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ABSTRACT

Since diabetes is becoming a global epidemic, there is a great need to develop early 3-cell specific diagnostic tech-
niques for this disorder. There are two types of diabetes (i.e., type 1 diabetes mellitus (T1DM) and type 2 diabetes
mellitus (T2DM)). In T1DM, the destruction of pancreatic 3-cells leads to reduced insulin production or even ab-
solute insulin deficiency, which consequently results in hyperglycemia. Actually, a central issue in the pathophys-
iology of all types of diabetes is the relative reduction of 3-cell mass (BCM) and/or impairment of the function of
individual B-cells. In the past two decades, scientists have been trying to develop imaging techniques for nonin-
vasive measurement of the viability and mass of pancreatic 3-cells. Despite intense scientific efforts, only two
tracers for positron emission tomography (PET) and one contrast agent for magnetic resonance (MR) imaging
are currently under clinical evaluation. 3-cell specific imaging probes may also allow us to precisely and specif-
ically visualize transplanted B-cells and to improve transplantation outcomes, as transplantation of pancreatic is-
lets has shown promise in treating T1IDM. In addition, some of these probes can be applied to the preoperative
detection of hidden insulinomas as well. In the present review, we primarily summarize potential tracers
under development for imaging -cells with a focus on tracers for PET, SPECT, MRI, and optical imaging. We
will discuss the advantages and limitations of the various imaging probes and extend an outlook on future devel-
opments in the field.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Diabetes mellitus (DM) has laid tremendous pressures on healthcare
systems worldwide [1]. In 2001, the prevalence of youth with type 1 di-
abetes mellitus (T1DM) in the U.S. was 1.48 per 1000, increasing to 1.93
per 1000 in 2009, a 21% increase between 2001 and 2009 after adjust-
ment [2]. The World Health Organization estimated that there were
422 million adults over 18 years of age living with all types of diabetes
in 2014, which was four times higher than that in 1980 (the number
at that time was 108 million) [3]. It is expected that over 550 million
people will be diagnosed with diabetes by 2030 [4].

Diabetic disorders can be broadly divided into four groups: type 1,
type 2, gestational, or a group of other specific syndromes [5]. T1IDM,
as an autoimmune disorder, results from immune-mediated destruc-
tion of insulin-producing B-cells, while type 2 diabetes mellitus
(T2DM) is a chronic metabolic disease associated with insulin desensiti-
zation or resistance, which occurs at multiple levels of the insulin recep-
tors on different cell types [6-8]. There is growing evidence indicating a
significant overlap across these two different types of diabetes, as both
T1DM and T2DM have been associated with a functional loss of beta
cell mass (-cell mass, BCM) [9]. Specifically, BCM was reported to be
reduced in patients with T2DM [10]. Hyperglycemia may trigger a stress
response which plays a role in the induction of 3-cell apoptosis in both
T1DM and T2DM [11]. Hyperglycemia seems to be associated with
changes in B-cell phenotype, such as dedifferentiation of B-cells,
which is important to the development of diabetes [12]. Therefore, an
insufficient number and/or functional decline of 3-cells have been de-
termined to be central components in the development and progression
of hyperglycemia and diabetes.

Currently only circulating C-peptide and insulin levels are relatively
reliable approaches to measure BCM. However, these two methods still
lack sensitivity and reproducibility, as these indexes only indirectly re-
flect BCM and are not able to determine the changes in BCM amounts
[5,13]. From a clinical perspective, early detection of [3-cell changes is
key to timely diagnosis and intervention of diabetes, such as in initial
stages of the disease or in the 3-cell compensation phase (when glucose
levels are not elevated). Therefore, sensitive new tools that can nonin-
vasively map BCM are urgently needed. 3-cell imaging is one of the
most optimal candidates [14]. While in people affected by TIDM the
value of B-cell specific imaging may lie in detecting almost complete
loss of BCM, in people with T2DM, 3-cell imaging techniques can be ap-
plied to monitor the subtle changes of BCM over longer time periods
[15-18].

18E_EDG, the most commonly-used positron emission tomography
(PET) tracer, has been employed to delineate transplanted islets and
to assess the mass of [3-cells in streptozotocin (STZ)-induced diabetic
rats [19]. Although '8F-FDG-labeled islets allowed qualitative and quan-
titative analysis of transplanted islets [20], the role of '8F-FDG in moni-
toring BCM was controversial as it failed to accumulate less in the

diabetic pancreas compared to the control [21]. Therefore, '®F-FDG
PET/CT may hold potential in monitoring islet transplantation; how-
ever, this technique faces a number of challenges, including the need
for pretreatment of islets, minimal sensitivity for small islet losses, and
the relatively short half-life of '8F [22]. The need for noninvasive and
quantitative assessment of BCM has prompted the development of
many (3-cell-specific imaging agents targeting the vesicular monoamine
transporter 2 (VMAT2), sulphonylurea receptors (SUR-1), glucagon-like
peptide 1 (GLP-1), free fatty acid receptor 1 (FFAR1), and p-cell-specific
antigens [16,17,23]. Of them, Mn-DPDP [24], '!C-DTBZ [25], ®F-AV-133
[26], '8F-FDOPA [27], and ®3Ga-NOTA-exendin-4 [28] are representative
probes which have been tested in clinical settings and have shown great
promise for evaluating BCM. Several imaging modalities including com-
puted tomography (CT), magnetic resonance imaging (MRI), PET,
single-photon emission computed tomography (SPECT), and optical im-
aging have been explored for noninvasive detection and measurement
of BCM and 3-cell function. In the past, Wu and others elaborately pre-
pared reviews of radionuclide-based molecular imaging probes for 3-
cells [15,17,22]; since then, substantial molecular imaging probes for
various targets have been developed and investigated for diabetes or
other P-cell related conditions (i.e., insulinomas and islet transplanta-
tion). By reviewing the most recent reports and highlighting remaining
research gaps, we herein systematically summarize potential molecular
probes for imaging (3-cells (Fig. 1), and we believe that 3-cell imaging
will lead to tailored diagnostic tools and development of personalized
medicine for patients with diabetes and insulinomas in the near future.

2. Manganese-based imaging probes
2.1. Manganese-based MRI contrast agents

Manganese (Mn?*) is a Ca?>* analogue and can enter 3-cells through
the voltage-dependent Ca?* channel [29], resulting in a robust, glucose-
dependent signal in 3-cell lines and in islets [30-34]. A proof-of-concept
study reported that manganese-enhanced magnetic resonance imaging
could noninvasively distinguish normoglycemic and type 2 diabetic pa-
tients through enhanced pancreatic signals on the MRI images [24].
More importantly, manganese-enhanced magnetic resonance imaging
was able to identify early changes of functional BCM during 3-cell com-
pensation in C57Bl/6] mice following a high-fat/high-sucrose diet. Addi-
tionally, this imaging modality detected rapidly decreased MRI signals
in the pancreas of STZ-induced diabetic mouse models [35], indicating
that manganese-enhanced magnetic resonance imaging is a reliable
tool for monitoring functional BCM adaptation and reduction through-
out diabetes progression. However, as individual islets vary in size
from 40 to 300 pm and are non-uniformly distributed throughout the
pancreas [36], quantification of their mass and function is challenging
through traditional MRI or CT. In addition, the toxicity of larger doses
of Mn?" has to be considered when used as a contrast agent. Long-
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Fig. 1. Noninvasive molecular imaging of p-cells. Abbreviations: VDCC, voltage-dependent Ca>* channel; GLUT, glucose transporter; '®F-FDG, '®F-fluorodeoxyglucose; DA, dopamine;
VMAT2, vesicular monoamine transporter-2; DTBZ, dihydrotetrabenazine; Trp, tryptophan; 5-HTP, 5-hydroxytryptophan; LAT, L-type amino acid transporter; GLP-1R, glucagon-like

peptide 1 receptor.

term exposure to elevated concentrations of Mn?" (LDs, 38 mg/kg)
may lead to extrapyramidal dysfunction and also systemic toxicity,
such as temperature regulation malfunctions [37-39].

