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Abstract

Introduction—The αvβ3 integrin, which is expressed by angiogenic epithelium and some tumor 

cells, is an attractive target for the development of both imaging agents and therapeutics. While 

optimal implementation of αvβ3-targeted therapeutics will require a priori identification of the 

presence of the target, the clinical evaluation of these compounds has typically not included 

parallel studies with αvβ3-targeted diagnostics. This is at least partly due to the relatively limited 

availability of PET radiopharmaceuticals in comparison to those labeled with 99mTc. In an effort 

to begin to address this limitation, we evaluated the tumor uptake of 99mTc-NC100692, a cyclic 

RGD peptide that binds to αvβ3 with ~1-nM affinity in an αvβ3-positive tumor model as well as its 

in vivo specificity.

Methods—MicroSPECT imaging was used to assess the ability of cilengitide, a therapeutic with 

high affinity for αvβ3, to block and displace 99mTc-NC100692 in an orthotopic U87 glioma tumor. 

The specificity of 99mTc-NC100692 was quantitatively evaluated in mice bearing subcutaneous 

U87MG tumors, by comparison of the biodistribution of 99mTc-NC100692 with that of the non-

specific structural analogue 99mTc-AH-111744 and by blocking uptake of 99mTc-NC100692 with 

excess unlabeled NC100692.
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Results—MicroSPECT imaging studies demonstrated that uptake of 99mTc-NC100692 in the 

intracranial tumor model was both blocked and displaced by the αvβ3-targeted therapeutic 

cilengitide. Biodistribution studies provided quantitative confirmation of these imaging results. 

Tumor uptake of 99mTc-NC100692 at 1 h post-injection was 2.8 ± 0.7% ID/g compared to 0.38 ± 

0.1% ID/g for 99mTc-AH-111744 (p < 0.001). Blocking 99mTc-NC100692 uptake by pre-injecting 

the mice with excess unlabeled NC100692 reduced tumor uptake by approximately fivefold, to 

0.68 ± 0.3% ID/g (p = 0.01).

Conclusion—These results confirm that 99mTc-NC100692 does, in fact, target the αvβ3 and 

may, therefore, be useful in identifying patients prior to anti-αvβ3 therapy as well as monitoring 

the response of these patients to therapy.
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1. Introduction

Angiogenesis, the formation of blood vessels from existing host vasculature, is one of the 

principal ways by which tumors become vascularized. Antiangiogenic therapies thus offer 

an attractive therapeutic mechanism for cancer in which the blood flow to the lesion(s) is 

disrupted, starving the constituent tumor cells [1]. However, for this therapy to be successful 

it is necessary that the therapeutic target be present on the cancer cells. Molecular imaging, 

using probes targeted to the same receptors as the therapeutics, has the potential to identify 

that subset of patients that are most likely to respond to a specific therapy.

The integrin αvβ3 is known to be expressed at high levels in angiogenic regions of tumors 

and is also known to be involved in the angiogenic process [2]. Therapeutic agents have 

been developed that include the arginine–glycine–aspartic acid (RGD) peptide sequence, 

which binds to the αvβ3 (vitronectin) receptor and interferes with its function, slowing tumor 

growth. These agents include the cyclic pentapeptide cilengitide (Merck KGaA 

EMD121974) (Fig. 1B). The use of molecular imaging probes to characterize αvβ3 

expression in tumors therefore offers the potential to improve the clinical success of this 

therapy by identifying those patients who are most likely to respond to anti-αvβ3 

therapeutics.

