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Abstract

Aim The zinc transporter 8 (ZnT8) has been suggested as
a suitable target for non-invasive visualization of the func-
tional pancreatic beta cell mass, due to both its pancreatic
beta cell restricted expression and tight involvement in insu-
lin secretion.

Methods In order to examine the potential of ZnT§ as a
surrogate target for beta cell mass, we performed mRNA
transcription analysis in pancreatic compartments. A novel
ZnTS8 targeting antibody fragment Ab31 was radiolabeled
with iodine-125, and evaluated by in vitro autoradiography
in insulinoma and pancreas as well as by in vivo biodistribu-
tion. The evaluation was performed in a direct comparison
with radio-iodinated Exendin-4.

Results Transcription of the ZnT8 mRNA was higher in
islets of Langerhans compared to exocrine tissue. Ab31 tar-
geted ZnT8 in the cytosol and on the plasma membrane with
108 nM affinity. Ab31 was successfully radiolabeled with
iodine-125 with high yield and > 95% purity. ['*I]Ab31
binding to insulinoma and pancreas was higher than for [12I]
Exendin-4, but could only by partially competed away by
200 nM Ab31 in excess. The in vivo uptake of ['1]1Ab31

Managed by Massimo Porta.

P< Mohamed Altai
mohamed.altai @igp.uu.se

Department of Medicinal Chemistry, Uppsala University,
751 83 Uppsala, Sweden

Rudbeck Laboratory, Department of Immunology, Genetics
and Pathology, Uppsala University, 75185 Uppsala, Sweden

3 Mellitech SAS, 38028 Grenoble, France

Present Address: Innovative Medicines and Early
Development Biotech Unit (IMED Biotech), AstraZeneca
AB, 431 50 Molndal, Sweden

was higher than ['*’I|Exendin-4 in most tissues, mainly due
to slower clearance from blood.

Conclusions We report a first-in-class ZnT8 imaging
ligand for pancreatic imaging. Development with respect to
ligand miniaturization and radionuclide selection is required
for further progress. Transcription analysis indicates ZnT8
as a suitable target for visualization of the human endocrine
pancreas.

Keywords Beta cell imaging - Zinc Transport type 8 -
Type 2 diabetes - Imaging - Ab31 - Islet imaging

Introduction

The zinc transporter 8 (ZnT8, product of the solute carrier
family 30 member 8 (SLC30A8) gene) has been suggested
as a suitable target for non-invasive visualization of the func-
tional pancreatic beta cell mass [1, 2].

ZnT8 is a member of the ten zinc transporters family that
catalyzes the extrusion of Zn** from the cell cytosol into
the extracellular space or intracellular organelles. Insulin is
stored within secretory vesicles, crystallized as zinc-insulin
hexamers. ZnT8 is thus mostly expressed on the insulin
granules, as well as on the plasma membrane [3]. It is highly
evolutionary conserved with a 98% amino acid homology in
rodents and non-human primates to human ZnT8 [4].

ZnT8 is required by the beta cell for correctly storing of
insulin molecules within the intracellular vesicles [5]. ZnT8
deficiency leads to diabetes like pathology in mice on high-
fat diet, showing the importance of ZnT8. ZnT8 deficiency in
mice fed standard diet, however, did not affect body weight,
fasting b-glucose nor insulin sensitivity, but impaired the
response to glucose tolerance test [6]. The presence of ZnT8
autoantibodies has been shown to predict development of

@ Springer


http://orcid.org/0000-0002-7485-3415
http://crossmark.crossref.org/dialog/?doi=10.1007/s00592-017-1059-x&domain=pdf

50

Acta Diabetol (2018) 55:49-57

T1D [7], and genetic variations in the SLC30AS8 locus have
been linked to susceptibility to type 2 diabetes [8, 9]. Pres-
ence of ZnT8 therefore seems tightly connected to several
processes involved in the normal physiology of the beta cell.

Reports reveal that ZnT8 expression is restricted to the
islets of Langerhans, and in particular the beta cells [3, 5,
10]. On this basis, ZnT8 has thus been suggested as a theo-
retically interesting target for human beta cell imaging. The
main obstacle for pursuing this avenue has been the lack
of available ligands suitable for radiolabeling. Mono- and
polyclonal antibodies targeting ZnT8 epitopes will have slow
biodistribution and necessitate labeling with radionuclide
with several days of half-life where the associated radiation
dose to healthy individuals and individuals with diabetes
would be unacceptable.

Recently, several small antibodies targeting one of the
ZnTS8 loops that become accessible to the beta cell mem-
brane during insulin-secreting events have been generated.
Antibody screening was performed on non-permeabilized
cells, suggesting that the generated antibodies can reach the
ZnT8 protein at the cell surface. Antibody evaluation and
miniaturization identified a lead compound Ab31, an anti-
body F(ab) targeting the loop 2 (ACERLLYPDYQIQATYV)
of human ZnTS8, suitable for imaging studies.

Here, we present a first-in-class ZnT8 radioligand for
pancreatic imaging, evaluated in a direct comparison with
radio-iodinated state-of-the-art Exendin-4.

