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Abstract
The enzyme aminopeptidase N (APN, also known as CD13) is known to play an important role in
tumor proliferation, attachment, angiogenesis, and tumor invasion. In this study, we hypothesized
that a radiolabeled high affinity APN inhibitor could be potentially useful for imaging APN
expression in vivo. Here we report synthesis, radiolabeling, and biological evaluation of new
probestin conjugates containing a tripeptide, N,N-dimethylglycyl-L-lysinyl-L-cysteinylamide
(N3S), chelator. New probestin conjugates were synthesized by solid-phase peptide synthesis
method, purified by reversed-phase HPLC, and characterized by electrospray mass spectrometry.
The conjugates were complexed with Re(V) and 99mTc(V) by transmetallation using
corresponding Re(V) or 99mTc(V) gluconate synthon. The mass spectral analyses of ReO-N3S-
Probestin conjugates were consistent with the formation of neutral Re(V)O-N3S complexes. Initial
biological activity of ReO-N3S-Probestin conjugates determined by performing an in vitro APN
enzyme assay using intact HT-1080 cells demonstrated higher inhibition of APN enzyme activity
than bestatin. In vivo biodistribution and whole body planar imaging studies of 99mTcO-N3S-
PEG2-Probestin performed in nude mice xenografted with human fibrosarcoma tumors derived
from HT-1080 cells demonstrated a tumor uptake value of 2.88 ± 0.64 %ID/g with tumor-to-blood
and tumor-to-muscle ratios of 4.8 and 5.3 respectively at 1 hr post-injection (p.i.). Tumors were
clearly visible in whole-body planar image obtained at 1 hr p.i., but not when the APN was
competitively blocked with a co-injection of excess non-radioactive ReO-N3S-PEG2-Probestin
conjugate. These results demonstrate the feasibility of using high affinity APN inhibitor
conjugates as targeting vectors for in vivo targeting of APN.
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Introduction
Aminopeptidase N (APN, EC 3.4.11.2) is a zinc-dependent membrane-bound exopeptidase
that catalyzes the removal of N-terminal amino acids from peptides.1, 2 It is expressed by
many tissues, particularly the brush border membrane of the small intestine, the proximal
renal tubules, synaptic membranes in the central nervous system, and monocytes and
granulocytes.1–5 Look et al. reported that human myeloid plasma membrane glycoprotein
CD13 is identical to APN.1 High levels of APN/CD13 expression have been detected in
various solid tumors.4, 6–10 APN/CD13 is shown to play an active role in degradation and
invasion of extracellular matrix by metastatic tumor cells.11, 12 Pasqualini et al. have shown
that APN/CD13 is specifically expressed on the endothelium of tumor angiogenic, but not
normal, vasculature.13 APN inhibitors, such as inhibitory antibodies and bestatin
(ubenimex), suppressed angiogenesis and tumor growth.13 Bhagwat et al. have shown that
endogenous APN/CD13 levels in primary cells and cell lines are up-regulated in response to
hypoxia, angiogenic growth factors, and signals regulating capillary tube formation during
angiogenesis.14 APN inhibitors interfered with tube formation but not proliferation of
primary vascular endothelial cells, suggesting that APN/CD13 functions in the control of
endothelial cell morphogenesis.14 The association of APN/CD13 with the growth of
different human cancers suggested it as a suitable target for anticancer therapy. Thus, several
new diagnostic and therapeutic constructs directed towards APN/CD13 have been
developed.13, 15–27 These constructs utilized a cyclic CNGRC peptide known to bind APN/
CD13.13

Recent studies have shown that asparagine-glycine-arginine (NGR) motif can rapidly
convert to isoaspartate-glycine-arginine (isoDGR) by asparagine deamidation, generating
αvβ3 ligands capable of affecting endothelial cell functions and tumor growth.28–32

Biochemical, NMR structure analysis, and αvβ3 docking studies showed that isoDGR, but
not NGR and DGR, can fit into the RGD-binding pocket of αvβ3 integrin, recapitulating not
only the canonical RGD/αvβ3 contacts but also establishing additional polar
interactions.28, 30 However, it is unclear whether cyclic CNGRC peptide based constructs
reported so far were binding APN/CD13 or αvβ3 integrin under tested in vivo conditions.
Our recent in vivo blocking studies using a 99mTc-labeled cyclic CisoDGRC conjugate
demonstrated a selective binding to the tumors and other tissues expressing αvβ3-integrin.33