A number of PET and SPECT probes that incorporate the RGD sequence have been 

developed for evaluating αvβ3 expression. The first example was by Haubner et al. [3] who 

reported the 125I labeling and biodistribution of c(RGDyV) and c(RGDfY) in mice bearing 

M21, MACaF, and induced osteosarcoma tumors and observed that the 125I-labeled 

c(RGDyV) peptide had high affinity and selectivity for the αvβ3 integrin. Other radiolabeled 

RGD peptides have since been reported including 99mTc, 18F, 64Cu and 68Ga-labeled agents 

[4,5]. As NC100692 is labeled with the widely used radionuclide 99mTc, with its ideal 

emissions for clinical imaging, it has potential for more wide-spread application than other 

less available radionuclides. Studies have reported the use of 99mTc-NC100692 both in the 

preclinical detection of angiogenesis following myocardial infarction or ischemia and in the 

clinical detection of tumors [6–10]. However, its biodistribution and specificity of tumor 
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targeting in tumor-bearing animals were not previously reported. In this study, we address 

this deficiency by reporting the biodistribution and tumor localization of 99mTc-NC100692 

in a murine model of glioma including evaluation of its target specificity.

Molecular imaging using radiolabeled probes has the potential to confirm the presence of a 

biological target and also to monitor therapeutic progress through quantitative 

characterization of the tumor cell in vivo. Here, we investigate the specificity of tumor 

localization of 99mTc-NC100692 (Fig. 1A) [11], an imaging probe for the detection of 

expression of the integrin αvβ3 by tumor cells and angiogenic endothelium.

2. Materials and methods

2.1. General

NC100692 (maraciclatide) was supplied by GE Healthcare (Amersham, UK). EMD121974 

(cilengitide) was supplied by Merck KGaA (Darmstadt, Germany). All other chemicals and 

reagents were of standard reagent grade and were used as received. The 99mTc concentration 

in tissue samples was assayed using a Packard Cobra gamma counter (Perkin-Elmer, 

Waltham, MA).

2.2. Animal model

All animal studies were carried out under protocols reviewed and approved by the 

Institutional Animal Care and Use Committees (Boston Children's Hospital and Harvard 

Medical School).

2.3. 99mTc-NC100692 preparation

Technetium-99m labeling of NC100692 and quality control procedures were carried out 

according to the manufacturer's instructions. Briefly, the lyophilized kit was reconstituted 

with 6.0 mL of sodium pertechnetate 99mTc with a radioactive concentration between 0.206 

and 0.223 GBq/mL and incubated at room temperature for 15 min. The labeling efficiency 

was measured by TLC using ITLC-SG strips (Pall Life Sciences, Ann Arbor, MI) and 

methanol/1 M ammonium acetate (1:3 vol/vol) as the mobile phase. Using these 

conditions, 99mTc-NC100692 has an RF of 0.33 while 99mTcO4
− (“free pertechnetate”) 

moves at the solvent front and “reduced hydrolyzed technetium” remains at the origin (see 

Supplementary Figure 1). The manufacturer's instructions require that > 85% of the activity 

be between RF = 0.07 and 0.54 for clinical use. The radiochemical purity of the final 

product was greater than 95% for these studies.

2.4. Biodistribution studies

Biodistribution studies were carried out using a subcutaneous glioblastoma (U87MG) tumor 

model stably transfected with luciferase, and were a gift from Dr. Andrew Kung of the 

Dana-Farber Cancer Institute, Boston. The tumors were induced by subcutaneous injection 

of 1 × 106 cells. The tumors were allowed to grow until they were approximately 0.5 cm in 

diameter. Tumor growth was monitored using their luciferase expression. Briefly, mice were 

anesthetized, injected with D-luciferin at 50 mg/mL i.p. (Xenogen, Alameda, CA), and 

imaged with the IVIS 200 Imaging System (Xenogen) for 10–120 s, bin size 2.
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For the biodistribution study, each animal was injected with 740 kBq (20 µCi) of 99mTc-

NC100692 (typically containing 0.083 µg of peptide) in 100 µL of saline via the lateral tail 

vein. At each time point post-injection (p.i.) (15, 30, 60, 120 min.), animals (n = 4–6) were 

sacrificed (CO2 asphyxia) and selected organs excised, weighed, and assayed for 99mTc. The 

percentage injected dose (%ID/g) in each tissue was calculated by comparison of the tissue 

counts to standard samples prepared from the injectate.

To investigate the specificity of organ uptake, a non-specific structural analogue of 

NC100692 with its RGD pharmacophore scrambled to DRG (designated AH-111744) was 

radiolabeled with 99mTc and its biodistribution at 60 min p.i. measured.

