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Patients with metastatic medullary thyroid cancer (MTC) have limited
systemic treatment options. The use of radiolabeled gastrin analogs
targeting the cholecystokinin-2 receptor (CCK2R) is an attractive
approach. However, their therapeutic efficacy is presumably decreased
by their enzymatic degradation in vivo. We aimed to investigate whether
the chemically stabilized analog '77Lu-DOTA-PP-F11N ('77Lu-DOTA-
(0Glu)e-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH,) performs better than refer-
ence analogs with varying in vivo stability, namely 7’Lu-DOTA-MG11
("""Lu-DOTA-DGlu-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH,) and '77Lu-DOTA-
PP-F11 ('77Lu-DOTA-(pGlu)s-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NHy),
and whether the use of protease inhibitors further improves CCKR2
targeting. First human data on 177Lu-DOTA-PP-F11N are also reported.
Methods: In vitro stability of all analogs was assessed against a
panel of extra- and intracellular endoproteases, whereas their in vitro
evaluation was performed using the human MTC MZ-CRC-1 and the
transfected A431-CCK2R(+) cell lines. Biodistribution without and
with the protease inhibitors phosphoramidon and thiorphan was
assessed 4 h after injection in MZ-CRC-1 and A431-CCK2R(+) dual
xenografts. Autoradiography of 177Lu-DOTA-PP-F11N (without and
with phosphoramidon) and NanoSPECT/CT were performed. SPECT/
CT images of 77Lu-DOTA-PP-F11N in a metastatic MTC patient were
also acquired. Results: "2Lu-DOTA-PP-F11N is less of a substrate for
neprilysins than the other analogs, whereas intracellular cysteine pro-
teases, such as cathepsin-L, might be involved in the degradation of
gastrin analogs. The uptake of all radiotracers was higher in MZ-CRC-1
tumors than in A431-CCK2R(+), apparently because of the higher
number of binding sites on MZ-CRC-1 cells. '77Lu-DOTA-PP-F11N
had the same biodistribution as 177Lu-DOTA-PP-F11; however, uptake
in the MZ-CRC-1 tumors was almost double (20.7 + 1.71 vs. 11.2 £
2.94 %A [percentage injected activity]/g, P = 0.0002). Coadministra-
tion of phosphoramidon or thiorphan increases '77Lu-DOTA-MG11 up-
take significantly in the CCK2R(+) tumors and stomach. Less profound
was the effect on 77Lu-DOTA-PP-F11, whereas no influence or even
reduction was observed for 177Lu-DOTA-PP-F11N (20.7 £ 1.71 vs. 15.6
+ 3.80 [with phosphoramidon] %IA/g, P < 0.05 in MZ-CRC-1 tumors).
The first clinical data show high '77Lu-DOTA-PP-F11N accumulation in
tumors, stomach, kidneys, and colon. Conclusion: The performance of
177Lu-DOTA-PP-F11N without protease inhibitors is as good as the
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performance of 77Lu-DOTA-MG11 in the presence of inhibitors. The
human application of single compounds without unessential additives
is preferable. Preliminary clinical data spotlight the stomach as a po-
tential dose-limiting organ besides the kidneys.
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Medullary thyroid cancer (MTC) is a neuroendocrine neo-
plasm that is initially treated with complete thyroidectomy and at
least central neck dissection (/). However, patients with residual
or recurrent disease are difficult to treat (2,3), and distant metas-
tases are the main cause of death. Systemic chemotherapy has
shown limited efficacy for the treatment of advanced and meta-
static disease (4). Targeted therapies, such as vandetanib and cabo-
zantinib, show a broad spectrum of side effects, often leading to
discontinuation or dose reduction (2), whereas no improvement in
overall survival has been shown until now (3).

Almost all MTC cells (92%) express the cholecystokinin-2
receptor (CCK2R) with high density (5). Peptide receptor radio-
nuclide therapy with radiolabeled analogs of the endogenous li-
gand gastrin does specifically target the CCK2R and is therefore
an attractive treatment option for MTC. The 2 main drawbacks of
radiolabeled gastrin analogs are high retention in the kidneys and
low in vivo stability (6,7). Both limitations have been addressed by
different groups applying alternative chemical modifications (§).
Supported by the European Cooperation in Science and Technol-
ogy action BM0607, a large library of improved gastrin analogs
has been compared (9-17). Among them, the analog PP-F11
((0Glu)g-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH,), resulted in favor-
able pharmacokinetics, relatively low kidney uptake, and im-
proved metabolic stability. '''In-DOTA-PP-F11 was selected for
evaluation in MTC patients within the framework of a multina-
tional European cooperation project (TRANSCAN call within
ERANET, project GRAN-T-MTC). Replacement of methionine
in PP-F11 by the nonoxidizing amino acid residue norleucine, a
known strategy to circumvent undesired methionine oxidation
side-reactions, results in the stabilized derivative PP-FI1IN
((0Glu)g-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH,).
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In addition to chemical modifications, Nock et al. proposed a
pharmacologic approach for improving in vivo stability (/2). They
demonstrated in an animal model that coinjection of phosphora-
midon, an inhibitor of the neprilysin (NEP), with the unstable
minigastrin analog ''"In-DOTA-MG11 (''In-DOTA-pGlu-Ala-Tyr-
Gly-Trp-Met-Asp-Phe-NH,) leads to profound in vivo stabiliza-
tion and subsequently to a significant increase in tumor uptake. In
addition, NEP inhibition using thiorphan and its prodrug racecadotril
significantly enhances the tumor-to-kidney ratios (/3). The in
vivo inhibition of degrading enzymes appears to be promising,
especially when further chemical modifications cannot be con-
ducted without abolishing biologic activity or preferred pharma-
cokinetic properties.

