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Abstract:

The intentional binding of radioligands to albumin gains increasing attention in the context of
radiopharmaceutical cancer therapy as it can lead to an enhanced radioactivity uptake into the
tumor lesions and thus, to a potentially improved therapeutic outcome. However, the influence
of the radioligand’s albumin-binding affinity on the time profile of tumor uptake depending on
the particular albumin-binding affinity have been only partly addressed so far. Based on the
previously identified Né-4-(4-iodophenyl)butanoyl-lysine scaffold, we designed “clickable”
lysine-derived albumin binders (cLABs) and determined their dissociation constants towards
albumin by novel assay methods. Structure-activity relationships were derived and selected
cLABs were applied for the modification of the somatostatin receptor subtype-2 ligand
(Tyr®)octreotate. These novel conjugates were radiolabeled with copper-64 and subjected to a
detailed in vitro and in vivo radiopharmacological characterization. Overall, the results of this
study provide an incentive for further investigations of albumin binders for applications in

endoradionuclide therapies.
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Introduction

Besides the interaction to its molecular target, the pharmacokinetic properties, i.e. absorption,
distribution, metabolism, excretion, and toxicity (ADMET), of a drug are crucial for its
successful in vivo application. One parameter of drugs that is usually measured in the context
of ADME properties is the binding to constituents of the plasma (or blood), also called plasma
protein binding (PPB). PPB is a biased pharmacokinetic aspect with a high degree of PPB
often seen as an undesired characteristic of a drug. However, based on the ‘free drug
hypothesis’, which states that the unbound (or free) drug concentration (c,) at the therapeutic
target rather than the unbound fraction (f,) of the drug in the plasma determines the in vivo
efficacy, the perspective of PPB experienced a change rendering a high PPB not unfavorable
per se. Accordingly, a drug with a high f, value underlies a high rate of clearance and thus, c,

can be similar to that of a drug with a low f, value but lower rate of clearance.’*

Among the proteinaceous constituents of the blood plasma (albumin, globulines and
fibrinogen), albumin is the most abundant component with concentrations between 35-55 g/L
in humans® and somewhat lower values in laboratory rodents (10-30 g/L)®. It has a molar mass
of around 67,000 g/mol and exhibits an extraordinary long half-life of around 19 days that can
explained by a molecular recycling mechanism involving the neonatale Fc receptor (nFcR).”
Furthermore, albumin is a natural carrier of a variety of endogenous molecules, including fatty
acids, metal ions, and bilirubin to facilitate their solubility and transportation and is also able to

bind exogenous substances including drugs, such as ibuprofen.?

The long blood circulation time and binding capacity of albumin for different compounds led to
the idea to specifically design drugs with an albumin binding moiety to modify their
pharmacokinetic behavior. Probably the most intriguing examples come from drugs for the
treatment of diabetes.®'? Furthermore, the concept of intentional binding to albumin has also
entered the design of chemotherapeutic drugs'®' and more recently targeted
radiopharmaceuticals for the treatment of cancer.'® '7 Regarding the latter application, the
binding to albumin aims at increasing the time-integral uptake of radioactivity in (and thus the
total radiation dose delivered to) the tumor and at decreasing the uptake in normal organs such
as kidneys. This increase in tumor uptake is often attributed to the prolonged blood circulation
time of the albumin-bound radioligand and a presumed higher affinity of the radioligand to the
actual target protein than to albumin.'® 1822 However, the explanation seems to be misleading
considering the “free drug hypothesis” mentioned above with the underlying interplay between
concentration of unbound radioligand in the blood and clearance rate. Accordingly, the time

profile of total radioligand is altered in the blood by albumin binding but the area under the
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curve (AUC) for the free fraction of radioligand (not bound to albumin) is unaffected.
Consequently, the total tumor uptake, which is proportional to the area under the
corresponding time activity curve, need not be affected by binding to albumin, only the time
activity curve might be altered. In fact, a true net increase of tumor uptake of radioligands
requires additional uptake mechanisms to be operational that lead to uptake and retention of

albumin-bound radioligand in the tumor.

Generally, albumin-based drug delivery can harness distinct pathways for albumin
accumulation in tumors that ultimately lead to an increased uptake of the drug as both the free
drug and the albumin-bound drug can enter the tumor. Regarding the pathways for albumin
accumulation, a frequently proposed mechanism is the so-called enhanced permeability and
retention (EPR) effect which can at least partly be explained by passive accumulation of
macromolecules and nanoparticles in the interstitium at tumor sites. An enhanced permeability
can be attributed to the chaotic, irregular blood vessels formed during tumor growth, while the
enhanced retention is thought to be caused by reduced lymphatic drainage from the tumor.2%
25 Worth of note, the EPR effect tends to be more pronounced in preclinical xenograft mouse
models than in humans and varies also between different tumor entities.? 26 In addition to a
potentially increased accumulation in the interstitium of tumors, internalization of albumin into
tumor cells via nonspecific endocytotic processes (e.g. macropinocytosis)?’ or receptor-

mediated pathways,? 28-30 to cover their demand for amino acids, is a matter of discussion.

The present study was designed to investigate the degree and the time profile of tumor uptake
by radioligands bearing albumin-binding moieties with different binding affinity to albumin
compared to analogues radioligands without such moieties. As basis for this, the first part of
the study covers Nt-(4-(4-lodophenyl)butanoyl)-lysine (Lys(IPB))-derived albumin binders as
described originally by Dumelin et al.3', but modified with azide and alkyne bearing residues
at the a-amino group. This enables the introduction into targeting molecules with the opposing
functionality by copper-catalysed azide-alkyne cycloaddition (CUAAC).32 A small library of such
“clickable” lysine-derived albumin binders (hereinafter referred to as cLABs) was synthesized
and their albumin-binding affinity was characterized by novel assay methods allowing the
derivation of structure-activity relationships. Within the second part, selected cLABs were
coupled to the somatostatin analog (Tyr®)octreotate (TATE), an agonist for the somatostatin
receptor subtype 2 (SSTR2). SSTR2 is a G-protein coupled receptor that is often
overexpressed in neuroendocrine tumors (NETs) and radiolabeled analogs of its endogenous
ligand somatostatin are in current use for the nuclear medical imaging and therapy of such
tumors.33 34 Herein, the TATE-albumin binder conjugates were labeled with the positron emitter
copper-64 via the chelator NODAGA. The resulting [(#Cu]Cu-NODAGA-cLAB-TATEs were
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characterized in radiopharmacological studies in vitro and also in vivo with positron emission
tomography (PET). The time profile of tumor uptake of these radiotracers was assessed using
a mouse pheochromocytoma (MPC) tumor allograft model, which highly expresses SSTR2.
Efforts on SSTR2-targeted radioligands are in line with our ongoing interest in the functional
characterization and the improvement of the therapy of metastatic pheochromocytomas and
paragangliomas, neuroendocrine-related tumors that arise from catecholamine-producing
chromaffin tissue of the adrenal glands or extra-adrenal paraganglia, respectively. These
tumors often show high SSTR2 levels.3%-3° Consequently, SSTR2 radioligands such as
[(8Ga]Ga- or [¢*Cu]Cu-DOTA-TATE for PET imaging as well as [*°Y]Y- or ['"7Lu]Lu-DOTA-
TATE for peptide receptor radionuclide therapy are becoming increasingly important as

effective theranostic options for metastatic pheochromocytomas and paragangliomas.*

Results and Discussion

Part I: Synthesis and characterization of cLABs

Acetyl-Lys(IPB)-OH, a lysine derivative with unsymmetric substitution pattern at the a- and ¢-
amino groups and a free carboxyl group, served as lead structure for the cLABs in the present
study. For a rapid access to such compounds, an automated solid-phase synthetic strategy
was developed starting from commercially available Fmoc-Lys(Alloc)-OH or Alloc-Lys(Fmoc)-
OH which were anchored onto the 2-chlorotrityl chloride (2-CITrtCl) resin (Scheme 1). This
strategy furnished compounds (R)-1a-d and (S)-1c/1e in overall yields of 20-42%. Later, we
switched the synthetic strategy from solid-phase to synthesis in solution to improve the yields
and to prepare the albumin binders in larger scale for perspective functionalizing of target
molecules. To reduce the synthesis steps to a minimum, we firstly chose to start from free
lysine, which gave (R)-1e and (R)-1f in lower overall yields of 23 and 6%, respectively (Scheme
2). However, for our most favorable synthetic approach, we chose either Boc-Lys-OH (for the
series of Ne-IPB derivatives) or Lys(Boc)-OH (for the series of NU-4-N3;Bz derivatives) as
starting materials, which allowed for the preparation of the lysine-based albumin binders (S)-
1f-o with free carboxyl group in three steps and good overall yields of 19-52% (Scheme 3).
The synthetic strategies were also adapted to the synthesis of Lys-NH, ((S)-2a-¢) and Lys-
OCHj3; ((S)-3a) derivatives. For a more detailed discussion on the synthetic approaches to the
albumin binders see Discussion S1 within the Supporting Information. Overall, 15 cLABs were
synthesized by the different synthetic strategies (complemented by 7 further compounds)

which were characterized for their albumin-binding affinity.
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Scheme 1. Solid-phase synthesis of lysine-based albumin binders

Reagents and conditions: a;) 2-CITrtCl-resin, DIPEA, CH,Cl,, 4 h; a;) Rink Amide resin, HATU, DIPEA,
DMF; b) 20% piperidine/DMF; c4) acetic anhydride, DIPEA, CH,ClI,, 2 h; c,) carboxylic acid derivative, HATU,
DIPEA, DMF; d) Pd(PPhs)s, phenylsilane, CHCIs; e) 4-(4-iodophenyl)butanoic acid, HATU, DIPEA, DMF;
f) HFIP/CH.CI, (1/4), 1 h for 2-CITrtCl resin and TFA/H,O/TRIS (95/2.5/2.5), 1 h for Rink amide resin,
respectively. With the exception of a4, ¢, and f all reactions were performed in an automated microwave
peptide synthesiser. For further details see experimental section. Overall yields are given below the

compounds.

f ﬂ‘”’ff e f

Synthesised compounds:

Scheme 2. Synthesis of lysine-based albumin binder in solution starting from fully

unprotected lysine

Reagents and conditions: a) 1. CuSO,*5H,0, Na,COj3; 2. IPB-NHS (7a), H,0/1,4-dioxane (4/1), 1 d; b) 5-
azidopentanoic acid NHS ester (7b) or 4-azidobenzoic acid (7c) NHS ester, TEA, CH3;0H, 20 h. Overall yields
are given below the compounds.
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32 Scheme 3. Optimized synthetic strategy of lysine-based albumin binder
33
34 Reagents and conditions: a) Acylations were performed under the following different conditions depending
35 on the carboxylic acids and lysine derivatives: a;) HATU or PyBOP, DIPEA, carboxylic acid, DMF; ay)

preactivation of carboxylic acid as NHS (aliphatic carboxylic acids) or HOBt ester (aromatic carboxylic acids)
36 with DIC or DCC, THF/H,0O as solvent mixture; az) acetic anhydride, DIPEA, CH,Cl,; b) TFA/CH,CI, 1:1 (v/v),
37 2 h; ¢) Rink Amide resin, HATU, DIPEA, DMF; d) 20% piperidine/DMF; e) TFA/H,O/TRIS (95/2.5/2.5), 1 h; For
38 compound (S)-10, the final reaction step was removal of the tert-Butyl groups from NODAGA with concentrated
39 H3;PO, (see Experimental section). Overall yields are given below the compounds.
40
41 To characterize the cLABs by means of their dissociation constants (Ky) towards human serum
fé albumin (HSA), we envisaged a microscale thermophoresis (MST)-based assay. MST
44 represents a rapid method for the characterization of biomolecular interactions in solution that
45 . . .. . .
46 requires only low amounts of sample.*! 42 Inspired by a recent publication in which MST was
47 used to study the interaction of fluorophore-labeled nanoparticles with HSA*® and guided by
48
49 protocols from the company Nanotemper (Explorer Community) for measuring the interactions
g? of bovine serum albumin (BSA) with known ligands, we chose to label commercially available
52 HSA (fatty acid free) using the RED-Maleimide labeling kit (2"¢ Generation) from Nanotemper.
53 . . . L . . . .
54 As there is only one free cysteine residue (Cyss4) within albumin, this reaction is site-selective,
55 which might prevent a loss of affinity at Sudlow sites | and I1.5 Both sides are the major binding
56
57 sites for small molecules while binding of the lysine-based albumin binders seems to occur at
gg site 11.3"-44 Indeed, the binding of (R)-1c (Acetyl-D-Lys(IPB)-OH) and (R)-1f (N;Bz-D-Lys(IPB)-
60

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

OH) as well as Ibuprofen (site Il as primary binding site)**>#” and Indomethacin (site | as primary
binding site)*® to the fluorophore-labeled HSA led to measurable changes in the
thermophoretic timetraces which allowed for the derivation of the respective binding curves
(Figure 1A). In this context, we used the freeware PALMIST# 4° for data analysis as this
program contains different fitting models (see below). While for Ibuprofen (Ky = 73 uM) and
Indomethacin (Ky = 120 uM) typical binding curves with one inflection point were obtained (see
Figure S1 in Supporting Information), the curves for the lysine-based albumin binders exhibit
two inflection points up to concentrations of 2 mM, which indicates binding of two molecules to
albumin (Figure 1A for (R)-1f and Figure S1 for (R)-1c). Considering that many drugs bind at
multiple sites of albumin, this is not surprising. However, it was not known for this class of
albumin binders so far. Detection of this phenomenon was only possible as the fluorophore-
labeled HSA was titrated with the albumin binders up to high concentrations of 2 mM. For (R)-
1c and (R)-1f the smaller K, values were determined to be 8.0 and 2.6 yM, respectively (Table
1), while the higher values lie around 900 uM (1:2 micro fitting model in PALMIST).4® Dumelin
et al. determined a lower but still comparable Ky of 3.2 yM for (R)-1c by isothermal titration
calorimetry (ITC).3' Considering the lower Ky value of (R)-1f compared to (R)-1c determined
within this study using the same assay method, the benzoyl residue seems to be beneficial for

the binding to albumin.

