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Introduction: Lately, zirconium-89 has shown great promise as a radionuclide for PET applications of long circu-
lating biomolecules. Here, the design and synthesis of protracted and long-lived GLP-1 receptor agonists conju-
gated to desferrioxamine and labelled with zirconium-89 is presented with the purpose of studying their in vivo
distribution by PET imaging. The labelled conjugates were evaluated and compared to a non-labelled GLP-1 re-
ceptor agonist in both in vitro and in vivo assays to certify that themodification did not significantly alter the pep-
tides' structure or function. Finally, the zirconium-89 labelled peptideswere employed in PET imaging, providing
visual verification of their in vivo biodistribution.
Methods: The evaluation of the radiolabelled peptides and comparison to their non-labelled parent peptide was
performed by in vitro assays measuring binding and agonistic potency to the GLP-1 receptor, physicochemical
studies aiming at elucidating change in peptide structure upon bioconjugation and labelling as well as an
in vivo food in-take study illustrating the compounds' pharmacodynamic properties. The biodistribution of the
labelled GLP-1 analogues was determined by ex vivo biodistribution and in vivo PET imaging.

Results: The results indicate that it is surprisingly feasible to design and synthesize a protracted, zirconium-89 la-
belled GLP-1 receptor agonist without losing in vitro potency or affinity as compared to a non-labelled parent
peptide. Physicochemical properties as well as pharmacodynamic properties are also maintained. The
biodistribution in rats shows high accumulation of radiolabelled peptide in well-perfused organs such as the
liver, kidney, heart and lungs. The PET imaging study confirmed the findings from the biodistribution study
with a significant high uptake in kidneys and presence of activity in liver, heart and larger blood vessels.
Conclusions and advances in knowledge: This initial study indicates the potential tomonitor the in vivodistribution
of long-circulating incretin hormones using zirconium-89 based PET.

© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Treatment with short- and long-acting glucagon-like peptide 1 re-
ceptor (GLP-1R) agonists has become a successful therapy for type 2 di-
abetes providing effective glycemic control, improved beta-cell
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function, body weight loss, and lowering of systolic blood pressure [1].
Exenatide, with a subcutaneous half-life of 2.4 h in humans for twice
daily administration, was the first approved compound in 2005 [2],
followed by once-daily liraglutide in 2009 with a subcutaneous half-
life of 13–15 h [3]. The next generation of GLP-1R agonists as exempli-
fied by albiglutide, dulaglutide, and semaglutide, were developed to
support once-weekly dosing [4–6]. Albiglutide consists of two GLP-1
molecules fused to human serum albumin and displays a half-life of
around 6–8 days [4], while dulaglutide is a GLP-1 analogue fused to a
Fc-fragment with a half-life of 90 h [5]. In 2015, Lau et al. reported a se-
ries of acylated GLP-1 peptides where increased albumin affinity rela-
tive to liraglutide also led to a once-weekly profile with a biological
half-life in humans of 165 h [6]. The long half-life could be reached
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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through a reversible binding to albumin through a fatty acid moiety at-
tached to a lysine residue in position 26.

For the direct imaging of the in vivo distribution and accumulation of
selective receptor-targeting peptide-based agents, non-invasive molec-
ular imaging techniques such as positron emission tomography (PET),
single photon emission computed tomography (SPECT), magnetic reso-
nance imaging (MRI), or fluorescence imaging, have attracted consider-
able attention, particularly for cancer detection [7]. Lately, zirconium-89
has shown great promise as a radionuclide for PET applications of long
circulating biomolecules due to its long physical half-life of 78.4 h. Fur-
thermore, the low energy of the emitted positrons can provide high res-
olution images [8–11].

