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Because islet transplantation has become a promising treat-
ment option for patients with type 1 diabetes, a noninvasive
imaging method is greatly needed to monitor these islets
over time. Here, we developed an 18F-labeled exendin-4 in high
specific activity for islet imaging by targeting the glucagonlike
peptide-1 receptor (GLP-1R). Methods: Tetrazine ligation was
used to radiolabel exendin-4 with 18F. The receptor binding of
19/18F-tetrazine trans-cyclooctene (TTCO)-Cys40-exendin-4
was evaluated in vitro with INS-1 cell and in vivo on INS-1
tumor (GLP-1R positive) and islet transplantation models.
Results: 18F-TTCO-Cys40-exendin-4 was obtained in high
specific activity and could specifically bind to GLP-1R in
vitro and in vivo. Unlike the radiometal-labeled exendin-4,
18F-TTCO-Cys40-exendin-4 has much lower kidney uptake.
18F-TTCO-Cys40-exendin-4 demonstrated its great potential
for transplanted islet imaging: the liver uptake value derived
from small-animal PET images correlated well with the trans-
planted b-cell mass determined by immunostaining. Autora-
diography showed that the localizations of radioactive signal
indeed corresponded to the distribution of islet grafts in the
liver of islet-transplanted mice. Conclusion: 18F-TTCO-Cys40-
exendin-4 demonstrated specific binding to GLP-1R. This PET
probe provides a method to noninvasively image intraportally
transplanted islets.
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Numerous experimental treatments for type 1 diabetes
are currently under development based on strategies includ-

ing immunotherapy, stem cell therapy, and islet transplan-
tation (1). Islet transplantation is much less invasive than
whole-pancreas transplantation, which is currently the stan-
dard of care in humans. Islet transplantation using the
Edmonton protocol can temporarily achieve adequate
glycemic control with insulin independence in type 1 di-
abetes, but to date, only about 10% of the patients maintain
insulin independence at 5 y (2). Because of the current lack
of tools capable of monitoring islet loss after transplanta-
tion, estimates of islet survival and function are limited to
indirect assessments based on patients’ exogenous insulin
requirements or metabolic studies. However, these assess-
ments can be inaccurate because of fluctuations in the
metabolic state and insulin secretory capacity of b-cells un-
der different physiologic and pathophysiologic conditions
(3,4). A noninvasive method to monitor transplanted islets
would provide us the ability to localize the site of trans-
planted islet engraftment in the liver and to estimate how
many islets remain alive and functional over time. This
information would be vital to establishing and evaluating
the efficiency of pancreatic islet transplantation and graft
survival, would likely reveal why some islet cell transplants
are successful while others fail, and would facilitate the
development of therapies to prolong islet graft survival
for all type 1 diabetes patients on a widespread and long-
term basis.

