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Abstract

Prostate cancer (PCa) is the second leading cause of cancer-related death in American men.
Positron emission tomography/computed tomography (PET/CT) with emerging
radiopharmaceuticals promises accurate staging of primary disease, restaging of recurrent disease,
detection of metastatic lesions and, ultimately, for predicting the aggressiveness of disease.
Prostate-specific membrane antigen (PSMA) is a well-characterized imaging biomarker of PCa.
Because PSMA levels are directly related to androgen independence, metastasis and progression,
PSMA could prove an important target for the development of new radiopharmaceuticals for PET.
Preclinical data for new PSMA-based radiotracers are discussed and include new 89Zr- and %4Cu-
labeled anti-PSMA antibodies and antibody fragments, $4Cu-labeled aptamers,

and 11C-, 18F- 68Ga-, 64Cu-, and 86Y-labeled low molecular weight inhibitors of PSMA. Several
of these agents, namely 88Ga-HBED-CC conjugate 15, 18F-DCFBC 8, and BAY 1075553 are
particularly promising, each having detected sites of PCa in initial clinical studies. These early
clinical results suggest that PET/CT using PSMA-targeted agents, especially with compounds of
low molecular weight, will make valuable contributions to the management of PCa.
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INTRODUCTION

Broadly defined, molecular imaging is the non-invasive detection and measurement of
cellular and molecular processes in whole living beings using a variety of modalities
including positron emission tomography (PET), single photon emission computed
tomography (SPECT), magnetic resonance (MR), computed tomography (CT), ultrasound,
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fluorescence, or bioluminescence [1-3]. Molecular imaging has become an indispensable
tool in cancer research, clinical trials and medical practice. Imaging is attractive because
most imaging techniques are either non- or minimally invasive, non-destructive, provide
dynamic, real-time data and permit repeated measurements. Prostate cancer (PCa) is the
most commonly diagnosed cancer and the second leading cause of cancer death among men
in the United States [4]. Conventional imaging modalities, including bone scintigraphy
(bone scan), CT, ultrasound, and MR imaging, are currently used to detect primary PCa and
metastatic disease for staging and risk stratification. Current and new agents undergoing
clinical study for radionuclide imaging of PCa include: 2-18F-fluoro-2-deoxy-D-glucose
(FDG) [5]; 111In-7E11 antibody (ProstaScint™); 18F-fluorodihydrotestosterone (6F-FDHT)
[6, 7]; radioacetate analogs [8]; radiocholine analogs [9, 10]; and anti-1-amino-3-18F-
fluorocyclobutane-1-carboxylic acid (anti-[*8FJFACBC) [11]. These agents and preclinical
studies with experimental agents have been reviewed previously [12, 13], with the most
clinically relevant summarized below.

FDG is an analog of glucose and is the most widely used metabolic radiotracer for PET
imaging of tumors. Like glucose, FDG is transported into cells and phosphorylated but
unlike glucose the phosphorylation product of FDG is trapped within the cell and
accumulates. Higher glucose utilization is characteristic of most tumors, however, PCa can
vary greatly in growth rate, ranging from slow-growing and less aggressive to rapidly
disseminating and aggressive. As a result FDG imaging of PCa has produced mixed results.
FDG was not useful in detecting primary organ-confined prostate cancer [14, 15], detecting
local recurrence after radical prostatectomy, [16] or in differentiating between post-operative
scar and local recurrence [16]. However, FDG is useful in detecting bone and soft-tissue
PCa metastases, although it is less sensitive than bone scan [17]. It has also been shown that
FDG uptake correlates with elevated prostate-specific antigen (PSA) levels and the rate of
increase in PSA as a measure of metastatic disease progression [18, 19]. From these results
it has been suggested that FDG is useful for imaging PCa in selected populations of patients
with aggressive disease [20].