The use of radiolabelled GLP-1R agonists did indeed start over a de-
cade ago in the field of nuclear oncology [12]. GLP-1R agonists, such as
exendin 3 and 4, have attracted attention in themedical field for the de-
tection of malign insulinomas that overexpress the GLP-1R and the lo-
calization and quantification of subcutaneously implanted beta cells
masses [13]. GLP-1 radiolabelling using iodine-123 for imaging has
been reported, but the short half-life of the isotope, as compared to
the biological half-life of modern GLP-1 receptor agonists, and the re-
port of instability of the radiotracer in vivo, makes this technique less at-
tractive for determining the fate of long circulating incretin hormone
analogues [14]. Azad et al. and Brom et al. successfully used SPECT for
pancreatic beta cell imaging in connection with functionalized GLP-1
analogues bearing an indium-111 chelate [15,16], but the low spatial
resolution of this technique is a possible concern. In order to benefit
from both the superior spatial resolution of PET imaging, and the long
half-life of zirconium-89 that allows late time-point imaging acquisi-
tions, another option for studying circulating incretin analogues could
be to use zirconium-89 based PET imaging as positively reported by
Bauman et al. in imaging of small-sized insulinomas with radiolabelled
exendin-4 analogues [8].

Here,we report thefirst synthesis and characterization of a fatty acid
substituted GLP-1 analogue functionalized with the siderophore
desferrioxamine (DFO), a chelator enabling radiolabelling with
zirconium-89, for studies of its in vivo distribution by PET imaging. To
investigate whether the modification influences the peptide's overall
structure and function, the radiotracer was synthesized, characterized
and compared with a non-labelled parent GLP-1 analogue in various
physicochemical, in vitro and in vivo assays. Through these experiments
we aimed at determining if the radiotracer is a viable candidate for the
indirect verification of the in vivo distribution of its non-labelled parent
peptide. Finally, the distribution of the radiotracer was evaluated by
ex vivo biodistribution and in vivo PET imaging studies.

2. Results and discussion

2.1. Design and synthesis of functionalized GLP-1 analogues

As the radiotracermust bemodifiedwith both a fatty acid side-chain
and a DFO-based chelator, one of the important design criteria in our
study was to identify a disubstituted GLP-1 analogue with sustained
structural stability and strong GLP-1R binding. Furthermore, the ana-
logue should have strong albumin binding properties to increase biolog-
ical half-life and be functionally active at the GLP-1R to a similar extent
as the unlabelled parent GLP-1R agonist.

Structure-activity information of fatty acid substituted analogues
has been disclosed in earlier studies [17–19], and one of the conclusions
from these reports were that GLP-1R agonists tolerate a fatty acid pro-
tractor in positions 16, 22, 26, 37 or in an extended C-terminal position
without compromising receptor binding or activation. Similar conclu-
sions were drawn by another group on designed mono-functionalized
GLP-1 7-36/37with a [111In]In-DOTA complex, with a preferredmodifi-
cation position on K37 [15].

Double substituted analogues on the other hand were found to be
substantially less potent [18]. As such, one of the initial main challenges
to overcome, was to design an analogue with minimal interference be-
tween the two attached groups (side-chain and chelate) and, at the
same time, avoid disturbance of critical amino acid residues involved
in receptor interaction.

The starting point was peptide 1 (Fig. 1), with a binding affinity
(IC50) of 0.28 nM and an agonistic potency (EC50) of 89.8 pM. As com-
parison, native GLP-1 has an EC50 of 5.0 pM in the same assay. The N-
terminus was stabilized against enzymatic degradation by substituting
the histidine for desamino-histidine. Based on the available information
(see Fig. 1), we envisioned position 26 and the C-terminal region to be
suitable positions for the second attachment (i.e. of the metal chelator
DFO). To avoid large interference with the side-chain, with concomitant
reduced affinity to albumin, two analogues that contained a C-terminal
GGSK extension (GLP-1 7-41 analogues), with the metal chelate posi-
tioned in K41, were synthesized (see Fig. 2 and Supplementary informa-
tion page S6 for structures).

