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Abstract: Monitoring general disease marker such as angiogenesis may contribute to the development of personal-
ized medicine and improve therapy outcome. Readily availability of positron emitter based imaging agents providing
quantification would expand clinical positron emission tomography (PET) applications. Generator produced ®¢Ga
provides PET images of high resolution and the half-life time frame is compatible with the pharmacokinetics of
small peptides comprising arginine-glycine-aspartic acid (RGD) sequence specific to « B, integrin receptors. The
main objective of this study was to develop a method for $8Ga-labeling of RGD containing bicyclic octapeptide ([*3Ga]
Ga-DOTA-RGD) with high specific radioactivity and preclinically assess its imaging potential. DOTA-RGD was labeled
using generator eluate preconcentration technique and microwave heating. The binding and organ distribution
properties of [®®Ga]Ga-DOTA-RGD were tested in vitro by autoradiography of frozen tumor sections, and in vivo in
mice carrying a Lewis Lung carcinoma graft (LL2), and in non-human primate (NHP). Another peptide with aspartic
acid-glycine-phenylalanine sequence was used as a negative control. The full ®Ga radioactivity eluted from two
generators was quantitatively incorporated into 3-8 nanomoles of the peptide conjugates. The target binding speci-
ficity was confirmed by blocking experiments. The specific uptake in the LL2 mice model was observed in vivo and
confirmed in the corresponding ex vivo biodistribution experiments. Increased accumulation of the radioactivity was
detected in the wall of the uterus of the female NHP probably indicating neovascularization. [*8Ga]Ga-DOTA-RGD
demonstrated potential for the imaging of angiogenesis.

Keywords: 8Ga, RGD, PET, animal PET, angiogenesis, cancer, endometriosis, Lewis lung carcinoma, organ distri-
bution, frozen section autoradiography, whole body autoradiography

Introduction thus response to the treatment. Sensitive,
quantitative, and whole body imaging methods,
e.g. positron emission tomography (PET) have
potential to assist antiangiogenetic drug devel-

opment based on microdosing concept [2, 3].

The process of new capillary growth known as
angiogenesis is involved in physiological pro-
cesses such as repair of wounds, placenta
formation, and female reproductive cycle [1].

Pathophysiological processes can be caused
either by excessive or insufficient angiogene-
sis. The upregulated angiogenesis contributes
to cancer, blinding diseases, psoriasis, arthri-
tis, endometriosis, multiple sclerosis, obesity
etc. Considerable number of antiangiogenic
drugs, particularly for cancer treatment has
been developed. Monitoring of angiogenic acti-
vity would allow validation of antiangiogenic
drug efficacy on early stage and on personal-
ized basis in terms of treatment selection as
well as monitoring angiogenesis activity and

Molecular targets such as integrin receptors,
vascular endothelial growth factor (VEGF) rece-
ptors, and matrix metalloproteinases 9 (MMP-
9) have been identified and the respective
imaging agents have been developed [4]. The
most intensive research has been conducted in
targeting integrin receptors and developing
peptides that could mimic cell adhesion pro-
teins and bind to the receptors [2].

An extensive number of peptide ligands with an
exposed arginine-glycine-aspartic acid (RGD)
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sequence for binding to o B, integrin receptors
has been developed for the imaging with such
modalities as PET, single photon emission com-
puted tomography (SPECT), optical, magnetic
resonance (MR), and ultrasound during the
last two decades [5, 6]. The influence of the
major components of the agent structure such
as chelator moiety (DOTA, NOTA, DTPA, TETA,
TE2A, TRAP-Pr, NOPO, protoporphyriniX, macro-
bicyclic), pharmacokinetic modifiers (polyethyl-
ene glycol, hydrophilic amino acids, sugar), and
multivalency of RGD motif on the affinity and
pharmacokinetics has been studied preclini-
cally in mice with various cancer xenografts or
ischemic or atherosclerotic models [7-28]. The
enhancement of the valency from mono- to di-
to tetrameric cyclic RGD commonly results in
increased uptake, though the mechanism is
unclear [29-32]. However, further optimization
is required in order to find fine balance between
the tumor uptake on the one hand and blood
clearance and kidney accumulation on the
other hand.

RGD analogues have been labeled with halo-
gen radionuclides such as *®F [9, 33-36] and
125] 110], metal radionuclides such as °°"Tc [37,
38], ®4Cu [17, 39], **In [14], 8Zr [40] and *8Ga
[14, 15, 17, 35, 41] and pre-clinically evaluated
for the imaging with SPECT and PET [42].
Clinical trials have been conducted using [*®F]
Galacto-RGD [43-47], ['8F]-AH111585 [48, 49],
and [*°"Tc]-NC100692, [*°*"Tc]-RGD-SC-RGD-SY
[37, 50, 51] imaging agents. The correlation
between the tracer uptake and o B, expression
on endothelial cells was proven. *"Tc-labeled
analogues were used for the imaging of malig-
nant melanoma [50] and breast cancer [51]
demonstrating high detection rate (86%) and
no adverse effects were observed. However,
PET offers intrinsic advantages over SPECT in
higher sensitivity, throughput, and quantifica-
tion. [*®F]Galacto-RGD/PET used in patients
affected by squamous cell carcinoma of the
head and neck (SCCHN), breast, melanoma,
colon cancer demonstrated low radiation dose,
high metabolic stability, safety, and potential
for planning and monitoring of the treatment
[43, 52]. However, the uptake in the urinary
track and bladder could precluding diagnostic
imaging in those areas. Another agent, [‘°F]
AH111585, assessed in patients with meta-
static breast cancer for the safety, stability, and
tumor kinetics investigation [49], demonstrat-
ed net-irreversible uptake and higher image
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contrast presenting advantage over [*¥F]Gala-
cto-RGD. ®8Ga-labeled agent, [*8Ga]-NOTA-RGD,
demontrated acceptable effective radiation
dose in oncological patients [53].