Due to the HSA labeling step, the non-typical binding curves, and the fact that the higher Ky
values are less important for the present study, we envisaged a change in the assay settings.
Dumelin et al. described 5-FAM-D-Lys(IPB)-OH as fluorescent albumin binder and used that
probe ia. for a fluorescence anisotropy-based competition assay.’' We synthesized the
respective 6-FAM analogue (R)-1a in order to establish a MST-based competition assay.*®
However, binding of (R)-1a resulted in a specific (SDS denaturation test negative, see Figure
S2 in Supporting Information) increase in the initial fluorescence signal, which prevents
analysis of the MST timetraces. However, a binding curve (Figure 1B) could be derived from
the fluorescence values (capillary scans) yielding a Ky value of 230 nM (Table 1), which is in
accordance to the Ky value of 310 nM for the 5-FAM analogue determined by ITC.3! Several
mechanisms for the environmental sensitivity of fluorophores are known,®® however, the
particular reason for the increase in fluorescence of (R)-1a after binding to albumin cannot be
given as various aspects including the multiple forms (protolytic and tautomeric) of fluorescein
need to be considered.®! Similarly to the present assay readout, a continuous assay method
is known for a long time for transglutaminases which follows an increase in fluorescence due
to the enzyme-catalyzed incorporation of mono-dansylcadaverine into e.g. N,N-
dimethylcasein.5> % Worth of note, for the TAMRA derivative (R)-1b, the increase in
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fluorescence after incubation with HSA was unspecific (SDS denaturation test positive, see

Figure S2), and thus, this compound was judged not suitable for the assay. Titrating the non-

fluorescent albumin binders towards HSA at a constant concentration of (R)-1a resulted in a

dose-dependent decrease of the fluorescence signal (fluorescence-based competition assay)

and allowed for the derivation of their Ky values using the 1:1 competition fitting model
implemented in PALMIST.#® For (R)-1c and (R)-1f, K; values of 7.0 and 1.2 uM were obtained,

respectively, which are in accordance to the values obtained by the MST assay indicating

again the beneficial effect of the benzoyl residue on the affinity to aloumin (Table 1).

>
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Figure 1. Exemplary data for the MST and fluorescence-based competition assay

A) MST assay: The top panel shows the thermophoretic time traces from one experiment (16 samples, color-
coded, purple and orange representing the lowest and highest concentration of (R)-1f, respectively). The areas
used to calculate F, are shaded in blue and pink (T-jump). The middle panel shows the resulting binding curve
(color-coding of data points according to their respective timetrace). The line is the best fit obtained from data
analysis using the PALMIST “1:2 Micro” model“8. Residuals between the fit and the data are depicted in the
bottom panel. B) Data points for (R)-1a (blue) are the averaged fluorescence counts (n=6) for the direct titration
to HSA. Data points for (R)-1f (top panel, red) and (R)-2a (bottom panel, red) are the averaged fluorescence
counts (n=3) for the competition experiments. The blue and red lines in each panel represent the results of
global fitting of the direct and competition data using the PALMIST “1:1 Comp.” model*. Residuals are shown
below the respective panels. Graphs in A and B were created with GUSSI%* (version 1.4.2). Conditions for
MST assay: PBS pH 7.4, 37°C, 2% DMSO, 100 nM F-HSA, 500 nM HSA; Conditions for fluorescence-based
competition assay: PBS pH 7.4, 37°C, 2% DMSO, 2 uM HSA, 200 nM (R)-1a.

After having established the fluorescence-based competition assay, we screened the further
lysine-derived albumin binders by this method (Table 1 and Figure S1 in Supporting

Information). Substitution of the acetyl residue in (R)-1¢ by a 5-azidopentanoyl residue in (R)-
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1e did not change the binding affinity (7.0 versus 8.0). The tolerance for longer alkanoyl
residues at the a-amino group was also shown by Dumelin et al. as a K; value of 5.5 pM is
stated for Butanoyl-D-Lys(IPB)-OH.3"

Table 1. Summary of binding affinities for the different lysine-derived albumin binders

,33 }33 oH Oy__OH
NH NH
( 4 ( 4 I o] o : o
Risn Re Ry Ry \ NH, \ NH,
"o ) H 3 H o8
1a-0, 2a-c, 3a 1p 4a 4b
compound config. R, R, Rs3 Kq (UM)?2
1a R 6-FAM OH IPB 0.23 (0.17-0.31)°
1b R 6-TAMRA OH IPB -C
1c R Acetyl OH IPB 7.0 (5.0-11.0)¢
1c S Acetyl OH IPB 3.2 (1.3-8.9)°
1d R 4-Pentynoyl OH IPB 7.3 (5.5-9.6)
1e R 5-Nz-Pentanoyl OH IPB 8.0 (4.0-14.0)
1e S 5-Nz-Pentanoyl OH IPB 6.0 (2.0-12.0)
1f R 4-N3-Benzoyl OH IPB 1.2 (0.6-2.4)
1f S 4-N3z-Benzoyl OH IPB 0.36 (0.23-0.56)
19 S 4-N3-Benzoyl OH MPB 3.0 (1.7-5.5)
1h S 4-N3-Benzoyl OH PB 36 (27-50)
1i S 4-N3-Benzoyl OH FPB 26 (17-41)
1j S 4-N3-Benzoyl OH CIPB 3.5(2.4-5.2)
1k S 4-N3z-Benzoyl OH BrPB 2.0(1.2-3.4)
11 S 4-N3z-Benzoyl OH CF3;PB 4.1 (2.9-5.9)
1m S 4-N3-Benzoyl OH IBU 4.0 (2.0-8.0)
1n S 4-Ethinylbenzoyl OH IPB 0.34 (0.19-0.60)
10 S NODAGA OH IPB 8.0 (5.0-12.0)
1p R Phenyltriazolh OH IPB 4.0 (2.0-8.0)
2a S Acetyl NH, IPB 70 (50-110)
2b S 4-N3-Benzoyl NH, IPB -9
2c S 4-N3-Benzoyl NH, MPB -9
3a S Acetyl OCH3 IPB 110 (60-170)
4a S - - - 100 (60-150)
4b S - - - 80 (50-120)
Ibuprofen R/S - - - 73 (60-90.0)!

Indomethacin - - - 120 (100-160)

a) Ky data (n=3, for Indomethacin only n=1) determined by fluorescence-based competition assay if not otherwise
stated and are given as mean values with estimated confidence intervals (68.3%) using the error surface projection
method in brackets (obtained from PALMIST); b) Ky value determined by titrating (R)-1a towards HSA; c) no specific
binding detected; d) Ky from MST assay is 8.0 (2.0-21.0) uM, Ky from ITC is 3.2 yM3'; e) Ky from ITC is 9.0 uM3*; f)
Ky from MST assay is 2.6 (0.90-6.8) uM3'; g) not determined due to low solubility. h) refers to 4-phenyl-1H-1,2,3-
triazol; i) Ky values obtained from MST assay; Conditions for fluorescence-based competition assay: PBS pH 7.4,
37°C, 2% DMSO, 2 yM HSA (fatty acid free), 200 nM (R)-1a.

Instead of functionalizing the a-amino group with azide bearing moieties, the incorporation of
alkyne bearing substituents appeared also feasible. Compounds (R)-1d (7.3 pM) and (R)-1n
(0.34 uM) harboring a 4-ethynylbenzoyl and 4-pentynoyl residue, respectively, are equally
potent to the analogous azide functionalized albumin binders (R)-1e and (R)-1f. Bioisosteric

replacement of the a-amide bond to a 1,4-disubstituted 1H-1,2,3-triazole%® was done in (R)-1p
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(Scheme S2 in Supporting Information). Even though the amide bond is preferred, this
substitution is well tolerated (4.0 uM of (R)-1p versus 1.2 M of (R)-1f).

Dumelin et al. demonstrated that the configuration of lysine has only a minor influence on the
binding affinity to albumin with a slight tendency to lower Ky values for (R)-lysines. To prove
this, compounds (S)-1c/1e/1f were synthesized, however, we observed an inversed tendency
with slightly lower Ky values for the (S)-configuration (e.g. 7.0 versus 3.2 uM for (R)- and (S)-
1c, respectively). Therefore, we decided to mainly consider this configuration for our cLABs.
We envisaged a series of six 4-N3;Bz-L-Lys(XPB)-OH derivatives which bear differently para-
substituted 4-phenylbutanoyl residues (X=H, F, Cl, Br, CHj;, CF;) at the e-amino group (Table
1). Characterization by the competitive fluorescence-based assay revealed that the
unsubstituted derivative ((S)-1h) exhibits the highest Ky value (36 uM) in this series meaning
a 100-fold loss in binding affinity to HSA compared to the iodine substituent (0.36 uM for (S)-
1f). This dramatic loss in binding affinity by simple change of one atom is remarkable and is in
accordance to data from Dumelin et al., who determined for 5-FAM-D-Lys(PB)-OH a Ky of
6.6 uM (21-fold loss in binding affinity to the iodine compound with K; of 310 nM).3' However,
it seems that FAM compensates the iodine/hydrogen exchange better than the 4-azidobenzoyl
residue. The binding affinity to HSA for the further derivatives increases in the order F (26 pM)
< CF; (4.1 uM) < CI (3.5 yM) < CHj3 (3 pM) < Br (2 pyM). The 6-fold and 8-fold loss in binding
affinity of the Br and CHj; derivatives compared to the iodine derivative is also in accordance
to data from Dumelin et al., who characterized Acetyl-D-Lys(BrPB)-OH (30 uM, 9-fold loss) and
Acetyl-D-Lys(MPB)-OH (52 uM, 16-fold loss) compared to Acetyl-D-Lys(IPB)-OH (3.2 uM).3"

The trend indicates that the Ky values decrease with the size and the lipophilic character of the
substituents. In the context of quantitative structure-activity relationships, the differential van
der Waals radii v (Charton values) and Hansch’s 11 values can be used to describe the sterical
demand and the lipophilic character of substituents, respectively. As shown in Figure 2, there
is a better linear relationship between the 1 values and the logarithmically transformed Ky
values (R? = 0.89) than for the v values (R? = 0.65). However, both correlations can be
significantly improved by excluding the data points for the CF3 derivative (R? values of 0.96
and 0.91, respectively) suggesting that a limit in the size of the substituent is reached with
v=0.78 A (iodine). Worth of note, the use of other substituent parameters such as 0, and oy
led to significantly worse results for linear regressions (see Figure S3 in Supporting
Information). In a recent work towards albumin-binding PSMA ligands, Deberle et al. coupled
Ibuprofen (IBU) instead of IPB at the side chain of a lysine residue.®® In order to characterize
the effect on the binding affinity to albumin, we synthesized 4-N3;Bz-L-Lys(IBU)-OH ((S)-1m)

using rac-2-(4-Isobutylphenyl)propionic acid and determined a Ky value of 4.0 uM which
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renders this albumin binder equipotent to the CF;PB derivative (S)-11 and 18-fold more potent

than simple Ibuprofen (Ky of 73 uM).

log(Ky)=-1.770*v+4.568 ‘H
n=7, s=0.442, R?=0.646

log(Kg)=-1.565*+4.590
n=7, s=0.250, R?=0.887

CH3

3 3F : Br
' log(Kg)=-2.509*v+4.800 1 log(Ky)=-1.703*r+4.601
: n=6, s=0.255, R*=0.906 | ® [ n=6,s=0.165 R*=0.961 |'
2 R T R B R 2 i . ! . ! . L .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.3 0.6 0.9 1.2
v (A) b1

Figure 2. Relationship between the size and the hydrophobicity of the substituents in para
position of the phenyl residue and the K, values of the albumin binders (S)-1f
- (S)-11

Plots of log(Ky)=f(v)(left) and log(Kq)=f(1T) (right) using the mean values of the Ky values (nM) of compounds
(S)-1f — (S)-11 (Table 1) and the following values for v(A):57. 5 0.00 (H), 0.27 (F), 0.52 (CH3), 0.55 (Cl), 0.65
(Br), 0.78 (1), 0.91 (CF3); and m:%° 0.00 (H), 0.14 (F), 0.55 (CHs), 0.71 (Cl), 0.86 (Br), 0.88 (CF3), 1.12 (I).
Regression analysis was performed by linear regression; n denotes to the amount of data points, s to the
standard deviation of the regression equation, and R? to the coefficient of determination.t%. 8! For linear
regressions in black all data points were considered while for linear regression in red the data for CF3; were
excluded.

