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Abstract

At present, the onset and progress of diabetes, and the efficacy of potential treatments, can only be
assessed through indirect means, i.e., blood glucose, insulin, or C-peptide measurements. The
development of non-invasive and reliable methods for 1) quantification of pancreatic betaislet cell
mass /n vivo, 2) determining endogenous islet function and survival, and 3) visualizing the
biodistribution, survival, and function of transplanted exogenous islets are critical to further
advance both basic science research and islet cell therapy in diabetes. 1slet cell imaging using
magnetic resonance (MR), bioluminescence, positron emission tomography (PET), or single
photon emission computed tomography (SPECT) may provide us with adirect meansto
interrogate islet cell distribution, survival, and function. Current state-of-the-art strategies for beta
cell imaging are discussed and reviewed here in context of their clinical relevance.
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Introduction

Diabetesis a chronic, complicated disease resulting from pancreatic islet cells that stop
functioning, leading to impaired insulin levels and sustained hyperglycemia. At present, the
correlation between the loss of beta cell mass and the clinical course of diabetes can only be
assessed through indirect means, i.e., blood sugar, insulin, and C-peptide measurements.
Hence, the development of accurate, reproducible, and non-invasive imaging methods to
detect and quantify endogenous betaislet mass /n vivois criticaly important. Such methods
may also offer the potential for early diagnosis of beta cell-related metabolic disorders, and
for evaluation of potential islet graft recipients. In the most severe form of diabetes, type |
diabetes mellitus (T1DM), the current treatment of regular insulin administration is
inadequate to achieve optimal control of blood glucose levels. Precise temporal regulation of
insulin can potentially be realized by engraftment of pancreatic betaislet cells, but the
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insulin-independence rates of islet recipients can be as low as 20% at five years post-
engraftment [1]. Reliable imaging methods to guide the transplantation process, to monitor
and quantify islet graft survival /n vivo, and to correlate the viability and function of
transplanted islets with the graft anatomical location and route of delivery, are essential both
for improving islet transplantation and for detecting complications post-surgery.

The challenges associated with islet imaging pertain to the size (diameter=150 pm) and
density of idlets, aswell astheir anatomical |ocation within the pancreas surrounded by the
liver and gastrointestinal system. Endogenous beta cells comprise only 2—3% of the total
cellsin healthy pancreatic tissue, making their detection even more challenging. Inislet
transplantation studies, the relative volume of islet graft/host tissue is, at best, less than
0.2%. For imaging of endogenous idlets, probes with specificity and affinity for islet cells
are administered with subsequent binding /n vivo, for imaging of transplanted islet cells,
probes are added to cells /n vitrobefore transplantation. In this short review article, we aim
to discuss some of the recent advances in islet imaging and their clinical relevance.

Imaging of endogenous pancreatic islet cells

Dueto their relative high sensitivity, PET and SPECT imaging have been the primary
clinical imaging modalities for visualizing endogenous pancreatic beta cells (see Table 1).
At present, the availability of a specific, low molecular weight imaging agent has been an
elusive goal but is of critical importance to advance our understanding and treatment of
diabetes. Most existing probes also bind to other organs, and some recent efforts have been
directed towards redirecting probe biodistribution through chemical derivatization. The ideal
probe should only bind to pancreatic beta cells, and not to apha or delta cells or the exocrine
pancreas.

Beta cell targets that have been explored for developing specific probes include the
dopamine receptor, the vesicular monoamine transporter type 2 (VMAT?2), the glucagon-like
peptide 1 receptor), sulfonylurea receptors, and certain islet cell surface antigens (i.e. plasma
membrane gangliosides). VMAT2 has recently been suggested to be one of the more
specific biomarkers for imaging beta cell mass (BCM), using [11C]dihydrotetrabenazine
(DTBZ) asthe transporter’sligand. Much reduced pancreatic uptake has been observed in
TD1M patients. However, there are conflicting reports in the literature about the specificity
of VMAT?2 expression. Even with a 9-[18F]fluoropropyl-(+)DTBZ ([18F]AV133), there are
anumber of reports on non-specific binding to pancreatic exocrine tissue and the liver [2];
uptake in the latter organ obscures visualization of the pancreasin particular. A significant
advance in obtaining specificity was recently achieved using a 18F-labeled epoxide DTBZ-
derivative ([18F](+)4)[3], where the non-specific clearance and uptake is shifted from the
liver to the kidney. Overall, thereisalot of activity in field of probe development, but the
ideal probe has yet to be found.

