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Introduction

Diabetes is a complicated disease, which results from impairment in insulin secretion and/or
function. Insulin is secreted by beta-cells in the pancreatic islets of Lanherhars when sugar
levels increase (for example, after food intake). When insulin synthesis is disrupted, high
unutilized glucose level leads to diabetes development. There is a growing unmet need in
diabetes community to assess the level of surviving beta-cell non-invasively. Recent advances
in this area include application of various imaging techniques (magnetic resonance imaging,
MRI, positron emission tomography, PET and optical imaging techniques) in combination with
proteomics and molecular biology techniques to identify specific imaginable beta-cell markers.
Clearly, the biggest difficulties in imaging beta-cell mass originate from their low abundance
in the pancreas (the islets of Langerhans represent only 2—3% of pancreatic tissue and are
dispersed throughout the pancreas). In spite of these challenges some progress has been made
in imaging of endogenous and transplanted islet mass, islet vasculature, islet apoptosis and
infiltration of immune cells during diabetes progression. Several examples of these studies are
discussed below (also reviewed in (1)).

Imaging of targeted beta-cells

One of the challenges in imaging beta-cell mass is in identifying beta-cell specific markers and
designing highly specific ligands to these markers which could be further combined with
imaging reporter(s). One of the examples of such study came from Samli et al, where the
attempt had need made to identify beta-cell specific peptide from phage-display peptide
libraries (2). While this study identified potential candidate peptides with beta-cell specificity,
they only bound to beta-cells in healthy animals and did not recognize isles in diabetic ZDF
rats. This could present a problem while imaging beta-cell mass during diabetes progression.
In addition, since this study only utilized phage-associated peptides, the ability of isolated
peptide to target beta-cells is still to be demonstrated. However, this study represented an
interesting and promising approach in identifying targeting beta-cell specific peptides. In the
same line of work is another study, utilizing beta-cell specific antibody K14D10 for beta-cell
immunomagnetic purification (3). In this context one would expect that this antibody could be
potentially utilized as imaging ligand for PET imaging. However, another group, which studied
K14D10 Fab fragments for this purpose discovered that their specificity toward beta-cells was
rather low though the affinity was comparable to that of native antibody (4).
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Targeting of beta-cell specific markers has been also achieved by using the IC2 antibody shown
to be beta-cell specific among islet cells (5-7). After intravenous injection of 111In-labeled
antibody into healthy and streptozotocin (STZ)-induced diabetic mice there was a clear
difference in signal intensity of imaged excised pancreases (8). This study will be further
extended to imaging in vivo in various models of diabetes.

An alternative approach to imaging beta-cell mass was proposed by the group from Columbia
University. Here, they focused on vesicular monoamine transporter 2 (VMAT2), which is
expressed by beta-cells but is absent from the exocrine pancreas. It was targeted by
dihydrotetrabenazine (DTBZ), which is already in clinical use for the positron emission
tomography (PET) imaging of central nervous system (CNS) disorders. In their preliminary
data the group showed the utility of this approach for imaging beta-cell mass in STZ-induced
diabetic Lewis rats (9) and in rodent model of spontaneous type 1 diabetes (the BB-DP rat)
(10). However, further whole body biodistribution studies in non-human primates failed to
show any significant accumulation of the tracer in the pancreas (11), therefore raising serous
concern regarding the application of this approach in diabetic patients. The latest attempt to
use 18F as a radiotracer for DTBZ produced results similar to that obtained in rodents

with 11C-labeled compound with the uptake of about 5% of injected dose (12). At this point it
is unclear if substituting isotopes could produce any meaningful result in terms of
biodistribution of these compounds in larger animals.

Non-targeted methods for beta-cell imaging

Estimation of beta-cell mass using Manganese (Mn)-enhanced MRI was attempted as a tool
to image beta-cell functionality in cell culture and isolated islets (13). Mn2* accumulates in
beta cells in proportion to the glucose concentration presented to the cells, presumably via
Ca?* channels. Similar to calcium, extracellular Mn was taken up by glucose-activated beta-
cells resulting in 200% increase in MRI contrast enhancement, versus non-activated cells.
Similarly, glucose-activated islets showed an increase in MRI contrast up to 45% (Fig. 1).
Although glucose-stimulated Ca influx was depressed in the presence of 100 microM Mn, no
significant effect was seen at lower Mn concentrations. Moreover, islets exposed to Mn showed
normal glucose sensitivity and insulin secretion. These results demonstrate a link between
image contrast enhancement and beta-cell activation in vitro, and provide the basis for future
noninvasive in vivo imaging of islet functionality and beta-cell mass.

Another way to measure endogenous beta-cell mass is to engineer cells with reporter genes to
retain radioisotopes which could be imaged by PET or SPECT. One of the first studies
demonstrating this was performed by the group from Lawson Institute (Canada) where INS-1
832/13 and aTC1-6 cells were stably transfected with a herpes simplex virus type 1-thymidine
kinase-green fluorescent protein (HSV1-thymidine kinase-GFP) fusion construct (tkgfp)
(14). Cells expressing these genes could be readily identified after transplantation under the
kidney capsule using SPECT/CT.

