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The overexpression of peptide receptors in certain tumors as compared to endogeneous expression levels
represents the molecular basis for the design of peptide-based tools for targeted nuclear imaging and
therapy. Receptor targeting with radiolabelled peptides became a very important imaging and/or ther-
apeutic approach in nuclear medicine and oncology. A great variety of peptides has been radiolabelled
with clinical relevant radionuclides, such as radiometals and radiohalogens. However, to the best of our
knowledge concise and updated reviews providing information about the biomedical application of
radioiodinated peptides are still missing. This review outlines the synthetic efforts in the preparation of
radioiodinated peptides highlighting the importance of radioiodine in nuclear medicine, giving an
overview of the most relevant radioiodination strategies that have been employed and describes relevant
examples of their use in the biomedical field.

© 2019 Elsevier Masson SAS. All rights reserved.
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served.
1. Introduction

Naturally occurring peptides play a key role in all living systems
and are responsible for a variety of essential functions. Stable de-
rivatives of those peptides or newly engineered peptide sequences
have emerged as important tools for biomedical applications.
Indeed, they are being exploited in tissue engineering, wound
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healing, and regenerative medicine; as cell penetrating-peptides
for transporting drugs and/or nanoplatforms across cell mem-
branes; as antimicrobial agents; as target-specific drugs; and as
unique tools for radionuclide therapy and/or molecular imaging in
nuclear medicine, just to mention a few representative examples
[1e4]. Radiopeptides are well established target-specific radio-
pharmaceuticals in nuclear medicine, with recognized importance
in cancer imaging and peptide receptor radionuclide therapy
(PRRT) due to the fact that human cancers often overexpress spe-
cific peptide receptors. The most paradigmatic and successful ex-
amples have been the use of radiolabeled somatostatin derivatives
for single photon emission computed tomography (SPECT, g-
emitting radionuclides) and positron emission tomography (PET,
bþ-emitting radionuclides), and for treatment (b--emitting radio-
nuclides) of somatostatin receptor type 2 (sstr2) positive tumors,
namely neuroendocrine tumors. The great majority of the radio-
peptides used are based on radiometals such as 99mTc, 68Ga, and
111In for imaging or based on 177Lu and 90Y for systemic therapy,
which explains the excellent reviews covering a broad range of
topics related to radiopetides and their clinical applications in
cancer SPECT- or PET-imaging and PRRT in recent years [5e8]. On
the contrary, as far as the authors are aware, little attention has
been paid to radioiodinated peptides and their biomedical
applications.

Brought together the importance of radioiodine in nuclear
medicine, discussed below, the recent success of radioiodinated
antibody-based drugs in the clinical set (e.g. [131I]tositumomab for
the treatment of CD20-positive non-Hodgkin's lymphoma) and, to
the best of our knowledge, the lack of reviews providing a compact
and up-to-date summary of radioiodinated bioactive peptides and
their biomedical applications, prompted us to look deeper into this
topic, mainly from a (radio)chemist perspective. Herein, we will
firstly refer to the importance of radioiodine in nuclear medicine,
and present the most relevant radioiodination strategies and pu-
rification methods applied to radiopeptides. Then, an overview of
the most thoroughly explored radioiodinated peptide families will
be given. The chemistry, radiochemistry and, when relevant, the
biological behaviour of radioiodinated receptor-binding peptides
explored for nuclear imaging or PRRT in the last decades will be
reviewed.

1.1. Radioisotopes of iodine

The radioisotopes of iodine with relevant biomedical applica-
tions, namely in nuclear medicine and radiopharmaceutical
chemistry, are described in Table 1.

Radioisotopes of iodine present a unique combination of
convenient nuclear properties, high specific activity and versatile
chemistry. Moreover, radioiodine represents the first example of a
theranostic agent as it permits both diagnosis and therapy,
depending on the emission characteristics of the selected
Table 1
Nuclear properties and application of some iodine radionuclides [9].

123I 124I

Production Cyclotron Cyclotron
Decay mode Electron capture Electron ca
Physical half life 13.22 h 4.18 days
g energya (keV) 159 (83%) 511 (annih
b energya (keV) 2140
Auger electron emission 28.4 electron/decay
Application SPECT imaging

Targeted radiotherapy
PET imagin

a Only primary emissions have been considered.
radioisotope. That is the case of 131I, which is simultaneously a g-
and a b�-emitter, and used for diagnosis and therapy. Indeed,
radioiodine theranostics ([131I]NaI) has been extensively applied for
the management of differentiated thyroid cancer since the 1950s
[10e13].

Moreover, due to their physical and chemical characteristics,
and availability,123I, 125I and 131I have been widely used, especially
in the labeling of monoclonal antibodies, peptides or other small
molecules (e.g. estradiol derivatives), for diagnostic and therapeutic
applications in nuclear medicine [14e18]. The positron emitter 124I
is being envisaged as a promising radiotracer for PET imaging due
its adequate nuclear properties, namely the favourable 4.2 days
half-life, together with the ease of production on cyclotrons
[19e22]. Its long half-life is particularly attractive for imaging
purposes using conventional immunoglobulin G (IgG) molecules or
their conjugates as target-specific moieties.

Both 125I and 131I are reactor-produced and therefore less
expensive and more readily available than the cyclotron-produced
radioisotope 123I. Yet, the latter is the most appropriate for in vivo
imaging due to its convenient half-life (13.2 h) and emitted photon
energy of 159 keV. 125I with its long half-life of 60 days and the low
energy of the emitted photons (27e35 keV) is the most commonly
used for in vitro biological assays and preclinical studies. The 131I
isotope presents an half-life of 8 days and an emitted radiation of
both 364 keV photons and low energy b� particles, suitable for
scintigraphic applications and for radionuclide therapy, respec-
tively [23]. Indeed, this radioisotope is routinely used in the clinical
setting for the management of thyroid cancer.

1.2. Radioiodination methods

Although the simple inorganic salts [123/131I]NaI are radiophar-
maceuticals per se, being directly administered to patients for im-
aging or treating thyroid cancer, target-specific radioiodinated
organic molecules need to be previously radioiodinated. Several
radiochemical methods for the labelling of biomolecules or small
molecules with iodine radioisotopes are available [14e18]. The
main radioiodination strategies involve either direct labeling via
electrophilic substitution at reactive moieties, such as an aromatic
amino acid, or indirect labeling via prosthetic groups. Isotopic ex-
change can also be applied when an iodine atom is already present
in the precursor [24]. However, this approach leads to radio-
iodinated molecules with low specific activity [14].

Direct labeling is usually performed by direct radioiodination of
tyrosine (Tyr) or histidine (His) residues already present in the
amino acid chain, in the case of peptides or antibodies. To allow
direct iodination many peptide analogues have also been prepared
by replacing an existing phenylamine (Phe) with Tyr or by adding
Tyr to sequence sites that are not critical for biological activity or
receptor binding. For the sake of illustrative example, let us refer to
the case of octreotide (Fig. 1), a somatostatin analogue that cannot
125I 131I

Nuclear reactor Nuclear reactor
pture bþ decay Electron capture b� decay

59.39 days 8.02 days
ilation) 35.5 (7%) 364 (81%)

606
19.5 electron/decay

g In vitro bioassays
Micro SPECT
Targeted radiotherapy

SPECT imaging
Radiotherapy



Fig. 1. Somatostatin-14 and the derivatives octreotide (OC) and Tyr [3]-octreotide (TOC).

Fig. 3. Electrophilic substitution in tyrosine and in histidine by I*.
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be easily radioiodinated. Indeed, a synthetic analogue ([Tyr3]-
octreotide, TOC), in which 3-Phe was replaced by 3-Tyr, has been
designed in order to allow its easier radioiodination while preser-
ving biological activity and has been successfully used in somato-
statin receptor studies in vitro [25] and scintigraphic visualization
of neuroendocrine tumors [26e28].

In the “traditional” direct labeling approach radioiodination is
carried out by “radioiodo-deprotonation”, which involves the
substitution of a Tyr or His aromatic proton by the electrophilic
radioiodine (Iþ), usually generated in situ by oxidation of radio-
iodide, available as basic or neutral aqueous solutions, with an
oxidizing agent (Fig. 2) [15,29e31].

Under optimized conditions, a spontaneous electrophilic sub-
stitution occurs on aromatic rings as depicted in Fig. 3.

Tyrosine is generally preferred over histidine for labeling
because of the milder reaction conditions needed for iodination
and its stability towards non-enzymatic deiodination. Also, the
radiochemical yield of tyrosine radioiodination is usually higher.

Tyrosine moieties are usually labelled at pH values around 7.5
whereas radioiodination of histidine residues is carried out at
higher pH values (z8.5) [32,33]. Ghrelin, the endogenous ligand for
the growth hormone secretagogue receptors (GHS-R), was radio-
iodinated on His [9] using the classical chloramine T method
[34,35].

Although chloramine-T has demonstrated to be a very effective
radioiodination agent (Fig. 2), and several peptides have been
radiolabelled by the chloramine-Tmethod, various by-products can
arise from side-reactions, especially in the case of peptides or
proteins, demanding additional purification steps for their sepa-
ration [14]. The use of immobilized chloramine-T on polystyrene
beads (Iodobeads) allows for easy separation of the oxidizing agent
from the reaction mixture avoiding the use of a reducing agent.
Fig. 2. Selected oxidizing agents for direct radioiodination of peptides and proteins.
PS ¼ Polystyrene.
Convenience and commercial availability of reagents (Pierce
Iodination Beads) make Iodobeads a reliable alternative for radio-
iodination of peptides [36,37]. To avoid side reactions resulting
from severe oxidizing conditions the use of milder solid-phase
oxidizing agents such as Iodogen pre-coated tubes, where no
reducing agent is needed and the reaction can be simply stopped by
physical separation of Iodogen from the aqueous media, is highly
attractive and has been preferred for the radioiodination of anti-
bodies and their fragments.

Other oxidants frequently employed for radioiodination of
sensitive substrates are organic peracids, whose main advantage is
the fact that no chlorinated products or by-products resulting from
over-oxidation are formed. Generally, peracids are formed in situ by
reacting hydrogen peroxide with an organic acid (e.g. formic or
acetic acid). In this case the concentration of the oxidizing agent
can be kept very low, leading to mild labelling [38]. However, the
radiochemical yields obtained with peracids are usually lower than
those obtained using N-halooxidants [39].

Also, the use of an enzyme-catalyzed process to generate the
active iodine species constitutes a mild alternative to the above
referred chemical methods [40]. Peroxidase enzymes, in particular
lactoperoxidase, which produces electrophilic radioiodine in the



Fig. 5. Chemical structure of tetrafluorophenyl 4-fluoro-3-iodobenzoate (TFIB).
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presence of hydrogen peroxide, have also been used in the enzy-
matic direct radioiodination of peptides [41,42]. Self-
radioiodination of lactoperoxidase may occur during the radio-
iodination procedure leading to lower labelling yields and making
separation of labelled peptide from labelled enzyme more difficult.
One way to overcome this problem is the use of lactoperoxidase
covalently bound to an insoluble matrix, such as Sephadex beads.
The Enzymobead iodination kit (Bio-Rad laboratories), an immo-
bilized preparation of lactoperoxidase and glucose oxidase, has
been successfully used in the radioiodination of several peptides
and antibodies [42e46]. Although this method is technically
demanding and more difficult to optimize, the probability of
denaturation and/or oxidation of peptides or proteins is lower as
compared to the chloramine-T or similar methods.