The GLP-1 analogues were synthesized by solid-phase peptide syn-
thesis (SPPS) using a standard Fmoc protection strategy as exemplified
by peptide 4 (Fig. 2). The use of Fmoc-Lys(Mtt)-OH and Fmoc-Lys(Boc)-
OH ensured the site-specific incorporation of the albumin bindingmotif
and the metal chelator. The Mtt protection group was selectively
cleaved using 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and the fatty
acid side-chain was sequentially built up using SPPS (Fig. 2, Step 1).
TFA-induced cleavage of the peptide from the resin with subsequent
global deprotection ensured the liberation of the free amine handle on
the lysine residue (Fig. 2, Step 2). After purification, the conjugation be-
tween the peptide and the chelator was carried out in a carbonate buff-
ered solution (Fig. 2, Step 3). At slightly elevated temperatures (50 °C)
and alkaline pH, the coupling was complete within 3 h by adding
three equivalents of chelator to the stirred peptide solution. The desired
conjugatewas then easily purifiedbypreparativeHPLCon a C18 column
and subsequently labelled with Zr4+ to generate Zr-DFO-4 or [89Zr]Zr4
+ to give [89Zr]Zr-DFO-4.
For this study, we chose to employ the recently reported squaramide-
based linker [20] over the more conventional hydrophobic thiourea-
based linker formed from 1,4-phenylene diisothiocyante [11,21]. As
previously described in the literature [20], we also observed a small in-
crease in stability using the squaramide linker compared to the 1,4-
phenylenediisothiocyanate-based conjugate (See Supplementary infor-
mation page S11). Yetmore importantly, we observed that the solubility
of the conjugated peptides at physiological pH is enhanced to an extent
that greatly decreases the cumbersomeness often reported to be an
issue when conjugating DFO-based moieties to peptides with 1,4-
phenylene diisothiocyanate [9,20].

For our initial in vitro, physicochemical, and in vivo studies (vide
infra), we inserted non-radioactive zirconium into the conjugates sim-
ply by adding a solution of ZrCl4 directly to theHPLC fractions to provide
the conjugated peptides Zr-DFO-2, Zr-DFO-3, Zr-DFO-4 and Zr-DFO*-5
in good purity after purification.
2.2. In vitro and physicochemical characterization

Our initial studies aimed at identifying a conjugation position within
peptide 1where the addition of DFO did not significantly alter the pep-
tides structure or function in vitro. As mentioned, previous studies with
other GLP-1 analogues have shown that the addition of a fatty acid-
based albumin-binding protractor to a lysine in position 37, does not
significantly interfere with the receptor affinity [6], as exemplified in
Table 1 with peptide 1. The affinity of compound 1 for the human
GLP-1 receptor in the absence of albumin was determined by a compe-
tition assay measuring the inhibition of iodine-125 labelled native GLP-
1 (7-37) binding, and provided an IC50 value of 0.33 nM. A functional lu-
ciferase assay was used to estimate the potency of the same compound
on the human GLP-1 receptor in presence of albumin resulting of an
EC50 value of 89.8 pM (see Supplementary information page S7).



Fig. 1. The structure of GLP-1 receptor agonist 1 with indications of amino acids being viable positions for modification. H* indicates desamino-histidine.
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Conjugating the DFO moiety to an internal residue resulted in a sig-
nificant loss of both affinity and potency, as illustrated with compound
Zr-DFO-2having IC50 and EC50 values of 4.20 nMand N1928pM, respec-
tively. As illustrated by Zr-DFO-3, switching the position of the two
groups had no advantageous effect with an IC50 of 9.50 nM and an
EC50 of 1144 pM. The poor binding efficiency for GLP-1R for Zr-DFO-2
and Zr-DFO-3 were particularly pronounced in the presence of HSA.
Fig. 2. Synthesis of the GLP-1 analogues by SPPS using Fmoc strategywith 4 shown as an examp
Cleavage and global deprotection with TFA. Step 3: Solution phase coupling of DFO-squaric aci
Placing both the side-chain and chelator at the C-terminal gave a more
satisfactory results as indicated with analogue Zr-DFO-4. This com-
poundhas the same30 amino acids as1 in theN-terminus but possesses
a C-terminal GGSK-extension to which the DFO chelator is attached by
the C-terminal lysine residue in position 41 through the squaramide
linker. Zr-DFO-4 maintained the excellent affinity and potency of its
non-conjugated parent 1 as its IC50 and EC50 in the same assays were
le. Step 1: N-Mtt deprotection and sequential assembly of albumin bindingmoiety. Step 2:
d reagent. Mtt = 4-methyltrityl.



Table 1
In vitro affinity and potency for the human GLP-1 receptor for substituted (GLP-1)7-37 and (GLP-1)7-41 analogues (1, Zr-DFO-2, Zr-DFO-3, Zr-DFO-4, and Zr-DFO*-5).