Materials and methods
Transcription of SLC30AS8 in pancreatic compartments

RNA preparation and analysis were conducted within the
Human Protein Atlas project [http://www.proteinatlas.org/].
Isolated human islet and exocrine preparations from five
donor pancreases stored in —70 °C, as well as fresh fro-
zen pancreatic tissue embedded in OCT compound (Sakura
Finetek, Alphen aan den Rijn, The Netherlands) was used
as source of RNA. The use of human tissues was approved
by the Uppsala Ethical Review Board (#2011/473, #Ups
02-577), and tissues were obtained from Uppsala Biobank.

RNA was extracted using the RNeasy mini kit (Qiagen)
according to the manufacturer’s instructions. Disruption was
conducted using a 3-mm steel grinding ball (VWR, Radnor,
PA) and vortexing. Concentration and RNA integrity (RIN)
were determined by Qubit 2.0 Fluorometer (Life Technolo-
gies) and Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA), respectively. Purity of the samples was
confirmed by an A260/A280 value over 2.0 using NanoDrop
(Thermo Scientific, Wilmington, DE). Samples with RIN
values above 7.5 were sequenced by Illumina HiSeq 2000
and 2500 (Illumina, San Diego, CA) using the standard
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Ilumina RNA-Seq protocol with a read length of 2 X 100
bases.

The raw reads obtained from the sequencing system were
trimmed for low quality ends with the software sickle [11],
using a Phred quality threshold of 20. All reads shorter than
54 bp after the trimming were discarded. The processed
reads were mapped to the GRCh37 version of the human
genome with Tophat v2.0.3 [12]. Potential PCR duplicates
were eliminated using the MarkDuplicates module of Pic-
ard 1.77 [13]. To obtain quantification scores for all human
genes, FPKM (fragments per kilobase of exon model per
million mapped reads) values were calculated using Cuf-
flinks v2.0.2 [14], which corrects for transcript length and
the total number of mapped reads from the library to com-
pensate for different read depths for different samples. The
gene models from Ensembl build 69 [15] were used in Cuf-
flinks. In addition to Cufflinks, HTSeq v0.5.1 was run to
calculate read counts for each gene, which were used for
analyses of differentially expressed genes using the DESeq
package [16]. All data were analyzed using R Statistical
Environment [17] with the addition of package ‘gplots’ [18].
For analyses performed in this study where a log2 scale of
the data was used, pseudo-counts of 4+ 1 were added to the
data set.

Ab31 affinity determination using ELISA

Ab31, a human F(ab) antibody targeting the loop 2 of human
ZnT8 (46 kDa), was provided by Mellitech (Grenoble,
France).

A 384-well Nunc®MaxisorpTM MTP, black, flat bottom,
PS (Thermo Scientific, 10395991) was coated with 20 pL/
well of antigen (hZnT8-2L-Trf proteins, loop 2 of ZnT8§
fused to Trf) at 5 pg/mL in PBS and incubated overnight at
4 °C. The wells were then washed twice with PBST (PBS
with 0.05% Tween® 20). For blocking, 100 pL of 5% non-
fat dry milk in PBST was added followed by incubation for
1-2 h at room temperature (RT). The wells were washed
twice with PBST before the addition of the primary Ab
(HuCAL-Fab). Twenty pL/well of Ab31 at concentration
of 2 pg/mL (44 nmol/L) in PBST or HISPEC Assay Diluent
(AbD Serotec, BUF049) was added followed by 1-h incuba-
tion at RT. The plates were then washed 5 times with PBST.
Thereafter the secondary anti-Fab-AP conjugate (20 pL/
well) (AbD Serotec, STAR126A) was added at 1:5000 dilu-
tion in HISPEC Assay Diluent. The wells were incubated
for 1 h at RT before washing 5 times with PBST. For detec-
tion, a 20 pL/well AttoPhos® (Roche, 1681982) was added
at 1:10 dilution in H,O. The reader settings were excitations
at 440 + 25 nm and emission at 550 + 35 nm. Values on
unrelated antigens (e.g., BSA, CD33, GST) are used for the
calculation of background.
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In vitro binding in MING6 cells

MING6 beta cells were seeded onto glass coverslips and
allowed to attach for 72 h before fixation in 4% formalde-
hyde in PBS. After washing with 0.25% NH4Cl in PBS,
the cells were permeabilized in PBS containing 0.1% Tri-
ton X-100. Cells were then blocked in 2% BSA in PBS for
1 h, followed by the addition of the Ab31 antibody frag-
ment targeting ZnT8. Cells were washed in blocking buffer
and further incubated with goat anti-human F(ab) fragment
specific-Cy3 conjugate (Jackson ImmunoResearch), diluted
in blocking buffer at 1:500. Cells were washed in PBS
followed by a final wash in ddH,0O. For immunolabeling
without permeabilization, cells were incubated with Ab31
in PBS containing 0.1% bovine serum albumin for 30 min
before fixation. Cells were then washed in PBS, and fixation
and secondary antibody labeling were conducted as with
permeabilized cells.

