Dosimetry of [®8Ga]Exendin-4 in several species
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Figure 1. In vivo biodistribution of [®8Ga]Ga-DO3A-VS-Cys*°-Exendin-4 at baseline doses. In vivo biodistribution as
analyzed by PET imaging in the pig (0.025 pg/kg; 60 min), NHP (0.01 pg/kg; 90 min), and human (0.17 pg/kg; 40
min, 100 min & 120 min). The pancreas (white arrow) was delineated within 10 minutes post injection in the PET
scanner (A-C). The low hepatic uptake (red arrow) of the tracer at baseline (D-F) shows the potential for outlining
insulinoma tumor metastasis (F) (orange arrow) and transplanted islets in the liver. The MIP coronal images in dem-
onstrate that the highest uptake of the tracer was observed in the kidneys (green arrow) in all the species (G-1). The

color bar for panels (A-F) indicates SUV.

as the clinically relevant recipient organ in islet
transplantation. Furthermore, insulinoma me-
tastases in the liver of the patient were clearly
visible (Figure 1F). The highest accumulation of
the tracer was observed in the kidneys; more-
over, within the kidney, the accumulation of the
tracer was primarily observed in the kidney cor-
tex (Figure 1G-I). The coronal images are maxi-
mum intensity projections (MIP) of the whole
body scan. Apart from the renal excretory
organs (kidney and urinary bladder), pancreas,
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and the insulinoma tumors, no other tissue or
organ showed considerable tracer uptake.

Quantifcation of tracer uptake in the tissue:
Organ uptake of [*8Ga]Ga-DO3A-VS-Cys*°-Exen-
din-4 in the different species are presented as
SUVs in Figure 2. Ex vivo organ distribution of
[°8Ga]Ga-D03A-VS-Cys*°-Exendin-4 in rats sho-
wed the highest uptake in the kidney, followed
by the spleen, liver, pancreas, heart, and blood
(Figure 2A). A similar pattern of tracer uptake
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Figure 2. [8Ga]Ga-DO3A-VS-Cys*®-Exendin-4 kinetics in the organs of the different species at baseline dose. Rapid
clearance of the tracer can be noticed in the blood, liver, and spleen. The tracer uptake in the GLP-1R positive tissue
pancreas and the insulinoma tumor increased with time. Retention in the kidneys indicate renal excretion pathway.

Figure 3. An autoradiogram of rat pancreatic section. (A) The intense areas of radioactive uptake are around 50
times higher than the weak background in the tissue section. The corresponding IF staining for insulin of the same
section shows the location of the islets of Langerhans (B). The radioactive distribution of the autoradiogram is highly
correlated to the location of the islets of Langerhans, as shown by the autoradiogram/IF stain fusion (C). Only the
largest islets are visible in the autoradiogram, but almost no radioactive uptake is found outside of the islets. Scale
bar represents 1 mm.

was observed at 30 min, 60 min, and 80 min uptake of the tracer in the organs was observed
post injection time points. However, the peak at 60 min post injection. [*®*Ga]Ga-DO3A-VS-
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Figure 4. Un-decay corrected kinetics of tracer. The un-decay corrected time-dependent accumulation of [®3Ga]
Ga-DO3A-VS-Cys*°-Exendin-4 which was used for estimating organ residence times in rat (A), pig (B), non-human
primate (C) and human patient (D). Actual exposure in all tissues including the kidneys are beginning to decline 30-
40 minutes after administration and the assumption of a mono-exponential fit from the last time point to infinity is

therefore reasonable.