Analogue C-terminal extension Chelate position Side-chain position GLP-1R binding (IC50, nM) Ratio 2%/0% HSA GLP-1R potency (EC50, pM) 1% HSA

0% HSA 2% HSA

1 n.a. n.a. 37 (C)0.33 ± 0.08 (C)69.8 ± 16.7 212 ± 72.0 (B)89.8 ± 12.2
Zr-DFO-2 n.a. (D)26 37 (B)4.20 ± 0.40 (B)N1000 N238 (A)1928
Zr-DFO-3 n.a. (D)37 26 (B)9.50 ± 1.50 (B)N1000 N105 (A)1144
Zr-DFO-4 GGSK (D)41 37 (C)0.61 ± 0.14 (C)112 ± 33.3 183 ± 69.0 (B)124 ± 56.9
Zr-DFO*-5 GGSK (E)41 37 (B)0.83 ± 0.28 (B)159 ± 52.3 192 ± 90.3 (A)379

GLP-1 receptor binding in the presence of 0% or 2% albumin (HSA) using plasmamembranes from BHK cells expressing the humanGLP-1R and in vitro potencymeasured in BHK cells that
express both the human GLP-1R and a luciferase reporter system. Numbers are mean ± standard deviation. (A) n = 1, (B) n = 2, (C) n = 4. Chelator is (D) = DFO or (E) = DFO*.
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measured to be 0.61 nM and 124 pM, respectively. Similar positive data
were achievedwith analogue Zr-DFO*-5, where DFOwas exchanged for
DFO*, a recently reported promising metal chelator suitable for
zirconium-89 complexation [22]. These results underline the impor-
tance of separating the chelator from the binding sequence of the pep-
tide, particularly in the case of large-sized chelators such as DFO and
analogues hereof.

An indirect method for estimating the albumin binding was used to
investigate the affinity of the peptide for albumin, a prerequisite for
prolonged plasma circulation [6]. The IC50 of analogues Zr-DFO-2, Zr-
DFO-3, Zr-DFO-4, and Zr-DFO*-5 were measured in the presence of
high (2%) or low (0%) concentration of HSA and compared with 1. Sim-
ilar ratios between the analogues and 1 were observed, particularly for
Zr-DFO-4 and Zr-DFO*-5, indicating that these analogues bind reason-
ably to albumin and to a similar extent as parent GLP-1 analogue 1.

To further evaluate whether the addition of the Zr-DFO-chelate
caused significant alterations of the structural integrity of the GLP-1R
agonists, 1, Zr-DFO-2, and Zr-DFO-4 were compared using a combina-
tion of circular dichroism (CD) spectroscopy to evaluate differences in
secondary structure, and dynamic light-scattering (DLS) to determine
if self-association of the peptides was altered (Table 2).

Native GLP-1 has been reported to form a helical structure in solution
as seen by NMR [23] with the degree of helicity being dependent on the
solution conditions [24], and several publications have shown that theα-
helix is retained within the receptor-binding pocket [25,26] illustrating
the importance of maintaining a high helicity after conjugation to DFO.

CD spectra (Fig. 3) showed that all three peptides adopt anα-helical
structure, as seen by the two negative peaks at 208 nm and 222 nm in
combination with the large positive peak around 190 nm [27]. The
GLP-1R agonist without DFO (1) was calculated to have 36% of its back-
bone in an alpha helix conformation and the same was seen for ana-
logue Zr-DFO-2 with the DFO-chelate placed in position 26. The
extended analogue Zr-DFO-4 seems to have a slightly higher degree of
helicity (46%) under the same conditions.

From DLS we observed that 1 and Zr-DFO-2 form similarly sized
oligomers of 1.94± 0.06 nm and 1.98± 0.06 nm, respectively, whereas
Zr-DFO-4 forms slightly larger oligomers of 2.30±0.01 nm. The slightly
larger size and increased helicity correspond well with the greater size
of the peptide, due to the C-terminal extension, and illustrates that the
modification with the DFO chelate does not alter the structure nor
self-association of the lipidated GLP-1 analogues.