Studies in pancreatic islet cell biology could utilize various techniques including laser-scanning
microscopy, which allowed for repetitive in vivo imaging of islet vascularization. Speier et al.
(15) reported on the application of this technique for imaging of pancreatic islets using the
anterior chamber of the eye as a natural body window. In this work the investigators
transplanted mouse islets into the anterior chamber of the eye using injection through the
cornea. This technique allowed for simultaneous imaging of GFP-expressing islets and islet
vascular network after intravenous injection of Texas red-conjugated dextran. Interestingly,
this transplantation site allowed for blood glucose normalization in streptozotocin-treated mice.
In addition, imaging of cytoplasmic free Ca2* concentration was possible in this model paving
the way to deep investigation of islet cell signal transduction mechanisms under physiological
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and pathological conditions. Furthermore, the possibility of non-invasive imaging of beta cell
death was assessed using Annexin V-APC conjugate, which revealed strong staining of
apoptotic nuclei in islets treated with alloxan. Overall, this study presented a new platform for
noninvasive and longitudinal studies of pancreatic islet cell biology in vivo (15).

Clearly, imaging pancreatic islets pre-labeled with either reporter gene or exogenous contrast
agent prior to transplantation seems to be the most advanced area of beta-cell imaging due to
the simplicity of the pre-labeling procedure. Normally, for labeling with contrast agents
isolated pancreatic islets are incubated for several hours in the presence of the agent, washed
and used for transplantation. As of today two type of contrast agents have been used for islet
labeling, both being non-specific to beta-cells. One of them, Gd-based contrast agent
GdHPDO3A is a neutral, highly hydrophilic contrast agent for MRI currently used in clinical
practice. In this study it was used for labeling pancreatic islets followed by imaging of
transplanted grafts (16). Gd-labeled islets seemed to maintain their function and were visible
up to 65 days after transplantation by in vivo MRI.

However, the majority of the studies on imaging of transplanted islets were performed using
iron oxide nanoparticles as labeling agents for islet visualization. We and others have shown
that labeling of pancreatic islets with superparamagnetic nanoparticles does not impair islet
viability, morphology and function (17-19). As mentioned above, labeling of pancreatic islets
by iron oxide nanoparticles was non-specific towards beta-cell.

However, since 60-80% of the cells in the islets are beta-cells, the overall majority of labeled
cells in the islet are usually beta-cells. Visualization of magnetically labeled transplanted islets
was shown in a mouse model under the kidney capsule and after intrahepatic injection. In both
cases transplanted pancreatic islets could be detected using in vivo MRI. Intraportal infusion
is the only method pursued in human trials and proven to lead to insulin independence.
However, one of the most critical points that need to be resolved is the viability and long-term
functionality of the transplant. In order to speed up the transition of our imaging approach into
clinic, we adopted the FDA-approved commercially available contrast agent Feridex, which
is used clinically for liver imaging. Human pancreatic islets or islet clusters labeled with
Feridex could be easily visualized on T2* images as distinct foci of signal loss in the liver
parenchyma (Fig. 2). Though this method of islet cell labeling is non-specific, it allows for
longitudinal tracking of transplanted islets.

A separate set of markers that could be utilized for beta-cell imaging is based on the unique
physiology of beta-cell. Specifically, the zinc content in the pancreatic beta cell is one of the
highest of the body. It appears to be an important component of insulin-secreting cells since
insulin is stored inside secretory vesicles as a solid hexamer bound with two Zn2* ions per
hexamer. Zinc is also known to play an important role in the mechanisms behind insulin
secretion. Therefore beta-cells express specialized zinc transporters, which can be targeted
(20,21). On the other hand, zinc itself could serve as a marker of beta-cell mass and could be
imaged using novel chelate-based contrast agent.

Though not directly intended for beta-cell imaging, Meade group synthesized a novel Zn(11)-
activated gadolinium (Gd)-based MRI contrast agent in which the coordination geometry of
the complex rearranges upon binding of Zn(I1) (22). In the absence of Zn(I1) water is restricted
from binding to a chelated Gd(l11) ion by coordinating acetate arms resulting in a low relaxivity
which increases significantly upon addition of Zn(ll).

Another group from MIT synthesized water-soluble porphyrins as a dual-function molecular
imaging platform for MRI and fluorescence zinc sensing (23). In the metal-free form this
molecule showed superb fluorescence “turn-on” properties with high selectivity for zincamong
other divalent metal ions. If the metal (manganese) is added to the porphyrin structure, the
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compound switches its function to generate an MRI contrast. In the presence of zinc, the
relaxivity of this compound in aqueous solution is significantly altered, which makes it a
promising zinc MRI sensor. Future studies will unravel whether either compound could be
suitable for beta-cell imaging.

