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Short running title: Exendin-4 for insulinoma therapy



ABSTRACT

Being highly expressed in insulinomas, the glucagon-like peptide-1 receptor (GLP-
1R) is a potential target for diagnosis, localization and treatment with the
radiolabeled GLP-1R agonist exendin. Tracer accumulation in the kidneys, however,
hampers accurate diagnostic visualization of pancreatic tissue and prohibits the
therapeutic application of radiolabeled exendin for beta-cell-derived tumors.
Therefore, we evaluated the ability of succinylated gelatin (Gelofusine) to reduce the
renal accumulation of radiolabeled exendin in humans and we performed dosimetric
calculations to estimate the maximum absorbed insulinoma dose that could be
achieved when exendin would be used for peptide receptor radionuclide therapy.
Methods: Ten healthy volunteers received 50 MBq !!!In-exendin-4, in combination
with Gelofusine or saline in a crossover design. SPECT/CT images were obtained
after 24 hours. The procedure was repeated three weeks later. Uptake of !!lIn-
exendin was determined by drawing regions of interest around the kidneys and in
the pancreas. Planar scintigraphic ''In-exendin images of five insulinoma patients
were used for dosimetry studies estimating the maximum insulinoma absorbed dose
that could be achieved without causing radiotoxicity to other organs.

Results: Gelofusine reduced the renal accumulation of '*'In-exendin-4 with 18.1%,
whereas the pancreatic uptake remained unchanged. In 3 out of 10 subjects, the
kidney uptake was reduced to such an extent that the pancreatic tail could be better
discriminated from the kidney signal. Dosimetric estimations suggested that the
insulinoma absorbed dose ranges from 30.3-127.8 Gy. This dose could be further
increased to maximally 156.1 Gy when Gelofusine would be used.

Conclusion: We have shown that Gelofusine can reduce the renal accumulation of
111n-exendin-4 in humans. This reduction does not only allow more accurate

qualitative and quantitative analyses of radiolabeled exendin uptake in the tail region



of the pancreas, but it also potentiates the safe delivery of a higher radiation dose to
GLP-1R positive tumors for therapy.
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INTRODUCTION

Insulinomas are rare neuroendocrine tumors arising from pancreatic beta-cells (1).
The majority of patients with insulinomas experience hypoglycemic events due to
uncontrolled insulin secretion. To date, surgery is the only curative treatment.
However, in approximately 10% of the cases, patients have multiple lesions or
metastatic disease, hampering successful surgical intervention (2). Therefore,
preoperative localization of the lesions is critical.

Since insulinomas are typically very small (<1 cm), conventional imaging
methods as MR imaging, CT, or endoscopic ultrasound, often experience difficulties
to exactly localize the smallest lesions (3). Through the development of radiolabeled
peptide ligands, such as somatostatin analogues, nuclear imaging techniques have
now become available to detect small insulinoma lesions with a higher sensitivity
compared to conventional techniques (4-7). Diagnosis can be followed by
personalized treatment using these analogs, labeled with e.g. yttrium-90 or lutetium-
177 (8). Encouraging clinical results (8-11) advocate somatostatin peptide receptor
radionuclide therapy (PRRT) as an alternative treatment strategy for patients with
unresectable or metastatic insulinomas (10,12,13).

However, in about 40% of the benign and 30% of the malignant insulinomas,
the expression of the somatostatin receptor is absent or too low for efficient
targeting (11,14). Interestingly, most somatostatin receptor negative insulinomas do
express the glucagon-like peptide-1 receptor (GLP-1R), often in high density (11).
Several studies have demonstrated the feasibility to target GLP-1R with radiolabeled
exendin-4 (6,11,15-17), a synthetic, metabolically more stable peptide analogue of
GLP-1. However, a critical concern remains the high kidney uptake. This concern is
twofold: as the tail of the pancreas is in close proximity to the left kidney,

localization and quantification of radiolabeled exendin-4 in the tail is hampered due



to signal spillover from the left kidney; and the high kidney uptake limits the
applicability of exendin-4 for PRRT.