The conclusionwe draw from these initial results is that conjugation
of the DFO chelator to a lysine residue in the C-terminal extension of Zr-
Table 2
In vitro affinity for the GLP-1 receptor and physicochemical properties for each of the com-
pounds 1, Zr-DFO-2, and Zr-DFO-4.

Analogue α-Helical
content (%)

Hydrodynamic radius
(nm)

GLP-1R binding (IC50, nM,
2% HSA)

1 36 1.94 ± 0.06 69.8 ± 16.7
Zr-DFO-2 36 1.98 ± 0.06 N1000
Zr-DFO-4 46 2.30 ± 0.01 112 ± 33.3

GLP-1 receptor binding at 2% albumin (HSA) using plasmamembranes from BHK cells ex-
pressing the human GLP-1R. Numbers are mean ± standard deviation.
DFO-4 is the most viable way of modifying the peptide 1 for labelling
with zirconium-89 without significantly altering the peptides structure
or function. We thus next endeavored to find out whether this modifi-
cation could also be performed without influencing the pharmacody-
namic (PD) properties of the GLP-1 analogue in vivo.
2.3. In vivo pharmacodynamics

In addition to their incretin effect, GLP-1 analogues are well-recognized
as potent agents for reducing appetite and inducing weight loss [28]. In
order to determine the pharmacodynamic potency of 1 in vivo and to test
whether this potency is maintained after the conjugation to DFO as in Zr-
DFO-4, we subjected both compounds to a food-intake study.

A total of 32 Sprague Dawley rats on a reversed day-night cyclewere
randomized and divided into groups receiving either only vehicle (con-
trol group) or vehicle with two different concentrations of peptide (1 or
Zr-DFO-4 in either 10 or 100 nmol/kg) by subcutaneous injection (see
Supplementary Information page S9). Fig. 4 illustrates the accumulated
mean food-intake in each of the 5 groups from 24 h prior to 48 h after
administration.

Mean food-intake was similar in all 5 groups until the administration
of the peptides or vehicle at time 0. After administration, the control
group receiving only vehicle maintains a food-intake averaging at just
over 20 g per day per rat. The remaining groups receiving 1 or Zr-DFO-
4 in the vehicle show a rapid reduction in food-intakewith no significant
difference between 1 and Zr-DFO-4 in either dose after 24 h. Later
timepoints indicate that the effect of Zr-DFO-4 wears off faster than for
1, presumably due to a slight difference in pharmacokinetic properties.

Overall, however, the pharmacodynamic profile of both compounds
is comparable. Combined with the in vitro and physical chemical data
(vide supra) this demonstrates that the GLP-1 analogue 1 can be modi-
fied, with a DFO-type chelator through a squaramide-based linker to
form Zr-DFO-4, maintaining the overall structure and function of the
peptide both in vitro and in vivo. As such, this modified peptide is
Fig. 3. Far UVCD spectra at 25 °C of 20 μM 1, Zr-DFO-2, and Zr-DFO-4 in 10mMphosphate
buffer, pH 7.4.



Fig. 4. Accumulated food-intake in average g/rat for rats dosed subcutaneouswith either vehicle or 1 or Zr-DFO-4 in vehicle in doses of either 10 or 100 nmol/kg rat. The graphs are shown
without statistical error for simplicity but can be found with standard deviations in the Supplementary information page S10.
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seemingly a viable candidate for the indirect verification of the in vivo
distribution of 1. We next aimed to investigate this through
zirconium-89 labelling and subsequent biodistribution and PET imaging
studies.

2.4. Radiolabelling, pharmacokinetics and biodistribution of radiolabelled
[89Zr]Zr-DFO-4 and [89Zr]Zr-DFO*-5

In order to assess the biodistribution and blood kinetics of
radiolabelled peptides, we performed the radiolabelling by adding a so-
lution of [89Zr]Zr(oxalate)2 to a buffered solution containing the conju-
gated peptide. After having determined the radiolabelling efficiency
(N98,5%, 5MBq/nmol), the stability of the conjugateswas tested.Wede-
cided to include the peptide [89Zr]Zr-DFO*-5 with a DFO*-chelator in
position 41. The DFO*-chelator was previously demonstrated to form a
more stable chelate with zirconium-89 compared to DFO, resulting in
less accumulation of the free radionuclide in bone [29,30,31]. As indi-
cated in Fig. 5, EDTA challenge showed increased stability for DFO*, as
expected based on literature.