In addition to modifications of the residues at the a- and e-amino groups, we were interested
in modifying the free carboxyl group and characterizing the effects on albumin binding. For
this, compounds (S)-2a and (S)-3a based on Acetyl-L-Lys(IPB)-OH were synthesized in which
the carboxyl group is amidated (-NH.) and esterified (-OCH3), respectively. These changes led
to a dramatic loss in binding affinity (Ky values of 70 and 110 yM meaning factors of 23 and
35), which is however, less pronounced than changing iodine to hydrogen or fluorine (factors
of 100 and 72, respectively) as done for the 4-N;Bz-Lys derivatives. We synthesized also 4-
N3;Bz-L-Lys(IPB)-NH, ((S)-2b) and 4-N3;Bz-L-Lys(MPB)-NH, ((S)-2¢) for functionalizing the
SSTR2 ligands (see below) but were unable to characterize them with the outlined assay
methods due to the low solubility of these compounds. However, based on the structure-
activity relationships so far, Ky values of around 10 and 60 uM can be predicted (see

Discussion S2 in Supporting Information).

In contrast to the original Lys(IPB)-derived albumin binders described by Dumelin et al.,
Rousseau et al. added IPB-Asp or IPB-Glu N-terminally on their somatostatin analogs to
simplify the solid-phase synthesis of the peptides.®? However, they reported no affinity data

towards HSA. We synthesized the respective carboxamides (S)-4a and (S)-4b (Scheme S3 in
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Supporting Information) and determined the Kj values to be 100 and 80 uM, respectively

(Table 1), which underlines the importance of the lysine scaffold for the binding affinity to HSA.

Part Il: Synthesis and radiopharmacological characterization of the ¢4Cu-labeled TATE

derivatives
On-resin click reaction and radiolabeling

To demonstrate the feasibility of the cLABs, we envisaged a series of four somatostatin
receptor subtype 2 (SSTR2) ligands based on the well-known agonist TATE (Figure 3).63 64
We denote the novel conjugates as NODAGA-cLAB-TATESs. As the introduction of the lysine-
derived albumin binders implicate a relatively high structural alteration, we installed a mini
PEG2 linker (O20c) at the N-terminus to separate the SSTR2 binding motif from the albumin-
binding moiety. Propargylglycine was then coupled to the PEG2 linker which was N-terminally
acylated with NODAGA, ready for radiolabeling with copper-64. The resulting compound 5 has
been synthesized in one sequence using an automated microwave peptide synthesizer
(Biotage Initiator+ Alstra). The azide-functionalized albumin binders (R)-1e and (S)-1f,2b,2c
were chosen for coupling to TATE as they potentially provide peptides with an albumin-binding
affinity range of around 1 uM up to 60 uM based on our SAR results and predictions (Table 1
and Discussion S2 in Supporting Information). Coupling was performed by on-resin copper(l)-
catalysed azide-alkyne cycloaddition (CuAAC), which ensures undesired complexation of
copper by NODAGA due to the protection of the carboxyl groups as tert-butyl ester (Scheme
S4 in Supporting Information). Subsequent washing with sodium diethyldithiocarbamate in
DMF removed adherent copper from the resin. Cleavage from the resin with concomitant
removal of all protecting groups was achieved by treatment with TFA in the presence of the
scavengers TRIS and water. Cyclization via formation of an intramolecular disulfide bond was
realized by dissolving the crude peptide in a mixture of 10% DMSO in CH;CN/water (25/75)
and adjustment of the pH value to pH 8.0.%5 ¢ After 48-72 h, the progress of cyclization was
usually greater than 90%, which was followed by analytical RP-HPLC. Compound 5 and the
four albumin binder conjugates NODAGA-cLAB(1-4)-TATEs were obtained in overall yields
ranging between 3 and 23% (based on the initial resin loading) and in good chemical purities
(>95%, Table 2). For comparison in the subsequent in vitro and in vivo studies, NODAGA-
TATE was prepared (Figure 3 and Table 2), while DOTA-TATE was commercially available.
The identity of all synthesized peptides was also proven by HRMS analysis (Table 2). Labeling
of the TATE derivatives with copper-64 by using [*Cu]CuCl, was performed in an ammonium

acetate buffer (final pH value of 4.5) for 20 min at 80°C. This afforded all peptides in good
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radiochemical yields and purities (>97%, see Supporting Information for radioactivity-detected

chromatograms).
e - P . OH
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Figure 3. Structures of TATE derivatives used for 4Cu-labeling and subsequent

radiopharmacological characterization in vitro and in vivo

Table 2. Analytical data of the synthesized TATE derivatives

Name Chemical formula "}frﬁ‘,:ig:_?]tgd mﬁniozan]ifaor Purity (%)®
NODAGA-TATE Ce4Hg7N13019S2 703.7914 703.7938 =97.0
5 C75H103N15023S2 823.8469 823.8475 299.0
NODAGA-cLAB1-TATE CoeH133IN20027S, 1095.4140 1095.4130 299.0
NODAGA-cLAB2-TATE CggH120IN20027S, 1105.3984 1105.3985 297.0
NODAGA-cLAB3-TATE CogH130IN21026S5 1104.9064 1104.9071 295.0
NODAGA-cLAB4-TATE CaoH133N21026S2 1048.9659 1048.9680 =99.0

a) High-resolution mass spectra using electrospray ionization were recorded. b) Purity was determined by analytical
RP-HPLC and is given for 230 nm.

Determination of HSA binding and logD7 4

To receive a first impression on the effect of the albumin-binding moieties, we performed a
radiometric ultrafiltration assay in human plasma, HSA solution and PBS using ultrafiltration
devices with a molecular weight limit of 30 kDa (Figure 4A)."® The 64Cu-labeled peptides
without albumin-binding moiety show a remarkable binding to human plasma (46-61%) and
only slight binding to HSA (<30% at 3 g/L which corresponds to 45 uM) compared to unspecific
binding to the filter membranes in PBS (<20%). In line with these results, non-radioactive '75Lu-
DOTA-TATE is known to be 43%5” or 50%%8 bound to human plasma proteins, while for [88Y]Y-
DOTA-TATE a value of 33.4% towards rat plasma proteins is reported.®® This indicates that
the peptides bind either with low affinity to HSA and/or to other components of the blood
plasma. In contrast, [(#Cu]Cu-NODAGA-cLAB1-TATE is almost completely bound to human
plasma and HSA (295%) under the same conditions, which proves the altered HSA binding

properties.
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Even though we characterized the isolated albumin binders towards HSA, it is questionable
whether this binding affinity is maintained after conjugation to the peptides. To quantify the
HSA binding affinity, we advanced the radiometric ultrafiltration assay by keeping the
concentration of the radioligand constant (2 uM at 20 GBg/umol) and varying the concentration
of HSA (0.2-2,000 uM). This procedure is analogous to the Ky determination of the fluorescent
albumin binder 6-FAM-(R)-Lys(IPB)-OH ((R)-1a) but inverted to classic radioligand binding
experiments. In this context, Miiller et al. determined K; values towards HSA for different '77Lu-
labeled DOTA-bearing albumin binders by varying the radioligand concentration (spiking with
non-radioactive albumin binder) at a fixed HSA concentration.* To ensure a true binding
regime in our assay, the concentration of the radioligand must be in the range of the expected
Ky value (herein 1-50 uM).”® Initially, we used a molar concentration of 2 yM for the
radioligands, which worked well for the peptides without albumin-binding moiety. However, for
the four peptides bearing an albumin binder, we noted a very high unspecific binding to the
methyl-cellulose membranes in the absence or at low HSA concentrations (up to 70%, Figure
4B). This high unspecific binding has been reduced by using 20 uM of radioligand (at
2 GBg/pmol, data not shown) but the obtained KiHSA] value at both radioligand
concentrations are similar. Worth of note, commercially available HSA solution in 0.85%
sodium chloride should be used instead of HSA solution in 20 mM TRIS/HCI buffer as the use
of the latter one resulted in 10-times higher apparent K; values (data not shown) which might
originate from the albumin-binding capability of TRIS itself.”"- 72 Analysis of the resulting binding
curves was done by nonlinear regression using the square-root equation | (Morrison

equation,”>"5 Ky [HSA] values summarized in Table 3).

(r[saj—e — s = 0) * {([HSA] +[R] +Kq) — \/([HSA] + [R] + Kq)* — 4 = [HSA] = [R]}
I'= I[gsa]=0 T 2+ [R] (1)

r...percentage of retained radioligand; rpsapo...percentage of retained radioligand in the absence of HSA,;
NHsa>--..percentage of retained radioligand at infinite concentrations of HSA; [R]...concentration of radioligand

[4Cu]Cu-NODAGA-TATE and [6*Cu]Cu-5 show only weak (unspecific) binding to HSA with
estimated Ky values greater than 300 uM. In contrast, the four 8*Cu-labeled peptides with
albumin-binding moiety exhibit a distinct binding affinity to HSA with Ky values that are largely
in accordance to the K values of the isolated albumin binders (determined or predicted). The
highest binding affinity was observed for [¢#*Cu]Cu-NODAGA-cLAB2-TATE (1.8 uM versus
0.36 uM of (S)-1f), followed by [(4Cu]Cu-NODAGA-cLAB1-TATE (3.1 uM versus 8.0 uM of
(R)-1e), [6Cu]Cu-NODAGA-cLAB3-TATE (8.5 uM versus 10 uyM predicted for (S)-2b) and
[64Cu]Cu-NODAGA-cLAB4-TATE (53 uM versus 60 uM predicted for (S)-2c). This highlights

that the albumin-binding capability of the isolated albumin binders is maintained after
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conjugation to the peptides and indicates that a desired albumin-binding affinity can be

adjusted for target molecules by choosing from the library of molecules shown in Table 1.

Furthermore, the accordance of the calculated and determined K, values indicate that the

contributions to the albumin-binding affinity by the substituents at the different positions are

additive.

Table 3. Summary of in vitro data for the different ¢“Cu-labeled TATE derivatives and the
albumin binder [¢*Cu]Cu-(S)-10

K4 [HSA] KJSSTR2] Binax (fmol/mg t12 (plasma, h)
compound logD7 42 .
(uM)P (nM)e of protein)° mouse  human

[64Cu]Cu-DOTA-

-3.41 (0.01) n.d. 1.55 (1.38-1.73) 779 (760-798) >24 n.d.
TATE
[4Cu]Cu-NODAGA-

-3.43 (0.07) >300 2.89 (2.51-3.31) 383 (369-397) >24 n.d.
TATE
[64Cu]Cu-5 -2.84 (0.09) >300 4.87 (4.28-5.53) 447 (430-465) >24 n.d.
[4Cu]Cu-NODAGA-

-1.49 (0.08) 3.1 8.57 (6.71-11.0) 1190 (1090-1300) n.d. n.d.
cLAB1-TATE
[(4Cu]Cu-NODAGA-

-2.25 (0.09) 1.8(0.1) 6.73 (5.43-8.35) 469 (435-509) >24 >24
cLAB2-TATE
[4Cu]Cu-NODAGA-

-2.12 (0.13) 9.2(0.9) 2.39(1.79-3.18) 465 (391-458) ~6 >24
cLAB3-TATE
[(4Cu]Cu-NODAGA-

-2.27 (0.16) 50 (2.9) 3.67 (3.30-4.09) 396 (384-408) ~3 >24
cLAB4-TATE
[(4Cu]Cu-(S)-10 -3.47 (0.43) 3.0 n.d. n.d. n.d. n.d.