2.2. Manganese-based PET probe

PET is a technique that detects two coincident gamma rays resulting
from the annihilation of a positron with a nearby electron [40,41]. It
thus has significantly greater imaging sensitivity than MRI, inherently
probing physiology rather than anatomy since the tracers can be
targeted to specific tissues [42,43], which may prove useful in the clini-
cal quantification of functional BCM. We recently reported that
radiomanganese (**Mn?", t;,,: 5.6 d) is a tracer of choice for studying
B-cell physiology noninvasively [44,45]. Uptake of >2Mn?* was success-
fully manipulated pharmacologically in vitro and in vivo. By using an
STZ-induced type 1 diabetes mouse model, we revealed that >2Mn2™
uptake in the diabetic pancreas was distinguished from healthy controls
as further confirmed by histological quantification of B-cell mass
(Fig. 2A). >>Mn?*-PET also reported the expected increase in functional
-cell mass in the ob/ob model of pre-type 2 diabetes (Fig. 2B), which
was corroborated by histological 3-cell mass measurements and live-
cell imaging of 3-cell Ca®™ oscillations. These results demonstrated
that >2Mn?"-PET is a sensitive new tool for noninvasive assessment of
functional BCM and future studies are warranted to confirm and
broaden the applications of this new imaging probe.

3. Imaging of vesicular monoamine transporter 2 (VMAT2)
3.1. Radiolabeled VMAT? targeting probes

VMAT?2 is expressed in chromaffin cells, the peripheral and central
nervous systems, as well as in the hematopoietic system, and is respon-

sible for the storage and release of a variety of monoamines (i.e. dopa-
mine, norepinephrine, and serotonin) in the synaptic terminals. In the

pancreas, gene-expression studies have revealed higher VMAT2 expres-
sion in islets than in exocrine tissue, and immunohistochemical studies
in humans have found coexpression of VMAT2 and 3-cells, and further
costaining of VMAT2 and insulin [46-48]. It has been proven that
VMAT2 contains a high-affinity binding site for DTBZ, which is an active
metabolite of tetrabenazine (TBZ). In 1993, DaSilva et al. first synthe-
sized and reported ''C-DTBZ, suggesting that this imaging agent
would be a potential tracer for studying neurodegenerative disorders
[49]; later, the same team reported that ''C-DTBZ bound to VMAT2
with high specificity in normal rats in vivo [50]. In human studies, ''C-
DTBZ has initially been used as a highly VMAT2-specific radioligand in
clinical brain imaging, being able to noninvasively measure VMAT2 den-
sity in human brains [51]. Subsequently, ''C-DTBZ has been extensively
used to evaluate BCM in both rodents and humans [25,52-56]. How-
ever, the larger-scale implementation of this tracer is limited due to
the short half-life of ''C (t;,,: 20 min).

A way to overcome this aforementioned drawback is to label the
compound with longer-lived positron emitters; therefore, '8F-labeled
(ti2 = 110 min) analogs of DTBZ, such as ['®F] fluoropropyl [FP]-
DTBZ, ['8F] fluoroethyl [FE]-DTBZ, and ['®F]-FE-DTBZ-d4, have been ex-
plored in preclinical or clinical studies [57-62]. Of note, a study from Lin
et al. showed that '8F-FP-(+)-DTBZ (also known as '8F-AV-133) is safe
for imaging VMAT?2 sites and expression levels in humans [62].
Normandin et al. then evaluated '®F-FP-(+)-DTBZ for quantitative as-
sessment of BCM in healthy control subjects and patients with T1DM,
and they found that '8F-FP-(+)-DTBZ could evaluate islet 3-cell density
and aggregate BCM as evidenced by the correlation between radiotracer
binding parameters and insulin secretion capacity. Representative
PET images from this study showed a striking uptake difference of
18E_FP-(+)-DTBZ between control and diabetic subjects (Fig. 2C)
[26]. Freeby et al. further confirmed these results in a relatively
larger cohort [63]. These findings provided encouraging evidence
that DTBZ-based tracers could be applied to visualize and quantify
BCM clinically.
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Fig. 2. Representative manganese-, VMAT2- and GLP-1R-based PET tracers and corresponding in vivo imaging results. (A) >Mn?*-PET imaging in healthy ICR mice (left) and STZ-induced
type 1 diabetic mice (right). Note that STZ-diabetic ICR mice showed clearly reduced >’Mn?* uptake in the pancreas (B) Coronal PET images acquired at 1 h after >Mn?* administration in
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indicating that application of >>Mn?*-PET imaging may precisely detect diabetes even in the early compensation phase. The pancreas (P) is demarcated by white dashed contours.
(C) While '8F-FP-(+)-DTBZ PET imaging acquired for healthy control subject showed high uptake of the tracer in the pancreas (left), the corresponding pancreas uptake was reduced
in patients with type 1 diabetes (right). Concentration of radioactivity normalized by standardized uptake value (SUV) was significantly lower in the pancreas of patients with TIDM
(10.7 + 2.6, n = 7) than that in the control subjects (17.2 & 4.0, n = 9). (D) Biodistribution performed 60 and 80 min after intravenous administration of ®®Ga-DO3A-exendin-4.
Results showed that uptake in rats with STZ-induced diabetes decreased by more than 80% at both time points compared with that in healthy controls. Asterisks indicate statistical
significance. (E) ®Ga-DO3A-exendin-4 scanning showed pancreatic uptake in diabetic pigs. Competition with unmodified exendin-4 in excess abolished the pancreatic tracer uptake
(right), indicating that the tracer uptake is GLP-1R mediated. Although GLP-1R specific, °Ga-DO3A-exendin-4 may not be the most optimal >-cell imaging probe. The pancreas was

indicated by an arrow.
Adapted with permission from [26,45,105,108].