Targeted molecular imaging of PCa is best understood in the context of the first widely
used, targeted agent used to image the disease, ProstaScint™. ProstaScint™, a product of
EUSA Pharma, is an 111In-labeled version of the monoclonal antibody 7E11 that targets the
prostate-specific membrane antigen (PSMA) with the primary indication in patients with
negative bone scans who are at high risk for metastatic disease, mainly within lymph nodes.
ProstaScint™ has also been used to detect the site of tumor recurrence in patients with rising
serum PSA. However, it is a technically demanding agent to administer [21]. Imaging
generally occurs four to six days after administration of the agent, necessitating a second
visit by the patient. Because it is excreted into bowel and bladder, cathartics and additional
hydration are required. Blood pool imaging with 9MTc-labeled red blood cells is
occasionally necessary, in order to avoid mistaking a vessel for recurrent tumor. Local
extent of tumor is very difficult to interpret without concurrent SPECT/CT imaging.
However, new image reconstruction algorithms provide improved image quality [22].
Because of the local inflammatory reaction in the rectum, perirectal and periprostatic regions
that persist after radiation therapy, pooling of antibody can persist in these regions for years,
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complicating imaging of recurrent disease. Because ProstaScint™ recognizes an internal
epitope of PSMA it is believed that cells must be dead in order for them to be imaged with
this agent [23]. Recently, the 7E11 antibody has been conjugated with desferrioxamine and
radiolabeled with the positron emitter, 89Zr (T4, = 3.3 days). This agent demonstrated
significantly higher uptake in PSMA-positive xenografts treated with external irradiation
than in non-irradiated xenografts and suggests the use of this agent for monitoring the
response to radiation therapy [24]. The J591 anti-PSMA antibody, which is directed to an
external epitope on the target, has similarly been radiolabeled with 89Zr, with excellent
results noted in pre-clinical models and in early clinical studies [25].

18F_FDHT is a radiolabeled steroid that binds to the androgen receptor (AR) utilizing a
mechanism unique to PCa, i.e., expression of AR [6, 26]. It exhibits rapid and prolonged
uptake in metastatic lesions [7], however, [18F]FDHT is fraught with significant background
within the gastrointestinal tract and liver due to enterohepatic circulation common to agents
of this class.

Radioacetate analogs, as with radiocholine analogs, rely on a more general mechanism for
tumor uptake, namely, fatty acid and phospholipid synthesis and metabolism. Radioacetates
are therefore not cancer-specific and also accumulate in normal and hyperplastic prostate
tissue [8, 20]. The relationship between the intensity of 11C-acetate uptake and PSA level, a
flawed but ubiquitous serum marker for PCa, remains unclear [27]. Radiocholine analogs
have shown clinical promise with very early imaging, i.e, within several minutes of
radiopharmaceutical administration [9, 28-31]. Rapid imaging is necessary in part due to
rapid metabolism of the radiocholines, particularly 11C-choline [32]. Radiocholines are not
ideal imaging agents because they are flow-limited, which may present problems if used in
conjunction with therapies that alter blood flow and, as noted above, they are not specific to
cancer. For example, higher uptake has been demonstrated in individuals with benign
prostatic hypertrophy such that in certain patients benign disease may not be differentiable
from PCa [33]. Nonspecific uptake of radiocholines in granulocytes, macrophages and
lymph nodes has also been described [28]. In addition radiocholines frequently display
intense bowel activity.

Anti-18F-FACBC is a member of a family of unnatural, alicyclic a-amino acids that exhibit
anti-tumor activity [34]. The mechanism of tumor uptake is via amino acid transport systems
including both sodium-dependent and independent transporters [35]. In humans anti-18F-
FACBC exhibited high initial uptake in liver and pancreas, which clears, and slower but
prolonged uptake in skeletal muscle and bone marrow [36, 37]. Urinary excretion is low,
which is advantageous for imaging primary PCa. In initial clinical studies anti-18F-FACBC
was effective in detecting both primary and metastatic PCa [11, 38].

In spite of these improvements in PCa imaging there is a need for new agents to enable
accurate initial diagnosis, staging, measurement of the extent of disease upon recurrence,
and therapeutic monitoring. By targeting biological mechanisms and targets unique to PCa,
PET/CT may provide improvements in all four areas, especially in the latter two where
disease has spread beyond the prostate gland. Because PSMA is a well characterized target
for PCa and its elevated expression is associated with metastasis [39], androgen
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independence [40], and progression [41], it has become a valuable focus for the
development of new imaging agents, particularly for PET.