Furthermore, cyclic CNGRC peptide is shown to have moderate binding affinity to APN as
evidenced by enzyme inhibition studies.34

We hypothesized that a radiolabeled high affinity APN inhibitor could be potentially useful
for imaging APN expression in vivo. We designed and evaluated two novel probestin
conjugates to examine our hypothesis. Probestin is a high affinity inhibitor of APN.35 Here
we report synthesis, radiolabeling, and biological evaluation of the new probestin conjugates
containing a tripeptide, N,N-dimethylglycyl-L-lysinyl-L-cysteinylamide (N3S), chelator.

Materials and Methods
General

All chemicals obtained commercially were used without further purification. Bestatin was
obtained from Acros Organics (Geel, Belgium). Fmoc-bestatin was synthesized as
previously reported.36 Rink amide MBHA resin (100–200 mesh, 0.3–0.8 mmol/gm) and
Fmoc-LYS(ivDde)-OH were obtained from EMD Chemicals Inc. (Gibbstown, NJ). Fmoc-8-
amino-3,6-dioxaoctanoic acid (PEG2) was obtained from Peptides International Inc.
(Louisville, KY). Fmoc-DAP(ivDde)-OH was obtained from Bachem Americas, Inc.
(Torrance, CA). Other Fmoc-protected amino acids and coupling agents were obtained from
Advanced ChemTech (Louisville, KY). Chemicals used for peptide cleavage were obtained
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from Sigma-Aldrich (St. Louis, MO). BDH® brand ACS grade solvents were obtained from
VWR International, LLC (Radnor, PA). Na99mTcO4 was obtained from the University of
Oklahoma Nuclear Pharmacy. Human fibrosarcoma HT-1080 cells were obtained from
American Type Culture Collection (Manassas, VA). The cells were cultured in ATCC-
formulated Eagle's Minimum Essential Medium supplemented with 10% fetal calf serum
(Invitrogen Corporation, Carlsbad, CA) and 1% Pen Strep (Invitrogen Corporation,
Carlsbad, CA) containing 10,000 units of penicillin and 10,000 µg of streptomycin per ml.
Cells were grown routinely in a monolayer culture at 37°C in a 5% CO2 humidified air
atmosphere. Eight-week old female athymic nude NU/J mice (Homozygous for Foxn1nu)
were purchased from the Jackson Laboratory (Bar Harbor, ME). Electrospray mass spectral
analysis was performed by the University of Oklahoma Health Sciences Center (OUHSC)
Molecular Biology-Proteomics Facility. The small animal SPECT imaging was conducted in
the OU College of Pharmacy Research Imaging Facility using a two-detector NanoSPECT
In Vivo Preclinical Imager (Bioscan, Inc., Washington, DC, USA). All animal studies were
conducted in accordance with the protocols approved by the OUHSC institutional animal
care and use committee.

Reversed-phase HPLC analyses of N3S-Probestin conjugates and their Re(V)/99mTc(V)
complexes were performed on a Beckman System Gold HPLC equipped with a Beckman
Model 126 pump, 166 absorption detector, and a Bioscan Model B-FC-300 radioactivity
detector. HPLC solvents consisted of water containing 0.1% trifluoroacetic acid (solvent A)
and acetonitrile containing 0.1% trifluoroacetic acid (solvent B). A Sonoma C18 (ES
Industries, 10 µm, 100 Å, 4.6 × 250 mm) column was used with a flow rate of 1.5 mL/min.
The HPLC gradient system began with an initial solvent composition of 95% A and 5% B
for 2 minutes followed by a linear gradient to 50% A and 50% B in 15 minutes, after which
the column was reequilibrated. The absorption detector was set at 254 nm.

