Life Sciences 239 (2019) 116870

Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

Review article

Recent developments in peptide-based SPECT radiopharmaceuticals for
breast tumor targeting

Check for
updates

=

Sajjad Ahmadpour®, Seyed Jalal Hosseinimehr™"

@ Pharmaceutical Sciences Research Center, School of Pharmacy, Ardabil University of Medical Sciences, Ardabil, Iran
® Department of Radiopharmacy, Faculty of Pharmacy, Mazandaran University of Medical Sciences, Sari, Iran

ARTICLE INFO ABSTRACT

Keywords: Breast cancer deaths occur mainly because of poor diagnosis in early stages that lead to tumor metastasis in
Breast cancer advanced stages. Developing a high-sensitive early-stage breast cancer diagnostic tool based on single photon
SPECT emission computer tomography (SPECT) and positron emission tomography (PET) are urgent. There are several
Radiolabeled peptide evidences to demonstrate the prominent roles of specific receptors overexpression in tumor initiation and pro-
E?;i:g:é gression of breast cancer. Targeting of specific receptor with radiolabeled biomolecule is a suitable tool for early

diagnosis of breast cancer. In recent years, investigators have paid their attention in the development of peptide-
based radiopharmaceuticals due to their favorable pharmacokinetics that offer diagnostic applications for breast
cancer imaging. Various characterizing techniques permit the preparation of variety of peptides that allow ef-
ficiently labeling with clinically useful SPECT radionuclides such as *™Tc, '2 and '*'In without compromising
biological properties. In this review, we focus on the recent developments in use of peptide-based SPECT
radiopharmaceuticals for breast cancer targeting and imaging.

1. Introduction

Breast cancer is the most common type of cancer in the entire world
and comprises 18% of all female cancers [1]. Breast cancer is numerate
highly heterogeneous tumor and mainly is categorized into four dif-
ferent subtypes: luminal A, luminal B, HER2-positive and triple-nega-
tive [2-5]. The main risk factors for breast cancer are including en-
vironmental, reproductive, and lifestyle factors and less than 10% of
breast cancers can be attributed to an inherited genetic mutation [6]. In
majority of breast cancer patients, death is caused by metastasis espe-
cially brain metastasis and often their treatment is hampered because of
low treatment response rate [6]. For breast cancer patients without any
site of a tumor metastasis, the 5-year survival rate is 99%, whereas
when metastasis has been occurred, the survival rate significantly re-
duces to 26% (2016). As there are few signs and symptoms early on,
precise diagnosis of breast cancer via sensitive molecular probes is very
important in reducing mortality of breast cancer. One of the most
sensitive techniques that has been utilized in the early diagnosis of
breast cancer is molecular imaging with single photon emission com-
puted tomography (SPECT) or positron-emission tomography (PET).
Molecular imaging as compared with other imaging modalities such as
computed tomography (CT), Magnetic Resonance Imaging (MRI),
mammography and ultrasound, provides benefit information about
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both morphological or structure and function information such as
perfusion, tissue metabolism and specially receptor density. The utili-
zation of hybrid system such as SPECT/CT or PET/CT, provides a rapid
whole-body imaging with high diagnostic accuracy. In other words, the
fusing of CT or MRI with PET or SPECT provides the precise anatomical
localization of radionuclide for attenuation correction and permits
uptake value which can be correctly quantified by SPECT/CT or PET/
CT, that it is provided supplementary information on breast cancer.
These hybrid techniques improve the sensitivity of diagnosis at early
stage for good decision in effective therapy planning. SPECT imaging
can easily diagnose bone metastasis of breast cancer with high sensi-
tivity and specificity [7,8]. For vertebral metastasis, SPECT imaging is
superior to MRI in detecting extra-vertebral body metastasis [9]. With
respect to the ability of SPECT imaging in many patients, may be need
to correlation with high-quality anatomic images, CT, or MRI. Therefor
it's better that Hybrid SPECT/CT devices equipped with multislice CT
scanners were used [10]. It has been demonstrated various types of
receptor such as, HER2 [11], EGFR [12], hepatocyte growth factor re-
ceptor (HGFR; also known as c-MET), type I insulin-like growth factor
receptor (IGFIR) and estrogen receptor (ER) [13] that are overexpressed
on breast cancer cells that regulate important biological processes, in-
cluding cell proliferation, differentiation, metabolism, and survival
with different signaling pathways. These receptors provide unique
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characteristics for cancerous cells that are attractions as specific targets
for imaging and therapy of cancers [14-17]. Receptor-binding radi-
olabeled peptides are precise probes for early detection of breast cancer
due to the targeting of ligand-binding extracellular domains of these
mentioned receptors [18-23]. This review outlines the potential ap-
plications of peptide-based radiopharmaceuticals for breast cancer di-
agnosis and provides future research perspective in this field.

1.1. Targets on breast cancer cells for imaging

Targeting of molecular marker overexpressed on breast cancer cells
with a radiotracer can be served as a sensitive and specific tool for early
diagnosis and consequently effective therapy. According to the pro-
gression of cancer cells, the amplification and overexpression of tumor
specific receptors lead to the increased relapse rates and decreased
survival rate. There is several evidences to demonstrate various type of
receptors be expressed in breast cancer for initiation and progression
[11,12]. The crucial information of receptor overexpression on tumor
can be gained using the specific targeting radiotracer. A good lesion
visualization is related to the type/subtype and density of an over-
expressed receptor in cancer cell. Meanwhile, molecular imaging agent
which is selected for lesion visualization, should be chosen carefully. So
far, several main receptors such as estrogen receptor (ER), progesterone
receptor (PR), human epidermal growth factor receptor 2 (HER2),
epidermal growth factor receptor (EGFR), somatostatin receptor
(SSTR), and the bombesin receptor (BR) are being identified and in-
vestigated for tumor targeting (Fig. 1). HER2 and EGFR receptors are
belonging to tyrosine kinase receptors and numerated as two main
overexpressed receptors in breast cancer. Tyrosine kinase receptors has
important role in biological processes, including cell survival, pro-
liferation, differentiation, motility, apoptosis, survival, invasion, mi-
gration, adhesion, and angiogenesis [24-27]. So far, 58 members of the
tyrosine kinase family identified that further are divided into 20 sub-
families [27,28]. Much evidences are coming that dysregulation of
these receptors lead to the development of cancers [29,30]. It is de-
monstrated that 25-30% patients with primary breast cancer over-
express HER2 receptor and are associated with poor clinical outcome
and cancer progression [27,31]. Trastuzumab, as a monoclonal anti-
body, was the first targeted therapy approved by the FDA for breast
cancer with overexpressed HER2 receptor [32], however several FDA
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approved HER2-targeted drugs are in clinical trials [33-35]. EGFR
overexpression in breast cancer was observed in 15-30% of patients
with large tumor size and poor clinical outcomes [36-39]. EGFR
overexpress is associate with poor prognosis in triple-negative breast
cancer and attributed to EGFR gene amplification [40-44]. In contrast
to other EGFR related cancers such as lung cancer, the mutation of
EGFR in breast cancer is rare [40]. Breast cancer is classified into three
subtypes with consideration the level of hormone receptor (HR) and
HER2 protein including, estrogen receptor (ER)-/progesterone receptor
(PR) - positive type (~70-75%), (2) triple-negative type (10-15%), and
(3) HER2 positive type (~5%). Estrogen receptor positive (ER+) tu-
mors are the most common form of breast cancer in patients. Unlike
triple-negative breast cancer (TNBC) that do not have well-defined
molecular targeted drugs [45], in the case of estrogen and progesterone
receptors (ER and PR) positive patient's estrogen deprivation has be-
come an essential treatment for HR + breast cancer with decreasing the
activation of the ER mediated signaling and avoiding cancer cell pro-
liferation [46,47]. Somatostatin receptors (SSTRs) are belonging to a
family of G-protein-coupled receptors (GPCRs) that have five known
subtypes (numbered 1-5), overexpressed in various type of cancers
such as lung, prostate and neuroendocrine breast cancer (NEBC) as well
as no special type (NST) breast cancer [48,49]. The expression of SSTR
in breast cancer can be related to hormone receptor expression, lymph
node involvement, postmenopausal status and tumor stage. SSTR2A is
being associated with the strongest anti-proliferative effect and is the
subtype with high overexpression in NST. NEBC is a group of rare tu-
mors with variant incidence between 0.1% and 18%, with three sub-
types including, poorly differentiated small cell carcinoma, well-dif-
ferentiated carcinoma and invasive breast carcinoma. However, NST
invasive breast cancer is most common. Due to the overexpression of
SSTRs in breast cancer, radiolabeled somatostatin analogues can be
served as a successful probe for visualizing primary and metastatic
breast cancer [50,51]. The gastrin-releasing peptide (bombesin) re-
ceptor (GRP-r) is belonging to a family of G-protein-coupled receptors
(GPCRs) that is overexpressed in some cancers such as GRP-r-positive
prostate tumor and breast cancer [52]. It is demonstrated that GRP-r
plays a critical role in the initiation and progression of breast cancer. In
breast cancer cells, one or more than one of the three known GRPs
receptors may be expressed. Bombesin is a tetradecapeptide that binds
to the GRP-r. So far, various radiolabeled analogues of this peptide have

[H6F Peptide - TP1623 Peptide

51 Peptide = KCCYSL and A9 Peptide ]

HER?2 Receptor
i\&\é 4 x&,
K & ) 25
Q“"Q 3 zé‘?r ‘))A
x\g & Breast cancer cell surface % % ‘»’0,,.
& %,
@,

IRMZ peptide]
ER Receptor

[G3-C 12 peptide]
Galectin-3 Receptor

[p]60 and 18-4 peptide]
Keratin 1 Receptor

[CK3 peptide]
Neuropilin-1 Receptor

Intracellular fluid

[AF7p Peptide]
MT1-MMP

[JRI 1 peptide]
Somatostatin receptor

[AZ()FMDVZ peptide]
Integrin avf6é

Fig. 1. The schematic design of various types of targets overexpressed in breast cancer cell surface and related peptides for these targets for breast cancer targeting.
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been developed for imaging of breast cancer [53].

Targeting of these receptors with high affinity probes may lead to
early diagnosis of breast cancer and subsequently lead to effective
therapy. Therefore, seeking and radiolabeling of new high affinity li-
gands for targeting of tumor specific receptors which are overexpressed
in tumor cells are currently under investigation.