3.2. Drawbacks of VMAT2 targeting probes

In spite of the above-mentioned promising results, other studies dem-
onstrated that 'C-DTBZ and '®F-labeled analogs of DTBZ may not suit-
able for imaging BCM because of their high nonspecific binding to the
exocrine pancreas [59,64,65]. Therefore, the validity of VMAT?2 targeting
probes for 3-cell imaging has been debated for some time [66,67]. Despite
the controversies, nonspecific uptake of the tracer can be corrected by
using an appropriate reference region. Singhal et al. set out to compare di-
agnostic efficacy of ''C-DTBZ and '8F-FP-(+)-DTBZ in targeting VMAT2
and found that the latter tracer could provide a noninvasive method to
quantify BCM. In addition, in this study the authors also suggested that
the high-flow kidney cortex, rather than the liver, is an appropriate refer-
ence region for quantitative imaging of BCM in animal models of diabetes
[59], because uptake variability of these tracers in the kidney cortex was
less than that in liver [53]. Contrary to this, Naganawa et al. found that up-
take of '8F-FP-(+)-DTBZ was lowest in the spleen and was less affected
by partial volume effects and radiometabolites, and therefore proposed
the spleen as a more practical scaled-reference region when quantifying
BCM using '8F-FP-(+)-DTBZ PET [68]. More recently, the same team ex-
tended their work and assessed '8F-FP-(+)-DTBZ and '8F-FP-(—)-DTBZ
in healthy controls and T1DM patients. The authors confirmed that use
of the spleen as the scaled-reference resulted in the highest non-
displaceable uptake and the largest differences for the healthy controls
vs. the TIDM group [69].

Also of note, the pancreas volumes tend to be smaller in TIDM pa-
tients than in non-diabetic subjects [70,71], and the partial-volume ef-
fect is a potential limitation of PET when imaging such small
structures like individual islets [72,73]. Respiration-induced pancreatic

movement artifacts further degrade spatial resolution and intensify
partial-volume effects [74]. These reasons may synergistically result in
an underestimation of the radioactivity measured in an individual
islet. While 90% of 3-cells express VMAT2, approximately 40% of PP
cells (also known as gamma cells) express VMAT2 [75]. Consequently,
the nonspecific binding of '8F-FP-(+)-DTBZ to PP cells may lead to an
overestimation of the measured BCM. In addition, BCM in patients
with T1DM is considered to be nearly depleted, so the uptake of '8F-
FP-(+)-DTBZ might be lower than that observed in currently-reported
studies. Therefore, further studies are needed with these tracers to es-
tablish reference regions and to thoroughly assess pancreatic non-
displaceable binding of '8F-FP-(+)-DTBZ in humans, especially in pa-
tients with TIDM [76].

4. Imaging of sulfonylurea receptor 1 (SUR1)

In mammals, insulin secretion is mediated by the membrane poten-
tial of pancreatic 3-cells. Increases in glucose levels lead to blocking of
ATP-sensitive potassium channels (Karp channels) in the plasma mem-
brane, which lead to membrane depolarization, increases in calcium in-
flux, and subsequent insulin granule exocytosis. Hetero-octameric Karp
channels are composed of four inward-rectifier K™ channel subunits
and four sulphonylurea receptor subunits (SUR1, SUR2A, or SUR2B)
[22,77,78]. By binding to SURT1 [79], sulfonylureas are used in patients
with T2DM to mitigate T2DM symptoms by stimulating insulin secre-
tion even in the absence of glucose [80]. Although SURs are also
expressed by other endocrine pancreatic cells [81], sulfonylureas, espe-
cially glibenclamide (glyburide) and tolbutamide, have emerged as at-
tractive candidates for BCM imaging [82-85].
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Since the original glibenclamide molecule underwent hepatic clear-
ance and radiolabeled glibenclamide therefore had high liver uptake, it
was unsuitable for islet imaging [86]. Therefore, novel glibenclamide de-
rivatives targeting pancreatic 3-cells with optimized pharmacokinetics
and biodistributions have been developed. In 2007, Schneider et al. syn-
thesized a high affinity glibenclamide-glucose conjugate by adding new
moieties to the glibenclamide structure, and found that this new conju-
gate had enhanced hydrophilicity (a 12-fold increase) and preserved its
high binding affinity to SUR1 in vitro. Furthermore, in vivo studies veri-
fied that this compound was cleared much faster from circulation,
mainly because of its lower plasma protein binding [87]. Therefore,
this glucose conjugate could serve as a potential lead compound for de-
signing other glibenclamide derivatives and for R-cell imaging by
targeting SURs. Repaglinide, an oral medication for T2DM, induces insu-
lin secretion by closing ATP-dependent potassium channels and by
opening the calcium channels in 3-cell membranes [88]. Repaglinide
has also been explored for noninvasive PET imaging of 3-cells [89-91].
More recently, Kimura et al. synthesized several novel mitiglinide deriv-
atives and found that one of these compounds, (+)-(S)-0-FMIT, showed
the highest affinity for SUR1 and specifically accumulated in pancreatic
[3-cells as revealed by ex vivo autoradiography, suggesting that (+)-(S)-
0-'8F-FMIT could be a candidate PET tracer for in vivo molecular imaging
of pancreatic 3-cells [92]. However, several other radiolabeled SUR1 li-
gands had low, non-specific concentration in the pancreas but high up-
take in adjacent organs [89,93].

5. Imaging of glucagon-like peptide-1 receptor (GLP-1R)
5.1. Agonists of GLP-1R/GLP-1 pathway

Glucagon-like peptide-1 (GLP-1), a gut-derived peptide secreted by
intestinal L-cells after food ingestion, is the endogenous agonist to GLP-
1R. The GLP-1R/GLP-1-complex activates the adenylyl cyclase pathway,
resulting in 3-cell proliferation and neogenesis, increased synthesis and
release of insulin in a glucose-dependent manner [94,95]. GLP-1R was
first cloned from rat islets and was found abundantly expressed on na-
tive islet 3-cells [95,96]. Peptides targeting GLP-1R are promising agents
for use in the treatment of diabetes or in the imaging of 3-cells. Endog-
enous GLP-1 is degraded within minutes in vivo, and, as a result, this na-
tive peptide is not a suitable candidate for 3-cell imaging. Therefore,
many efforts have been devoted to the modifications of GLP-1 to in-
crease its in vivo efficacy and its biological half-life. To this end, a more
stable GLP-1R agonist, exendin-4 (Exenatide), has been isolated from
the salivary glands of Gila monster lizards and binds to the extracellular
domain of GLP-1R with picomolar affinity [97]. Exendin-4 is currently
used as a GLP-1R agonist for treating T2DM [98-100]. Exendin-4 and
its derivatives have been extensively developed for fluorescence, nu-
clear medicine, and/or MR imaging of endogenous BCM [101-108].
Moreover, exendin (9-39) is a GLP-1R antagonist from Gila monster sa-
liva and has also been used in determining BCM [97,109]. Of note, differ-
ent from exendin-4, exendin (9-39) had no agonist activity because it
did not modify cellular cAMP levels [97].