Cys*°-Exendin-4 showed a higher pancreatic
and kidney uptake, increasing with time in the
pigs, NHP, and in human. At the end of the scan
in the patient, the highest uptake of the tracer
was quantified in the kidneys, followed by the
pancreas and insulinoma tumor (Figure 2B-D).
Within the kidneys, the cortex showed the high-
est accumulation increasing with time, with
less retention in the kidney medulla. The uptake
in the pancreas and insulinoma can be exp-
lained by the specific binding to GLP-1R exp-
ressed on the beta cells and the tumor. The ex
vivo autoradiography study in rats confirmed
the heterogeneous distribution of [*®Ga]Ga-
DO3A-VS-Cys*-Exendin-4 in the pancreas. The
focal uptake, corresponding to the islets of
Langerhans due to their size and distribution as
well as the co-localization between [%8Ga]
Ga-DO3A-VS-Cys*°-Exendin-4 uptake and insu-
lin (Figure 3A-C), was more than 48 * 4 times
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higher than the weak exocrine background,
which has implications for the internal pancre-
atic radiation dose distribution.

Dosimetry

Residence times were calculated based on the
un-decay corrected biodistribution data shown
in Figure 4A-D. Since there was no apparent
uptake in the red marrow, a linear relationship
in the blood residence time and the red marrow
residence time was assumed to estimate the
red marrow radiation dose [15]. The residence
times for [°8Ga]Ga-DO3A-VS-Cys*°-Exendin-4 in
the different species, extrapolated to human
males and females are shown in Figure 5. The
organs are presented in decreasing order of
residence time, as observed in the patient, with
kidney first followed by the muscle, red marrow,
liver, pancreas, and spleen. The lung residence
time in pigs was not included, as lungs were out
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Figure 5. Residence time. Estimated residence times
of the tracer at baseline dose in the organs, extrapo-
lated to human from the rat, pig, and NHP; and in a
female patient. From the above figure, it is evident
that the kidney is the critical organ and the longest
residence time in the kidney was observed in the
NHP, compared to the other species.

of the field of view during the PET examination.
High residence times were observed in the kid-
ney cortex for extrapolations to female and
male humans, indicating a trapping of the ra-
dionuclide rather than further excretion to the
kidney medulla and urinary bladder. Other or-
gans with notable residence times were the
muscles, liver, and red marrow for both female
and male in all the species.

Table 2 summarizes the estimated doses in
human organs, as extrapolated from the differ-
ent species. The organs are presented in de-
creasing order of radiation doses observed in
the human patient, with kidneys on top fol-
lowed by the pancreas, red marrow, spleen,
liver, muscle, and lung. Hence, the highest radi-
ation dose was observed in the kidneys.

The estimated effective dose, from rat’s data,
was relatively higher compared to other animal
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models while it was similar in pigs, non-human
primates, and in the patient.

From Table 2 it is evident that the local dose to
the kidney was the limiting factor rather than
the estimated whole body effective dose. The
kidney dose, extrapolated from the different
species, was 0.34 + 0.06 (rats), 0.28 £ 0.05
(pigs), 0.65 + 0.1 (NHP), and 0.28 (human)
mGy/MBq, which corresponded to the maxi-
mum yearly administered amounts of 455 (rat),
536 (pig), 231 (NHP), and 536 (human) MBq
before reaching the cut-off value of 150 mQGy in
the kidney [17].

Discussion

Here, we have estimated the human dosimetry
of [8Ga]Ga-D0O3A-VS-Cys*°-Exendin-4, in order
to investigate if repeated imaging examinations
are possible before reaching the whole body
and organ absorbed dose limits.

The pharmaco-kinetics of [*®Ga]-DO3A-VS-
Cys*®-Exendin-4 in the different species sh-
owed a rapid washout from blood and most tis-
sues, but a high retention in the kidneys, fol-
lowed by specific uptake in the GLP-1R positive
tissues such as the pancreas and in the insuli-
noma (Figure 2). Validation of the target specif-
ic uptake of [(8Ga]Ga-DO3A-VS-Cys*°-Exendin-4
in these tissues has been published previously
[3, 4, 6]. The long residence times in the kid-
neys are most likely due to tubular reabsorp-
tion, predicting a high absorbed radiation dose,
which makes these organs critical. The estimat-
ed absorbed dose in the kidney ranged between
0.30-0.73 mGy/MBq for females and 0.26-
0.42 mGy/MBq for males, extrapolated from all
the species (Table 3). Among the different spe-
cies, the highest absorbed dose was observed
in the NHP. In the patient study, the most rele-
vant for the clinical situation, the absorbed
dose in the kidney was 0.28 mGy/MBq.