Solid phase peptide synthesis (SPPS)
SPPS was performed manually using conventional Fmoc chemistry. Standard side chain
protecting groups were utilized and the peptide was assembled on Rink amide resin (0.05
mmol) using HBTU-mediated coupling as shown in Figure 1. Amino acid coupling was
achieved by treating the resin with Fmoc-protected amino acid (3.3 eq) in DMF (500 µl),
HBTU (3.3 eq) in DMF (500 µl), HOBt (3.3 eq) in DMF (250 µl), and DIPEA (6.6 eq) in
DMF (250 µl) for 60 min at room temperature followed by five washes with DMF (1 ml).
The Fmoc deprotection was achieved by treating the resin with 20% piperidine in DMF (2
ml) for 1 × 10 min and 1 × 20 min at room temperature followed by five washes with DMF
(1 ml). Orthogonally-protected Lys, Fmoc-Lys(ivDde)-OH or Fmoc-DAP(ivDde)-OH was
used to obtain the tripeptide chelator sequence (DMG-Lys-Cys orDMG-DAP-Cys). The
ivDde group was selectively deprotected by treating the resin with 2% hydrazine in DMF (2
ml) for 1 × 10 min and 1 × 20 min at room temperature followed by five washes with DMF
(1 ml). Finally, the resin was washed five times with DMF (1 ml) followed by
dichloromethane (1 ml), and dried for 30 min by nitrogen purging. The peptide was cleaved
from the resin and the side chains were deprotected by treating the resin with a cocktail (1
ml) containing trifluoroacetic acid, water, ethanedithiol, and thioanisol in a ratio of
90:2.5:2.5:5 for 2 hr at room temperature. The crude peptide was isolated by precipitation in
ice cold methyl-t-butyl ether, purified by HPLC, and dried on a rotary evaporator under
vacuum. After drying, the peptide was dissolved in 0.1 M ascorbic acid (2 mg/ml) and
aliquots of 50 µl were dispensed into 1.5 ml microcentrifuge tubes and dried using
SpeedVac centrifugation. The tubes containing N3S-Probestin conjugate (~100 µg) and
ascorbic acid (~880 µg) were stored at −20 °C and used for radiolabeling with Tc-99m. The
N3S-Probestin conjugates were characterized by electrospray mass spectrometry.
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Re(V) complexation
Re complexation of N3S-Probestin conjugates was achieved by transmetallation from
Re(V)-gluconate prepared as previously described.37 Briefly, a stock solution of Re(V)-
gluconate was freshly prepared by mixing a nitrogen-purged (5 min) solution of SnCl2 (32
mg) in 0.1 M HCl (200 µl) with a nitrogen-purged (10 min) solution of ammonium
perrhenate (45.5 mg) in 0.5 M sodium gluconate (2.5 ml) and incubated at RT for over 1 hr
until the solution is turned to deep blue color. For complexation, an aliquot of Re(V)-
gluconate stock solution (100 µl) and 0.5 M sodium gluconate (400 µl) were added to N3S-
Probestin conjugate (5 mg), vortexed for 30 sec, and incubated at RT for 1 hr. The ReO-
N3S-Probestin conjugate was then purified by HPLC and analyzed by electrospray mass
spectrometry. The ReO-N3S-Probestin conjugates were obtained in >85% yield after HPLC
purification.

Tc-99m labeling
The N3S-Probestin was labeled with 99mTc by transmetallation from 99mTc(V)-gluconate.38

Briefly, a stannous gluconate stock solution was prepared by mixing SnCl2 (2 mg) in
nitrogen-purged (10 min) 0.5 M sodium gluconate (1 ml). A diluted stock solution was
prepared by mixing the previous stock solution (20 µ1) with nitrogen-purged (10 min) 0.5 M
sodium gluconate (400 µl). For labeling, an aliquot of water (100 µ1), an aliquot of the
diluted stannous gluconate stock solution (20 µl), and an isotonic saline solution
of 99mTcO4

− (500 µl, ~370 MBq) were added to a 1.5 ml microcentrifuge tube containing
N3S-Probestin (100 µg). The tube was vortexed for 30 sec and incubated at RT for 30 min.
The 99mTcO-N3S-Probestin was purified by HPLC. The pure fraction was collected into 0.2
M sodium phosphate at pH - 8 (200 µl). The HPLC collected fraction was concentrated to
~200 µl by purging with nitrogen at 75 °C. The 99mTcO-N3S-Probestin conjugates were
obtained in 50–60% radiochemical yield with >98% radiochemical purity after HPLC
purification. The specific activity of the final product was not determined since the
unlabeled N3S-Probestin conjugate was efficiently separated from the product by HPLC.
The 99mTcO-N3S-Probestin conjugates were characterized by comparing their HPLC
retention time with corresponding Re(V) conjugates.