PSMA BIOLOGY

PSMA is a type Il transmembrane protein that is over-expressed in PCa, including
androgen-independent, advanced and metastatic disease [42—46] as well as in a few subtypes
of bladder carcinoma [47], schwannoma [48], and in the tumor neovasculature of many solid
tumors [49-52]. PSMA is also expressed on astrocytes where it is known as glutamate
carboxypeptidase Il (GCPII) and cleaves N-acetylaspartylglutamate (NAAG) into N-
acetylaspartate (NAA) and glutamate [53, 54]. It is also located on the luminal side of the
brush border cells in the jejunum, where it is known as folate hydrolase I, and cleaves y-
linked glutamates from folates [55, 56]. PSMA expression and localization in the normal
human prostate is associated with the cytoplasm and apical side of the epithelium
surrounding prostatic ducts but not basal epithelium, neuroendocrine or stromal cells [57].
Cytoplasmic PSMA is an N-terminally truncated form of PSMA called PSM’, which has no
folate hydrolase activity or capacity to hydrolyze NAAG [58-60]. It appears to be the
product of post-translational modification rather than of mRNA splicing. The function of
PSM” is unknown. Dysplastic and neoplastic transformation of prostate tissue results in the
transfer of PSMA from the apical membrane to the luminal surface of the ducts [60, 61].
Further transformation eventually leads to expression on the plasma membrane of less
differentiated epithelial cells, which is associated with the transition into and achievement of
androgen growth independence [62—64]. As tumor cells advance in Gleason grade, the ratio
of PSMA/PSM’ reliably increases [60].

PSMA has both sequence homology and biological behavior similar to that of the transferrin
receptor [65, 66]. Both receptors are membrane bound and both bind their ligands as a dimer
before internalization through clathrin-coated pits [67, 68]. PSMA also exists on the
membrane surface as a monomer but is enzymatically active only as a dimer [43]. Each
monomer consists of a 19 amino acid cytoplasmic fragment, a 24 amino acid intra-
membrane domain, and a 707 amino acid extracellular domain [68]. Following substrate
binding, small-molecule antagonist or specific antibody binding, PSMA-bound ligands are
internalized within the cell and are either retained in lysosomal compartments along with the
degrading PSMA receptor [43], or bound ligands may be released to distribute within the
cell or diffuse out of the cell as labile metabolites [69, 70]. Some internalized PSMA
proteins are recycled intact back to the membrane surface through the recycling endosomal
compartment (REC) [43, 71]. The cytoplasmic tail of PSMA contains consensus sequences
for protein kinase C (PKC) recognition and phosphorylation. Phosphorylation of various Thr
and Tyr residues by PKC may direct PSMA interaction with selected adaptor proteins,
which control receptor sorting into either lysosomes or to the REC for recycling [43].

Because the expression of PSMA generally increases with increasing Gleason score [41,
62], PSMA function may be concomitant with or help facilitate malignant transformation
and/or metastasis. Biological mechanisms for aiding malignant transformation or metastasis
have not yet been elucidated, although PSMA-driven provision of additional folate intake as
a growth advantage has been postulated [72-74].
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NEW PSMA-BASED PET TMAGING AGENTS

New PSMA-based PET imaging agents fall into three categories: (1) antibodies; (2)
aptamers; and, (3) PSMA inhibitors of low molecular weight. There has been a flurry of
activity in each of these areas recently, particularly in the latter.

Next-Generation Antibodies

Aptamers

As alluded to above, J591 is a de-immunized monoclonal antibody that is specific for the
extracellular domain of PSMA [75]. Unlike 7E11, which binds to an intracellular epitope,
J591 binds viable cells expressing PSMA on the outer cell membrane. 1,4,7,10-
Tetraazacyclododecane-N,N’,N” ,N"’-tetraacetic acid (DOTA) conjugates of the J591
antibody have been radiolabeled with 111In and 99MTc for SPECT imaging, and with 90Y
and 177Lu for therapy [75-77]. Most recently J591 has been radiolabeled with 89Zr [25
and %4Cu [64] for preclinical PET imaging in mice, the former noted above.