We are interested in applying peptide receptor radionuclide ther-
apy in MTC patients. We aimed to investigate whether the peptide
stabilization approach or in situ stabilization by the use of protease
inhibitors or the combination of both can optimize CCK2R targeting
in vivo. We selected the chemically stabilized '77Lu-DOTA-PP-F11N
("""Lu-DOTA-(DGlu)s-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH,) as a
therapeutic agent and compared it with 2 gastrin analogs with varying
stability in vivo, namely '7’Lu-DOTA-MG11 and '7’Lu-DOTA-PP-
F11 (77Lu-DOTA-(DGlu)g-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH,). In
vitro stability, tissue biodistribution, and tumor uptake were investi-
gated without and with the use of the 2 protease inhibitors phosphor-
amidon and thiorphan. In vivo comparison was performed in 2
xenografted models using the transfected epidermoid carcinoma cell
line A431, expressing the human CCK2R [A431-CCK2R(+)] and
the MZ-CRC-1 derived from human MTC, naturally expressing the
CCK2R. Finally, we report herein the first human data of "’Lu-
DOTA-PP-F11IN in an MTC patient as part of an ongoing clinical
phase 0 study (LUMED trial, NCT02088645).

MATERIALS AND METHODS

Reagents and Cell Lines

DOTA-MG11, DOTA-PP-F11, and DOTA-PP-F11N were custom-
made by Biosyntan GmbH. All reagents were obtained from commercial
suppliers.

The A431-CCKR(—) and A431-CCK2R(+) cell lines were kindly
provided by Dr. Luigi Aloj and cultured as previously reported (/4).
The MZ-CRC-1 cell line was provided by Prof. Alexander Knuth and
maintained in DMEM high-glucose, 4.5 g/L, supplemented with
20 mM L-glutamine and 10% fetal bovine serum.

Preparation of "a¥177Ly Conjugates

7TLu labeling was performed by dissolving 5 wg of the DOTA
conjugates in 250 pL of sodium acetate buffer (0.4 M, pH 5.0), fol-
lowed by incubation with 77LuCl; (40-150 MBq) for 30 min at 95°C.
Methionine (50 pL, 0.1 M) was added to DOTA-MGI11 and DOTA-
PP-F11 to eliminate oxidation. The radiotracer solutions were used
without further purification and were diluted with 0.9% NaCl contain-
ing 0.05% human serum albumin for in vivo use. ™Lu complexes
were prepared under the same conditions, using a 2.5-fold excess of
na uCl; x SH,0, and were purified by SepPak (Waters).

In Vitro Stability Assessment

The stability of "Lu-loaded peptides was tested against the active
forms of selected human aspartic, cysteine, and metalloproteases in vitro.
Each analog (20 wM) was incubated with the listed proteases. The enzyme
concentrations and buffers were as follows: for angiotensin-converting
enzyme 1, 25 nM neprilysin-1 and neprilysin-2, pH 7.4 phosphate-
buffered saline, and 0.05% 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS); for endothelin-converting enzyme 1, 25 nM
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and 50 mM pH 7.4 tris(hydroxymethyl)aminomethane (Tris)/HCI,
150 mM NacCl, and 0.05% CHAPS; for aminopeptidase-N and ami-
nopeptidase-P2, 25 nM and 50 mM pH 7.4 Tris/HCI and 0.05%
CHAPS; and for cathepsin-B, -C, -K, -L, and -S, 50 nM and 100 mM
pH 5.5 sodium acetate, 100 mM NaCl, 1 mM ethylenediaminetetraacetic
acid, 2 mM (tris(2-carboxyethyl)phosphine), and 0.05% CHAPS.

After 2.5 h of incubation in polypropylene tubes at room temperature,
the samples were analyzed for peptide cleavage by liquid chromatog-
raphy/mass spectrometry. Intact peptides and the cleavage products
were detected by the ultraviolet absorption (214 nm), and their mass
was determined by electrospray ionization quadrupole time-of-flight
mass spectrometry. Their amino acid sequences were determined using
Protein Analysis Work Sheet software (Proteometrics Inc.).