1.2. Radiolabeled peptides for breast cancer targeting and imaging

Molecular imaging represents promising target for early diagnosis
and effective therapy of cancer. Diagnosis and therapy using radi-
olabeled biomolecules including peptide [54,55], antibody [56], ap-
tamer [57-60] and small molecule [61,62] have been successfully ap-
plied for breast cancer with specific receptor overexpression. In
comparison to proteins and antibodies, small peptides are currently the
agents of choice for molecular imaging and therapy of cancers due to
favorable pharmacokinetic characteristics are including small size, easy
preparation and radiolabeling with various methods, high resistance to
radiolabeling condition, rapid wash out from blood circulation, low
toxicity and high ratio of tumor to non-tumor tissue and affinity
[63-65]. However, among these characterizations, high binding affinity
and especially good receptor-mediated internalization are critical
parameters for imaging and therapy. As mention above, tumor cells
possess receptors on their surfaces that can be used for diagnostic and
therapeutic aims during labelling with various radionuclides such as
99mre, 1231 1111y and '8F [66]. In the past years a number of molecular
targets for receptor targeted nuclear imaging of breast cancer [67] and
also specific analogues such as somatostatin analogues (SST receptor)
[68], vasoactive intestinal peptide (VIP) [69] (VPAC Receptors), Affi-
body [70-73] (EGF Receptor), RGD [74] (Integrins receptor), bombesin
analogues [75] (GRPs receptors) and alpha-melanocyte stimulating
hormone peptide analogues [76] (Melanocortin, MC receptors) have
been identified and are currently under investigation. One of the main
pitfall related to imaging with radiolabeled peptide is short plasma half-
life, which is usually due to fast degradation in plasma by peptidases
and proteases and/or washout [77,78]. So far, various methods have
been developed to inhibition of proteolysis of native peptides to use as
clinically agents [65,77,79]. In nuclear medicine practice, two main
methods including SPECT and PET have been described for detection,
staging and monitoring of breast cancer lesions. However, PET tech-
nique has an advantage over SPECT in the resolution, but SPECT
technique exhibiting comparable sensitivity and leads to produce
radiopharmaceuticals at a reasonable price as well as accessible
[80,81]. As respect to that, 99mTe radionuclide has excellent char-
acteristics such as easy availability from °*Mo/°°™Tc generator, suitable
photonic characteristics and dosimetry, in nuclear medicine, and is
used for medical imaging in 80% of cases all over the world [82-85].
Several radiotracers such as '®F-FDG PET [86-88], and °°™Tc-MIBI
[89-91] or 2°'Tl-scintigraphy [92,93] have been used for breast cancer
targeting. However, these radiotracers are not tumor specific and ac-
cumulate in highly proliferative tissue. Owing to the fact that targeting
of tumor specific receptor with radiolabeled peptide is specific process
and is mainly mediated with overexpressed receptors in cancer cells,
radiolabeled peptide for breast cancer targeting has superiority to these
radiotracers. The characterizations of radiolabeled peptides are sum-
marized in Table 1 with more details.

1.3. %°™Tc-HYNIC-HG6F peptide

Two peptides YLFFVFER (H6) and KLRLEWNR (H10) with specific
targeting on human epidermal growth factor receptor 2 (HER2) were
identified via screening strategy based on in situ single bead sequencing
on a microarray [94]. Fluorescein 5-isothiocyanate (FITC) labeled
peptide H6 (FITC-H6) and H10 (FITC-H10) showed high signal on the
membrane for HER2 high-expressing human breast cancer cell line
SKBR-3. The Kp, values of H6 and H10, which were obtained via surface
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plasmon resonance imaging (SPRi), were equal to 67 and 30 nM, re-
spectively. These peptides showed low cytotoxicity at concentrations
ranging from 0.1 pM to 100 uM. The results of labeled H6 and H10
peptides with CdSe QDs into SKBR-3 xenograft mice, after half an hour
postinjection, showed that the peptide-QDs uptakes were observed in
tumor in a specific manner. However, the tumor site with H6-QDs
displayed a higher signal than H10-QDs. Pharmacokinetic result de-
monstrated that H10 peptide was cleared more rapidly than H6 peptide
in the blood circulation (17 min for H6 v.s 13 min for H10). These re-
sults revealed that although the dissociation constants of both eptides
were close to each other, the specificity of H6 was better than H10 on
HER2. With view to this characterization, Li et al. aimed to develop
99mTc.HYNIC-H6F as a SPECT imaging probe for breast cancer imaging
[95]. They conjugated H6F (YLFFVFER) peptide with the bifunctional
chelator hydrazinonicotinamide (HYNIC) and efficiently labeled in the
presence of tricine/trisodium triphenylphosphine-3, 3’, 3”-trisulfonate
(TPPTS) as the co-ligand with *™Tc radionuclide. *™Tc-HYNIC-H6F
had excellent in vitro stability in saline for 6 h. The close ICsy (50%
inhibitory concentrations) values for HYNIC-H6F (11.25 * 2.14 nM)
and H6F (7.48 + 3.26 nM) to HER2-positive MDA-MB-453 cells de-
monstrated that the conjugation of HYNIC had little impact on ligand-
receptor binding affinity. The biodistribution results for *°™Tc-HYNIC-
H6F in nude mice bearing MDA-MB453 (HER2 positive cell line) and
MDA-MB-231(HER2 negative cell line) tumors at 30 min showed the
uptake of *™Tc-HYNIC-H6F was significantly higher in MDA-MB-453
tumors than in MDA-MB-231 tumors (2.47 = 0.12v.s 0.99 + 0.19 %
ID/g). These results were agreement with flow cytometry studies about
this peptide and confirming that the HER2 protein is a specific target for
H6F peptide. The highest tumor-to-organ ratio was reported at 1h
postinjection (p.i) for *°™Tc-HYNIC-H6F. SPECT/CT imaging visualized
the MDA-MB-453 tumors (< 5mm in diameter) as early as 30 min p.i.
with high contrast compared with the contralateral background. This
tumor uptake was specific and co-injection of an excess dose of cold
H6F peptide with *™Tc-HYNIC-H6F was resulted in significant reduced
tumor uptake at 30 min p.i. (from 2.47 * 0.12t0 1.03 = 0.37 %ID/g).
Because of HER2 protein overexpressed in patients with newly diag-
nosed primary invasive breast cancer [96] and with respect to that
HER2 protein is the specific target of the H6F peptide, **™Tc-HYNIC-
H6F has potential clinical application for whole-body screening of
HER2-positive metastatic tumors. This ability is related to the favorable
in vitro and in vivo stability and high affinity in the range of nM toward
HER2 receptor, confirmed by high in vivo tumor uptake for MDA-MB-
453 tumors (HER2 + ) than in MDA-MB-231 tumors (HER2-). The in vivo
tumor uptake are mainly mediated by HER2 receptors could effectively
detect HER2-positive breast cancers with high tumor-to-muscle ratios.
Fast wash out of “°™Tc-HYNIC-H6F from blood circulation caused low
uptake in non-target organs, low burden excess radiation in patients
and especially high tumor contrast for tumors that are in the near of
heart and lungs. Therewith, fast tumor uptake for °*™Tc-HYNIC-H6F
leads to low waiting time between administrations and imaging. The
attachment of H6F peptide to HYNIC chelator not only didn't decrease
the binding affinity to the specific targets, but also assembled the
convenient formulation of a labeling kit with popular *°™Tc. Trastu-
zumab is approved for first-line treatment of HER2-positive breast
cancer, but trastuzumab monotherapy response rate for metastatic
breast cancer is less than 34% [97,98] and in about one third of patients
during trastuzumab-based neoadjuvant therapy, HER2-positive breast
cancer tumors converted to HER2-negetive [99]. Therefore, monitoring
the response to therapies for precision medicine in HER2 positive breast
cancer patients is very important. The particular characterization for
H6F peptide is the different binding domain from trastuzumab without
any competition for binding during therapy. This ability for H6F pep-
tide not only facilitates HER2-targeted therapy but also effectively
monitors the efficacy of trastuzumab by rechecking the expression level
of HER2 without blocking effect during therapy.
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Table 1
Peptide-based radiopharmaceuticals for breast cancer imaging.
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Peptide name and sequence BFCA and radionuclide

Results Ref.

H6F (YLFFVFER) 99mTe . HYNIC-H6F with 92.6% radiochemical
purity

aM, (YCAREPPTRTFAYWG) Direct radiolabeling via®*™Tc with > 90%
radiochemical purity

MAG;-PPP-aM2 (PPP-YAAREPPTRTFAYWG) Cysteine residue in aM, peptide replace with
alanine in position 2 and tri pro residue as spacer
and radiolabeled via®*™Tc with high
radiochemical purity (> 95%)

FAPVLDGAVSTLLGV or (peptide A) for Radiolabeling with?*™Tc in the presence of N, N’-
targeting the PTCH receptor on breast ethylene-di-L-cysteine (EC) chelator with using
cancer cells lysine residue as linker and high radiochemical

purity (> 95%)

TP1623 peptide or (G (D) AGG-Aba Radiolabeling with?*™Tc radionuclide without
YCFPDEEGACY-NH2 isolation and purification
KCCYSL peptide Radiolabeling with''In to develop'!'In-

DOTA(Gly-Ser-Gly)-KCCYSL with high
radiochemical purity after purification with RP-
HPLC

1-D03 (MEGPSKCCYSLALSH)

i In vitro stability in saline for 6 h [94,95]

ii ICsp = 11.25 *+ 2.14nM for MDA-MB-453 HER2
positive breast tumor cells

iii Specific in vivo tumor uptake for MDA-MB-453 tumors
(2.47 £ 0.12 %ID/g) in comparison to MDA-MB-231
tumors (0.99 + 0.19 %ID/g)

iv Main exerted way from kidneys

v Highest tumor-to-organ ratio at 1h

vi High contrast MDA-MB-453 tumor visualization after
30 min

i In vitro stability (> 85%) after 24 h [96,97]

ii Significantly lower affinity in comparison to parent
antibody

iii Favorable kinetics with rapid excretion in women with
breast cancer

iv Tumor/non-tumor value between 2-4 in patients
without any toxic or adverse reaction

i Invitro stability (> 90%) after 24 h at room temperature  [96]

ii High in vitro serum stability equal to 80% after 4 h
incubation at 37 °C.

iii Slightly high lipophilicity than aM,

iv %™Tc-MAGs;-aM, has a relatively higher cellular uptake
than®*™Tc-aM, for human breast cancer cells (MCF-7
and MDA-MB-231)

v Maximum internalization for MCF-7 cells after 60 min
incubation

vi 2™Tc-MAGs;-aM, has a faster blood clearance and
superior urinary excretion properties than®*™Tc-aM2

vii ®°™Tc-MAGs;-aM, has considerably lower kidneys
uptake than®*™Tc-aM2

viii °°™Tc-MAG3-aM, and®*™Tc-aM2 have similar tumor
uptake
i In vitro cellular uptake for three breast cancer cell lines, [98-100]
SUM159, MDA-IBC3, and 13762 and the highest
radiotracer uptake (at 4 h) for SUM159 cell line

ii Good tumor uptake up to 4 h after injection for all breast
cancer cell lines, SUM159, MDA-IBC3, and 13762
according to scintigraphy results

iii Good tumor visualization due to the average tumor-to-
muscle ratio of 4.5 at 1 h for all breast cancer cell lines,
SUM159, MDA-IBC3, and 13762

i In vitro stability (93.2%) after 6 h at room temperature [101-103]
and good serum stability up to 86% after 24h incubation
with human serum

ii Receptor mediated tumor uptake for SKBR3 human
breast cancer

iii Fast urinary excretion in normal mice lead to reduction
of radioactivity in blood circulation after 120 min

iv High in vivo stability according to the results of
scintigraphy in SKBR3 human breast cancer

v Good and specific visualization at 30 min (T/NT was
2.19) that reaches the peak at 120 min (T/NT was 5.18)
with low blood-pool background in a short time due to
fast urinary excretion

i In vitro stability after 6 h incubation with phosphate [104]
buffer saline

ii High in vitro mouse serum stability up to 60 min
incubation at 37 °C

iii Receptor-binding mediated uptake to MDA-MB-
435(HER2 positive) human breast carcinoma cells and
reach to maximum after 2h and minimal binding to K-
562 human chronic myeloid leukemia cells (HER2
negative)

iv ICso = 42.5 *= 2.76 nM for MDA-MBA-435 breast
carcinoma cells

v Internalization equal to 11% of the total bound
radioactivity after 2 h incubation for MDAMB-435
carcinoma cells

vi Maximum normal organ uptake for kidneys due to the
primary route of excretion

vii Tumor-to-blood ratio of 5.0 at the end of 2h, and 0.67
after 15 min for MDAMB-435 carcinoma cells

viii Good ability for MDAMB-435 tumor visualization at 2h
[105]