There are several challenges in developing an ideal
noninvasive and in vivo imaging approach for transplanted
islets, primarily due to the small size (50–300 mm) of
pancreatic islets and the relatively low number of trans-
planted islets engrafted in the whole liver. The ideal im-
aging modality for islet imaging should be noninvasive,
nontoxic to islets, adaptable for serial imaging in the same
patient over time, and applicable for clinical translation.
PET holds great potential for in vivo islet imaging. PET is
a noninvasive functional imaging technique that provides
adequate resolution, high sensitivity (capable of detecting
tracer molecules in picomolar concentrations), and accu-
rate quantification (relatively simple and reliable) of phys-
iologic, biochemical, and pharmacologic processes in
living subjects.
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Glucagonlike peptide 1 (GLP-1) is an incretin peptide
released from the intestine in response to nutrient ingestion; its
binding to the GLP-1 receptor (GLP-1R) augments glucose-
induced insulin secretion from pancreatic b-cells (5,6). Be-
cause GLP-1R localizes to pancreatic duct cells and is
expressed in b-cells (7,8), with little to no expression found
on other human pancreatic islet cell types (9), properly la-
beled GLP-1R ligands could serve as ideal probes for pan-
creatic b-cell imaging. Exendin-4, a peptide hormone first
isolated by Dr. John Eng from the saliva of the Gila monster
in 1992, is especially attractive as a high-affinity ligand
(10–12). Exendin-4 displays biologic properties similar to
human GLP-1, with which it shares 53% sequence identity
(13); however, it is much more stable metabolically than
GLP-1. Previously, exendin analogs have been radiolabeled
and evaluated for islet imaging in rodents (14,15) and humans
(16). Although these tracers showed great potential for islet
imaging, there are 2 major challenges for these probes: first,
the high and persistent kidney accumulation of the radiome-
tal-labeled probes may limit their clinical translation because
of radiation exposure; second, a probe with high specific
activity is needed to avoid blocking effects, as the receptor
number is limited. Because of its ideal physical and imaging
properties (half-life, 109.8 min; b1, 97%), 18F is one of the
most extensively used positron emission radionuclides for
PET scanning. Although the traditionally used 18F-labeling
method, such as N-2-(4-18F-fluorobenzamido)ethylmaleimide
(18F-FBEM) (17,18) and 18F-fluorobenzaldehyde (19), had
been used for producing exendin-based tracers, it is difficult
to completely separate the 18F-labeled compound from
the precursor as the difference is relatively small and thus
may induce a blocking effect to some extent. Recently, an
ultra-efficient 18F-labeling method was developed by our
group based on the tetrazine trans-cyclooctene (TTCO)
ligation (20,21). Here, we report the synthesis of 18F-labeled
exendin-4 through this efficient method for in vivo imaging
of GLP-1 receptor. In addition to characterizing the perfor-
mance of 18F-labeled exendin-4 in a rodent insulinoma model,
we evaluated its ability to image islet numbers in an intra-
portal transplanted model.

MATERIALS AND METHODS

General
All commercially available chemical reagents were purchased

from Aldrich and used without further purification. No-carrier-
added 18F-fluoride was produced via the 18O(p,n)18F reaction
by the bombardment of an isotopically enriched 18O-water tar-
get (95% enrichment; Isonics) with 11-MeV protons using an
RDS-112 negative ion cyclotron (Siemens). Cys40-exendin-4
was purchased from C S Bio, Co. 125I-exendin(9-39) was pur-
chased from Perkin Elmer. Purification of exendin-4 analogs
and 18F-labeled exendin-4 was performed using a Gemini C18
column (Phenomenex). The flow was set at 1 mL/min, and the mo-
bile phase was changed from 95% solvent A (0.1% trifluoroacetic
acid in water) and 5% solvent B (0.1% trifluoroacetic acid in
acetonitrile) (0–2 min) to 35% solvent A and 65% solvent B at
32 min.

Cells
The rat insulinoma cell line INS-1 (GLP-1R–positive, kindly

donated by Dr. Ian Sweet, University of Washington) was main-
tained under standard conditions. The INS-1 insulinoma cells were
grown in culture until sufficient cells were available.

Human pancreatic islets were isolated by the Southern California
Islet Cell Resources Center from human pancreata of healthy adult
donors with proper consent for research use and approval by the
Institutional Review Board of the City of Hope. Islets were isolated
using the standard collagenase method for pancreas digestion and
islet purification (22) following the operating procedures of the
Southern California Islet Cell Resources Center. Islets cultured for
48–72 h in CMRL1066-based islet culture medium (Mediatech)
were used in the experiments.

Animals
Male NOD/SCID mice (the City of Hope Animal Resource

Center) 8–10 wk old served as recipients for insulinoma cells and
human islet cells. All animal experiments were performed in com-
pliance with the Guidelines for the Care and Use of Research
Animals established by the City of Hope/Beckman Research Insti-
tute’s Animal Use Committee.

Xenograft Tumor Model. NOD/SCID mice were injected with
INS-1 rat insulinoma cells (5 · 106, suspended in 0.1 mL of 1·
phosphate-buffered saline) subcutaneously in the thigh. Tumors
were established within 18–21 d after injection. Blood glucose values
were monitored daily, and 6% glucose solution was fed ad libi-
tum once the blood glucose level was lower than 3.3 mM.