One approach to reduce renal accumulation of radiolabeled peptides, is to
infuse succinylated gelatin (Gelofusine) (18). In preclinical animal models, Gelofusine
efficiently reduced the renal accumulation of radiolabeled peptides, including exendin
(19,20). The goal of this study was to investigate whether Gelofusine can also reduce
the renal uptake of '!In-labeled exendin-4 in humans and to perform dosimetric
calculations to estimate the impact of Gelofusine on kidney, islet and tumor radiation
dose. With this data we aimed to estimate the maximum radiation dose that could be
safely administered without causing radiotoxicity to normal organs when labeled with

lutetium-177.

MATERIALS AND METHODS
Subjects

Eleven healthy volunteers were recruited for this study (5 men, 6 women), of
whom one female participant withdrew consent. Participants were eligible when >18
years old, with a percentage of glycated hemoglobin (HbA;.) of < 7%, and a normal
renal function (creatinine clearance >90 mL/min by the Cockcroft and Gault
formula). Exclusion criteria included heart or liver failure, hypertension, pregnancy,
lactation, known hypersensitivity to Gelofusine or exendin, or a history of
anaphylaxis. Written informed consent was obtained from all study participants in
accordance with provisions of the Declaration of Helsinki, and the study was
approved by the Institutional Ethics Review Board of the Radboud university medical
center (ClinicalTrials.gov humber: NCT02541734). Patient characteristics are listed in

Supplemental Table 1.

Study Design



To study the effect of succinylated gelatin (Gelofusine (GELO), Braun, Oss, The
Netherlands) on the renal accumulation of *'In-labeled exendin-4, we performed a controlled
cross-over trial with two arms (Figure 1). For each arm, two series of measurements were
obtained; an *In-labeled [Lys*°(Ahx-DTPA)]exendin-4 SPECT/CT with saline (0.9% NaCl)
(SALINE) and an '''In-labeled exendin-4 SPECT/CT with Gelofusine (GELO).

1lln-labeled [Lys*°(Ahx-DTPA)]exendin-4 was prepared as previously
described (16). The day prior to imaging, participants were asked to drink at least 2
L of water and avoid the consumption of coffee, cola, and tea. Subjects fasted for at
least 4 h before '!'In-labeled [Lys*’(Ahx-DTPA)]exendin-4 injection (50MBq). Blood
pressure and heart rate were monitored prior to, and 5, 15, 30, 60, 120, 180, and
240 min after infusion. Blood samples were obtained from an intravenous catheter in
the contralateral arm at 2, 10, 20, 40 min before and at 1, 2, 3, and 24 h after
injection. Urine was collected for 24 h in two 3-h intervals, followed by a 6- and 12-h
interval. Radioactivity in blood and urine was measured with an automatic y-counter
(2480-Wizard; Perkin-Elmer, Groningen, The Netherlands). Blood glucose was

measured prior to, and 15 min after tracer injection.

SPECT Acquisition and Reconstruction

24 h after tracer injection, SPECT images were acquired using an integrated
SPECT/CT scanner (Symbia T16, Siemens Healthcare, IL, USA) and reconstructed as
described previously (16). A fixed radius of rotation (25 cm) and bed height (12 cm)

was applied.

Image Analysis
To determine the kidney uptake, a threshold-based volume of interest (VOI)
was drawn around the kidneys in the SALINE scan, including 80% of the hottest

voxels, using the Inveon Research Workplace software (Siemens Inc, Munich,



Germany). This same VOI was used to determine the kidney uptake in the GELO
scan.

To determine pancreatic uptake, 2 small spherical VOIs were drawn in the
pancreas as described previously (16). The pancreatic uptake was presented as the
mean of the counts/mm?® of both VOIs. For background correction, identical VOIs

were placed in the liver.

Dosimetric Calculations

To investigate the potential of !”’Lu-labeled exendin for insulinoma treatment,
dosimetric calculations were performed using our macro- and small scale-dosimetry
model (21). The time integrated activity coefficients (TIAC) and dose rate S-values of
the kidneys, pancreas, islets and the remainder of the body were determined
previously (21). These values were corrected for the longer half-life of lutetium-177
as compared to indium-111, assuming similar biodistribution of the **In- and *’’Lu-
labeled compound. As previously described (21), for the macro- and small scale-
dosimetry model the average TIAC of five healthy volunteers was used as input. For
simulation of humans with “high” or “low” kidney uptake, the maximum and
minimum TIAC of these five volunteers was used, respectively.