Given a yearly acceptable kidney dose of 150
mGy, this compares to approximately 536 and
231 MBq of administered tracer per year based
on the clinical data and the extrapolation from
the NHP, respectively. We have previously
shown that the administration of more than 0.1
ug/kg of aExendin-4 peptide induces a partial
saturation of the GLP-1R [3]. Assuming a rou-
tinely reproducible specific radioactivity of 50
MBqg/nmol, which is reasonable for modern
68Ga/%8Ge generators and based on previous
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Table 2. Estimated absorbed dose of the tracer at baseline dose in the organs and effective dose in
the different species

Gallium-68 absorbed Doses (mGy/MBq)

Organ Rat Pig NHP Patient
Extrapolated to human Female Male Female Male Female Male Female
Kidneys 0.375 0.296 0.314 0.248 0.725 0.571 0.276
Kidney Cortex N/A N/A 0.303 0.261 0.729 0.420 0.378
Kidney Medulla N/A N/A 0.124 0.106 0.390 0.298 0.181
Pancreas 0.014 0.011 0.051 0.040 0.102 0.080 0.050
Red Marrow 0.027 0.029 0.022 0.021 0.022 0.022 0.026
Spleen 0.075 0.060 0.015 0.012 0.034 0.026 0.023
Liver 0.065 0.052 0.019 0.015 0.022 0.018 0.022
Muscle 0.013 0.011 0.008 0.006 0.009 0.007 0.015
Lungs 0.014 0.011 0.014 0.011 0.030 0.024 0.013
Effective dose (mSv/MBq) 0.02 0.014 0.017 0.011 0.018 0.013 0.016

Table 3. Comparison of dosimetry of other reported exendin-4 radiotracers. Doses are given as mGy/MBq
unless otherwise stated

[#3Ga]Ga-DO3A-VS-Cys*°- [Lys*°(Ahx-DOTA-*1In)  [Lys*°(AhxHYNIC-°"Tc/ED- [**Cu]NODAGA-exe-

Organ Exendin-4 [human data, Table 2] NH2]-exendin-4 [18] DA)NH2]-exendin-4 [19] ndin-4 [20]
Kidney 0.276 4.48 0.083 1.48
Liver 0.022 0.20 0.0046 N/A
Lungs 0.013 0.13 0.0046 N/A
Pancreas 0.050 0.70 0.020 N/A
Muscles 0.015 0.12 0.0024 N/A
Bone marrow 0.026 0.14 0.0030 N/A
Spleen 0.023 0.37 0.068 N/A
Effective dose (mSv/MBq) 0.016 0.155 0.0037 0.074

N/A: information not available.

radiosynthesis of this tracer, then 50-100 MBq
at most can be administered to a subject of 73
kg in order to keep below 0.1 pg/kg adminis-
tered peptide. Thus, at least 5-10 (clinical data)
or 2-4 (NHP extrapolation) examinations can
potentially be performed yearly in humans.

The estimated whole body effective dose was
similar, regardless of species differences and
was at most 0.020 uSv/MBq (extrapolated fr-
om rat). Administration of 50-100 MBq of [¢8Ga]
Ga-DO3A-VS-Cys*-Exendin-4 would yield a do-
se of 1-2 mSv. A CT examination for anatomical
information and attenuation correction amo-
unts to approximately 1 mSv per bed position,
and when added to the PET dose, it gives a
total of 2-3 mSv per examination. This corre-
sponds to 3-5 PET/CT examinations yearly
before reaching the acceptable whole body
dose of 10 mSv. With the potential increasing
use of hybrid PET/MR scanners in the future,
the additional radiation dose from the anatomi-
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cal examination is null and can be disre-
garded.