Islet Transplantation. Islets with a diameter of less than 250 mm
were used for transplantation. Islets were transplanted into the
livers of NOD/SCID mice via the portal vein. Immediately be-
fore intraportal infusion, sham control 500- or 1,000-islet equiva-
lents were suspended in 200 mL of Hanks balanced salt solution
(Mediatech) and loaded in a 1-mL syringe. Under general anes-
thesia, the portal vein was exposed by extraabdominal repositioning
of the bowel and the islets were infused into the portal vein via a
27-gauge needle.

Preparation of Tetrazine-Conjugated Exendin-4
(Tetrazine-Cys40-Exendin-4)

Tetrazine-Mal was prepared as previously reported (21,23).
Cys40-exendin-4 (6 mg, 1.4 mmol) in 100 mL of water was
added to tetrazine-Mal (0.7 mg, 1.6 mmol) in 50 mL of dimethyl
sulfoxide (Fig. 1A). The solution was incubated for 30 min at 25�C,
and the product was purified by high-performance liquid chro-
matography (HPLC). The product was characterized by an LTQ
FT mass spectrometer (Thermo Scientific) (m/z 4,775.19 for
[MH]1, C210H307N59O66S2, calculated [MH]1 4,775.25).

Preparation of 19F-Trans-Cyclooctene-Tetrazine–
Conjugated Exendin-4 (19F-TTCO-Cys40-Exendin-4)

19F-trans-cyclooctene (19F-TCO) was prepared according
to our previously reported procedure (20). 19F-TCO (0.5 mg,
3 mmol) and tetrazine-Cys40-exendin-4 (2 mg, 0.42 mmol) were
incubated at room temperature, and the product was purified by
HPLC. The final product was characterized by Thermo LTQ FT
mass spectrometry (m/z 4,918.38 for [MH]1, C220H324FN57O67S2,
calculated [MH]1 4,918.31).

Radiochemistry
18F-TCO was synthesized according to a previously reported

procedure (20). Tetrazine-Cys40-exendin-4 (4 mg, 0.84 nmol) was
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labeled by adding 74 MBq of 18F-TCO in 100 mL of acetonitrile
followed by 5 min of incubation at room temperature. After di-
lution with 700 mL of water, the mixture was purified by HPLC. The
desired fractions containing 18F-TTCO-Cys40-exendin-4 (Fig. 1B)
were combined and rotary evaporated to remove the solvent. 18F-
TTCO-Cys40-exendin-4 was then formulated in normal saline for
in vivo experiments.

Octanol–Water Partition Coefficient
To determine the lipophilicity of 18F-TTCO-Cys40-exendin-4,

the final product was diluted in 500 mL of PBS (1·) and an equal
volume of octanol was added. After vigorous mixing for 10 min,
the mixture was separated by centrifugation (5 min; 5,000 rpm).
Counts in aliquots (n 5 3) of the organic and inorganic layers
were determined using a g-counter (Packard). The log P values were
reported as an average of 2 independent measurements plus the
SD.

In Vitro Cell-Binding Assay
The in vitro GLP-1R-binding affinity and specificity of 19F-

TTCO-Cys40-exendin-4 and exendin-4 were assessed via com-
petitive cell binding assays using 125I-exendin(9-39) (PerkinElmer)
as described previously (14). In detail, INS-1 cells were harvested,
washed 3 times with phosphate-buffered saline (1·; Mediatech),
and resuspended (2 · 106 cells/mL) in the binding buffer (24).
Filter multiscreen DV plates (96-well; pore size, 0.65 mm; Milli-
pore) were seeded with 105 cells and incubated with 125I-exendin
(9-39) (0.74 kBq/well) in the presence of increasing concen-
trations of different exendin-4 analogs (0–1.0 mmol/L). The
truncated exendin(9-39) is an antagonist of GLP-1R and a com-
petitive inhibitor of exendin-4. The total incubation volume was
adjusted to 200 mL. After the cells were incubated for 2 h at room
temperature, the plates were filtered through a multiscreen vacuum
manifold and washed 3 times with binding buffer. The hydro-
philic polyvinylidenedifluoride filters were collected, and the
radioactivity was determined using a g-counter. The best-fit 50%
inhibitory concentration values for INS-1 cells were calcu-
lated by fitting the data with nonlinear regression using Prism
(GraphPad Software). Experiments were performed on tripli-
cate samples.