Data shown are mean values (£SD or calculated confidence interval of 68%) of a) 3-6 separate processes of shaking

out, b) 1-3 single experiments with radioligand concentrations of 2 or 20 uM. c¢) one experiment which was

performed in duplicate. Plasma stability data are obtained in a single experiment. n.d. denotes not determined.
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[®*Cu]Cu-NODAGA-TATE == Plasma
== HSA
[*Cu]Cu-DOTA-TATE = PBS
®*cujCu-5
[**Cu]Cu-NODAGA-cLAB1-TATE
I T T T T T T T T
0 25 50 75 90 100
fraction of retained activity (%)

- [**Cu]Cu-NODAGA-TATE

100
-~ [%*cu]Cu-5

—— [®*Cu]Cu-NODAGA-cLAB1-TATE
~- [%*Cu]Cu-NODAGA-cLAB2-TATE

[radioligand] = 2 yM - [®*Cu]Cu-NODAGA-cLAB3-TATE
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Figure 4. Results of the ultrafiltration assay for the ¢“Cu-labeled TATE derivatives

A) Data of retained activity for four selected peptides in undiluted human plasma, HSA (3 g/L, in PBS) and
PBS (pH 7.4); B) Plots of “fraction of retained activity’=f([HSA]) with nonlinear regressions using equation |
(Morrison equation). Data shown are of one single experiment.

To ascertain the influence of the different albumin binders on the physicochemical properties,
the logD- 4 values of all peptides were determined by the classic shaking flask method (Table
3). [(Cu]Cu-NODAGA-TATE and [6*Cu]Cu-DOTA-TATE served as reference compounds
and logD- 4 values of -3.43 and -3.41 were determined, respectively, which are in accordance
to similar radiometal-labeled derivatives such as [$8Ga]Ga-DOTA-TATE (logD; 4 of -3.69) and
['""7Lu]Lu-DOTA-TATE (logD- 4 of -3.16).7 Compound [64Cu]Cu-5 equipped with a mini PEG2
linker and propargylglycine between NODAGA and TATE showed a slightly higher logD7 4 of
-2.84. In contrast, the logD- 4 values of the albumin binder functionalized TATE derivatives are
around 1.5-2 log units higher substantiating the effect of the lipophilic albumin-binding moiety
on the octanol/PBS partition coefficient. Similar results were obtained for other target
molecules bearing albumin binders.””- 7® Worth of note, while [¢*Cu]Cu-NODAGA-cLAB2-
TATE and [**Cu]Cu-NODAGA-cLAB3-TATE exhibit similar logD;4 values (-2.25 and -2.12,
respectively), the respective isolated albumin binders (S)-1f and (S)-2b differ significantly in
this physicochemical parameter (logD; 4 values of 1.75 and 3.13, respectively, as determined

by an HPLC method, see Experimental Section). Therefore, the conjugation to the hydrophilic
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peptide (including mini PEG2 linker and NODAGA chelator) compensates the actually

remarkable difference in the logD- 4 between a carboxylic acid and a primary carboxamide.
Characterization of SSTRZ2 binding

Prior to in vivo studies with the novel TATE derivatives, their binding affinity towards SSTR2
was characterized by a radioligand binding assay using cell lysates derived from the mouse
pheochromocytoma (MPC) cell line which highly expresses murine SSTR2.3% 36.7° Ky and Bipax
data are summarized in Table 3 and saturation binding curves are shown in Figure S5 in
Supporting Information. Generally, all novel TATE derivatives are highly potent SSTR2 ligands
as their K; values (2.39-8.57 nM) are comparable to the reference ligands [¢4Cu]Cu-NODAGA-
TATE (2.89 nM) and [6Cu]Cu-DOTA-TATE (1.55 nM).

In addition to characterize the equilibrium binding to SSTR2 using MPC cell lysates, we were
also interested in studying the time-courses of association and dissociation for selected
peptides ([*Cu]Cu-NODAGA-TATE, [f“Cu]Cu-5 and [f*Cu]Cu-NODAGA-cLAB1-TATE),
which is discussed in detail in Discussion S3 in Supporting Information. In brief, according to
a two-step binding model,®° the introduction of a mini PEG2 linker, propargylglycine and the
albumin binders seems to mainly affect the formation of the initial encounter complex between
radioligand and receptor by slowing down both the association and dissociation process. This
seems to be reasonable as [*Cu]Cu-5 and [6#Cu]Cu-NODAGA-cLAB1-TATE exhibit a
greater sterical demand than [4Cu]Cu-NODAGA-TATE.

Furthermore, an internalization assay was performed with living MPC cells for the peptides
[(4Cu]Cu-NODAGA-TATE, [5*Cu]Cu-5 and [5Cu]Cu-NODAGA-cLAB1-TATE. For this
purpose, MPC cells were incubated with 2 nM radioligand for 1 h at 4°C and 37°C and total
bound radioligand (after washing with PBS pH 7.4) and internalized radioligand (after washing
with glycine buffer pH 2.8) were measured (Figure 5).8' As expected, all compounds show
higher values (% dose/mg of protein) of total bound radioligand than internalized radioligand
and both processes were significantly reduced at 4°C compared to 37°C (factors of 20-100).
[64Cu]Cu-5 exhibits the lowest values for total binding and also for internalization (12 and 6%
dose/mg of protein, respectively). While total binding of [##Cu]Cu-NODAGA-cLAB1-TATE
(87% dose/mg of protein) is almost twice as high compared to [#*Cu]Cu-NODAGA-TATE (45%
dose/mg of protein), the internalization is comparable (16 and 15% dose/mg of protein,
respectively). Therefore, the modification with the albumin-binding moiety seems not to have
a detrimental effect on the internalization behavior. Worth of note, internalization of [4Cu]Cu-
NODAGA-TATE and [%*Cu]Cu-NODAGA-cLAB1-TATE is also comparable to [*Cu]Cu-
DOTA-TATE in MPC cells.3¢
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Figure 5. Cell binding data of selected 6*Cu-labeled TATE derivatives

Non-specific binding was determined in the presence of 1 yM DOTA-TATE (radioligand concentration of 2 nM).
Data shown are mean values (+SD) of one experiment which was performed in triplicate.

Plasma stability

The radiopharmacological characterization of the %Cu-labeled TATE derivatives was
complemented by examination of their stability in mouse and human plasma (Table 3, Figure
6 and Figure S8 in Supporting Information). As expected, [¢4Cu]Cu-DOTA-TATE, [¢“Cu]Cu-
NODAGA-TATE and [**Cu]Cu-5 show excellent stability in mouse plasma (t;,>24 h). A similar
stability was observed for [(4Cu]Cu-NODAGA-cLAB2-TATE. In contrast, [¢*Cu]Cu-NODAGA-
cLAB3-TATE and [6Cu]Cu-NODAGA-cLAB4-TATE were almost exclusively transformed
into one distinct metabolite over 24 h (t;,, of 6 and 3 h, respectively), while stability in human
plasma was excellent (t1,>24 h). The common structural characteristics of these two peptides
is the primary amide functionality within the albumin-binding moiety. Therefore, we assumed
an enzyme-catalyzed hydrolysis of the amide to the respective carboxyl group, which was
confirmed by the congruent HPLC retention of the metabolite from [(4Cu]Cu-NODAGA-
cLAB3-TATE with [#Cu]Cu-NODAGA-cLAB2-TATE (Figure 6 Left) and by HPLC-DAD-
HRMS analysis (Figure S8). Due to the different susceptibility to this transformation in plasma
from mouse and human, we supposed that plasma carboxylesterases (Ces) in the mouse
plasma are responsible for the degradation of the cLAB3 and cLAB4 derivatives. In this
context, the plasma activity of these enzymes is much higher in rodents such as mice and rats
while only minor or no activity can be detected in humans.82-8 To support this assumption, we
performed incubations of [#*Cu]Cu-NODAGA-cLAB3-TATE and [*“Cu]Cu-NODAGA-cLAB4-
TATE in mouse plasma in the presence of BNPP (a specific irreversible inhibitor of
carboxylesterases),?> 8 8 which largely prevented the degradation of the two peptides
(exemplarily shown for the cLAB3 derivative in Figure 6). Although this metabolic
transformation does not occur in human plasma, the data suggest using (R)-lysine-derived

albumin binders (at least for Lys-NH, derivatives) in the future, which might not be recognized
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by carboxylesterases. The transformation of [¢4Cu]Cu-NODAGA-cLAB3-TATE and [**Cu]Cu-
NODAGA-cLAB4-TATE to their respective carboxylic acid analogs will be considered for the

discussion of the biodistribution data below.
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Figure 6. Stability of [¢*Cu]Cu-NODAGA-cLAB3-TATE in the plasma from mouse and

human

Left: radioactivity-detected HPLC chromatograms after 84Cu-labeling and incubations in mouse and human
plasma show the transformation of [(4Cu]Cu-NODAGA-cLAB3-TATE (tr of 8.3 min) into [(4Cu]Cu-NODAGA-
cLAB2-TATE (tg of 9.8 min) in mouse plasma but not in human plasma. Right: Plot of residual intact [(4Cu]Cu-
NODAGA-cLAB3-TATE under different conditions including nonlinear regression according to one-phase
decay for the mouse plasma data (black circles). The dotted line represents a fraction of 0.5. Data shown are
obtained in a single experiment. Plasma incubations were performed at 37°C for 24 h and aliquots were
withdrawn at distinct time points (5/30 min and 2/4/24 h) for examining the disappearance of the radioligand.
For incubation in the presence of BNPP (bis-para-nitrophenylphosphate), the mouse plasma had been pre-
treated with 300 yM BNPP for 60 min.

Biodistribution of [(Cu]Cu-DOTA-TATE, [**Cu]Cu-NODAGA-TATE and [¢*Cu]Cu-5

The regional distribution of three 64Cu-labeled SSTR2 ligands without an albumin-binding
moiety, [#Cu]Cu-DOTA-TATE, [¢“Cu]Cu-NODAGA-TATE, and the alkyne-functionalized
derivative [64Cu]Cu-5, was evaluated in a subcutaneous MPC tumor allograft model via PET
imaging (Figure 7 A-C). All three compounds exhibit substantial SSTR2-specific accumulation
in the MPC tumor, followed by partial washout from the tumor site within 48 h. Furthermore,
the non-specific accumulation in the liver was low for these three peptides and they were
primarily excreted via the renal pathway. The time-versus-SUV curves show differences in the
kinetic profiles in tumor, heart, and kidneys (Figure 8 A-C; for kinetic profiles in liver and muscle
see Figure S8 in Supporting Information), along with the calculated areas under curves
(AUCqg.4gn, Figure 9 A; Table S2 in Supporting Information) and the respective tumor/tissue

ratios (Figure 9 B).

For [#4Cu]Cu-DOTA-TATE, the kinetic profile shows a fast accumulation in the MPC tumor
with highest SUVs of around 6.5 after 30 min that were retained up to 2 h followed by washout
from the tumor with SUVs of 3.0 and 2.4 after 24 and 48 h, respectively. [¢Cu]Cu-DOTA-
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TATE underlies a rapid clearance from the organism via the kidney, which can be concluded
from the sharp SUV maximum of around 14.3 in kidneys shortly after injection and the rapid
decline to values <1 after 8 min. In contrast, the maximum SUV was considerably lower in the
liver (2.7) but the decline was much slower remaining at rather constant values of around 0.5-
1.0 up to 48 h p.i. This results in a 2.6-fold higher AUCg_4g, value for the liver (39.0) compared
to the kidneys (14.8).

In contrast, [(4Cu]Cu-NODAGA-TATE showed a reversed liver-to-kidney ratio of the AUCq_4g:,
values (11.2 for liver and 36.0 for kidneys). Furthermore, the AUC_4g, of [(4Cu]Cu-NODAGA-
TATE for the blood compartment of the heart was only half the value compared to [64Cu]Cu-
DOTA-TATE (4.32 versus 8.16). A similar trend towards decreased SUVs in liver and heart,
but increased SUVs in kidneys has been reported, amongst others, for 4Cu-labeled integrin-
targeting RGD peptides conjugated with NODAGA instead of DOTA and has been attributed
to higher stability of the copper-NODAGA complex against transchelation of copper in
presence of copper-binding proteins compared to copper-DOTA.8% 9 This potential loss of
copper might also explain the lower SUV maximum of [$*Cu]Cu-DOTA-TATE measured in
MPC tumors compared to [¢#*Cu]Cu-NODAGA-TATE (6.5 versus 9.5). However, the AUCg_4gn
values of [(#Cu]Cu-DOTA-TATE and [*Cu]Cu-NODAGA-TATE for the MPC tumors are
almost identical (166 versus 169). In this context, the lower SUV maximum of [¢4Cu]Cu-DOTA-
TATE seems to be compensated by a higher retention in the MPC tumor (SUV.,g,, of 1.4 versus
2.4). This could be a result from a higher rate of receptor-mediated endocytosis of [¢*Cu]Cu-
DOTA-TATE compared to [(4Cu]Cu-NODAGA-TATE. Furthermore, uptake of [**Cu]Cu?*
released from [64Cu]Cu-DOTA-TATE into the tumor by copper transporter proteins could also

contribute to the apparent slower washout.?’-% Further experiments are needed to clarify this.