APN enzyme activity
Cell surface APN activity of intact cells was measured by a spectrophotometric assay as
previously described using alanine p-nitroanilide (Ala-pNA) as a substrate for APN.39

Assays were performed with intact confluent cell monolayers, grown in 96 well plates by
plating about 5 × 104 cells/well. Cells were allowed to grow for 24 h followed by washing
three times with PBS50. Cells were incubated with increasing concentrations (top dose of 1
mM) of bestatin or ReO-N3S-Probestin conjugate in PBS50 (100 µl) and 2 mM Ala-pNA in
PBS50 (100 µl) at RT for 30 min. The amount of p-nitroaniline formed was measured
spectrophotometrically at 405 nm by ELx800™ Absorbance Microplate Reader (BioTek
Instruments, Inc., Winooski, VT). Assays were run in triplicate, and cell-free and substrate-
free blanks were run in parallel. EC50 values were calculated using GraphPad Prism 5 using
non-linear regression (sigmoidal dose-response relation variable slope) analysis (GraphPad
Software, La Jolla, CA).

HT-1080 tumor-bearing nude mice
The mice were housed five animals per cage in sterile micro isolator cages in a temperature-
and humidity-controlled room with a 12-hour light/12-hour dark schedule. The animals were
fed autoclaved rodent chow (Ralston Purina Company, St. Louis, MO) and water ad libitum.
Animals were housed for an acclimation period of one week prior to inoculation of tumor
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cells. The mice were anesthetized with 2% isoflurane (Baxter Healthcare Corp., Deerfield,
IL) in oxygen at 2 L/min through a non-rebreathing anesthesia vaporizer.

Human fibrosarcoma xenografts were induced by subcutaneous injection of approximately
6.6 × 106 HT-1080 cells in a suspension of 50 µl sterile normal saline per injection site
bilaterally into the subscapular region of mice. Two to three weeks after inoculation of the
tumor cells, when the tumors reached 0.5 – 1 cm in diameter, the mice were recruited for
biodistribution and SPECT imaging studies.

Biodistribution studies
Four HT-1080 tumor-bearing nude mice (22–24 g) were anesthetized with 2% isoflurane in
oxygen at 2 L/min and injected with a dose of 99mTcO-N3S-PEG2-Probestin (1.28 MBq) in
50 µl 0.2 M PBS (pH - 8) through the tail vein. The mice were euthanized and tissues/organs
were excised at 1 hr post-injection (p.i.). The tissues/organs were washed with normal
saline, dried by blotting on a tissue paper, and transferred to pre-weighed tubes. The tubes
were weighed and radioactivity associated with each tissue was recorded on a Packard
Cobra II automated gamma counter. Undiluted standard dose (8 µl) was counted along with
the samples. All the data were corrected for 99mTc-decay. The percent injected dose (%ID)
and percent injected dose per gram of tissue (%ID/g) for each tissue/organ was calculated.
The total blood and muscle were estimated as 5.7% and 40% of the total body weight,
respectively. The weight of stomach and intestines included their contents.

Planar imaging
HT-1080 tumor-bearing nude mice were anesthetized using 2% isoflurane in oxygen at 2 L/
min, in a polypropylene induction chamber. When fully anesthetized, a dose of 99mTcO-
N3S-PEG2-Probestin (18.5 MBq) in 60 µl 0.2 M PBS (pH - 8) was injected through the tail
vein. For the blocking experiment, a dose of 99mTcO-N3S-PEG2-Probestin (24 MBq) in 70
µl 0.2 M PBS (pH - 8) along with 1 mg of ReO-N3S-PEG2-Probestin was injected. The mice
were sacrificed at 1 hr p.i. and imaged in prone position using a parallel-hole collimator of
the NanoSPECT camera. Static planar images with a frame size of 512 × 512 were acquired
for 10 min. Planar images were visualized using InVivoScope™ (Bioscan, Washington, DC)
software package.

SPECT imaging
HT-1080 tumor-bearing nude mice were anesthetized using 2% isoflurane in oxygen at 2 L/
min, in a polypropylene induction chamber. When fully anesthetized, a dose of 99mTcO-
N3S-PEG2-Probestin (25.2 MBq) in 70 µl 0.2 M PBS (pH - 8) was injected through the tail
vein. One mouse was sacrificed at 30 min and the other at 3 hr p.i. The mouse was placed on
the mouse bed of the NanoSPECT camera and the SPECT imaging data were acquired in a
helical scanning mode with 20 projections with an acquisition time of 60 s per projection.
Raw SPECT data were reconstructed using HiSPECT (Bioscan, Washington, DC) software
package. Reconstructed SPECT data were visualized using InVivoScope™ (Bioscan,
Washington, DC) software package.