Histology Study
Human pancreas samples and mouse livers transplanted with

human islets were fixed with 10% formalin and processed for
paraffin embedding. Parallel sections (5 mm) were immunostained
for insulin, GLP-1R, and glucagon as described previously (9,25).
Guinea pig antihuman insulin (DAKO), mouse antihuman glucagon
(Sigma), and rabbit antihuman GLP-1R (Novus Biologicals) were
used as primary antibodies. The corresponding secondary anti-
bodies were conjugated with fluorescein isothiocyanate or Texas
Red (Jackson Immunoresearch). The slides were counterstained
for DNA with diamidinophenylindole (Sigma) and visualized
with a BX51 fluorescent microscope (Olympus) equipped with
a Pixera CL600 camera.

Autoradiography
Ex vivo autoradiography was performed using a Cyclone

Storage Phosphor Screen system (Packard) and a Bright 5030/
WD/MR cryomicrotome (Hacker Instruments). For the NOD/
SCID mouse with intraportally transplanted human islets, 18F-
TTCO-Cys40-exendin-4 (3.7 MBq, 0.14 mg peptide) was admin-
istered via tail vein injection. The mouse was sacrificed at 1 h
after injection, and liver was harvested and frozen immediately.
The liver was cut into 10-mm sections, and desired sections were
digitally photographed and captured for autoradiography. The
sections were transferred into a chilled film cassette containing
a Super Resolution screen (spatial resolution, 0.1 mm; Packard)
and kept overnight at 220�C. The screens were laser-scanned
with the Cyclone. After 48 h of radioactive decay, the same sections
were fixed with 10% formalin and immunostained for insulin as
previously described.

Small-Animal PET
Small-animal PET of 18F-TTCO-Cys40-exendin-4 was performed

on mice bearing INS-1 tumor or islet grafts to evaluate the in vivo
specific binding to GLP-1R. For blocking studies, exendin-4 (20 mg)
was coinjected with the radiotracer. For small-animal PET, the mice
were injected via the tail vein with 3.7 MBq (;0.14 mg of peptide)
of 18F-TTCO-Cys40-exendin-4. Serial imaging of INS-1 tumor
models (at 0.5, 1, 3, and 5 h; scan duration, 5, 5, 5, and 10 min,
respectively), islet transplantation models, and control groups

FIGURE 1. (A) Synthesis scheme of 18F-

TTCO-Cys40-exendin-4. (B) HPLC profiles

of crude reaction.
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(at 0.5, 1, 2, and 4 h; scan duration, 5, 5, 5, and 10 min, respec-
tively) was performed using a microPET R4 scanner (Concorde
Microsystems; 8 cm axial field of view; spatial resolution, 2.0 mm).

Images were reconstructed with a maximum a posteriori iterative
algorithm using the microPET Manager Software (Concorde Micro-
systems). Images were then analyzed using the Acquisition Sino-
gram Image Processing software (Concorde Microsystems). Average
radioactivity accumulation within the liver was obtained from a
3-dimensional region of interest drawn within the central portion
of the PET liver image. Image intensities were converted to units
of activity concentration (Bq/cm3) using a calibration factor
obtained by scanning a cylindric phantom filled with a known
activity concentration of 18F. Assuming a tissue density of 1 g/mL,
measured tissue activity concentrations were converted to units of
Bq/g and then multiplied by 100 and divided by the injected dose to
obtain an image-derived percentage injected dose per gram of tissue
(%ID/g).