The effect of pre-injection of excess mass (2000 ×) of unlabeled NC100692 on the 

biodistribution of the radiotracer was also investigated.1 NC100692 in saline (165 µg in 200 

µL) was injected intraperitoneally (i.p.), followed 30 min later by injection of the labeled 

tracer as described above. Thirty minutes after injection of 99mTc-NC100692 the mice were 

sacrificed, and the biodistribution of the 99mTc was assayed.

2.5. MicroSPECT imaging

Imaging studies were carried out using both subcutaneously implanted U87MG and HeLa 

cells, and separately, orthotopically implanted U87MG tumor cells as an intracerebral model 

of glioma. Subcutaneous tumor models were created as described above. HeLa cells were 

implanted on the contralateral flank as target negative controls (for relative expression of 

αvβ3 by these two cell lines, see Ref. [12]). For the orthotopic tumor model, mice were 

anesthetized by isoflurane and received a stereotactically guided injection of 1 × 105 human 

U87MG glioblastoma cells into the forebrain (2 mm lateral and 1 mm anterior to the 

bregma).

MicroSPECT imaging was performed using the Harvard Medical School microSPECT 

imaging system [13,14]. Briefly, this system consists of a large field of view triple-headed 

gamma camera with six pinholes, two per detector. For these studies, 0.8-mm pinhole 

apertures were used resulting in a system spatial resolution for 99mTc of 0.8 mm.

Prior to imaging, each animal was injected with 37 MBq (1 mCi) of 99mTc-NC100692 in 

100 µL saline via the lateral tail vein while the animals were under isofluorane anesthesia 

(1%–2% in oxygen), and anesthesia was maintained throughout the data collection period. 

Immediately after injection, the mice were placed in the imaging tube and a dynamic 

microSPECT acquisition was begun; 12 rotations of 5 min each for a total imaging time of 

60 min were performed. Images were reconstructed using OSEM reconstruction for each of 

the 12 rotations. Using ImageJ, ROIs were defined on the resulting images for the tumor, 

normal brain region and local non-target soft tissue. Time–activity curves were then derived 

from these ROIs.

The ability of cilengitide to displace the tumor uptake of 99mTc-Nc100692 was also 

evaluated using microSPECT imaging. Cilengitide in saline (50 mg/kg, 1.25 mg for a 25 g 

1These studies were carried out with the unlabeled peptide because cilengitide was not available due to regulatory issues.

Dearling et al. Page 4

Nucl Med Biol. Author manuscript; available in PMC 2014 December 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



mouse, molar excess of approximately 44,000 ×) was injected i.p. into tumor-bearing mice 

30 min after injection of 99mTc-NC100692.

2.6. Small-animal MRI studies

MRI studies were carried out at the Harvard Medical School's NeuroDiscovery Center using 

a 33-cmwide-bore Oxford 4.7-T magnet with a Bruker Biospec Avance console running 

XWINNMR and Paravision 3.02 software, including the Bruker diffusion package and a 1H 

surface coil optimized for imaging the mouse brain. Contrast-enhanced studies were carried 

out after intraperitoneal injection of Gd-DTPA (Magnevist, Berlex, Montville, NJ).

2.7. Image fusion

Automatic image registration was performed using a Hermes workstation (Hermes Medical 

Solutions, Stockholm, Sweden).

2.8. Statistical analysis

Biodistribution data are reported as the mean of four to six 6 mice per data point ± 1 

standard deviation (SD). Statistical analysis was carried out using SPSS v19. Student's t-test 

was used to compare data (independent samples, equal variances assumed) with differences 

considered statistically significant at the 5% level (p < 0.05). Outlying data points were 

rejected according to Chauvenet's criterion [15].