Analytic Methods and Instrumentation

Liquid chromatography/mass spectrometry was performed on an
Acquity ultraperformance liquid chromatography system (Waters Corp.)
equipped with an Acquity ultraperformance liquid chromatography
Cortecs C18 (2.1 x 100 mm; 1.6 pm) column. Eluent A was water with
0.05% (v/v) trifluoroacetic acid, and eluent B was acetonitrile with
0.04% (v/v) trifluoroacetic acid. The samples were run with a 5%—
98% eluent B gradient in 4.4 min and a flow rate of 0.8 mL/min.

Mass spectrometry analysis was performed with the following con-
ditions. The electrospray ionization quadrupole time-of-flight source tem-
perature was set at 130°C, the desolvation temperature was set at 500°C,
the capillary voltage was set at 3.00 kV, and the cone voltage was set at
30 V. The scan time was set at 0.1 s. The cone gas flow was set at 50 L/h
and the desolvation gas flow at 800 L/h. The mass chromatograms were
recorded in total ion current within 120 m/z and 3,000 m/z.

Analytical reverse-phase high-performance liquid chromatography
was performed on a Bischoff LC-CaDi 22-14 interface with an
ultraviolet—visible Lambda 1010 detector and a flow-through Berthold
LB509 vy-detector using a Phenomenex Jupiter Proteo 90 A C12 (250
X 4.6 mm) column. The following elution system was used: eluent A
was water with 0.1% trifluoroacetic acid, eluent B was acetonitrile
with 0.1% trifluoroacetic acid, gradient 1 was 70%—55% solvent A in
10 min, and the flow rate was 1.5 mL/min.

Quantitative y-counting was performed on a Cobra 5003 y-system
well counter from Packard Instruments.

Binding and Internalization Studies

Saturation binding studies of 77" Lu-DOTA-MG11, 772 u-DOTA-
PP-F11, and 77" y-DOTA-PP-F1IN (concentration range, 0.1-100
nM) were performed on MZ-CRC-1 and A431-CCK2R(+) cells (1 X
10° cells per well) in 6-well plates, as previously described (/4).

The internalization rate of !7’Lu-DOTA-PP-F11N, compared with
77Lu-DOTA-MG11, was determined in MZ-CRC-1 cells, as previ-
ously described (7).

Biodistribution Studies

Animals were housed and cared according to Swiss regulations
on animal experimentation (approval 2756). Female athymic nude-
FoxnI™ mice, 4-6 wk old, were inoculated subcutaneously in the right
shoulder with 5 x 10® MZ-CRC-1 cells and 2 d later in the left
shoulder with 5 x 10° A431-CCK2R(+) cells, both freshly suspended
in sterile phosphate-buffered saline. The tumors were allowed to grow
for 9 and 7 d, respectively, reaching a weight of 107 * 57 mg (MZ-
CRC-1) and 129 = 36 mg (A431-CCK2R(+)).

The biodistribution of "’Lu-DOTA-MG11, '""Lu-DOTA-PP-F11,
and '77Lu-DOTA-PP-F1IN was evaluated 4 h after injection of
100 wL/10 pmol/0.2-0.3 MBq of each radiotracer via the tail vein.
The influence of phosphoramidon (phosphoramidon disodium dehy-
drate; PeptaNova) and thiorphan (DL-thiorphan; Bachem) was evalu-
ated at 4 h by coinjection of either 300 g of phosphoramidon in
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phosphate-buffered saline or thiorphan in phosphate-buffered saline/
5%-7% ethanol. The nonspecific uptake of !'7’Lu-DOTA-PP-F1IN
was determined in A431-CCK2R(—) xenografts (Supplemental Table
1; supplemental materials are available at http://jnm.snmjournals.org).
Blood samples and organs of interest were collected, blotted dry,
weighed, and counted in a y-counter. The results were expressed as
mean * SD and represent the percentage injected activity per gram of
tissue (%1A/g).

NanoSPECT/CT Imaging and Autoradiography

Mice were imaged using a NanoSPECT/CT system (Bioscan) 4 h
after injection of 100 wL/100 pmol/6 MBq of !77Lu-DOTA-PP-FIIN
without or with 300 wg of phosphoramidon. Topography and helical
CT were first performed. A helical SPECT scan was then acquired
using multipurpose pinhole collimators (aperture 1) with a 1.4-mm
pinhole diameter. The energy window width was 10% centered sym-
metrically over the 208- and 113-keV vy-peaks of 7’Lu. Forty projec-
tions, 500 s each, were used. SPECT images were reconstructed
iteratively and filtered using the manufacturer’s algorithm, resulting
in a pixel size of 0.2 x 0.2 mm.