Imaging of (transplanted) exogenous pancreatic islet cells

Magnetic resonance imaging (MRI)

MRI offers the best spatial resolution and soft-tissue contrast for anatomical imaging of
transplanted islets. MRI can also be used to guide the islet engraftment process using real-
time, MR-guided injections (see Figure 1) [4]. Idlets have been labeled with
superparamagnetic iron-oxide (SPIO) nanoparticles [5-8] or paramagnetic gadolinium (Gd)-
based agents for negative (hypointense)- and positive (hyperintense) [9]-contrast MRI,
respectively. Human islets labeled with a clinical Gd-based agent, gadolinium 1,4,7-
tris(carboxymethyl)-10-(2'-hydroxypropyl)-1,4,7,10-tetraazacyclododecane or GAHPDO3A,
showed no impaired viability and functionality, and were visible for at least 65 days post-
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engraftment into immunodeficient mice [9]. However, Gd-based agents have alow
sensitivity, and a high concentration of labelsis required for /n vivo detection. Moreover,
prolonged body retention of gadolinium may be undesirable, given the recent adverse events
with gadolinium injection in patients with nephrogenic systemic fibrosis.

Asfor the SPIO labels, the viability and insulin secretion of islets has been reported not to
be impaired after 1abeling. It has been suggested that allograft rejection can be monitored
through the use of MRI, asimmunorejection leadsto islet cell death and subsequent
disappearance of hypointensities[7]. In some cases, the signal intensities of SPIO-labeled
islets persisted for at least 188 days post-engraftment into mice [5]. Although highly
sensitive, a potential pitfall using SPIO-labeling is the hypointensity of the liver commonly
encountered in TD1M patients due to hepatic iron overload. There is also no linear
correlation between the SPIO concentration and MR signals. A novel MRI approach isthe
use of perfluorcarbonsin islet cell labeling, enabling “ hot spot” 19F MRI. When combined
with perfluorooctylbromide (PFOB), islets can also be imaged with ultrasound and X-ray/
CT imaging [10]. 1°F MRI has the advantage that the 1°F signal and thus the amount of
islets can be directly quantified [11].

Bioluminescence imaging (BLI)

For thisimaging modality, islets are engineered to carry aluciferase gene prior to
transplantation. When the substrate luciferin isinjected into the graft recipients, the enzyme
luciferase converts the circulating luciferin to oxyluciferin under the emission of photons
thus enabling optical imaging. Transfected islets have been engrafted into mice and imaged
by BLI, in some case for more than one year [12-14]. BLI costs less and has a higher
throughput than MR imaging. It also provides quantification of viable beta cell mass /n vivo
with inherently low background. However, BLI is not appropriate for imaging signal coming
from deep tissue, and thus unsuitable for human use.

PET and SPECT imaging

Islets have been directly labeled with a PET-trackable glucose analogue, 2-deoxy-2-18F-
fluoro-D-glucose ([18F]-FDG) before implantation [15]. Once inside cells, [18F]-FDG is
phosphorylated and retained. Dying islet grafts rel ease the radiotracer, but the
phosphorylated form of [18F]-FDG cannot be taken up by other cells /n7 vivo. Another
candidate for 18F cell labeling is D-mannoheptul ose; however, its accumulation in the liver
isrelatively high and its uptake by human beta cellsis potentially low [16]. A major
limitation of this approach is the short half-life of the radiotracer (110 minutes for 18F),
making it unsuitable for longitudinal imaging.

With areporter gene method, islets are transfected with alentivirus expressing herpes
simplex virus 1 thymidine kinase (HSV 1-tk). Following engraftment, the radiotracer [124]-
or [129]] 5-iodo-1-(2-deoxy-2-fluoro--D-arabino-furanosyl)uracil (FIAU) is administered for
PET or SPECT imaging, respectively. The radiotracers are phosphorylated by thymidine
kinase inside viableidet cells, and the amount of tracersthat isretained by islets /n vivocan
be measured by PET or SPECT. HSV 1-sr39Tk, a mutant form of HSV1-Tk, can be used in
combination with the PET radiotracer 9-(4-[18F]-fluoro-3-hydromethylbutyl)guanine ([18F]-
FHBG). It was reported that HSV 1-sr39Tk more effectively phosphorylates FHBG.
Transfected islet graftsin mice could be repeatedly detected by microPET for at least 90
days[17]. The advantages of the reporter gene methods include the exclusive imaging of
viable idets and the ability to monitor islet grafts over the long term. Moreover, the
magnitude of PET/SPECT signal directly correlates with the engrafted islet massin mice
[18]. However, concerns about viral manipulation of idets and the potential immunogenicity
of the reporter may limit the clinical applications of this method.
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Multimodal imaging of microencapsulated islets

Microencapsulation of islets presents a multifunctional approach to islet cell therapy. Here,
both idlets and contrast agents are embedded inside biocompatible microcapsules, with
alginate as the common choice of biomaterial. These semi-permeable capsules allow the
diffusion of small metabolites, but block the passage of antibodies and immune cells.
Capsule rupture and, consequently, the loss of immunoprotection provided by the
microcapsules, can be detected, since the loss of signal is caused by the release of contrast
agents during rupture [4]. Microencapsulated islets have been labeled with SPIO for 1H MR
imaging [4], with barium sulfate or bismuth sulfate for X-ray imaging and fluoroscopy [19],
with PFOB for 1°F MRI, ultrasound, and CT imaging [20], and with gadolinium-gold or
SPI0O/gold nanoparticles for 1H MRI, CT, and ultrasound imaging [21, 22] (Figure 2).
Microencapsulated idlets exhibited an unimpaired function /n vitro and restored
normoglycemiain diabetic mice after transplantation, without the use of immunosuppressive
drugs [4, 20-22].