To obtain the TIAC of insulinomas, we analyzed !''In-DOTA-exendin-4 planar
whole-body scintigraphic images of five patients with an insulinoma acquired at
various time-points after injection (Supplemental Table 2). These scans were
obtained at the university hospital in Basel, Switzerland, and have previously been
published (11,22). Regions of interest were manually drawn around the insulinomas
on both the anterior and posterior scans. Corresponding background regions were
placed close to the regions of interest for background correction. Activity
concentrations were evaluated assuming a uniform distribution in the tumor. The

geometric mean obtained from the anterior and posterior views was corrected for



attenuation using the conjugate view method. The total whole body counts
(geometric mean between anterior and posterior view) acquired 20 min after
injection of the tracer was set as 100% injected activity, providing a “calibration
factor” between counts and activity for planar recordings. The activity concentrations
were expressed as percentage injected activity and corrected for the longer half-life
of lutetium-177. All dosimetric evaluations were done with OLINDA/EXM software
v1.1 (23) using the whole-body adult female and male model as well as the weighing
factors recommended by the ICRP publication 60 (23). The area under the curve was
determined, assuming only physical decay after the last measured time point. The
insulinoma absorbed dose was calculated using the sphere model of OLINDA/EXM
(24). Tumor mass was estimated based on diameter measurements, assuming a
tumor density of 1 g/cm?>.

The maximum absorbed dose that could be safely delivered to the insulinoma
without causing radiotoxicity to normal organs was defined as the dose that would

lead to a maximum absorbed kidney dose of 23 Gy (25).

Statistical Analysis

Statistical analyses were performed using SPSS v.22 (SPSS, Chicago, IL,
USA). Results were presented as mean * standard deviation (SD). P-values<0.05
were considered statistically significant. An a priori power analysis was performed for
the primary outcome measure (kidney uptake) based on our previous (pre)clinical
studies using ''In-labeled exendin-4 (16,19,26). A decrease in anticipated kidney
uptake of 10% was considered clinically relevant. Two groups of 10 participants each
would allow a statistical power of 0.80 (paired data, SD=10%, a=0.05, p=0.5). After
data collection, normality of the distributions was assessed using the Shapiro-Wilk
test. Between-group differences were analyzed by ANOVA. Differences in organ

uptake between SALINE and GELO scans were analyzed using GLM univariate



repeated-measures procedures with GELO and SALINE as the within-subject factor
and the sequence of the scans as the between-subject factor. The activity curves of

the blood and urine were analyzed with mixed-model ANOVA with Bonferroni post-

hoc test.



RESULTS

Gelofusine Significantly Reduces Kidney Uptake of Radiolabeled Exendin-4

To determine whether co-administration of GELO could significantly reduce
the kidney uptake of *!'In-labeled exendin-4, ten healthy subjects were assigned to
one of two groups (SALINE-GELO or GELO-SALINE) in a crossover design. Relevant
parameters as creatinine clearance and HbA;. did not significantly differ between
both groups (p=0.4 and p=0.6, respectively). The infusion of saline, Gelofusine and
exendin did not cause any side effects.

Representative !'In-labeled exendin-4 SPECT/CT scans of the kidneys and
pancreas are depicted in Figure 2A-B, 2D-E with three-dimensional projections
shown in Figure 2C,F. In all subjects, infusion of Gelofusine reduced the renal
uptake of *!In-labeled exendin-4 (Figure 2G) (F;s=136.9, p=0.000003) with a mean
reduction of 18.1 * 4.2%, whereas the activity concentration in the pancreas
remained unchanged (F;5=1.196, p=0.3) (Figure 2H). In 3 out of 10 subjects, the
kidney uptake was reduced to such an extent that the pancreatic tail could be more
clearly discriminated from the kidney signal (Figure 2C,F). There was no evidence
that the sequence of saline or Gelofusine infusion had an effect on this outcome
(F1,8=0.102, p=0.8). Parallel to the reduction in kidney uptake, we observed a
significantly higher cumulative excretion of '!In-labeled exendin-4 in the urine after
Gelofusine infusion (Figure 2I). The blood clearance of *'In-labeled exendin-4 was
significantly reduced in the first ten minutes when co-infused with Gelofusine (Figure

21), but this did not influence pancreatic uptake.