(continued on next page)
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Table 1 (continued)
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Peptide name and sequence BFCA and radionuclide Results Ref.
Radiolabeled with!*'In with high radiochemical i Stability in buffer and mouse serum was greater than
purity (> 95%) 24h

ii ICsp = 289 + 13nM for MDA-MBA-435 breast
carcinoma cells

iii *'In-DOTA-1-D03 showed higher binding and
specificity (specificity ratio of 7.44) for MDA-MB-435
than KCCYSL

iv Maximum tumor to blood ratio (6.02 + 0.13) after 2 h

v Low kidney retention than KCCYSL at 2h

vi Good ability for MDAMB-435 tumor visualization after
2h

Peptide 51(ATWLPVPVVGYFMASA) Conjugated to (DOTA) at N-terminal with GSG i ICso = 16 = 7 nM for BT-474 human breast cancer cells  [106]
spacer and radiolabeled with'*'In radionuclide ii Tumor uptake equal to 0.12 = 0.02 %ID/g after 2h

iii Tumor to blood ratio and tumor to muscle ratio equal to
2.3 and 7.1 respectively

iv Good ability for BT-474 human breast tumor
visualization after 2h

G3-C12 peptide (ANTPCGPYTHDCPVKR) Conjugated to (DOTA) via Gly-Ser-Gly i Stability in phosphate-buffered saline (PBS) was greater  [107]
(GSG)-linker and radiolabeled with''In than 98% after 12 h and for serum (85%) and urine
radionuclide with more than 98% radiochemical (80%) at 30 min
purity after purification by C18 RP-HPLC ii Specific binding for galectin-3 positive MDA-MB-435

human breast cancer cells and negligible binding to
BT549 (galectin-3 negative) breast carcinoma cells
iii Cell surface binding without internalization

iv ICso value = 200 nM for MDA-MB-435 human breast
cancer cells

v Rapid and specific tumor uptake and blood clearance
kinetics in MDA-MB-435 human breast cancer
xenografts

vi Tumor-to-blood ratio of 8.6 at 2h

vii Good ability for MDAMB-435 tumor visualization at 2h
with high tumor-to-background contrast

AF7p (His-Trp-Lys(Dde)-His-Leu-His-Asn-Thr- Radiolabeling with®®™Tc in the presence of HYNIC i Stability in normal saline 93% during the 6 h' incubation ~ [108]

Lys(Dde)-Thr-Phe-Leu) chelator and (Tricine/TPPTS) coligand and high and 94% in the solution containing excess cysteine
radiochemical purity (> 95%) after purification during the 6 h' incubation

ii Specific binding to MDA-MB-231(MT1-MMP positive)
human breast carcinoma cells and insignificant binding
to A549 cell which low expresses of MT1-MMP

iii Mainly excreted through the renal-urinary routes

iv Tumor-to-Muscle (4.17) and Tumor-to-Blood (11.11) at
2h post-injection for MDA-MB 231(MT1-MMP-positive)
bearing mice and weak uptake for A549 (MT1-MMP-
negative) tumor bearing model

FROP-1 (EDYELMDLLAYL) Radiolabeling with iodination using the i After 5min incubation of radiopeptide with human [109]
chloramine-T with specific activities 90 GBq/ serum, degradation was started and after 120 min of
mmol for the'**I-labeled peptide and 110 GBq/ incubation time, the full-length peptide was completely
mmol for the'*'I-labeled peptide after purification degraded

ii Highest and specific binding capacity to FRO82-2 and
MCF-7 cancer cells

iii Fast internalization to MCF-7 cells started after 10 min
and reach to maximum after 60 min incubation

iv ICso for FRO82-2 cells was approximately 8 mM, and
that for MCF-7 cells was about 12 mM

v Main exertion way from liver and kidneys

vi Maximum specific tumor uptake for both FRO82-2 and
MCF-7 cancer cells after 15 min and maximum tumor/
muscle ratio after 135 min

FROP-DOTA Radiolabeling with'''In chloride at the C-terminal i After 15 min incubation of radiopeptide with human [110]
end of the peptide via an additional lysine with serum, degradation was started and after 120 min of
95% radiochemical purity after purification incubation time (half-life of 71 min)

ii For FRO82-2 cells accumulation up to 40% of the
applied dose after 4h and for MCF-7 up to 90% of the
applied dose after 2h

iii Maximum specific tumor uptake for SW1736 and HNO-
223 cancer cell after 3h incubation without significant
binding to the non-tumor cell line HPV-16-GM and the
primary endothelial cells (HUVEC)

iv ICso = 494 nM for FRO82-2 cells

v Main exertion way from liver and kidneys

vi Maximum specific tumor uptake for FRO82-2 after 5 min
equal to 1.6 and for MCF-7 cancer cells after 15min

Vii Maximum tumor/muscle ratio equal to 2.7 after 5 min
p.i
FROP-DOTA-PEG Attachment of FROPDOTA to CH30- i Slow binding kinetics than FROPDOTA [111]

PEG(20 000)C2H4-maleimide and radiolabeling

(continued on next page)
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Table 1 (continued)
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Peptide name and sequence BFCA and radionuclide

Results Ref.

with''In chloride at the C-terminal with 95%
radiochemical purity after purification

HYNIC-(Tricine/EDDA)-FROP

further purification

HYNIC-(Tricine)-FROP

purification

111n-A20FMDV2 Radiolabeling with''In

99mTe.(CK3)

Radiolabeling with®*™Tc

"n-A9
purity up to 95%

(1311-1251)-;}160 Radiolabeling with iodide

Radiolabeling with?*™Tc radionuclide at the C-
terminal end of the peptide via Tricine/EDDA as
coligand with 99.6% radiochemical purity without

Radiolabeling with?*™Tc radionuclide at the C-
terminal end of the peptide via Tricine as coligand
with 99.5 % radiochemical purity without further

ii Maximum specific tumor uptake for FRO82-2 after
120 min p.i equal to 2.3
iii Maximum tumor/muscle ratio equal to 4.1 after 24h p.i
i In vitro stability 99% up to 6 h in normal saline [55]
ii In vitro stability 98% up to 1h incubation at 37 °C in
human serum
iii Maximum specific tumor uptake for MCF-7 cancer cells
after 1h incubation and low binding to non-tumor HFFF-
2 cell line
iv 10.6% internalization to MCF-7 cells after 30 min and
18.3% after 6 h incubation
Kp and Bp.y equal to 158 nM and 4.5 = 0.6 x 107 site
per cell respectively
vi rapidly cleared from the blood circulation due to the
mainly renal exertion
vii maximum specific tumor uptake (0.38% ID/gr) and
tumor/muscle: 3 to MCF-7 cells after 15 min
viii Good ability for MCF-7 tumor visualization at 15min
with high tumor-to-background contrast
In vitro stability 97% up to 6 h in normal saline [54]
i In vitro stability 97% up to 1h incubation at 37 °C in
human serum

<

iii Maximum specific tumor uptake for MCF-7 cancer cells
after 1h incubation which was blocked (6.7 fold) with
excess of FROP-1

iv 4.8% internalization to MCF-7 cells after 30 min and
7.4% after 4 h incubation

v Kp and By equal to 154nM and 7.4 = 0.7 x 10° site
per cell respectively

vi Rapidly cleared from the blood circulation due to the
mainly renal exertion

vii Maximum specific tumor uptake (5.1% ID/gr) and
tumor/muscle: 3.8 to MCF-7 cells after 15 min

i In vitro stability 97% up to 24 h in PBS [112]
ii In vitro stability 50% up to 4h incubation at 37 °C in
mouse serum

iii IC59 = 1.73 + 0.46 nM for A375P[36 cell line

iv (89-96)% internalization to A375Pf36 cells after 60 min

v Tumor-to-Muscle (7) and Tumor-to-Blood (9) at 1 h post-
injection for A375Pf36 cell line

vi Good ability for MCF10A.DCIS.COM and MCF10A.CAla

breast carcinoma cell lines at 60 min with high tumor-to-

background contrast

High capacity binding to MDA-MB-231 breast cancer [113]

cells

Maximum tumor uptake after 4 h p.i

Good ability for visualization of MDA-MB-231 breast

tumor with high contrast at 4h

iii

Radiolabeling with'*'In with high radiochemical i Good in vivo stability [114]

ii High affinity in the range of nanomolar (4.9 nM and
103 nM)

iii Putative internalization to metastases BT474 breast
cancer cells

iv Fast clearance from blood circulation

v Low radioactivity accumulation in the gastrointestinal

i High capacity binding to MDA-MB-435 and MCF-7

breast cancer cells

ii Rapid internalization in MDA-MB-435 and MCF-7 breast
cancer cells

iii ICso, Kd and Bp,ax equal to 0.6 pmol/L, 0.8 pmol/L and
1.03 + 0.6 x 10" sites per cell respectively

iv Fast tumor uptake 1h in MDA-MB-435 breast cancer
tumor with low non-target accumulation

[115-117]

1.4. %°™ Tc-aM, and *°™Tc-MAG3-aM,, peptide

A pentadecapeptide (aM,) was synthesized based on overcome
some of the difficulties associated with monoclonal antibodies, while
preserving affinity. A peptide that is the smallest possible molecule
derived from the original antibody was developed based on the CDR
and framework regions of the idiotype of a murine antitumor mono-
clonal antibody (ASM2), which has specificity against the pan-carci-
noma cell-surface antigen, polymorphic epithelial mucin, detected by

the parent antibody [100]. The amino acid sequence of (a¢M2) peptide
was YCAREPPTRTFAYWG that the presence of cysteine and tyrosine
residues allows for radiolabeling with technetium-99m via direct
method [101]. The immunological affinity of this peptide for specific
binding site is mainly based on the Glu-Pro-Pro-Thr (EPPT) residues in
its sequence. In comparison to parent antibody, the affinity of the
(aM2) peptide was significantly lower (approximately 20 fold less). In
vivo evaluation of this radiolabeled peptide was studied in women with
breast cancer. The radiolabeled peptide showed favorable kinetics and
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despite rapid excretion from kidneys, the peptide was localized in
tumor organ (images were obtainable as early as 30 min after injection).
The mean tumor/non-tumor ratio for °°™Tc-(aM2) peptide was re-
ported between 2 from 4 in patients. *°™Tc-(aM2) peptide has good
ability for primary and metastatic tumor sites such as axillary and su-
praclavicular lymph nodes in patients after 3h p.i. Although aM2
peptide is derived from an antibody structure, but can preserve the
affinity for its receptor. With respect to this fact that for an ideal mo-
lecular imaging agent, fast, accurate, and clear tumor visualization are
required [64,65], two main quotations are existed for 99mTe_ (M2)
peptide can recognize neoplastic lesions in vivo in patients with primary
and metastatic breast carcinoma. One of them is the high background
cardiac blood pool at early time points that limited the application of
radiolabeled peptide for visualization of other organ metastasis such as
lungs, mediastinum, chest wall, and liver. The other quotation is false-
positive uptake in normal nipple and areola area in 71% of patients.
99mTe.(aM2) peptide didn't have any adverse reaction during the study
or follow-up of up to 9 months.