Indirect labelling via prosthetic groups has emerged as an alter-
native strategy in cases where direct labeling is not possible,
namely in the case were the biological activity of the peptide may
be disturbed by the harsh oxidizing conditions used in direct
iodination or when molecular modifications, such as adding Tyr or
replacing Phe with Tyr, are not feasible. For instance, oxidative
reagents may cause oxidation of sensitive amino acids, like Trp to
oxindole and Met to sulfoxide [47]. Despite the limited use of
prosthetic groups, they are quite promising for radioiodination of
peptide-based radiopharmaceuticals.

In this radioiodination approach, a pre-labelled prosthetic group
such as the Bolton-Hunter reagent [48] (N-succinimidyl-3-(4-
hydroxy-5-[*I]iodophenyl)-propionate, Fig. 4) is used. The acti-
vated aromatic moiety is radioiodinated and conjugated to the
peptide in a second step. One major drawback of radiodination via
phenolic compounds is the fast deiodination observed in vivo.
Therefore, to overcome the low in vivo stability of the Bolton-
Hunter reagent other non-phenolic aromatic labeling reagents
like N-succinimidyl-4-[*I]iodobenzoate (PIB), N-succinimidyl-3-[*I]
iodobenzoate (SIB) or N-succinimidyl-5-[*I]iodo-3-pyridine
carboxylate (SIPC) (Fig. 4) with higher in vivo stability have also
been proposed [49e51]. Other radioiodinated maleimide de-
rivatives, such as N-(2-aminoethyl)maleimide (IBM) or 1-(3-[*I]
iodophenyl)maleimide (IPM) have also been reported as prosthetic
groups in the radioiodination of peptides. [52,53].

Recently, Billaud and colleagues introduced the first bimodal
fluorinated and iodinated prosthetic group, tetrafluorophenyl 4-
fluoro-3-iodobenzoate (TFIB), as a suitable acylating agent for the
labelling of awide variety of primary amine-containing compounds
(Fig. 5). [125I]/[18F]TFIB was successfully used to tag tumor-targeting
peptides such as PEG3[c(RGDyK)]2 and NDP-MSH, targeting avb3
integrin and MC1R receptors, respectively. [54].
Fig. 4. Selected prosthetic groups for indirect radioiodination. PIB ¼ N-succinimidyl-4-[*I]
iodo-3-pyridine carboxylate, IBM ¼ N-(2-11aminoethyl)maleimide and IPM ¼ 1-(3-[*I]iodop
1.3. Determination of the chemical structure of radioiodinated
compounds

In the past many radioiodinated compounds have been used
without full structural characterization for radioimmunoassay
(RIA) or imaging studies in nuclear medicine. However, some
structural features of radioiodinated pharmaceuticals may alter the
metabolic stability towards in vivo deiodination. The structure of
the whole molecule, rather than just the radioiodination site, will
affect the kinetics of deioiodination [55]. In recent years, some at-
tempts have been made to correlate the metabolic dehalogenation
rates of such pharmaceuticals with their structures and to deter-
mine, which structural features may hamper or favor metabolic
deiodination [56].

The structure of the radioiodinated molecule and the site of
radioiodine incorporation can usually be predicted with a reason-
able degree of confidence in the different types of radioiodination
reactions. However, when dealing with macromolecules with
complex structures and multiple radioiodination sites it is more
difficult to assign chemical structure of the labelled molecule.

The special features related to the radioactive compounds, such
as the low molar concentration, associated to the low sensitivity
presented by spectroscopic techniques do not allow their charac-
terization by the conventional analytical methods currently used in
chemistry. Therefore, the identification of the radioiodinated
compounds is usually accomplished on the basis of similar studies
(UV/vis, NMR, and IR spectroscopy, HPLC, and liquid chromatog-
raphy/mass spectrometry) with the corresponding non-
radioiodinated analogues previously obtained by means of suit-
able scale-up synthetic methods. Chromatographic techniques,
mainly HPLC, can be readily used to characterize these radio-
labelled molecules by comparison of their retention time (tR) with
those of the non-radioiodinated counterparts.

After the radioiodination procedure, it is of utmost importance
iodobenzoate, SIB ¼ N-succinimidyl-3-[*I]iodobenzoate, SIPC ¼ N-succinimidyl-5-[*I]
henyl)maleimide. *I ¼ 123or/125or/131I.
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to remove excess precursor, unreacted radioiodide and by-products
from the reaction mixture, using mainly chromatographic tech-
niques. In the specific case of peptides, when their structure is
known and there is only one labelling site, a simple elution by gel
permeation chromatography (e.g. Sephadex G-50, G-25 or LH-20)
with the appropriate solvent is generally sufficient to remove
unreacted iodide [57e59]. Solid phase extraction with C18 car-
tridges has also been used to remove unreacted radioiodide [60].
However, a good separation of side products is not generally ach-
ieved because of some drawbacks associated to cartridge based
technology. These include low separation efficiency due to small
bed volume or a small capacity of the cartridge to separate the
labelling mixture. On the other hand, UV and gama-detection
monitoring is not possible and radiation exposure is higher due
to direct handling. Compared to HPLC techniques, cartridges are
only useful for single separations based on evident lipophilicity
differences. HPLC is today the technique of choice for purification of
radioiodinated peptides due to its easy performance and high
separation efficiency [61].

2. Target-specific radioiodinated peptides

In this chapter we aim at highlighting the importance of radi-
oiodinated peptides in biomedicine. The most exploited peptides
for targeting relevant receptors in vivo, namely those related to
cancer, will be reviewed and their main biomedical applications
presented and discussed.

2.1. Targeting somatostatin (SST) receptor

Somatostatin (SST) is a cyclic peptide hormone that exists either
as a 14 amino acid or a 28 amino acid variant (Fig. 1). Both amino
acids 7e11 and the Cys-Cys disulphide bond, which confers a
conformational constraint to the structure, are key for receptor
binding. The very short biological life (3min) of natural somato-
statin, due to fast enzymatic degradation by endogeneous pepti-
dases, prompted several research groups to modify the original
peptide to enhance enzymatic stability while maintaining receptor
binding affinity and biological activity. This optimization process
resulted in the introduction of the cyclic synthetic octapeptide
DPhe-Cys-Phe-DTrp-Lys-Thr-Cys-Thr-ol (octreotide or sandostatin,
OC), in which D-amino acids were introduced and the ring size was
decreased to the bioactive core sequence (Fig. 1). Octeotride pre-
served the 4-amino acid motif (Phe-DTrp-Lys-Thr) of native SST-14,
which is the critical region for receptor binding, and presents
enhanced stability towards enzymatic degradation. [62,63].

Somatostatin receptors are highly expressed in a variety of tu-
mor cells and have been associated to neuroendocrine tumors, such
as carcinoids, insulinomas and gastrinomas. To date, five subtypes
of human somatostatin receptors (SSTR1-SSTR5) have been identi-
fied and cloned [64]. SSTR2 is mainly found in primary tumors and
metastases contrary to the other variants, which are strongly
expressed in normal tissues as well.

123I-labelled TOC (Fig. 1) ([123I]TOC) was reported as the first
imaging agent for sst-expressing primary tumors and metastases
[26,27] and has been used to localize carcinoid tumors, pancreatic
endocrine tumors, and paragangliomas [65]. However, clinical
experience pointed to several drawbacks, namely stability issues
and uptake in non-target tissues, providing evidence that a better
imaging agent was still needed [66]. However, as [123I]TOC was
rapidly cleared via the hepatobiliary route, a substantial accumu-
lation of radioactivity was observed in the intestines hampering the
interpretation of planar and SPECT images of lesions in the
abdominal region. Some of these problems could be solved by using
a DTPA conjugated octreotide labelled with indium-111 ([111In]OC).
This radiopharmaceutical was approved in 1994 under the trade
name Octreoscan® for clinical imaging of patients with neuroen-
docrine tumors.

Following earlier studies in which carbohydration was suc-
cessfully applied to improve the biokinetics of avb3-integrin an-
tagonists [67,68], radiolabelled glycated octreotides were
introduced as a new series of SSTR-binding radiotracers with
excellent physicochemical characteristics [69e71]. Thus, aiming to
evaluate the effect of single C-terminal oxidation and simultaneous
N-terminal carbohydration, the biological behaviour of [125I]Tyr3-
octreotate ([125I]TOCA) and maltotriose-[125I]Tyr3-octreotate ([125I]
Mtr-TOCA) was compared with that of [125I]TOC in nude mice
bearing AR42J tumor xenographs (Fig. 6) [71].

Contrary to [125I]TOC, which displayed high biliary excretion,
both radioiodinated octreotates were mainly cleared by the kid-
neys. Owing to the high tumor uptake and fast renal excretion
excellent tumor to non-tumor ratios were observed with [125I]Mtr-
TOCA even for the well-known critical organs for [123I]TOC scin-
tigraphy, i.e. intestine, kidney and liver. The promising preclinical
results prompted the same research group to perform human
scintigraphic studies with [123I]Mtr-TOCA in patients with ssr-
positive tumors. [123I]Mtr-TOCA scintigraphy enabled fast and
high contrast imaging of SSTR-expressing tumors but showed no
major advantage over Octreoscan® concerning maximum achiev-
able tumor-to-tissue contrast and tumor detectability. Although
patient absorbed doses were lower as compared to Octreoscan®

scintigraphy, the limited activity retained within the tumor has
hampered further therapeutic applications using the analogue
[131I]Mtr-TOCA [72].

Sugar conjugation of biooactive peptides has been shown to be a
powerful tool to modulate peptide pharmacokinetics. The glucose
([125I]Gluc-TOC), maltose ([125I]Malt-TOC), and maltotriose ([125I]
Mtr-TOC) derivatives of [125I]TOC (Fig. 6) were evaluated by Scho-
telius and colaborators in an effort to overcome the unfavourable
kinetics of [125I]TOC, i.e the low tumor retention and predominant
hepatobiliar excretion [73].

Biodistribution studies in rat pancreatic (AR42J) xenografted
mice showed that, when compared to the parent compound, [125I]
TOC, the carbohydrated tracers were rapidly excreted via the kid-
neys without increased renal uptake. Among all tested radio-
peptides, [125I]Gluc-TOC emerged as the one with the highest
tumor accumulation in this animal model.

Later, in a comparative study using [125I]Mtr-TOCA (net charge
z ¼ þ1) and the neutral charge glycosylated [125I]TOC analogues
(z¼ 0) [125I]Gluc-TOCA, [125I]Gluc-S-TOCA and [125I]Gal-S-TOCA
(Fig. 6), Schotelius research group demonstrated that reduction of
peptide net charge lead to reduced kidney accumulation without
compromising receptor binding affinity. Moreover, glycosylation
with small carbohydrates, especially in the case of Gluc-S moiety,
has shown to be a very promising tool to improve pharmacoki-
netics of radiolabelled octreotides owing to the cumulative effects
on tumor uptake and kidney excretion [74].