Tumors were dissected and embedded in optimal-cutting-tempera-
ture compound (Tissue-Tek; Sakura) and snap-frozen. Cryosections of
20-pm thickness were exposed for 24 h to phosphor screens, and
autoradiograms were acquired with a storage phosphor imager
(445SI; Molecular Dynamics) with spatial resolution of 50 wm. The
data were analyzed using ImageJ] software (National Institutes of
Health). The same tissue slices were stained with hematoxylin and
eosin following standard procedures. The slides were scanned using
the digital slide scanner NanoZoomer 2.0-HT (Hamamatsu Photonics
K.K)).

First-in-Human Application of 77Lu-DOTA-PP-F11N

As part of the LUMED trial, the scan results of a 40-y-old man with
progressive, metastatic MTC are presented in a comparison of 177Lu-
DOTA-PP-FIIN SPECT and SPECT/CT with '8F-DOPA PET and
PET/CT. 77Lu-DOTA-PP-FIIN (20 mL, 95 pg, 1,071 MBq) was
injected intravenously. SPECT/CT of the neck, thorax, and abdomen
was performed 24 h after injection using a Symbia Intevo SPECT/CT
system (Siemens Healthineers). SPECT was performed in a 128 x 128

matrix, with 64 views of 20 s each. SPECT images were reconstructed
with iterative ordered-subset expectation maximum using a Flash 3D
algorithm (8 iterations, 4 subsets, and 8-mm gaussian filtering). '8F-
DOPA PET with contrast medium—enhanced CT was done according
to the European Association of Nuclear Medicine guidelines without
carbidopa (15). Thirty minutes after injection of 228 MBq of '8F-
DOPA, 3-dimensional whole-body (head to subinguinal region)
PET/CT was performed (Biograph mCT X128; Siemens Healthi-
neers). The institutional review board approved this study, and the
patient gave written informed consent in accordance with the Decla-
ration of Helsinki.

Statistical Analysis

Comparisons were performed using the unpaired Student ¢ test for
normally distributed data, as previously tested with a Shapiro—Wilk
normality test. The Mann—Whitney U test was applied for nonnor-
mally distributed data. Statistical significance was defined at a P level
of 0.05 or less.

RESULTS

Radiotracers

All radiotracers were produced with a radiolabeling yield of
more than 95%. Radiochemical purity was at least 95% for '77Lu-
DOTA-PP-F11N but slightly lower (=92%) for 77Lu-DOTA-
MG11 and '"7Lu-DOTA-PP-F11, due to the methionine oxidized
product, which in all cases was kept to less than 5%.

In Vitro Stability Assessment

Table 1 shows the identified fragments of the "Lu conjugates
after incubation with human proteases in vitro. All were found to
be stable in the presence of angiotensin-converting enzyme 1,
endothelin-converting enzyme 1, aminopeptidase-N, and amino-
peptidase-P2. "™Lu-DOTA-MGI11 was found to be cleaved by
neprilysin-1 and neprilysin-2 and the cathepsins -B, -C, -L and
-S, "Lu-DOTA-PP-F11 by neprilysin-1 and cathepsin-L, whereas
nat u-DOTA-PP-F11N was degraded by the cysteine protease ca-
thepsin-L only.

TABLE 1
Cleavage Sites in "Lu-DOTA-MG11, "aLu-DOTA-PP-F11, and "2Lu-DOTA-PP-F11N After Incubation with
Selected Proteases

Gastrin analog Protease Detected peptide sequences

nat] y-DOTA-MG11 None nat] -DOTA-pGlu-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH,
Neprilysin-1 nat| -DOTA-pGlu-Ala-Tyr-Gly | Trp-Met-Asp { Phe-NH,
Neprilysin-2 nat] -DOTA-pGlu-Ala-Tyr-Gly | Trp-Met-Asp-Phe-NH,
Cathepsin-B nat| -DOTA-pGlu-Ala-Tyr-Gly-Trp-Met-Asp + Phe-NH,
Cathepsin-C nat] -DOTA-pGlu-Ala-Tyr-Gly-Trp-Met | Asp-Phe-NH,
Cathepsin-L nat| -DOTA-pGlu-Ala-Tyr-Gly-Trp-Met | Asp-Phe-NH,
Cathepsin-S nat] -DOTA-pGlu-Ala-Tyr-Gly-Trp-Met-Asp I Phe-NH,

nat| y-DOTA-PP-F11 None nat| -DOTA-(pGlu)g-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH,
Neprilysin-1 nat| -DOTA-(pGlu)g-Ala-Tyr-Gly-Trp-Met-Asp | Phe-NH,
Cathepsin-L nat| -DOTA-(pGlu)s-Ala-Tyr-Gly-Trp-Met | Asp-Phe-NH,

nat| u-DOTA-PP-F11N None nat| y-DOTA-(pGlu)g-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH,
Cathepsin-L nat| y-DOTA-(pGlu)s-Ala-Tyr-Gly-Trp-Nle { Asp-Phe-NH,

| = cleavage site identified by liquid chromatography/mass spectrometry.
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TABLE 2
Bmax and Ky Estimated by Saturation Binding Experiments on Intact Cells

Parameter 177/nat y-DOTA-MG11 177/nat|_y-DOTA-PP-F11 177/mat_y-DOTA-PP-F11N
MZ-CRC-1*
Brmax (M) 0.83 + 0.05 1.21 £ 0.10 0.94 + 0.08
Kq (M) 342 + 4.6 33.6+7.0 312+ 6.9
A431-CCKR2(+)t
Bmax (M) 0.54 + 0.09 0.65 + 0.06 0.54 + 0.10
Ka (M) 45.6 + 15.4 41797 50.0 + 7.3

*n = 3 (triplicated).
Tn = 2 (triplicated).
Data are mean + SD.