3. Results

3.1. Biodistribution

The results of the biodistribution studies are shown in Fig. 2. The data in Fig. 2A show that 

the tumor uptake increased from 15 min (1.95 ± 0.31% ID/g, mean ± standard deviation) to 

peak at 30–60 min (2.59 ± 0.99 and 2.81 ± 0.74% ID/g, respectively), and then decreased by 

120 min (1.01 ± 0.09% ID/g). Kidney and gut uptake were highest at 15 min p.i. (4.73 ± 

0.83, 4.98 ± 1.17% ID/g, respectively), decreasing to approximately 2% ID/g by 120 min 

p.i. (2.27 ± 1.05 and 1.82 ± 0.76% ID/g, respectively).

The target specificity was evaluated by comparing the biodistribution of a non-specific 

structural analogue of NC100692 in which the RGD pharmacophore was scrambled to DRG 

(designated AH-111744) to that of 99mTc-NC100692. The tumor uptake of the non-specific 

peptide at 60 min p.i. (Fig. 2B) was much lower than that of NC100692; only 0.37 ± 0.12% 

ID/g compared with 2.81 ± 0.74% ID/g (p < 0.001). Uptake of the non-specific agent was 

also lower than 99mTc-NC100692 in all other tissues (p < 0.035) except blood (p = 0.072).

The ability of excess unlabeled NC100692 (2000-fold excess by mass) to block the uptake 

of the 99mTc-labeled agent was also investigated. The data in Fig. 2C indicate that the tumor 

uptake of 99mTc-NC100692 was decreased by almost fivefold in the blocked group 

compared with saline injected controls (saline control 3.15 ± 1.58% ID/g; blocked 0.68 ± 

0.31% ID/g; p < 0.011). As with the biodistribution of the non-specific peptide, blocking 

significantly decreased 99mTc-NC100692 uptake in all other tissues (p < 0.043) except blood 

(p = 0.49).
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3.2. MicroSPECT imaging

In vivo microSPECT imaging was also used to evaluate the biodistribution and tumor uptake 

of 99mTc-NC100692 in the subcutaneous glioma model. Fig. 3 shows the results of an 

imaging study in which the localization of 99mTc-NC100692 in αvβ3-positive U87MG 

tumors was compared with the uptake in αvβ3-negative HeLa tumors. Fig. 3 shows the 

location of the U87MG tumor using Xenogen imaging. Fig. 3B shows that the uptake 

of 99mTc-NC100692 in U87MG tumors is much higher than in the HeLa tumors. Fig. 3C 

shows the decrease in uptake following injection of cilengitide (intraperitoneal injection, 50 

mg/kg) 30 min after injection of 99mTc-NC100692. Technetium-99m-NC100692 is 

displaced from the tumor by cilengitide, confirming the common in vivo target of these 

agents. Fig. 3D shows the time–activity curve for the tumor uptake of 99mTc-NC100692 in 

the U87MG subcutaneous tumor over 60 min and its displacement by cilengitide.

Fig. 4 shows the results of a microSPECT imaging study in which the localization of 99mTc-

NC100692 in orthotopic intracranial tumors was investigated. Both the images (Fig. 4A–C) 

and the time–activity curves (Fig. 4D) support the observation that 99mTc-NC100692 uptake 

in the orthotopic tumor is higher than in normal brain or local soft tissue. In a separate 

imaging study (Fig. 5), two anomalies were detected by MRI (Fig. 5A, regions 1 and 2), but 

only one was positive for 99mTc-NC100692 uptake in subsequent microSPECT imaging 

(Fig. 5B). Histopathological analysis (Figs. 5D, E) revealed that region 1 was hemorrhage 

and therefore αvβ3 negative and that region 2 contained tumor cells, emphasizing the 

specificity of the tracer.

4. Discussion

In this study the biodistribution and specificity of target uptake of the αvβ3-targeted 

radiolabeled peptide 99mTc-NC100692 were measured in mice bearing subcutaneous and 

orthotopic αvβ3-positive glioma tumors. Tumor uptake peaked at approximately 1 h and was 

specific for the αvβ3 target, as shown by both blocking and displacement studies. 

MicroSPECT imaging studies in mice bearing subcutaneous U87MG (αvβ3-positive) tumors 

and contralateral HeLa (αvβ3-negative) tumors showed that uptake of the agent was higher 

in the U87MG tumors and that uptake of 99mTc-NC100692 in the U87MG tumors was 

decreased by cilengitide, a therapeutic agent that also targets the αvβ3 receptor.