Islet Quantification
b-cell mass was determined by morphometry on the insulin-

immunostained liver sections, as described earlier (26,27). After
small-animal PET scanning, the mice were sacrificed and the livers
were harvested, weighed, formalin-fixed, and embedded in paraffin.
At least 5 parallel sections of 5-mm thickness were cut 75 mm apart.
All sections were immunostained for insulin and hematoxylin and
visualized with an IX50 microscope equipped with an DP70 digital
microscope camera (Olympus America). The images were analyzed
using Microsuite SIS image analysis software (Olympus) in the
Measure-Area mode, and the results were converted to volume.
The ratio of the volumes for the total insulin-stained areas versus
total hematoxylin-stained areas of all sections had been used to
calculate the relative volume of b-cells. b-cell mass was determined
by multiplying the b-cell relative volume by the total weight of
the liver.

Statistical Analysis
Quantitative data were expressed as mean 6 SD. Means were

compared using 1-way ANOVA and the Student t test. P values of
less than 0.05 were considered statistically significant.

RESUTS

Chemistry and Radiolabeling

Conjugation between tetrazine-Mal and Cys40-exendin-4
was efficient (75% yield) at room temperature. The identity
of tetrazine-Cys40-exendin-4 and 19F-TTCO-Cys40-exendin-4
(Fig. 1) was confirmed by HPLC (single peak) and mass
spectrometry. The 18F labeling (n5 4) was efficient, and 18F-
TTCO-Cys40-exendin-4 was obtained in more than 80%
decay-corrected yield with more than 99% radiochemical
purity. The total radiosynthesis time was about 90 min
from the end of bombardment. The HPLC retention time
of 18F-TTCO-Cys40-exendin-4 was 23 min. The specific
activity of 18F-TTCO-Cys40-exendin-4 was around 1.3 · 1017

Bq/mol. The logP value for 18F-TTCO-Cys40-exendin-4 was
determined to be 20.14 6 0.03.

In Vitro Cell Binding Affinity

We compared the receptor-binding affinity of 19F-TTCO-
Cys40-exendin-4 with that of exendin-4 using a competitive
cell-binding assay (Fig. 2). Both peptides inhibited the

binding of 125I-exendin(9-39) to GLP-1R–positive INS-1
cells in a dose-dependent manner. The 50% inhibitory
concentration for 19F-TTCO-Cys40-exendin-4 (1.17 6 0.34
nmol/L) was comparable to that of exendin-4 (0.76 6 0.19
nmol/L). The results showed that F-TTCO conjugation had
a minimal effect on receptor-binding affinity.

Histology

The comparison of GLP-1R expression between native
human islets and the human islet grafts in mouse liver has
been studied. Figure 3 clearly demonstrated that human islet
grafts were present in mouse liver and that most GLP-1R–
positive cells are also insulin-positive, not glucagon-positive.
This observation is consistent with what has been observed
for human islets in native pancreas (Fig. 3).

Small-Animal PET

The GLP-1R targeting efficacy of 18F-TTCO-Cys40-
exendin-4 was evaluated in INS-1 insulinoma xenografts
(GLP-1R positive) at multiple time points (0.5, 1, 3, and 5 h)
with small-animal PET. As shown in Figure 4A, the INS-1
tumors were clearly visualized with high tumor-to-back-
ground contrast for 18F-TTCO-Cys40-exendin-4. The tu-
mor uptake was 12.83 6 0.29, 13.33 6 1.12, 16.03 6 1.1,
and 12.996 0.54 %ID/g at 0.5, 1, 3, and 5 h after injection,
respectively.