Binding and Internalization Studies

Table 2 shows the maximum number of binding sites (B,.,) and
the dissociation constant (Ky) of all radiotracers in MZ-CRC-1 and
A431-CCK2R(+) cells. All 3 radiotracers showed higher By«
and slightly better affinity in the human-derived MZ-CRC-1 cells
than in the transfected ones (Bax, 0.8-1.2 vs. 0.54-0.65 nM, respec-
tively; Ky, 30-35 vs. 40-50 nM, respectively). No significant differ-
ences were observed among the radiotracers within the same cell line.

177Lu-DOTA-PP-F11N showed a 1.7-times-higher internaliza-
tion in MZ-CRC-1 cells (32.0% * 1.0%) than in '77Lu-DOTA-
MGT11 cells (18.9% = 0.1%) at 4 h (Supplemental Fig. 1). Both
radiotracers were almost exclusively internalized (<2% cell sur-
face bound), indicating agonistic properties.

Biodistribution Studies

The biodistribution results of 77Lu-DOTA-PP-F11N without
and with the enzyme inhibitors are in Table 3, and the correspond-
ing results of 77Lu-DOTA-MGI11 and '"7Lu-DOTA-PP-F11 are in

Supplemental Table 2. For direct comparison, the tumor, kidney, and
stomach uptake of all investigated combinations are in Table 4.

177Lu-DOTA-PP-F11N had the same uptake as !7’Lu-DOTA-PP-
F11 in all tissues and in A431-CCK2R(+) tumors, whereas it was
almost double in the MZ-CRC-1 tumors (20.7 = 1.71 vs. 11.2 + 2.94
%1A/g, P = 0.0002). Uptake in the kidneys was 5.75 * 1.56 %IA/g,
attributed to urinary excretion, followed by the CCK2R-positive
stomach (2.15 = 0.83 %IA/g). Uptake in all other tissues was low,
contributing to very low background radioactivity.

Significantly higher accumulation of all 3 radiotracers was found
in MZ-CRC-1 tumors than in A431-CCK2R(+) (Table 4). Uptake
in MZ-CRC-1 tumors was approximately double that in '77Lu-
DOTA-MG11 (3.17 £ 1.47 vs. 1.45 = 0.30 %IA/g, P = 0.0190)
and '77Lu-DOTA-PP-F11 (11.2 = 2.94 vs. 6.70 = 0.56 %IA/g, P =
0.0104) and up to 3 times higher than that in '7’Lu-DOTA-PP-F11N
(20.7 = 1.71 vs. 6.94 = 0.82% IA/g, P < 0.0001). The highest
uptake observed was for !7’Lu-DOTA-PP-F1IN in MZ-CRC-1
tumors.

TABLE 3
Biodistribution Results of '77Lu-DOTA-PP-F11N Without and With Phosphoramidon and Thiorphan in Nude Mice Bearing
A431-CCK2R(+) and MZ-CRC-1 Xenografts

Organ 177Lu-DOTA-PP-F11N 177 .y-DOTA-PP-F11N + phosphoramidon 177Lu-DOTA-PP-F11N + thiorphan
Blood 0.02 + 0.00 0.01 £ 0.00 0.01 + 0.00
Heart 0.02 £ 0.01 0.02 £ 0.01 0.02 + 0.02
Lung 0.04 + 0.02 0.05 £ 0.02 0.03 + 0.02
Liver 0.12 £ 0.02 0.07 £ 0.01 0.19 + 0.09
Pancreas 0.07 + 0.03 0.07 £ 0.02 0.06 + 0.03
Spleen 0.05 £ 0.03 0.02 £ 0.01 0.08 + 0.03
Stomach 2.15 + 0.83 2.15 + 0.55 2.68 + 0.80
Intestine 0.10 £ 0.08 0.09 £ 0.05 0.09 + 0.06
Kidney 5.75 £ 1.56 5.21 £ 0.78 6.29 £ 1.51
Muscle 0.04 £ 0.03 0.03 + 0.02 0.03 £ 0.02
Bone 0.22 £ 0.17 0.29 + 0.14 0.45 £ 0.35
A431-CCK2R(+) 6.94 + 0.82 8.53 £ 2.22 10.01 £ 2.78
MZ-CRC-1 20.68 + 1.71 15.56 + 3.80 21.82 + 417