The agent rapidly cleared from normal tissues with some retention in the kidneys and 

intestines that may be receptor mediated. Specific uptake in the gut has been reported for 

other RGD peptides (e.g. Refs. [16,17]), and the lower gut uptake in the studies with the 

non-αvβ3-specific DRG peptide suggests that this uptake is receptor mediated for 

NC100692. Specific uptake of 99mTc-NC100692 by normal tissues is also suggested by 

observation that, as has been described by previous studies (e.g. Ref. [18]), injection of 

excess mass of unlabeled peptide (2000-fold) decreases uptake in these tissues.

Technetium-NC100692 has been used to detect cancer in at least two clinical studies. Bach-

Gansmo et al. [8,9] reported the results of SPECT imaging with 99mTc-NC100692 in 27 

patients. Breast cancer lesions were successfully detected in all 27 patients, but not all know 

lesions were identified. The discrepancy may be due to the absence of αvβ3 expression in the 
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lesions that were not detected, but no histological studies were carried out so this cannot be 

confirmed. In another clinical study, Axelsson et al. [10] used 99mTc-NC100692 to detect 

metastases from breast and lung cancers. They found that some metastases, especially to the 

lung and brain, were detected, but there were differences between the numbers of lesions 

detected with SPECT and reference imaging (CT and MRI). However, as with the report by 

Bach-Gansmo et al. [8,9], there was no histological confirmation of αvβ3 expression in the 

lesions. In combination, these two studies reinforce the concept that the results of imaging 

studies performed with receptor-targeted radio-pharmaceuticals such as 99mTc-NC100692 

must be interpreted with caution, since the absence of tracer uptake by a lesion may not 

reflect a lack of sensitivity but rather the lack of expression of the receptor by that lesion.

Technetium-99m-NC100692 is one of several 99mTc-labeled peptides that have been 

developed to image αvβ3 expression. These compounds vary in their choice of chelator, the 

linker between the chelator and the peptide, and the peptide itself. For example, Kunstler et 

al. [19] reported that, in a series of three 99mTc “4 + 1” mixed-ligand RGD derivatives, 

decreased chelator lipophilicity was associated with decreased hepatobiliary excretion and 

increased urinary excretion. Decristoforo et al. [20] made a similar observation when they 

compared four different Tc-cores, including 99mTc-EDDA/HYNIC-peptide (where EDDA is 

ethylenediamine N,N′-diacetic acid, and HYNIC is hydrazinonicotinamide) which had the 

most favorable pharmacokinetics, including low intestinal excretion and rapid renal 

clearance. Liu et al. [21], also investigating the 99mTc-HYNIC core, found that the co-ligand 

charge had a significant effect on peptide clearance. Use of ISONIC and PDA (isonicotinic 

acid and 2,5-pyridinedicarboxylic acid, respectively) as co-ligands resulted in improved 

kidney clearance compared with the more highly charged TPPTS (trisodium 

triphenylphosphine-3,3′,3″-trisulfonate), with kidney uptakes of 6.11 (ISONIC), 8.44 (PDA) 

and 14.33% ID/g (TPPTS) at 120 min p.i.

For 99mTc-NC100692, introducing a PEG (polyethylene glycol) moiety into the structure 

(Fig. 1A) extended the blood half-life, increasing absolute tumor uptake [11]. Liu et al. [16] 

observed a similar effect. Incorporation of a triglycine (G3) and two PEG4 linkers into an 

RGD peptide increased both in vitro target affinity and in vivo tumor uptake compared with 

the control molecule (from approximately 2% ID/g for the control to approximately 6% ID/g 

for the G3PEG4 dimer).

