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Targeting of the glucose-dependent insulinotropic poly-
peptide receptor (GIPR) is an emerging strategy in anti-
diabetic drug development. The aim of this study was to
develop a positron emission tomography (PET) radio-
ligand for the GIPR to enable the assessment of target
distribution and drug target engagement in vivo. The
GIPR-selective peptide S02-GIP was radiolabeled with
%8Ga. The resulting PET tracer [(3Ga]S02-GIP-T4 was
evaluated for affinity and specificity to human GIPR
(huGIPR). The in vivo GIPR binding of [®Ga]S02-GIP-T4
as well as the occupancy of a drug candidate with GIPR
activity were assessed in nonhuman primates (NHPs) by
PET. [®8Ga]S02-GIP-T4 bound with nanomolar affinity
and high selectivity to huGIPR in overexpressing cells.
In vivo, pancreatic binding in NHPs could be dose-
dependently inhibited by coinjection of unlabeled S02-
GIP-T4. Finally, subcutaneous pretreatment with a high
dose of a drug candidate with GIPR activity led to a de-
creased pancreatic binding of [(3Ga]S02-GIP-T4, corre-
sponding to a GIPR drug occupancy of almost 90%.
[®8Ga]S02-GIP-T4 demonstrated a safe dosimetric pro-
file, allowing for repeated studies in humans. In conclu-
sion, [8Ga]S02-GIP-T4 is a novel PET biomarker for safe,
noninvasive, and quantitative assessment of GIPR target
distribution and drug occupancy.

The glucose-dependent insulinotropic polypeptide (GIP)
(also known as the gastric inhibitory polypeptide) is an

incretin hormone released from the intestinal K cells in
response to nutrient intake with the main effect of stim-
ulating insulin secretion from the (-cells through the GIP
receptor (GIPR) (1). The GIPR is a transmembrane protein
belonging to the class B G-coupled receptor family. Apart
from its role in B-cell function, the GIPR has been asso-
ciated not only with lipolysis but also with centrally
mediated effects, including appetite control, which have
been a source of controversy (1-4). Targeting of the GIPR
is thus an emerging strategy in antidiabetic drug develop-
ment (e.g., as part of dual- and trimodal peptide agonists
also engaging the glucagon-like peptide 1 receptor [GLP-
1R] and/or the glucagon receptor [GCGR]) (5-10). Clinical
benefits of such unimolecular constructs may include, for
example, improved glycemic control and weight reduction.
However, it is difficult to elucidate the effects of such drug
candidates mediated specifically by the GIPR because of its
overlapping pharmacology with the GLP-1R as well as
potentially the GCGR. It is a challenge to even demonstrate
clear, unequivocal in vivo drug target engagement at the
GIPR for these same reasons.

Previously, we have developed positron emission to-
mography (PET) radioligands for the GLP-1R and the
GCGR for in vivo assessment of target distribution and
drug target engagement. [*®Ga]DO3A-VS-Cys**-Exendin-4
binds specifically to the GLP-1R and has enabled quanti-
tative studies of GLP-1 drug occupancy in the pancreas in
large animals (11,12) and humans (13). Similarly, the
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GCGR-specific radiolabeled peptide [**Ga]DO3A-VS-Cys*’-
Tuna-2 was used to demonstrate drug target engagement
in nonhuman primates (NHPs) (14,15) and humans (13).
Thus, development of a similar radioligand but for the
human GIPR (huGIPR) would enable direct quantification
of in vivo dual/trimodal agonist target engagement on the
GIPR, GLP-1R, and GCGR separately.

The GIPR has also been described as a potential imaging
biomarker for detection of pancreatic and gastrointestinal
neuroendocrine tumors (NETs) (16,17). NETs are often
indolent and slow growing and may avoid detection by
established cancer imaging diagnostics, such as [18F]
fluorodeoxyglucose PET. Interestingly, most NETs express
GIPR, GLP-1R, or somatostatin receptor (18). PET radio-
diagnostica are already established for somatostatin re-
ceptor (19-21) and GLP-1R (22-24). Development of
a PET radioligand selective for GIPR would thus complete
the coverage, thereby potentially enabling detection and
localization of virtually all NETs. However, putative GIPR-
selective radioligands are so far only available in the pre-
clinical setting (25,26). Additionally, those ligands bound
to huGIPR with a weaker potency than endogenous GIP
(1-30) or GIP (1-42) when radiolabeled with 1'In or ®8Ga.
While the radioligands visualized implanted xenograft
tumors overexpressing the GIPR, none was described as
useful for imaging the GIPR in pancreas, where overall
receptor density is rather low. The aim of the current study
was to develop a high-affinity PET radioligand for the GIPR
to enable assessment of target distribution as well as drug
target engagement in vivo in animals, as demonstrated
here, and potentially in humans.

RESEARCH DESIGN AND METHODS

Peptide Discovery and Chemistry

The GIPR-selective ligand was developed by rational design
on the basis of the structure of GIP (1-30) (Fig. 1).
Compared with GIP (1-30), 10 amino acids were exchanged
to increase affinity toward the huGIPR and to stabilize the
peptide structure. An additional lysine was added to the
C-terminus of the peptide, serving as an attachment point
for the 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) chelator moiety. DOTA was attached by amide
coupling to the side chain amino group of that lysine in
position 31.