5.2. Exendin-based PET/SPECT probes

Gotthardt and co-authors synthesized an '!'In-labeled exendin-4
analogue ('"'In-DTPA-Lys40-exendin-4) and examined its in vivo imag-
ing efficacy in rats and mice. In vivo high-resolution SPECT imaging re-
sults from the study showed specific uptake of this tracer in the
stomach, pancreas, lung, adrenal glands, and pituitary gland [110]. In
2009, Mukai et al. tested exendin (9-39) as another potential probe
for pancreatic -cell imaging. '°I-BH-exendin (9-39) showed the
highest concentration in the lungs and the second highest concentration
in the pancreas, and pre-dosing of an excess amount of unlabeled
exendin (9-39) significantly reduced the pancreatic uptake, indicating
that radiolabeled exendin (9-39) could be another useful probe for 3-

cell imaging [111]. The same team then developed another probe,
[Lys'?('''In-BnDTPA-Ahx)]exendin-4, and reported that SPECT imaging
with this probe enabled noninvasive visualization of 3-cells and mea-
surement of BCM [112]. More recently, SPECT imaging after in vivo in-
jection of ''In-labeled exendin-3 showed specific targeting of the
radiotracer to 3-cells, facilitating noninvasive visualization and quantifi-
cation of BCM in the pancreas of rodents, as well as in healthy and dia-
betic patients [103,113]. In the study including five type 1 diabetic
patients and five healthy controls, Brom et al. reported that, although
inter-individual variation of the tracer uptake existed, a substantially
lower uptake was observed in patients with TIDM [113]. Currently, it
is quite difficult to perform quantitative analysis of SPECT images, espe-
cially for pancreatic 3-cell imaging data. Therefore, development of a
quantitative method that could allow for quantification of BCM is of
great importance. In one possible solution, three-dimensionally printed
phantom images were used to quantify pancreatic !'In-exendin uptake
and initial results showed that this technique is reliable in the quantifi-
cation of pancreatic uptake [114].

Several groups have used different labeling strategies and developed
18F_labeled exendin (9-39) derivatives [115,116], or exendin-4 analogs
[117], for quantitative analysis of BCM. Connolly et al. labeled Lys*°
(DOTA)NH,Exendin-4 with ®*Cu and ex vivo autoradiographic and im-
munohistochemical studies showed the specific binding of $4Cu-(Lys*°
(DOTA)NH,)exendin-4 to islet [3-cells [118]. Although Selvaraju et al.
reported a marked decrease in the uptake of ®3Ga-DO3A-VS-Cys40-
exendin-4 (°8Ga-DO3A-exendin-4) in STZ-induced diabetic rats com-
pared to non-diabetics (Fig. 2D) [105], a confirmation study from the
same group demonstrated that the pancreatic accumulation patterns
of the imaging agent failed to show differences between non-diabetic
and diabetic pigs (Fig. 2E) [108]. This implied that GLP-1R is also
expressed on other cells in the diabetic pig pancreas in significant
amounts. Additionally, unexpected high retention of the tracer was
retained in the bilateral lungs of the diabetic pigs but no background up-
take was observed in the porcine liver, indicating that this tracer may be
alternatively used as an imaging agent for GLP-1R-expressing [3-cells
transplanted to the liver. From these studies and a study by Willekens
et al. [119], one can learn that animal models matter a great deal in
assessing the efficacy of -cell targeting probes in the in vivo determina-
tion of BCM.

6. Molecular imaging with B-cell specific antibodies

{3-Cell specific antibodies, or humanized high affinity antibody frag-
ments, may meet the requirements of 3-cell specific imaging after con-
jugation with radioactive isotopes [120-122]. Radiolabeled monoclonal
antibodies (mAbs) targeting pancreatic (3-cells have been reported by
several studies [122,123]. Therefore, by utilizing these mAbs which spe-
cifically bind to insulin-producing R-cells, development of antibody-
based imaging probes has shown enormous promise and could poten-
tially result in important tools for evaluating BCM.

Transmembrane protein 27 (TMEM27) stimulates pancreatic 3-cell
proliferation, is predominantly expressed on the p-cell surface [124],
and thus may serve as a potential marker for pancreatic BCM [125].
Using a mAb (8/9-mAb) specific to human TMEM27 (hTMEM27),
Rudin and colleagues reported multimodal imaging strategies to target
B-cells on human samples and in animal models. #Zr-8/9-mAb showed
high signal-to-background contrast in subcutaneous insulinoma models
one day after tracer injection, and fluorescently-labeled 8/9-mAb
showed 3-cell specific staining on both human and mouse pancreatic
sections [126]. However, the specificity of 8/9-mAb for human
TMEM27 may limit its use for BCM assessment in preclinical diabetic
animal models. Cross species-selective antibodies against TMEM27 are
still needed to further evaluate the potential value of TMEM27 in nonin-
vasive -cell imaging.

IC2 is a rat mADb specifically binding to insulin granula [127,128]. Al-
though this mAb was discovered 30 years ago, it has only recently been
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used for p-cell imaging in vivo. Moore et al. used this mAb for p-cell im-
aging in 2001 [129]. After DTPA conjugation, IC2 was labeled with !''In.
Both in vitro and in vivo studies demonstrated the specific targeting of
Mn-DTPA-IC2 to 3-cell surface structures. The authors further found
that the uptake of '*°I-labeled IC2 directly correlated with BCM in dia-
betic and normal animals [129]. However, in addition to the slow
blood clearance of this probe due to its large size, no experimental or
clinical studies verify the application of this mAb in human diagnostics.

Alternatively, single-chain antibodies other antibody fragments may
show high pancreas uptake and fast blood clearance. For example,
Ueberberg and colleagues screened a single-chain antibody library and
reported that '?°I-labeled single-chain antibodies successfully moni-
tored BCM in rats [130]. Eriksson et al. radiolabeled a novel Zinc trans-
porter 8 (ZnT8)-targeting antibody fragment, Ab31, using '?°I and
reported that the binding affinity of this probe to insulinomas and the
pancreatic accumulation of this tracer was higher than that of 2°I-
labeled exendin-4 [131]. These initial results indicate that antibody frag-
ments and single-chain antibodies may be promising alternatives for 3-
cell imaging, since they have similar specificities and affinities toward
their corresponding targets with faster clearance because of their
much smaller sizes [132].

7. Imaging agents for other emerging targets
7.1. Zinc-based MRI probes

ZnT8 is a specialized zinc transporter found predominantly in the in-
sulin secretory granules of pancreatic B-cells and controls the accumu-
lation and transportation of zinc from the cytoplasm into the lumen of
intracellular vesicles [133]. Recent studies have confirmed that the
zinc transporter 8 autoantibody is a major biomarker for TIDM diagno-
sis [134]. ZnT8 itself may act as a very promising target for 3-cell imag-
ing [135,136]. Insulin granules contain high concentrations of Zn(II)
ions, of which a small but important fraction (1-100 pM) is unbound
[137]. Given the significant proportion of Zn(II) in the secretory gran-
ules and the relative scarcity of zinc ions throughout other components
of the pancreas [138], Zn(Il)-based imaging agents may be useful tools
to quantify BCM in vivo [139]. Using the Zn?>"-responsive MRI agent,
GdDOTA-diBPEN, Lubag et al. demonstrated that divalent zinc ions
were secreted together with insulin from B-cells after glucose stimula-
tion. Additionally, serial MR imaging of mice fed with a prolonged
high-fat diet (60%) showed a dramatic increase in abdominal contrast,
which was in line with expansion of the pancreas volume and a con-
comitant overall increase in function of B-cells [140]. A dual-modal
MRI/optical probe that senses Zn(II) has also been developed by Stasiuk
and colleagues. This probe specifically accumulated into secretory gran-
ules and isolated islets in vitro, and in vivo MRI experiments using this
probe clearly outlined the enhanced pancreas [141]. These results indi-
cate that MR imaging using Zn(II)-sensing probes could potentially de-
tect BCM and 3-cell function, but the application of this imaging method
in humans remains to be tested.