Data are mean %IA/g £ SD (n = 5-6) 4 h after injection.
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TABLE 4
Tumor, Kidney, and Stomach Uptake of 3 Investigated Radiotracers Without or With Phosphoramidon or Thiorphan in Nude
Mice Bearing A431-CCK2R(+) and MZ-CRC-1 Xenografts

Radiotracer Control + Phosphoramidon P + Thiorphan P

177Lu-DOTA-MG11

A431-CCK2R(+) 1.45 £ 0.30 7.34 £ 1.64 <0.0001 5.38 £ 1.36 <0.0001

MZ-CRC-1 3.17 £ 1.47 17.24 £ 4.81 <0.0001 12.41 £ 4.20 0.0007

Kidneys 1.08 £ 0.15 1.36 £ 0.24 0.0056 1.33 £ 0.41 0.1465

Stomach 1.06 + 0.23 4.04 +0.74 <0.0001 3.05 £ 0.83 <0.0001
177Lu-DOTA-PP-F11

A431-CCK2R(+) 6.70 + 0.56 9.34 + 1.11 0.0014 8.68 + 1.18 0.0096

MZ-CRC-1 11.16 £ 2.94 19.72 £ 4.68 0.0085 8.09 + 2.17 0.1905*

Kidneys 4.30 + 0.56 5.50 £ 0.77 0.0008 6.56 + 0.86 <0.0001*

Stomach 2.18 £ 0.95 1.72 £ 0.22 0.3227 2.20 + 0.39 0.9628
177Lu-DOTA-PP-F11N

A431-CCK2R(+) 6.94 £ 0.82 8.53 £ 2.22 0.0855 10.01 £ 2.78 0.0114

MZ-CRC-1 20.68 + 1.71 15.56 + 3.80 0.0215 21.82 + 4.17 0.5868

Kidneys 5.75 + 1.56 5.21 +0.78 0.1346 6.29 + 1.51 0.0002*

Stomach 2.15+0.83 2.15 + 0.55 0.9979 2.68 + 0.80 0.1511

*Calculated using Mann-Whitney. P values are with reference to control group of each radiotracer.

Data are mean %IA/g + SD (n = 5-6) 4 h after injection.

Coinjection of phosphoramidon or thiorphan with '7’Lu-DOTA-
MGI11 increased the uptake in A431-CCK2R(+) tumors by a
factor of 5 and 3.7, respectively, and in MZ-CRC-1 tumors by a
factor of 5.4 and 3.9, respectively (Table 4). However, stomach
uptake was also increased (3.8-fold and 2.9-fold, respectively),
whereas kidney uptake remained unchanged. Less profound was
the effect of phosphoramidon on !'77Lu-DOTA-PP-F11, resulting
in an increase by a factor of only 1.4 in A431-CCK2R(+) tumors
and only 1.8 in MZ-CRC-1 tumors, whereas thiorphan resulted in
a slight improvement (1.3-fold in A431-CCK2R(+)) or even re-
duction (1.4 times in MZ-CRC-1) (Table 4). Kidney and stomach
uptake was not affected by the use of any of the inhibitors. In
contrast to these findings, phosphoramidon did not influence uptake
of '77Lu-DOTA-PP-F11N in A431-CCK2R(+) tumors (6.94 * 0.82
vs. 8.53 = 2.22 %IA/g, P > 0.05), whereas it even induced a re-
duction in MZ-CRC-1 xenografts (20.7 = 1.71 vs. 15.6 = 3.80 %
1A/g, P < 0.05). Thiorphan improved uptake in A431-CCK2R(+)
(6.94 = 0.82 vs. 10.0 = 2.78 %IA/g, P < 0.05) but not in MZ-CRC-1
(20.7 £ 1.71 vs. 21.8 = 4.17 %lA/g, P > 0.05). Interestingly, the
protease inhibitors increased the SD for uptake of all radiotracers,
compared with pure radiotracer injections.

NanoSPECT/CT Imaging and Autoradiography

NanoSPECT/CT images 4 h after injection of '”’Lu-DOTA-PP-
F11N (Figs. 1A and 1B) and '7’Lu-DOTA-PP-F11N + phosphor-
amidon (Figs. 1C and 1D) in MZ-CRC-1 and A431-CCK2R(+)
and dual xenografts showed a higher and more homogeneous
uptake in MZ-CRC-1 tumors than in A431-CCK2R(+).