As mentioned before, radioiodinated peptides are usually sus-
ceptible to in vivo deiodination by endogeneous deiodinases
because direct radioiodination occurs on a Tyr residue. To overcome
this issue, Zalutsky and collaborators have developed octreotide
and octreotate analogues with the radiohalogen located in a pros-
thetic group appended to the peptide N-terminal [75,76]. The
radioiodinated peptides (Fig. 7), prepared in reasonable radio-
chemical yields by conjugation to radiohalogenated acylation
agents, were resistant to dehalogenation and, most importantly, no
alteration in receptor binding affinity was observed.

The second generation peptide N-(4-guanidinomethyl-3-
iodobenzoyl)-Phe1-octreotate (GMIBO) displayed a much higher
intracellular accumulation in vitro than the analogue [125I]Gluc-



Fig. 6. Chemical structure of the carbohydrate derivatives of [125I]TOC and [125I]TOCA. *I ¼ 123/125I.
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Fig. 7. Chemical structures of radioiodinated octreotates [125I]GMIBO and [131I]GIBLO.
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TOCA (Fig. 6) [76]. However, the higher accumulation of [125I]
GMIBO in normal tissues, particularly in the liver and kidney has
precluded the clinical application of its 131I-labelled version for
systemic radiotherapy.

The octreotate analogue containing both a sugar moiety and a
non-tyrosine prosthetic group for radioiodination Na-(1-deoxy-D-
fructosyl)-Nε-(3-iodobenzoyl)-Lys0-octreotate (GIBLO) (Fig. 7)
maintained high affinity to sstr2 and exhibited a lower deiodina-
tion rate than I-Gluc-TOCA [77]. Internalization features of the
radioiodinated analogue [131I]GIBLO in vitro and tumor uptake
in vivo, while inferior to that of [131I]Gluc-TOCA, were similar to
those of [131I]TOC suggesting the need of alternative strategies for
enhancing cellular trapping of radioiodine and further improving
pharmacokinetics.

There is recent in vitro and in vivo evidence that SSTR2 antago-
nists are better tools to target neuroendocrine tumors (NET) than
SSTR2 agonists [78], which makes radiolabeled sstr2-antagonists
particularly attractive for targeting those tumors. Indeed, antago-
nists bind to a greater number of sstr2 sites than agonists. In a
recent study from Reubi and colleagues, the second-generation
SSTR2-antagonist JR11(DOTA-Cpa-c[DCys-Aph(Hor)-DAph(Cbm)-
Lys-Thr-Cys]-DTyr-NH2; Cpa¼ p-chlorophenylalanine; Aph(-
Hor)¼ 4-amino-L-hydroorotyl-phenylalanine; Aph(Cbm)¼ 4-
amino-carbamoyl-phenylalanine) was labelled with 125I and
compared with [125I]TOC in a wide range of non-NET and NET [79].
In vitro data has revealed a markedly higher binding of [125I]JR11
versus [125I]TOC in some tumors known to express little or no sstr2,
namely renal cell cancers, breast carcinomas, medullary thyroid
cancer, and non-Hodgkin lymphoma. These findings suggested that
SSTR2 targeting with this kind of antagonists should also be seri-
ously considered in other types of malignancies beyond NET.

2.2. Targeting the vasoactive intestinal peptide receptor (VPAC-1)

Vasoactive intestinal peptide (VIP, His-Ser-Asp-Ala-Val-Phe-Thr-
Asp-Asn-Tyr [10]-Thr-Arg-Leu-Arg-Lys-Gln-Met-Ala-Val-Lys-Lys-
Tyr [22]-Leu-Asn-Ser-Ile-Leu-Asn-NH2) is a 28 amino acid neuro-
peptide, isolated in the early 1970s from the small intestine of the
hog. It belongs to the glucagon-secretin family and displays a wide
range of biological activities [80]. In addition to its relevant vaso-
dilatory properties, VIP also stimulates the secretion of several
hormones and promotes the growth and proliferation of normal
and tumor cells [81,82].

The actions of VIP are mediated by two cell surface subtype
receptors, VPAC1 and VPAC2, which, particularly in the case of the
VPAC1, are expressed in the great majority of the most frequently
occurring human tumors, including breast (100%), prostate (100%),
urinary bladder (100%), colon (96%), pancreatic (65%), lung (58%),
stomach (54%) and liver (49%) cancer as well as meningiomas
(100%) and lymphomas (58%). [82].
The higher expression of VIP receptors in various tumor cells as
compared with normal peripheral blood cells or tissues [83] has
provided the basis for the clinical use of radiolabeled VIP for in vivo
localization of intestinal adenocarcinomas and endocrine tumors
[84].

The two tyrosine residues at positions 10 and 22 in VIP scaffold
are suitable for direct labelling with radioiodine. Consequently, VIP
has been successfully radioiodinated with 123I according to a
modification of the iodogen method and [123I]VIP scintigraphy was
used to image gastrointestinal tumors. The first clinical trial with
[123I]VIP that enrolled 79 patients with gastrointestinal tumors
expressing VIP receptors was reported by Virgolini et al. in 1994. In
this study, primary tumors and metastases were detected shortly
after administration of the radiopeptide and were still visible 24 h
post injection [84].

In a series of subsequent clinical trials, [123I]VIP was used to
image different types of tumors, including colorectal [85], pancre-
atic [86], VIPomas [87], and endocrine tumors [88]. In these im-
aging studies VIP scintigraphy showed an advantage over CT
conventional scanning in patients with small carcinoid tumors due
especially to the [123I]VIP scan sensitivity found for primary or
recurrent carcinomas.

In spite of the promising potential of [123I]VIP to localize small
tumors and its usefulness for early diagnosis of cancer, naturally
occurring VIP analogues display several limitations concerning
in vivo imaging due to its short biological half-life and fast degra-
dation in liver and kidneys that greatly limits its clinical application.
Chemical modification of native peptide is still needed to overcome
this metabolic instability.

2.3. Targeting the avb3 integrin receptor

Integrins are transmembrane heterodimeric glycoprotein re-
ceptors consisting of an a- and a b-subunit that regulate many
important biological processes such as cell adhesion, migration and
invasion, cell growth and differentiation, and apoptosis. The role of
integrins in the regulation of angiogenesis is an essential feature in
tumor progression and metastatic dissemination. The av integrins
form a subfamily of five members (avb1, avb3, avb5, avb6 and avb8)
that recognizes a group of overlapping ligands, which generally
contain the canonical tripeptide recognition sequence Arg-Gly-Asp
(RGD) [89,90]. Among them, avb3 integrin has been the most
extensively studied, and many probes targeting it have been
developed [91]. The avb3 integrin, comprising a 125-kDa av subunit
and a 105-kDa b3 subunit, binds to a wide variety of extracellular
matrix proteins, such as vitronectin, fibrinogen, laminin or collagen
[92,93].

The discovery of the RGD pharmacophore, which still represents
the scaffold most commonly employed for avb3 targeting, encour-
aged research on small peptide-based avb3 antagonists for
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antiangiogenic therapy [94]. Moreover, a wide spectrum of RGD-
containing peptides has been labelled with a variety of radionu-
clides aiming at the non-invasive visualization and quantification of
avb3-integrin expression levels before, during, and after anti-
angiogenic therapy [95e101]. The most relevant radioiodinated
RGD peptides targeting avb3 integrins are summarized in Table 2.

In the search for small RGD integrin antagonists Kessler and
colleagues have identified cyclo(-Arg-Gly-Asp-DPhe4-Val5-)
(c(RGDfV)) as a selective avb3 antagonist with binding affinities
within the low nanomolar range [94,102]. Structure-activity rela-
tionship (SAR) studies have also shown that, besides the essential
RGD sequence, a hydrophobic amino acid in position 4, such as Phe,
could increase the affinity of the peptide towards avb3 [105]. By
contrast, the amino acid in position 5 did not show any influence on
the biological activity.

Haubner et al. designed a family of cyclic RGD peptides where
the possible sites for modificationwere the amino acids in positions
4 and 5. Hence, D-Phe4 or Val5 were replaced by a Tyr residue,
resulting in cyclo(-Arg-Gly-Asp-DTyr4-Val5-) (c(RGDyV)) or cyclo(-
Arg-Gly-Asp-DPhe4-Tyr5-) (c(RGDfY)), respectively (Fig. 8) [103].
Introduction of tyrosine in the peptide sequence has allowed
electrophilic radioiodination using the iodogen method (e.g. 125I)
giving [125I]-c(RGDyV) and [125I]-c(RGDfY), respectively.

The radioiodinated peptides were evaluated biologically in
biodistribution studies in melanoma M21-bearing nude mice and
osteosarcoma-bearing BALB/c mice. [l25I]-c(RGDyV) exhibited the
highest affinity and selectivity for avb3 integrins in vitro and
receptor-specific tumor accumulation in vivo (Fig. 8). However, a
predominant hepatobiliary excretion together with a relatively
high liver and intestines uptake precluded clinical application for
tumor imaging.

Aiming to improve pharmacokinetics and clearance through the
kidneys a modified derivative of c(RGDyV) the pentapeptide cyclo(-
Arg-Gly-Ala-Asp-DTyr4-Lys5-) c(RGDyK), in which Val5 was
replaced by Lys5, was glycosylated by conjugation of a glucose-
based sugar amino acid (SAA) to the ε-amino function of the
lysine residue (Fig. 8) [67]. The introduction of this sugar moiety
has improved the pharmacokinetic behaviour of [125I]-c(RGDfY) by
decreasing lipophilicity and hepatic uptake. Also, this second-
generation tracer [125I]-c(RGDyK(SAA)) showed high tumor up-
take and good tumor-to-non-target organ ratios that allowed non-
invasive visualization of avb3-expressing tumors. The replacement
of Val in c(RGDyV) by a lysine residue has allowed the preparation
of [125I]-c(RGDyK), which increased the tracer hydrophilicity as
reflected in a faster blood clearance and decreased uptake and
retention in the liver when compared to [l25I]-c(RGDyV). The tracer
revealed rapid tumor uptake in a subcutaneous gliobastoma
Table 2
RGD peptides and radioiodinated derivatives targeting avb3 integrins.

Peptide amino acid seque

c(RGDfV) cyclo(-Arg-Gly-Asp-DPhe
c(RGDyV) cyclo(-Arg-Gly-Asp-DTyr4

[125I]-c(RGDyV) [125I]-3-iodo-DTyr [4]-cyc
c(RGDfY) cyclo(-Arg-Gly-Asp-DPhe
[125I]-c(RGDfY) [125I]-3-iodo-DTyr [5]-cyc
c(RaDYV) cyclo(-Arg-DAla-Asp-Tyr4

[125I]-c(RaDYV) [125I]-3-iodo-Tyr [4]-cyclo
c(RGDyK(SAA)) cyclo(-Arg-Gly-Asp-DTyr4

[125I]-c(RGDyK(SAA)) [125I]-3-iodo-Tyr [4]-cyclo
c(RGDyK) cyclo(-Arg-Gly-Asp-DTyr4

[125I]-c(RGDyK) [125I]-3-iodo-Tyr [4]-cyclo
[125I]-c(RGDyK)-mPEG [125I]-3-iodo-Tyr [4]-cyclo

Lower case letters designate D-amino acids.
a [125I]-c(RaDYV) was used as a negative control for nonspecific binding qu
U87MG model but the prolonged kidney retention limited further
clinical application [104].