The development of molecular imaging in the
direction of personalized medicine for higher
therapeutic efficiency requires also the ready
availability of corresponding imaging agents
with sufficiently high specific radioactivity (SRA)
crucial for the accurate quantification of PET
examination. Positron emitting ®8Ga provides a
number of advantages. It is produced from a
long shelf-life generator (1-2 years) allowing
PET studies without on-site cyclotrons. It's
nuclear properties (89% %) provide high quality
images. The half-life of 68 min matches the
pharmacokinetic time window of the most of
small peptides. Straightforward and simple
labeling chemistry make this radionuclide a
very potential and attractive tool for the clinical
nuclear medicine. The use of ®Ga could also
enable PET clinical examinations at medical
centers remote from cyclotrons and radiotracer
distribution sources. A method for the fast
labeling with high SRA has been developed
previously [13]. Thus, implementation of %Ga
based RGD imaging agents may provide the
advantage of easy accessability of the latter as
well as benefits of PET such as high sensitivity,
specificity, accuracy, high detection rate and
above all quantification possibility that may
considerably contribute to the development of
individualized medicine.

This study was set up to develop a labeling
protocol for the preparation of [*®Ga]Ga-DOTA-
RGD of high SRA, and to evaluate the resulting
agent in vitro and in vivo, particularly, to per-
form biodistribution in non-human primate
(NHP) in order to investigate the relevance of
this candidate for angiogenesis imaging.

Material and methods
Materials

DOTA-RGD (RGD = Cys2-6; c[CH,CO-Lys(DOTA)
Cys-Arg-Gly-Asp-Cys-Phe-Cys]-CCPEG-NH,)
DOTA-DGF (DGF = Cys2-6; c[CH,CO-Lys(DOTA)
Cys-Gly-Asp-Phe-Cys-Arg-Cys]-CCPEG-NH,),
and NC100717 (Cys2-6; c[CH,CO-Lys(DOTA)-
Cys-Arg-Gly-Asp-Cys-Phe-Cys]-CCPEG-NH,) we-
re received from Amersham Health (Departme-
nt of Synthetic Chemistry, Amersham Health,
Olso, Norway) [54]. HEPES (4-(2-Hydroxyethyl)

’
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piperazine-1-ethanesulfonic acid) and double
distilled hydrochloric acid (Riedel de Haén)
were obtained from Sigma-Aldrich Sweden
(Stockholm, Sweden). Sodium dihydrogen phos-
phate, disodium hydrogen phosphate and tri-
fluoroacetic acid (TFA) were obtained from
Merck (Darmstadt, Germany). The purchased
chemicals were used without further purifica-
tion. Deionized water (18.2 MQ), produced with
a Purelab Maxima Elga system (Bucks, UK) was
used in all reactions.

Radiochemistry

%8Ga production and processing: *®Ga (t, =68
min, B* = 89% and EC = 11%) was available
from a ®8Ge/%®Ga-generator-system (Cyclotron
Co., Ltd, Obninsk, Russia) where the **Ge (t, , =
270.8 d) was attached to a column of an inor-
ganic matrix based on titanium dioxide. The
nominal ®Ge activity loaded onto the generator
column was 1850 MBq (50 mCi). The specified
shelf-life of the generator was 2-3 years. The
68Ga was eluted with 6 mL of 0.1 M hydrochloric
acid.

The 8Ge/%8Ga-generator was eluted according
to the manufacturer protocol with 6 mL 0.1 M
solution. Five mL of 30% HCI was added to the
6 mL of the generator eluate giving finally a HCI
concentration of 4.0 M. The resulting 11 mL
solution in total was passed through an anion
exchange column at a flow rate of 4 mL/min
(linear flow speed 25 cm/min) at room temper-
ature [13]. The ®8Ga was then eluted with small
fractions of deionized water (50-200 pl) at a
flow rate of 0.5 mL/min. The pre-concentration
has successfully been performed for the elu-
ates (12 mL) of two generators, increasing the
amount of radioactivity and prolonging the
shelf-life of the generators [55].

%8Ga-labeling of DOTA-RGD and DOTA-DGF: The
pH of the pre-concentrated/purified *¢Ge/%¢Ga-
generator eluates (2x6 mL) was adjusted to
pH~4.6 by adding sodium hydroxide and HEPES
to give finally a 1.5 M solution with regard to
HEPES. Then 3-8 nanomols of the peptide con-
jugates dissolved in deionized water (0.1 mM)
were added. The reaction mixture was trans-
ferred to a Pyrex glass vial with an insert to
accommodate the small volume (200 + 20 pL)
for microwave heating. The heating time in the
microwave oven was 1 min at 95 + 5°C. The
microwave heating was performed in a Smith-

17

Creator™ monomodal microwave cavity pro-
ducing continuous irradiation at 2450 MHz
(Biotage, Uppsala, Sweden). The temperature,
pressure and irradiation power were monitored
during the course of the reaction. The reaction
vial was cooled down with pressurized air after
completed irradiation. The obtained product
was analyzed by UV-radio-HPLC using reverse
phase separation mechanism.

HPLC and LC-ESI-MS analysis: Analytical liquid
chromatography (LC) was performed using a
HPLC system from Beckman (Fullerton, CA,
USA) consisting of a 126 pump, a 166 UV detec-
tor and a radiation flow detector (Bioscan) cou-
pled in series. Data acquisition and handling
were performed using the Beckman System
Gold Nouveau Chromatography Software Pack-
age. The column used was a Vydac RP 300 A
HPLC column (Vydac, USA) with the dimensions
150 mmx4.6 mm, 5 ym particle size. The gradi-
ent elution was applied with the following par-
ameters: A = 10 mM TFA; B = 70% acetonitrile
(MeCN), 30% H,0, 10 mM TFA with UV-detection
at 220 nm; flow was 1.2 mL/min; 0O-2 min iso-
cratic 20% B, 20-90% B linear gradient 8 min,
90-20% B linear gradient 2 min.