The GLP-1 receptor specificity of 18F-TTCO-Cys40-
exendin-4 was confirmed by a blocking experiment in which
the radiotracer was coinjected with an excess amount of cold
exendin-4 (20 mg). As can be seen from Figure 4A, in the
presence of unlabeled exendin-4, the INS-1 tumor uptake
(2.93 6 0.35, 2.47 6 0.41, 1.84 6 0.77, and 1.56 6 0.16
%ID/g at 0.5, 1, 3, and 5 h after injection, respectively) was
significantly (P , 0.01) lower than that without exendin-4
blocking at all time points. Figures 4B and 4C showed the
quantitative tumor uptake and the ratios of tumor to kidney,
liver, and muscle, which were derived from small-animal
PET images. The kidney uptake was decreased from

FIGURE 2. Competitive binding assays of 125I-exendin(9–39) and
19F-TTCO-Cys40-exendin-4 or exendin-4 in INS-1 cells. Data are

mean 6 SE (n 5 3). x-axis reflects concentration of nonradiolabeled

competitor. For 19F-TTCO-Cys40-exendin-4 and exendin-4, 50% in-
hibitory concentrations were 1.17 6 0.34 and 0.76 6 0.19 nmol/L,

respectively.
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38.24 6 6.77 %ID/g at 0.5 h after injection to 8.41 6 1.40
%ID/g at 5 h after injection, and the tumor-to-kidney ratio
was 1.58 6 0.35 at 5 h after injection.
On the basis of these promising results, we also tested the

tracer in an islet transplant model. 1,000 IEQ human islets
were transplanted into mouse liver via the portal vein. For
the control mice, only Hanks balanced salt solution was
intraportally injected into mice. Twelve days after implan-
tation, mice were imaged with 18F-TTCO-Cys40-exendin-4
(Fig. 4D). The liver uptake of transplanted mice (8.25 6
0.93, 7.19 6 0.74, 6.29 6 1.03, and 5.17 6 0.81 %ID/g at
0.5, 1, 2, and 4 h after injection, respectively) was signif-
icantly higher (P , 0.01) than the uptake of control mice
(4.37 6 0.63, 3.52 6 0.33, 2.85 6 0.28, and 1.80 6 0.10
%ID/g at 0.5, 1, 2, and 4 h after injection, respectively)
(Fig. 4E). The liver uptake of transplanted mice could be
significantly reduced by coinjection of nonradiolabeled
exendin-4, thus demonstrating that the increased liver up-
take was caused by GLP-1 receptor targeting (Fig. 4F).
To correlate the b-cell mass with imaging intensity, differ-

ent numbers of human islets were intraportally transplanted
into mouse livers and the small-animal PETwas performed at
12 d after transplantation. Mice that had been transplanted
with 1,000 IEQ human islets had the highest liver uptake
when compared with 500 IEQ and sham control groups
(Fig. 5A). The liver uptake of the mice transplanted with
500 IEQ human islets was 4.49 6 0.11 %ID/g, which was
significantly lower than uptake in the 1,000 IEQ group
(7.19 6 0.74 %ID/g) but only slightly higher than that in
the control group (3.52 6 0.33 %ID/g) (Fig. 5B). The

b-cell mass was also evaluated on the basis of the immu-
nostaining (Fig. 5C). As shown in Figures 5B and 5C, the
b-cell mass determined from staining correlated well with
the uptake value determined from small-animal PET.

Ex Vivo Autoradiography

Ex vivo autoradiography was performed with the intra-
portal islet transplantation model. If the 18F-TTCO-Cys40-
exendin-4 were to specifically bind to GLP-1R in vivo, the
pattern of radioactivity distribution would match the pattern
of GLP-1R expression. As shown in Figure 5D, the local-
izations of radioactive signal of liver indeed correspond to
the distribution of the insulin-positive cells, which are hu-
man islet grafts. Because the liver has extremely low GLP-1
receptor expression (7), this result further supported that the
increased liver uptake was due to the specific high binding
of GLP-1R in human islet grafts in mouse liver.