Radiolabeling of an antibody fragment
Ab31 with iodine-125

Labeling of Ab31 with %I (¢, ;= 59.4 days) was performed
using direct iodination method [19]. For this 50 ug of Ab31
(1 pgin 1 L PBS; 22 pmol/L) was incubated with 30 MBq
Na!?*1. To start the reaction, 15 pl of Chloramine-T solution
in PBS (4 mg/mL; 14 mmol/L) was added to the mixture of
125 and Ab31. The mixture was vortexed carefully and incu-
bated for 60 s at RT. To stop the reaction, 15 pl of sodium
metabisulfite solution in PBS (8 mg/mL; 41 mmol/L) was
added to the reaction mixture and carefully vortexed. Radi-
ochemical yield and purity were determined using silica-
impregnated ITLC strips (150-771 DARK GREEN Tec-
Control Chromatography strips, Biodex Medical Systems)
eluted with 80% acetone. The mixture was purified using
size exclusion NAP-5 columns (GE Healthcare Life Sci-
ences, Uppsala, Sweden).

Radiolabeling of Exendin-4 with iodine-125

The synthetic peptide agonist E7144-Exendin-4 (39a.a.), a
potent GLP-1 agonist, was obtained from Sigma-Aldrich,
St. Louis, Mo, USA. Exendin-4 was radio-iodinated directly
via IODO-GEN method [19]. For that Exendin-4 15 pg was
buffered in 120 puL 0.05 M tris buffer, pH 8.5. The Exendin-4
solution was transferred to IODO-GEN-coated tube (Pierce
Biotechnology, IL, USA). In another tube, 30 MBq of 1251
was mixed with 3.1 uL 0.01 M NaOH and the mixture was
transferred to the IODO-GEN tube to start the reaction. The
mixture was incubated for 60 min at RT with careful vor-
texing. The reaction is stopped by removing the reaction
solution from the IODO-GEN tube. The radiochemical yield

and purity were determined using ITLC strips as mentioned
above.

In vitro autoradiography

Sections (20 um thick) were processed from frozen (—80 °C)
explanted INS-1 tumors (immortalized rat beta cell line
inoculated in immunodeficient nu/nu mice, n = 2 [20]), as
well as from frozen pancreas from non-diabetic rat (n = 1,
male, Sprague—Dawley). The procedures were performed in
accordance with national guidelines and were approved by
the local ethics committee for animal research.

Sections were also processed from frozen pancreatic
biopsies from deceased human donors (non-diabetic individ-
uals and individuals with T1D and T2D). The use of human
tissues was approved by the Uppsala Ethical Review Board
(#2015/401) and tissues obtained from Uppsala Biobank.

All sections were pre-incubated in 100 mL 50 mM PBS
(pH 7.4) for 10 min. Then, radioactivity corresponding to
1-2 nM ['*1]Ab31 or ['*°I]Exendin-4 was added. The sec-
tions were incubated for 120 min at RT. Non-displaceable
binding of ['*I]Ab31 was assessed in a separate assay, by
co-incubation with 200 nM unlabeled Ab31. Non-displace-
able binding of ['21] Exendin-4 was assessed in yet another
separate assay, by co-incubation with 200 nM unlabeled
Exendin-4 peptide.

After incubation, tissue sections were washed 3 times for
4 min in 150 mL 50 mM PBS at 4 °C before being dried
at 37 °C for 15 min. The sections were exposed against a
phosphorimager screen for 120 min, together with a 10 uL
of known reference radioactivity cross-calibrated against a
gamma-counter. The plates were digitalized using a Cyclone
Plus Phosphorimager (PerkinElmer) at 600 dpi and analyzed
using ImageJ (NIH).

Regions of interest (ROIs) were drawn over the entire
INS-1 or pancreas sections, and ROI uptake first calibrated
to Bq/mm? by the reference and then to Bq/mm? by the spe-
cific radioactivity and section thickness. Specific binding
was defined by subtracting non-displaceable binding from
total binding.

In vivo biodistribution

Sprague—Dawley rats (n = 10, 472 + 22 g) were kept under
standard laboratory condition with unlimited access to chow
and water. The animal experiments were approved by the
Local Ethics Committee for Animal Research and were per-
formed in accordance with local institutional and Swedish
national guidelines and regulations.

Sedated animals (isoflurane 2.5-3.0%) were administered
25 kBq (92 pg) ['P1]Ab31 per rat (n = 5, corresponding
to 2 nmol antibody fragment per rat) or 25 kBq (0.04 pg)
['°I|Exendin4 per rat (n = 4, corresponding to 0.001 nmol
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peptide) intravenously through the tail vein. The animals
were allowed to wake up after tracer administration and were
sacrificed after either 1 h (n = 3 for ['*I]JAb31, n = 4 for
['*I]Exendin4) or 5 h (n = 3 ['**I]Ab31 only) by CO, (70%).
Tissues were excised postmortem, weighed and measured
for radioactivity in an automated gamma-counter with 3-inch
Nal(T1) detector (PerkinElmer). The tissue uptake was cor-
rected for tissue weight and total administered tracer dose
and expressed as percentage of injected activity being taken
up in each tissue per gram (%ID/g).