Results and Discussion
It is now widely accepted that angiogenesis is the rate-limiting step for the growth of solid
tumors.40–43 Antiangiogenesis therapy is currently being investigated around the world
using recombinant antiangiogenic proteins, monoclonal antibodies, and various drugs.44

These antiangiogenesis therapies have led to an increased interest in imaging as a means of
monitoring therapeutic effect.45, 46 Tumor angiogenesis imaging is intensively studied by
targeting molecular markers of angiogenesis such as receptors, enzymes, integrins, or
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extracellular matrix proteins. One of the most promising targets in this respect is integrin
αvβ3, which has been successfully studied in patients and healthy volunteers by single
photon emission computed tomography (SPECT) and positron emission tomography (PET)
using Tc-99m and F-18 labeled RGD peptide conjugates.47–50

APN/CD13 is another potential target that could be exploited for imaging tumor
angiogenesis. However, currently there is no targeting vector available for imaging APN/
CD13 expression by using nuclear imaging techniques. We are exploring the possibility of
using radiolabeled high affinity APN inhibitor conjugates as vectors to target APN/CD13 in
vivo. We synthesized two probestin conjugates containing a N3S chelator to enable Tc-99m
labeling. We attached the chelator at C-terminus of the probestin since N-terminus is
involved in binding with the enzyme, which preferentially releases amino acids from the N-
terminal end of small peptides.2 The N3S-Probestin conjugates were manually synthesized
by SPPS method employing traditional fmoc chemistry and HBTU activation of carboxyl
groups on the reactant with the N-terminal amino group on the growing peptide anchored
via the C-terminus to the resin (Figure 1). We used orthogonally-protected Lys or DAP
(Fmoc-Lys(ivDde)-OH or Fmoc-DAP(ivDde)-OH) as they allow to build the tripeptide
chelator sequence on the N-terminus of probestin. The 4-carbon side chain of the Lys
residue acted as a spacer between the probestin and the chelator in N3S-Probestin. Whereas,
8-amino-3,6-dioxaoctanoic acid (AEEA) acted as a linker between the probestin and the
chelator in N3S-PEG2-Probestin. The ivDde group was selectively deprotected using 2%
hydrazine in DMF. The N3S-Probestin conjugates were obtained in an overall yield of 10–
15% with >98% purity after HPLC purification. Mass spectral analyses were consistent with
the molecular weights calculated for each conjugate (Table 1).

Tc-99m is a preferred radionuclide for SPECT due to its favorable nuclear properties (γ -
140.5 KeV, 89.1% abundance, half-life - 6.02 hr), lower cost, well-established
radiochemistry, and availability.51–53 Tetradentate tripeptide chelators of the N3S type are
frequently employed in the development of receptor-avid peptide based T-99m
radiopharmaceuticals. For example, clinically used Acutect (Tc-99m Apcitide) and Neotect
(Tc-99m Depreotide) radiopharmaceuticals (currently discontinued) were based on peptide
targeting vectors linked to a tripeptide N3S chelator.54, 55 However, most tetradentate
chelators containing a chiral carbon or an N-alkylated moiety produce diastereomers when a
[M(V)O]3+ (M = Tc, Re) core is bound to the donor groups in a square pyramidal
coordination geometry as pendant groups are disposed in either syn or anti position relative
to the M=O bond.56–61 In our case, the tripeptide chelator sequence, DMG-Aaa-Cys (Aaa =
Lys or DAP), is expected to form a neutral M(V)O-N3S (M=99mTc, Re) complex with the
loss of three protons of the donor groups (the amide proton of Lys or DAP and the amide
and thiol protons of Cys), while the tertiary amine of DMG is expected to coordinate to the
[M(V)O]3+ core through its lone pair of electrons and form a coordinate bond with the
metal.