Radiochemistry

The resulting DOTA-conjugated construct S02-GIP-T4 was
radiolabeled with ®®Ga. The top fraction of ®8GaCl;
(3.5 mL, 0.1 mol/L with respect to hydrochloric acid) was
eluted from a %8Ge/%%Ga generator (GalliaPharm; Eckert &
Ziegler, Berlin, Germany). The pH of the eluate was
adjusted to 4.6-5.0 by sodium acetate buffer (1 mol/L,
300 pL) containing sodium hydroxide (30 nL, 10 mol/L).
To suppress the radiolysis and improve solubility, ethanol
(200 L) and gentisic acid (300 pL, 0.032 mol/L) were
added to the reaction mixture. Then, 15 nmol of the
precursor (S02-GIP-T4) dissolved in acetate buffer (pH
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7.0-7.4) were added. The reaction mixture was heated at
75°C for 10-15 min. The crude product was purified using
a solid phase extraction cartridge (Oasis HLB). The product
was eluted with 1 mL of 60% ethanol solution (pH 7). The
final product was formulated dependent on the biological
assay. Radiochemical purity and peptide content were
determined by an ultraviolet (UV) radio-high-performance
liquid chromatography autoanalyzer (LaChrom; VWR Hitachi)
equipped with a reversed-phase analytical column (50 X
4.6 mm, particle size 3 pwm) (C-4; Vydac) using mobile
phases of A = 10 mmol/L trifluoroacetic acid and B =
acetonitrile/10 mmol/L trifluoroacetic acid; linear gradient
elution of 0-5 min from 20 to 45% B, 5-7 min 45% B, and
7-10 min from 45 to 80% B; and flow rate of 1.0 mL/min,
with UV detection at 220 nm. Typical radiochemical purity
was >98%. Data acquisition and handling were performed
using the EZChrom Elite software package. The stability of
the product at room temperature in 50% ethanol was
monitored for 1-3 h and assessed by UV radio-high-
performance liquid chromatography.

Chemicals

All chemicals and buffers were sourced from VWR Life
Sciences Sweden, unless otherwise noted. Peptides (S02-
GIP-T4, triple agonist 12 [TA12], GIP [1-42], GLP [7-36]
NH,) were synthesized at Sanofi according to well-
described procedures (27).

In Vitro Potency Assay

The potency of S02-GIP-T4 as well as [Ga]S02-GIP-T4
(S02-GIP-T4 loaded with nonradioactive gallium) was
assessed by a functional cAMP assay in HEK293 cells
transfected with huGIPR, cynomolgus NHP, or rat GIPR
(Sanofi). Details of the assay procedure are given in detail
in the Supplementary Material and have been described
previously (14,28).

Cell Affinity and Binding Specificity Assay

Affinity of the tracer was assessed using a saturation
binding assay with the radiolabeled tracer [8Ga]S02-GIP-
T4. A displacement assay using the tracer labeled with
stable gallium [Ga]S02-GIP-T4 was also performed (see
Supplementary Material for details).

Affinity of [68Ga]S02-GIP-T4 was assessed by in vitro
autoradiography saturation binding studies on 20-pm
sections of frozen pellets of huGIPR-HEK293 cells. GLP-
1R-overexpressing cells (huGLP1R-HEK293) were used as
negative control. Sections of huGIPR-HEK293 cell pellets
were incubated over a range of concentrations of [8Ga]
S02-GIP-T4 (0.03-30 nmol/L) around the expected Ky. The
sections were incubated (PBS, pH 7.4, 1% BSA, 25°C,
60 min) with radiotracer alone or in the presence of
10 pmol/L GIP (1-42) to block GIPR and assess non-
specific binding. After incubation, the sections were
washed three times for 1 min, first with assay buffer and
then twice with PBS. The sections were dried and then
exposed to digital phosphorimager plates from at least two
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Figure 1 —Structure and radiolabeling of GIPR-selective ligand S02-GIP-T4. Amino acid sequence for huGIP (1-42), huGIP (1-30), and S02-
GIP-T4 (A). Model of [?8Ga]S02-GIP-T4 binding to the full-length huGIPR (B). ®8Ga labeling synthesis scheme presenting the structure of S02-

GIP-T4 with the DOTA chelator moiety conjugated to the peptide
radiochromatogram of a [8Ga]S02-GIP-T4 preparation with UV trace
Aib, 2-Aminoisobutyric acid.

through a C-terminal lysine amino acid residue (C). Typical UV
(D) and radio trace (E), demonstrating >99% radiochemical purity.

half-lives (2 h) to overnight. A reference droplet of 10 pL
of assay buffer with radioactivity, cross-calibrated against
a y-counter, was included to enable quantification of the
autoradiograms. The affinity assay was repeated three times.

Autoradiograms were analyzed in ImageJ, and binding
data were converted to fmol/mm?® by the internal reference
and the specific radioactivity of the radiotracer batch
(MBg/nmol). Specific binding was determined by subtract-
ing nonspecific binding from total binding. Calculation of
K4 and By, was performed within each experiment using
nonlinear curve fitting in GraphPad Prism 6.05 (GraphPad
Software, La Jolla, CA).