Statistical considerations
Data on group level are reported as mean + SEM. Statistical

analysis was performed in GraphPad Prism 5 (GraphPad,
La Jolla, CA, USA). Differences between multiple groups
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Fig. 1 mRNA transcription of SLC30A8 in different pancreatic com-
partments, comparison with GLPIR. * indicates difference in com-
parison with the Islet transcription of GLPIR. ¢ indicates difference
in comparison with the islet transcription of SLC30AS8. Note that the
y-axis is logarithmic

Fig. 2 Fluorescent microscopy
of in vitro binding of Ab31

to non-permeabilized (a) and
non-permeabilized b MIN6
beta cells. Pseudo-color overlay
images of Ab31 binding (red)
and cell nucleus (DAPI, blue).
Cells were imaged at 320X
magnification under an inverted
fluorescence microscope (Zeiss)
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Non-permeabilized

were assessed by the one-way ANOVA with Tukey’s multi-
ple comparisons test using a significance level of p < 0.05.

Results
Transcription of SLC30AS8 in pancreatic compartments

RNA analysis of the pancreas compartments showed higher
transcript levels of SLC30AS in islets (554.2 FPKM) com-
pared to exocrine tissue (44.3 FPKM) (p < 0.001) (Fig. 1).
Similarly, GLPIR transcription was higher in islets (16.7
FPKM) than in exocrine tissue (1.7 FPKM) (p < 0.001).
The transcription of SLC30A8 was a magnitude greater than
GLPIR in islets.

Affinity of Ab31 to antigen and in vitro binding
in MING cells

The affinity for Ab31 for the loop 2 of the ZnT8 was 108 nM
as determined by competition ELISA.

Ab31 binding to non-permeabilized MING6 cells was
concentrated to the plasma membrane on the cell surface
(Fig. 2). Permeabilization resulted in strong binding also
within the cytosol on secretory vesicles.

Radiolabeling of Ab31 and Exendin-4 with iodine-125

The labeling yield was 75 + 9% for ['2I]Ab31 and 57 + 2
for ['*I]Exendin-4. Purification using NAP-5 size exclusion
columns provided a radiochemical purity of more than 95%
for both labeled molecules.

MING beta cells
Permeabilized
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In vitro autoradiography

Total binding of ['*T]Ab31 in fmol/mm? on INS-1 sections
was higher compared to ['*I]|Exendin-4 (p < 0.05) (Fig. 3a).
Binding of ['*I]Ab31 was heterogeneous in the tumor,
appearing concentrated on the surface of the INS-1 sections
(Fig. 3b). Binding of ['*I]Ab31 in the surface regions was
almost 6 times higher than for [1251]Exendin—4 (p <0.01).
Co-incubation with 200 nM unlabeled Ab31 had a tendency
to decrease binding of ['1]Ab31 in the high uptake surface
areas.

The binding of ['*’I]Exendin-4 was homogenous across
INS-1 sections and displaceable by 200 nM unlabeled
Exendin-4 (p < 0.001).

Similarly, total binding of ['**I]JAb31 on rat (p < 0.001)
and human (p < 0.0001) pancreas was greater than for ['2°I]
Exendin-4, consistent with the transcription levels of the
respective gene in human pancreas (Fig. 4a). The binding
pattern of ['’I]Ab31 on pancreatic sections was highly het-
erogeneous (Fig. 4b, ¢). Comparison with adjacent hema-
toxylin (HTX)-stained rat sections showed that the strong-
est focal uptake represented ducts (black arrows, Fig. 4b),
while islets of Langerhans sometimes exhibited noticeably
elevated binding above the background, but low in compari-
son with the ducts (white arrows, Fig. 4b).

40 - INS-1 xenografts **

n.s.

«»
o
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fmol tracer bound/ mm?®
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15| Exendin | | 125 A3 |
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Entire section Entire section
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Fig. 3 In vitro autoradiography of nanomolar concentrations ['2I]
Ab31 and ['®I]Exendin-4 on INS-1 (beta cell origin) xenograft sec-
tions. a Total and non-specific binding of ['*1]Ab31 and ['*]]
Exendin-4 expressed as fmol bound per area, either in the entire tis-

In vivo biodistribution

Results from the comparative in vivo biodistribution
study of ['*1]Ab31 and ['*1]Exendin-4 in Sprague—-Daw-
ley rats are summarized in Fig. 5. The data showed low
radioactivity concentration of ['?°I]Exendin-4 in the
blood (0.24 + 0.04%ID/g) and most body organs except
for the kidney and GI tract. The uptake in the pancreas
was 0.37 + 0.04%ID/g, and the pancreas-to-blood ratio
was 1.61 + 0.27. The concentration of radioactivity
in the blood 1 h after the injection of ['P1]Ab31 was
1.49 + 0.09%ID/g but decreased to 0.52 + 0.12%ID/g
after 5 h. The elimination half-life in blood was 1.8 h.
Higher compound levels of ['1]Ab31 compared to [12]]
Exendin-4 were seen in all collected tissues. The kidney
uptake was the highest among all studied body organs at
this time point 3.21 + 0.22%ID/g and was not significantly
different from ['*°I]|Exendin-4 (3.27 + 0.56%ID/g). ['*I]
Ab31 cleared from most studied organs 5 h p.i. The uptake
of ['*1]Ab31 in the pancreas was 0.23 + 0.04%ID/g 1 h
p.i., and the pancreas-to-blood ratio was 0.15 + 0.02. The
uptake of ['1]Ab31 in the pancreas decreased by ca. two-
fold (0.115 + 0.02%ID/g) 5 h p.i. However, the pancreas-
to-blood ratio increased slightly (p < 0.05) at this time
point (0.23 + 0.035).