DISCUSSION

GLP-1 receptor has been found to be a good target for islet
imaging (28). Previously, 64Cu (14,15), 68Ga (29), 99mTc (30),
and 111In (31) have been developed as PET and SPECT
tracers for GLP-1R–targeted imaging. Although promis-
ing results have been obtained using these methods, per-
sistent and high kidney uptake may ultimately limit their
clinical application because of the high radiation exposure to
this delicate organ. Another limitation for radiometal-labeled
exendin-4 is the need to obtain the tracer in high specific
activity. Because the number of GLP-1 receptors is limited
in an islet transplantation model (unlike a tumor model),

FIGURE 3. Human pancreas sections and

parallel mouse liver sections were immuno-

stained for GLP-1R, glucagon, and insulin
(scale bar, 100 mm).
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a minimal amount of unlabeled exendin-4 is able to saturate
GLP-1R, leading to a blocking effect (29). Therefore, a tracer
with high specific activity is necessary to obtain accurate
information from islet imaging.

18F is the most widely used PET isotope. Because of its
short half-life and low energy range, 18F would be a prom-
ising option to reduce kidney radiation exposure. Moreover,
18F could be obtained in extremely high specific activity,
which could lead to a final PET tracer of high specific activ-
ity. With traditional 18F-labeling methods, such as 18F-FBEM

or 18F-fluorobenzaldehyde, excess amounts of peptide
(notably, a relatively large amount of peptide compared
with 18F-FBEM or 18F-fluorobenzaldehyde) are needed to
obtain a reasonable radiolabeling yield. Because of the sim-
ilarities between 18F-labeled exendin-4 and unlabeled exen-
din-4, it is difficult to completely separate them by HLPC,
which means the GLP-1 receptor could be partially blocked
by unlabeled exendin-4, especially in an islet transplanta-
tion model. Although 18F-labeled exendin-4 has been stud-
ied recently by other groups, these probes were tested only

FIGURE 4. (A) Representative coronal small-animal PET images of NOD/SCID mice bearing INS-1 xenografts after injection of 18F-TTCO-
Cys40-exendin-4 without (top) and with (bottom) nonradiolabeled exendin-4 (arrows point to tumor). (B) Comparison of tumor uptakes

between control and blocking groups. Data were derived from multiple time-point small-animal PET study. ROIs are shown as %ID/g 6 SD

(n 5 3). (C) Comparison of tumor to muscle, kidney, and liver ratios of 18F-TTCO-Cys40-exendin-4 at different time points after injection (n 5
3, mean 6 SD). (D) Representative coronal small-animal PET images of 18F-TTCO-Cys40-exendin-4 in NOD/SCID mice transplanted with

human islets into liver (top) and control mice (bottom) at 0.5, 1, 2, and 4 h after injection. (E) Comparison of liver uptake between intraportal

islet transplantation and sham control groups. Data were derived from multiple time-point small-animal PET study. ROIs are shown as %ID/

g 6 SD (n 5 3). (F) Representative coronal small-animal PET images of mice transplanted with human islets (left: 18F-TTCO-Cys40-exendin-4;
middle: coinjection with nonradiolabeled exendin-4) and sham control mice (right: coinjection with nonradiolabeled exendin-4) at 1 h after

injection.
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in an INS-1 tumor model (18) or in an STZ-induced di-
abetic rodent model (19), in which suboptimal results were
obtained (likely caused by blocking effects due to insuffi-
cient elimination of unlabeled exendin-4). Unlike the INS-1
tumor model, the GLP-1R would be limited in the islet
transplantation model or native pancreas. Clearly, obtaining
the radiotracer in high specific activity is the key factor
for the success of islet imaging, and an efficient labeling
approach is needed. Recently, based on the ultra-efficient
tetrazine-TCO ligation method, 18F-labeled tracers have
been produced at high yield with both reagents at dilute
concentrations. This reaction provides us an unprecedented
opportunity to produce an 18F-labeled exendin-4 with high spe-
cific activity. In our research, tetrazine was conjugated to the
exendin-4 site specifically through a thiol-maleimide reaction.
For 18F labeling, we are surprised to find that tetrazine-Mal-
Cys40-exendin-4 could react with 18F-TCO in an almost 1:1
ratio at room temperature with a radiolabeling yield of more
than 80%. This extremely high labeling efficiency allows us
to produce the final probe with high specific activity. The
receptor binding affinity of 19F-TTCO-Cys40-exendin-4 was
evaluated in vitro, and the TTCO ligation was demonstrated
to have a minimal effect on receptor binding. The following
small-animal PET images in the INS-1 tumor model dem-
onstrated that 18F-TTCO-Cys40-exendin-4 could also spe-
cifically bind to GLP-1 receptor in vivo. Moreover, unlike
the radiometal-labeled exendin-4 analogs, 18F-TTCO-Cys40-