Tumor uptake can also be increased by increasing the number of RGD units included in the 

tracer. Lui et al. [17] compared a tetramer and a dimer derivative and found that the tetramer 

showed improved tumor uptake compared with the dimer (~3% ID/g for the dimer vs. ~6% 

ID/g for the tetramer at 60 min p.i.) as well as more rapid clearance from the blood, 

intestine, and liver. However, this improvement was offset by the relatively high kidney 

uptake of the tetramer (26% ID/g at 120 min p.i.) compared with the dimer (15% ID/g at 120 

min p.i.). In comparison, 99mTc-NC100692 has lower uptake in the kidney (<6% ID/g at all 

time points, Fig. 2) while retaining high tumor uptake (3% ID/g at 60 min p.i.).
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5. Conclusions

In this study, the 99mTc-labeled peptide NC100692 was shown to specifically target the αvβ3 

receptor and to have good pharmacokinetic properties with respect to clearance from non-

target tissues. In microSPECT imaging studies 99mTc-NC100692 was shown to share a 

biological target with the anti-angiogenic therapeutic agent cilengitide. It thus has the 

potential to be used as an imaging agent to guide the selection of patients with tumors that 

express the αvβ3 receptor and are, therefore most likely to respond to anti-αvβ3 therapeutics, 

such as cilengitide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Structures of EMD121974 (cilengitide) (A) and NC100692 (maraciclatide) (B).

Dearling et al. Page 10

Nucl Med Biol. Author manuscript; available in PMC 2014 December 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2. 
Biodistribution data. (A) Tissue distribution of 99mTc-NC100692 in mice bearing 

subcutaneous U87MG tumors (percent injected dose per gram, %ID/g; n = 5/6). Tumor 

uptake peaked at around 30–60 min. (B) Biodistribution of 99mTc-labeled non-specific 

structural analogue of NC100692 at 60 min post-injection (n = 5). (C) Effect of blocking 

uptake with excess mass of NC100692; biodistribution at 30 min post-injection of 99mTc-

NC100692 preceded by saline control (filled bars), and preceded by 2000-fold mass of 
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unlabeled NC100692 (unfilled bars) (n = 4/5). The same y-axes are used for ease of 

comparison.
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Fig. 3. 
MicroSPECT imaging of uptake of 99mTc-100692 by target-positive U87MG 

(bioluminescent image [A], color scale bar to the left) and target-negative HeLa 

subcutaneous tumors. (B) A transaxial slice through the microSPECT image with higher 

uptake in the U87MG (note high uptake in kidney). (C) The effect of i.p. injection of 50 

mg/kg cilengitide 30 min after 99mTc-100692 injection. (D) The time–activity (counts per 

second; cps) curve for the uptake and washout of 99mTc-100692 in the U87MG tumor (solid 

line) and the displacement effect of cilengitide (dashed line). Mice were injected with 1 mCi 

of 99mTc, anesthetized using isofluorane (4% for induction, 1%–2% for maintenance) in 

oxygen, and imaged for 1 h.
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Fig. 4. 
Uptake of 99mTc-NC100692 in an intracerebral U87MG tumor. Transaxial (A), coronal (B) 

and sagittal (C) microSPECT images of the distribution of 99mTc-NC100692 in an 

orthotopic tumor are shown (color scale bar to the left). (D) The average data from regions 

of interest (ROI) drawn over the tumor (triangles), soft tissue (squares) and non-tumor brain 

(diamonds). Mice were injected with 1 mCi of 99mTc, anesthetized using isofluorane (4% 

for induction, 1%–2% for maintenance) in oxygen, and imaged for 1 h.
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Fig. 5. 
Detection of orthotopic glioma. MRI (contrast enhanced, T1 weighted) revealed two 

anomalies in the brain (A, regions 1 and 2), but only one was positive for 99mTc-NC100692 

uptake (B, region 2; C, merged MR and microSPECT images, color scale bar to the right). 

Post-mortem histological analysis revealed that region 1 was hemorrhage (D), and that 

region 2 was a U87MG tumor lesion (E). Sections were stained using hemotoxylin and 

eosin, and scale bar (white, E) is 100 µm. Mice were injected with 1 mCi of 99mTc, 

anesthetized using isofluorane (4% for induction, 1%–2% for maintenance) in oxygen, and 

imaged for 1 h.
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