Liquid chromatography electrospray ionization
mass spectrometry (LC-ESI-MS) was perform-
ed using a Fisons Platform (Micromass, Man-
chester, UK) with positive mode scanning
and detecting [M+2H]?* and [M+3H]** species.
DOTA-RGD at m/z = 549.1 for [M+2H]** and
823.44 for [M+3H]*" and %®"*Ga-DOTA-DGF at
m/z = 857 for [M+2H]?* and 571 for [M+3H]3".
The " Ga-conjugate synthesised under inden-
tical to labeling conditions was used for the
identification of the radio-HPLC chromatogram
signals.

Biological evaluation

All animals were handled according to the gui-
delines by the Swedish Animal Welfare Agency,
and the experiments were approved by the
local Ethics Committee for Animal Research,
permit no: C46/3.

Lewis lung carcinoma mouse model: The in vivo
studies were carried out in adult female
C57BI/6J mice (28-33 g) (Mdllegard, Denmark)
with s.c. tumor grafts. The mice were injected
subcutaneously with tumor cells (approximately
1 million cells per tumor in 100 pl cell culture
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medium) in the left hind leg. The tumors were
allowed to grow for 14 days before the experi-
ments were performed, and had then reached
a weight of 0.61 + 0.45 g (mean = SD). The
mouse Lewis Lung carcinoma cell line (LL2)
(ATCC, CLR 1642, Rocksville, MD, USA) were
cultured in Dulbecco’s modified Eagle’'s medi-
um with 4 mM L-glutamine adjusted to contain
1.5 g/L sodium bicarbonate and 4.5 g/L glu-
cose, 10% fetal bovine serum, and PEST (peni-
cillin 100 IU/ml and streptomycin 100 pg/mil).
Cells were grown at 37°C in incubators with
humidified air, equilibrated with 5% CO,. The
cells were trypsinized with trypsin-EDTA (0.25%
trypsin, 0.02% EDTA in PBS without Ca and Mg),
centrifuged and suspended in culture medium
without serum to a concentration of 1x107
cells/ml.

In order to evaluate uptake in tumors and nor-
mal tissues, a biodistribution study was per-
formed. Six mice with LL2 tumor grafts were
injected intravenously with 100 ul [*®Ga]
Ga-DOTA-RGD solution 3.3 + 0.8 MBqg (mean +
SD, approximately 0.14 nmol in PBS per ani-
mal), 60 min post injection the animals were
sacrificed and organ were dissected out. For
the assessment of the binding specificity three
animals were co-injected with excess of NC-
100717 (4 mg/kg). In addition to the tumor,
blood, lung, liver, spleen, kidney, and muscle
were collected, weighed and measured in an
automated gamma counter. Organ values were
calculated as standardized uptake value (SUV)
and % of injected dose/g of tissue (%ID/g).

Frozen sections (20 um) of the tumors were pre-
pared in a cryomicrotome and put on super-
frost glass slides. The slides were kept in a
freezer (-20°C) until used. At the start of the
experiment the slides were pre-incubated for
10 min in TRIS (50 mM, pH 7.4) buffer. The
slides were then transferred to containers
containing 10 nM [*8Ga]Ga-DOTA-RGD or 5 nM
[¢8Ga]Ga-DOTA-DGF in TRIS buffer. In a dupli-
cate set of containers 15 and 5 nM of NC-
100717 was added to block specific binding.
After incubation for 60 min the slides were
washed 3x3 min in buffer. The slides were
dried at 37°C in an incubator for 10 min and
together with the reference exposed to phos-
phor imager plates (Molecular Dynamics, Amer-
sham Biosciences, UK) over night. The plates
were scanned and the images were analyzed
using ImageQuant TL software (GE Healthcare).

18

The mean values of the tissue regions of inter-
est (ROIs) were corrected for background and
expressed as average counts per pixel. Specific
binding was defined as the difference between
total binding and non-displaceable binding.

Two mice with LL2 tumor grafts were injected
intravenously with 100 ul [*8Ga]Ga-DOTA-RGD
solution 4.1 + 0.1 MBqg (mean * SD, approx.
0.18 nmol in PBS per animal), one mouse
was injected with 2.6 MBq [* F]FDG. Sixty min
post injection the animals were sacrificed and
mounted in a gel of carboxy methylcellulose
and water, frozen (-70°C) and subjected to tape
section autoradiography according to Ullberg.
Sagittal whole-body sections (60 pum) were
collected onto tape (6890, 3M, USA) using a
cryostat microtome (M-5160-C, PMV, Sweden)
and dried. Radioluminograms were obtained by
opposing tape sections to phosphor imaging
plates (Molecular Dynamics, USA, purchased
from Amersham Bioscience, Uppsala, Sweden).
The plates were exposed > 120 min and scann-
edinaPhosphorImager Model 400S (Molecular
Dynamics, USA, purchased from Amersham
Bioscience, Uppsala, Sweden).