exendin-4 has a much lower kidney uptake and faster clear-
ance rate. The kidney uptake was 22.4 6 5.3 %ID/g and
8.4 6 1.4 %ID/g for 18F-TTCO-Cys40-exendin-4 at 1 and
5 h after injection, compared with 79.7 6 6.83 and 46.86
11.4 %ID/g for 64Cu-DO3A-VS-Cys40-exendin-4 at 4 and
23 h after injection (14). The kidney has low GLP-1R ex-
pression, and the blocking study demonstrated that the high
kidney uptake could not be significantly reduced by cold
exendin-4. Although the reason for the slower kidney clear-
ance of radiometal-labeled exendin-4 was not investigated, it
is likely due to the difference in metabolism after reabsorp-
tion by the tubules (see Li et al. (32) on radiometal retention
in the kidneys for radiometal/labeled antibodies). Clearly,
18F-TTCO-Cys40-exendin-4 not only could be obtained in
high specific activity but also significantly reduced the kid-
ney exposure compared with the radiometal-labeled counter-
parts (14,29–31).

Because our ultimate goal is to image transplanted islets,
18F-TTCO-Cys40-exendin-4 was then evaluated in the trans-
plantation model to quantify b-cell mass. Because liver is
currently the most common site for clinical islet transplan-
tation, human islets were therefore transplanted into NOD/
SCID mouse livers in our model. Although 1,000 or 500 IEQ
human islets are an extremely small amount of cells com-
pared with those residing within the entirety of the liver (the
ratio of transplanted islets to liver cells is around 1:10,000),
we still observed the increased liver uptake by targeting

FIGURE 5. (A) Representative in vivo small-animal PET images of intraportal islet transplantation and control groups at 1 h after injection.

(B) Comparison of liver uptake between intraportal islet transplantation groups (1,000 IEQ, n 5 5; 500 IEQ, n 5 4) and control group (n 5 5).
(C) b-cell mass quantification result determined by immunohistologic staining. (D) Ex vivo autoradiography (left) of human islet graft in

mouse liver and corresponding insulin immunohistochemical staining (right) of same slide (scale bar, 1,000 mm).
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GLP-1R in islet grafts at 12 d after transplantation com-
pared with control (nontransplanted) mice. Blocking experi-
ments clearly demonstrated the specificity of this increase.
The b-cell mass was also determined by immunostaining
and correlated with the liver uptake derived from small-ani-
mal PET images. The b-cell mass of the mice transplanted
with 1,000 IEQ islets (1.83 6 0.84 mg) was higher than
that of the mice transplanted with 500 IEQ islets (0.466 0.05
mg). These results correlate well with small-animal PET
images: the liver uptake of the 1,000 IEQ group was higher
than that of the 500 IEQ and control groups. Meanwhile, ex
vivo autoradiography also clearly demonstrated that the dis-
tribution patterns of 18F-TTCO-Cys40-exendin-4 in liver cor-
related well with the GLP-1 receptor distribution pattern.

CONCLUSION

GLP-1R could be a robust target for imaging transplanted
islets. 18F-TTCO-Cys40-exendin-4 could be obtained in ex-
tremely high specific activity through ultra-efficient TTCO
ligation. This probe showed high and specific binding af-
finity to GLP-1R in vivo and much lower kidney uptake
than is seen with radiometal-labeled exendin. Moreover,
it has been demonstrated that 18F-TTCO-Cys40-exendin-4
is capable of imaging intraportally transplanted islets. These
results suggest that 18F-TTCO-Cys40-exendin-4 is a promising
PET probe for noninvasively imaging intraportally trans-
planted pancreatic islets in clinical practice.
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