The third TATE derivative without albumin-binding moiety, [##Cu]Cu-5, combines the
advantages of low uptake in both kidneys and liver with kinetic profiles similar to those of
[(4Cu]Cu-DOTA-TATE and [%*Cu]Cu-NODAGA-TATE, respectively. The low liver uptake
results clearly from the high stability of the copper-NODAGA complex, however, the low kidney
uptake was not expected and indicates a favorable impact of the mini PEG2 linker. The
AUC g, value of [64Cu]Cu-5 in MPC tumors (82.6) was only half the value compared to
[(4Cu]Cu-DOTA-TATE and [**Cu]Cu-NODAGA-TATE. However, the tumor-to-kidney
AUC g, ratio was still higher for [¢#Cu]Cu-5 (7.38) compared to [¢#Cu]Cu-NODAGA-TATE
(4.61).
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Biodistribution of the different [¢*Cu]JCu-NODAGA-cLAB-TATEs

In MPC tumor-bearing mice, regional distribution and pharmacokinetic profiles of the four 64Cu-
labeled SSTR2 ligands with albumin-binding moiety, [##*Cu]Cu-NODAGA-cLAB(1-4)-TATEs,
differ considerably from the conjugates without albumin binders (Figure 7 D-G and Figure 8 D-
G). The radioligands show prolonged blood circulation times resulting in higher SUVq4y,
measured within the blood compartment of the heart (1.6, 2.2, 2.0 and 0.3, respectively)
compared to [64Cu]Cu-NODAGA-TATE and [®Cu]Cu-5 (0.08 and 0.03, respectively).
Therefore, it is comprehensible that the retention of all four albumin-binding peptides in other
well-perfused healthy tissues (kidney, liver, and muscle) is higher compared to the peptides
without an albumin-binding moiety (e.g. AUC.4sn values of 58.5 [Kidney], 45.8 [Liver] and 16.6
[Muscle] for [##Cu]Cu-NODAGA-cLAB2-TATE).

The AUC,.4g, values for the heart correlate with the binding affinity to HSA for the [64Cu]Cu-
NODAGA-cLAB(1-4)-TATEs and plotting log(AUC.4sn[Heart]) versus log(KqHSA]) gives a
fairly linear relationship (R?=0.77, Figure 10). Although the binding affinity of the radioligands
towards murine serum albumin (MSA) was not determined specifically, it is reasonable to
assume a comparable binding behavior based on previous reports.3!' Consequently, due to the
increased albumin binding in the blood, accumulation of the [(4Cu]Cu-NODAGA-cLAB(1-4)-
TATESs in MPC tumors was delayed compared to the TATE derivatives without albumin binder
resulting in flattened time-versus-SUV curves. For example, uptake of [¢*Cu]Cu-NODAGA-
cLAB2-TATE with the highest albumin-binding affinity required up to 24 h to reach its
maximum SUV of 3.0 in MPC tumors. Plotting log(AUCg.4sn[Tumor]) versus log(K[HSA]) yields
a linear relationship (R?=0.96) meaning the higher the binding affinity to albumin the lower the
AUC 4 values in the MPC tumors for the #4Cu]Cu-NODAGA-cLAB(1-4)-TATEs (Figure 10).
These results indicate that the shifted and flattened tumor uptake curves originate from a
reduced initial amount of free radioligand in the blood due to albumin binding, i.e. the better
the albumin-binding affinity the lower the free fraction (f,). Assuming an albumin concentration
of 500 uM in the plasma of mice and similar dissociation constants towards MSA, the potential
f, values (and thus, the percentage of albumin-bound radioligand) for the [¢*Cu]Cu-NODAGA-
cLAB(1-4)-TATEs in mice can be calculated using the determined K3[HSA] values (3.1, 1.8,
9.2 and 50 uM, Table 3) and the relation f,=K;[HSA]/(BmaxtKs[HSA]).** Accordingly, values of
99.4, 99.6, 98.2 and 91% for albumin-bound radioligand can be derived. The results for the
protracted tumor uptake of the [¢4Cu]Cu-NODAGA-cLAB(1-4)-TATEs herein is in line with
brain uptake data for N-Isopropyl-p-['?3lJiodoamphetamine, a cerebral perfusion radiotracer,
which is strongly bound to serum proteins (75%, mainly to albumin and a4-acid glycoprotein).

Increasing the free fraction of that radiotracer by co-administration of the albumin site Il inhibitor
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6-methoxy-2-naphthylacetic and/or the aj-acid glycoprotein site inhibitor erythromycin
accelerated the brain uptake significantly.®® Furthermore, the shift in the time profile of tumor
uptake can also be derived from data for the PSMA ligands 77Lu-PSMA-ALB-53 and "7Lu-
PSMA-ALB-56 that bear iodine and methyl at the phenylbutanoyl moiety, respectively, and
differ 10-fold in their binding affinity to albumin.%

In contrast to the tendencies observed for the radioligand kinetics in heart and tumor, all
albumin-binding TATEs exhibit a similar shape of the time-versus-SUV curves for kidneys
(Figure 8 D-G). The corresponding AUC.4g, values (between 43.5 and 58.8) were significantly
higher compared to [#Cu]Cu-DOTA-TATE (14.8) and [6Cu]Cu-5 (11.2), but only slightly
higher compared to [¢*Cu]Cu-NODAGA-TATE (36.0). The kinetic profiles for the MPC tumor
uptake of all [¢#*Cu]Cu-NODAGA-cLAB(1-4)-TATEs exhibit higher AUC g, values than their
common precursor peptide [#*Cu]Cu-5 with even higher values for [64Cu]Cu-NODAGA-
cLAB3-TATE (207) and [**Cu]Cu-NODAGA-cLAB4-TATE (289) compared to [¢4Cu]Cu-
NODAGA-TATE (166) and [¢“Cu]Cu-DOTA-TATE (169).

As the binding kinetics towards SSTR2 in vitro are similar among the TATE derivatives studied
herein, other effects might be causative for the enhanced uptake of the albumin binder
conjugates in MPC tumors. At first, the higher logD- 4 values of the 6Cu-labeled NODAGA-
cLAB-TATEs point towards an enhanced diffusion coefficient, which in turn might result in
increased tissue penetration. Furthermore, additional uptake/retention mechanisms for the
albumin-bound radioligand as mentioned in the introduction are likely leading to an additional
tumor uptake.?* 97 To shed light on that particular aspect, we labeled the albumin binder (S)-
10 with copper-64 and compared its in vivo distribution with that of the TATE derivatives
(Figures 7 H, 8 H and 9). [®*Cu]Cu-(S)-10 has a similar affinity towards HSA (Kj of 3 uM)
compared to [¢4Cu]Cu-NODAGA-cLAB1-TATE (Table 3) but shows only low uptake in MPC
tumors with highest SUVs of around 1.0 within the initial 2 h after injection along with an AUCg 45
value of 21.0. Furthermore, the AUCy4¢n value for the heart is significantly lower than the
respective value for [(#Cu]Cu-NODAGA-cLAB1-TATE (25.6 versus 93.8). In contrast to the
TATE conjugates that are mainly excreted via the renal pathway, [6#Cu]Cu-(S)-10 is mainly
cleared via the hepatobiliary pathway. At a first glance this appears to be surprising considering
the low logDy7 4 value (-3.43, Table 3) of that compound. The reason for this pharmacokinetic
behavior might arise from the fact that this double negatively charged small molecule is
potentially a substrate for organic anion transporting polypeptides (OATPs) that mediate the
uptake into hepatocytes.% % Therefore, the tumor uptake of [4Cu]Cu-(S)-10 might not be
representative for the degree of additional tumor uptake observed for the [##Cu]Cu-NODAGA-

cLAB(1-4)-TATEs compared to TATE derivatives without albumin-binding moiety. However,
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the data for [¢#Cu]Cu-(S)-10 still indicate that, at least in the MPC tumor model, an additional
tumor targeting of the albumin-bound radioligand can be expected to contribute to the total
tumor uptake of all [**Cu]Cu-NODAGA-cLAB(1-4)-TATEs. Regarding the particular
mechanisms, further studies are needed including ex vivo autoradiography.?® %7 An even more
representative compound for studying the additional tumor accumulation of the [64Cu]Cu-
NODAGA-cLAB(1-4)-TATEs herein would be an albumin binder-peptide conjugate with
similar physicochemical properties but negligible SSTR2 affinity (e.g. a scrambled sequence
of TATE). Such a control experiment has been performed by Chen et al. for their truncated
Evans Blue/RGD conjugates by using a cyclic pentapeptide with central RAD sequence
instead of RGD.'%

As our plasma stability studies have demonstrated, the primary amide of the albumin-binding
moiety in [(#Cu]Cu-NODAGA-cLAB3-TATE and [®*Cu]Cu-NODAGA-cLAB4-TATE is
hydrolyzed to the carboxyl group in mouse plasma. Consequently, [(#Cu]Cu-NODAGA-
cLAB3-TATE is transformed to [$Cu]Cu-NODAGA-cLAB2-TATE (t;» of around 6 h)
accompanied by the respective change to a higher binding affinity to albumin. This might
explain the similar kinetic profiles of [##Cu]Cu-NODAGA-cLAB2-TATE and [¢*Cu]Cu-
NODAGA-cLAB3-TATE measured in heart, kidneys, liver, and muscle and also the fairly
linear relationship between the blood retention measured in the heart (AUC.48) and the affinity
to HSA (Figure 10). In contrast, the uptake of these conjugates in MPC tumors (AUC 4gn) differ
considerably (123 versus 207, Figure 9 A). This is comprehensible as the lower binding affinity
of [6Cu]Cu-NODAGA-cLAB3-TATE compared to [®*Cu]Cu-NODAGA-cLAB2-TATE
accounts for an initially higher concentration of unbound radioligand in the blood which
facilitates a faster tumor uptake. Therefore, the tumor uptake is barely affected by the
metabolic transformation. However, without this transformation the actual AUCg.sg, value of
[(4Cu]Cu-NODAGA-cLAB3-TATE in tumors might be even higher. Similar effects can be
expected for [(#*Cu]Cu-NODAGA-cLAB4-TATE even though its carboxylic acid albumin binder

analog was not investigated herein.

Among the known albumin-binding SSTR2 ligands,®? 191 the Ky towards albumin is only
reported for a TATE derivative with a truncated Evans Blue moiety as albumin binder (DOTA-
EB-TATE with K [HSA] of 4.8 uM)."® Thus, the albumin-binding affinity of this peptide lies
between [#4Cu]Cu-NODAGA-cLAB1-TATE (3.1 uM) and [#*Cu]Cu-NODAGA-cLAB3-TATE
(9.2 uM), provided that the affinity of DOTA-EB-TATE towards albumin does not depend on
the metalation of the chelator moiety in the conjugate. However, e.g. ['7Lu]Lu-DOTA-EB-
TATE achieves a tremendous increase in tumor uptake in a A427-7 xenograft tumor model in

mice compared to ['"77Lu]Lu-DOTA-TATE with even higher values at early time points (4 h
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p.i.). This is in contrast to the actual protracted accumulation that should result from a distinct
binding to albumin (as shown herein). Therefore, we assume that for the EB conjugate an

additional or another mechanism exists that contributes to a fast and steadily increasing tumor

oNOYTULT D WN =

uptake up to late time points p.i.'%2 Worth of note, such an elevated tumor uptake for ['77Lu]Lu-

DOTA-EB-TATE has been so far only partly confirmed in first in-human studies.03. 104
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Figure 7. PET images for the different 4Cu-labeled TATEs and the albumin binder [¢Cu]-
(S)-10

PET images (A-H) at selected time points after intravenous injection of the different 4Cu-labeled compounds
(7-10 MBg/animal) in MPC tumor bearing mice. Images are presented as maximum intensity projections and
shown at common scale. Anatomical positions of tumor, heart, kidney, liver, and muscle, used for SUV
quantification are exemplarily shown for [(4Cu]Cu-DOTA-TATE (A). Vertical arrows indicate time points with
highest tumor uptake. Indicated time points correspond to the following time frames: 5 min [4-6 min], 30 min
[25-40 min], 2 h [105-120 min], 5 h [4.5-5.5 h], 24 h [23-25 h], 48 h [46-50 h].
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51 Figure 8. Time-dependent SUV data of heart, kidney and MPC tumor for the different
52 64Cu-labeled TATE derivatives and the albumin binder (S)-10
53
54 In A-H, standard uptake values (SUV, decay-corrected) as a function of time (up to 48 h) obtained by PET
55 acquisition (0-2 h in dynamic mode and time points 5, 24 and 48 h p.i.; the x-axes are segmented accordingly)
56 are depicted. Data shown are mean values of a group of MPC tumor-bearing NMRI-nu/nu mice (n=2-3). The
57 area under the respective curves were filled with color for a better visualization (inspired by graphs in Benesova
58 et al.’8).
59
60
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Figure 9. Summary of calculated AUC_ss, values and the respective Tumor/Organ ratios