For the dynamic scanning the mice were taken
to the laboratory just before the experiment.
After a short period of heating under a red-light
bulb the animal was placed in a cylinder con-
nected to an isoflurane vaporizer adjusted to
deliver 2% isoflurane in a 55/45% mixture of
oxygen and air. When the animal was uncon-
scious a heparinized venous catheter was
placed in a tail vein and connected to a 1 ml
syringe with 0.9% NaCl and 10 IU heparin. The
animal was subsequently placed on the scan-
ner bed with its abdomen down and hind legs
with tumors stretched out backward as much
as possible from the body and covered with
cloth to minimize heat loss. Heated air (< 40°C)
was blown on the animal to reduce the loss of
body temperature during the experiment. The
tracer was injected as a bolus dose 30 seconds
after the scanner start in a volume of 100 pl
followed by 100 ul saline. After completion
of the study the animals were decapitated
under anaesthesia. Imaging of mice was per-
formed on an animal PET R4 scanner (Concorde
Microsystems, Inc.), with a computer-controlled
bed and 10 cm transaxial and 8 cm axial field
of view (FOV). All raw data were first sorted into
3-dimensional sinograms, followed by Fourier
rebinning and 2-dimensional filtered back pro-
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jection (2D-FBP) or iterative (OSEM) image
reconstruction resulting in images with 2 mm
resolution. Scatter correction, random counts
and dead time correction were all incorporated
into the reconstruction algorithm. Radiation
attenuation in each animal was measured with
a 10 minutes transmission scan using a spiral-
ing point source containing ®8Ge/%®Ga (18.5
MBq) before injection of the tracer. After the
second emission study a 2 min emission scan
was performed with the 8Ge/%8Ga point source
lying next to the left tumor in order to give a
positive reference for the location of the tumor.
The time frames for the emission acquisition
were: 10x30 s, 5x60 s, and 10x120 s (duration
30 min, 21 frames). The acquisition time for
the blank scan was 5 hours and the 600 sec-
onds transmission scan was generated with
an external rotating germanium-68 pin to cor-
rect the ensuing emission scan for attenuation
scan. The amount of the injected activity was 3
MBq (approx. 0.14 nmol [*8Ga]Ga-DOTA-RGD
in PBS per animal). Regions of interest (ROIs)
were drawn on bladder, kidney, and tumor.
Pharmacokinetic curves representing the radio-
activity concentrations were calculated as
activity in organ [kBqg/mL].

Non-human primate: The NHP (Rhesus mon-
key, female) were sedated with ketamin (appr. 7
mg/kg) and transported to Uppsala Imanet
AB. During transport the animal was monitored
by pulse oximetry and supported by oxygen.
The animal was weighed. One venous catheter
was applied for tracer administration and one
venous catheter for blood radioactivity and PK
sampling. Propofol was administered until the
animal was anesthetized enough to be intubat-
ed. After intubation the animal was maintained
on sevoflurane inhalation anesthesia and artifi-
cial ventilation. The NHP anaesthesia was con-
trolled by respirator at a sevoflurane concentra-
tion of about 3-8%. Tracrium inf. 0.3-0.6 mg/
kg/h. A urine catheter (Nelaton, Silikon 2 v, 06
ch, 30 cm, 3 ml) will be put in the bladder for
drainage. Ringer-Acetate (Fresenius-Kabi) O,
5-1 ml/kg/h. Glucose 300 mg/ml was adminis-
tered if necessary depending on the blood glu-
cose state as measured. The blood loss was
compensated with albumin 50 mg/ml in rela-
tion to the volume taken. Body temperature,
heart rate, ECG, pCO,, pO,, Sa0, and blood
pressure were monitored throughout the PET
study.

19

Imaging was performed on a Hamamatsu SHR
7700 PET scanner (Hamamatsu, Japan), with
an aperture 30 cm, field of view 12 cm, and
resolution 3.5 mm. Dynamic images were re-
constructed in a of 2-dimensional filtered back
projection (2D-FBP) 128x128 matrix with a
pixel size of 4x4 mm using a 4 mm Hanning
filter, scatter correction, random counts and
dead time correction were all incorporated into
the reconstruction algorithm. The time frames
for the emission acquisition were: 2x60 s,
3x120 s, 4x180 s, 4x300 s, and 5x600 s
(duration 90 min). The acquisition time for the
blank scan was 12 hours and a 30 min trans-
mission scan was generated with an external
rotating germanium-68 pin to correct the ensu-
ing emission scan for attenuation. The tracer
was injected as a bolus dose followed by 1 ml
saline. Blood samples (0.5 ml) for radioactivity
measurements (0.5 ml) were takenat 1, 3, 6, 9,
12, 15, 30, 60, 90 minutes after RGD inje-
ction. Radioactivity was measured in plasma
obtained after centrifugation. The amounts of
the injected activity were 48 and 81 MBq [%3Ga]
Ga-DOTA-RGD for the baseline and blocking
study respectively. Regions of interest (ROIs)
were drawn on the top of the uterus to be well
clear of the bladder as well as in the middle of
the bladder.

Imaging was performed on a GE Discovery
ST scanner (General Electric, USA), with a
15.7 cm axial and 60 cm transaxial field of view
(FOV). Scatter correction, random counts and
dead time correction were all incorporated into
the reconstruction algorithm. Whole body PET
examinations were performed with 240 s/bed.
Radiation attenuation in each animal was mea-
sured with a full spiral 140 kV 80 mAs CT
scan, section thickness 3.75 mm, Pitch 1.75:1,
Speed 35. The amount of the injected radioac-
tivity was 49 MBq for [*8Ga]Ga-DOTA-RGD and
104 MBq for [*®F]FDG. Whole body CT examin-
ation with venous phase of contrast media (20
ml Omnipaque, 240 mg/ml) was performed
after the PET examination. The NHP anaesthe-
sia and monitoring were controlled the same
way as described in the Hammamatsu scanner
protocol.