Binding specificity was evaluated by incubating sections
of huGIPR-HEK?293 and huGLP1R-HEK293 cell pellets with
~5 nmol/L [®8Ga]S02-GIP-T4 (n = 5), using the same
conditions as described above for the affinity assessment.
The sections were incubated with [$3Ga]S02-GIP-T4 alone
or with 10 pmol/L unlabeled S02-GIP-T4 precursor,
5 wmol/L GIP (1-42), or 1 pmol/L GLP (7-36)NH,. Auto-
radiograms were obtained and analyzed as described above.

Animal Studies

National and institutional guidelines for the care and use
of all animals (rats and cynomolgus NHPs) used in this
study were followed. All procedures involving animals in

this study were approved by the Animal Research Ethical
Committee of the Uppsala Region and were performed
according to Uppsala University guidelines on animal
experimentation (UFV 2007/724).

Rat In Vivo Distribution

The organ distribution study in rat was performed to
calculate the residence time for dosimetry. Thus, measure-
ments at more time points were prioritized over repeti-
tions at individual time points. In vivo organ distribution
of [°3Ga]S02-GIP-T4 was evaluated in Sprague Dawley rats
(Taconic Biosciences, Laven, Denmark) (n = 16,277 = 9 g,
male). The animals were kept at a constant temperature
(25°C) and humidity (50%) in a 12-h light-dark cycle. Food
and water were provided ad libitum. Conscious animals
were administered [¢3Ga]S02-GIP-T4 (1.8 * 0.6 MBq/kg
in a maximum volume of 0.7 mL PBS, pH 7.4, correspond-
ing to 1.0 = 0.2 pg/kg) as a bolus in the tail vein. Two
animals each were euthanized (gradually increasing the
CO, content up to 80% for 1 min, followed by heart
puncture) at eight time points after [°®Ga]S02-GIP-T4
administration (5, 10, 20, 40, 60, 90, 120, and 180 min).
Tissues (blood, heart, lung, liver, pancreas, spleen, adrenal,
kidney, small intestine [without/with its content], large
intestine [without its content], feces, urinary bladder
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[rinsed], testis/ovary, muscle, bone, bone marrow, thyroid,
and brain) were immediately excised postmortem and
measured for weight and radioactivity (Wallac y-counter).
The [®8Ga]S02-GIP-T4 uptake in all tissues was corrected
for weight and radioactivity decay to the time point of
administration and expressed as standardized uptake val-
ues (SUVs).

NHP Dose Escalation and Occupancy Studies

A dedicated drug-naive colony of lean, healthy NHPs was
used for this study (n = 6, females, weight 4.0-6.3 kg). The
housing as well as the handling, anesthesia, and monitor-
ing of the NHPs during the PET studies are described in
detail in the Supplementary Material.

[68Ga]S02-GIP-T4 was evaluated for binding to the
GIPR in pancreas by a dose escalation study design. Briefly,
increasing doses of unlabeled precursor peptide S02-
GIP-T4 were coinjected with [%8Ga]S02-GIP-T4 to demon-
strate a dose-dependent blocking of the pancreatic signal.
The rationale behind the design is described in the Sup-
plementary Material.

For each scan, the animal was positioned to include the
abdomen in the field of view of a Discovery MI PET/
computed tomography (CT) scanner (GE Healthcare, Mil-
waukee, WI) by assistance of a low-dose CT scout view
(140 kV, 10 mA). Attenuation correction was acquired by
a 140-kV, Auto-mA 10-80 mA CT examination. [8Ga]S02-
GIP-T4 was administered intravenously, and the animal
was examined in list mode by a dynamic PET protocol for
90 min (33 frames; 12 X 10s,6 X 30s,5 X 120, 5 X
300 s, 5 X 600 s). Image acquisition was performed in
three dimensions and reconstructed using an iterative
algorithm (Q.Clear B 200, 256 X 256 matrix, zoom 30-cm
diameter). Discrete venous sampling was performed for
measurement of radioactivity in whole blood and plasma
by a well counter (5, 30, 60, and 90 min). Venous samples
for assessment of endogenous GIP levels were acquired
before and after [8Ga]S02-GIP-T4 administration (P-800
tubes, —5 and 60 min).

For the dose escalation study, the PET examinations
were repeated up to two times during each experimental
day, with an increasing amount of administered radioac-
tivity and coinjected S02-GIP-T4 peptide mass (Table 1).
The scans were performed 3 h apart to allow for excretion
and decay of the residual radiotracer from the prior scan.
[68Ga]S02-GIP-T4 dose escalation PET/CT studies were
performed in five NHPs (Table 1).

The dose of [*®Ga]S02-GIP-T4 judged to induce mini-
mum peptide mass effect (i.e., a tracer dose) was deter-
mined on the basis of the results of the dose escalation
study. [%8Ga]S02-GIP-T4 (at doses <0.1 pg/kg) was then
used to assess the occupancy of the candidate drug TA12.

[%8Ga]S02-GIP-T4 PET/CT scanning of the pancreas was
performed at baseline and after subcutaneous administra-
tion of 50 pg/kg of study drug TA12 (4,935.6 g/mol,
10.1 nmol/kg), a TA with high activity at the GIPR (see
Table 1). The discovery and characteristics of TA12
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have been described in detail previously (27). The follow-up
PET/CT scan was performed at Tp., (=2 h) for the
study drug. Plasma pharmacokinetic samples were ac-
quired before and up to 3.5 h after TA12 administration.
GIPR occupancy studies were performed in three NHPs
(Table 1).