Calculated AUC g, values and the Tumor/Organ ratios for the different 84Cu-labeled TATE derivatives and
the albumin binder [$4Cu]Cu-(S)-10 are shown in A and B, respectively. For a better overview, the compound
names were abbreviated. The corresponding data table is shown in Table S2 in the Supporting Information.
Data shown in A are mean values (+SD).
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20 Figure 10. Relationship between AUC,4s,[Organ] and the binding affinity to albumin of the
;; four [4Cu]Cu-NODAGA-cLAB-TATEs
23 Plots of log(AUCg.4sn[Organ]=f(log(Kyq[HSA])) using the mean values of AUC (Figure 9A and Table S2) and Ky
24 (nM, Table 3) of compounds [$*Cu]Cu-NODAGA-cLAB(1-4)-TATEs. Regression analysis was performed by
25 linear regression; n denotes to the amount of data points, s to the standard deviation of the regression equation,
26 and R? to the coefficient of determination.60. 61
27
28 Conclusion
29
30
31 The present study demonstrates that the time profile of tumor uptake for 64Cu-labeled SSTR2
gg ligands is significantly influenced by conjugation to albumin-binding moieties. In particular, the
34 higher the binding affinity of the [(Cu]Cu-NODAGA-cLAB(1-4)-TATEs to albumin, the slower
35
36 is their tumor uptake as the concentration of unbound radioligand is decreased and blood
;73 circulation time is increased. Accordingly, the tumor uptake over 48 h increases with lower
39 albumin-binding affinity within the series of [(4Cu]Cu-NODAGA-cLAB(1-4)-TATEs. Apart from
j? the impact on the time profile, albumin binding leads also to an increase in tumor uptake for
42 the [**Cu]Cu-NODAGA-cLAB(1-4)-TATEs compared to analogues radioligands without
ji albumin-binding moieties. In particular, for [(#Cu]Cu-NODAGA-cLAB3-TATE and [*Cu]Cu-
45 NODAGA-cLAB4-TATE the tumor uptake over 48 h significantly exceeds those values of the
46
47 well-known SSTR2-targeting radioligands [®*Cu]Cu-DOTA-TATE and [**Cu]Cu-NODAGA-
jg TATE. Our data thus suggest an additional tumor retention of the albumin-bound radioligands
50 together with a potentially improved tissue permeation of the radioligands as reasons.
g; Regarding the incorporation of albumin binders into target molecules, the click chemistry
53 approach proved to be a convenient strategy as the albumin-binding affinity of the final
54
55 radioligand can be predictably modulated based on the used “clickable” lysine-derived albumin
56 binder (cLAB). In future studies, we will extent the NODAGA-cLAB-TATEs with derivatives
57
58 exhibiting an albumin-binding affinity > 50 uM. Furthermore, we will translate the 8*Cu-labeled
59
60
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conjugates to 7Cu- and '"7Lu-labeled analogs for further mechanistic studies on the effects of

albumin binding.
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Experimental Section

General

All commercial reagents and solvents were used without further purification unless otherwise
specified. For the incorporation of NODAGA, the building (R)-NODA-GA(tBu); (CheMatech)
was used. DOTA-TATE was purchased from ABX (Radeberg, Germany). Nuclear magnetic
resonance spectra were recorded on an Agilent Technologies 400 MR spectrometer consisting
of 400/54 premium compact magnet, 400 MR console and 400 MHz OneNMRProbe PT probe
head (400 MHz for 'H, 101 MHz for 3C and 376 MHz for '°F) or Agilent Technologies 600
spectrometer consisting of 600/54 premium compact magnet, DD2 console and 600 MHz
OneNMRProbe PT probe head (600 MHz for 'H and 151 MHz for 3C). If not stated otherwise,
NMR data were obtained at the 400 MR machine. Spectra were processed by using the
program MestreNova (version 14.2.1-27684). NMR chemical shifts were referenced to the
residual solvent resonances relative to tetramethylsilane (TMS; 'H and ™C) and
trichlorofluoromethane (CFCls; '°F). Mass spectra (ESI) were obtained on a Waters Xevo TQ-S
mass spectrometer driven by the Mass Lynx software. All regression analyses were done with
GraphPad Prism (version 9.1.2, GraphPad Software, San Diego, CA, USA). The purity of the
albumin binders (R)-1a-f, (S)-1c/e-f, (S)-2a-c, and (S)-3a and the peptides NODAGA-TATE,
5, and NODAGA-cLAB(1-4)-TATEs proved to be 2 95% as analyzed by a HPLC.

Chromatography

Thin-layer chromatography (TLC) was performed on Merck silica gel F-254 aluminum plates
with visualization under UV (254 nm). Preparative column chromatography was carried out on
the Flash Chromatography “Selekt System” from Biotage® using appropriate “Sfar” columns
and solvent mixtures. The HPLC system used was a LC-20A Prominence HPLC by Shimadzu,
consisting of degasser unit DGU-20A5R, two separate pumping units LC-A20R, sample
manager SIC-20ACHT, column oven CTO-20AC, PDA-detector SPD-M20A, communication-
bus module CBM-20A and fraction collector FRC-10A. Two Aeris Peptide 5 ym XB-C18
columns (100 A, 250x4.6 mm and 250x21.2 mm) were used as the stationary phases for
analytical and preparative RP-HPLC, respectively. A binary gradient system of 0.1%
CF;COOH/water (solvent A) and 0.1% CF;COOH/CH3CN (solvent B) at a flow rate of 1 mL/min
(analytical) or between 10-20 mL/min (preparative) served as the eluent. High resolution mass
spectra (HRMS) were obtained on a Q-TOF MS using electrospray ionization: Agilent 1260
Infinity Il HPLC (Santa Clara, California, USA; pump G7111B, autosampler G7129A, column
oven G7116N, UV detector G7717C, eluent MeCN/water acidified with 0.1% formic acid 80/20,
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bypass mode) coupled to UHD Accurate Mass Q-TOF LC MS G6538A. Unless otherwise
stated, the measurements were performed in bypass mode using an eluent consisting of (A):
0.1 % formic acid in CH3;CN and (B): 0.1% formic acid in H,O; flow rate 0.25 mL/min.
Chromatographic separations were performed using a Kinetex XB-C18 column (100A, 2.6 um,
100x2.1 mm) and the following gradient (A/B): to min 30/70 — tg 5 min 30/70 — 5.5 min 60/30 — t5.0 min
95/5 — tg.5 min 95/5 — t7.0 min 30/70 — 12 min 30/70. A reference mass solution containing ammonium
trifluoroacetate, hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazene, and purine was
continuously co-injected via dual ESI source. For UPLC-DAD-MS, a system from Waters
(ACQUITY UPLC I class system including a ACQUITY UPLC PDA e A detector coupled to a
Xevo TQ-S mass spectrometer) was used. A ACQUITY UPLC BEH C18 column (1.7 pym,
130 A, 100x2.1 mm, equipped with a ACQUITY UPLC BEH C18 VanGuard Pre-column, 1.7
um, 130 A, 5x2.1 mm) was used as stationary phase. A binary gradient system of 0.1%
CH3;COOH/water (solvent A) and 0.1% CH3COOH in CH3;CN/CH;0H (1:1, v/v, solvent B) at a
flow rate of 0.4 mL/min served as the eluent. Analytical radio-HPLC was performed on a Series
1200 device (Agilent Technologies, Santa Clara, CA, USA) equipped with a Ramona R/y-ray
detector (Raytest, Straubenhardt, Germany). Eluent A: 0.1% (v/v) trifluoroacetic acid in H,O;
eluent B: 0.1% (v/v) trifluoroacetic acid in acetonitrile; HPLC system: Zorbax SB-C18, 300 A,
4 um, 250 x 9.4 mm (Agilent); gradient elution using 95% eluent A for 5 minutes, 95% eluent
A to 95% eluent B in 10 minutes, 95% eluent B for 5 minutes and 95% eluent B to 95% eluent
A in 5 minutes, 3 mL/minute, 50 °C, recovery of activity (decay-corrected) was > 95 %. For the
plasma stability measurements of [¢4Cu]Cu-NODAGA-cLAB(2-4)-TATEs, a modified gradient
system was used: Gradient elution using 65% eluent A for 5 minutes, 65% eluent A to 85%
eluent B in 10 minutes, 85% eluent B for 5 minutes and 85% eluent B to 65% eluent A in 5

minutes, 3 mL/minute, 50°C.
General synthetic procedures

Solid-phase syntheses

With the exception of GPs I, IV, VIII and IX all reactions were performed in an automated

microwave peptide synthesizer (Initiator+ Alstra from Biotage®).

GP I: General procedure for loading of the 2-CITrtCl resin with Fmoc-Lys(Alloc)-OH or
Alloc-Lys(Fmoc)-OH

For Lys-OH derivatives, 2-CITrtCl resin (Iris-Biotech, 71 mg, 0.1 mmol, 1.4 mmol/g) was weight
into a syringe with frit and suspended in DMF (2 mL) for 30 min. Subsequently, DIPEA (35 L,
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0.2 mmol, 2 eq.) and Fmoc-Lys(Alloc)-OH or Alloc-Lys(Fmoc)-OH (90 mg, 2 eq.) were added.
The suspension was shaken for 2 h. After that, the resin was washed with DMF, CH,CI,,
CH3OH and diethyl ether (two times each). The resin was dried under suction for 5 min followed

by 30 min at 55°C in an oven. The successful loading was determined by weighing of the resin.

GP |I: General procedure for loading of the Rink Amide resin with Alloc-Lys(Fmoc)-
OH, Fmoc-Lys(Boc)-OH, Fmoc-Asp(OtBu)-OH or Fmoc-Glu(OtBu)-OH

For Lys-NH, derivatives, Rink-amide resin (Fmoc-protected, Biotage, 260 mg, 0.2 mmol,
0.71 mmol/g) was weight into into a syringe with frit and suspended in DMF (2 mL/0.1 mmol)
with oscillating mixing and microwave heating (70°C) for 30 min. Fmoc deprotection was done
by two cycles of 20% piperidine in DMF (4 mL, 2 mL/0.1 mmol) for 10 min each. The resin was
washed with DMF twice and HATU (227 mg, 0.6 mmol, 3 eq., 0.5 M in DMF), DIPEA (210 pL,
0.8 mmol, 6 eq., 2 M in NMP) and Alloc-Lys(Fmoc)-OH (271 mg, 0.6 mmol, 3 eq., 0.2 M in
DMF) were added. The coupling was performed with oscillating mixing and microwave heating
(75°C) for 5 min. After that the resin was washed with DMF twice.

GP lll: General procedure for Fmoc removal

The resin was swollen in DMF (2 mL/0.1 mmol). Fmoc deprotection was done by two cycles
of treatment with 20% piperidine in DMF (2 mL/ 0.1 mmol, 10 min each). After that, the resin

was washed with DMF twice.

GP 1V: General procedure for No-Acetylation

The resin (0.1 mmol, 0.7 mmol/g) was swollen in DMF (4 mL, 2 mL/0.1 mmol). For acetylation,
DMF (4 mL, 2 mL/0.1 mmol), acetic anhydride (95 pL, 1 mmol, 10 eq.) and DIPEA (348 pL,
2 mmol, 20 eq.) were added. The mixture was shaken for 2 h. After that, the resin is washed
with DMF and CH,CI, (two times each).

GP V: General procedure for Ne-Acylations (apart from acetylation)

For acylation, the respective carboxylic acid (2 eq., 0.5 M in DMF) was added, followed by
HATU (152 mg, 0.4 mmol, 2 eq., 0.5 M in DMF) and DIPEA (138 L, 0.8 mmol, 4 eq., 2 M in
NMP). The coupling was performed with oscillating mixing and microwave heating (75°C) for

5 min. After that the resin was washed with DMF twice.
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GP VI: General procedure for Ne-Acylation

For acylation, IPB (166 mg, 0.4 mmol, 2 eq., 0.5 M in DMF) was added, followed by HATU
(152 mg, 0.4 mmol, 2 eq., 0.5 M in DMF) and DIPEA (138 uL, 0.8 mmol, 4 eq., 2 M in NMP).
The coupling was performed with oscillating mixing and microwave heating (75°C) for 5 min.