Gelofusine Potentiates Higher Exendin Injection Dose
As the GLP-1 receptor is abundantly expressed in most insulinomas (14), we

hypothesized that exendin may be a suitable candidate for PRRT when labeled with
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lutetium-177. To estimate the radiation dose that can be delivered to insulinomas
using '”’Lu-labeled exendin, we determined the TIAC of benign and malignant
insulinomas based on planar scintigraphic images of five patients after injection with
either ' In-DOTA- or *In-DTPA-exendin-4 (Supplemental Table 2 and Table 1). The
conversion of ''In-labeled exendin-4 to ’’Lu-labeled exendin-4 was conducted
under the assumption that the biodistribution pattern of the tracer is not affected by
chelator or radiometal cation type. Based on the TIAC of the kidneys, pancreas and
islets previously reported (21), we could estimate the tumor and islet radiation dose
using our macro- and small scale-dosimetry model (21).

Since the kidneys are the dose-limiting organs in case of exendin (21), we
calculated the highest activity that could be administered, and the concomitant
absorbed insulinoma and islet doses that would result in the maximum allowed
absorbed kidney dose of 23 Gy (25) for a male or female with a “low” or “high”
kidney uptake (Table 1). For simulation with “high” or “low” kidney uptake, the
maximum and minimum observed TIAC of the kidneys was used, respectively. In the
most favorable situation (male with a low kidney uptake), the maximum activity that
could be administered was 1.79 GBq, resulting in an absorbed insulinoma dose
ranging from 54.2 Gy to 127.8 Gy. In the least favorable situation (female with a
high kidney uptake), the injection activity could only be 1.04 GBq with a concomitant
absorbed dose ranging from 30.3 Gy to 74.1 Gy (Table 1). The maximum absorbed
islet radiation dose (diameter islets: 400 um) varied between 2.6 and 4.8 Gy.

As Gelofusine effectively reduced the kidney uptake of '!!In-labeled exendin,
protection of the kidneys allows a higher maximum injection activity. If we assume
that the observed reduction would be similar for ”’Lu-labeled exendin and that
Gelofusine does not interfere with the activity accumulation in other tissues, the

maximum activity that could be injected was 2.18 GBq (Table 1). In these cases, the
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highest estimated absorbed insulinoma dose would be 156.1 Gy and the maximum

islet dose would remain below 5.9 Gy (Table 1).

DISCUSSION

In line with previous results in rodents (19,20,29), we now demonstrate that
Gelofusine can substantially reduce the renal accumulation of !!!In-labeled
[Lys**(Ahx-DTPA)]exendin-4 in humans. With a mean reduction of 18.1%, the kidney
uptake becomes sufficiently low to better discriminate the pancreatic tail from the
kidney signal. This reduction does not only allow more accurate analyses of GLP-1R
expression in the tail region of the pancreas, but it also potentiates the safe delivery
of a higher radiation dose to GLP-1R positive tumors in case of PRRT.

PRRT is considered an alternative therapy in case of unresectable, or
multifocal insulinomas with metastasis. Even if complete remission would not be
feasible, this therapy could improve progression-free and overall survival, normalize
blood glucose levels and prevent recurrent episodes of severe hypoglycemia. Our
preliminary estimation of the insulinoma absorbed dose predicts a dose between
30.3 and 127.8 Gy can be safely delivered to the insulinoma; an absorbed dose
range shown to induce tumor shrinkage in pancreatic neuroendocrine tumors treated
with *”’Lu-labeled DOTATATE (34). Here we show this dose could be further
enhanced when Gelofusine is used to protect the kidneys.