In line with imaging, autoradiography indicated an inhomogeneous
distribution of '77Lu-DOTA-PP-F1IN in the A431-CCK2R(+)
xenograft, linked to central necrosis and hemorrhage (Figs. 2A—
2C), whereas MZ-CRC-1 tumors revealed a more uniform tumor
architecture and distribution (Figs. 2A-2C).
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First-in-Human Data

SPECT and SPECT/CT images revealed highly 7’Lu-DOTA-
PP-F11N-avid recurrent disease in the left thyroid bed and in 3
lymph node metastases (Figs. 3A and 3B), indicating sufficient
stability. The high stomach uptake was attributed to the high den-
sity of CCK2R located on enterochromaffin-like cells in the corpus

FIGURE 1. NanoSPECT/CT images of '77Lu-DOTA-PP-F11N without
(A and B) and with (C and D) coinjection of phosphoramidon in dual
tumor model using A431-CCK2R(+) xenograft (arrowhead) on right
shoulder and MZ-CRC-1 xenograft (arrow) on left shoulder. Maximum-
intensity projections (A and C) reveal low uptake in A431-CCK2R(+)
tumors and high uptake in MZ-CRC-1 tumors, even though SPECT/CT
images (B and D) reveal that tumor size is approximately the same. Very
low background and high image contrast were achieved, without signifi-
cant uptake in other excreting organs, besides kidneys (K). No difference
in tumor or organ uptake was noticed with and without phosphoramidon.
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FIGURE 2. Autoradiography and hematoxylin-and-eosin histology of
177 u-DOTA-PP-F11N in A431-CCK2R(+) (A-C) and MZ-CRC-1 (D-F) tu-
mors. Radiotracer distribution in A431-CCK2R(+) is inhomogeneous, with
low uptake in tumor core (A) that is linked to necrosis and hemorrhage (B and
C). Radiotracer distribution in MZ-CRC-1 is much more homogeneous (D),
and no relevant areas of necrosis or hemorrhage can be detected (E and F).

mucosa of the stomach. In addition, !”7Lu-DOTA-PP-F11N accu-
mulation was also seen in the colon, kidneys, and urinary bladder.
The tumor localizations were confirmed by '8F-DOPA PET/CT, the
current gold standard for imaging of metastasized MTC.

DISCUSSION

Radiolabeled gastrin analogs can potentially provide a long-
needed tool for diagnosis and therapy (theranostics) of MTC.
Peptide stabilization either chemically or in situ (/2) may deliver
a higher dose to the tumor; therefore, it is essential to know which
approach enhances the therapeutic effect and whether the combination
has a synergistic effect. We aimed to answer this question and to
optimize the therapeutic efficacy of radiolabeled gastrin analogs, fo-
cusing on 7’Lu-DOTA-PP-FI11N.

Several extracellular proteases have been suspected to degrade
gastrin and its analogs, with neprilysin being one of the main
enzymes (/16—19). We studied a panel of extracellular and intracel-
lular endoproteases, in addition to the published proteases. We con-
firmed that neprilysins cleave "™Lu-DOTA-MG11 between Gly-Trp
and Asp-Phe (/7). Asp-Phe cleavage from neprilysin-1 was also
found for "™Lu-DOTA-PP-F11. Interestingly, "™Lu-DOTA-PP-F11N
was not cleaved, possibly because of the replacement of methionine
by norleucine, making the peptide less of a substrate for the neprily-
sins. Despite in vitro indications that gastrin analogs with less than 2
Glu residues are angiotensin-converting enzyme—sensitive (/7), we
found no degradation with the (DGlu)g or (DGlu); analogs by angio-
tensin-converting enzyme 1 or endothelin-converting enzyme 1. Our
data are in line with Kaloudi et al. (/3), indicating that angiotensin-
converting enzyme is not involved in the catabolism of !!''In-
DOTA-MG11, probably because of the conjugation of "™Lu-DOTA
to D-glutamic acid. "Lu-DOTA-MGI11 was liable against the in-
tracellular cysteine proteases cathepsin-B and -C, whereas the 2
other analogs are protected, potentially because of the negatively
charged residues of the (DGlu)e extending their peptide sequence.
The same is true for the liability against cathepsin-S. However, all
analogs were found to be cleaved by cathepsin-L. These results
might be translatable into in vivo because proteolysis may also
happen intracellularly and adjacent to the tumor. Indeed, other clas-
ses of proteases are overexpressed by tumor cells; for example,
matrix metalloproteases, serine and cysteine proteases, such as ca-
thepsins, and their overexpression seem to play an important role in
cancer progression by facilitating tissue invasion (20-22). Our re-
sults suggest that the intracellular cysteine cathepsin-C and -L might
be involved in the degradation of the metallated gastrin analogs.

The MZ-CRC-1 tumors accumulated higher amounts of 177Lu-
DOTA-MG11, ""Lu-DOTA-PP-F11, and '77Lu-DOTA-PP-FI11N
than did the A431-CCK2R(+), as can be explained by their higher
Buax (1.5-1.9 times). Autoradiography showed that MZ-CRC-1
tumors, besides being higher, also have homogeneous "’Lu-DOTA-
PP-F11N uptake, compared with A431-CCK2R(+). The differences

among 7Lu-DOTA-MG11, !"7Lu-DOTA-
PP-F11, and '"’Lu-DOTA-PP-F11N within

the same xenograft model (MZ-CRC-1 or
A431-CCK2R(+)) are attributed mainly to
their varying in vivo stability. This possibil-
ity is supported by their similar K4 and B,

for each individual cell line. However, in
vitro internalization studies indicate higher
internalization of !77Lu-DOTA-PP-F11N
in MZ-CRC-1 cells than in the reference
177Lu-DOTA-MG11, a finding that may also
argue for its better performance. The hu-
man-derived MTC cell line MZ-CRC-1 is
used for first time in the in vivo evaluation
of gastrin analogs. The findings are signifi-
cant because this tumor model might be