Three murine monoclonal antibodies, 3/A12, 3/F11, and 3/E7, with specific binding to
PSMA, were isolated from the spleens of mice immunized with LNCaP cell lysate [78].
DOTA conjugates of these antibodies radiolabeled with 64Cu clearly delineated PSMA-
positive C4-2 xenografts, [31-35% injected dose/gram (%ID/g] of tissue at 48 h post-
injection], however, 3/A12 and 3/F11 conjugates also exhibited considerable uptake (11—
13% of injected dose) in PSMA-negative DU145 xenografts [79]. DOTA conjugates of
3/A12 F(ab’), and Fab fragments radiolabeled with 64Cu had greatly reduced tumor uptake
with high kidney retention [79]. A recent abstract reports 89Zr-desferrioxamine conjugates
of a minibody and a cys-diabody, which demonstrate specific uptake in PSMA-positive
LNCaP xenografts with a maximum uptake (6% ID/g) at 12 h, which is considerably faster
than results obtained using the entire 1gG [80].

Aptamers are either 8-15 KDa oligonucleotides or peptides isolated from combinatorial
libraries, which can be selected for specific binding to target molecules through affinity
maturation [81]. Their specificity and affinity for targets are similar to antibodies. They
achieve their high affinity and specificity by folding into a unique three-dimensional
conformation that is complementary to the surface of the target. Aptamer A10 exhibits
specific binding to PSMA-positive cells in vitro [82]. Aptamer A10 has been used to deliver
therapeutics such as doxorubicin [83] and shRNA [84-86] to PCa. The A10 aptamer has
also been utilized as the PSMA targeting moiety [82, 87] for aptamernanoparticle [85, 88—
92] and aptamer-quantum dot [93] conjugates. Several of these preparations, when loaded
with either doxorubicin or cisplatin, demonstrated either PSMA-specific cell growth
inhibition in vitro [85, 88, 91, 93] or tumor regression from a single intratumoral injection
[89]. Recently a truncated version of aptamer A10, A10-3.2, in which the number of
nucleotides has been reduced to 39 from 71, was used to prepare a polyamidoamine-
polyethyleneglycol (PAMAM-PEG) conjugate for the PSMA-targeted delivery of miRNA
[94]. Oligonucleotides are easily degraded and are very sensitive to changes in temperture
and pH thereby complicating the preparation of radiolabeled conjugates that retain their
biological activity. Recently optimized conditions for the preparation of 4Cu-labeled
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DOTA-, NOTA-, and 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15), 11,13-triene-S-4-(4-
nitrobenzyl-3,6,9-triacetic acid (PCTA)-A10 aptamer conjugates have been reported, but no
in vivo images or biodistribution data have yet been produced using these agents [95].

Small Molecules

PSMA possesses an enzymatic site in its extracellular domain that cleaves endogenous
substrates such as NAAG and poly-y-glutamyl folic acid. The crystal structure of PSMA
with and without inhibitors in the enzymatic site has been described [96-101]. The
enzymatic site contains two zinc ions, and is composed of two pockets, the glutamate-
sensing pocket (S1’ pocket) and the non-pharmacophore pocket (S1 pocket). Most inhibitors
contain a zinc binding moiety and glutamate or glutamate isostere [102] with the glutamate
or glutamate isostere residing in the S1’ pocket. The non-pharmacophore pocket contains an
arginine rich region and can accommodate a moderately-sized lipophilic moiety. Many
small molecule substrates and inhibitors for this enzyme have been prepared and tested,
many prior to availability of the crystal structure of PSMA. This topic has been reviewed
recently [103, 104]. A tunnel of about 20A in length connects the binding region to the
surface and acts as the front door to the active site. Another opening to the surface of the
protein exists at the rear of the S1” pocket (back door). One can envision how this
arrangement can facilitate the cleavage of poly-y-glutamate substrates where the y-glutamate
enters the front door and after each individual glutamate is cleaved, exits through the back
door much like spent shell casings being ejected from a firing chamber.

Small molecule PSMA inhibitors are generally zinc binding compounds attached to a
glutamate or glutamate isostere and fall into three families: (1) phosphonate-, phosphate-,
and phosphoramidates; (2) thiols; and, (3) ureas. Initial work on phosphonate and phosphate
inhibitors, which included the potent GCPII inhibitor 2-(phosphonomethyl)pentanedioic
acid, 2-PMPA [105] (Fig. 1), as well as the thiol-based GCPII inhibitors, came from
research conducted at ZENECA and then Guilford Pharmaceuticals [106, 107]. Later,
extensive studies with the phosphoramidate inhibitors were produced by the Berkman group
[108-110]. The initial preparation and testing of urea-based inhibitors was reported by
Kozikowski [111, 112]. Work with 2-PMPA and the ureas was originally geared toward
inhibition of GCPII for treating neuropsychiatric disease.