In another study, Okarvi prepared °°™Tc-(aM2) via direct labeling
method and (MAG)s-derivatized aM, peptide with replacing cysteine
residue, in the position 2 by alanine and triproline (Pro)s residue as a
spacer for comparing the in vitro and in vivo characteristics of these
radiolabeled peptides [102]. °™Tc-MAG3-aM, showed good in vitro
and in vivo stabilities which were confirmed by transchelation study in
the presence of excess cysteine. °*™Tc-aM2 has comparable but lower in
vitro stability than °°™Tc-MAGs-oM, that attributed to the relatively
weaker bond strength cause by the weaker complex formation via cy-
steine moiety. In vitro cell accumulation of *°™Tc-MAG3-aM2 and
99mMTe aM2 in human breast cancer cells (MCF-7 and MDA-MB-231)
approximately has a similar profile for all time point between from 15
to 120 min; however, *°™Tc-MAG;-aM, showed a relatively higher
cellular uptake than °°™Tc-aM,. Maximum internalization of °°™Tc-
MAG3-aM, into MCF-7 cells occurred after 60 min incubation. Biodis-
tribution of *°™Tc-aM, and °°™Tc-MAGs-aM, in normal mice demon-
strated that ®°™Tc-MAG;-aM, had a faster blood clearance and superior
urinary excretion properties than °°™Tc-aM2. Biodistribution of these
radiolabeled peptides at 60 min p.i. in nude mice bearing MDA-MB-231
xenograft showed approximately similar tumor uptake, although °*™Tc-
MAG;-aM, exhibited a considerably lower uptake (Tumor/
Blood = 1.2) and retention by the kidneys than °°™Tc-aM2 (Tumor/
Blood = 1.9). The main different organ uptake between *°™Tc-aM2 and
99mTc.MAG3-aM2 was found for intestine (4.3% ID/gr for °°™Tc-aM2
v.s 14.4 %ID/gr for **™Tc-MAG3-aM2 (Table 1).

Structure modification of aM2 peptide for improving the unfavor-
able pharmacokinetic and imaging properties of **™Tc-aM2 with re-
taining most or all of the original affinity and specificity lead to de-
velopment of °*™Tc-MAGs-aM,. On the other hand, a major drawback
of the direct labeling such as lack of control over chelate-metal non-
specific binding that lead to poor stability of complex was the main
reason for indirect labeling method for aM2 peptide [103]. The using of
chelator and spacer is one of the facile strategies for preparation and
pharmacokinetic modifications (receptor-binding and biological char-
acteristics) of peptide-based radiopharmaceuticals for in vivo applica-
tion [104]. Good ability for formation of stable complex with °*™Tc and
186/188pe radionuclides for possible in vivo diagnostic and therapeutic
applications and particularly increasing the degree of urinary excretion
were the main reasons for choosing the MAG3 as a chelator for radi-
olabeling of aM2 peptide [105,106]. In comparison to **™Tc-aM2 the
main superiority of “™Tc-MAG;-aM2 was the rapid clearance from the
blood circulation, however fast clearance from blood circulation ob-
stacles the efficient accumulation of *°™T¢-MAGs-aM, in tumor tissue.
With consideration of low tumor uptake for several radiolabeled pep-
tides, such as °°™Tc-labeled bombesin analog (°*™Tc-RP527)
[107,108], this radiolabeled peptide when tested in human, provided
good imaging of tumor. Therefore, **™Tc-MAG3-aM, could have been
potential for clinical tumor imaging. It is necessary to mention that the
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high gastrointestinal uptake for both *°™Tc-aM2 and *°™Tc-MAGs-aM,
is the main limitation for the imaging of tumors and their metastases in
the abdominal area. Therefore, the appropriate modification in the
structure of original aM, peptide or using hydrophilic amino acid (i.e.
aspartic acid or y-aminobutyric acid) is required for improving the
pharmacokinetic characteristics of this radiolabeled peptide.

1.5. Patched receptor targeting *°™Tc-radiolabeled peptides for hedgehog
positive breast tumors

The hedgehog (Hh) signaling pathway plays a critical role in pro-
moting malignant cell growth including pancreatic, gastric, lung and
breast cancers in a ligand dependent manner [109-115]. The Hh sig-
naling pathway has three kinds of ligands, Sonic Hh (Shh), Desert Hh
(Dhh), and Indian Hh (Ihh) that in the absence of ligand stimulation,
the activation of the Hh signaling pathway was suppressed. The acti-
vation of Hh signaling which the transmembrane protein Patched-1
(Ptchl) mediated is related to tumor cell growth, metastases and in-
vasion. Cyclopamine as an alkaloid that has been acted as an inhibitor
for the Hh signaling pathway to suppress tumor cell growth in vitro and
in vivo. However, no drug has been developed to control the Hh sig-
naling at the clinical practice. Radioiodinated PTCH-1 ligand sonic
(**'1-SHH) had a significant accumulation in tumor tissue as compared
to normal organs (tumor to-muscle ratio was approximately 8:1 at 5h)
that express the ability of this radiolabeled protein for in vivo detection
of breast tumor with high Hh signaling [116]. Previously Nakamura
research group demonstrated that anti-Ptchl polyclonal antibodies
which recognize an oligopeptide of Ptchl on the Hh positive cancer cell
surface that might be useful as a promising tool for targeting cancer-cell
surface for the cancer diagnosis and therapy [117]. The sequence of this
target was the short amino acid sequence of Ptchl (KADYPNIQH),
which was located in the putative docking site of the Hh ligand, and
Ptchl [118,119]. This program employed a genetic algorithm
[120,121], therefore Nakamura et al. designed seven peptide sequences
using this program.

Sims-Mourtada et al. demonstrated strong detection of tumor xe-
nografts using an iodinated derivative of the PTCH-1, but its clinical
utility was limited due to poor stability and pharmacokinetics [116].
For this problem solving, this research group developed radiolabeled
peptides which dock inside the PTCH receptor. Among several peptides
which were previously reported by Nakamura et al. two peptide se-
quences (FAPVLDGAVSTLLGV or peptide A) and (DNTRYSPPPPYSSHS
or peptide B) were selected for targeting the PTCH receptor on breast
cancer cells and breast cancer stem cell-enriched populations
[119,122]. Fluorescence microscopy of breast cancer cell lines revealed
significant uptake of the FITC-tagged peptides in a panel of breast
cancer cell lines (MCF-7 > SUM159 > 13762 > SkBr3 > T47D >
IBC3 cells uptakes). Fluorescence microscopy using anti-PTCH anti-
bodies on cells treated with FITC-labeled PTCH-binding peptides re-
vealed that this binding was specific to the PTCH receptor. For °™Tc-
labeling, N, N’-ethylene-di-L-cysteine (EC) chelator was selected and
lysine residue was used as a linker [122]. In vitro cellular uptake of the
99mTe.conjugated peptide in three breast cancer cell lines, SUM159,
MDA-IBC3, and 13762 showed significant cellular uptake in all cell
lines. The SUM159 cell line showed the highest radiotracer uptake;
however significant uptake of the radiotracer was also observed in two
other cell lines (increasing steadily in MDA-IBC3 and reaching satura-
tion in 13762 cell lines). The utility of °**™Tc-EC-peptide A for imaging
of the PTCH receptor in breast cancer was demonstrated with planar
scintigraphy in mice bearing 13762 breast carcinoma xenografts. Planar
scintigraphy at 1, 2, and 4 h after injection of the radiolabeled peptide
showed good tumor uptake up to 4h p.i. Also an average tumor-to-
muscle ratio of 4.5 was obtained at 1 h and 5.4 at 4 h that may serve as
useful theranostics which may be used to both imaging and treatment of
breast cancer. High liver uptake for °*™Tc-EC-peptide-A attributed to
the both clearance of the peptide from liver and low-level endogenous
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expression of the PTCH receptor by liver tissue.

In various studies reported that Hh signaling has important role in
breast cancer progression and metastasis. Sonic hedgehog (Shh) are
overexpressed in invasive ductal carcinoma that has low prognosis.
Peptide A successfully radiolabeled with °°™Tc radionuclide with using
EC chelator that has good stability and efficient binding for con-
formation oxotechnetium complex. **™Tc-EC-peptide A was used for
targeting of PTCH receptor on breast cancer cells and breast cancer
stem cell. This radiolabeled peptide had specific binding to cancer cell
lines that overexpressed PTCH receptor and binding intensity directly
corresponded to PTCH expression. Good tumor uptake and tumor/
muscle ratio after 4 h p.i, demonstrated the ability of this radiolabeled
peptide for targeting and imaging of PTCH overexpressed tumors [122].
With respect to this fact that hedgehog signaling induces resistance to
chemotherapy upregulation of PTCH receptors could have been oc-
curred after chemotherapy [123-125]. Therefore, **™Tc-EC-peptide A
may offer as a useful radiotracer to assess resistant tumor tissue after
chemotherapy treatment and noninvasively follow response to che-
motherapy due to the high expression of hedgehog receptors by residual
cells. It is reported that hedgehog signaling is required for the growth of
breast cancer stem cells and followed with high expression levels of the
PTCH receptors [126]. Therefore, *™Tc-EC-peptide A may serve as a
ligand to detect and target of malignant mammary stem cells.

1.6. ®™Tc-TP1623 peptide for HER2 positive breast cancer

Alan Berezov et al. found that YCFPDEEGACY peptide sequence, as
a small molecular mimic peptide of HER2, had a high specific affinity
for HER2 [127]. The peptide sequence YCFPDEEGACY was coupled to
bifunctional chelator as MAG3 in amino terminal [128-130]. *°™Tc-
TP1623 peptide showed good in vitro stability at room temperature (up
to 93% after 6 h) and serum stability up to 86% after 24 h incubation
with human serum. Cell binding activity of **™Tc-TP1623 was eval-
uated on SKBR-3 (HER2 positive) and MDA-MB-231 (HER2 negative)
breast cancer cells. The in vitro receptor binding experiment demon-
strated that the binding of °°™Tc-TP1623 to SKBR-3 cells was con-
centration dependence. This binding was specific and competitively
inhibited in the presence of excess TP1623 peptide. The internalization
percentage of °°™Tc-TP1623 (18% after 8h incubation) into SKBR-
3 cells due to the binding with HER2 receptors on the cells surface was
low. Biodistribution of **™TC-TP1623 showed fast urinary excretion in
normal mice resulted in reduction of radioactivity in blood circulation
after 120 min p.i. Low activity in thyroid and gastric demonstrated high
in vivo stability for ®™TC-TP1623. SPECT/CT imaging results of *>™TC-
TP1623 in SKBR3 human breast cancer nude mice showed good tumor
visualization at 30 min (tumor/non-tumor ratio was 2.19) after injec-
tion and reached the peak at 120 min (tumor/non-tumor ratio was
5.18). However, the tumor was still visible at 4 h (tumor/non-tumor
ratio was 3.49). Tumor accumulation of °°™TC-TP1623 in mice that
were treated with non-labeled TP1623 significantly was reduced about
80%, that demonstrated the specific HER2 binding for this radiotracer.