7.2. FFAR1 targeting probe

FFAR1 is a part of the class of the seven-transmembrane domain G-
protein-coupled receptors. Medium and long-chain free fatty acids,
which can enhance glucose-dependent insulin secretion, are the main
endogenous ligands of the receptor and can activate the receptor in a
dose-dependent manner. FFAR1 was found to be expressed in defined
human brain areas and in the intestine [142], but the receptor is pre-
dominantly expressed in human and rodent 3-cells [143,144]. Due to
this relatively high expression of FFAR1 in islets, Bertrand et al. modified
the scaffold of the FFAR1 agonist TAK875 and then conjugated the com-
pound with different fluorophores, of which probe 16 conjugated with
Alexa488 maintained its agonistic properties and enhanced insulin se-
cretion in a glucose-stimulated manner [145]. The same group further

labeled derivatives of TAK875 with '®F and yielded good radiochemical
results [146]. Although further studies assessing the in vivo efficacy of
these probes in imaging [3-cells are still needed, these initial results rep-
resented the first important steps toward successful 3-cell imaging by
targeting FFAR1.

7.3. SSTR targeting probe

Natural somatostatin is a cyclic peptide hormone generated by and
found in many human tissues such as hypothalamus, adrenals, and pan-
creas. Somatostatin produced by the pancreas inhibits the secretion of
other pancreatic hormones like insulin and glucagon. Somatostatin re-
ceptors (SSTRs) are expressed on 87% of R-cells [147], and therefore
may act as a potential target for imaging [148]. In 2006, Amartey et al.
explored the potential application of SSTRs in imaging of 3-cells. The au-
thors synthesized and evaluated *![-IPC3-AL3 in vitro and in vivo, and
found that the accumulation of this probe in normal mice was signifi-
cantly higher in the pancreas over other organs, implying the value of
B31IPC-B-AL3 as a potential pancreatic 3-cell imaging agent [149].
The same group then monitored the progression of diabetes in diabetic
mice models and demonstrated that pancreatic uptake of this probe was
lower in nonobese diabetic mice than in normal mice, and that the
radioligand accumulation correlated with the number of islets in tissue
sections of both control and nonobese diabetic mice [150].

7.4. VACHT targeting probe

Besides probes targeting VMAT2, another promising neural imaging
target for 3-cell imaging is the vesicular acetylcholine transporter
(VAChT). One such probe targeting this transporter is '8F-FBT, which
binds to VAChT with high specificity and was initially used for mapping
vesamicol receptor density in the rat brain [151]. In 2004, Clark et al.
first reported that the pancreas was intensely '8F-FBT avid and was
clearly visualized in the '8F-FBT PET images of mice, rhesus monkeys,
and adult human volunteers [152]. '8F-FBT was further used as a tool
to investigate glucose tolerance in adult female monkeys [153]. Consid-
ering the reduced cholinergic innervation in TIDM and the role of the
parasympathetic neurotransmitter ACh in insulin production, Clark
and co-authors further tested the feasibility of dual radiotracer analysis
in identifying neurofunctional changes in TIDM using '8F-FBT and
4-3H-DAMP, with the former probe targeting VAChT and the latter
probe binding to M3 muscarinic receptors on (3-cells [154]. The authors
found that the combined use of these two tracers may efficiently assess
insulin production ability, indicating that noninvasive synergistic imag-
ing of pancreatic cholinergic activity and M3 muscarinic receptor den-
sity may be an effective method for evaluating BCM and B-cell
function. Even considering these studies, the use of '®F-FBT PET as a
means of assessing BCM and p-cell function needs to be further
explored.

8. Optical imaging probes
8.1. Bioluminescence

Optical imaging of BCM can be achieved using either biolumines-
cence or probes conjugated with fluorescent dyes [155]. Biolumines-
cence, the emission of light produced during enzyme (luciferase)-
mediated catalysis of luciferin, can be visualized using highly sensitive
cameras [156]. When applied to -cell imaging, bioluminescence
mainly employs the insulin promoter for tissue-specific expression of
luciferase in pancreatic B-cells [157,158]. Studies have reported that
this imaging modality can be used to monitor BCM over time
[157,159-162], to monitor the fate of transplanted islets [65,163], or
to assess the regeneration of p-cells [164]. Virostko et al. developed a
transgenic mouse with 3-cell-specific expression of luciferase and the
human diphtheria toxin receptor, and found that bioluminescence
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rather than radiolabeled VMAT2-targeted ligands ('F-FP-DTBZ, '8F-
AV-266 and '8F-AV-300) precisely monitored BCM following diphtheria
toxin administration. This finding indicated that these three VMAT2-
directed ligands were binding to other parts of mouse pancreas but
not specifically to pancreatic 3-cells [65]. This study also demonstrated
that multimodal imaging, rather than a single modal imaging technique,
is more powerful for precisely evaluating and validating the value of po-
tential radioligands for imaging B-cells.

8.2. GLP-1R-specific near-infrared probe

Brand et al. designed a bimodal imaging probe %Cu-E4-Fl, which
was produced by conjugating a near-infrared fluorescent dye and a cop-
per chelator (sarcophagine) to exendin-4 and was radiolabeled with
64Cy, and found that this probe was able to detect individual pancreatic
islets in a GLP-1R-specific manner. Small animal PET imaging easily vi-
sualized subcutaneous insulinomas in GLP-1R positive 916-1 tumor
models as well (Fig. 3A, B) [165]. This study highlighted that PET imag-
ing as well as optical imaging are possible in the same animal, combin-
ing the advantages of whole-body information from the former and
high resolution imaging from the latter. Other fluorescent exendin-4
imaging agents based on alkyne modification have also been reported
[101,166,167], but one should remember that different positions of
the alkyne modification in the peptide sequence may impact the bind-
ing affinity of the corresponding molecular imaging agent [102]. Of
note, Berclaz et al. developed a tracer (designated as Cy5.5-exendin-3)
and found that time-lapse Optical Coherence Microscopy imaging
using the ligand could facilitate longitudinal monitoring of the rapid
and specific tracer accumulation in murine islets, revealing promising
feasibility of optical platforms for research and diagnosis of diabetes or
other 3-cell related conditions [168].

While great interest and intense efforts have been focused on devel-
oping imaging probes for monitoring BCM, few studies have investigated
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imaging B-cell function (insulin release) through targeting GLP-1R. Li
et al. developed a peptide conjugate of a fluorescent zinc sensor for the
functional imaging of islet 3-cells and found that this probe could further
perform functional imaging of insulin secretion [169].