Stability in Blood Plasma

The in vitro stability of [%8Ga]S02-GIP-T4 in plasma from
three NHPs was assessed before and after 15, 45, or
90-min incubation (see Supplementary Material for de-
tailed procedure).

NHP PET Data Analysis

The reconstructed PET data were analyzed using PMOD
version 3.7 software (PMOD Technologies, Zurich, Swit-
zerland). The following tissues were delineated for bio-
distribution and dosimetry assessment: liver, spleen,
pancreas, kidney, descending aorta, muscle (erector spinae),
heart, lung, intestine, cortical bone, and urinary bladder.
Regions of interest were delineated on coregistered CT
slices or directly on PET images. Regions of interest were
delineated on transaxial sequential slices and combined
into volumes of interest. Single voxels within the lumen
were selected for delineation of the descending aorta.

The PET measurements were expressed as SUVs for the
assessment of biodistribution. Patlak graphical analysis
(29), which assumes irreversible binding, was selected for
kinetic analysis because °®Ga tends to residualize (i.e.,
become trapped) inside the cell. The net uptake rate (mL/
cm®/h) (i.e., the flux of tracer from blood into tissue) was
estimated using dynamic PET data of the pancreas as
output and a corrected aortic image-derived time-activity
curve as input. The linear slope at some part of the PET
examination (after linearization of the tissue and blood
pool input) is identical to the net uptake rate. The exis-
tence of a net uptake rate in one part of the examination
indicates that an irreversible process is occurring.

For each examination, the image-derived input curve
(from descending aorta) was corrected by the individual
plasma-to-whole blood ratio (on average 1.56 = 0.17) and
the metabolic stability of [¥8Ga]S02-GIP-T4 in NHP plasma
(population mean, assessed in vitro). The percentage of
intact [°®Ga]S02-GIP-T4 was 98.7% after 15 min, 96.3%
after 45 min, and 93.0% after 90 min compared with
99.5% intact at the end of synthesis. The metabolism of
[%8Ga]S02-GIP-T4 during the first 90 min could be ap-
proximated as linear with a k = —0.073. Calculation of net
uptake rate was performed using Excel software (Microsoft
Corporation).

Human Predicted Dosimetry

The predicted dosimetry in humans was estimated on the
basis of the biodistribution of [*8Ga]S02-GIP-T4 in rats
(organ distribution study) and NHPs (six PET/CT studies
at baseline tracer doses <0.1 pg/kg), as described pre-
viously (14,30). Briefly, the assessment of the residence
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Table 1—Overview of the [*3Ga]S02-GIP-T4 PET/CT dose escalation and drug target occupancy studies in NHPs

Scan 1 Scan 2 Scan 3
Study type NHP identifier Weight (kg) ra/kg MBag/kg wna/kg MBag/kg ra/kg MBag/kg
Dose escalation 1 6.3 0.028 0.2 59.7 6.2 NA NA
2 4.0 0.034 0.3 53.0 11.3 NA NA
3 5.6 0.031 0.3 58.8 7.9 NA NA
4 4.3 0.081 0.8 0.49 1.2 2.5 15
5 4.3 0.15 14 1.1 1.7 7.6 2.9
Scan 1 Intervention Scan 2
NHP identifier Weight (kg) ra/kg MBag/kg prg/kg TA12 ra/kg MBag/kg
Occupancy 2 4.2 0.046 0.5 50 0.022 0.3
3 5.3 0.033 0.4 50 0.021 0.3
6 4.1 0.041 0.4 50 0.03 0.4

NA, not applicable.

times of the PET tracer was preceded by the normalization
of the SUV data in the various tissues of rat or NHP (SUV,)
to the whole-body adult reference phantom weights (31).
This was performed according to the following equation:

% organ
{ } = SUV, X g—g
OTgan | hyman kgweight human

The decay-corrected and normalized SUVs were back cor-
rected to count rates to calculate the actual radiation
burden in each tissue. The residence times (MBg-h/MBq)
of the respective PET tracer in various tissues were
assessed by trapezoidal approximation of the collected
kinetic data followed by the extrapolation of the remaining
points from the last time point to infinity by a single
monoexponential fit. Bone marrow residence times were
assessed according to the bone marrow blood model.

The estimation of the absorbed dose was performed by
OLINDA/EXM version 1.1 software, where the calculations
were based on the adult reference male or female phantom
to obtain the intended absorbed dose estimate in humans
(International Commission on Radiological Protection 60).
The organ-specific and effective doses are reported as mSv/
MBq. The amount of MBq of [48Ga]S02-GIP-T4 that can be
administered annually (MBq/year) was calculated for each
organ, as well as the effective dose, by dividing the accept-
able localized dose for each tissue (150 mSv/year for most
tissues, 50 mSv for some radiosensitive tissues) by the
dose (mSv/MBgq).

Statistics

Group-level data are reported as mean * SD. Statistical
analysis was performed using GraphPad Prism 8 software,
and differences were assessed by Student t test using
a significance level of P < 0.05.

Data and Resource Availability

The data that support the findings of this study are
available from Sanofi, but restrictions apply to the avail-
ability of these data, which were used under license for the

current study and therefore are not publicly available. Data
are available, however, from the authors upon reasonable
request and with permission of Sanofi.