After that the resin was washed with DMF twice.

GP VIl: General procedure for Alloc removal

The resin (0.2 mmol, 0.7 mmol/g) was swollen in CH,Cl, (2 mL/0.1 mmol). The deprotection
was done by addition of phenylsilane (370pL, 3 mmol, 15eq.) and
tetrakis(triphenylphosphine)-palladium(0) (57 mg, 0.05 mmol, 0.25eq.) in 4mL CHCI;
(preparation of this solution <30 min before reaction) with oscillating mixing and microwave
heating (40°C) for 10 min. After washing with CH,Cl,, this cycle was repeated. The resin was
washed with sodium diethyldithiocarbamate in DMF (0.5% w/v, 30 mL) and DMF (20 mL).

GP Vllla: General procedure for the cleavage from the 2-CITrtCl resin

The resin (0.2 mmol, 0.7 mmol/g) was washed with CH,Cl,. 20% HFIP in CH,Cl, was added
and shaken for 30 min. The eluate and an additional volume of CH,CI, (0.5 mL/0.1 mmol) for
washing were collected and dried under reduced pressure and N, flow. The residue was
dissolved in 25% CH;CN/water and purified by RP-HPLC.

GP VIlllb: General procedure for the cleavage from the Rink amide resin (and

concomitant removal of Boc groups)

To the dry resin (0.2 mmol, 0.7 mmol/g) were added TRIS (25 pL/0.1 mmol) and H,O
(25 puL/0.1 mmol) followed by TFA (1 mL/0.1 mmol). The resin was shaken for 30 min. The
eluate and an additional volume TFA (0.5 mL/0.1 mmol) for washing were collected and dried
under reduced pressure and N, flow. The residue was dissolved in 50% CH;CN/water. In case

of a following acylation step, see GP Xlll, otherwise the solution was purified by RP-HPLC.
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GP Vlllc: General procedure for the cleavage of peptides from Wang resin (and

concomitant removal of tBu/Boc/Trt groups)

To the dry resin (0.2 mmol, 0.7 mmol/g) were added TRIS (25 pL/0.1 mmol) and H,O
(25 pL/0.1 mmol) followed by TFA (1 mL/0.1 mmol). The resin was shaken for 2 h at 40°C. The
eluate and an additional volume TFA (0.5 mL/0.1 mmol) for washing were collected and dried
under reduced pressure and N, flow. The residue was diluted with 50 mL of diethylether and
put in the freezer for at least 3 h before the resulting suspension was centrifugated at 7780 rpm
for 10 min. The solution was decanted and 30 ml of cold diethylether was added again. This
washing procedure was repeated twice. The final pellet was dried at 55°C for 30 min in an

oven.

GP IX: General procedure for on-resin copper-catalysed azide-alkyne cycloaddition

(CuAAC)

The peptide resin (0.03 mmol) was swollen in DMF (3 mL/0.1 mmol) for 30 min. After elution
of the DMF excess, the azide-functionalized albumin binder (17 mg, 0.03 mmol, 1 eq.) in DMF
(2 mL), CuSO,4*5H,0 (4 mg, 15 ymol, 0.5 eq.) and THPTA (7 mg, 15 ymol, 0.5 eq.) in water
(245 pL) were added and shaken before addition of sodium ascorbate (29 mg, 0.15 mmol,
5 eq.) in water (105 pL). The suspension was shaken for 2 h. After elution, the resin was
washed with DMF (20 mL), sodium diethyldithiocarbamate in DMF (0.5% w/v, 30 mL), DMF
(20 mL), CH,CI; (20 mL), CH3OH (20 mL) and diethylether (20 mL). The resin was finally dried

at 55°C for 30 min in an oven.

Syntheses in solution

GP X: General procedure for Ne-acylation of lysine

D-Lysine*HCI (180 mg, 1 mmol), NaOH (40 mg, 1 mmol, 1 eq.), Na,CO3; (100 mg, 1.2 mmol,
1.2 eq.) and CuSO,*5H,0 (84 mg, 0.55 mmol, 0.55 eq.) were dissolved in water (2 mL) and
stirred for 10 min to form a clear, deep-blue solution. IPB-NHS (397 mg, 1.05 mmol, 1.05 eq.)
was dissolved in 1,4-dioxane (4 mL) and added in 1 mL steps. The solution was stirred over
night. The suspension was filtered through a paper filter and rinsed with 50 mL water. The
retained whole filter containing the filter cake was transferred to a 300 mL beaker. The beaker
was filled with 250 mL of a 2 mM EDTA solution and heated to 80°C for 1 hour. After cooling,

a white solid was formed that was filtered, rinsed with water and finally dried by lyophilization.
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GP Xl: General procedure for acylations with aliphatic carboxylic acids (preactivated
as NHS ester)

To a solution of the carboxylic acid (1 mmol) and NHS (126 mg, 1.1 mmol, 1.1 eq.) in THF
(6.5 mL/mmol) was added DCC (226 mg, 1.1 mmol, 1.1 eq.) resulting in the formation of a
white precipitate within the first minute. The reaction progress was followed by TLC
(CH.CI,:CH30H, 98:2, v/v). After 1 h, the suspension was filtered into a solution of Boc-Lys-
OH (1.1 eq.) and Na,COs; (3 eq.) in water (5 mL/mmol). The filter cake was rinsed with THF
(1.5 mL/mmol). The reaction progress in the eluate was followed by HPLC. After 3 h, the
organic solvent was evaporated. The suspension was transferred into a separating funnel and
the filter cake was rinsed with water. The pH value was adjusted to 2-3 by the addition of 1 M
HCl and the aqueous phase was extracted with ethyl acetate (3x20 mL). The combined organic
phases were washed with brine and dried under vacuum overnight. The compounds were

purified by column chromatography (CH;OH/CH,CI,).

GP Xll: General procedure for acylations with benzoic acids (preactivated as HOBt
ester)

To a solution of the respective benzoic acid (0.2 mmol) and HOBt (30 mg, 0.22 mmol, 1.1 eq.)

in THF (6.5 mL/mmol) was added DCC (45 mg, 0.22 mmol, 1.1 eq.) resulting in the formation
of white precipitate within the first minute. The reaction progress was followed by TLC
(CH.CI,:CH30H, 98:2, v/v). After 2 h, the suspension was filtered into a solution of the primary
amine (1.0 eq.) and Na,COgj; (3 eq.) in water (5 mL/mmol). The filter cake was rinsed with THF
(1.5 mL/mmol). The reaction progress was followed by HPLC. After 3 h, the organic solvent
was evaporated. The pH value was adjusted to 2-3 by the addition of 1N HCI and the aqueous
phase was extracted with ethyl acetate (3x5 mL). The combined organic phases were washed
with brine and dried under vacuum overnight. The compounds were purified by column
chromatography (CH3;OH/CH,CI,).

GP Xlll: General procedure for acylations with carboxylic acid (without preactivation)

The Lys-OMe or Lys-NH, derivative (0.2 mmol) was dissolved in 50% CH3;CN in water
(2 mL/0.1 mmol), followed by addition of azidobenzoic acid (32 mg, 0.2 mmol, 1 eq.) PyBOP
(208 mg, 0.4 mmol, 2 eq.) and Et;N (111 pL, 0.8 mmol, 4 eq.). After 3 h, the organic solvent
was evaporated. The pH value was adjusted to 2-3 by the addition of 1 M HCI and the aqueous
phase was extracted with ethyl acetate (3x5 mL). The combined organic phases were washed

with brine and dried under vacuum overnight. The compounds were purified by RP-HPLC.
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GP XIV: General procedure for Boc removal in solution

The respective Boc-protected compound (0.4 mmol) was dissolved in CH,Cl, (2 mL/mmol)
followed by the addition of TFA (2 mL/mmol). The solution was stirred for 2 h. The reaction
progress was checked by TLC. After completion, all volatile substances were removed under
reduced pressure and N, flow. The residue was immediately used for further reactions. In case

of storage for a distinct time, water was added to the residue and the mixture was lyophilized.

GP XV: General procedure for TATE cyclization via disulphide formation

The cleaved and dried peptide was weight out. The peptide (50mg, 0.03mmol) was dissolved
in CH;CN/water 1:1 (0.5ml/mg). The pH was adjusted to 8.0 by addition of 1% aqueous
ammonia (v/v). The solution was diluted to 25% CH;CN/water by addition of water. Finally,
DMSO was added (10%, v/v final) and stirred for up to 72 h. The progress of cyclization was
followed by UPLC-DAD-MS. After completion, the solution was lyophilized and the crude
peptide was purified by RP-HPLC.

Assay methods for HSA binding

MST assay

Fatty acid-free human serum albumin (HSA) was labeled using the Monolith Protein Labeling
Kit RED-MALEIMIDE 2™ Generation (Cysteine reactive, NanoTemper Technologies). The
labeling reaction was performed according to the manufacturer's instructions (Monolith
Protocol MO-0-018). In brief, HSA (6.7 uM) was pretreated with TCEP (26.7 uM) in labeling
buffer for 30 min at room temperature. Subsequently, the dye was added to obtained the
reaction mixture consisting of HSA (5 uM), TCEP (20 uM) and dye (50 uM) in labeling buffer
(5% DMSO) and the labeling performed for 30 min at room temperature in the dark. Unreacted
dye was removed with the supplied dye removal column equilibrated with PBS (pH 7.4). 500 pL
of fluorescently labeled HSA (2 uM) in PBS were obtained.

The labeled HSA (20 uL, 2 uM) was mixed with unlabeled HSA (2 uL, 100 uM in PBS). These
mixtures were stored at -80°C. Right before the measurements, PBS (188 L) was added to
achieve a solution with 200 nM labeled HSA and 1 pM unlabeled HSA.

Stock solutions (200 mM) of the albumin binder were prepared in DMSO and were 50-fold
diluted with PBS to obtain 4 mM solutions in 2% DMSO. A series of 16 1:1 dilutions were
prepared using the same buffer (2% DMSO/PBS), producing ligand concentrations ranging
from 122 nM to 4 mM. For the measurement, each ligand dilution was mixed with one volume
of the labeled/unlabeled HSA solution (200 / 1000 nM), which led to a final concentration of
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labeled/unlabeled HSA of 100 / 500 nM and final ligand concentrations ranging from 61 nM to
2 mM. After 5 min incubation, the samples were loaded into Monolith NT.115 Capillaries
(NanoTemper Technologies). MST was measured using a Monolith NT.115 instrument

(NanoTemper Technologies) at 37°C operating in Red mode.

Instrument parameters were adjusted to 60% LED power and medium MST power. Data of
three independently pipetted measurements were analysed (PALMIST software version 1.4.4)

using the signal from an MST-on time of 0.2 .48 49
Fluorescence-based competition assay

A stock solution (20 uM) of compound (R)-1a was prepared in DMSO and aliquots thereof
were stored at -80°C. HSA was freshly dissolved in PBS to obtain a 100 yM stock solution.
Right before the measurements, 4 pL of (R)-1a (20 uM) and 8 uL of HSA (100 pM) were added
to 188 uL of PBS to obtain concentrations of 400 nM and 4 puM, respectivley, in 2%
DMSO/PBS.