Due to the importance of HER2 overexpression in breast cancer, that
mostly has poor prognosis and fast invasive, a small radiolabeled pep-
tide °™TC-TP1623 for feasible targeting and imaging of HER2-positive
breast cancer cells was developed. Radiolabeling of TP1623 peptide
without any further isolation and purification was easily prepared by
one-step freeze-dried kit. The binding of **™TC-TP1623 to HER2 posi-
tive SKBR-3 cancer cell line was specific and concentration dependent
and significantly blocked in the presence of excess of TP1623 peptide.
This binding mainly mediated by HER2 cell surface receptor that was
confirmed by the in vitro and in vivo blocking studies. Although, low
internalization and high radioactivity in cell surface demonstrated the
avid binding to the HER2 receptor. In vivo biodistribution of °°™TC-
TP1623 demonstrated fast clearance from blood circulation and low
blood pool radioactivity in non-tumor organs especially in lungs and
heart. Tumor accumulation was mainly mediated by HER2 receptor and
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confirmed by low accumulation in MDA-MB-231 HER2 negative cancer
cell line and reducing the tumor/non-tumor ratio by a factor of 5 after
the injection of excess TP1623 peptide. Fast tumor uptake at early time
(30 min) after p.i led to the short time interval of image acquisition.
These characterizations offer the ™ TC-TP1623 radiolabeled peptide as
a suitable tumor-imaging probe for tumors with high overexpression of
HER2 receptor. **™TC-TP1623 showed low tumor uptake in brain,
suggesting that the radiolabeled peptide unable to penetrate into
blood-brain barrier and could be used to assess the integrity of the
blood-brain barrier. The main manifest ability of *™TC-TP1623 is low
intestine accumulation that assembles the imaging of HER2 positive
tumors in the abdominal area. However, long-term activity retention in
the kidneys and bladder result in limited visualization of nearby tu-
mors. Therefore, pharmacokinetic modification for increasing the speed
clearance from kidneys and maybe in vivo stability be necessary.

1.7. "[n-DOTA-(GSG)-KCCYSL for HER2 receptor-expressing breast
carcinoma

Six-amino-acid KCCYSL peptide, as a HER2-avid peptide, discovered
from bacteriophage display after in vitro selection with a recombinant
HER2 extracellular domain by Karasseva research group [131]. Se-
quence analysis suggested that the KCCYSL peptide acts as a mimetic of
a CCY/F motif presents in the epidermal growth factor-like domain of
HER2 ligands and specifically recognized recombinant HER2-ECD and
human carcinoma cells overexpressing HER2 receptor. Therefore, this
research group hypothesized that the KCCYSL peptide has potentially
been used as an imaging agent for HER2 overexpressing tumors for
diagnostic purposes. Due to the specificity, affinity (351 = 32nM),
and key binding residues of KCCYSL peptide to HER2 receptor, in an-
other study the optimized peptide sequence (*!'In-DOTA-(Gly-Ser-Gly)-
KCCYSL) was developed by Kumar et al. [132] for tumor targeting. To
this aim, DOTA as a bifunctional chelator was coupled to the NH,
terminus of the KCCYSL or KYLCSC (scrambled) peptide with a (GSG)
amino acid spacer between DOTA and the NH,-terminal lysine of the
peptide to avoid any steric hindrance by DOTA. '*'In-DOTA-(Gly-Ser-
Gly)-KCCYSL was radiochemically stable in phosphate buffer saline up
to 12 h. According to the metabolic stability of the radiolabeled peptide,
it was intact at least up to 60 min. In vitro cell binding experiments
showed that the receptor-binding activity of the radiolabeled peptide to
MDA-MB-435 (HER2 positive) human breast carcinoma cells increased
gradually at time-depended incubation and reached its maximum up-
take at 2h. Minimal binding was observed to K-562 human chronic
myeloid leukemia cells (HER2 negative), indicating that the radi-
olabeled peptide was specific for HER2 expressing human breast cancer
cells. This specific binding for *'In-DOTA-(GSG)-KCCYSL peptide was
confirmed by competition experiments as a decreased binding in the
presence of various concentrations of non-radiolabeled peptide. The
ICso value of ''In-DOTA-(GSG)-KCCYSL for MDA-MBA-435 breast
carcinoma cells was found 42.5 *+ 2.76nM, while the affinity of
KCCYSL for its target was approximately 300 nM. Internalization results
indicated that the cell-surface associated radioactivity increased until
2h and the progressive accumulation of total radioactivity inside
MDAMB-435 carcinoma cells was occurred via receptor-mediated en-
docytosis as 11%. The most peptide binding occurred on the cell sur-
face. A reduced tumor uptake profile was observed at various times (15
min-24 h) after injection of **'In-DOTA-(GSG)-KCCYSL in MDA-MB-435
breast tumor-bearing mice. In comparison to this tumor uptake profile,
the reducing of blood activity occurred very fast. This fast blood
clearance of this radiolabeled peptide resulted in a tumor-to-blood ratio
of 5.0 at the end of 2 h, that was 7.4 times higher than the ratio (0.67)
obtained 15 min p.i. The maximum normal organ uptake was seen in
the kidneys due to the primary route of excretion. A whole-body
SPECT/CT imaging in SCID mice bearing HER2 positive MDAMB-435
breast tumors confirmed that '''In-DOTA-(GSG)-KCCYSL has good
ability for tumor visualization at 2h p.i, which was coincident with a
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reasonable tumor-to-blood ratio.

At early time point after injection, '!'In-DOTA-(GSG)-KCCYSL
showed fast tumor uptake; unfortunately, tumor uptake was not con-
sisted and rapidly decreased. One main reason to this fact could have
been attributed to the lysosomal degradation within renal cells and
degradation with peptidase which was started after 1 h p.i. One of the
other main quotation is that the lungs displayed appreciable retention
of radioactivity attributed to the contribution of the blood pool and free
disulfide bond moiety that is the main obstacle for breast imaging
[132]. "' In-DOTA(GSG)-KCCYSL shows promise for clinically imaging
tumors based on tumor-associated HER2 expression.

1.8. "1[n-DOTA-1-D03 peptide

Tumor vasculature proteins including vascular endothelial growth
factor, a,f3 integrin, and platelet derived growth factor serve as po-
tential targeting agents for cancer imaging and therapy [133,134]. The
EGFL6 is an approximately 60kDa secreted protein with epidermal
growth factor (EGF) structural homology that is expressed in various
tumors [135,136]. As mention above, the enhancing of specific tumor
accumulation, imaging ability and rapid clearance form blood circula-
tion are primary goals for KCCYSL peptide as a HER2 targeting peptide.
A phage microlibrary was engineered by in vivo phage display affinity
maturation; and second generation 1-D03 (MEGPSKCCYSLALSH) and
3-G03 (SGTKSKCCYSLRRSS) peptides were selected [137]. 1-D03
peptide showed higher specificity for MDA-MB-435 cells than 3-G03
because 1-D03 bound only MDA-MB-435 cells, while 3-G03 appeared to
bind all of the carcinoma cell lines (human prostate (PC-3), pancreatic
(Panc-1), and breast (BT-549) tested, however this binding had low
affinity to these cell lines. The results of in vitro binding assay showed
that 1-D03 and 3-G03 bound to HER2 with affinities of 236 + 83 nM
and 289 = 13nM, respectively, and both affinities significantly were
higher than the parent peptide KCCYSL (351 + 32nM). According to
fluorescent imaging results, this binding was not seen for 184A.1
normal breast endothelial cells. To further assess of binding (DOTA-1-
D03) and (DOTA-3-G03) peptides were chemically synthesized and
radiolabeled with '''In. The stabilities of both peptides in buffer and
mouse serum were observed up to 24 h. In vitro cell binding results
confirmed retained specificity (ratio of MDA-MB-435 to 184A.1
binding) and affinity for both DOTA-conjugated peptides. **'In-DOTA-
1-D03 showed higher binding (1,681 + 119 CPM) and specificity
(specificity ratio of 7.44) to MDA-MB-435 than KCCYSL (1,038 = 106
CPM and specificity ratio of 3.49. However, binding and specificity of
n-DOTA-3-G0O3 were found 1,494 + 141 CPM and 1.4 respectively.
The high specific and binding of the ''In-DOTA-conjugated 1-D03
peptide to MDA-MB-435 cells provided the necessary evidence to con-
tinue into animal studies, that was performed in mice-bearing MDA-
MB-435 human breast tumor xenografts. The maximum tumor to blood
and tumor to muscle ratios were 6.02 and 17.9 after 2h p.i, respec-
tively, while these ratios were 5.08 and 22 for KCCYSL peptide. The
nonspecific bindings of '''In-DOTA-1-D03 in comparison to KCCYSL
peptide were low in heart (0.130 + 0.03 %ID/g versus 0.22 * 0.04 %
ID/g), lung (0.40 + 0.04 %ID/g versus 0.82 + 0.14 %ID/g), muscle
(0.04 = 0.01 %ID/g versus 0.09 = 0.02 %ID/g), and bone
(0.09 = 0.04 %ID/g versus 0.20 *= 0.03 %ID/g). In comparison to
KCCYSL peptide, 1'In-DOTA-1-D03 showed fast blood exertion and
low blood maintain (0.06 + 0.01 %ID/g versus 0.13 = 0.03 %ID/g).
Also total kidney retention for the 1-DO3 was significantly less than
KCCYSL kidney wuptake at 2h p.i (4.746 = 0.3 %ID/g versus
5.75 % 0.6 %ID/g). Whole body SPECT/CT at 2h p.i of ***In-DOTA-1-
D03 peptide demonstrated clear tumor uptake and tumor visualization
of the radiotracer in MDA-MB-435 tumor-bearing SCID mouse. This
tumor uptake was specific and significantly eliminated with pre-injec-
tion of non-labeled peptide at 15min before injection of radiotracer
[137].