RESULTS

Radiochemistry

[¢8Ga]S02-GIP-T4 (Fig. 14) (n = 14) was synthesized with
a nondecay-corrected radiochemical yield of 54.2 = 3.5%
and a specific radioactivity of 66.2 = 12.0 MBg/nmol. The
radioactivity at end of synthesis was 620 = 126 MBq, with
a radiochemical purity of 99.9 = 0.1% (Fig. 1B and O).

Potency, Affinity, and Binding Assay

S02-GIP-T4 as well as [Ga]S02-GIP-T4 (S02-GIP-T4 loaded
with stable, nonradioactive gallium) selectively activated
the huGIPR with potendies of half-maximal effective concen-
tration (ECsp) (CAMP) = 1.1 pmol/L (Table 2). The binding
affinity of the tracer chelated with stable gallium [Ga]S02-GIP-
T4 was assessed in a displacement assay with 1%1]GIP using
membranes from huGIPR-HEK293 cells. Here, [Ga]S02-GIP-
T4 inhibited binding of [***TJGIP to huGIPR with an ICsq of
0.25 nmol/L compared with 3.1 nmol/L for native GIP (1-
42), showing an increased binding affinity toward native
GIP of at least 10-fold (data not shown).

The binding affinity of radiolabeled [%8Ga]S02-GIP-T4
toward huGIPR was on average K4 = 0.87 = 0.11 nmol/L
(on the basis of three different experiments) (Fig. 2A and
B). [°8Ga]S02-GIP-T4 bound specifically to the huGIPR
with low background binding because binding to huGIPR-
HEK293 was abolished by coincubation with either GIP (1-
42) or S02-GIP-T4 (the unlabeled precursor peptide) but
not with GLP (7-36)NH, (Fig. 2C and D). There were only
negligible interactions with the GLP-1R when studying the
binding to huGLP1R-HEK293 cells. [*®Ga]S02-GIP-T4
showed generally low binding, and there was no reduced
binding when coincubating with GLP (7-36)NH,,

Rat In Vivo Biodistribution
Organ distribution kinetics were examined in Sprague Dawley
rats (n = 16) that had received [*8Ga]S02-GIP-T4. Low
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Table 2—Potencies of S02-GIP-T4 and [Ga]S02-GIP-T4 at the GIPR from human, rat, and NHP in transfected HEK293 cells

compared with GIP (1-42)

Human Rat NHP
GIPR GLP-1R GCGR GIPR GLP-1R GCGR GIPR GLP-1R GCGR
Peptide (pmol/L) (pmol/L) (pmol/L) (pmol/L) (pmol/L) (pmol/L) (pmol/L) (pmol/L) (pmol/L)
GIP (1-42) 0.48 >10,000 >10,000 0.81 >10,000 >10,000 0.42 >10,000 >10,000
S02-GIP-T4 1.13 >10,000 >10,000 4.37 >10,000 >10,000 2.65 >10,000 >10,000
[Ga]S02- GIP-T4 1.09 >10,000 >10,000 2.63 >10,000 >10,000 1.94 >10,000 >10,000

retention was seen in most tissues, except for excretion
through the kidneys into the urine (Fig. 34). The retention
in pancreas increased over time compared with the blood
pool (Fig. 3B).

NHP In Vivo Biodistribution

[¥8Ga] S02-GIP-T4 biodistribution over 90 min was assessed
by PET/CT scan in NHPs after intravenous administration
of S02-GIP-T4 peptide in amounts corresponding to <0.15
wg/kg. The tracer exhibited rapid distribution into the blood
pool followed by clearance from most tissues over the next
5 min (Fig. 3C and D). Strong uptake of [¥8Ga]S02-GIP-T4
was noted in the liver as well as in the renal medulla/pelvis
and urine. The pancreas also exhibited retention compared
with, for example, the blood pool but a relatively low
magnitude of uptake.

NHP Dose Escalation Study

The baseline uptake of [%8Ga]S02-GIP-T4 in pancreas was
clearly visualized and higher compared with reference
tissues in the abdomen, such as spleen (Fig. 4A). For high
blocking doses, pancreas in contrast exhibited clearance
similar to spleen (Fig. 4B). There was a tendency for a dose-
dependent decrease in binding of [68Ga]S02-GIP-T4 in
pancreas on basis of the SUV analysis (i.e., high doses of
competing unlabeled S02-GIP-T4 precursor resulting in
lower pancreas uptake as assessed by SUV) (Fig. 4C). The
blocking effect was clearly evident on a group-level anal-
ysis, where the SUV after coinjection with >2 pg/kg S02-
GIP-T4 precursor peptide was decreased compared with
baseline scans (Fig. 4D).

However, there was an overlap between the groups
indicating that the sensitivity of the analysis should be
improved by using more of the dynamic information
compared with the SUV analysis (using just the last static
30 min of the examination). Patlak graphical analysis
demonstrated linearization from ~30 min until 90 min
after administration of [°®Ga]S02-GIP-T4 on PET exami-
nation (i.e., irreversible binding in pancreas during this
time, indicating an active uptake process such as receptor-
mediated binding and internalization). For spleen, a pos-
itive net uptake rate could not be calculated, indicating the
absence of active binding in this tissue. The net uptake rate
for all the examinations in the dose escalation study
demonstrated a progressive decrease in [*®Ga]S02-GIP-T4

binding for coinjections of S02-GIP-T4 precursor peptide
greater than ~0.1 pg/kg (Fig. 54). Thus, in this scenario,
administration of [®®Ga]S02-GIP-T4 corresponding to
a peptide mass <0.1 pg/kg can be considered as baseline
(i.e., tracer doses incurring low or negligible receptor
occupancy).