Stock solutions (100 mM) of the albumin binder were prepared in DMSO and were 50-fold
diluted with PBS to obtain 2 mM solutions in 2% DMSO/PBS. A series of 16 1:1 dilutions were
prepared using the same buffer (2% DMSO/PBS), producing ligand concentrations ranging
from 62 nM to 2 mM. For the measurement, each ligand dilution was mixed with one volume
of the (R)-1a/HSA solution (400 nM / 4 uM), which led to a final concentration for (R)-1a of 200
nM and for HSA of 2 yM and final ligand concentrations ranging from 31 nM to 1 mM. The
further procedure including data processing was similar to the MST assay (see above) with the
exception that the initial fluorescence values were used for analysis and the system operated

in Green mode.
Determination of logD; 4 of (S)-1f and (S)-2b by HPLC

The logD74npLc Value was determined as previously reported by us'9% 106 ytilizing a modified
HPLC method originally described by Donovan and Pescatore'’. Hydrocortisone (fz 10.68
min, logD;4 1,46 (mean of 1.55'% and logD;4 1.37'%) and triphenylene (tz 29.67 min, logD7 4
5.49'07) served as references to calculate logD- 41pLc @s given in formula 4 of reference’” and
toluene (tx 16.45 min, measured logD7sqpc 2.70, Literature logD;, 2.72'97) as internal
reference. The following HPLC system was used: Agilent 1100 HPLC (binary pump G1312A,
autosampler G1313A, column oven G1316A, degasser G1322A, UV detector G1314A, y
detector Gabi Star (Raytest); column ODP-50 4B (Shodex Asahipak 50 x 4.6 mm); eluent:
MeOH/ phosphate buffer (10 mM, pH 7.4), gradient fy min 30/70 — to5 min 95/5 — to7 min 95/5 — tog
min 30/70 — t40 min 30/70, flow rate = 0.6 mL/min. Retention times of (S)-1f and (S)-2b were found
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to be 12.05 + 0.01 min and 18.55 £ 0.01 min, which correspond to logD; 44p.c Values of 1.75

and 3.13, respectively.
Radiolabeling of DOTA/NODAGA-bearing peptides

[6#Cu]CuCl, was produced at the Helmholtz-Zentrum Dresden-Rossendorf on the 30 MeV TR-
Flex-cylotron (Advanced Cyclotron Systems Inc., ACSI, Canada) by %4Ni(p,n)®*Cu nuclear

reaction as reported previously.'09. 110

For a typical radiolabeling procedure, 548 MBq of [#*Cu]CuCl, (60 uL in H,O) was mixed with
0.01 M HCI (230 pL) and ammonium acetate buffer (2 M, pH 8, 30 L) to obtain a solution with
a pH value around 5.5. An aliquot of this mixture (105 uL) was then added to the peptide stock
solution (2.5 yL of 2 mM in 10% DMSO/PBS pH 7.4) and the mixture was incubated for 20 min
at 80°C. Quiality control of the radiolabeled peptide conjugates was performed by radio-HPLC
analysis. Labeling yields were usually 297%. The radiolabeled peptides were used without
purification. Molar activities of up to 50 GBg/umol were achieved and were calculated based
on the applied peptide amount. For further cell experiments and in vivo application, the reaction
mixture was diluted with cell culture medium, phosphate buffered saline (PBS, pH 7.4) or 0.154
mol/L NaCl.

Ultrafiltration assay

An ultrafiltration assay was used to determine the binding of the 64Cu-labeled compounds to
plasma proteins and HSA. Centrifree ultrafiliration devices (4104 centrifugal filter units by
Millipore; 30,000 Da nominal molecular weight limit, methylcellulose micropartition
membranes) were used to separate the free fraction of the radioligand from the protein—bound
fraction.® % The radioligands (0.7 nmol, 12 MBq) in a volume of 25 pL were added to 250 pL
of plasma, HSA solutions (3.5 g/L) or PBS and mixed by repeated pipetting. Aliquots (250 uL)
were loaded into the ultrafiltration devices and centrifuged at 2,500 rpm at 20°C for 40 min.
After centrifugation, the whole device and the bottom cup with the collected filtrate were each
measured in a y-counter (PerkinElmer, Wizard? 2480 automatic gamma counter). The retained

fraction was calculated as a quotient of these measurements.

To quantify the albumin binding of the radiolabeled peptides to HSA, the radioligands
(0.75 nmol or 7.5 nmol, 10-15 MBq) in a volume of 25 yL were added to 350 pL of diluted
HSA/PBS solutions (containing 750 nmol to 0.075 nmol HSA; 10% or 30% commercially
available HSA solution in 0.85% NaCl and 0.05% NaN; was used as stock solution) and mixed

by repeated pipetting. Aliquots (250 uL) were loaded into the ultrafiltration devices and
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centrifuged at 2,500 rpm at 20°C for 40 min. After centrifugation, 10 uL from the top and bottom
fraction were measured in a y-counter (PerkinElmer, Wizard? 2480 automatic gamma counter).
The retained fraction was calculated as a quotient of these measurements. Plots of “fraction
of retained activity’=f([HSA]) were analysed using equation | (Morrison equation) to obtain
K4[HSA] values. The concentration of the radioligand was constrained to the applied value (2
or 20 yM).

n-Octanol/PBS Distribution Coefficient (logD; 4 value).

The determination of the logD; 4 value was done in triplicate. A sample of the 8Cu-labeled
compound containing ~2.5 MBq in a volume of 25 uL was added to a 2 mL Eppendorf tube
containing 1.475 mL of PBS (pH 7.4) and 1.5 mL of n-octanol. The vial was vortexed vigorously
for 1 min and then centrifuged at 13,500 rpm for 6 min for phase separation. The radioactivity
in a defined volume of each layer was measured (ISOMED 2100). The distribution coefficient
was expressed as the logarithm of the ratio of counts per minute (cpm) measured in the n-

octanol phase to the cpm measured in the PBS phase.
Plasma stability assay

For human plasma, venous blood (4.5 mL) from one of two healthy, male volunteers who were
not fasting or on any medication was collected. Blood samples were dispensed into S-
Monovette® (Sarstedt) plasma separator tubes containing lithium heparin coated particles.
The tubes were allowed to stand on ice for 30 min protected from light followed by
centrifugation at 2000 rcf for 10 min at 4°C. Samples were visually checked for hemolysis and

interference, stored at 4°C (protected from light) and used within a week.

For mouse plasma, arterial blood (>1 mL) from a NMRI-nu/nu mouse was obtained by heart
punctuation. Blood samples were dispensed into lithium heparin (Heparin-Sodium LEO 25.000
[.U./5ml) flushed 1.5 ml Eppendorf tubes. The tubes were allowed to stand on ice for 30 min
protected from light followed by centrifugation at 2000 rcf for 10 min at 4°C. Samples were

visually checked for hemolysis and interference and used at the same day.

For the stability in plasma under inhibition 400 uL of plasma were incubated with 300 uM BNPP
(30 mM in water) at 37°C for 1 hour. To 400 pL plasma (with or without BNPP) 10 pL of the
respective radiolabeled peptide (0.465 nmol, 16.6 MBq) were added and incubated in a
ThermoMixer Comfort 5355 (Eppendorf) at 37°C for up to 24 hours. At distinct time points an
aliquot of 25 pL was withdrawn and diluted with a minimum of 50 yL of a mixture named
“Supersol”, which consists of 20% CH3;OH, 0.5% Triton X-100, 5 mM EDTA, 0.5 mM o-
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phenanthroline and 0.1% saponin. This was followed by centrifugation at 13,500 rpm for 3 min.

The supernatant was analyzed by radio HPLC.

For the determination of the identity of the metabolite formed from NODAGA-cLAB3-TATE in
mouse plasma, NODAGA-cLAB3-TATE (1 uL, 2 mM, 2% DMSO) was added to a solution
(1:1, v/v) of 99 yL mouse plasma in PBS (0.5 mM, pH 7.4) in a 1.5 mL Eppendorf tube. The
probe was incubated for 24 h at 37°C in a thermomixer at 450 rpm. 900 yL CH3;CN:MeOH (1:1,
v/v) were added and the mixture was shaken vigorously. The mixture was stored at -20°C for
1h and was centrifugated afterwards at 15.000 g for 10 min. 100 pL of the resulting

supernatant were transferred and analyzed by HPLC-HRMS as shown in Figure S8.
In vitro SSTR2 binding affinity

Mouse pheochromocytoma (MPC) cells (passages 35-40) were routinely cultured in collagen-
coated flasks as described elsewhere® and harvested at 70-80 % confluency in Dulbecco’s
phosphate-buffered saline containing 2.0 mM EDTA at 4 °C for 30 min. Cells were
resuspended and frozen in fetal bovine serum containing 10 % (v/v) of DMSO and stored at
-70 °C. After thawing, cells were washed and resuspended in ice-cold saturation assays
buffer, pH 7.4, containing 50 mM Tris-HCI, 1 mM EDTA, 0.5 mM o-phenanthroline, and 0.1 %
(w/v) bovine serum albumin. Cells were homogenized in ice-cold saturation assay buffer
supplemented with cOmplete™ EDTA-free proteinase inhibitor (Roche, Basel Switzerland)
using a Dounce homogenizer. Protein content of cell homogenates was measured at Asgp nm

using a nanodrop spectrophotometer (Thermo-Fisher Scientific).

For measurement of total binding, 0.155 mL of cell homogenates were incubated with
radioligands (A, = 25 MBg/nmol) at increasing final concentrations between 0.625 nM and
40 nM (final sample volume 0.2 mL). For measurement of non-specific binding, specific binding
sites were saturated with non-labeled DOTA-TATE at a final concentration of 1 uM. Samples
were incubated for 60 min at 37°C. Incubation was stopped by soaking cell homogenates into
Whatman® GF/C collection filters (GE Healthcare, Chicago, IL, USA; presoaked in 0.3 % (v/v)
polyethyleneimine for 90 min) and washing with ice-cold Dulbecco’s phosphate-buffered saline
using a cell harvester (Brandel, Gaithersburg, MD, USA). Activity bound to filters was
measured using the gamma counter Wizard (PerkinElmer). Activity in a series of radioligand
standards was measured at increasing molar amounts between 0.625 — 40 nM. All
measurements were performed in duplicates. Dissociation constants (K;) and maximum

binding capacities (Bmax) Were calculated as described in Figure S5 in Supporting Information.
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Cell binding and internalization

MPC cells were seeded into collagen-coated 24-well microplates and cultivated for 4 days. All
washing steps were performed using PBS containing 0.9 mol/L CaCl, and 0.5 mol/L MgCl..
Total radioligand uptake was measured after incubation with radioligand (Am = 25 GBqg/umol)
at a final concentration of 2.5 nM in RPMI 1640 medium with GlutaMAX™ supplement (Thermo
Fisher Scientific) for 1 hour at 37 and 4 °C, respectively. Non-specific binding was determined
in presence of non-labeled DOTA-TATE at a final concentration of 1 uM. The internalized
fraction was measured after acid wash of cell surface-bound radioligand with wash buffer
containing 0.05 M glycine, pH 2.8, for 5 min. Cells were lysed in 0.1 M NaOH containing 1%
(w/v) sodium dodecylsulfate. Activity of cell lysates was measured using the gamma counter
Wizard (PerkinElmer). Protein content of cell lysates was measured at Ayg nm @ hanodrop

spectrophotometer (Thermo-Fisher Scientific).
Experimental animals

Animal experiments were carried out according to the guidelines of the German Regulations
for Animal Welfare and have been approved by the local Ethical Committee for Animal
Experiments. A number of 4x108 MPC cells were re-suspended in 40 uL of Dulbecco’s
phosphate-buffered saline and injected subcutaneously into the shoulder of 7-10 week-old
female nude mice (Rj:NMRI-Foxn1™/nu  Janvier Labs, Le Genest-Saint-Isle, France). General
anesthesia was induced and maintained with inhalation of 10% (v/v) desflurane in 30/10% (v/v)
oxygen/air. Tumor growth was monitored three times per week using caliper measurements.

Animals were sacrificed using CO, inhalation and cervical dislocation.
Small animal PET/CT imaging

When diameters of MPC tumors reached 9+ 3 mm, small-animal positron emission
tomography (PET) was performed using the nanoPET/CT scanner (Mediso Medical Imaging
Systems, Budapest, Hungary). Each mouse (n = 2-3) received between 7 and 10 MBq of the
respective radiotracer (A, = 40 GBg/umoL) delivered in 0.154 M NaCl via intravenous injection
through a tail vein catheter within the initial 30 s after scan start. Emission of the 511 keV
annihilation photons was continuously recorded at a coincidence mode of 1-5. A series of
scans were performed including four different time points after radiotracer injection, with
increasing scan time, respectively (0-2 h, 5 h [4.5-5.5 h], 24 h [23-25 h], and 48 h [46-50 h]).
With each PET scan, a corresponding CT image was recorded and used for anatomical

referencing and attenuation correction.
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Image reconstruction and data analysis

For PET image reconstruction, three-dimensional list mode data were binned using the 400-
600 keV energy window. Dynamic reconstruction was performed for the initial 0-2 h scan by
sorting data into 36 time frames (15x10 s, 5x30 s, 5%x60 s, 4x300 s, 3x600 s, 4x900 s). Static
reconstruction was performed creating one single time frame for the 5 h, 24 h, and 48 h scans,
respectively. Time frames were reconstructed using the Tera-Tomo™ 3D algorithm using a
voxel size of 0.4 mm and applying corrections for random events, scatter, attenuation, and

decay.

Images were post-processed and analyzed using ROVER (ABX, Radeberg, Germany) and
displayed as maximum intensity projection (MIPs) at indicated time points and scaling. Three-
dimensional volumes of interest (VOIs) were created applying fixed thresholds for delineation
of heart (frames 5-10, 50 %), kidneys (frames 10-15, 20 %), liver (frames 33-36, 30 %), muscle
(frames 33-36, 0 %), tumor (frames 33-36, 30 %), and vena cava (frames 2-4, 80 %).
Standardized uptake values (SUV = [MBq detected activity/mL tissue]/ [MBq injected activity/g
body weight], mL/g) were determined and reported as VOIl-averaged SUVmean + range. Time-
activity curves were generated for all VOIs and further analyzed using Prism (GraphPad

Software).
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