The integrity of [89Zr]Zr-DFO-4decreased to70%,while [89Zr]Zr-DFO*-
5 remained N95% intact after seven days. Also, the stability in human
plasma of the two complexes was investigated, and in this assay both
[89Zr]Zr-DFO-4 and [89Zr]Zr-DFO*-5 remained stable over seven days.

Slight differences in blood kinetics and biodistribution between
[89Zr]Zr-DFO-4 and [89Zr]Zr-DFO*-5 were also observed (Fig. 6). The
blood concentration is lower for [89Zr]Zr-DFO*-5 at the first measure-
ment (15 min), suggesting a more rapid clearance from the circulation
Fig. 5. Stability of [89Zr]Zr-DFO-4 (DFO chelate) and [89Zr]Zr-DFO*-5 (DFO* chelate) in the pr
represent standard deviations (n = 3).
directly after injection of radioconjugate [89Zr]Zr-DFO*-5 compared to
[89Zr]Zr-DFO-4. However, from this point and onwards, [89Zr]Zr-
DFO-4 clears with a similar kinetics as [89Zr]Zr-DFO*-5. As seen from
Fig. 6, the concentration trends towards the expected exponential de-
pendence on time with 5–10% ID/g still present in the blood after 4 h.

As expected from an albumin-binding peptide, the biodistributions
of the two compounds mainly show accumulation in well-perfused
blood-filled organs as the liver, kidneys, heart and lungs at 4 h after in-
jection (Fig. 7a). The high uptake in the kidney could result from the fact
that these contain inherent expression of GLP-1 receptors in rat [16] and
are a main pathway of excretion once the GLP-1 analogue is released
from albumin. However, the level of radioactivity in the kidney in this
study is lower than expected based on earlier reports [8]. One plausible
explanation could be that albumin partly rescues the radiolabelled pep-
tides from the megalin receptor-mediated uptake during proximal tu-
bular reabsorption previously reported [32,33], and restore the GLP-1R
agonists into systemic circulation.

As a consequence of the lower blood values of [89Zr]Zr-DFO*-5, up-
take in all well-perfused organs is lower for this compound (Fig. 7a).
However, when looking at the organ-to-blood ratios (Fig. 7b), these dif-
ferences are less apparent, indicating that the differences observed for
the activity concentrations in well-perfused organs are indeed caused
by the differences in blood concentration. The lung, duodenum, colon,
liver and kidney showed a statistically significant higher organ-to-
blood ratio for [89Zr]Zr-DFO*-5 compared to [89Zr]Zr-DFO-4, of which
the latter two may partly explain lower blood values compared to the
DFO analogue by higher liver metabolism and excretion through the
esence of 1000 equivalents of EDTA in PBS buffer at 37 °C or in human plasma. Error bars



Fig. 6. Blood kinetics of the 89Zr-labelled peptides conjugated to DFO ([89Zr]Zr-DFO-4) or
DFO* ([89Zr]Zr-DFO*-5). Each rat received 1 nmol of conjugate (5MBq of 89Zr). Error bars
represent standard deviations (n = 5).
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kidney. Other factors that could contribute to the difference in early PK
could be difference in solubility and binding kinetics to rat serum albu-
min between [89Zr]Zr-DFO-4 and [89Zr]Zr-DFO*-5.

Bone uptake was lower for the DFO-analogue than often seen with
this type of chelator, most likely because the in vivo release of
zirconium-89 from DFO and subsequent accumulation in mineral bone
is usually observed N72 h post injection [29]. When looking at organ-
Fig. 7. A: Ex vivo biodistribution depicted as % injected dose/gram tissue (%ID/g) of the labelled
administration in healthy rats. B: Organ to blood ratio of the biodistribution at 4 h after injection
**p b 0.01.
to-blood ratios, the overall picture is similar for the two
radioconjugates.