Research on new imaging agents for PCa based on small molecule PSMA inhibition has
concentrated on the use of either phosphoramidate or urea scaffolds. Several
phosphoramidate inhibitors for optical [109, 113] and SPECT [114, 115] imaging have been
reported. 18F-Fluorobenzoyl phosphoramidate 1 (Fig. 1), has been prepared using the 18F-
labeled prosthetic group, N-succinimidyl 4-[18F]fluoroben zoate (18F-SFB) and
demonstrated specific uptake in PSMA-positive LNCaP xenografts with a tumor uptake of
1.2% ID/g at 2 h post-injection. A recent abstract describes monovalent and bivalent 4Cu
conjugates prepared from 2-(((3-amino-3-carboxypropyl)(hydroxy)phosphoryl) methyl)pen
tanedioic acid (GPI) and 2 and 3, respectively [116] (Fig. 1). Unfortunately, the structures of
the final compounds were not disclosed. The bivalent compound had 1-1.4 percentage
injected dose per gram of tissue (%1D/g) tumor uptake out to 24 h, which was higher than
that of the monovalent compound. In another recent abstract, Bayer Healthcare reported the
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preparation of 2-PMPA analogs (2S 49)-2-18F-fluoro-4-(phosphonomethyl) pentanedioid
acid (BAY1075553) and (2R, 49)-2-18F-fluoro-4-(phosphonomethyl) pentanedioid acid 4
(Fig. 1) in a 9/1 ratio from an isomerically pure (2R, 45)-2-tosyl precursor 5 [117].
BAY1075553 demonstated high uptake in PSMA-expressing LNCaP tumor xenografts with
rapid renal clearance. Normal organ uptake was only observed in the kidneys and bladder
[117].

The first radiolabeled, low molecular weight imaging agent targeting PSMA was N-[N-
[(9-1,3-dicarboxypropyl]carbamoyl]-S-[11C]methyl-L-cysteine (11C-DCMC) 6 (Fig. 2)
[118, 119]. This was prepared by methylation of the cysteine-glutamate urea precursor 7
with 11C-methyl iodide in dimethylformamide previously saturated with anhydrous
ammonia. This radiotracer demonstrated site-selective uptake within PSMA-positive LNCaP
tumors, showing less uptake in PSMA-negative PC-3 (prostate) and MCF-7 (breast) tumor
xenografts. The 30 min LNCaP tumor uptake was 8.7% ID/g with tumor/muscle and tumor/
blood ratios of 11 and 8, respectively. Although this work demonstrated the proof-of-
principle for radiolabeled ureas to be used as PSMA-targeted agents for PET, an 18F-labeled
radiotracer, with its more tractable 110 min physical half-life was desired. To that end N-[N-
[(9-1,3-dicarboxypropyl] carbamoyl]-4-[18F]fluorobenzyl-L-cysteine (:8F-DCFBC) 8 (Fig.
2), was prepared by alkylation of 7 with 4-[18F]fluorobenzyl bromide [120] in methanol
previously saturated with anhydrous ammonia. Using 18F-DCFBC, PSMA-positive PC-3
PIP xenografts were visualized as early as 20—30 min post-injection with little radioactivity
in the PSMA-negative, isogenic PC-3 flu xenografts. By 2 h the PC-3 PIP xenografts
remained clearly visible with significant clearance of background radioactivity from the
blood, liver and kidneys. The PSMA-positive PC-3 PIP xenograft uptake was 6.2, 8.2 and
4.7% 1D/g at 30 min, 1 h, and 2 h post-injection, respectively with 2 h tumor/muscle and
tumor/blood ratios of 20 and 13, respectively [121]. The radio-synthesis of 18F-DCFBC has
been automated and utilizes a radiochemistry microwave reactor for the preparation of 4-
[18F]fluorobenzyl bromide [122], followed by the room temperature reaction with 7 in
tetrabutylammonium hydroxide/acetonitrile [123].