Another approach applied by Malaisse’s group involved labeled sugars, since beta cells are
sensitive to changes in blood glucose. A range of tracers based on radiolabeled glucose has
been explored (24-27) with various successes. The most encouraging so far have been studies
involving the ketoheptose D-mannoheptulose. This compound is taken up by the cells mainly
through the GLUT-2 receptor, which is exclusively expressed on hepatocytes and insulin-
producing beta-cells and, therefore, displays discriminating capacity between pancreatic islets
and exocrine pancreas. Furthermore, its accumulation in pancreatic islets is proportional to
beta-cell mass and can be utilized to assess metabolic status in diabetic animals. Though its
accumulation in the liver is relatively high, mannoheptulose has been proposed as one of the
more promising candidate tracers (28-31).

Multiple attempts to utilize pharmacologic agents for beta-cell imaging have been made. One
of the most studied marker included sulfonylurea receptor ligands as imaging agents. Insulin
secretion is regulated by the membrane potential of the beta-cell, which depends on the activity
of ATP-sensitive K* channels in the plasma membrane. These channels are composed of a
small inwardly rectifying K* channel subunit (Kir6.1or Kir6.2) and a sulfonylurea receptor
(SUR) (32). SURs represent the target for hypoglycemic sulfonylureas such as glyburide,
tolbutamide, a well- known group of antidiabetic agents which have been in clinical use for
years (33). Three sulfonylurea receptors (SUR1, SUR2A, and SUR2B) have been cloned.
SURL is expressed in very high numbers at the internal face of the plasma membrane (34) of
the pancreatic islet cells but not in the exocrine part of the pancreas. Logically, it was proposed
that a radio-labeled glyburide or tolbutamide derivative could serve as tracers for imaging
pancreatic islet cell mass. Various labeled glyburide and tolbutamide derivatives have been
tested (21,35-37). For various reasons, including overall radiochemical yield, binding affinity,
deposition time at the receptor, uptake in the liver, plasma protein binding and others a lot of
these agents have been found unsuitable for in vivo evaluations.

Alternative tracers have been designed based on a non-sulfonylurea hypoglycemic drug, named
repaglinide, which functions similarly to glyburide by inhibiting potassium efflux from beta
cells. This drug is considered superior than glyburide because of its enhanced absorption and
elimination profile, as well as its high affinity for SUR1. Initial biodistribution experiments
and in vitro experiments with 18F and 11C-labeled repaglinide and its metoxy analog suggest
that its improved uptake by the pancreas makes repaglinide and its derivatives a promising
candidate for in vivo imaging by nuclear methods (38,39).

Beta-cell imaging is a fast developing field with new techniques and approaches being
introduced continuously. As such, chemical exchange saturation transfer (CEST) technique
and its derivative PARACEST could be used for evaluating the concentration of molecules
such as glucose in vivo with high sensitivity. Very encouraging results were obtained with the
glucose-sensitive Europium-based PARACEST agent, EUDOTA-4AmBBA. MR images of
phantoms containing different amounts of glucose showed clear differences in signal intensity
between the four samples (Fig. 3). Furthermore, the sensitivity of this system for differences
in glucose concentration was within the physiologically relevant range (5mM), opening up
new possibilities for the quantification of metabolites in tissue (40,41).

In conclusion, beta-cell imaging is a long-sought goal of diabetes researches, and with the
development of various modalities and approaches for sensing beta-cell mass there is hope for
millions of diabetic patients.
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Figure 1.

Mn2*-enhanced T1-weighted contrast of rat pancreatic islets. Two capillary tubes containing
pancreatic-islets were incubated for 30 minutes in the presence of 25 mM MnCI2. The tubes
were incubated in 5 mM glucose (left) and 16.7 mM glucose (right). The image was acquired
at 500 MHz with TR =400 ms, TE = 7.2 ms, slice thickness = 100 mm, field-of-view = 4.8
mm x 2.4mm, acquisition matrix = 128 x 64, and number of averages = 64. Reprinted from
Gimi et al. (2006) with kind permission from Cognizant Communication Corp.
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Figure 2.

In vivo imaging of intrahepatically transplanted human islets. A: Representative images of
NOD.scid mice with transplanted islets. On in vivo images, Feridex-labeled islets appeared as
signal voids scattered throughout the liver. B: Non-labeled islets were not detectable using the
same imaging parameters. S — stomach, P — portal vein, V — superior vena cava. Reprinted
from Evgenov et al. (2006) with kind permission from the American Diabetes Association.
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Figure 3.

CEST images of phantoms containing 10 mM EuDOTA-4AmBBA plus either 0, 5, 10 or 20
mM glucose, which was obtained by subtracting the image obtained by saturating at 50 ppm
from that at 30 ppm. Reprinted from Zhang et al. (2003) with kind permission from the
American Chemical Society.
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