It is well established that covalent binding of polyethylene
glycol (PEG) to therapeutic peptides leads in general to improve-
ment of pharmacokinetic, immunogenic and antigenic profiles of
those peptides. PEGylation of c(RGDyK) was accomplished by re-
action of the active succinimidyl ester (NHS) of mono-
methoxypoly(ethylene glycol)(mPEG)-propionate with the
ε-amino group of the lysine residue under basic conditions, yielding
the pegylated derivative c(RGDyK)-mPEG [104]. The pharmacoki-
netics and targeting potential of the latter were compared with the
corresponding precursor [125I]-c(RGDyK) in a U87MG gliobastoma
xenografted mouse model, and it has been concluded that PEGy-
lation led to a drastically decreased renal uptake, slightly increased
liver accumulation and prolonged tumor retention.

Most recently, a new strategy for the radioiodination of RGD-
peptides was introduced by Ogawa et al. [106] The RGD-
containing peptide c-(RGDfK) was used in their study as a model
for establishing a novel 211At-labelling method for peptides. The
radioiodinated peptide [125I]-c(RGDfK) was prepared from a pre-
cursor containing a tributylstannyl group on the phenylalanine
residue.

SAR studies have demonstrated that incorporation of Na-
methylated amino acids into different biologically relevant pep-
tides led to peptidomimetics with enhanced biological properties
[107e109] as found for Cilengitide (EMD121974, Fig. 8), a promising
integrin avb3 antagonist that failed Phase III clinical trial on
treating glioblastoma [104].

Aiming to obtain clinically relevant targeted SPECT imaging
agents for angiogenesis Bianchini and colleagues developed a
cilengitide-like RGD-cyclopentapeptide containing the cyclic amino
acid (R)morpholine-3-carboxylic acid (Fig. 8) [110,111]. Replacement
of DPhe with DTyr allowed for labelling this cilengitide-like RGD-
cyclopentapeptide with 125I by the method of chloramine-T. The
resulting radioiodinated RGD-cyclopentapeptide, [125I]-[cRGDy-
(3S)-Carboxymorpholine], has shown to interact in vivo with avb3
integrin expressed by melanoma cells. Images obtained from a
hybrid small-animal micro-SPECT/CT imaging system clearly
showed the ability of the 125I-labelled cilengitide-like RGD to
monitor the growth of melanoma xenografts (Fig. 9). Co-injection of
the tracer with the corresponding unlabeled ligand showed high
selectivity for avb3 expressing tumor cells. Moreover, the observed
high retention of radioactivity within the tumor together with a
high tumor/background ratio, and the selectivity for avb3 expressing
tumor cells suggested that 125I-labelled morpholine-based RGD-
cyclopentapeptides might play a key role in future therapeutic
strategies for management of avb3 positive tumors.
nce reference

4-Val5-) [94,102]
-Val5-) [103]
lo(-Arg-Gly-Asp-DTyr4-Val5-) [103]
4-Tyr5-) [103]
lo(-Arg-Gly-Asp-DPhe4-Tyr5-) [103]
-Val5-)a [103]
(-Arg-DAla-Asp-Tyr4-Val5-)a [103]
-Lys5(SAA)-) [67]
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-Lys5-) [104]
(-Arg-Gly-Asp-DTyr4-Lys5-) [104]
(-Arg-Gly-Asp-Tyr4-Lys5-)-mPEG [104]

antification.s.



Fig. 8. Schematic structures of the first generation tracer [125I]-c(RGDfV) and its glycosylated analogue [125I]-c(RGDyK(SAA)) [67,103], Cilengitide and 125I-labelled cilengitide-like
RGD-cyclopentapeptide, [125I]-c[RGDy-(3S)-Carboxymorpholine].

Fig. 9. Transaxial slices through mouse chest at implanted melanoma tumor level
(arrows). In upper panels CT images, in lower panels fused SPECT/CT images. Images
were acquired at 40min after tail vein injection of the radioiodinated morpholine RGD
ligand (250 mCi in 0.2mL of saline). The displacement study was achieved with an
excess of cold ligand (18 mg/kg) injected 10min before the tracer. Adapted with
permission from Bianchini et al. Copyright 2012. American Chemical Society [111].
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Click chemistry has been successfully applied in the develop-
ment of combinatorial libraries containing the triazole ring, which
mimics the amide bond in peptidomimetics chemistry. This syn-
thetic strategy was used for generating RGDmimetics of cilengitide
by combining azides and alkynes bearing Asp and Arg isosteres,
respectively. Thus, the triazole ring was devised as a mimetic of
glycine acting as a spacer. Alkynes with different chain lengths and
molecular shapes were introduced as isosteres of arginine, whereas
azides bearing a carboxylic group and an aromatic ring were
considered as mimetics of Asp and DPhe moieties, respectively.
Using this approach, Trabocchi et al. designed and evaluated a
family of triazole-containing RGD peptidomimetics synthesized by
means of a Cu(I)-catalyzed 1,3-dipolar alkyne-azide coupling re-
action (Fig. 10), some of which displayed relevant binding affinities
towards avb3/avb5 integrins in solid-phase receptor assays [112].

Among all of the triazole peptidomimetics of the RGD sequence
a guanidine based triazole-containing RGD peptidomimetic
(GuRGD, Fig. 10) displayed the highest binding affinity toward avb3
and avb5 and has been selected for subsequent molecular model-
ling studies. A docking simulation using the available crystallo-
graphic data of avb3 integrin revealed a RGD-like binding mode
toward avb3 integrin also showing a key interaction between the
triazole ring and Tyr178 side chain in the binding region of avb3.

Biological studies have also demonstrated that this RGD pepti-
domimetic was able to inhibit the adhesion of integrin-rich human
melanoma cells to RGD-proteins, such as vitronectin, fibronectin,
and osteopontin. Inhibition of angiogenesis was also confirmed in
in vitro and in vivo experimental models. Overall, these findings
seem to indicate the potential role of GuRGD as an antiangiogenic
agent in the diagnosis and therapy of avb3 integrin expressing
tumors.

Following these promising results the same researchers devised
the application of this RGD mimetic as a novel SPECT/PET imaging
agent by exploring diverse positions for labelling with iodine ra-
dionuclides [113]. Thus, GuRGD was structurally modified by
replacing the phenyl ring with a phenol group (e.g. [125I]GuRGD,
[125I]PyrRGD, [125I]BZMRGD) or by alkylating the guanidine moiety
with a tyramine pendant group, such as in [125I]TyrRGD, in order to
introduce an iodine atom on the aromatic ring (Fig. 10). Moreover,



Fig. 10. Struture of a guanidine based triazole-containing RGD peptidomimetic
(GuRGD) and of radioiodinated RGD mimetic ligands containing guanidine ([125I]
GuRGD), pyridine ([125I]PyrRGD) and benzimidazole ([125I]BZMRGD) moieties and the
tyramine linkage ([125I]TyrRGD).
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the modulation of the guanidine bioisostere, by insertion of benz-
imidazole and aminopyridine moieties as arginine bioisosteres was
undertaken to explore the structureeactivity relationship of the
compounds in vivo and to better understand the biological role of
the guanidine moiety in the pharmacokinetic and pharmacody-
namic profiles of the radioligands.

The ability of the iodinated RGD peptidomimetics for binding
avb3 integrinwas tested in a solid-phase competitive binding assay.
IC50 values revealed that all the iodinated compounds displayed
higher binding affinity towards avb3 integrin as compared to their
corresponding non-labelled precursors. It is noteworthy that the
guanidine substitution in the arginine mimetic portion, with either
2-aminopyridine ([125I]PyrRGD) or 2-aminobenzimidazole ([125I]
Fig. 11. Biodistribution studies of [125I]GuRGD, [125I]PyrRGD and [125I]BZMRGD in human me
different time points, representative images of one mouse (n¼ 3). Adapted with permissio
BZMRGD) moieties, resulted in higher binding affinities. Based on
binding affinity and molecular modelling studies, [125I]GuRGD,
[125I]PyrRGD and [125I]BZMRGD were evaluated in mice bearing
melanoma xenografts of human origin. SPECT images evidenced
clearly the ability of the 125Ielabelled RGD peptidomimetics to
visualize the melanoma xenotransplants (Fig. 11).
2.4. Targeting the glucagon-like peptide 1 (GLP-1)

Glucagon-like peptide 1 (GLP-1) is a peptide hormone respon-
sible for insulin release from the b-cells in the pancreas. The
insulinotropic action of GLP-1 is mediated by a specific receptor
that is mainly expressed in the islets of Langerhans. The glucagon-
like peptide-1 receptor (GLP-1R), which is a member of the G-
protein-coupled receptor family (GPCR), is an important target due
to its high expression density on the surface of more than 90% of
benign insulinomas, some malignant insulinomas, most gas-
trinomas, and most phaeochromocytomas [114].

Although the peptide GLP-1(1e37) has been initially identified
as the post-translational cleavage product of the proglucagon gene
[115], the two N-terminally truncated products GLP-1(7e37) and
GLP-1(7e36)NH2 were identified as the active species that recog-
nized the pancreatic receptor (Table 3) [116] and references therein.

Several radioligands targeting the GLP-1R have been success-
fully employed for imaging benign insulinomas and have shown
promising results in preclinical studies. The development of these
targeting probes has relied mostly on two distinct approaches,
either using the human GLP-1(7e36) NH2 peptide as the ligand or
using the agonist exendin isolated from the venom of the lizard Gila
monster. Some of the most relevant GLP-1 analogues are presented
in Table 3.

Early preclinical data has demonstrated the ability of 125I-
labelled GLP-1(7e36)NH2, presumably radioiodinated on the Tyr19

residue, to image insulinoma in vivo in a rat model [117]. However,
the clinical application of this tracer has been hampered by its low
stability.

GLP-1 is degraded rapidly by dipeptidyl peptidase IV (DDP IV),
which cleaves the GLP-1 N-terminal sequence (HAE). The search for
analogues with higher stability led to the identification of the GLP-
1R agonists exendin-3 (Exe-3) and exendin-4 (Exe-4) [118,119].
These two 39-amino acid natural peptides, which are metabolically
resistant, share nearly 50% homology with the human GLP-1.
Exendin-4 only differs from exendin-3 by two amino acid sub-
stitutions, Gly2-Glu3 in place of Ser2-Asp3. However, these subtle
structural differences determine their distinct pharmacological
properties.

The use of 125I-labelled exendin-3 for detection of insulinomas
lanoma xenografts. Upper panel: SPECT/CT transaxial slices taken at the tumor level at
n from Bianchini et al. Copyrigth 2015 Elsevier Ltd [113].



Table 3
GLP-1 analogues and their radioiodinated analogues.