Cold Re-complexation was achieved by reacting N3S-Probestin with an excess of Re(V)-
gluconate synthon. Re conjugate was expected to present as two peaks on the HPLC
chromatogram due to the formation of syn and anti conformations of Lys or DAP side chain
with respect to the M=O bond. However, HPLC analysis of the reaction mixture revealed a
broad peak indicative of formation of the diastereomers appearing as a merged single peak
under our HPLC conditions (Figure 2). Mass spectral analyses of the Re conjugates were
consistent with the formation of neutral Re(V)O-N3S complexes (Table 1). ReO-N3S-
Probestin conjugates were obtained in 50–75% yield after HPLC purification.

Radiolabeling of N3S-Probestin conjugates with Tc-99m was performed by transmetallation
using 99mTc(V) gluconate synthon as previously described (Figure 1).38 The HPLC
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retention times of 99mTc(V)-labeled probestin conjugates were matched to the corresponding
cold Re(V) conjugates, which confirmed the formation of the radiolabeled product. The
HPLC chromatograms in Figures 2 show the elution profiles of the N3S-PEG2-Probestin
conjugate and its Re(V) and 99mTc(V) complexes. The figure also shows that both the Re-
and Tc-99m conjugates were eluted at 14.3 min. The 99mTcO-N3S-PEG2-Probestin
conjugate eluted ~1 min after the unlabeled N3S-PEG2-Probestin conjugate under our HPLC
conditions enabling the collection of high-specific activity, essentially carrier-free 99mTcO-
N3S-PEG2-Probestin. The radiochemical purity of the HPLC-purified product was found to
be >98%.

Initial biological activity of ReO-N3S-Probestin conjugates was determined by performing
an in vitro APN enzyme assay using intact HT-1080 cells and Ala-pNA as APN substrate
with EC50 values determined using non-linear regression analysis. The results of the
experiments (Figure 3) demonstrated higher inhibition of APN enzyme activity by ReO-
N3S-Probestin conjugates when compared to bestatin, a known slow-binding competitive
inhibitor of APN.62 The EC50 values were determined to be 979.2, 39.6, and 23.6 µM for
bestatin, ReO-N3S-Probestin, and ReO-N3S-PEG2-Probestin respectively. Results obtained
from these in vitro APN enzyme activity assay conforms that the attachment of a chelator at
C-terminus of probestin does not affect its ability to bind the enzymatic active site of APN.

In vivo biodistribution studies of 99mTcO-N3S-PEG2-Probestin were performed in nude
mice xenografted in their mid-flanks with human fibrosarcoma tumors derived from
HT-1080 cells. The selection of 99mTcO-N3S-PEG2-Probestin for in vivo evaluation was
based on two reasons: 1) it demonstrated slightly better EC50 value than 99mTcO-N3S-
Probestin, and 2) it was relatively more hydrophilic than 99mTcO-N3S-Probestin (HPLC
retention times differ by >1 min, Table 1). In general, increasing hydrophilic character of a
small peptide conjugate increases its clearance via renal-urinary pathway, which is
preferable for the rapid clearance of background signals in images. Results obtained at 1 hr
p.i. are summarized in Table 2. A tumor uptake value of 2.88 ± 0.64 %ID/g and a low
residual radioactivity of 0.60 ± 0.33 %ID/g in blood yielded tumor-to-blood and tumor-to-
muscle ratios of approximately 4.8 and 5.3 respectively. These results indicate fast clearance
of 99mTcO-N3S-PEG2-Probestin from the bloodstream. High uptake values in kidney, liver,
and intestine of 48.0 ± 3.4 %ID/g, 12.0 ± 0.8 %ID/g, and 4.8 ± 0.3 %ID/g respectively
indicates that 99mTcO-N3S-PEG2-Probestin is eliminated from the body via renal and
hepatobiliary clearance pathways. However, it is unclear from these results that the
radioactivity uptake is due to normal metabolism of 99mTcO-N3S-PEG2-Probestin or
specific uptake by tissue-associated APN expression. It is known that APN is highly
expressed on the renal proximal tubules, brush border membranes of the small intestine, and
liver.4, 63