Results
Radiochemistry

The bicyclic octapeptides deriving from RGD-
containing peptide NC-100717 [54], DOTA-RGD
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Non-human primate biodistribution of 8Ga-labeled RGD

Radio

-

. AN

Figure 1. Structural formulae of
NC100717 (A), [**Ga]Ga-DOTA-RGD
(B) and [*®Ga]Ga-DOTA-DGF (C).

nmol; range: 120-200 MBq/
nmol) and the amount of the
precursor (3-5 nanomoles).
The labeling of the peptide
conjugates with %8Ga was car-

ried out in a microwave mo-
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Figure 2. Radio-HPLC-radiochromatogram of a [®®Ga]Ga-DOTA-RGD prepara-
5°C, total reaction

tion (4 nanomoles, 1 min microwave heating at 95 +
volume 220 pL). The ¢8Ga(lll) incorporation was over 95%.

and DOTA-DGF, conjugated with a macrocyclic
bifunctional chelator 1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid (DOTA) at
lysine residue were labeled with positron emit-
ting radionuclide %¢Ga (Figure 1). The full ®8Ga
radioactivity eluted from two generators was
quantitatively (> 95%) incorporated into 3-8
nanomoles of the peptide conjugates. Further
purification of the ®8Ga-labeled peptide conju-
gates was not required since the radionuclide
incorporation was nearly quantitative with
radiochemical purity over 95% and the buffer
(HEPES) was compatible with the biological
systems. The overall 8Ga-labeling process was
performed in 15-20 min starting from the end
of the original generator elution thus resulting
in non-decay corrected radiochemical yield
of 83.8 + 3.0%. SRA values, calculated with
respect to the peptide amount, varied depen-
dent on the generator age (152 + 32 MBq/
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20 nomodal oven. The UV-radio-

HPLC analysis method devel-
oped for this study was acco-
mplished within 10 min allow-
ing fast quality control (QC) of
the imaging agents prior to the
application (Figure 2). The original DOTA-RGD
and DOTA-DGF peptide conjugates were ana-
lyzed by UV-RP-HPLC with one and two UV-
signals detected, respectively, for DOTA-RGD
(t, = 6.19 + 0.03 min) and DOTA-DGF (t,, = 6.12
+ 0.03 min and t, = 6.30 £ 0.04 min with
ratio of 7.4 for the t_,/t.,).

Authentic reference comprising stable ®7*Ga-
(1) isotopes was synthesized under the same
conditions as its radioactive counterpart. There
were two UV signals with the first one corre-
sponding to the authentic DOTA-RGD (t, = 6.19
min) and the second one to %*7*Ga-DOTA-RGD
(t, = 6.35 min). The radioactivity signal had
t, = 6.45 min. To confirm the HPLC UV-chroma-
togram signals another HPLC run of the sam-
ple spiked with DOTA-RGD was conducted. To
confirm the HPLC UV-chromatogram signals
6971Ga-DOTA-RGD concentration dependent st-
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Figure 3. Electrospray ionization mass-spectrometry results of ©7*Ga-DOTA-RGD analysis: A: The UV-chromatogram
of a liquid chromatography separation (upper panel) and total ion chromatogram (lower panel); B: The correspond-

ing mass spectrum.

udy was carried out. The area of the signal cor-
responding to 6> :Ga-DOTA-RGD was increasing
with the increasing concentration of the ana-
lyte. The identity of the compounds was confir-
med by LC-ESI-MS. Double and triple charged
jons at m/z: 857 [M+2H]** and 571 [M+3H]3*
were detected for °7*Ga-RGD (Figure 3B). In
the case of the gallium stable isotope compl-
exation, the product consisted of pure %*7*Ga-
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DOTA-RGD. In the case of ®8Ga complexation,
the product consists of [*3Ga]Ga-DOTA-RGD
and DOTA-RGD. The HPLC samples of the tra-
cer preparations were spiked with DOTA-RGD
to avoid t, discrepancies.

To check the stability of DOTA-RGD under micro-

wave heating condition, blank experiments we-
re performed and the stability of the peptide
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[*Ga]Ga-DOTA-RGD

Figure 4. A representative autoradiogram of frozen section autoradiography
of Lewis Lung carcinoma tumors incubated with 5-10 nM [%8Ga]Ga-DOTA-
RGD (A, left panel) and [*8Ga]Ga-DOTA-DGF (B, right panel). The blocking
with 5-15 yM NC-10071 resulted in the absence of [*¥Ga]Ga-DOTA-RGD up-
take (C, left panel). There was no difference in the uptake of [**Ga]Ga-DOTA-
DGF in the total binding (B) and blocking with NC-10071 experiments (D).
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Figure 5. [®*Ga]Ga-DOTA-RGD uptake in C57BIl/6)
mice with a subcutaneous LL2 tumor reported as
SUVs with SEM for tumor and different organs (n =
3). **indicate P < 0.01.

conjugate was monitored by UV-HPLC and LC-
ESI-MS. DOTA-RDG was stable both in water
and in the reaction solution under microwave
heating. No additional signals were detected in
the stability study.

Lewis lung carcinoma model

Frozen section autoradiography: The incuba-
tion of frozen tumor sections with 10 nM [#3Ga]
Ga-DOTA-RGD demonstrated specific binding in
experiments wherein the binding was preclud-
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[*Ga]Ga-DOTA-DGF

ed by excess of NC-100717
and only unspecific binding
of [*8Ga]Ga-DOTA-DGF was ob-
served wherein the blocking
effect could not be achieved
using excess of NC-100717
(Figure 4).

Organ distribution: The ex vivo
organ distribution of [*8Ga]Ga-
DOTA-RGD was investigated
in LL2 tumor xenograft mice
(Figure 5). The specificity of
the tracer uptake was contro-
lled in the presence of excess
of NC-100717 (Figure 5). The
biodistribution was character-
ized by fast renal clearance
from blood. The accumulation
in the spleen and liver was the
highest followed by lung and
kidney. The blocking of [¢¥Ga]
Ga-DOTA-RGD with unlabeled
NC-100717 showed that activ-
ity in blood and liver was not
affected by the unlabeled pe-
ptide but lung and muscle uptake was reduced
in similar manner.