Total binding
B

sue section, or in the case of ['*’I]Ab31 also on the tumor surface.
b Representative autoradiograms of the tissue sections. Asterisk indi-
cates difference in binding in comparison with the total binding of
['>I|Exendin-4
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Fig. 4 In vitro autoradiography of ['*1]Ab31 and ['*I]Exendin-4
on pancreas sections from non-diabetic rat and human. a Quantified
binding in fmol/mm? both in absence and presence of 200 nM of the
unlabeled ligand. Asterisk indicates difference in binding in compari-
son with the total binding of ['>IJExendin-4 in each species. Repre-
sentative autoradiograms of ['>’[]JAb31 binding on sections from rat
pancreas (b) and human pancreas (c)

Discussion

Here we demonstrate that labeling of an anti-ZnT8 F(ab)
fragment Ab31 was possible using iodine-125. Labeling
permitted the characterization of the targeting agent both
in vitro and in vivo. For comparative purposes, Exendin-4
was also labeled with '2°I, as GLP-1R targeting is consid-
ered one of the most promising approaches for human beta
cell imaging [21].

SLC30A8 mRNA was strongly and consistently tran-
scribed in human islets of Langerhans, consistent with
earlier reports of beta cell restriction of this transporter.
The islet specific transcription was magnitudes higher
than for GLP-1R, providing further evidence of ZnT8 as
a promising imaging target. The exocrine transcription
pattern, although lower than in islets, was high in com-
parison with GLP-1R and thus high pancreas background
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ZnT8-mediated binding may pose an issue for beta cell
visualization.

The affinity of Ab31 as determined by competition ELISA
was 108 nM. This is in line with other monovalent antibod-
ies used in other indications, for example, oncology. There,
successful imaging of tumors has been achieved using anti-
body fragments with affinities ranging from 9 to 300 nM,
respectively [22, 23]. Previous work has also shown that
quantitative evaluation of pancreatic beta cell mass was pos-
sible using K14D10 IgG and its Fab fragment, both of which
have an affinity of 6-20 nM [24].

['*I]Ab31 exhibited strong binding to INS-1 sections
compared to ['2I)Exendin-4 (p < 0.05). However, co-incu-
bation with 200 nM Ab31 did not reduce the binding con-
siderably, either in the concentrated binding on the INS-1
xenograft surface or in the tumor core. Given the approxi-
mately 100 nM affinity of Ab31, it is possible that higher
excess of unlabeled Ab31 is required for a substantial dis-
placement effect.

Binding of ['I]JAb31 on pancreatic sections was a mag-
nitude higher than ['>I]Exendin-4 as predicted from the
mRNA transcription results (p < 0.001). Again, co-incuba-
tion with 200 nM Ab31 did not produce a blocking effect on
the binding. Importantly, focal binding patterns (the approxi-
mate size of islets of Langerhans) were seen in both rat and
human pancreas, which was not seen on INS-1 sections.
However, islets of Langerhans as identified by HTX stain-
ing did only account for some of the focal uptake patterns,
the remaining representing pancreatic ducts. While ZnT8
expression in ducts has not previously been reported, zinc
signaling (through GPR39) has been reported as part of the
pancreatic duct biology [25]. Rodent adult duct lining can
in theory reprogram into insulin-secreting p-like cells, pos-
sibly including expression of ZnT8 [26]. However, it seems
unlikely that such rare phenomenon should account for the
strong duct uptake seen here. The expression of ZnT8 and
possible role in pancreatic ducts remains to be confirmed.

['*5I]Exendin-4 binding to INS-1 sections could be com-
peted away by unlabeled Exendin-4 in excess, confirming
specificity to the GLP-1R. On the other hand, binding of
['?*T]Exendin-4 to pancreas sections from rat and human
was only partially competed away in the in vitro autoradi-
ography assay. This is presumably due to issues inherent
to working with the pancreas in particular: Warm ischemia
time (especially important in human donor pancreases) may
affect GLP-1R function as well as the possible presence of
proteases from exocrine pancreas. A combination of these
factors likely contributes to the limited in vitro blocking
effect seen here in rat and human pancreas.

The biodistribution profile of ['*°I]JAb31 (46 kDa) showed
an initial elevated uptake in blood 1 h p.i (Fig. 5). which
decreased by 5 h p.i. ['**I]Ab31 concentration in the blood
was higher than Exendin-4 (4 kDa). This can be attributed
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Fig. 5 In vivo biodistribution
of ['*I]Ab31 in a direct com-
parison with ['>T]Exendin-4. *
indicates difference in uptake
in comparison with ['*1]
Exendin-4. ¢ indicates differ-
ence in ['Z1]Ab31 uptake at the
5 h p.i. time point in compari-

I '25-Exendin4 1h p.i.
B '251-Ab31 1h p.i.
B '?5-Ab31 5h p.i.