Planar images of HT-1080 tumor-bearing nude mice injected with 99mTcO-N3S-PEG2-
Probestin alone or along with a large excess of ReO-N3S-PEG2-Probestin to block APN
active sites obtained at 1 hr p.i. are shown in Figure 4 and Figure 5a. The 1 hr p.i. whole
body planar image of the unblocked mouse demonstrates increased uptake in the tumor sites,
thymus, kidneys, liver, and intestine in descending level of intensity relative to the
background soft tissues (Figure 4). The 1 hr p.i. whole body planar image of the APN-
blocked mouse reveals no significant radiotracer uptake in the tumor sites, thymus, or
kidneys (Figure 4). There is relatively increased radioactivity in the liver and intestine in the
APN-blocked mouse compared to the unblocked mouse (Figure 5a). The negligible uptake
of radioactivity in the tumor sites, thymus, and kidneys suggests adequate blockade of the
APN in those tissue/organs, and the radioactivity uptake seen in the unblocked mouse is
APN-specific. The relatively increased radioactivity in the liver and intestine is consistent
with the increased radioactivity excretion via the hepatobiliary and GI tract in APN-blocked
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mouse. Secondary to the increased excretory activity in the hepatobiliary and GI tract, the
APN blockade in the liver and intestinal lining is likely masked.

Early and delayed SPECT images of HT-1080 tumor-bearing mice injected with 99mTcO-
N3S-PEG2-Probestin (Figure 5b and 5c, respectively) were obtained at 30 min p.i. (early)
and at 3 hr p.i. (delayed). The early SPECT images, MIP and transverse views (Figure 5b),
reveal intense radioactivity in the kidneys with significantly less radioactivity in the
intestine. Intense radioactivity was also noted in the urinary bladder as radioactive urine is
excreted from the kidneys into the urinary bladder. Delayed SPECT images, MIP and
transverse views (Figure 5c), demonstrates background radioactivity in the kidneys with
intensity level similar to that of blood radioactivity seen in the aorta. Unlike the observation
made in the early SPECT images, the delayed SPECT images show intense radioactivity in
the intestine compared to the radioactivity in the kidneys, which is essentially at
background/blood level. Decreased radioactivity in the kidneys and tumor sites on delayed
SPECT images relative to early SPECT images is suggestive of reversible binding
of 99mTcO-N3S-PEG2-Probestin to APN. Reversible binding is taken as binding of 99mTcO-
N3S-PEG2-Probestin to APN for a short-time period (< 3 hr) and then detaching from APN
as an intact molecule without any internalization. Although the reversible binding
of 99mTcO-N3S-PEG2-Probestin to APN may not be desirable for delayed imaging, it may
be very useful for early phase imaging studies especially when used with short-lived
radionuclides. Radioactivity seen in the urinary bladder on both SPECT MIP images (Figure
5b and 5c) demonstrates the presence of urinary excretion in addition to GI tract excretion of
radioactivity, which confirms the results obtained from the biodistribution studies.

The HPLC analysis of urine samples collected during the imaging studies from HT-1080
tumor-bearing nude mice injected with 99mTcO-N3S-PEG2-Probestin showed that the
radiotracer is excreted intact (Figure 2). This result further suggests the reversible binding
of 99mTcO-N3S-PEG2-Probestin to APN and that this agent is eliminated via glomerular
filtration when released from APN sites in kidneys as it is a low molecular weight
hydrophilic and neutral compound.

The 99mTcO-N3S-PEG2-Probestin evaluated in this study is a first-generation conjugate.
Further improvements in the structure of the conjugate may improve its tumor uptake and
make it an attractive candidate for imaging APN expression in vivo. One strategy that has
been successfully applied to improve tumor uptake of the radiolabeled cyclic RGD peptide
conjugates is to have multiple RGD units in the conjugate.64, 65 Apparently, a multimeric
preparation significantly enhances the binding affinity of the receptor-ligand interaction
through the polyvalency effect.64, 66 Together with the choice of appropriate linker for
desired pharmacokinetics, it may be possible to exploit multimerization approach for
enhanced tumor uptake of the probestin motif via APN-targeting.

Due to high abdominal uptake, as seen with 99mTcO-N3S-PEG2-Probestin, the potential
application of APN-targeted radiotracers could be envisaged for imaging primary tumors
that are outside of the abdomen. Particularly, when SPECT/CT is employed for anatomic
localization, the separation of physiologic activity in the abdominal organs versus tumor
activity could be possible. Thus, APN-targeted radiotracers may find potential application
for imaging breast and lung tumor angiogenesis.