Whole body autoradiography: Distribution of
[*8F]FDG in tumor bearing mice shows a cen-
tral defect in uptake indicating a central necro-
sis (Figure 6B). The accumulation of [*®Ga]Ga-
DOTA-RGD is less pronounced than that of [*8F]
FDG and can be observed to be higher at the
rim of the tumor (Figure 6A). This uptake at the
rim can be explained by neo-vascularization or
representing activity in the blood vessels at the
rim or a combination of the two tumors.

Animal PET imaging and kinetic data: The fast
excretion of [*8Ga]Ga-DOTA-RGD resulted in
high accumulation of the radioactivity in the uri-
nary bladder and it was difficult to outline the
tumor (Figure 7A). The radioactivity was accu-
mulated in the bladder within 15 min while
there was only minor retention of the radioac-
tivity in the kidney (Figure 7B). Retention in the
tumor was observed for at least 30 min. The
two investigated animals demonstrated similar
distribution pattern. The central uptake defect
of [*®F]FDG observed in tape section autoradio-
grams is also observed in the animal PET image
(Figure 7C). The time-activity-curves demon-
strated also for [*®F]FDG fast excretion to the
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Figure 6. Ex vivo whole body autoradiography (30 um sections) of C57BI/6)J
mice with a subcutaneous LL2 tumor performed one hour post administra-
tion of 3 MBq of [8Ga]Ga-DOTA-RGD (A) and [*®F]FDG (B). White arrows point
at LL2 tumor uptake.
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Figure 7. Animal summation PET images of dynamic scanning after admin-
istration of 3 MBq of [*®Ga]Ga-DOTA-RGD (A) and 2.5 MBq of ['8F]FDG (C)
to C57BI/6J mice wherein the white arrows point at the subcutaneous LL2
tumors. The respective time-activity curves demonstrate fast accumulation
in urinary bladder and retention in the tumor for both [**Ga]Ga-DOTA-RGD
(B) and [*®F]FDG (D).

urinary bladder and retention of the radioactiv-
ity in the tumor.

RGD (Figure 8B). The former
was accumulated mostly in
the brain and urinary bladder.
The uptake in the uterus was
low and throughout the organ.
The whole body organ distri-
bution of [®8Ga]Ga-DOTA-RGD
demonstrated accumulation
in the wall of the uterus, pro-
bably indicating vasculariza-
tion (Figure 8B). The highest
uptake was observed at the
upper pole of the uterus.
Computed tomography imag-
ing confirmed the formation of
a neoplasm with increased
uterus wall thickness from 5
mm to 7 mm within 3 months.

Upon the co-injection of NC-
100717, the accumulation of
[¢8Ga]Ga-DOTA-RGD in uterus
was markedly inhibited (Figu-
re 9A), the excretion of [*®Ga]
Ga-DOTA-RGD increased (Fig-
ure 9B), and the plasma half-
life was prolonged (Figure 9C).
The blood clearance kinetics
was best described by a bi-
exponential function with sl-
ow and fast phases of half-
life values of 24.6/1.1 and
26.4/1.9 min (R? = 0.9999
and 0.9978), respectively for
the animals scanned at the
baseline without administra-
tion of the blocking NC-100-
717, and the animals scann-
ed after the administration of
NC-100717 (1 mg/kg) (Figure
9C).

Discussion

One of the basic requirements
of the personalized medicine
is the quantification of the dis-

ease [56]. The molecular imaging and, in par-
ticular PET provides the possibility and tool for

the selection of patients, dosimetry, treatment

Non-human primate

planning and monitoring of the response to the

therapy. Such application of PET for the target-

PET imaging and in vivo blocking of [(4Ga]Ga-
DOTA-RGD uptake with NC-100717: The whole
body scans were performed after administra-
tion of [*8F]FDG (Figure 8A) and [*8Ga]Ga-DOTA-

ed imaging of e.g. receptors requires sufficient-
ly high SRA of the imaging agent [57]. The
requirement is dictated by biological factors
such as limited number of targets, e.g. recep-
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Figure 8. A: Sagittal PET/CT fusion image of [*®F]FDG distribution in a non-human primate showing high uptake in
the uterus and bladder (240 s/bed scanning started 130 min post injection). B: Sagittal PET/CT fusion image of
[®8Ga]Ga-DOTA-RGD distribution in a non-human primate showing distinct accumulation of the radioactivity in the
wall of uretus (240 s/bed scanning started 20 min post injection).
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Figure 9. Time-activity-curves demonstrating: A: Accumulation of [*Ga]Ga-DOTA-RGD in the upper pole of the uterus
in a non-human primate before and after administration of NC-100717 (1 mg/kg); B: Excretion of [®®Ga]Ga-DOTA-
RGD to urine in a non-human primate before and after administration of NC-100717 (1 mg/kg); C: [*Ga]Ga-DOTA-
RGD radioactivity in blood plasma in a non-human primate before and after administration of NC-100717 (1 mg/kg).

tors and pharmacological side effects. In par-
ticular, due to competition with the labeled
peptide for the same receptor, the presence of
unlabeled peptide may have a negative effect
on the percent dose uptake of radioactivity.

Various agents for imaging and quantification
of angiogenesis were developed and tested
preclinically and clinically targeting integrin re-
ceptors, vascular endothelial growth factor
(VEGF) receptors, MMP-9, and aminopeptidase
N [58, 59]. A number of tracers based on VEGF
analogues and labeled with °*"Tc [60], ®Ga
[61], ¢*Cu [62, 63] were assessed preclinically
showing such shortcomings as relatively slow
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blood and tissue clearance as well as high kid-
ney uptake. Smaller peptides targeting integrin
receptors demonstrated faster target localiza-
tion and clearance from blood and healthy tis-
sue and thus were found preferable as com-
pared to VEGF based agents. Ligands compris-
ing arginine-glycine-aspartic acid (RGD) sequ-
ence for binding to integrin receptors constitute
the largest and most thoroughly investigated
group of imaging agents for angiogenesis.