The average net uptake rate of the baseline doses was
0.14 + 0.02 mL/cm>/h (n = 7). The background binding
(i.e., where no further decrease in binding was observed
despite additional coinjected S02-GIP-T4 precursor pep-
tide) was ~0.025 mL/cm>/h. The in vivo Ky (i.e., the dose
resulting in 50% decrease of the baseline signal) was
~0.35 pg/kg in pancreas (Fig. 5A). On a group level, there
was a clear reduction in binding of 76% from baseline
(<0.1 pg/kg) when coinjecting peptide masses in excess of
2 pg/kg (P < 0.0001) (Fig. 5B). The GIPR occupancy
induced by the coinjected S02-GIP-T4 precursor peptide
was increasing with coinjected dose, reaching occupan-
cies >80% for the higher doses (Fig. 5C). There was
a correlation between the net uptake rate assessment and
the SUVig0_90 min measurement (R = 0.45, P < 0.01).

NHP Occupancy

To test the tracer’s suitability for receptor occupancy
assessment, we studied the effects of the triple GLP-1R/
GCGR/GIPR agonist drug candidate TA12 with high GIPR
activity on receptor occupancy in NHPs. Pretreatment with
50 pg/kg s.c. TA12 almost completely abolished the [¢8Ga]
S02-GIP-T4 signal in the pancreas (Fig. 5D). The decrease
in the net uptake rate was, on average, 88.7 = 7.9% (n = 3,
P < 0.01) (Fig. 5D).

Human Predicted Dosimetry

The predicted absorbed radiation dose in human tissues
was extrapolated from [%8Ga]S02-GIP-T4 biodistribution
data in rat as well as NHP (Table 3). The absorbed dose was
clearly highest in the kidney (0.47 mSv/MBq) on the basis
of rat data. However, on the basis of NHP data, the heart
wall (myocardium), kidney, and liver exhibited the highest
absorbed doses (~0.12 mSv/MBq).

The limiting tissue on the basis of rat data was the
kidney, which allows for 322 MBq [¥8Ga]S02-GIP-T4 to be
administered before reaching the annual kidney limit of
150 mSv. NHP data, on the other hand, allows for >1,200
MBq annually before reaching 150 mSv absorbed dose in
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Figure 2— In vitro binding affinity and specificity of [fGa]S02-GIP-T4. Data from representative [*3Ga]S02-GIP-T4 saturation binding assay in
huGIPR-HEK293 cells. The average affinity toward huGIPR was K4 = 0.87 = 0.11 nmol/L on the basis of three independent experiments (A).
Autoradiograms of the sections in the experiment are also shown (B). Binding specificity toward GIPR was demonstrated in sectioned
huGIPR-HEK293 and huGLP1R-HEK293 cells by incubation with [*3Ga]S02-GIP-T4 alone (total) of coincubation with S02-GIP-T4 (pre-
cursor), GIP (1-42), or GLP-1 (7-36)NH. (C). Representative autoradiograms from one of the experiments are shown (D).

the critical organs heart wall, kidney, and liver. The
limiting individual tissue on the basis of NHP data are
instead red marrow (bone marrow) because of the higher
sensitivity to radiation (maximum 1,136 MBq annually to
reach the limit of 50 mSv). However, the whole-body
effective dose is even more limiting on the basis of NHP
data, allowing for 446 MBq [¥8Ga]S02-GIP-T4 annually.

DISCUSSION

Direct and quantitative PET imaging biomarkers for the
GIPR would be of value for drug development and NET
diagnostics. Here, we report the discovery, radiolabeling,
and evaluation of a novel peptide ligand with high

selectivity and subnanomolar affinity for the GIPR. The
cross-reactivity for the GLP-1R was negligible, which is
crucial since both GLP-1R and GIPR are expressed in the
same target tissues.

Here, we demonstrate that [*3Ga]S02-GIP-T4 has suf-
ficient sensitivity to enable in vivo imaging of GIPR in the
pancreas. In the sparse literature on this topic, earlier
described radioligands for the GIPR have mainly facili-
tated the visualization of xenografts (i.e., overexpressing
lesions with nonphysiological levels of GIPR expression)
(18,25,26). The performance of [*3Ga]S02-GIP-T4 is
mainly due to the improved affinity to GIPR, which is
a magnitude higher than for the previously reported
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Figure 3— In vivo biodistribution of [?8Ga]S02-GIP-T4 in rat and NHP. [(8Ga]S02-GIP-T4 demonstrated fast biodistribution and rapid washout
from most tissues except kidney and urinary bladder (A). The pancreas-to-blood ratio in rat increased with time (B). The biodistribution of
[f8Ga]S02-GIP-T4 in NHPs (n = 6, average = SD) (C). The color-coded images are three-dimensional projections of a representative NHP at
different time points after [?®Ga]S02-GIP-T4 administration (D). The images are normalized to an SUV of 30 and directly comparable in
intensity. La Intest—, large intestine without contents; Sm Intest+, small intestine with contents; Sm Intest—, small intestine without contents.

approaches. The binding potential (B,.,/Kg) states that
imaging of a certain level of receptor density (B, is
linearly improved with the improvement of radioligand
affinity (Ky).