To sum up, creation of an improved HER2-targeted radiolabeled
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imaging peptide based on a KCCYSL core sequence has some prosperity
and deflection. In comparison to antibody, KCCYSL peptide has su-
perior ability for specific targeting of HER2 expression tumors. This
binding mainly mediated by receptor as, it does not bind cancer cells
devoid of the HER2 receptor. In other to optimization of KCCYSL
peptide for improving pharmacokinetic properties for reaching to the
highest tumor uptake with minimal non-target uptake and similar af-
finity as the parent peptide, spacer or chelate modification lead to de-
velopment of *'In-DOTA-1-D03. ''In-DOTA-1-D03 showed better in
vitro characterizations such as high affinity and specificity than radi-
olabeled KCCYSL to MDA-MB-435 cells. Radiolabeled peptide '''In-
DOTA-1-D03 showed fast tumor uptake at early time point after in-
jection and reached to the maximum tumor uptake after 30 min p.i.
With the passing time, the accumulated activity in tumor tissue was
reduced, as this reduction from blood circulation was faster than
KCCYSL peptide and lead to the maximum T/M and T/B ratios after 2 h.
In comparison to KCCYSL, ''In-DOTA-1-DO3 peptide had an equal
tumor to blood ratio at 1h and a significantly higher tumor to blood
ratio at 2h p.i. "'In-DOTA-1-D03 had low accumulated activity in
heart however, for lung tissue the accumulated activity (especially after
the starting of the injection) was more than tumor tissue and after 2h
p-i, lung uptake was slightly lower than the tumor uptake. These non-
target accumulations in heart and lungs may not assemble the imaging
of HER2 positive tumors in the breast tissue. '''In-DOTA-1-D03 had
good ability for HER2 positive MDA-MB-435 breast tumor visualization,
which mainly was disappeared in the presence of non-labeled peptide
competitor. Inability in the reducing of kidneys uptake with pre-injec-
tion of non-labeled peptide before imaging strongly demonstrates that
the kidneys retention is sequence independent and could have been the
other reasons. Therefore, in vivo phage display affinity maturation of
HER2-targeting peptide indeed to improve KCCYSL pharmacokinetics
such as enhancing tumor specificity and reduction non-target retention
and may serve as a useful clinical probe for HER2-expressing malig-
nancies but future investigations are needed for reducing non-target
radioactivity.

1.9. "1[n-DOTA-51 peptide as SPECT imaging for resistance-susceptible
breast cancer

Due to the importance of early diagnosis of breast cancer specially
in the case of resistant BT-474 human breast cancer cells to both ta-
moxifen and trastuzumab, in vivo phage display was used to selection of
peptide 51(ATWLPVPVVGYFMASA) by Benjamin et al. [138] as a
peptide for SPECT imaging of BT-474 human breast cancer. According
to the fluorescent microscopy assay, the peptide bound to BT-474
human breast cancer cells and had no detectable binding to 184A.1
normal breast epithelial cells. Flow cytometry results demonstrated that
peptide 51 bound with moderate affinity for BT-474 cells with ECsq
2.33 *= 0.66 uM. However, this binding was minimal for normal breast
tissue. For more in vitro and in vivo evolution, full-length 51 peptide was
conjugated to DOTA at N-terminal with GSG spacer and radiolabeled
with I, In vitro cell binding revealed that the peptide affinity had not
been diminished by addition of a DOTA chelator and radiolabeling and
the affinity was retained (16 = 7 nM). For in vivo evaluation, R i
DOTA-51 was injected into mice bearing BT-474 human breast cancer
xenografts. At 2h post-injection tumor uptake was found 0.12 + 0.02
%ID/g and tumor to blood ratio and tumor to muscle ratio were de-
termined to be 2.3 and 7.1 respectively. The tumor uptake was specific
and uptake organs that could produce background signal for breast
cancer imaging, including the heart (0.04 = 0.01 %ID/g), and lung
(0.13 = 0.03 %ID/g) were low indicating tumor uptake was not
mediated by blood pooling. For this radiolabeled peptide, kidney up-
take was found 30.4% ID/g that attributed to the excretion way from
kidneys. It is necessary to mention that '''In-DOTA-51 had low tumor
uptake under 1 %ID/g. Therefore, due to the low non-target uptake
especially in heart and lung, *'In-DOTA-51 has reasonable tumor to
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blood and tumor to muscle ratios as similar and comparable with vas-
culature targeting RGD peptide. In comparison to Nrp-1 targeted V1
peptide (ATWLPPR), V1 peptide had high tumor uptake (2% ID/g for
V1 peptide), but its tumor to muscle ratio was significantly low (0.22)
[139]. SPECT/CT imaging of '''In-DOTA-51 peptide revealed high
tumor uptake, as tumor at 2 h post-injection was well detectable.
However, the application of '''In-DOTA-51 in clinic as imaging
agent may restricted with two main reasons. One of this reason at-
tributed to the high non-target lung tissue radioactivity (equal and even
higher than tumor uptake) after 2 h p.i that may obstacle the imaging of
breast tumor and metastasis. The other reason attributed to the ab-
dominal radioactivity accumulation especially in intestines that not
offer good ability for imaging of HER2 positive tumor in this area.
Therefor imaging ability of *'In-DOTA-51 is limited for only BT-474
breast cancer cells. Briefly, 1*!In-DOTA-51 radiolabeled peptide may
have a potential application for imaging of BT-474 human breast tumor
and other HER2 positive tumors if the suitable pharmacokinetic mod-
ification for reducing the non-target accumulation was carry out.

1.10. " M-DOTA-(GSG)-G3-C12 peptide for targeting Galectin-3
overexpressing tumor

Galectin-3, a 30-kDa protein, is associated with tumor growth and
metastases in several types of cancer, particularly in breast cancer
[140-144]. Given this fact, Galectin-3 can be used as a useful protein
for noninvasive imaging of tumors expressing this protein. The inter-
action of galectin-3 with various ligands dictates its cellular localization
and facilitate metastasis by promoting tumor cell adhesion and inva-
sion, inhibiting tumor cell apoptosis, and inducing endothelial pro-
liferation and angiogenesis [145-150]. It is necessary to mention that
peptide-based antagonists bind to a unique region of galectin-3 and
may offer greater specificity than the carbohydrate based inhibitors.
G3-C12 peptide (ANTPCGPYTHDCPVKR), as a peptide-based antago-
nists of galectin-3, was obtained from bacteriophage display selections.
This peptide has remarkable specific binding to galectin-3 but not to
other galectin family members. G3-C12 peptide binds to the C-terminus
CRD region of galectin-3 and has the ability of reorganization cell
surface galectin-3, that is expressed on breast carcinoma cells. Zou et al.
[151] hypothesized that this peptide may form the basis for an imaging
agent to monitor breast carcinoma cells growth and metastasis in vivo
[152,153]. Therefore, they used a radiolabeled tracer of the G3-C12
peptide as a SPECT/CT agent for galectin-3 expressing human breast
tumors. To this aim, NH, terminus of linear G3-C12 peptide was con-
jugated to DOTA via a Gly-Ser-Gly (GSG)-linker between radionuclide
and peptide sequence and then was radiolabeled with '*'In [154].
Mn-DOTA-(GSG)-G3-C12 was stable for 12h in phosphate buffer
saline and as well as in serum (85%) and urine (80%) at 30 min after
injection of radiolabeled peptide in mouse. In vitro binding affinity of
11n-DOTA-(GSG)-G3-C12 for galectin-3, showed significant binding to
human MDA-MB-435 (galectin-3 positive) and negligible binding to
BT549 (galectin-3 negative) breast carcinoma cells, indicating that the
radiolabeled peptide was specific for galectin-3 expressing human
breast cancer cells. This binding was occurred on the cell surface, and
no internalization of the peptide was observed. Competition experi-
ments in the presence of the increased concentrations of non-radio-
active ''In-DOTA-(GSG)-G3-C12 peptide, showed the decreased
binding of the radiolabeled peptide to the MDA-MBA-435 breast car-
cinoma cells (IC5o value was found 200 nM). This binding affinity is
comparable to the affinity of G3-C12 of 88 = 23 nM for recombinant
galectin-3. The biodistribution of the '*'In-DOTA-(GSG)-G3-C12 pep-
tide in mice bearing MDAMB-435 human breast tumors showed the
rapid and specific tumor uptake and blood clearance kinetics resulted in
a tumor-to-blood ratio of 8.6 at the end of 2 h, a value 12 times higher
than the ratio (0.70) obtained after 30 min post injection (Table 1). The
whole body SPECT/CT scan in mice bearing galectin-3 expressing MDA-
MB-435 human breast tumors at 2 h after injection showed that breast
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tumor was clearly visualized with high tumor-to-background contrast.
Overhead due to the good pharmacokinetics characterizations, '*'In-
DOTA-(GSG)-G3-C12 peptide has potential as a radiopharmaceutical
for imaging of galectin-3 expressing breast tumor in clinical practice
[154].

1.11. **™Tc-(HYNIC-AF7p)(tricine) (TPPTS) peptide-based probe targeting
MTI1-MMP

Matrix metalloproteinases (MMPs), are a family of zinc-dependent
endopeptidases, play an important role in the development of cancer
that not only have distinct roles in tumor angiogenesis, but also affect
multiple signaling pathways to control the balance between growth and
antigrowth signals in the tumor microenvironment [155-157]. MMPs
overexpress in patients with breast cancer and the potential of utiliza-
tion MMP as target for breast cancer diagnosis was reported in some
studies [158-160]. The specific MT1-MMP targeting peptide would
provide the ability of earlier detection of breast cancer that over-
expressed MT1-MMP. Zhu et al. [160] developed a high MT1-MMP
affinity peptide, named AF7p, by phage display peptide library
screening technique. According to this study, near infrared dye labeled
AF7p demonstrate the potential of utilizing AF7p for MT1-MMP tar-
geted tumor detection. Due to the more sensitivity and accuracy of
radioisotope mediated imaging technique, Kaiyin et al. modified AF7p
peptide with HYNIC chelator and developed it for MDA-MB-231 (MT1-
MMP positive) breast cancer detection [161]. HYNIC-AF7p was syn-
thesized and radiolabeled with °°™Tc to form the ternary ligand com-
plex [°*™Tc](HYNIC-AF7P)(tricine)(TPPTS). [*°™Tc]-(HYNIC-AF7P)
(tricine) (TPPTS) showed good in vitro stability after 6 h incubation with
normal saline and excess amount of cysteine up to 96%. According to
the fluorescent immunohistochemistry results, strong fluorescent sig-
nals were seen for MDA-MB-231 cells treated with Cy5.5-AF7p, while
little signals were found in A549 (Low expression of MT1-MMP) cells.
This binding was specific and blocked in the presence excess amount of
non-labeled AF7p. Biodistribution of [°°™Tc](HYNIC-AF7P)(tricine)
(TPPTS) in BALB/c nude mice bearing MDA-MB-231 human breast
cancer xenografts showed maximum tumor uptake after 0.5h p.i. The
maximum T/M = 4.17 and T/B = 11.11 ratios were obtained at 2h p.i.
In comparison to tumor uptake, the accumulated activity in non-target
organs especially in lungs, heart and intestines were low that offer the
imaging of tumor in breast tissue and abdominal area. The kidneys and
liver showed high amount of radioactivity that attributed to the ex-
cretion ways. With respect to this biodistribution, [**™Tc](HYNIC-
AF7P)(tricine)(TPPTS) had good ability for tumor visualization, as the
tumor was visible between 0.5 to 2h p.i. This tumor visualization was
specific and not only disappeared in the presence of excess non-labeled
AF7P but also did not seen for negative MT1-MMP A-549 cancer cell
line. Although [*°™Tc]-(HYNIC-AF7P)(tricine)(TPPTS) has good ability
for specific targeting of MT1-MMP tumors, but for clinical practice it is
necessary that the pharmacokinetic of a peptide including non-target
accumulation was improved.