Amino acid sequence:

GLP-1(1-37)
His-1Asp-Glu-Phe-Glu-Arg-His7-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr19-Leu-Glu-Gly-Gln-Ala-Ala-Lys-Glu-Phe-Ile-Ala-Trp-Leu-Val-Lys-Gly-Arg36-Gly
GLP-1(7-37)
His7-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr19-Leu-Glu-Gly-Gln-Ala-Ala-Lys26-Glu-Phe-Ile-Ala- Trp-Leu-Val-Lys34-Gly-Arg36-Gly
Liraglutide
H-His7-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr19-Leu-Glu-Gly-Gln-Ala-Ala-Lys26(g-Glu-palmitoyl)-Glu-Phe-Ile-Ala-Trp-Leu-Val-Arg34-Gly-Arg-Gly-OH
[125I]Liraglutide
H-His7-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-[125I]Tyr19-Leu-Glu-Gly-Gln-Ala-Ala-Lys26(g-Glu-palmitoyl)-Glu-Phe-Ile-Ala-Trp-Leu-Val-Arg34-Gly-Arg-Gly-OH
GLP-1(7-36)NH2

His7-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr19-Leu-Glu-Gly-Gln-Ala-Ala-Lys-Glu-Phe-Ile-Ala-Trp-Leu-Val-Lys-Gly-Arg36-NH2

[125I]GLP-1(7-36)NH2

His7-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-[125I]Tyr19-Leu-Glu-Gly-Gln-Ala-Ala-Lys-Glu-Phe-Ile-Ala-Trp-Leu-Val-Lys-Gly-Arg36-NH2

Exendin-3
His1-Ser2-Asp3-Gly-Thr-Phe-Thr7-Ser-Asp-Leu-Ser-Lys-Gln-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-Trp-Leu-Lys27-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-

Pro-Ser39-NH2

[125I]Exendin-3
[125I]His1-Ser2-Asp3-Gly-Thr-Phe-Thr7-Ser-Asp-Leu-Ser-Lys-Gln-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-Trp-Leu-Lys27-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-

Pro-Pro-Ser39-NH2

Exendin-4 (Exenatide)
His1-Gly2-Glu3-Gly-Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-Gln-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-Trp-Leu-Lys27-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-

Ser39-NH2

[125I]Exendin-4
[125I]His1-Gly2-Glu3-Gly-Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-Gln-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-Trp-Leu-Lys27-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-

Pro-Ser39-NH2

[125I]-[Tyr39]exendin-4
H-His-Gly-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-Gln-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu21-Phe22-Ile23-Glu-Trp-Leu-Lys-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-

Pro-[125I]Tyr39-NH2

[Nle14,[125I]-Tyr40-NH2]Ex-4
His1-Gly2-Glu3-Gly-Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-Gln-Nle14-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-Trp-Leu-Lys27-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-

Pro-Ser39-[125I]Tyr40-NH2

Exendin(9-39)NH2 antagonist
H-Asp9-Leu-Ser-Lys-Gln-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-Trp-Leu-Lys27-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser39-NH2

[125I]BH-exendin(9e39) antagonist [[125I]BH-Lys27]Ex(9-39)NH2

H-Asp9-Leu-Ser-Lys-Gln-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-Trp-Leu-[125I-BH]-Lys27-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser39-NH2

[Nle14,[125I]-Tyr40-NH2]Ex(9-39) antagonist
H-Asp9-Leu-Ser-Lys-Gln-Nle14-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-Trp-Leu-Lys27-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser39-[125I]Tyr-40NH2
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was firstly reported by Gotthardt et al. Owing to the lack of Tyr in its
structure, exendin-3 was radioiodinatedwith 125I on His1. However,
when compared to 125I-labelled GLP-1, radioiodinated exendin-3
showed a more pronounced maximal pancreatic and tumor up-
take in a rat insulinoma model and offered better visualization of
tumors, possibly due to its higher stability. [117].

Several exendin-4 based probes have been reported to be suit-
able candidates for SPECT or PET imaging studies [120e128].
However, exendin-4 based PET tracers suffered from high kidney
uptake and low specific activity that resulted in high radiation
doses to the kidney, poor image contrast, and potential safety issues
due to hypoglycemia arising from the pharmacological activity of
exendin-4. Several approaches to reduce kidney uptake have been
described in the literature, including pretargeting approaches [129]
and other strategies to reduce nephrotoxicity [130] The first radi-
oiodinated exendin-4 analogue to be developed to study and
characterize exendin receptors was [125I]-Tyr39-exendin-4, where
Ser39 has been replaced by Tyr39 for iodination [131]. The use of
radiolabelled antagonists could well be a strategy to solve this issue
with agonist-induced side effects. Moreover, as already found for
other G-protein coupled receptors, radiolabelled antagonists could
be more attractive as imaging agents due to higher tumor uptake
and longer retention [78,132e135].

Studies from Goke et al. demonstrated that both exendin-4 and
truncated exendin-(9e39)NH2 specifically interact with the GLP-1
receptor on insulinoma-derived cells and on lung membranes
and identified exendin-(9e39)NH2 as a potent and specific GLP-1
receptor antagonist [136].

Further studies revealed that exendin-(9e39)NH2 labelled with
125I at Lys27, using the Bolton and Hunter (BH) method ([125I]BH-
Ex(9e39)NH2), was an excellent GLP-1R radioligand able to identify
human and rat GLP-1 receptors in normal and tumor tissues [137]
Moreover, [125I]BH-Ex(9e39)NH2 also showed favourable bio-
distribution in Ins-1E-bearingmice, with tumor uptake comparable
to that of [68Ga]DOTA-exendin-4 ([Nle14,Lys40(Ahx-DOTA-[68Ga])
NH2]Ex-4), the PET tracer used for detection of insulinoma [138].
Remarkably, radioiodination led to a considerable decrease of kid-
ney uptake. In comparison to [68Ga]DOTA-exendin-4, the tumor-to-
kidney ratio of [125I]BH-Ex(9e39)NH2 improved 20-fold suggesting
that both 124I- and 131I-labelled congeners could be promising
candidates for theranostic approaches [139].

Recently, a direct radiodination approach was also explored
aiming to improve the pharmacokinetics of GLP-1 receptor ligands.
Both the GLP-1R agonist [Nle14, 125I-Tyr40-NH2]Ex-4 and the
antagonist [Nle14,[125I]-Tyr40-NH2]Ex(9e39) were evaluated and
compared with the clinical PET tracer [68Ga]DOTA-exendin-4 [140].
Biodistribution studies in nude mice bearing Ins-1E xenografts
have shown that the agonist [Nle14,[125I]-Tyr40-NH2]Ex-4 presented
a tumor uptake identical to that of [68Ga]DOTA-exendin-4, but
substantially lower kidney uptake resulting in a high tumor-to-
kidney ratio (9.7), which was even better than the ratio reported
(3.5) for the antagonist [125I]BH-Ex(9e39)NH2 [140]. Moreover,
preclinical PET imaging data strongly suggested that [Nle14,[124I]-
Tyr40-NH2]Ex-4 might be a promising alternative to the radiometal
labelled derivatives for imaging of GLP-1 receptor positive insuli-
noma (Fig. 12).

Liraglutide is an acylated GLP-1 analogue in which Lys34 of the
natural GLP-1 molecule has been replaced by Arg, and Lys26 has



Fig. 12. PET images of [Nle14,[124I]-Tyr40-NH2]Ex-4 (A) and [68Ga]DOTA-exendin-4 (B).
Biodistribution in Ins-1E tumor-bearing mice at 1 h post-injection. Middle panels show
images of [Nle14,[124I]-Tyr40-NH2]Ex-4 after blocking the non-specific uptake with
Ex(9e39) and the sodium iodide symporter with irenat. Adapted from Lappchen et al.
[140].

Table 4
Schematic structures of linear a-MSH derivatives and of their radioiodinated
analogues.

Amino acid sequence:

a-MSH
Ac-Ser1-Tyr2-Ser3-Met4-Glu5-His6-Phe7-Arg8-Trp9-Gly10-Lys11-Pro12-Val13-NH2

NDP-MSH
Ac-Ser-Tyr-Ser-Nle4-Glu-His-DPhe7-Arg-Trp-Gly-Lys-Pro-Val-NH2

NAPamide
Ac-Nle4-Asp-His-DPhe7-Arg-Trp-Gly-Lys11-NH2

[125I]-a-MSH
Ac-Ser-[125I]Tyr2-Ser-Met4-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2

[125I]NDP-MSH
Ac-Ser1-[125I]Tyr2-Ser-Nle4-Glu-His-DPhe7-Arg-Trp-Gly-Lys-Pro-Val-NH2

[125I]-3-iodobenzoate-NDP-MSH
Ac-Ser-Tyr-Ser-Nle4-Glu-His-DPhe7-Lys11-3[125I]IBA-Pro-Val-NH2

[125I]-4-iodobenzoate-NDP-MSH
Ac-Ser-Tyr-Ser-Nle4-Glu-His-DPhe7-Lys11-4[125I]IBA-Pro-Val-NH2

IBA: iodobenzoic acid.
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been modified by the addition of a C16 fatty acid (palmitic acid)
with a glutamic acid spacer (Table 3) [141]. Consequently, liraglu-
tide is not susceptible to degradation by DPP-IV while retaining the
function of natural GLP-1. Liraglutide has been widely used for the
clinical treatment of type 2 diabetes with good therapeutic effects.

A new, non-invasive imaging approach for the specific diagnosis
of insulinoma was explored through initial examination of the use
of 125I-labelled liraglutide for small-animal SPECT/CT imaging of
insulinomas [142]. The tumors could be visualized within 30min
after administration of the tracer and the clearest images were
obtained at 90min post-injection. Moreover, blocking experiments
ascertained the radioligand specificity for GLP-1 receptors (Fig. 13).
2.5. Targeting the melanocortin 1 (MC1) receptor

a-Melanocyte-stimulating hormone (a-MSH, a-melanotropin)
is a brain and pituitary 13-amino acid peptide that is mainly
involved in the control of skin pigmentation [143]. The amino acid
sequences of a-MSH and other linear a-MSH analogues are dis-
played in Table 4.

Five subtypes of melanocortin receptors (MC1R-MC5R), which
belong to the superfamily of G protein-coupled receptors, have
been cloned [144e146]. and references therein The overexpression
of MC1R in more than 80% of human metastatic melanoma turned
Fig. 13. SPECT/CT images of [125I]liraglutide in the insulinoma model prior to blocking
with liraglutide (A) and 90min after blocking (B). The arrows indicate the tumor
location. Adapted from Lv et al. [142].
it into a potential relevant target for imaging and systemic radio-
therapy [145]. In recent years, several radiolabelled a-MSH ana-
logues have been explored as potential candidates for MC1R
targeting and have been evaluated for both melanoma imaging and
radionuclide therapy [147e151].

SAR studies have identified the amino acid sequence His-Phe-
Arg-Trp as the minimal motif required for biological activity. Also,
the replacement of Met4 and Phe7 by the synthetic amino acids Nle
and DPhe, respectively, lead to a more potent analogue, [Nle4,D-
Phe7]-a-MSH (NDP-MSH), which displayed higher MC1R binding
affinity, longer half-life and increased enzymatic stability than the
endogenous a-MSH [145]. The truncated linear NDP-MSH analogue
[Ac-Nle4,Asp5,DPhe7]-a-MSH4e11 (NAPamide), designed by Froide-
vaux and colleagues, has been the most studied analogue for
melanoma targeting in vivo.