8.3. SUR1 targeting fluorescent probe

Considering glibenclamide does not contain any functional groups
amenable for further covalent attachment to nanocarriers, Lange and col-
leagues designed and developed 11 glibenclamide derivatives and then
obtained multivalent glibenclamide-polyamidoamine (PAMAM) deriva-
tives, which were further used to produce fluorescently-labeled probes
for multifunctional imaging. Their results showed that one of the
synthesized multivalent agents, a PAMAM-rhodamine-5-glibenclamide
conjugate (denoted as probe C), showed specific labeling of insulin-
containing cells and distinctly outlined insulin-containing P-cells
(Fig. 3C-F) [170]. These findings together with aforementioned results
showed that multivalent probes modified from glibenclamide may pro-
vide a versatile platform for future development of multimodality 3-cell
specific imaging probes.

9. Imaging transplanted islets
9.1. Optical/SPECT/PET probes

In the last few years, islet transplantation has arisen as a treatment
alternative for TIDM. To visualize transplanted islets and monitor
their fate, various noninvasive probes and functionalized nanoparticles
have been investigated and significant success has been achieved in
basic trials to date [171-173]. The first successful in vivo imaging and
detection of transplanted islets was reported by Lu et al. in 2004,
wherein the authors transfected islets with a recombinant adenovirus
coding for the luciferase gene and demonstrated that introduction of
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Fig. 3. Representative optical imaging probes specific for 3-cells. (A) PET imaging using the bimodal imaging (PET/fluorescence) probe 5%Cu-E4-Fl successfully detected GLP-1R positive
916-1 insulinoma in a female nude mouse (left). ®*Cu-E4-Fl was specific to GLP-1R because blocking studies with unmodified peptide substantially reduced tracer uptake (right). The
tumor is indicated by a yellow arrow. (B) H&E, NIR, and phosphor autoradiography images of a resected pancreatic slide. As fluorescently labeled sarcophagine 5 was conjugated with
54Cu in the ®4Cu-E4-Fl probe, excellent correlation of both imaging modalities with regard to islet visualization was observed. PAMAM-rhodamine-X-glibenclamide conjugates (probe
C) showed specific binding to SUR1 positive MIN6 cells (C), primary 3-cells obtained from murine pancreas (D) and human islets (E). (F) After in vivo injection of probe C, both
murine islet vessels (single arrows) and [3-cells (double arrows) were labeled. Images are merged after staining with DAPI (blue), insulin (green), glucagon (turquoise) and probe C

(red). Scale bar = 10 pm.
Adapted with permission from [165,170].
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reporter gene-directed luciferase expression into the isolated islets
allowed the long-term monitoring of grafted islets [174]. The same
group further visualized islet grafts by PET imaging using reporter
gene techniques [175,176]. In the latter study, the authors used recom-
binant lentivirus rather than recombinant adenovirus to direct the ex-
pression of the reporter gene (sr39tk, a mutant HSV1 thymidine
kinase gene) to isolated islets, and found that PET imaging using ['®F]
FHBG (a substrate specific for HSV thymidine kinase) allowed noninva-
sive detection of transplanted islets in the axillary cavity of NOD-scid
mice. Notably, this imaging strategy realized longitudinal monitoring
of the transplanted islets as long as 90 days after implantation [176].
By expressing a reporter gene which was under the control of the insu-
lin promoter, another study used PET imaging of islets and found that
PET signal directly correlated with insulin production [177]. Although
the potential clinical application of these reporter gene-based 3-cell im-
aging strategies mainly lies in monitoring of transplanted islets, they
may also be exploited to investigate the initiation and development of
diabetes [178].

Pre-labeling of islets with '8F-FDG also allowed monitoring of
transplanted islets for up to 6 h [19]. Most notably, the widely-
investigated exendin analogs have also been radiolabeled and exploited
for imaging transplanted islets in rodents [118,179], and in humans
[180]. Using an ultra-efficient '8F-labeling method [181,182], Wu et al.
further developed '8F-TTCO-Cys*®-exendin-4 and found that this
probe demonstrated great potential for transplanted islet imaging be-
cause of its much lower kidney uptake and higher specificity [183]. In-
tramuscular or subcutaneous islet transplants particularly appear to be
reasonable foci for PET or SPECT imaging [184]. Transplanted islets at
these known locations will possibly provide a chance to perform partial
volume correction and an opportunity to quantitatively evaluate the
exact concentration of imaging probes in the transplanted tissue
[185]. These encouraging works have shown the feasibility of noninva-
sive in vivo imaging and monitoring of transplanted 3-cells; however,
the necessity to perform ex vivo transfection of cells and the short
half-life of '8F (110 min) may limit further clinical translation of these
technologies. Additionally, questions related to the distribution and per-
sistence of the genetically altered cells need to be thoroughly investi-
gated before clinical translation.

D2 receptors, also known as D2R, have been explored as a target for
brain imaging since the 1980s [186,187]. Based on the neuroendocrine
nature of islets, D2R were expected to be expressed on [3-cells and this
hypothesis was confirmed by several studies. In 2005, Rubi et al.
showed excellent co-localization of D2R and insulin expression in
both human and rodent islets [188]. Since then, the D2R has been
exploited for noninvasively imaging insulinomas, congenital hyperinsu-
linism, and transplanted islets [189-192]. lodobenzamide (IBZM) is an-
other tracer which has high affinity and specificity for the D2R and has
been previously used as a SPECT radiotracer in neurodegenerative dis-
eases after labeling with 23 or '2°I [193]. More recently, Willekens
et al. found that '>°I-IBZM specifically binds to isolated islets in vitro,
and the authors further demonstrated the technical feasibility of 23]
IBZM SPECT/CT for non-invasively visualizing intramuscular islet grafts
by targeting the D2 receptor in vivo [194]. More importantly, the inten-
sity of 12%I-IBZM on SPECT/CT images correlated with the volume of the
insulin-positive grafts and also the revascularization, indicating the po-
tential application of '23I-IBZM SPECT/CT in the quantification and lon-
gitudinal monitoring of grafted islets [195,196].

9.2. MRI probes

MRI contrast agents enhance the local contrast of an image, of which
superparamagnetic iron oxides (SPIOs, also known as Feridex) were the
most widely-used contrast agent for MR imaging of the liver and for MR
cellular imaging because of their low toxicity and good sensitivity
[197-200]. In general, SPIOs had relatively higher sensitivity than sev-
eral other contrast agents and MRI-based cell tracking using SPIO

particles had successfully been used clinically [201]. Although SPIO par-
ticles were able to modify local contrast, they were biodegradable and
were also greatly affected by the in vivo microenvironment [202,203].
This was especially evident in the liver, because the liver is intrinsically
rich in iron and Kiipffer cells in liver can take up and then break down
SPIO particles quickly [204]. In one study, SPIO-labeled islets were
transplanted to the liver in four patients with T1DM, and MR imaging
was performed prior to and after transplantation at several time points.
For the first patient, diffuse hypointense signals caused by spontaneous
high iron content in the liver were observed on her initial MRI images;
therefore, she had to be excluded. For the remaining three patients,
hypointense iron-loaded islets could be observed after transplantation
on MR images [205]. However, due to lack of sales and poor perfor-
mance in clinical trials, manufacturers ceased commercial production
of Feridex and several other similar agents such as Resovist and Sinarem
by 2009.