son with 1 h p.i

to the difference in clearance rate between the two mol-
ecules. A finding from the biodistribution of Ab31 is the
high uptake in the lungs and spleen at 1 h p.i (1.36 + 0.33
and 0.72 + 0.03%ID/g, respectively). Transcription (but not
protein expression) of the SLC30AS8 gene in the lung, but
not spleen, has been reported [27]. It would be reasonable
to assume that the elevated uptake in the lungs may consist
of a combination of ZnT8 receptor specific and non-specific
interactions as well as vascular contribution from perfusion
by ['°1]Ab31-rich blood. The uptake in spleen is likely non-
target-mediated and due to non-specific binding or high per-
fusion. This elevated uptake decreased significantly by 5 h
in a manner similar to that of the blood (0.3 + 0.05 and
0.09 + 0.013%ID/g for lungs and spleen, respectively).
The kidney was the organ that had highest uptake of
radioactivity. ZnT8 expression has been reported in kid-
ney [28], but the high radioactivity signal also indicates
renal excretion of both ['*I]Ab31 and ['*I]Exendin-4.
This is expected for proteins smaller than the glomerular
pore size (< 60 kDa). Compared to radiometal-labeled
F(ab) or Exendin-4, the renal retention of our iodinated
tracers was relatively low [29, 30]. This can be explained
by the non-residualizing properties of the iodine label in
the tubular cells. Although beyond the scope of this paper,
iodination of Exendin-4 (or its analogues) may offer an
alternative approach to decrease the high kidney retention
of radiometal-labeled derivatives such as observed for Fluo-
rine-18 [31]. This will consequently decrease unnecessary

high radiation dose to the kidney and allow for more sensi-
tive pre- and intraoperative detection of beta cell mass or
insulinomas.

The in vivo uptake of ['*I]Ab31 in the pancreas was low
both after 1 and 5 p.i. However, this is not entirely unex-
pected if the target antigen is expressed only in the pancre-
atic beta cells which comprise 2-3% of the organ volume.
Additionally, the beta cell specific retention in pancreas
may be increased by a residualizing radionuclide such as
Indium-111 or Gallium-68.

In vitro, Ab31 (K = 108 nM) binds permeabilized
pancreatic beta MING cells as confirmed by fluorescence
microscopy (Fig. 2). However, we have not seen similar spe-
cific uptake of Ab31 in non-permeabilized INS-1 xenograft,
human and rat pancreas sections. This was in agreement
with the results from the in vivo biodistribution (Fig. 5).
This difference may indicate that although both K, of Ab31
and cellular specificity seemed suitable for in vivo use,
other parameters, e.g., pancreatic uptake and retention of
the tracer, binding sites and injected dose might be of impor-
tance and should be evaluated in follow-up studies.

Exendin-4, on the other hand, showed specific uptake in
both INS-1 xenografts and human pancreas sections in vitro.
This binding was significant. Results from the comparative
biodistribution study demonstrated approximately twofold
higher uptake of [!*I]Exendin-4 in the pancreas compared
to ['I]Ab31 (0.37 + 0.02 vs. 0.22 + 0.03%IA/g 1 h p.i.).
The pancreas-to-blood ratio (a measure of imaging contrast)
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of ['*I|Exendin-4 was ca. 12 times higher compared to that
of ['I]Ab31 (1.7 + 0.25 vs. 0.15 + 0.018, respectively, at
1 hp.i.).

A surprising finding is the lower pancreas uptake of
[1%5T]Exendin-4 in our study in comparison with another
125[_labeled Exendin-4 reported by Lippchen et al. [32]. This
group have successfully labeled Exendin-4 with '2°I, and the
uptake of the tracer, [Nle14,1251-Tyr40-NH2]EX-4, in the pan-
creas was 25.3 + 4.2%IA/g at the same 1-h time point [32].
It is important to mention that Exendin-4 was labeled using
two different methods in these studies. iodine-125 in the cur-
rent study was bound to Exendin-4 through histidine residue
on the N-terminal (His!) of the molecule, while a tyrosine
residue was inserted in the C-terminus (Tyr*®)—to permit
iodination—in the second study. It was reported earlier that
modification on the N-terminal end of Exendin-4 strongly
affects the properties of the peptide [33]. Binding to GLP-
IR was not impaired, but the peptide internalization was
reduced by (20-33%) in contrast to other modified Exendin-4
derivatives. As a consequence, the uptake in GLP-1R posi-
tive organs was strongly reduced. This could perhaps explain
the lower accumulation of our ['*I|Exendin-4 in GLP-1R
positive organs in comparison with [Nle14,1251—Tyr40—NH2]
Ex-4, as well as the difficulty in measuring specific pancre-
atic binding in rat sections. Brom et al. [34] have also shown
that Exendin-4, modified on the C-terminus (specifically
Lys*?), appeared to be less vulnerable to modifications. In
that study, binding to GLP-1R positive organs was preserved
using [Lys*’(!!'In-DTPA)]Exendin-4. Moreover, the use of
the residualizing '''In label compared to our '>°I (non-resid-
ualizing) labeling may explain the higher radioactivity con-
centration in the pancreas observed in that study. Regardless
of the underlying reason, it was obvious that ['*°I]Exendin-4
had superior in vitro and in vivo targeting properties to [1>I]
Ab31. A major issue with the use of ZnT8 as a target for
beta cell imaging is that it is intracellularly located to a sig-
nificant extent. Results from both our in vitro and in vivo
characterization clearly indicate that detection of the target
would be possible when it is displayed on the cell surface.
This could be done in vitro by permeabilization but optimal
in vivo targeting would be possible during insulin secretion,
i.e., when ZnT8 loops become increasingly accessible to the
beta cell membrane [35].