The synthesis and application of several radioiodinated a-MSH
analogues, including [125I]-a-MSH, [125I]-[Nle4]-a-MSH and [125I]-
[Nle4, DPhe7]-a-MSH ([125I] NDP-MSH), in receptor binding assays
have been reported in the literature [42,44,152e157]. [125I]NDP-
MSH, the most widely used linear a-MSH peptide analogue, has
been considered the “gold” standard due to its sub-nanomolar re-
ceptor binding affinity [158]. However, despite the excellent cell-
binding characteristics in vitro [156], [125I]NDP-MSH is prone to
in vivo dehalogenation, which reduces its therapeutic potential and
therefore restricts its application to in vitro studies [154].

In vivo deiodination has been largely overcame by labelling
NDP-MSH with radioiodinated prosthetic groups, such as [125I]SIB
or [125I]PIB [51,159]. The in vitro binding of [125I]-3-iodobenzoate-
NDP-MSH, labelled at Lys11 using [125I]SIB, to a murine B-16 mel-
anoma cell line was more than twice as high as that found for [131I]
NDP-MSH [159]. The inertness of this tracer to in vivo dehaloge-
nation was demonstrated by the observation of decreased radio-
activity in the thyroid and stomach of mice injected intravenously
with [125I]-3-iodobenzoate-NDP-MSH when compared to [131I]
NDP-MSH. However, biodistribution studies in melanoma-bearing
mice have not been reported in the literature yet.

Likewise, NDP-MSH was radioiodinated with [125I]PIB for bio-
logical investigation. In vitro receptor binding assays demonstrated
that attachment of the 4-iodobenzoate group at Lys11 did not alter
the peptide bioactivity. [51] In biodistribution studies carried out in
a B16/F1 melanoma bearing mouse model [125I]-4-iodobenzoate-
NDP-MSH ([125I]IBA-NDP-MSH) demonstrated a faster clearance
from normal tissues and whole body as well as a higher tumor
uptake and retention than NDP-MSH directly labelled with 125I.

Since a-MSH analogues labelled with either radiohalogens or
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radiometals are potential candidates for melanoma targeting, it is
important to compare the biodistribution profiles of radio-
halogenated (125I-labelled) and radiometalated (111In-labelled) a-
MSH analogues. A comparison of [125I]IBA-NDP-MSH with 111In-
DOTA-NDP-MSH suggested distinct profiles in B16/F1 murine
melanoma bearing C57 BL/6 mice [51]. The tumor uptake for the
111In-labelled peptide at 24 h p.i. was ca. 10-fold higher than that of
the 125I-labelled peptide even though its clearance from normal
tissues was slower. Also, the uptake for the dose-limiting kidneys
was significantly higher for [111In]DOTA-NDP-MSH. The different
metabolic patterns of radioiodinated versus radiometalated pep-
tides could help to explain the observed biodistribution patterns.
The catabolites arising from the iodinated peptide (i.e. [125I]iodo-
benzoic acid and its lysine conjugate) are probably expelled from
the cells and excreted faster from the body whereas the free radi-
ometal and/or the radiometal chelate complex remain in the cells
following to the metabolic process. This can lead to an apparent
higher radioactivity accumulation in the kidneys [160e163].
Distinct clearance pathways were also exhibited by both ligands,
with [125I]IBA-NDP-MSH clearing through both the urinary and
gastrointestinal tract and [111In]DOTA-NDP-MSH clearing pre-
dominantly via the renal pathway.

Radioiodinated a-MSH analogues were re-investigated using
the cyclic a-MSH analog ReO[Cys3,4,10DPhe7]-a-MSH3e13
(ReCCMSH) (Fig. 14) as a structural motif for radioiodination since
metal-promoted cyclization has shown to increase peptide stability
and tumor retention. Lys and D-Lyswere coupled to the N-terminus
of Re(Arg11)CCMSH to yield Ac-Lys-Re(Arg11)CCMSH and Ac-DLys-
Re(Arg11)CCMSH, respectively that were subsequently labelled
with 125I at Lys3 using the commercially available prosthetic group
[125I]PIB (Fig. 14) [51]. The high melanoma uptake and prolonged
tumor retention of Ac-DLys([125I]IBA)-Re(Arg11)CCMSH in B16/F1
melanoma tumor-bearing mice was comparable to [111In]-DOTA-
Re(Arg11)CCMSH [164], and could be attributed to both rhenium
cyclization and DLys incorporation. The favourable in vivo bio-
distribution observed clearly highlighted the potential of Ac-DLys-
Re(Arg11)CCMSH as an excellent candidate for additional imaging
and therapeutic studies [51].

Although both Ac-DLys([125I]IBA)-ReCCMSH(Arg11) and Ac-
Lys([125I]IBA)-ReCCMSH(Arg11) showed high tumor uptake at 4-h
p.i. in mice bearing B16F1 tumors the observed overall high back-
ground organ activity accumulation has prevented their successful
application in SPECT imaging. [51].
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Fig. 14. Schematic structures of ReCCMSH, Re(Arg11)
2.6. Targeting the gastrin-releasing (GPR) receptor

The amidated tetradecapeptide bombesin (BBN) was originally
isolated and characterized from the skin of the European frogs
Bombina bombina and Bombina variegata [165]. The 27-amino acid
gastrin-releasing peptide (GRP) is the mammalian counterpart of
bombesin and was isolated a few years later from the porcine
stomach [166]. It has a very high homology to bombesin, sharing
the same 7-amino acid sequence (Trp8-Ala9-Val10-Gly11-Hist12-
Leu13-Met14-NH2) at the C-terminal, which is the biologically active
part. Both peptides are biologically active in the central nervous
system (CNS) and in peripheral tissues. Shortly thereafter a novel
BBN-like decapeptide with a common C-terminal methionine
amide was identified in porcine spinal cord [167]. The designation
neuromedin B (NMB) was proposed for this peptide due to its
involvement in the neural communication system of mammals as a
neuromediator or hormone. The amino acid sequences of BBN, GRP
and NMB are depicted in Table 5.

Four different bombesin receptor subtypes have been identified
and characterized, namely the GRP receptor subtype (GRP-R or
BB2), the neuromedin-B receptor subtype (NMB-R or BB1), the so-
called orphan receptor subtype (BB3), and the BBN receptor sub-
type 4 (BB4) [152,168e171]. Their pharmacological activities
include, among others, the stimulation of hormones releasing, such
as gastrin and somatostatin. All four receptor subtypes are broadly
distributed in the central nervous system as well as in the gastro-
intestinal tract. Three receptor subtypes (NMB-R, GRP-R and BB3)
have shown to be expressed in variable degrees on a variety of
tumors. GRP-R are the most frequently overexpressed receptors on
human cancers, including breast (38e72%), pancreatic (75%), small
cell lung (85e100%), non-small cell lung (74e78%), prostate
(62e100%), head and neck squamous cell (100%) cancers and
neuroblastomas/gliobastomas (72e85%) [82,172e175].

Several BBN analogues labelled with radiometals have been
developed as diagnostic probes for SPECT [176e178] or for peptide
receptor radionuclide therapy [179e182]. However, the first BBN
derivatives to be prepared for preclinical applications were the
radioiodinated analogues (Table 5). Leu4 in the bombesin scaffold
was replaced by Tyr4, and the resulting radioiodinated peptide.
[125I]-Tyr4-BBN, prepared by an oxidative method using
chloramine-T, has been used at first to identify BBN receptors
expressed on the central nervous system and in normal human
pancreatic membranes (Table 5) [183e185] Reversible, saturable,
and specific binding was also found on several human cancer cell
Ac-D-Lys(125I-4-IBA)-Re(Arg11)CCMSH

ReO
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7

8910111213

CCMSH and Ac-DLys([125I]IBA)-Re(Arg11)CCMSH.



Table 5
Peptides targeting the gastrin-releasing peptide receptor (GRPR) and radioiodinated
derivatives.

Amino acid sequence:

Bombesin (BBN)
pGlu1-Gln2-Arg3-Leu4-Gly5-Asn6-Gln7-Trp8-Ala9-Val10-Gly11-Hist12-Leu13-

Met14-NH2

GRP
Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met14-NH2

NMB
Gly-Asn-Leu-Trp-Ala-Thr-Gly-His-Phe-Met14-NH2

[125I]-Tyr4-bombesin
pGlu-Gln-Arg-Tyr4[125I]-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2

[DPhe6, bAla11, Phe13, Nle14]bombesin(6e14)
[DPhe6-Gln-Trp-Ala-Val-bAla11-His-Phe13-Nle14-NH2

[125I]-[DTyr6, bAla11, Phe13, Nle14]bombesin(6e14)
[125I]-DTyr6-Gln-Trp-Ala-Val-bAla11-His-Phe13-Nle14-NH2

[125I]-mIP-Des-Met14]bombesin(7e13)

Gln-Trp-Ala-Val-Gly-His-Leu-NH2

BBN, GRP and NMB are related in sequence and share an amidated methionine at
their carboxyl termini. The entire structures of the different peptides are shown
except for GRP which has 27 amino acids and only the COOH terminal 14 amino
acids are shown, which is the biologically active end.

Amino acids are shown in the standard three letter code
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lines such as pancreatic, small-cell lung and prostate PC-3 and DU-
145 [183,186,187]. [125I]-Tyr4-BBN is still used nowadays as a
reference tracer in competitive binding assays and other radio-
metric studies [188,189].

To better elucidate the pharmacology of the orphan receptor
bombesin receptor subtype 3 (BB3 or BRS-3), which was poorly
characterized particularly in regard to its distribution and function
in human tissues, Jensen and colleagues developed a synthetic
peptide [DPhe6, b-Ala11, Phe13, Nle14]bombesin(6e14) with high
affinity for all subtypes of bombesin receptors [190,191]. The radi-
oiodinated analogue, [[125I]-DTyr6, b-Ala11, Phe13, Nle14]bomb-
esin(6e14), was then used to evaluate the expression of the various
receptor subtypes in a selection of human tumors of different ori-
gins by means of in vitro receptor autoradiography allowing, for the
first time, to identify BB3 and NMB receptor proteins in primary
human tumors [192].

Another radioiodination approach, developed by Rogers and
colleagues for BBN analogues, consisted on the conjugation of m-
iodo-benzoic acid to the terminal Gln7 of Des-Met14-bomb-
esin(7e13)NH2 to yield [125I]-mIP-Des-Met14-bombesin(7e13)NH2
([125I]-mIP-BBN) (Table 5) [193].