Lysine-glutamate urea 9 and its tri-ester 10 (Fig. 2) are useful scaffolds for the addition of
radiofluorinated, amine-reactive prosthetic groups or linking groups to span the 20A void to
the surface of the protein. For example, compound 10 was reacted with the well known
prosthetic group, 18F-SFB, followed by ester hydrolysis to give 11 [124]. Compound 11
demonstrated specific uptake in PSMA-positive PC-3 PIP xenografts with 6.4 and 3.7%
ID/g uptake at 1 and 2 h post-injection, respectively. The 2 h tumor/muscle and tumor/blood
ratios were 18 and 9, respectively. Compound 10 has also been reacted with the recently
reported prosthetic group 6-18F-fluoro-nicotinic acid tetrafluorophenyl ester (18F-Py-TFP)
[125], followed by hydrolysis to give 2-(3-{1-carboxy-5-[(6-[*8F]fluoro-pyridine-3-
carbonyl)-amino]-pentyl}-ureido)-pentanedioic acid, (}8F-DCFPyL) 12 [126]. Specific
uptake in PSMA-positive PC-3 PIP xenografts was seen as early as 30 min post-injection,
and by 3.5 h radioactivity cleared from all normal tissues. The 2 h uptake in PSMA-positive
PC-3 PIP xenografts was 39.4% ID/g with tumor/muscle and tumor/blood ratios of 985 and
92, respectively. A recent abstract describes the preparation of MIP-1500, compound 13
[127], but no biological data are available as of this writing.
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Banerjee [128] reported the preparation and testing of the first %8Ga-labeled PSMA-targeted
imaging agents. Compound 14 (Fig. 3) utilizes a linker that combines the suberate-lysine
linker and the diphenylalanine linker previously used separately to prepare %MTc-
tricarbonyl [129] and %°™Tc-oxo SPECT agents [130]. Attachment of a DOTA-3A chelator
completed the structure of 14. PSMA-positive PC-3 PIP tumors were clearly visible as early
as 45 min post-injection with little visible uptake in the PSMA-negative PC-3 flu xenografts.
The 2 h uptake in PSMA-positive PC-3 PIP xenografts was 3.3%o0 1D/g with tumor/muscle
and tumor/blood ratios of 110 and 22, respectively. Eder et al. has prepared 15 (Fig. 4)
which uses the chelator N,N’-bis[2-hydroxy-5-(carboxyethyl)-benzyl]ethylenediamine-
N,N’-diacetic acid (HBED-CC), which is an analog of HBED. HBED is a potentially more
attractive chelator for 88Ga than DOTA because it forms a more thermodynamically stable
complex than does DOTA (logKpg. s 35.6 vs. 21.3) [131]. This study compared the
biodistribution of 15 with 14 [132]. PSMA-positive LNCaP tumor xenografts were visible at
1 h post-injection using 15. In addition, compound 15 exhibited higher uptake in LNCaP
tumor xenografts, (7.5% ID/g) at 1 h post-injection than did compound 14 (4%ID/qg),
however, the spleen and kidney uptake values for 15 were significantly higher than for 14. A
dimer of 15, compound 16, where each propanoic acid moiety of HBED-CC is conjugated to
a linker-lysine-glutamate urea has been reported [133]. Dimer 16 was a more potent
inhibitor than monomer 15 (ICsq dimer = 2.1 nM; ICgg monomer = 9.0 nM) and
demonstrated greater LNCaP tumor uptake at 1 h postinjection (4.9% ID/g for monomer 15
and 8.2%ID/g for dimer 16). The 1 h tumor/muscle and tumor/blood ratios were 10 and 4.9
for monomer 15, and 9 and 27 for dimer 16, respectively.

Copper-64-labeled conjugates have also been investigated as PSMA-targeting imaging
agents. The same linker-urea used in 14 was conjugated with 4,11-bis(carboxy
methyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (CB-TE2A), 1-oxa-4,7,10-
triazacyclododecane-5-S-(4-isothio cyanatobenzyl)-4,7,10-triacetic acid (oxo-DO3A),
PCTA, and 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) followed by radiolabeling
with 64Cu to give compounds 17-20, respectively (Fig. 3) [134]. All of the 84Cu-labeled
conjugates demonstrated high uptake in PSMA-positive PC-3 PIP tumor xenografts, with 18
(the oxo-DO3A conjugate) having the highest tumor uptake (38.5% ID/g) at 2 h post-
injection. The CB-TE2A conjugate 17 had the fastest background clearance, which provided
the best tumor-to-background ratios.