Clinical applications

The feasibility and safety of SPIO-labeled islet transplantation into TIDM patients, and the
subsequent MR imaging of islet grafts, were recently demonstrated by two research teamsin
Geneva[23] and Prague [24]. Of the four recipients in the Geneva study, two patients
achieved insulin independence for up to 12 months and one was insulin-independent for up
to 24 months post-treatment. In the Prague study, significant C-peptide production was
detected and lower doses of exogenous insulin were required to maintain normoglycemiain
all eight patients. Furthermore, one recipient became insulin-independent for up to six
months post-engraftment. In both cases, engrafted islets in the hepatic portal vein could be
repeatedly visualized as hypointense spots by a clinical MRI scanner for at least 24 weeks.
However, no correlation between the number of implanted islets and the detected
hypointense spots was observed. At present, it is not clear how well this technique can
provide information about islet survival and function /n vivo, but there appears a tendency
for hypointense spots to disappear with islet attrition.

Inaclinical PET study in Stockholm [15], five patients received hepatic transplantation of
unlabeled and labeled islet mixtures. A fraction of the islets (23%) was labeled with [18F]-
FDG. For up to four weeks post-treatment, circulating C-peptide was detected and all
patients required a reduced exogenous insulin administration. This study revealed that 25%
of transplanted islets were lost or damaged during transplantation, as indicated by evaluation
of PET signal and circulating C-peptide levels. Due to the short half-life of the 18F
radioisotope, this radiotracer is only suitable for assessing the fate of islets up to afew hours
after transplantation.

In summary, imaging of transplanted, exogenous pancreatic islet cells can be accomplished
using established labeling protocols. Proper imaging of endogenous islets however remains
adaunting task, due to the lack of suitable probes specific for the endocrine beta cell.
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Figure 1.

MR-guided transplantation of magnetocapsules and functionality /n vivoin swine. (a)
Conventional magnetic resonance angiography/venography of the mesenteric venous system
was performed with Gd-DTPA before any punctures. White arrow, active needle; black
arrow, portal vein. Needleis seenin the IV C in the proper orientation for portocaval
puncture. (b,c) /n vivoMRI of magnetocapsules before (b) and 5 min after (¢) intraportal
infusion of magnetocapsulesin a swine. Magnetocapsules can be seen distributed
throughout the liver as hypointense signal voids created by the magnetocapsules. (d,e) MRI
follow up at 3 weeks shows the persistence of magnetocapsule human islets. (f)
Magnetocapsule islets retain functionality /17 vivo, as assessed by a sustained increasein
human C-peptide in plasma. Reproduced, with permission, from Ref. [4].
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Figure 2.

/n vitroand /n vivomultimodal imaging using SPIO/gold capsules. () Spinecho 9.4 T
MRI, (b) micro-CT, and (¢) US imaging of phantoms containing saline, unlabeled capsules,
and SPIO/gold capsules. (d) Spin echo MRI, (€) gradient echo MRI, (f) micro-CT, and (g)
USimaging at 1 day after injection of mouse abdomen injected with saline, 500, or 1200
SPIO/gold capsules. Sp= spinal cord. Note that both /n7 vitroand in vivo, single capsules can
be clearly identified (arrows). Reproduced, with permission, from Ref. [22].
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Comparison of non-invasive techniques used for imaging of pancreatic islet cells. N/A isnot applicable (i.e.,
cannot or has not been used for this purpose).

Endogenousidets

Exogenous (transplanted) islets

Strengths Weaknesses Strengths Weaknesses
PET High sensitivity, lonizing radiation, no Only live cells generate signal, Genetic manipulation, ionizing
clinically applicable, | anatomical information, low | clinically applicable radiation, no anatomical information,
signal quantification spatial resolution high non- low spatial resolution
specific uptake by liver and
Gl tract
SPECT | High sensitivity, lonizing radiation, no Only live cells generate signal, Genetic manipulation, ionizing
clinically applicable, | anatomical information, high | clinically applicable radiation, no anatomical information,
signal quantification | non-specific uptake by liver low spatial resolution
and Gl tract
BLI N/A N/A Only live cells generate signal, Genetic manipulation, not clinically
widely available, noionizing applicable, low spatial resolution
radiation
MRI N/A N/A High sensitivity, high spatial No discrimination between live and

resolution, clinically applicable,
use of real-time MR- guided
injections, no ionizing radiation

dead cells, difficult to do in patients
with liver iron overload
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