A versatile RGD peptide scaffold with nanomo-
lar affinity (K, and IC, ) for o B, ranging between
0.75-8.2 nM for various analogues was devel-
oped [49, 54]. Three analogues with basic

Am J Nucl Med Mol Imaging 2018;8(1):15-31



Non-human primate biodistribution of ®¢Ga-labeled RGD

cyclic structure containing eight amino acid
residues, ethylene glycol linker, and DOTA che-
lator moiety were used in this study. DOTA-RGD
had RGD motif for the specific binding to o B,
receptors while DOTA-DGF had the same amino
acid residues however with altered sequence
exchanging RGD motif to DGF one in order to
assess the necessity of RGD motif for receptor
binding (Figure 1B, 1C). NC-100717 analogue
used in blocking and competition assays had
the same constitution as DOTA-RGD except for
the absence of the chelator moiety (Figure 1A).

Radiochemistry

The positron-emitting %8Ga radionuclide is of
great practical interest for clinical PET. The
68Ga is a generator produced nuclide and does
not require cyclotron on site. The short half-life
of %8Ga (t,, = 68 min) permits application of
68Ga radioactivity amount sufficient for high
quality images while maintaining relatively low
radiation dose to the patient. The requirement
of high SRA can be fulfilled if the incorporation
of ®8Ga is nearly quantitative, the amount of the
peptide conjugate is low, and the tracer does
not necessitate purification. All requirements
were met in this study wherein DOTA-RGD and
DOTA-DGF were labeled with ®8Ga radioactivity
incorporation of over 95% (97 + 2%, n = 11)
and high reproducibility of 100% success rate.
The amount of the precursor was less than 5
nanomoles. The high radioactivity incorpora-
tion resulting in sufficiently pure product and
the use of biologically compatible HEPES buffer
allowed omission of the purification step. The
proposed labeling technique was time efficient
due to the elimination of the product purifica-
tion step and fast microwave heating (1 min).
No degradation of the peptides was observed
in concordance with previously published re-
ports on the applicability of microwave heating
for labeling synthesis of various peptides
and oligonucleotides [55, 57]. Another factor
that contributed to the improved SRA was the
introduction of preconcentration/purification of
the generator eluate [13]. The procedure was
based on anion exchange chromatography
allowing preconcentration and purification of
%8Ga obtained from one or several generators,
and resulting in considerable reduction of the
generator eluate volume and enhancement
of ®8Ga concentration. This labeling method
combining microwave heating and preconcen-
tration of the generator eluate demonstrated
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promising results earlier [13, 24, 55, 57, 64-74],
and was proved to be useful in the present
study providing sufficiently high SRA (152 + 32
MBgq/nmol) relevant to the respective affinity
values of the peptides. One more factor that
contributed to the improvement of SRA was the
short time of fast quality control method (10
min) allowing the overall tracer preparation
time reduction to 20 min.

The introduction of the purification and con-
centration step combined with microwave heat-
ing may have very positive impact on the fur-
ther utilization of %8Ga in nuclear medicine in
general. The generator eluate preconcentration
allowed excellent ®8Ga radioactivity economy
that potentially could prolong the shelf-life of a
50 mCi generator for up to 2 years for clinical
use, especially considering harvest of the elu-
ates from several generators wherein the pre-
concentration would provide the same small
final volume (200-300 pL) and increased radio-
activity amount. Moreover, the proposed gen-
erator eluate preconcentration technique was
suited for automation [75, 76].

Biological assay

Analogues based on the RGD peptide scaffold
were previously labeled with 8F and °°"Tc and
demonstrated promising results clinically. [*8F]
AH111585 selectively targeting o B, and o B,
was investigated in breast cancer patients
[49, 77], in melanoma and renal tumors [78],
and antiangiogenic therapy monitoring [33,
79-81]. The agent was safe, metabolically sta-
ble, and able to detect lesions, however high
background uptake in normal liver masked the
liver metastases. Another analogue of this
scaffold, [®®"Tc]NC100692, demonstrated de-
tection rate of 86% in 20 patients with breast
cancer [51]. No adverse effects were observed
however clearance from the blood and healthy
tissue was slow deteriorating the contrast of
the images.

The results were promising, however the neces-
sity of cyclotron for ‘8F production and rather
complex chemistry results in poor clinical avail-
ability and higher costs. It is worth mentioning
that from the point of view of radiation dose *€F-
and %8Ga-based tracers demonstrate compara-
ble results despite the higher positron energy
of ®8Ga [43, 53]. The relatively cheap and read-
ily available from a simple generator system
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68Ga as well as possibility of production auto-
mation and kit type tracer production make
68Ga-based analogues more attractive. Similar
production mode is provided by **"Tc [82, 83],
however %8Ga/PET offers advantage of higher
sensitivity, resolution as well as accurate quan-
titation, and thus personalized medicine poten-
tial. The escalating appreciation of ®®Ga advan-
tages is reflected in the increasing number of
clinical studies using various RGD analogues
[53, 84-88].

The potential shortcomings with radiolabeled
RGD analogues were associated with slow
blood and tissue clearance and accumulation
in liver, intestine, bladder, and kidney. This
study was designed to investigate the imaging
potential of [*Ga]Ga-DOTA-RGD in NHP taking
advantage of physiological similarity between
humans and NHPs providing superior validity of
the experimental results as compared to those
obtained in rodents. Nevertheless, the prelimi-
nary biological assessment was conducted in
vitro and in vivo in rodents, prior to NHPs.