PET imaging confirmed the findings of the ex vivo biodistribution
study; high kidney uptake, with presence of the zirconium-89 labelled
compounds in the liver and in circulation as observed by activity in
the heart and large vessels (Fig. 8). An interesting observation is the up-
take in a specific area in the upper abdominal area (marked with an as-
terisk in Fig. 8), most likely this is a specific part of the duodenum or
small intestine, which was not identified by the ex vivo biodistribution
study. A substantial accumulation of radioactivity in the renal cortex
was also observed in the sagittal section through the organ (Fig. 8, sag-
ittal view). A more detailed overview of the PET results can be found in
Videos 1 and 2.

Overall, the PET imaging study, confirmed the findings from the
ex vivo biodistribution study, thus providing a method for visual verifi-
cation of the distribution of a GLP-1 analogue.
3. Conclusions

Long-circulating GLP-1R peptide agonists with a DFO-type chelate
were synthesized and labelled with Zr4+ (Zr-DFO-4 and Zr-DFO*-5)
and [89Zr]Zr4+ ([89Zr]Zr-DFO-4 and [89Zr]Zr-DFO*-5). The in vitro and
physicochemical characteristics of the DFO-bearing compounds were
similar to the parent peptidewithout DFO chelate and it induced a similar
reduction in food-intake in a rat pharmacodynamic model. The
biodistribution of [89Zr]Zr-DFO-4 and [89Zr]Zr-DFO*-5 in rats show
high accumulation of radiolabelled peptide in well-perfused organs such
as the liver, kidney, heart and lungs. The PET imaging study confirmed
peptides conjugated to DFO ([89Zr]Zr-DFO-4) or DFO* ([89Zr]Zr-DFO*-5), 4 or 24 h after
. Bars represent mean with standard deviation (For 4 h, n=5; for 24 h, n=3). *p b 0.05;



Fig. 8. Dorsal maximum intensity projection (MIP) and sagittal view PET images of rats injected with 5 MBq (1 nmol) 89Zr-labelled peptides conjugated to DFO or DFO* 4 h after
administration. A = aorta, B = bladder, C = carotic artery, H = heart, K = kidney, L = liver, and * = duodenum or small intestine. L = left, R = right. P = posterior, A = Anterior.
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the findings from the biodistribution study with a significant high uptake
in kidneys and presence of activity in liver, heart and larger blood vessels.
This promising initial study indicates the potential to monitor the in vivo
distribution of long-circulating incretin hormones using zirconium-89
based PET. As the expected biological half-life of fatty acid-substituted
GLP-1 analogues such as 1 and [89Zr]Zr-DFO-4 are much longer in
humans than in rats [34], the long physical half-life of zirconium-89
(78.4 h) enables future human studies with these molecules.

4. Materials and methods

4.1. Peptide synthesis

All non-modified peptides were synthesized using standard solid-
phase Fmoc procedures on SymphonyX (Gyros Protein Technologies
Inc.). Wang resins preloaded with the C-terminal amino acid were
employed. The lysine to bemodifiedwith the fatty acid-based sidechain
was incorporated as the Fmoc-Lys(Mtt)-OH derivative. The Mtt protec-
tion was removed on the peptide synthesizer by treatment with
hexafluoroisopropanol and the sidechain functionalized using standard
solid-phase Fmoc procedures. The lysine to be modified with a chelator
after cleavage from the solid-phase was incorporated as the Fmoc-Lys
(Boc)-OH derivative.

Cleavage from the resin was accomplished by shaking the resin with
95% trifluoroacetic acid (TFA), 2.5% water and 2.5% triisopropylsilane
(TIPS) for 1.5 h, followed by precipitation in cold diethyl ether (−78 °C).

The peptides were then dissolved in 25% acetonitrile in water and
purified by preparative HPLC.

4.2. Peptide modification

The purified peptide as a TFA salt was dissolved in a carbonate buffer
(0.10 M Na2CO3 and 0.10 M NaHCO3) containing 20% acetonitrile to
make a 1.0 M solution. Three equivalents of the desired chelator were
added, and the resulting mixture was stirred at 50 °C until judged com-
plete by UPLC analysis (approx. 3 h). The reaction was then neutralized
with 13% TFA (aq.) and purified by preparative HPLC. After lyophiliza-
tion, the peptidewas then used in the incorporation, stability and imag-
ing studies with zirconium-89.
For the compounds coordinating non-radioactive zirconium, the
metal ion was incorporated by addition of approx. 1.5 equivalents of
0.1 M ZrCl4 (aq.) directly to the preparative HPLC fractions and adjust-
ment of the pH to 8.0 with carbonate buffer. After complete incorpora-
tion, the compounds were purified by prep-HPLC and lyophilized to
yield the desired peptide. Purities of the modified peptides can be
found in the Supplementary Information page S5.