The feasibility of MR imaging and MR/optical dual-modality imaging
in the monitoring of transplanted pancreatic islets has also been reported
[197,206-208]. Studies have demonstrated that co-encapsulation of islets
together with iron oxide nanoparticles [209], or perfluorocarbons [210],
allowed noninvasive tracking of transplanted islets with MR or multi-
modal imaging, respectively. To further minimize the potential toxicity
of the nanoparticles, Kim et al. fabricated “capsule-in-capsules” which
consisted of gold, iron oxide, and islets, and further reported that this
method enabled multimodality (MRI, CT, and US) imaging of the
transplanted islets and maintained cell viability and glucose responsive-
ness. This formula had an improved insulin secretion and restored normal
glycemia levels in STZ-induced diabetic mice models [211]. Lee et al. pre-
pared magnetosome-like nanoparticles by coating ferromagnetic iron
oxide nanocubes (FIONs) with polyethylene glycol-phospholipid, incu-
bated rat pancreatic islets with the FIONs, and then intraportally infused
the FION-labeled islets into STZ-induced diabetic rats. In vivo MRI studies
showed that, while the transplanted syngeneic islets were clearly delin-
eated as dark spots in the liver on T2 MR images and the signal lasted
for up to 150 d, the hypointense spots of the transplanted allogeneic islets
decreased gradually after transplantation (Fig. 4A-F) [212]. However, the
long-term toxicity of these nanoparticles is still unknown, and these stud-
ies need to be performed before any clinical application.

Despite the promising progress of the above-mentioned approaches,
noninvasive short-term imaging and long-term tracking of transplanted
islets remains an obstacle in clinical settings. These reported techniques
require manipulation of the transplanted islets either by pre-labeling or
by genetic modification. Therefore, efforts are still needed to develop an
in vivo imaging tracer with safe profiles to enable simple, reproducible
monitoring of transplanted (-cells in patients [16].

10. Imaging insulinomas and p-cell hyperplasia

One of the most promising and useful clinical applications of nonin-
vasive 3-cell imaging lies in the visualization of insulinomas and 3-cell
hyperplasia [213,214]. Insulinoma, the most common cause of hypogly-
cemia in adult patients not diagnosed with diabetes, occurs in 1-4 cases
per million of the general population and accounts for 1%-2% of all pan-
creatic malignancies [215,216]. Several radiotracers, including '®F-
FDOPA [217-220], ''C-5-hydroxytryptophan (''C-5-HTP) [221], and
various imaging probes derived from exendin analogs [222,223], have
been successfully used to detect insulinomas. Sweet et al. initially
screened and identified several candidate molecules including L-DOPA
as potential B-cell imaging agents [224]. Although several studies have
shown that the relatively low in vitro binding specificity of L-DOPA to
B-cells did not qualify this small molecule for further development as
a PET imaging tracer to assess BCM, '8F-FDOPA could be used to nonin-
vasively assess hyperinsulinism [27,225-228]. In addition to its role in
detecting BCM and transplanted islets [229-231], ''C-5-HTP can also
be used to detect neuroendocrine tumors due to high intracellular up-
take of 5-HTP [232]. However, to increase tumor uptake and lower
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Fig. 4. MR images of intrahepatically transplanted syngeneic and allogeneic islets. (A) MR images of rat liver infused with FIONs-labeled syngeneic pancreatic islets at 4 d and 150 d after
transplantation. The hypointense spots which represented labeled islets lasted for up to 150 d after transplantation. (B) H&E staining showed the normal structure of transplanted
pancreatic islets in liver. (C) Prussian blue staining showed the presence of FIONs in islet {3 cells. (D) MR images of rat liver infused with FIONs-labeled allogeneic pancreatic islets
immediately and 15 d after transplantation. The number of dark hypointense spots in the T2 MR image rapidly decreased after transplantation, indicating allograft rejection following
the transplantation. (E) Immunohistochemical examination revealed iron in the islets 3 d after transplantation. (F) Clearance of the FIONs and infiltration of macrophages into the

islets were observed.
Adapted with permission from [212].

physiological pancreatic uptake, patient premedication with carbidopa
is generally needed for '8F-FDOPA and '!C-5-HTP PET imaging
[233,234]. Furthermore, the dosage and the optimal protocol for
carbidopa premedication are not definitively standardized in clinical
practice [220].

While benign insulinomas express the GLP-1R at a high density and
somatostatin receptors (SSTRs) in low levels, 73% of malignant
insulinomas have high expression levels of SSTRs, with the remaining
malignant insulinomas overexpressing GLP-1R [235,236]. In order to en-
hance the circulation and overcome the rapid degradation of GLP-1
in vivo by enzymes, a series of conformationally-constrained GLP-1 ana-
logs have been developed [237]. One such example is EM3106B, which
has an unnatural a-aminoisobutyric acid and multiple lactam bridges
and has been labeled with '®F-FBEM [238]. Due to the challenge in syn-
thesizing derivatives of EM3106B, Kiesewetter and colleagues modified
exendin-4 with a cysteine to allow site-specific labeling with '®F-FBEM
or aluminum '8F-fluoride [239,240]. Based on these encouraging preclin-
ical results, initial clinical attempts found that 3Ga-labeled exendin-4
identified both occult and metastatic insulinomas [241-243]. A recent
comparative study showed %8Ga-NOTA-exendin-4 identified 42 out of
43 histopathologically-proven insulinomas (Fig. 5), superior to ®*™Tc-
HYNIC-TOC SPECT/CT or other traditional imaging modalities [28]. The
advantageous diagnostic value of PET over SPECT may result from im-
provements in partial-volume effects and superior spatial resolution, as
was demonstrated by a recent study which compared the detection effi-
cacies of ®8Ga-DOTA-exendin-4 PET/CT and !'!In-DOTA-exendin-4
SPECT/CT in patients with hidden insulinomas [243]. One of the critical
factors in the realization of routine clinical examinations with an agent
is the accessibility of the radiopharmaceutical. Considering that [*3Ga]
Ga-DO3A-VSCys40-exendin-4 successfully localized multiple small liver
and lymph node metastases from insulinomas and the fact that the tracer
was prepared manually [241], Velikyan et al. further established auto-
mated production and quality control methods for preparing [*®Ga]Ga-
DO3A-VSCys40-exendin-4 [244]. These efforts will certainly pave the
way for broader clinical use of these tracers in the early and precise diag-
nosis of insulinomas.

PET/CT fusion image

1 4
88Ga-NOTA-exendin-4 PET MIP

Contrast-enhanced CT

Fig. 5. Value of %8Ga-NOTA-exendin-4 in the preoperative localization of insulinoma.
Maximum-intensity-projection PET image (A) and axial PET/CT fusion image
(B) obtained from a 10-y-old boy 1 h after injection of 48.1 MBq of ®®Ga-NOTA-exendin-
4. Red arrow showed intense uptake in the body of the pancreas (SUVax, 27.1) and a
mass near the spleen without obvious radiotracer concentration. (C) Arterial-phase
contrast-enhanced CT image from same patient further showed an enhanced
insulinoma (red arrow) and intrapancreatic accessory spleen (red arrowhead), both of
which were subsequently confirmed by pathological examination.