[%8Ga]S02-GIP-T4 binding in pancreas could be dose
dependently reduced by coinjection of unlabeled S02-GIP-
T4 precursor peptide as well as abolished by pretreatment
with TA12, a peptide drug candidate with high GIPR
agonistic activity. This strongly suggests that the pancre-
atic binding is GIPR mediated.

GIP (1-42) blocked the binding of [*®Ga]S02-GIP-T4
in vitro. Thus, blocking with GIP (1-42) in vivo was also
considered, but given the short biological half-life of
endogenous GIP (1-42), an infusion regimen would prob-
ably be necessary. Such a study design would require
keeping the [°®Ga]S02-GIP-T4 peptide mass constant for
all studies, thus not being compatible with the dose
escalation design that was used. Blocking [%8Ga]S02-GIP-
T4 binding by GIP (1-42) infusion should be further
explored in future clinical PET studies.

The pancreas uptake, expressed as SUV, was ~1.2 in
magnitude after 60-90 min postadministration. The ac-
cumulation in pancreas is approximately sevenfold lower
compared with, for example, the GLP-1R radioligand
[8Ga]DO3A-VS-Exendin-4 (SUVep_gomin ~8) (32).

[%8Ga]S02-GIP-T4 baseline and follow-up PET/CT scan-
ning enabled for the first time the direct in vivo observa-
tion of drug target engagement of a GIPR agonist.
Pretreatment with 50 wg/kg TA12 induced a strong de-
crease in pancreatic uptake of [68Ga]S02-GIP-T4 by 88.7 =

7.9%, which should be interpreted as a GIPR occupancy of
almost 90%. This level of occupancy was expected from the
applied high dose (50 pg/kg) at Ty, (i.e., time for maximal
plasma exposure) of this peptide drug candidate. The
occupancy is furthermore in the range of the maximal
decrease in binding observed in the dose escalation study,
where coinjection of up to 60 wg/kg S02-GIP-T4 precursor
peptide induced receptor occupancy of up to 82% (Fig. 5C).
Static SUV measurements may be preferable to use because
of the less complicated logistics involved in the PET/CT
scanning protocol (shorter duration of the scan, less stress
for the examined subject). However, the improved accuracy
of the Patlak graphical analysis compared with the SUV
analysis indicates that a full dynamic scan protocol, in-
cluding blood sampling and metabolite analysis, is required
for GIPR target engagement quantification in future clinical
studies.

Apart from the incretin effect in pancreas, GIPR phar-
macology has also been implicated in other tissues. These
include centrally mediated effects (e.g., on appetite/sati-
ety) potentially by GIPR in the area postrema and hypo-
thalamus (33). Since these regions are partially outside of
the blood-brain barrier, the GIPR population should the-
oretically be available for binding and consequent imaging
by [68Ga]S02-GIP-T4. However, separate dedicated dy-
namic brain studies using high-resolution PET scanners
are likely required for accurate quantification and locali-
zation of GIPR imaging in specific central nervous system
regions. GIPR has also been associated with adipose tissue
(34) and bone metabolism (35). NHPs used in this study
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Figure 4—Visual and SUV analysis of pancreatic binding of [?®Ga]S02-GIP-T4 in NHP. Representative transaxial projections at the level of the
pancreas of [8Ga]S02-GIP-T4 at baseline (A) and after coinjection of a high dose of unlabeled S02-GIP-T4 precursor peptide for receptor
blocking (B). White arrows indicate pancreas, red arrows indicate spleen, and yellow arrows indicate kidneys. Images are normalized to an
SUV of 3 to allow direct comparison. The SUV values in pancreas from 60 to 90 min was high at baseline but decreased when S02-GIP-T4
precursor peptide was coinjected both individually (C) and on the group level (D). *P < 0.01.

were quite lean, and thus, in combination with the use of
a clinical PET scanner with ~5-mm resolution, it would be
difficult to delineate adipose tissue deposits without in-
ducing significant partial volume effects (i.e., the PET pixel
contains both the target tissue and the surrounding tis-
sues, causing artificial dilution of the signal, directly con-
founding quantification). Separate studies in animal
models of metabolic syndrome or even clinical studies in
obese subjects are required to elucidate the possibility of
GIPR quantification in different adipose tissue types.
[68Ga]S02-GIP-T4 uptake, background binding, and
washout in most tissues were similar in both rat and NHP.
The route of excretion, on the other hand, surprisingly
differed somewhat. In rat, the major route of excretion
occurred through the kidney and into the urinary bladder.
In NHP, on the other hand, strong uptake was also seen in
the liver as was excretion through the renal medulla/pelvis
into the urinary bladder but not with the common trap-
ping of radionuclide in the cortex. This is rather unusual
for ®®Ga-labeled peptides, which typically are trapped in-
tracellularly in the renal cortex following reabsorption by
the renal tubules. For many radiolabeled peptides, the liver
usually shows relatively low uptake. The biodistribution
pattern thus indicates that some form of metabolism of

[68Ga]S02-GIP-T4 is occurring. A potential mechanism
could be metabolism in the liver (high uptake throughout
the scan) followed by release of labeled metabolites into
the blood stream. There is no evidence of biliary excretion
into the intestine throughout the scan, which indicates
that any [**Ga]DOTA-conjugated peptides generated from
hepatic metabolism are relatively hydrophilic since lipo-
philic peptides in liver cells have been shown to rapidly
complex with bile salts and enter the intestine (36). The
absence of radioactivity in the intestines or bile ducts thus
strongly indicates that the radioactive peptide metabolites
are hydrophilic. Instead, the main route of excretion of
radioactivity was through the renal pelvis and further into
the urinary bladder. Only limited retention was seen in the
renal cortex in NHPs.