4.3. Animals used for PD, biodistribution and PET

The PD study was carried out in accordance with permission given
by the experimental animal committee in Denmark. A total of 32 lean
Sprague-Dawleymale rats 7–8weeks old (Taconic, Denmark)were ran-
domized and placed on reversed light-dark (light 11 pm, dark 11 am)
cycle in the Biodaq system cages 12 days prior to the start of the study
and fed an ad libitum Altromin and water diet throughout.

The Dutch central committee on animal research and the local ethi-
cal committee on animal research of the Radboud University approved
the biodistribution and PET studies under protocol 2017-0028. All ani-
mal experiments were performed according to the institutional guide-
lines by blinded biotechnicians. Upon arrival, 7–8 weeks old male
Sprague Dawley® rats (Envigo, Horst, the Netherlands) were randomly
marked with a waterproof marker on their tail for identification and
were acclimatized for ≥4 days before any experimental procedure.

The number of rats in each group was based on previous experi-
ments to ensure that sufficient animals were used to accurately esti-
mate the radiotracer biodistribution and the food intake. Rats were
randomly allocated to the experimental groups and assessed daily for
welfare. All rats allocated to one of the experimental groups were
used in the final analysis of the data, no rats were excluded. None of
the animals suffered from adverse effects during the study.

In all studies, rats had unlimited access to food and water in a con-
trolled environment (22 ± 1 °C, 55 ± 10% humidity, 12 h dark/light
cycle). Cages were weekly replaced by clean cages.

4.4. Radiolabelling and stability

7 nmol of the modified peptideswere incubated with 35 MBq [89Zr]
Zr(oxalate)2] solution adjusted to pH 7.8 with 2 M Na2CO3 for 2 h at
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37 °C. The radiolabelling was evaluated with instant thin layer chroma-
tography (iTLC) using sialic acid impregnated iTLC strips and NH4Ac
EDTA as mobile phase and showed complete chelation (N98.5%) of the
resulting radiolabelled complexes.

4.5. Administration, blood kinetics and biodistribution

Rats (250–300 g, 7–8 weeks old, 5 per group) received an intrave-
nous injection in the tail vein of 1 nmol (5 MBq) [89Zr]Zr-DFO-4 or
[89Zr]Zr-DFO*-5 in 200 μL vehicle (50 mM phosphate buffer, 70 mM
NaCl, 70 ppm Tween20, pH 7.4). A few drops of blood were collected
from the vena saphena at 15min, 30min, 1 h, 2 h, and 3 h post injection.
At 4 or 24h post injection animalswere euthanized byCO2 asphyxiation
and blood and organs (muscle, heart, lung, spleen, liver, pancreas, kid-
ney, stomach, duodenum, colon, femur, knee, bone marrow, brain and
skin) were collected for ex vivo analysis. Zirconium-89 radioactivity
was quantified in collected samples using a gamma counter (Wizard,
PerkinElmer) and expressed as the percentage of injected dose per
gram tissue (%ID/g), calculated from the amount of radioactivity mea-
sured in aliquots of the injected dose.

4.6. PET imaging

Two rats of each groupwere randomly selected for PET imaging. Eu-
thanized rats were imaged for 20 min at 4 h after injection using an
Inveon animal PET scanner (Siemens Preclinical solutions). Reconstruc-
tion of scans was performed using Inveon Acquisition Workplace soft-
ware with an iterative three-dimensional ordered subset expectation
maximization usingmaximum a prioriwith shifted Poisson distribution
algorithm with the following parameters: matrix, 256 × 256 × 161;
pixel size, 0.4 × 0.4 × 0.8 mmwith a corresponding beta of 0.05 mm.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nucmedbio.2019.11.006.
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