Conclusion

We report a first-in-class ZnT8 imaging ligand for pancreatic
imaging. An antibody derived imaging agent with appropri-
ate size will offer repeated passages in serum and hence
increase uptake and distribution of the tracer in targeted
tissue while still maintaining an overall adequate imaging
contrast. Results showed that ['>*T]Ab31 did not provide

@ Springer

any improvement for beta cell imaging compared to ['*°I]
Exendin-4. Development with respect to ligand miniaturiza-
tion, affinity and radionuclide selection is required for fur-
ther progress. Albeit current findings, transcription analysis
indicates ZnT8 as a promising target for visualization of the
human endocrine pancreas.

Acknowledgements The study was funded by JDRF and the Helms-
ley Charitable Trust (3-SRA-2014-265-Q-R), Goran Gustafssons Foun-
dation, Barndiabetesfonden, Diabetesfonden and the Ernfors Family
Fund.

Compliance with ethical standards

Conflict of interest The authors declare no conflicts of interest.
Human and animal rights disclosure This article does not contain
any studies with human subjects performed by the any of the authors.
The use of human biopsies was for in vitro studies, all applicable inter-
national, national, and/or institutional guidelines for the care and use of
animals were followed. All procedures performed in studies involving
animals were in accordance with the ethical standards of the institution
or practice at which the studies were conducted.

Informed consent All subjects gave their informed consent.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

References

1. Saudek Frantisek, Brogren Carl-Henrik, Manohar Srirang (2008)
Imaging the beta-cell mass: Why and how. Rev Diabet Stud
5(1):6-12

2. Laurent D, Vinet L, Lamprianou S et al (2016) Pancreatic $-cell
imaging in humans: fiction or option? Diabetes Obes Metab
18(1):6-15

3. Nicolson TJ, Bellomo EA, Wijesekara N et al (2009) Insulin stor-
age and glucose homeostasis in mice null for the granule zinc
transporter ZnT8 and studies of the type 2 diabetes-associated
variants. Diabetes 58(9):2070-2083

4. Chimienti F, Favier A, Seve M (2005) ZnT-8, a pancreatic beta-
cell-specific zinc transporter. Biometals 18(4):313-317

5. Chimienti F, Devergnas S, Pattou F et al (2006) In vivo expres-
sion and functional characterization of the zinc transporter
ZnT8 in glucose-induced insulin secretion. J Cell Sci 119(Pt
20):4199-4206

6. Davidson HW, Wenzlau JM, O’Brien RM (2014) Zinc trans-
porter 8 (ZnT8) and B cell function. Trends Endocrinol Metab
25(8):415-424

7. Wenzlau JM, Juhl K, Yu L et al (2007) The cation efflux trans-
porter ZnT8 (SIc30A8) is a major autoantigen in human type 1
diabetes. Proc Natl Acad Sci USA 104:17040-17045

8. Sladek R, Rocheleau G, Rung J et al (2007) A genome-wide asso-
ciation study identifies novel risk loci for type 2 diabetes. Nature
445(7130):881-885


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Acta Diabetol (2018) 55:49-57

57

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Saxena R, Voight BF, Lyssenko V et al (2007) Genome-wide asso-
ciation analysis identifies loci for type 2 diabetes and triglyceride
levels. Science 316(5829):1331-1336

Murgia C, Devirgiliis C, Mancini E, Donadel G, Zalewski P,
Perozzi G (2009) Diabetes-linked zinc transporter ZnT8 is a
homodimeric protein expressed by distinct rodent endocrine cell
types in the pancreas and other glands. Nutr Metab Cardiovasc
Dis 19:431-439

Anonymous (2012) Sickle—a windowed adaptive trimming tool
for FASTQ files using quality. https://github.com/najoshi/sickle.
Accessed Nov 2013

Trapnell C, Pachter L, Salzberg SL (2009) TopHat: discovering
splice junctions with RNA-Seq. Bioinformatics 25:1105-1111
Anonymous (2012) Picard. http://picard.sourceforge.net/.
Accessed Nov 2013

Trapnell C, Williams BA, Pertea G et al (2010) Transcript
assembly and quantification by RNA-Seq reveals unannotated
transcripts and isoform switching during cell differentiation. Nat
Biotechnol 28:511-515

Flicek P, Amode MR, Barrell D et al (2012) Ensembl 2012.
Nucleic Acids Res 40:D84-D90

Anders S, Huber W (2010) Differential expression analysis for
sequence count data. Genome Biol 11:R106

RCoreTeam (2013) R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing. http://
www.R-project.org/. Accessed Nov 2013

Gregory RW (2012) gplots: various R programming tools for plot-
ting data. R package version 2.11.0. http://CRAN.R-project.org/
package=gplots. Accessed Nov 2013

Béhé M, Gotthardt M, Behr TM (2006) Radioiodination of pro-
teins and peptides. In: Celis JE (ed) Cell biology: a laboratory
handbook, vol 1, 3rd edn. Elsevier Academic Press, New York,
pp 149-154