In comparison with other reported Exendin-4
analogues, labeled with other radiometals, we
observed that the extrapolated absorbed dose
of [*®Ga]Ga-D0O3A-VS-Cys*°-Exendin-4 is lower
(Table 3). The absorbed dose in kidney for
Indium-111 and Copper-64 labeled Exendin-4
was approximately 17and 5 times that of
[®8Ga]Ga-D0O3A-VS-Cys*°-Exendin-4, respective
ly [18]. Furthermore, the absorbed doses in all
the other organs were relatively lowest for
[®8Ga]Ga-D0O3A-VS-Cys*°-Exendin-4 except for
the Technicium-99m labeled Exendin-4 [19].
The extrapolated effective doses ranging from
0.016-0.02 mSv/MBq and 0.011-0.014 mSv/
MBq for human females and males, respective-
ly, were also lower compared to the other Ex-
endin-4 labels. For instance, the effective dose
for Indium-111and Copper-64 labeled Exen-
din-4 was10 and 5 times higher, respectively,
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than the effective dose of [*®Ga]Ga-DO3A-
VS-Cys*°-Exendin-4 [20].

Recently, several Fluorine-18 labeled ana-
logues of Exendin-4 have been developed [21,
22]. Some have a significantly lower renal re-
tention with a correspondingly lower kidney
radiation dose [23]. The potential drawback
may instead be a higher whole body effective
dose due to the relative longer half-life of
Fluorine-18 (109.8 minutes) compared to Galli-
um-68. The dosimetry of Fluorine-18 labeled
Exendin-4 has not yet been reported to the
authors’ knowledge.

The ex vivo examination of the pancreas in rats
reveals that the uptake was highly focal rather
than homogenous. This is not surprising and
has been shown previously for radiolabeled
Exendin-4 analogues. It has important implica-
tions for the estimation of tissue radiation
dose, since the models are programmed to as-
sume a homogenous tissue distribution. Thus,
the rather insignificant pancreatic dose calcu-
lated here actually corresponds to a higher
dose to selected areas of the pancreas. These
areas are identical to the islets of Langerhans
and their beta cells, which are known to have
high expression of GLP-1R [24]. The autoradiog-
raphy study showed a 50-fold higher uptake in
these areas, compared to the remaining exo-
crine pancreas. Naively, this may be extrapo-
lated to yield a 50 times higher radiation dose,
potentially approaching doses which may harm
the beta cells and cause diabetogenic effects.
However, the Full Width Half Maximum (FWHM)
range of the positron emitted from Gallium-68
is in excess of 500um, before annihilation due
to its relatively high energy (E__=1900 keV)
[25]. Therefore, the deposited dose will not be
concentrated solely inside the islets of Lan-
gerhans, which have a diameter of 8-500 ym
(mean 150 pym). In contrast, the local dose to
the islets of Langerhans will be substantially
higher for the positron emitting nuclides with a
shorter range (such as Fluorine-18, FWHM=100
pum, E__ =635 keV), as well as for the imaging
nuclides with a fraction of other modes of emis-
sion (for example, Indium-111 auger electrons).
In fact, Indium-111 labeled Exendin-4 was pre-
viously shown to ablate insulin producing INS-1
cells in mice when given in sufficient doses
[26]. We, therefore, speculate that the risk is
low for diabetogenic effects due to the locally
deposited radiation dose in the islets of La-
ngerhans for Gallium-68, especially compared
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to other available radionuclides used for Ex-
endin-4 based imaging.

Conclusion

Here, we show that [(8Ga]Ga-DO3A-VS-Cys*°-
Exendin-4 can be administered repeatedly
(2-4) per year in human without exceeding the
radiation limits in criticial organ, kidney or from
estimated effective dose. This potentially ena-
bles longitudinal diagnostic studies not only in
insulinoma patients but also in other popula-
tions such as subjects developing T1D/T2D,
subjects with transplanted islet grafts as well
as healthy volunteers enrolled in the early
phase of drug development studies.
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