBS and human blood serum and high degree
of stability (>80%) was noted up to 5 days. Preliminary in vitro
cancer cells uptake and blocking experiments shed light on
the non-specific binding of ""Lu-DOTA-DG with glucose
transporters. Both whole body biodistribution studies and in
vivo imaging studies demonstrated excellent tumor cells up-
take, selective binding to tumor tissues, and favorable kine-
tics profile for following pre-clinical and clinical studies. Fur-
thermore, the DNA damaging induced by "’Lu-DOTA-DG
was confirmed by the Comet assays.

In conclusion, the present study presents a novel ’Lu-lab-
led agent which showed promising properties of targeting
cancer tissues and inducing DNA damaging in mice. This stu-
dy further suggests an alternative method for targeted radio-
nuclide therapy. Further exploration of other chelation ligan-
ds/metal radionuclides and continued investigation to ad-
dress non-specific binding issues are underway in our labo-
ratory.
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