Selvaraju RK, Velikyan I, Asplund V et al (2014) Pre-clinical
evaluation of [68 Ga]Ga-DO3A-VS-Cys40-Exendin-4 for imaging
of insulinoma. Nucl Med Biol 41:471-476

Eriksson O, Laughlin M, Brom M et al (2016) In vivo imaging
of beta cells with radiotracers: state of the art, prospects and rec-
ommendations for development and use. Review. Diabetologia
59:1340-1349

Merchant M, Ma X, Maun HR et al (2013) Monovalent antibody
design and mechanism of action of onartuzumab, a MET antago-
nist with anti-tumor activity as a therapeutic agent. Proc Natl Acad
Sci USA 110(32):E2987-E2996

Pietersz GA, Patrick MR, Chester KA (1998) Preclinical charac-
terization and in vivo imaging studies of an engineered recom-
binant technetium-99 m-labeled metallothionein-containing

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

anti-carcinoembryonic antigen single-chain antibody. J Nucl Med
39(1):47-56

Hampe CS, Wallen AR, Schlosser M, Ziegler M, Sweet IR (2005)
Quantitative evaluation of a monoclonal antibody and its frag-
ment as potential markers for pancreatic beta cell mass. Exp Clin
Endocrinol Diabetes 113(7):381-387

Holst B, Egerod KL, Jin C et al (2009) G protein-coupled recep-
tor 39 deficiency is associated with pancreatic islet dysfunction.
Endocrinology 150(6):2577-2585

Al-Hasani K, Pfeifer A, Courtney M et al (2013) Adult duct-lin-
ing cells can reprogram into f-like cells able to counter repeated
cycles of toxin-induced diabetes. Dev Cell 26(1):86-100

EST profile for SLC30A8 (Hs.532270). https://www.ncbi.nlm.nih.
gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.532270. Accessed
19 Aug 2017

Murgia C, Devirgiliis C, Mancini E, Donadel G, Zalewski P,
Perozzi G (2009) Diabetes-linked zinc transporter ZnT8 is a
homodimeric protein expressed by distinct rodent endocrine cell
types in the pancreas and other glands. Nutr Metab Cardiovasc
Dis 19(6):431-439

Pimm MYV, Gribben SJ (1994) Prevention of renal tubule re-
absorption of radiometal (indium-111) labelled Fab fragment of a
monoclonal antibody in mice by systemic administration of lysine.
Eur J Nucl Meal 21:663-665

Selvaraju RK, Bulenga TN, Espes D et al (2015) Dosimetry of
[GgGa]Ga-DO3A—VS—Cys40—Exendin—4 in rodents, pigs, non-
human primates and human—repeated scanning in human is
possible. Am J Nucl Med Mol Imaging 5:259-269

Mikkola K, Yim CB, Lehtiniemi P et al (2016) Low kidney uptake
of GLP-1R-targeting, beta cell-specific PET tracer, 18F-labeled
[Nle14, Lys40]exendin-4 analog, shows promise for clinical imag-
ing. EINMMI Res 6:91

Lappchen T, Tonnesmann R, Eersels J, Meyer PT, Maecke HR,
Rylova SN (2017) Radioiodinated Exendin-4 is superior to the
radiometal-labelled glucagon-like peptide-1 receptor probes over-
coming their high kidney uptake. PLoS ONE 12(1):e0170435
Jodal A, Lankat-Buttgereit B, Brom M, Schibli R, Béhé M (2014)
A comparison of three (67/68)Ga-labelled Exendin-4 derivatives
for B-cell imaging on the GLP-1 receptor: the influence of the
conjugation site of NODAGA as chelator. EINMMI Res 22(4):31
Brom M, Joosten L, Oyen WJ, Gotthardt M, Boerman OC (2012)
Radiolabelled GLP-1 analogues for in vivo targeting of insulino-
mas. Contrast Media Mol Imaging 7(2):160-166

Huang Q, Merriman C, Zhang H, Fu D (2017) Coupling of
insulin secretion and display of a Granule-resident Zinc Trans-
porter ZnT8 on the surface of pancreatic beta cells. J Biol Chem
292(10):4034-4043

@ Springer


https://github.com/najoshi/sickle
http://picard.sourceforge.net/
http://www.R-project.org/
http://www.R-project.org/
http://CRAN.R-project.org/package%3dgplots
http://CRAN.R-project.org/package%3dgplots
https://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.532270
https://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.532270

	Pancreatic imaging using an antibody fragment targeting the zinc transporter type 8: a direct comparison with radio-iodinated Exendin-4
	Abstract 
	Aim 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Transcription of SLC30A8 in pancreatic compartments
	Ab31 affinity determination using ELISA
	In vitro binding in MIN6 cells
	Radiolabeling of an antibody fragment
	Ab31 with iodine-125

	Radiolabeling of Exendin-4 with iodine-125
	In vitro autoradiography
	In vivo biodistribution
	Statistical considerations

	Results
	Transcription of SLC30A8 in pancreatic compartments
	Affinity of Ab31 to antigen and in vitro binding in MIN6 cells
	Radiolabeling of Ab31 and Exendin-4 with iodine-125
	In vitro autoradiography
	In vivo biodistribution

	Discussion
	Conclusion
	Acknowledgements 
	References