1.12. 131, 111[n, 9°MTc FROP-1 peptide

Zitzmann et al., used a phage peptide library to identify a new 12-
amino-acid peptide (FROP-1) that was able to bind to thyroid carci-
noma [162]. This peptide was highly attractive for diagnostic or ther-
apeutic applications for follicular thyroid carcinoma cells. FROP-1
peptide had significantly binding to the various type of the cancer cell
lines, especially thyroid cancer cells FRO82-2 and MCF-7 breast cancer
cells. The binding kinetic of FROP-1 to MCF-7 cells was different from
FRO82-2 cells. The ICs, values of (*3I, 2°I)-FROP-1 peptide for MCF-7
and FRO82-2 were found 12 uM and 8 uM, respectively. Biodistribution
of 131[-FROP-1 into female nu/nu mice bearing human thyroid tumors
(FRO82-2) or human mammary carcinoma (MCF-7) showed maximum
tumor uptake at 45 min p.i. The tumor-to-muscle ratios for FRO82-2
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and MCF-7 tumors were found 4.8 and 7.9 after 135 min injection of
1311 FROP-1 into mice, respectively. Despite the high FROP-1 peptide
ability for detection of various cancer cell lines, this ability was non-
efficient due to the slow binding kinetics (for FRO82-2 cell line) and
low binding capacity (for other cancer cell lines). On the other hand,
due to the peptide instability, the in vivo tumor uptake was low. In
another study, Mier et al., investigated the influence of the chelator
conjugation with FROP-1 peptide on binding and tumor uptake [163].
Serum stability results showed that ''In-FROPDOTA is more stable
than '3'I-FROP as; full-length peptide was still left after 120 min of
incubation. FROPDOTA revealed different cellular uptake kinetics,
reaching a maximum at 2 h that was slower than FROP-1. This binding
(ICso = 494nM for FRO82-2cell line) could be almost completely
blocked in the presence of non-labeled FROP-1 as competitor, and also
no binding was observed either for FROPDOTA or for FROP-1 for the
non-tumor HPV-16GM and HUVEC cell lines. Biodistribution of FRO-
PDOTA showed that '*'In-FROPDOTA reached a maximum tumor up-
take (for both FRO82-2 and MCF-7) after 5 min postinjection and then
radioactivity was decreased up to 45 min. In comparison to the FROP-1,
the attachment of the chelator led to the fast blood clearance that did
not allow the peptide to reach its maximum binding capacity. This rapid
clearance is main reason of high kidney radioactivity and is caused by
the hydrophilic DOTA conjugate. For coverage, this insufficient tumor
uptake, in another study Mier et al., proposed the derivatives with
prolonged circulation time (FROP-DOTA-PEG) [164]. However, posi-
tive effect of PEGylation including a substantially improved stabiliza-
tion in the circulation led to stable tumor accumulation, unfortunately,
according to the in vitro results, the PEGylated conjugate showed even
slower binding kinetics than FROPDOTA. PEGylation of FROPDOTA
decreased the fast washout of FROPDOTA from blood circulation, but
effective tumor accumulation was found in delayed time point
(Table 1).

With notice that the nature and location of a chelating moiety
within a peptide molecule can influence on its receptor-binding, in
another study our research group proposed the variation of DOTA
chelator with HYNIC, to change tumor targeting characteristics of
FROP-1 peptide and reached suitable tumor targeting. Therefor we
radiolabeled FROP-1 peptide through practicing HYNIC as a chelating
moiety (at the C-terminus) and Lys residue as a spacer in order to de-
velop a®*™Tc-HYNIC-(tricine/EDDA) for targeting and imaging of MCF-
7 cancer cells [55]. The main reasons for this modification were in-
cluding well-defined chemistry, post conjugation labeling, change
radiolabeling process and forming a stable complex with *™Tc. High in
vitro stability was found for 99mTe HYNIC-(tricine/EDDA), that was
stable up to 6 h in normal saline and 1 h in human plasma serum. The
maximum binding capacity was found for MCF-7 cancer cells that this
binding was specific with Kp =158 + 41 nM and
Bmax = 4.5 * 0.6 x 107 sites per cell. °°™Tc-HYNIC-(tricine/EDDA)
showed fast internalization rate however, maximum internalization was
found after 6 h post incubation. Similar to *'*In-DOTA-FROP, the spe-
cific cell binding of °™Tc-HYNIC-FROP was not altered by the labeling
with 2°™Tc. °™Tc-HYNIC-FROP exhibited a rapid clearance from the
blood circulation that excretion pathway was mainly through renal
system. The maximum uptake values of *™Tc-HYNIC-FROP in MCF-7
tumors was found after 30 min p.i. also the maximum tumor/muscle
ratio was obtained after 15 min p.i. In comparison to the > I-FROP-1
and ''In-DOTA-FROP, the modification of our proposed molecule was
leading to not only the improvement of binding capacity and binding
kinetics but also the in vivo tumor accumulation. Unfortunately, ac-
cording to the biodistribution results **™Tc-HYNIC-FROP peptide has
low tumor uptake than lung and heart, which is a limiting factor for
imaging of breast cancer. Therefore, for investigation the type of co-
ligand at FROP-1 targeting characterization and also obtaining better
tumor uptake, the changing of co-ligand was proposed by our research
group [54]. The main reason for changing the type of a co-ligand was
that the radiolabeling with Tricine was performed at room temperature
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and not required to any heating for completing the radiolabeling re-
action [104]. Approximately °°™Tc-HYNIC-(tricine/EDDA)-FROP and
99m e HYNIC-(tricine)-FROP showed similar in vitro and in vivo results
and the changing of co-ligand did not efficiently improve tumor uptake
of this radiolabeled peptide.

1.13. 11In-A20FMDV2 peptide for a,f¢ positive breast tumor

Integrin a,f¢ is mainly expressed on epithelial tissue. It is involved
in wound healing, chronic inflammation of some normal tissues. It is
overexpressed in cancer and can serve as a target for imaging and
therapy [165-167]. The overexpression of integrin a,f¢ was reported
in various cancers including squamous carcinoma, cervix, non-small
cell lung cancer and colon cancer [168-173]. A 20-mer peptide,
A20FMDV2 (NAVPNLRGDLQVLAQKVART), was derived from the VP1
coat protein that has specific and potent binding to B¢ [174,175].
This peptide was radiolabeled with '®F and was used for non-invasive
PET imaging that discriminated between (6-non-expressing and [6-
expressing human xenografts [176]. In the next study, DOTA chelator
was attached to this peptide and radiolabeled with ''In radionuclide
for in vitro and in vivo evaluations in A375Pf36 (positive integrin a,f¢)
and A375Ppuro (negative integrin a,f¢) cell lines. According to the
flow cytometry, DTPA-A20FMDV2 bound only to positive integrin o, B¢
cell line and this binding not only specific but also was retained by
addition of DOTA chelator. '''In-DTPA-A20FMDV2 exhibited good
stability as in phosphate buffer saline and in mouse serum, it was intact
50% of radiolabeled peptide after 4 h incubation. The affinity of radi-
olabeled peptide to A375Pf36 was 1.73 = 0.46 nM that was not seen
any affinity on A375Ppuro negative cell line. The maximum inter-
nalization of '*'In-DTPA-A20FMDV2 was found after 1h (89%-96%)
and the absence of this internalization for A375Ppuro negative cell line
confirmed specific internalization for this radiolabeled peptide. Also
this internalization was not affected by DTPA as similar data that were
obtained with biotinylated A20FMDV2. The in vivo evaluation of radi-
olabeled peptide demonstrated the specific tumor uptake for a6
positive tumor. According to the in vivo results, the accumulation of
1n-DTPA-A20FMDV2 in the A375PB6 tumor was specific and higher
than A375Ppuro tumor (7: 1). The T/B and T/M ratios were found 9
and 7 at 1 h p.i, respectively. The high amount of accumulations in non-
target organs were observed in gallbladder, stomach, and descending GI
tract, that are revealed to the overexpression of endogenous a,¢. High
accumulation of radioactivity in kidneys that not overexpress a,f3,
demonstrated that this accumulation was not mediated by a,f¢ re-
ceptor. On the other hand, the significant reduction of tumor accumu-
lation in the presence of non-labeled DTPA-A20FMDV2 confirmed the
specific tumor uptake for radiolabeled peptide which was mediated by
a,fBe receptor. Also the non-labeled peptide reduced uptake in the
kidneys by more than 50%. The results of SPECT imaging of o,[¢6-
expressing tumor demonstrated this radiolabeled peptide had good
ability for visualization of a,¢-positive a, B¢ positive human xenografts
and corresponds closely to the biodistribution results. The ability of
111 DTPA-A20FMDV2 for visualization of a,Be receptor positive
breast tumor was confirmed using of SPECT imaging in MCF10A.D-
CIS.COM and MCF10A.CAla breast carcinoma cell lines with high
overexpression of a,f receptor [175,177]. The selective tumor uptake
than non-target organ such as muscle (T/M = 15) was achieved and led
to high tumor contrast for both breast tumor xenografts. In summary,
n-DTPA-A20FMDV2 locates specifically toa,e-expressing tissues in
vivo and can be used for efficient imaging of o, [3¢-expressing cancers
especially for breast cancer that overexpress o,f¢ endogenously.

1.14. **™Tc- CLKADKAKC (CK3) as a neuropilin-1-targeting peptide for
breast cancer targeting

Neuropilin-1 (NRP-1) is a multifunctional membrane receptor and
numerates as a co-receptor of vascular endothelial growth factor
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(VEGF) family [178-180]. NRP-1 is expressed in normal cells but well
documented that the overexpression of NRP-1 has main role in initia-
tion, growth, angiogenesis, invasion and metastasis of various tumors
and in the case of breast tumor NRP-1 numerates as a multifunctional
protein that is involved in angiogenesis and invasion [181-183]. NRP-1
is an attractive target for imaging and therapy of various cancers
[184-186]. CK3 peptide was identified by phage library screening
method and has potential for SPECT and NIRF imaging of MDA-MB-231
breast cancer cells with NRP-1 overexpression [187]. CK3 peptide
showed high capacity binding to MDA-MB-231 breast cancer cells as
compared to other breast cancer cells such as 4T-1, MDA-MB-435 and
MCF-7. This binding mainly related to the expression of NRP-1 on the
cells. The in vivo evaluation of **™Tc-labeled CK3 showed maximum
accumulation in the aorta and kidneys after 20 min and 50 min p.i.,
respectively. The maximum tumor uptake was observed after 4h p.i.
Previously, several NRP-1-targeting peptides containing motif (RXRR)
were identified by phage display. Although these peptides bound to
NRP-1-positive cancer cells, but they penetrated and accumulated into
the first encountered organ such as lung and heart [184,186]. In the
case of CK3 peptide, accumulation in the lungs and heart was not seen.
Similar to iRGD peptide as representative NRP-1 targeting peptide
[188], °°™Tc-CK3 peptide accumulated in tumor and could be used for
imaging of breast cancer. *™Tc-CK3 showed good ability for visuali-
zation of MDA-MB-231 breast tumor with high contrast in SPECT
image. The maximum accumulation was seen for kidneys that attrib-
uted to the exertion of radiolabeled peptide. Therefore, *™Tc-CK3 can
been used for breast cancer imaging in vivo.