Yttrium-86 (T2 = 14.7 h) is a positron emitter that can be used as an imaging-based stand-
in for the pure beta emitter %Y in preclinical studies. Yttrium-86 DOTA-3A and SCN-Bn-
DOTA conjugates 21 and 22 (Fig. 3) have been prepared [135]. Both agents displayed high
specific uptake in PSMA-positive PC-3 PIP tumor xenografts, where DOTA-3A conjugate
21 exhibited faster normal organ clearance. Based on the promising results with compounds
14-22 and the corresponding fluorescent agents synthesized using the lysine-glutamate
scaffold 9 [136], it appears that species of substantial size can be conjugated to 9 with
retention of PSMA targeting, if a sufficiently long linker is used. In fact, long chained
polyethylene glycol (PEG) units have been conjugated to 9 to provide PSMA targeting for
nanoparticles [137, 138].

Curr Top Med Chem. Author manuscript; available in PMC 2014 June 24.
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2-[3-1,3-dicarboxypropyl)ureido]pentanedioic acid (DUPA) (Fig. 5), and its tri-ester
derivative, are also useful scaffolds for the preparation of PSMA-targeted imaging agents
including those for SPECT and potentially for optical imaging [130, 139]. An optimized
radiosynthesis of DUPA analog 23, using (:F-Py-TFP) [125], has been reported but in vivo
data are not available [136]. The same group has also described the high-yield
radiosynthesis of [AI18F]INOTA-linker-DUPA, but in vivo data are currently unavailable
[140].

18F_OCFBC 8 has been evaluated in five patients with radiological evidence of metastatic
disease and Gleason scores between 7-9 [123]. Normal uptake was predominately in the
bladder, kidneys, liver, and heart. The radiopharmaceutical slowly cleared from the blood
and was excreted in urine. A total of 32 PET-positive sites were observed with 21 of those
sites also seen by either bone scans or CT and were identified as five bone lesions and 16
lymph node lesions. Of the remaining 11 PET-positive sites one was a subcentimeter lymph
node and 10 were located on bone and were suggestive of early bone metastases. Of the 10
sites seen by CT and/or bone scans but not visible with 18F-DCFBC, seven were considered
to be chronic bone changes or benign fractures. This suggests that 18F-DCFBC may be a
more selective agent for detecting bone metastases than is conventional imaging (CT and
bone scan). An example of bone lesions detected with 18F-DCFBC is shown in (Fig. 6),
which includes a small focus of radioactivity in the left ischium (line arrows in C and D) not
seen on the bone scan. An example of a metastatic lymph node visualized with 18F-DCFBC
is shown in (Fig. 7).

Normal organ uptake of 8Ga-HBED-CC has been clinically evaluated. Uptake was
observed in salivary and lacrimal glands, liver, spleen, intestine and kidneys [141].
Radioactivity in the bladder was not reported. This agent detected a single lesion adjacent to
the bladder in a patient with recurrent PCa [142], which was not visible with [*8F]fluoro
ethylcholine PET/CT. Although, this is only a single case, it demonstrates that radioactivity
in the bladder does not restrict the visualization of lesions in the prostate bed using an 18F-
labeled PSMA inhibitor of low molecular weight.

BAY1075553 has also been evaluated in patients with proved PCa. The tracer was well
tolerated and rapidly cleared from normal organs except for the bladder and kidneys.
BAY1075553 detected both primary PCa as well as metastatic lymph nodes and bone
lesions, however, degenerative bone lesions also demonstrated intense uptake which could
limit the use of this agent for specifically detecting bone metastases [143, 144]. Together
these early clinical studies demonstrate the potential clinical utility of PSMA-targeted, low
molecular weight PET agents for detecting PCa. Additional clinical studies are needed to
validate compounds of this class for a variety of indications.