Aiming to demonstrate the feasibility of a novel approach for
peptide imaging or systemic radiotherapy, which combines the use
of radiolabeled peptides with the genetic induction of high affinity
receptors on tumors, internalization and catabolism of [125I]-mIP-
BBN and [I25l]-Tyr4-BBNwere compared in a GRP-R positive cell line
[193]. The recombinant adenoviral vector (AdCMVGRPr) was used
to induce the expression of the GRP-R in vitro in the murine BNR-
11 cells and the human carcinoma cell lines A427, HeLa and SKO-
V3.ipl. In a live-cell binding assay [125I]-mIP-BBN showed more
favourable internalization properties than [125I]-Tyr4-BBN and
better tumor localization inmice bearing SKOV3.ipl ovarian tumors.
2.7. Targeting the chemokine receptor 4 (CXCR4)

Chemokines are a group of small glycoproteins that regulate cell
trafficking of leukocytes through interactions with cell surface
receptors [194,195]. The chemokine receptor 4 (CXCR4) is a G-
protein-coupled receptor (GPCR) consisting of 352 amino acids. The
interaction between CXCR4 and its natural ligand, the stromal cell-
derived factor-1 (SDF-1, also known as CXCL12), an extracellular 72
amino acid chemokine, is a natural regulatory process in the human
body. However, CXCR4 overexpression is also found on more than
70% of human solid tumors, including breast cancer, prostate can-
cer, B-cell lymphoma, neuroblastoma, melanoma, cervical adeno-
carcinoma, and glioma, among others, where it plays a crucial role
in metastatic spread [196e198]. For this reason CXCR4 is an
attractive target in oncology and its clinical application in diagnosis
and therapy is gaining increasing interest.

SDF-1 could be a logical choice for CXCR4 imaging. However,
recent reports provided evidence that it also binds to another seven
transmembrane span receptor called CXCR7, which may well in-
fluence the outcome of an imaging experiment. [199] The
commercially available radioiodinated version of SDF-1, [125I]SDF-1,
obtained by radiodination of Tyr7 and/or Tyr61, is often used as a
reference in ligand binding assays with new CXCR4 imaging agents.
[125I]SDF-1 has shown to bind CXCR4 present in the brain and in
neuroblastoma cells. Visualization of receptors was achieved by
autoradiographic studies [200].

Aiming to develop novel radioiodinated probes for imaging
CXCR4-expressing tumors, Han and colleagues have synthesized
radioiodinated derivatives of T140, an highly potent specific
antagonist of CXCR4, with high binding affinity and in vivo stability
[201]. The most interesting compound [125I]IBA-Ac-TZ14011
(Fig. 15) has been prepared by conjugation of [125I]SIB to DLys8 of
Ac-TZ14011 [202]. Its biodistribution profile, determined in healthy
mice, showed a relatively fast clearance from the blood, mainly via
the kidneys. Further labelling of Ac-TZ14011 with 124I or 123I and
evaluation in mice with induced tumors is still necessary to
ascertain the clinical potential of this new radioiodinated T140
analogue for CXCR4 imaging.

A family of cyclic pentapetides, with improved metabolic sta-
bility and high CXCR4 antagonism, was developed in an effort to
downsize the CXCR4 ligand T140 [203,204]. These peptides con-
sisted of Gly and the four pharmacologically most important resi-
dues of the T140 peptide (Arg2, Nal3, Tyr5 and Arg14), which are
responsible for the strong antagonistic activity of T140 [205] The
peptide with the highest CXCR4 affinity cyclo(Nal1-Gly2-DTyr3-
Arg4-Arg5), also known as CPCR4 or FC131, was selected for further
assays and was radioiodinated on D-Tyr with 123I, 124I or 125I
[206e209] (Fig. 15). [124I]FC131 was the first PET imaging probe for
CXCR4 targeting in preclinical evaluation [206]. It displayed high
accumulation in CXCR4-positive tumors in an animal model and
high focal uptake in lung micrometastases. However, its relatively
high lipophilicity was probably responsible for the increased up-
take found in the liver and intestines, which hampered its appli-
cability for whole-body CXCR4 imaging.

2.8. Recent applications of radioiodinated peptides

Although some of the radioiodinated peptide probes developed
so far showed promising results in preclinical studies only a limited
number among them have been translated into clinical trials.
However, the acquired knowledge along with the progress in a
variety of strategies and optimized protocols for efficient radio-
iodination of peptides led, in recent years, to the design and eval-
uation of novel radioiodinated peptides as potential tools for
molecular imaging of diverse biochemical processes including
angiogenesis, apoptosis and hypoxia among others. Table 6 sum-
marizes some of the more relevant radioiodinated peptide-based
probes that have been recently assessed.

aSeveral endothelial molecular markers of angiogenesis



Fig. 15. Structure of T140 and its labelled analogue 125I-labelled Ac-TZ14011 ([125I]-IBA-Ac-TZ14011), and of the radioiodinated cyclopentapeptide [*I]-FC131 (*I ¼ 123/or124/or125I).
Nal¼ L-3-(2-naphthyl)alanine, Cit¼ L-citrulline. Circles identify the T140 residues that are indispensable for CXCR4-antagonistic activity.
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expressed in tumor vasculature have been identified, including
matrix metalloproteinases (MMPs), prostate specific membrane
antigen (PSMA) and nucleolin, among others. In the last decade
target-specific radioiodinated peptide-based tracers targeting
some of those markers have been studied as nuclear imaging
probes for non-invasive assessment of tumor angiogenesis.

MMPs are a family of zinc- and calcium-dependent membrane
anchored endopeptidases that are responsible for degrading various
extracellular matrix (ECM) components. MMP family includes five
members, namely collagenases, gelatinases, stromolysins, mem-
brane type-1 (MT1)-MMPs, and non-classified MMPs. A number of
MMPs are specifically involved in angiogenesis, including gelati-
nases MMP2 and MMP9 that have been mostly associated with
tumor aggressiveness and the development of metastases. Cyclo(-
Cys-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-Cys) (CTT), a disulfide-
bridged decapeptide, which selectively inhibits MMP2 and MMP
9,was identified using phage display libraries [217]. Imaging studies,
carried out by the same researchers, showed the ability of its radi-
oiodinated derivative Ala-Ala-[125I]Tyr-c(Cys-Thr-Thr-His-Trp-Gly-
Phe-Thr-Leu-Cys) ([125I]AAYCTT) to localize tumors in mice bearing
KS1767 Kaposi's sarcoma xenografts, suggesting its application in
the early detection of primary tumors and metastasis [210]. Aimed
at MT1-MMP targeting, Kondo and colleagues developed four
radioiodinated peptide probes consisting of a MT1-MMP-specific
binding sequence (L or D-amino acids) and an additional cysteine (at
the N or C-terminus) for indirect labelling with [123/125I]IPM
(Table 6): [125I]LN, [125I]LC, [125I]DN and [123/125I]DC [211]. Among
the probes evaluated in biodistribution studies in HT1080 tumor
bearing mice, the D-amino acid-based peptides reached high tumor
accumulation and a tumor/muscle ratio (3e5) comparable to that of
MT1-MMP antibody-based imaging probes [218]. The fast blood
clearance and the highest tumor/blood ratio achieved by [125I]DC
10min after injection suggested the potential of [123I]DC for in vivo
monitoring of MT1-MMP expression in cancers.



Table 6
Other recent radioiodinated peptide-based probes and respective targets.

Peptide Amino acid sequence Biomarker/
Target

Ref

[125I]AAYCTT
[125I]LN
[125I]LC
[125I]DN
[125/123I]DC
[125I]BMF3
[125I]RRL

peptide
[125I]cMBPa

[125I]cMBP-
GGG*

[125I]
cMBPAOC*

[124/131I]
ApoPep-1

[125I]OP30
[125I]KOP30
[125I] mKOP
[123/125I]

DKOP30
[125I]mDKOP

Ala-Ala-[125I]Tyr-c(Cys-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-Cys
Ac-[125IPM]Cys-Gly-His-Trp-Lys-His-Leu-His-Asn-Thr-Lys-Thr-Phe-Leu
Ac-His-Trp-Lys-His-Leu-His-Asn-Thr-Lys-Thr-Phe-Leu-[125IPM]Cys
Ac-[125IPM]DCys-Gly-DHis-DTrp-DLys-DHis-DLeu-DLeu-DHis-DAsn-DLys-DThr-DPhe-DLeu-DThr-DPhe-DLeu
Ac- DHis- DTrp-DLys- DHis-DLeu-DHis-DAsn-DLys-DThr-DPhe-DLeu-[125/123IPM]-DCys
Lys-Asp-Glu-Pro-Gln-Arg-Arg-Ser-Ala-Arg-Leu-Ser Ala-Lys-Pro-Ala-Pro-Pro-Lys-Pro-Glu-Pro-Lys-Pro-Lys-Lys-Ala-Pro-Ala-Lys-Lys
[125IBM]Cys
[131I]Tyr-c(Cys-Gly-Gly-Arg-Arg-Leu-Gly-Gly-Cys)
Lys-Ser-Leu-Ser-Arg-His-Asp-His-Ile-His-His-His
Lys-Ser-Leu-Ser-Arg-His-Asp-His-Ile-His-His-His-Gly-Gly-Gly-Ser-Cys
Lys-Ser-Leu-Ser-Arg-His-Asp-His-Ile-His-His-His-AOC-Cys
Ac-[124/131I]Tyr-Cys-Gln-Arg-Pro-Pro-Arg-NH2
[125I-IPM]Lys-Asn-Pro-Phe-Ser-Thr-Gln-Asp-Thr-Asp-Leu-Asp-Leu-Glu-Met-Leu-Ala-Pro-Tyr-Ile-Pro-Met-Asp-Asp-Asp-Phe-Gln-
Leu-Gly-Cys-NH2
[125I-IPM]-Lys-Lys-Lys-Lys-Lys-Lys-Lys-Lys-Lys-Asp-Leu-Asp-Leu-Glu-Met-Leu-Ala-Pro-Tyr-Ile-Pro-Met-Asp-Asp-Asp-Phe-Gln-
Leu-Gly-Cys-NH2
[125I-IPM]-Lys-Lys-Lys-Lys-Lys-Lys-Lys-Lys-Lys-Asp-Leu-Asp-Leu-Glu-Met-Leu-Ala-Ala-Tyr-Ile-Ala-Met-Asp-Asp-Asp-Phe-Gln-
Leu-Gly-Cys-NH2
[123/125I-IPM]-DLys-DLys-DLys-DLys-DLys-DLys-DLys-DLys-DLys-Asp-Leu-Asp-Leu-Glu-Met-Leu-Ala-Pro-Tyr-Ile-Pro-Met-Asp-Asp-
Asp-Phe-Gln-Leu-Gly-Cys-NH2
[123/125I-IPM]-DLys-DLys-DLys-DLys-DLys-DLys-DLys-DLys-DLys-Asp-Leu-Asp-Leu-Glu-Met-Leu-Ala-Ala-Tyr-Ile-Ala-Met-Asp-Asp-
Asp-Phe-Gln-Leu-Gly-Cys-NH2

MMP-
2,MMP-9
MT1-MMP
MT1-MMP
MT1-MMP
MT1-MMP
Nucleolin
Unknown
c-Met
c-Met
c-Met
histone H1
HIF-1
HIF-1
HIF-1
HIF-1

[210]
[211]
[211]
[211]
[211]
[53]
[212]
[213]
[213]
[213]
[214]
[215]
[216]
[216]
[216]
[216]
[216]

IPM: N-(m-iodophenyl)maleimide; IBM: N-(2-aminoethyl)maleimide; AOC:8-aminooctanoic acid.
a the site of radioiodination has not been disclosed by the authors.
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F3 peptide is a 31 amino acid fragment of HMGN2 protein
identified by in vivo phage display techniques that has been shown
to bind to tumor and endothelial cells in tumor blood vessels. [219]
Subsequent research has identified nucleolin as the receptor/target
for F3 peptide [220]. Nucleolin is a highly conserved nuclear protein
ubiquitously distributed in the nucleolus, nucleus and cytoplasm of
the cell, and that is primarily involved in rRNA synthesis and
ribosome biogenesis [221,222]. It also acts as a shuttle protein
transporting ribosomal proteins and subunits between the nucleus
and the cytoplasm. A radioiodinated derivative of F3 peptide [125I]
IBMF3 was explored as a potential SPECT imaging agent in Van
Dort's research group [53]. [125I]IBMF3 was synthesized by incor-
porating a C-terminal cysteine residue for site-specific coupling to a
radioiodinated maleimide conjugating group. SPECT imaging
studies with [125I]IBMF3 in nude mice bearing MDA-MB-435 xe-
nografts showed a clear visualization of tumor following systemic
administration. However, according to the authors, a structural
modification of the tracer, such as the incorporation of a more
hydrophilic linker for the attachment of the radionuclide, could
possibly enhance the in vivo pharmacokinetics, reducing renal
clearance and consequently increasing tumor uptake.