Adapted with permission from [28].
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Notably, ®*Cu-labeled dimeric exendin-4 subunit, which was desig-
nated as %4Cu-Mal,Sar-(exendin-4),, showed higher tumor uptake
than that of the monomeric exendin-4 subunit [245]. Besides the most
commonly-used GLP-1R agonists exendin-3 and -4 and their deriva-
tives, exendin (9-39) exhibits strong binding affinity for GLP-1R but is
less likely to cause hypoglycemia [246,247]. As a result, radiolabeled de-
rivatives of this peptide have also been investigated in the context of
insulinoma. Kimura et al. reported that ''In-BnDTPA-exendin (9-39)
clearly depicted tumors at 30 min post-injection in INS-1 tumor-
bearing mice [248]. Theoretically, dual-targeting of GLP1-R and SSTR
could thus localize all insulinomas. To this purpose, a hybrid peptide
targeting both GLP-1R and SSTR has also been prepared and evaluated
after labeling using °*™Tc, and the preliminary results from Medina-
Garcia et al. showed that the probe is successful in identifying GRP-
1R- and SSTR- double positive tumors or tumors with either GRP-1R
or SSTR expression [249,250].

11. Conclusions and future perspectives

Currently, diabetes mellitus is usually diagnosed by blood tests that
measure glucose tolerance or abnormal glycosylation of hemoglobin
(termed HbA;.) [5, 251]. Ideally, diabetes should be diagnosed at a very
early stage when the BCM and B-cell function have just changed. As the
relatively small 3-cell islets are scattered throughout the pancreas and
constitute a minor part of the pancreas, and a highly (3-cell-specific ligand
for labeling is currently not available, imaging them is still very challeng-
ing [16,106,252]. Possible imaging techniques require several properties,
such as high sensitivity, high spatial resolution, and low cost, which limit
the feasible choices. Although the path leading from encouraging preclin-
ical outcomes to bedside applications is not always easy, great efforts and
long-term investments have been devoted to improve the diagnostic ac-
curacy of diabetes/BCM in the laboratory using highly 3-cell-specific mo-
lecular imaging probes [253]. Of the probes discussed above, GLP1-based
imaging probes [28,101,107,118,179,254,255], manganese-based probes
[34,45], and zinc-based probes [140], and several other probes emerge
as the most promising candidates for 3-cell imaging (Table 1).

Clinical translation of selected probes will facilitate early diagnosis of
patients with diabetes and therefore timely intervention. Considering
the fact that B-cells comprise only a small proportion of the total pan-
creatic mass and substantial variation in BCM exists between different
individuals, the major value of B-cell imaging may lie in longitudinal
studies where imaging results of two or more time points will indicate
the dynamic changes of BCM in the same individual over time. In addi-
tion, noninvasive (3-cell imaging methods will enable assessment of

survival of transplanted islets [256], and precise detection of
insulinomas [214].

For future development, there are several aspects that we may take
into consideration when developing 3-cell-specific probes. First, since
tracers nonspecific for B-cells may lead to an overestimation of the
BCM, future efforts should be devoted to discovering tracers of high
sensitivity and specificity for 3-cells. Hopefully, the most optimal candi-
dates can be obtained by genome-wide loss-of-function screening and
screening of the concomitant epigenetic, proteomic and metabolomic
libraries [130,257-259]. For example, a recent study using proteomic
screening methods identified G coupled protein GPR44 as a surrogate
marker for [3-cells [260], and follow-up studies reported that radiolabeled
GPR44 ligands, [*H]AZD 3825 [261], and [ 'C]AZ12204657 [262], could be
used to visualize 3-cells in vivo. Interdisciplinary research and collabora-
tion from the fields of chemistry, biology, radiology, and pharmacy will
also allow great strides toward developing 3-cell specific probes.

Secondly, longitudinal quantification and measurement are neces-
sary to track the dynamic changes of BCM over time, especially for
transplanted islets. This means that the tracer applied for imaging has
to be non-toxic without damaging -cells or other tissue. For this rea-
son, radiomanganese PET/CT imaging, rather than other Mn?*-based
agents, seems to be a feasible method to assess BCM, since it uses far
less tracer [45]. Radiolabeled exendin analogs can also be alternative op-
tions, as dosimetry studies showed that those probes had acceptable
radiation-induced damage to islets in rats and humans [263]. While re-
porter gene-based [>-cell imaging approaches showed great promise for
monitoring islet transplantation [176,177], these methods rely on the
ex vivo transfection of 3-cells. Therefore, whether the manipulation
and expression of foreign proteins will trigger immune responses or
malignant transformation of the transfected cells needs to be addressed
[264,265].

Additionally, molecular imaging has great potential for noninva-
sive and quantitative imaging of pancreatic 3-cells, but each single
imaging modality has its own intrinsic strengths and limitations.
Functional imaging modalities have high sensitivity (such as SPECT
and PET) and anatomical imaging techniques have high spatial reso-
lution (such as CT and MRI) [266]. Therefore, a bimodal or multi-
modal approach may provide complementary quantitative and
spatial information [165].

To conclude, the field of noninvasive 3-cell imaging has progressed
rapidly in the past two decades. With further development and clinical
translation of p-cell imaging probes, it is hopeful that more personalized
management strategies will be developed for patients with diabetes/
insulinoma, and for patients who receive islet transplantation.

Table 1

Summary of representative 3-cell specific probes illustrated in the present review.
Probe Target Isotope Imaging modality Preclinical/clinical Ref.
18E-FDG GLUT 18 PET Clinical [21]
Mn-DPDP Ca®" channel / MRI Clinical [24]
MnCl, Ca®* channel MRI Preclinical [35]
52Mn2+ Ca** channel 52Mn2+ PET Preclinical [45]
C-DTBZ VMAT2 e PET Clinical [25]
18F_AV-133 VMAT2 18 PET Clinical [26]
(+)-(S)-0-"8F-FMIT SUR1 18 PET Preclinical [92]
Mn-exendin GLP-1R M SPECT Preclinical [103]
58Ga-DO3A-exendin-4 GLP-1R 58Ga PET Preclinical [105,108]
897r-8/9-mAb TMEM27 897r PET Preclinical [126]
TAK875 FFAR1 18 PET Preclinical [146]
18E-FBT VAChT 18p PET Preclinical [152]
64Cu-E4-F GLP-1R 64Cu PET/NIR Preclinical [165]
Probe C SUR1 / Fluorescence Preclinical [170]
18E-TTCO-Cys40-exendin-4 GLP-1R 18 PET Preclinical [183]
12311BZM D2 receptor 1231 SPECT Preclinical [194]
18E_.FDOPA Multiple targets 18 PET Clinical [27,227]
1C-5-HTP LAT ¢ PET Clinical [230]
58Ga-NOTA-exendin-4 GLP-1R 58Ga PET Clinical [28]
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