An important factor often neglected is the islet absorbed dose. Reports usually
present the pancreatic absorbed dose (35), but since this approximation assumes
homogeneous tracer distribution, this dose underestimates the radiation dose to the
islets of Langerhans. Using our dedicated macro- and small scale- dosimetry model
(21), we estimated that the islet absorbed dose for islets with a diameter of 400 pm

would be below 5.9 Gy. As most human islets have a diameter between 50 and 100
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Hm (36), the islet absorbed dose for most islets would be lower. Although the exact
radiation dose causing islet damage is unknown, we do know that 4.6% of the
children who received a pancreatic dose of 4.4 £ 8.7 Gy with radiation therapy
developed diabetes by the age of 45 years (37). As most insulinoma patients are
adults, we believe that the risk to develop diabetes is sufficiently low, especially
considering the potentially life-threatening symptoms if the insulinomas can not be
surgically removed.

The only other study that performed dosimetric estimations for *’’Lu-labeled
exendin, reports an absorbed insulinoma dose of 0.70 mGy/MBg with a maximum
administrable activity of 3.7 GBq (35). This is in marked contrast with our
observation that the insulinoma dose varies between 29.3 - 71.6 mGy/MBq with a
maximum administrable activity between 1.04 - 1.79 GBq. The discrepancy between
both studies may be explained, at least to some extent, by methodological
differences.

First of all, the reported time-integrated activity coefficients determined by
Velikyan et al. were based on biodistribution studies of '”’Lu-DO3A-VS-Cys40-
Exendin-4 in rats which were extrapolated to the human setting, and one ®%Ga-
DO3A-VS-Cys40-Exendin-4 PET/CT scan in a patient for the quantification of the
insulinoma dose. However, it has been reported for other radiolabels that
extrapolated rat data underestimates the TIAC of the kidneys by a factor of 1.8 (38),
which could explain why Velikyan et al. report a higher tolerated activity dose. Also
other time-points have been used to estimate the TIAC. In our case the last planar
scintigraphic image was taken either 70 or 120 h after injection, whereas Velikyan et
al. performed rat biodistribution studies up to 336 h after injection (35). After the
last time-points both studies assumed that further decline in radioactivity occurs due

to physical decay without further biological clearance. Therefore, our TIAC may even
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be overestimated, underestimating the radioactivity dose that can be safely
administered.

Secondly, the chelator and radiolabel vary between both studies. For the
dosimetric calculations in our study, the data was only corrected for the longer half-
life of Ilutetium-177. Based on studies that directly compared biodistribution
characteristics of peptides functionalized with different chelators and labeled with
various isotopes, we know that both the chelator (39-41) and the radiolabel (41,42)
can influence the receptor affinity and biodistribution features of the tracer, which
may explain the differences reported in both studies. However, since our preclinical
studies demonstrate that the use of chelators as DTPA and DOTA, a potential
chelator for lutetium-177 (43), does not affect the biodistribution of exendin, we
assumed similar biodistribution characteristics between DOTA- and DTPA-exendin
tracers in humans.

Thirdly, we estimated the absorbed insulinoma dose based on whole-body
planar images, whereas the results of Velikyan et al. were based on a ®®Ga-exendin
PET scan (35). As planar imaging detects radiation emanating from activity at all
depths of the subject, the tumor, as well as surrounding background tissue,
contribute to the detected counts. Although the background uptake of radiolabeled
exendin is low, we potentially overestimated the absorbed insulinoma dose.

The predicted insulinoma absorbed dose we describe here closely resembles
the dose range previously shown to successfully treat pancreatic neuroendocrine
tumors with ”’Lu-labeled DOTATATE (34). These initial results suggest that GLP-1R
targeting may be an interesting treatment strategy for patients with unresectable or
metastatic insulinomas that are somatostatin receptor negative, especially since
most somatostatin receptor negative insulinomas do express GLP1R (11). However,
given the high inter-patient variability in GLP-1R expression (11,14), insulinoma size,

and kidney uptake (21), we do recognize that the absorbed tumor and organ doses
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may vary considerably between individuals and studies with low-dose '”’Lu-labeled

exendin-4 are warranted to extend these preliminary observations.