Using a peptide display library, Brown and colleagues identified
various tumor vasculatureespecific binding sequences, including
the tumor endothelial cell-specific binding tripeptide Arg-Arg-Leu
(RRL) [223]. A custom-synthesized 9-mer cyclic peptide c(Cys-
Gly-Gly-Arg-Arg-Leu-Gly-Gly-Cys) containing the Arg-Arg-Leu
sequence has been successfully used by Weller et al. to image tu-
mor angiogenesis by ultrasonography and it was demonstrated that
the peptide targeted tumor vasculature and is useful for in vivo
detection of tumors [224]. Those promising results prompted its
direct labelling with 131I by incorporation of a N-terminal Tyr to
allow iodination [212] yielding the radioiodinated analogue [131I]
RRL peptide. Biodistribution studies of the latter in nude mice
bearing human prostate carcinoma (PC3) has shown high tumor
uptake and good tumor to non-target organ ratios suggesting its
clinical potential for visualization of tumors. However, the molec-
ular target of this tumor-binding peptide has yet to be disclosed.

Another promising target for angiogenesis inhibition is the
signaling pathway of hepatocyte growth factor (HGF) and its re-
ceptor (HGFR, also known as c-Met) [225]. C-Met, a receptor tyro-
sine kinase frequently observed in human glioblastomas, plays a
pivotal role in angiogenesis and tumor growth. In a pioneer study
by Kim et al., three 125I-labelled c-Met binding peptides (cMBP)
without any linker or with an amino acid Gly linker (Gly-Gly-Gly) or
an 8-aminooctanoic acid linker (AOC) have been investigated as
SPECT imaging probes to target c-Met-expressing tumors: [125I]-
cMBP, [125I]-cMBP-GGG and [125I]-cMBP-AOC [213]. Results from
biodistribution studies revealed that the use of Gly residues
increased tumor-to-blood ratio, with [125I]-cMBP-Gly-Gly-Gly be-
ing clearly visualized in U87MG mice xenografts. However, ac-
cording to the researchers these promising results can be
potentially improved by structural modification of the linkers.

A novel histone H1 targeting peptide (Cys-Gln-Arg-Pro-Pro-Arg-
NH2), named Apoptosis-targeting Peptide-1 (ApoPep-1) was iden-
tified by Wang et al. using phage-display peptide libraries [214]. It
was was devised as a promising probe for imaging apoptosis in vivo
due to its ability to target apoptotic and necrotic cells by binding to
histone H1 on the surface of apoptotic cells and in the nucleus of
necrotic cells. The in vivo targeting ability of radioiodinated
ApoPep-1 peptide ([124/131I]ApoPep-1) was evaluated in various
murine models of apoptosis. Biodistribution data and microPET
imaging results clearly demonstrated the high potential of radio-
iodinated ApoPep-1 as an apoptosis specific imaging agent [215].

Hypoxia-Inducible Factor (HIF-1), a dimeric protein complex
expressed in hypoxic regions, plays important role in the body's
response to low oxygen concentrations. In particular, the oxygen-
dependent degradation domain (ODD) of HIF-1a is responsible
for the regulation of HIF-1 activity. Thus, imaging of HIF-1-active
regions in hypoxic tumor regions could provide valuable informa-
tion for appropriate cancer therapy. Aiming to vizualise HIF-1a
tumors, Ueda et al. have synthesized and evaluated five peptide
imaging probes based on the degradation mechanism of HIF-1a
[216]. The dipeptide Gly-Cys was conjugated to the C-terminal of
the ODD547e574 scaffold for site-specific radioiodination and the
whole sequence was named OP30. Aiming to increase membrane
permeability, the nine amino acids at the N-terminal of OP30 were



Fig. 16. A representative planar image of a FM3A-implanted mouse following
administration of [123I]DKOP30 (2 h). The tumor is clearly visualized in the image
(circle). The gall bladder (arrow) and bladder (arrowhead) were also visible. Adapted
with permission from Ueda et al. Copyrigth 2013 World Molecular Imaging Society
[216].
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replaced by Lys or D-Lys, providing KOP30 and DKOP30, respec-
tively. Additionally, the Pro residues in KOP30 and DKOP30 that
were essential to oxygen-dependent degradation of the peptides
were replaced by L-Ala, giving mKOP and mDKOP, respectively.
Radioiodination of all peptides was performed by an indirect
method upon conjugating of the prosthetic group [125/123I]IPM to
the peptides. Among the ODD-based peptides that were evaluated,
[123I]DKOP30 emerged as the most useful probe for imaging HIF-1-
active tumors. Biodistribution studies in FM3A mammary
carcinoma-implanted mice showed tumoral accumulation of [125I]
DKOP30. Indeed, the tumor was clearly visualized after 2 h p.i.
(Fig. 16), with intratumoral distribution correlating with the HIF-
1a-positive hypoxic regions.

To address the clinical need for an imaging agent capable of
detecting systemic amyloidosis, Wall and colleagues evaluated a
series of seven radioiodinated heparin-binding peptides (p1-p7)
(Table 7) by using small animal SPECT imaging, tissue bio-
distribution studies, and microautoradiography [226]. The radio-
iodinated 31-amino acid peptide [125I]p5 bound specifically and
selectively to murine serum amyloid protein A (AA) in vivo, sug-
gesting its potential role as an amyloid non-invasive imaging agent
for the rapid detection and monitoring of disease in patients with
amyloidosis.

Following these promising results further studies were carried
out with an Arg-substituted variant, p5R, in which the eight Lys
amino acids of p5 have been replaced with Arg residues
Table 7
Radioiodinated amyloid-reactive peptides.

Peptide Aminoacid sequence

[125I]p1
[125I]p2
[125I]p3
[125I]p4
[125I]p5
[125I]p6
[125I]p7
[125I]p5R
[125I]

AQAp5(D)
[125I]aqap5
[125I]AQAp5

Cys-Gly-Gly-[125I]Tyr-Ser-Ser-Ser-Arg-Pro-Val-Arg-Arg-Arg-Arg-Arg-Pro
Cys-Gly-Gly-[125I]Tyr-Gly-Asp-Ala-Lys-Lys-Lys-Lys-Asp-Gly-Lys-Lys-Ala-
Gly-[125I]Tyr-Gly-Pro-Lys-Lys-Gly-Ser-Lys-Lys-Ala-Val-Thr-Lys-Ala-Gln
Cys-Gly-Gly-[125I]Tyr-Ser-Arg-Pro-Arg-Ala-Arg-Ala-Arg-Ala-Arg-Asp-Gln
Cys-Gly-Gly-[125I]Tyr-Ser-Lys-Ala-Gln-Lys-Ala-Gln-Ala-Lys-Gln-Lys-Ala-
Cys-Gly-Gly-[125I]Tyr-Pro-Arg-Arg-Arg-Arg-Ser-Ser-Ser-Arg-Pro-Ile-Arg-
Cys-Gly-Gly-[125I]Tyr-Phe-Ala-Lys-Leu-Asn-Cys-Arg-Leu-Tyr-Arg-Lys-Al
Gly-Gly-Gly-[125I]Tyr-Ser-Arg-Ala-Gln-Arg-Ala-Gln-Ala-Arg-Gln-Arg-Arg
Ala-Gln-Ala-[125I]DTyr-DSer-DLys-DAla-DGln-DLys-DAla-DGln-DAla-DLy
DGln-DAla-DLys-DGln-DAla-DLys-DGln
DAla-DGln-DAla-[125I]Tyr-Ser-Lys-Ala-Gln-Lys-Ala-Gln-Ala-Lys-Gln-Lys-
Ala-Gln-Ala-[125I]Tyr-Ser-Lys-Ala-Gln-Lys-Ala-Gln-Ala-Lys-Gln-Lys-Ala-
predisposing the peptide toward the a helical conformation [227].
The radioiodinated peptide, [125I]p5R, showed higher affinity for
amyloid and provided a clear visualization of AA amyloid in mice by
using SPECT/CT imaging suggesting its potential for the in vivo
detection of less dense and more vascular forms, as found in the
brain and pancreatic vasculature.

Additionaly, the same researchers designed three variants of p5,
AQAp5(D), aqap5 and AQAp5 (Table 7), to study the effects of incor-
porating D-amino acids into amyloid-reactive peptides [228].
Following radioiodination these peptides exhibited distinct bio-
distribution and dehalogenation profiles in healthymice. This study
also evidenced that the incorporation of D-amino acids into the
amyloid binding regions resulted in off-target binding in liver or
kidneys while their placement at the N-terminus, such as in aqap5,
retained amyloid specificity and the improved resistance against
deiodinases [229].
3. Concluding remarks and perspectives

Considerable efforts have been directed in recent years towards
the development of radiolabeled peptides for tumor receptor im-
aging and targeted radionuclide therapy. Radiopeptides, including
those labelled with radioiodine, continue to emerge as valuable
tools for clinical and research investigations owing to their
favourable pharmacokinetics and specific tumor targeting
characteristics.

Iodine radioisotopes are attractive since they exhibit a wide
range of nuclear properties suitable for various applications. 125I
has gained some special interest due to its readily availability and
adequate nuclear characteristics. Indeed, 125I-labelled tracers are
commonly used in radiometric binding assays and many 125I-
labelled molecules are commercially available. Moreover, a125I-
labelled compound can be a convenient tool for translating pre-
clinical results up to humans since the replacement of 125I with
123I provides a labelled probe with suitable characteristics for
SPECT imaging in humans. In addition, molecular imaging by PET
can be achievedwith the positron emitter 124I and the translation to
the radionuclide therapy using the b�/g emitter 131I can also be
easily accomplished.

Although some radioiodinated peptides have emerged in the
last few years as promising new candidates for targeting various
diseases [123I]octreotide and [123I]VIP were the only ones to reach a
clinical trial. However, none of them has been approved as a
radiopharmaceutical up to now. Further preclinical and clinical
studies are still needed to address in more detail the molecular
features that make radioiodinated peptides potentially useful
tracers for imaging and radionuclide therapy.
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