Because of the differing routes of excretion for [%8Ga]
S02-GIP-T4 in rat and NHP, there was a corresponding
species difference in the human predicted dosimetry. In
rat, kidney was clearly the dosimetric critical organ tissue.
In NHP, on the other hand, [*®Ga]S02-GIP-T4 exhibited
strong uptake (SUV ~10-20) in several tissues, including
liver, kidney, and urine, but none of these tissues exhibited
such high uptake in the renal cortex as in rat (SUV >50).
Therefore, none of these tissues in NHP receive large
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Figure 5— Quantitative analysis of NHP pancreas binding and occupancy assessment. Summary of Patlak graphical analysis of [°®Ga]S02-
GIP-T4 for assessment of the net uptake rate for the examinations in the dose escalation study. Patlak-derived net uptake rate in pancreas is
plotted against amounts of coinjected S02-GIP-T4 precursor peptide dose (A), where the green line indicates the range below which there
was no obvious mass effect, the blue line indicates in vivo Ky, and the red line indicates the background binding. Coinjected S02-GIP-T4
precursor peptide doses >2 pg/kg reproducibly decreased the binding compared with baseline (B). Occupancy at GIPR induced by
coinjected amount of S02-GIP-T4 precursor peptide mass (C). Decrease in [*3Ga]S02-GIP-T4, as assessed by Patlak-derived net uptake rate
after pretreatment with 50 png/kg TA12 compared with baseline in three independent experiments (D). ***P < 0.0001.

absorbed doses, and the whole-body effective dose is in-
stead the limiting factor. Furthermore, the blood clearance
was slower in NHP compared with rat, which resulted in
a higher predicted absorbed dose to myocardium. The
majority of the received dose in myocardium in the ac-
cepted dosimetry model is crossfire from passing blood in
the circulation rather than actual uptake in the heart wall
itself. Per previously described procedures (27), the blood
pool data were used as proxy for red marrow since bone
marrow is very difficult to delineate in PET images without
having to accept severe partial volume effects. In fact,
because of the higher radiosensitivity of red marrow
(50 mSv annual maximal dose vs. 150 mSv for most other
tissues), this tissue is the dose-limiting critical organ.
Given the higher fidelity between NHP and human (com-
pared with rat), it is likely that the NHP biodistribution
and excretion patterns will translate better to the clinical
situation. On the basis of the effective whole-body dose
(calculated from the NHP data), humans may be admin-
istered up to 446 MBq annually before reaching 10 mSv,
which is a common radiation safety limit in young adults.
[°®Ga]S02-GIP-T4 can thus be administered repeatedly (at

least two scans of 200 MBq each) also in humans, enabling
baseline and follow-up studies of GIPR distribution and
drug target engagement studies.

Dual agonists and TAs targeting the GLP-1R, GCGR,
and GIPR are an exciting new field for a potential treat-
ment of obesity and diabetes. The big unknown in this area
is the optimal ratio of activation of the different receptors,
which also might be different in the various species. At the
same time, progress is currently hampered by a lack of
quantitative biomarkers to adequately address this ques-
tion. Having the new GIP tracer now available, which
finally allows GIPR occupancy studies in preclinical species
as well as in humans, the tool box, together with the
available PET tracers for the GLP-1R and GCGR, is now
complete to study this question in receptor occupancy
studies through PET imaging.

In conclusion, [*3Ga]S02-GIP-T4 is a novel radiolabeled
peptide ligand exhibiting high affinity and specificity for
the GIPR, which enables assessment of drug interaction in
pancreas in vivo. Additionally, it has a suitable biodistri-
bution and dosimetry profile. [¥8Ga]S02-GIP-T4 thus con-
stitutes a novel PET biomarker for safe, noninvasive, and
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Table 3—Human predicted dosimetry of [3Ga]S02-GIP-T4
extrapolated from rat and NHP biodistribution data

Dose from rat data Dose from NHP data

Tissue (mGy/MBq) (mGy/MBq)
Adrenals 0.00769 0.0092
Brain 0.000845 0.00119
Breasts 0.00155 0.00291
Gallbladder wall 0.0044 0.0113
Lower large

intestine wall 0.00229 0.0205
Small intestine 0.00682 0.00995
Stomach wall 0.00303 0.0145
Upper large

intestine wall 0.00315 0.0156
Heart wall 0.0766 0.117
Kidneys 0.465 0.116
Liver 0.00877 0.116
Lungs 0.00763 0.012
Muscle 0.00261 0.00539
Pancreas 0.00792 0.0214
Red marrow 0.0285 0.044
Osteogenic cells 0.0209 0.0425
Skin 0.000923 0.00165
Spleen 0.00797 0.014
Testes 0.00205 0.00112
Thymus 0.00362 0.00569
Thyroid 0.000806 0.00166
Urinary bladder

wall 0.00378 0.0234
Effective dose

(mSv/MBq) 0.0181 0.0224

The absorbed radiation dose in individual tissues and the whole-
body effective dose are presented.

quantitative assessment of GIPR target distribution, drug
occupancy, and NET diagnosis.
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