CONCLUSIONS

A major unmet medical need is a highly specific and sensitive molecular imaging agent or
method for staging and monitoring patients with PCa. The ultimate goal of such an agent
would actually be predictive, i.e., determining whether a patient’s tumor is indolent vs.
aggressive due to the vastly different therapeutic approaches of managing patients with
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tumor biology at opposite ends of the spectrum of malignancy. Because PSMA is elevated in
aggressive, androgen-insensitive disease, it may serve as an imaging biomarker that reports
on tumor biology. For instance, PSMA-targeted imaging agents have been shown in pre-
clinical models to report on the activity of androgen signaling and response to taxane
therapy [64, 145]. The low molecular weight PSMA inhibitors are particularly promising,
with 18F-DCFBC 8, 68Ga-HBED-CC 15, and BAY 1075553 having proved their mettle in
initial clinical studies. Additional clinical studies with these agents and others of this class
will be needed to determine the optimal agent and the most appropriate applications for
these promising new radiopharmaceuticals.
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DUPA
FACBC
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HBED-CC
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Androgen Receptor
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(S)-2-(3-((R)-1-carboxy-2-((4-fluoro benzyl)thio)ethyl)ureido) pentane
dioic acid

(S)-2-(3-((R)-1-carboxy-2-(methylthio) ethyl)ureido)pentanedioic acid
1,4,7,70-tetraazacyclododecane-N,N’,N”, N"’-tetraacetic acid
1,4,7,10-tetraazacyclododecane-N,N’,N”, N"’-triacetic acid
2-[3—(1,3-dicarboxypropyl)ureido] pentanedioic acid
1-amino-3fluorocyclobutane-1-carboxylic acid
2-fluoro-2-deoxy-D-glucose

16p-fluoro-di-hydrotestosterone

6-fluoronicotinic acid tetrafluorophenyl ester

Gastrointestinal

Glutamate carboxypeptidase |1

2-(((3-amino-3-carboxypropyl) (hydroxy) phosphoryl) methyl)
pentanedioic acid

bis-2-hydroxybenryl-ethylene-1,2-N,N’-diacetate

N,N’-bis[2-hydroxy-5-(carboxy ethyl)-benzyl]ethylenediamine-N,N’-
diacetic acid

Magnetic resonance

N-acetylaspartyl glutamate
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NOTA 1,4,7-triazacyclononane-N,N’,N”-triacetic acid
Oxo-DO3A 1-oxa-4,7,10-tetraazacyclododecane 4,7,10-triacetic acid
PAMAM-PEG Polyamidoamine-polyethylene glycol
PCa Prostate cancer
PCTA 3,6,9,15-tetraazabicyclo[9.3.1] pentadeca-1(15),11,13-triene-3,6,9-
triacetic acid
PET Positron emission tomography
PKC Protein kinase C
PSM’ Cytoplasmic PSMA
PSMA Prostate specific membrane antigen
REC Recycling endosomal compartment
SCN-Bn-DOTA S-2-(4-isothiocyanatobenzyl)1,4,7,10-tetraazacyclododecane
tetraacetic acid
SFB N-succinimidyl-4-fluorobenzoate
SPECT Single photon emission computed tomography
Thr Threonine
Tyr Tyrosine
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Fig. 1.
PET agents derived from 2-PMPA.
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Cysteine-glutamate- and lysine-glutamate-urea-based PET radiotracers.
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Radiometal-labeled lysine-glutamate-urea PET radiotracers.
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68Ga-labeled HBED-CC conjugates of lysine-glutamate-urea.
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PET
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Fig. 6.
18F_.DCFBC PET, CT and bone scan of a patient with suspected bone metastases in the

sacrum (A and B) and right and left ischium (C and D). Bone metastasis in the sacrum is
located by the black arrow in A (PET) and confirmed by the arrow in E (bone scan). Bone
metastasis in the right ischium is located by the bold arrow in C (PET), and E (bone scan). A
smaller focus of radioactivity in the left ischium is located by the black arrow in C (PET),
but is not visible on the bone scan. The arrow head in C and D denotes bladder radioactivity.
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Fig. 7.
18F_.DCFBC PET and CT scans of a subcentimeter left common iliac lymph node. The

lymph node is indicated by the bold arrow on the PET image. The lymph node is clearly
discernible from urinary radioactivity in the left ureter (thin arrows on images).
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