Organ distribution in rodents: The organ distri-
bution of [®8Ga]Ga-DOTA-RGD and [*®Ga]Ga-
DOTA-DGF was previously studied in healthy
rats showing fast blood and tissue clearance,
fast excretion and relatively low kidney uptake
(SUVs) [21]. The ex vivo organ distribution of
[*8Ga]Ga-DOTA-RGD in mice bearing LL2 xeno-
grafts in this study demonstrated somewhat
higher uptake (SUVs) in blood, liver and spleen
that can be attributed to the difference in spe-
cies. In contrast to these studies, the kidney
uptake prevailed in the study of atherosclerotic
plaques in LDLR/ApoB48 mice [16]. The uptake
in the LL2 tumor was precluded by 50% using
excess of pre-administered NC-100717, while it
was not affected in liver, spleen, and blood
(Figure 5). Another analogue labeled with *°™Tc
(®*"Tc-NC100692) demonstrated similar results
in murine model of angiogenesis induced by
hindlimb ischemia and healthy rats [89, 90].

In vivo organ distribution kinetics of [*®Ga]
Ga-DOTA-RGD in LL2 tumor bearing mice
(Figure 7A, 7B) was studied and compared to
that of [*®F]FDG (Figure 7C, 7D). The excretion
to urine of [*8Ga]Ga-DOTA-RGD was fast and
extensive, and it was difficult to outline the
tumor due to the proximity to the urinary blad-
der. The radioactivity was accumulated in the
bladder within 15 min while there was only
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minor retention of the radioactivity in the kid-
ney (Figure 7B). The tumor accumulation was
somewhat slower and lower for [*8Ga]Ga-DO-
TA-RGD. The central uptake defect of [*F]FDG
observed in tape section autoradiograms was
also possible to delineate in the animal PET
image (Figure 7C). The animals were sacrificed
and whole body section autoradiography was
performed for more detailed investigation of
the radioactivity distribution throughout the
tissue (Figure 6). Both [*®F]FDG and [®®Ga]Ga-
DOTA-RGD images showed absence of the
radioactivity in the central part of the tumor
most probably due to necrosis (Figure 6).

The binding specificity of [*8Ga]Ga-DOTA-RGD
was additionally confirmed in vitro in frozen
sections of LL2 tumors wherein the tracer up-
take was precluded by pre-incubation with
excess of NC-100717 (Figure 4A, 4C) while
there was no difference in the uptake pattern
of [*8Ga]Ga-DOTA-DGF with and without NC-
1007417 (Figure 4B, 4D). The results imply that
the specificity of the uptake was defined by the
presence of RGD sequence in the peptide
construct.

Organ distribution in non-human primate: The
PET/CT examinations of a NHP showed accu-
mulation in the uterus for both [¢8Ga]Ga-DOTA-
RGD and [*®F]FDG, the latter had however a
much diffuser appearance (Figure 8A) while
the former demonstrated very distinct uptake
in the wall of the uterus with highest density in
the upper pole (Figure 8B). The localization of
[¢8Ga]Ga-DOTA-RGD in the wall correlated with
the findings of computed tomography imaging
that showed formation of a neoplasm with in-
creased uterus wall thickness from 5 mm to 7
mm within 3 months. The use of [¢8Ga]Ga-DO-
TA-RGD may present some advantages over
[*8F]FDG in specificity similarly to the observa-
tions in lung cancer diagnosis wherein the
specificity of [*®Ga]Ga-NOTA-RGD, was found
considerably higher than that of [*®F]FDG [86].

Apart from the excretion to urine, [*®Ga]Ga-
DOTA-RGD uptake in the other tissues was neg-
ligible providing very low background (Figure
8B) and potentially high contrast images of
lesion localization in organs. The in vivo block-
ing study with NC100717 demonstrated reduc-
tion of the uptake, especially in the upper pole
of the uterus by approximately 70% confirming
the specificity of the binding (Figure 9A). The
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drastic increase of the radioactivity excretion
to urine upon the blocking with NC100717
(Figure 9B) also indirectly indicates the binding
specificity. The blockage of the binding target
was reflected in the enhanced blood plasma
levels and longer plasma half-life of [*8Ga]
Ga-DOTA-RGD (Figure 9C). The difference in the
background uptake between rodents (Figure 7)
and NHP (Figure 8) was attributed to the differ-
ence between the species, and it stresses the
importance of the validation of a tracer candi-
date in larger animals with physiology as similar
to human one as possible very early in the trac-
er development process.

In summary, the binding specificity was con-
firmed in vitro in frozen sections of LL2 tumors,
ex vivo and in vivo in C57B1/6J mice with LL2
xenografts, and in vivo in NHP. The comparison
with [*8F]FDG organ distribution indirectly indi-
cated the specificity of [*®Ga]Ga-DOTA-RGD
action. Receptor mediated specific binding in
combination with low background uptake in
healthy organs observed in the NHP indicated
strong potential of the agent for non-invasive in
vivo localization and quantification of integrin
receptor rich lesions.

Conclusion

The bicyclic octapeptide conjugates, DOTA-RGD
and DOTA-DGF, were nearly quantitatively lab-
eled with positron emitting radionuclide 8Ga
eluted from two generators. [*8Ga]Ga-DOTA-
RGD demonstrated specific binding in the LL2
tumor model that could be precluded by excess
of the blocking agent. The amino acid sequence
related uptake mechanism could be shown by
the absence of the blocking effect when using
scrambled peptide conjugate, DOTA-DGF. The
uptake in the wall of uterus in hon-human pri-
mate most likely indicated neovascularisation
and could partly be blocked. [®Ga]Ga-DOTA-
RGD has a potential to be a valuable tool in
examining and quantifying various processes
with a high degree of angiogenesis.
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