Conclusions
We have successfully synthesized and evaluated the first generation 99mTc-labeled probestin
conjugates. The in vitro APN enzymatic studies performed in human fibrosarcoma HT-1080
cells showed that ReO-N3S-Probestin conjugates are more effective inhibitors than bestatin.
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The in vivo biodistribution and imaging studies of 99mTcO-N3S-PEG2-Probestin in nude
mice xenografted with HT-1080 human fibrosarcoma tumors showed high radioactivity
uptake in tumors coupled with rapid elimination of the radioactivity from the blood stream
via the renal and the hepatobiliary clearance pathways. The image findings collectively
demonstrate the radiotracer uptake is APN-specific and suggests reversible binding
of 99mTcO-N3S-PEG2-Probestin to APN active sites, particularly in the kidneys. The results
of these studies demonstrate the feasibility of using probestin as a vector for targeting APN
in vivo and provide a foundation for the development of novel APN-targeted radiotracers
with a potential application in imaging tumor angiogenesis.
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Figure 1.
Synthesis and complexation of N3S-Probestin conjugates with [Re/99mTc(V)O]3+-core.
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Figure 2.
Radio-HPLC chromatograms of a) N3S-PEG2-Probestin, b) ReO-N3S-PEG2-Probestin,
c) 99mTcO-N3S-PEG2-Probestin, and d) mouse urine collected at 10 min p.i. of 99mTcO-
N3S-PEG2-Probestin.
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Figure 3.
Enzyme activity of APN present on HT-1080 cells in the presence of increasing
concentrations of bestatin or ReO-N3S-Probestin conjugates. The enzyme activity was
estimated by measuring the absorbance at 405 nm of p-nitroaniline formed by the hydrolysis
of L-alanine-p-nitroanilide (substrate) at room temperature in 30 min. EC50 values were
calculated by non-linear regression (dose-response, variable slope) analysis using GraphPad
Prism.
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Figure 4.
Photograph of the HT-1080 tumor-bearing nude mice used for imaging with 99mTcO-N3S-
PEG2-Probestin (arrows indicate tumor) and whole body planar images of the same mice at
1 hr p.i. ReO-N3S-PEG2-Probestin (1 mg) was co-injected intravenously along with
the 99mTcO-N3S-PEG2-Probestin for blocking APN specific uptake of the radioactivity.
Planar images were acquired in prone position.
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Figure 5.
(a) Abdomen planarimages of the HT-1080 tumor-bearing nude mice injected with 99mTcO-
N3S-PEG2-Probestin at 1 hr p.i. ReO-N3S-PEG2-Probestin (1 mg) was co-injected
intravenously along with the 99mTcO-N3S-PEG2-Probestin for blocking APN specific
uptake of the radioactivity. Planar images were acquired in prone position. (b) Early and (c)
delayed abdomen SPECT images of a HT-1080 tumor-bearing nude mouse injected
with 99mTcO-N3S-PEG2-Probestin. Labels: K - kidney; L - Liver; I - Intestine; B - Bladder.
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TABLE 1

HPLC and mass spectrometry data.

Peptide
HPLC

Retention Time
(min:sec)

Mass

Calculated Observed

N3S-Probestin 13:00 817.5 818.4

ReO-N3S-Probestin 14:14 (minor) 14:35 1017.4 1018.3

99mTcO-N3S-Probestin 14:54 - -

N3S-PEG2-Probestin 11:50 920.5 921.5

ReO-N3S-PEG2-Probestin 13:37 1120.4 1121.4

99mTcO-N3S-PEG2-Probestin 13:39 - -
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TABLE 2

Biodistribution of 99mTcO-N3S-PEG2-Probestin in HT-1080 tumor bearing nude mice at 1 hr p.i. Values are
expressed as the mean ± SD; N = 4.

Tissue %ID/g of tissue %ID/organ

Blood 0.60 ± 0.33 0.74 ± 0.41

Heart 1.18 ± 0.22 0.12 ± 0.02

Lung 0.91 ± 0.53 0.15 ± 0.02

Liver 12.0 ± 0.8 12.6 ± 1.1

Spleen 2.40 ± 0.45 0.28 ± 0.07

Stomach 1.28 ± 0.59 0.54 ± 0.19

Intestine 4.78 ± 0.33 10.8 ± 1.4

Kidney 48.0 ± 3.4 15.7 ± 2.2

Muscle 0.54 ± 0.25 4.69 ± 2.14

Tumor 2.88 ± 0.64 3.63 ± 2.29

Tumor/Blood 4.8 -

Tumor/Muscle 5.3 -
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