1.15. "1[n-A9 peptide for HER2 positive breast cancer

Recently, several trastuzumab-Fab derived peptides have been de-
veloped for HER2 overexpression targeting in cancers [189-191]. A9
nonapeptide (WAVQNTDAV) showed nanomolar affinity to HER2-re-
ceptor and also putative internalization inside the cells. The site-specific
conjugation of DTPA chelator to the N-terminus of A9 peptide and
radiolabeling with '''In were conducted for non-invasive imaging of
HER2-expression level in metastases BT474 breast cancer cells [192].
No measurable release of radioactivity was seen after incubation of
11 n.DTPA-A9 with murine plasma after 60 min that was demonstrated
good in vivo stability against peptidases. According to the interaction
Map of '''In-DTPA-A9 with HER2-expressing BT474 cells, the binding
of radiolabeled peptide is mediated by two binding sites, one strong,
with affinity of 4.9nM, and one weaker, with affinity 103nM that
might be attributed to homo- and heterodimerization of receptors on
cancer cells. It is interesting to mention that high affinity interaction
was nearly completely suppressed, upon traztuzumab displacement,
while low affinity interaction remained. One of these interactions is
HER2-specific that be suppressed by trastuzumab, however another is
non-HER2 specific and might be characteristic for peptide. It was ob-
served that the affinity in a single digit nanomolar range was required
for efficient targeting of tumors with high HER2 expression [193]. Si-
milar phenomenon has been found earlier for binding of '2°I-labeled
anti-HER2 antibody trastuzumab and '''In-labeled anti-HER2 affibody
molecules to different HER2-expressing cells [194]. According to the in
vivo results in normal mice, ''In-DTPA-A9 showed undesirable accu-
mulation in normal tissues at 1 h after injection that may attribute to
the weak non-HER2-specific interaction. The low radioactivity in the
gastrointestinal tract is attributed to the exertion of radiolabeled pep-
tide from hepatobiliary exertion. Maximum accumulation of radio-
activity was found for kidneys that may related to the renal excretion
with subsequent tubular reabsorption. ***In-DTPA-A9 rapidly cleared
from blood circulation and has sufficient in vivo stability that may offer
good tumor imaging with high contrast. Although the biodistribution of
this peptide in HER2 positive tumor cancer cell engrafted in nude mice
is required for more evaluation of targeting and imaging ability.
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1.16. "3'Llabeled p160 peptide for keratin 1 receptor

Linear dodecapeptide p160 (VPWMEPAYQRFL) as breast cancer
cell-binding peptide was firstly identified through random peptide
phage display with specificity for the breast cancer cell line MDA-MB-
435 and the neuroblastoma cell line WAC 2 [195,196]. Peptide p160
displays strong bound not only to MDA-MB-435 but also to MCF-7
breast cancer cells with minimal binding to normal human umbilical
vein endothelial cells (HUVECs) [197]. Also one analogue of p160
namely 18-4 (WXEAAYQrFL) was developed in comparison to p160
that was resistance to proteolysis in biological fluids such as human
serum and liver homogenate. Similar to p160 peptide, its analogue was
able to bind breast cancer cell surface receptors and rapidly internalized
to cells via endocytosis. Due to the ability specific binding to MDA-MB-
435 breast cancer cell, 18-4 peptide was used for targeted therapy of
nude mice bearing MDA-MB-435 and human mammary epithelial MCF-
10A xenografts that received peptide 18-4 conjugated liposomal dox-
orubicin (Dox) [198,199]. The finding target of p160 peptide was
conducted and the results confirmed that 67 kDa keratin-1 (KRT1) is the
target receptor for p160 peptide and its analogue [200]. KRT1 receptor
is overexpressed in some cancer cells, such as MCF-7 and MDA-MB-435,
however its expression in normal mammary epithelial cells such as
MCF-10A is low [201-204]. The overexpression of KRT1 receptor in
these cancer cell lines can be responsible for the specific and enhanced
uptake of p160 peptide. The Kp values for p160 and 18-4 peptide were
calculated to be 1.1 uM and 0.98 uM, respectively. '%°I-labeled p160
peptide showed maximum binding capacity to MCF-7 and also sig-
nificant binding to MDA-MD-435 cells. This binding was specific and
mediated by receptor as, in the presence of excess non-labeled p160
peptide, the binding was significantly blocked, whereas it was not
blocked by octreotide. The low amount of binding was seen for HUVEC
cells and was not competitively abolished by the non-labeled p160
peptide as competitor. According to competition experiment, the ICs,
Kp and B, values were found 0.6 + 0.9 umol/L, 0.86 umol/L and
1.03 x 10! sites per cell, respectively. High By value can offer better
recognition of target on cancer cell surface and leads to better in vivo
tumor visualization. The maximum internalization of radiolabeled
peptide into the MDA-MB-435 cells was occurred after 1h incubation
and mainly suppressed in the presence of excess competitor. '°I-la-
beled p160 peptide showed fast blood degradation by serum proteases
and after 1h, full length peptide completely was degraded. The in vivo
evaluation of '*'I-labeled p160 peptide in female nude mice bearing
human breast cancer MDA-MB-435 tumors after 1h p.i, showed fast
tumor uptake that was higher than in heart, spleen, liver, and brain and
almost the same compared with the kidneys. Unfortunately, blood ac-
tivity was higher than tumor that may reduce contrast for breast ima-
ging. High blood accumulation may have attributed to the interaction
of p160 peptide with serum proteins such as albumin and in vivo in-
stability. In the case of lung tissue, the accumulated activity approxi-
mately was same with tumor, however perfusion experiment led to the
decrease of radioactivity in lung tissue whereas the uptake in the tumor
remained almost constant. Therefore, this experiment demonstrated the
nonspecific uptake for non-target tissue was mainly mediated by blood
pool. In the case of p160 peptide, one major issue that is required for
improving the pharmacokinetics of peptide at further investigation is
the stabilization of p160 peptide for example cyclization and especially
using bifunctional chelating agent such as HYNIC. It's necessary to
mention that the addition of polar spacer may improve the clearance of
a peptide from blood circulation and also may reduce the interaction of
peptide with serum proteins. With notice that the same biodistribution
results was seen for *'I.FITC-RGD-4C in nude mice bearing MDA-MB-
435 breast cancer tumors and also a prerequisite for the use of an agent
as in vivo imaging agent such as selective binding to the tumor tissue
with low uptake by normal tissues especially lungs and heart, **'I-la-
beled p160 peptide can be served as suitable breast cancer imaging
agent in clinical practice.
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Table 2
Challenges of radiolabeled peptides for breast imaging.
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Challenge Results

In vivo instability

Low affinity to target

High non-target tissues uptakes

High uptakes in lung, heart and nipple
Low blood clearance

Low tumor uptake, highly background radioactivity, low blood clearance

Low tumor uptake, high non-targets uptakes, non-contrast in tumor imaging

Non-contrast tumor imaging

Low contrast tumor imaging, non-diagnosis primary tumor and metastasis

High background radioactivity, low contrast in tumor imaging, delay in tumor imaging, not suitable for

short live radionuclide

Liver uptake

Kidneys retention

Low tumor uptake and fast washout

Slow pharmacokinetics binding accompanied with in vivo instability
Low internalization

Non-diagnosis the metastasis in abdominal

High radiation dose to kidneys, increased background radioactivity

Non-contrast tumor imaging

Low tumor uptake, high burden radiation dose to non-target tissue and low contrast tumor imaging
Low tumor uptake

2. Conclusion

The rising incidence of breast cancer worldwide increases the im-
portance of developing new molecular imaging agent for early diag-
nosis before tumor metastasis. Major challenge in this regard is devel-
oping to design high sensitive molecular imaging agent with high tumor
contrast. Several evidences have demonstrated the overexpression
tumor specific receptors in cancer cell surface according to the initia-
tion and progression of tumor. In recent years’ identification and tar-
geting of these receptors with various molecular imaging agent is using
as suitable tool for early detection of breast cancer. Among to the
molecular imaging agent, peptides have superior and specific popu-
larity according to the suitable pharmacokinetics and enormous po-
tential applications. Small peptide radiolabeled with various radio-
nuclide specially SPECT radionuclide provide effective approach for
easy and low cost imaging and diagnosis of breast cancer for enhancing
therapeutic efficacy. So far, different type of peptides with specific af-
finity binding to breast overexpressed receptors were developed and
radiolabeled. According to the recent efforts of scientist for developing
an ideal peptide base radiopharmaceutical for breast cancer, some
identified peptides have good ability for targeting and imaging of breast
cancer, however for using of these peptides in clinical care more efforts
should have been carry out. Initially it is necessary that the identified
peptide must have good affinity and avid binding to the overexpressed
receptor in breast cancer cells. Then the radiolabeling process with
suitable photonic characteristics radionuclide was simple and has good
radiochemical purity without diminishing of a peptide binding to spe-
cific site. Due to the fast degradation of peptides by serum peptidase
and renal degradation, the in vivo stability of peptide base radio-
pharmaceuticals is very important factor for sufficient in vivo tumor
uptake. The sufficient tumor uptake especially at delayed time points
that assemble good situation for imaging, because of low blood back-
ground, is restricted. Also, slow binding pharmacokinetic, which ac-
companied with in vivo instability leads to great failure for in vivo tumor
imaging. Specific binding of radiolabeled peptide especially mediated
via overexpressed receptors and high amounts of internalization are
main requisites for imaging ability. As for these requisitions for radi-
olabeled peptide, several main in vivo features are necessary for tumor
imaging are including fast clearance from blood circulation without any
degradation and high specific and continuous tumor uptake at early
time point after injection offer the excellent tumor imaging with high
contrast. For some peptides, one or two of these characterizations was
not existed. In the case of some peptides, fast washout from tumor
tissue with passing the time is another problem that leads to failure for
in vivo tumor imaging. If the peptide has continuous tumor uptake with
passing the time but fast clearance from blood circulation obstacles for
sufficient tumor uptake, the application of various methods that lead to
the more retention of peptide in blood circulation may help to reach
high in vivo tumor uptake. However, it is necessary that the non-target
accumulation of radiolabeled peptide be considered as low when re-
searchers have decided to use these modifications. Non-target
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accumulation especially in lungs and heart is very important factor for
in vivo breast tumor imaging. If the peptide has high lungs and heart
accumulation and also low or equal tumor accumulation with these
organs, the imaging of breast tumors will be difficult. For other tumors,
intestines uptake is important factor for visualization of tumor in ab-
dominal area. The summarize of these challenges for breast cancer
imaging with radiolabeled peptide are giving in Table 2. The new
peptide which was developed for imaging of breast cancer may have
one or even all of these deficiency. Using suitable modifications such as
modification of peptide sequence and using suitable spacer or chelator,
developing of a peptide which routinely was used for breast tumor
imaging in clinical care be feasible.
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