CONCLUSION

Gelofusine substantially reduces the renal accumulation of radiolabeled
exendin-4 in humans, potentiating the safe administration of clinically relevant

injection activities for exendin-based PRRT.
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Tables

Table 1: Dosimetry calculations for ”’Lu-labeled exendin

Low kidney uptake High kidney uptake
Patientl Patient2 Patient3 Patient4 Patient5 Patient1 Patient2 Patient3 Patient4 Patient5
M F M F M F M F M F M F M F M F M F M F
TIAC insulinoma | 0.44 044 | 0.81 | 0.81 | 0.65 0.65 | 0.62 | 0.62 | 0.96 096 | 044 | 0.44 | 0.81 | 0.81 | 0.65 | 0.65 ] 0.62 | 0.62 | 0.96 | 0.96
h
Kidney d(gsg 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23
(Gy)
Max. inj. activity | 1.79 1.64 | 1.79 | 1.64 | 1.79 1.64 | 1.79 | 1.64 | 1.79 1.64 | 1.12 | 1.04 | 1.12 | 1.04 | 1.12 | 1.04 | 1.12 | 1.04 | 1.12 | 1.04
- (GBq)
gé Insulinomazi((})si 127.8 | 117.4 | 542 | 48.0 90 827 | 785 | 72.2 | 112.2 | 103.1 | 80.2 | 74.1 | 329 | 303 | 56.5 | 52.2 | 493 | 45,5 | 70.7 | 65.1
- Y
2 6 Islet dose 4.0 4.8 4.0 4.8 4.0 4.8 4.0 4.8 4.0 4.8 2.6 3.0 2.6 3.0 2.6 3.0 2.6 3.0 2.6 3.0
Gy)
Max. inj. activity | 2.18 2.01 | 2.18 | 2.01 | 2.18 2.01 | 2.18 | 2.01 | 2.18 2.01 138 | 1.26 | 1.38 | 1.26 | 1.38 | 1.26 | 1.38 | 1.26 | 1.38 | 1.26
£ (GBq)
§§ Insulinoma dose | 156.1 | 143.6 | 63.8 | 58.7 ] 109.9 | 101.1 | 95.9 | 88.2 | 137.0 | 126.0 | 98.5 | 90.2 | 40.2 | 369 | 69.3 | 63.5 | 60.5 | 554 | 86.4 | 79.2
= 2 (Gy)
6 Islet dose 4.9 5.8 4.9 5.8 4.9 5.8 4.9 5.8 4.9 5.8 3.1 3.7 3.1 3.7 3.1 3.7 3.1 3.7 3.1 3.7
Gy)

(M=male, F=female, input parameters for the model: islet size: 400 um, percentage of islets in the pancreas: 2%).
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Figure 1. Time-line of the cross-over trial
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Figure 2. Quantitative analysis of kidney and pancreatic uptake of !!'In-labeled
exendin-4 in SPECT/CT scans. SPECT/CT images (A,B,D,E) were obtained 24 hours
after *In-exendin injection, co-infused with saline (A,B) or Gelofusine (D, E). In 3
out of 10 patients, 3D projections of the SPECT images (C, F) demonstrated that the
pancreas could be more clearly discriminated from the kidney signal after Gelofusine
injection (white arrow) (F). Kidney uptake of *!'In-labeled exendin-4 was significantly

reduced after administration Gelofusine (G) whereas the activity concentration in the
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pancreas remained the same (H). Clearance of !!!'In-labeled exendin-4 was

determined in the urine (I) and in the blood (J). *p<0.05, **p<0.01.
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Supplemental table 1: Characteristics of healthy volunteers

SALINE- GELO-
GELO SALINE
Age (years) 29.0+9.3 19.8+0.4
Sex (m/f) 3/2 2/3
BMI (kg/m®) 214+14 203+34
HbA 1c¢ (mmol/mol) 346+1.9 352+2.0
Creatine clearance (cc/min) 116 £ 27 106 £ 15

Supplemental table 2: Characteristics of insulinoma patients

Insulinoma type Tumor O Scan time Tracer Injection dose
(mm) (h) (MBq(ug))
Patient1 Benign 10 0.33,4,22,70 DOTA- 89(30)
exendin
Patient2 Benign 17 0.25, 3.5, 24, DOTA- 97(30)
70 exendin
Patient3 Benign 13 0.33, 3.5, 96 DOTA- 90(30)
90/30 exendin
Patient4 Malignant 15 0.25,3.5,22, DOTA- 145(20)
120 exendin
Patient5 Malignant 14 0.25,3.5, DTPA- 145(10)
21.5,120 exendin
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