FIGURE 3. Patient with metastatic MTC, whole-body SPECT (A) and transaxial SPECT/CT (B)
images 24 h after injection of 1,071 MBq of '77Lu-DOTA-PP-F11N; contrast medium-enhanced
transaxial CT image (C); and transaxial PET/CT (D) and whole-body PET (E) images 30 min after
injection of 230 MBq of '8F-DOPA. Dashed lines indicate level of transaxial slices. SPECT and
SPECT/CT show highly 177Lu-DOTA-PP-F11N-avid recurrent disease in left thyroid bed (arrow-
head), 2 retropharyngeal lymph node metastases (black arrows) and 1 right supraclavicular lymph
node metastasis with diameter of 1 cm (white arrow). This finding was confirmed by CT and '8F-
DOPA PET/CT. Whole-body SPECT shows additional '77Lu-DOTA-PP-F11N accumulation in

stomach (S), kidneys (K), colon (C), and urinary bladder (U).
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more realistic and closer to the MTC in
humans.

The use of protease inhibitors has a signif-
icant impact on the in vivo stability and
tumor uptake of highly unstable gastrin-based
radiotracers, such as !77Lu-DOTA-MGl1.
However, this effect cannot be documented
for stabilized analogs such as !7’Lu-DOTA-
PP-F1IN. In addition, it is possible that
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phosphoramidon has an influence not only on intravascular neprilysin
but also on the xenografted tumor itself. It was shown that phosphor-
amidon lowers tumor cell invasion and growth by altering the balance
between proteolysis and protease inhibition in the processes of the
extracellular matrix (23). Importantly, the highest tumor uptake was
found for the 7’Lu-DOTA-PP-F11N in MZ-CRC-1 tumors, without
using any inhibitor, reaching an uptake similar to the one achieved by
177Lu-DOTA-MGI11 + phosphoramidon and '77Lu-DOTA-PP-F11 +
phosphoramidon. Regarding tumor-to-kidney ratio, !7’Lu-DOTA-
MGI11 + phosphoramidon performed better (17’Lu-DOTA-MG11
+ phosphoramidon [12.6] > 177Lu-DOTA-PP-F1IN = 177Lu-
DOTA-PP-F11+phosphoramidon [3.6], considering the MZ-CRC-1
tumor). Our new findings, including the data of the reference radio-
tracers 77Lu-DOTA-MG11 and "7Lu-DOTA-PP-F11, are in line with
the literature reporting on ''""In-DOTA-MGI11 and !'''In-DOTA-PP-
F1IN (I13,24). In addition, they indicate that the radiometal is not
influencing the in vivo uptake of radiolabeled gastrin analogs, as seen
with other radiopeptides.

The results of this study were encouraging regarding the clinical
translation of this radiotracer, as its potential might be higher than
expected. A phase O clinical study (LUMED) currently ongoing in our
hospital is investigating the ability of 7’Lu-DOTA-PP-F11N to visual-
ize MTC metastases in a small cohort of MTC patients. We found high
177Lu-DOTA-PP-F1 1N accumulation in the tumors, kidneys, and stom-
ach. The high gastric uptake might spotlight this organ as a potential
dose-limiting factor besides the kidneys. Taking this into consideration,
the superiority of the combination 17’Lu-DOTA-MG11 + phosphora-
midon based on tumor-to-kidney ratio is compensated by the superiority
of 177Lu-DOTA-PP-F11N in terms of tumor-to-stomach ratio (4.3 vs.
9.6, respectively, in xenografts). Importantly, potential side effects (es-
pecially long-term) of protease inhibitors, and especially of neprilysin
inhibitors, are not well understood and, for example, could potentially
interact with the development of Alzheimer disease and cancer (25).

CONCLUSION

177Lu-DOTA-PP-F11N reaches a tumor uptake that '”’Lu-DOTA-
MGI1 can achieve only in combination with inhibitors. The appli-
cation of single radiotracers in humans without additives is less
demanding and facilitates clinical translation, licensing, and clinical
acceptance. Moreover, the use of enzyme inhibitors considerably
increases the stomach uptake, which might be relevant as indicated
by first clinical results. Therefore, chemical stabilization is preferable
over in situ stabilization, whereas a synergistic effect, if any, when
combining both approaches is limited for highly stabilized analogs.
The potential side effects of inhibitors and their unknown effects on
the tumor microenvironment further support the use of stabilized
radiotracers as first choice. The outcome of this study is relevant
for different peptide families and their clinical translation.
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