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Radiohalogenated agents are often the first line of pursuit in the
development of new radiopharmaceuticals—whether antibodies, pep-
tides, or small molecules—because of their ease of synthesis, lack of
substantial steric perturbation of the original affinity agent (in some
cases, providing enhanced affinity), and capacity to be transformed
into therapeutics (in some cases, with a mere switch of an isotope).
They often provide proof of a principle before optimization for phar-
macokinetics or generation of radiometallated agents, when the latter
are necessary. In particular, '®F has been well integrated into normal
clinical work flow in the form of '8F-FDG for oncologic imaging, with
reliable daily production and distribution to sites for immediate use,
without the need for on-site preparation. Here we discuss radiohalo-
genated versions of imaging and therapeutic agents targeting the
prostate-specific membrane antigen (PSMA); these were among the
first such agents to be synthesized and used clinically. PSMA is highly
expressed on prostate cancer epithelial cells and is currently being
extensively investigated around the world as a target for imaging and
therapy of prostate cancer. Additionally, the presence of PSMA on
nonprostate tumor neovasculature has opened the possibility of
PSMA-targeted molecules as generalizable cancer imaging and ther-
apy agents. We focus on '8F-labeled agents for PET, as they begin to
redefine—along with the corresponding 68Ga-labeled agents discussed
elsewhere in this supplement to The Journal of Nuclear Medicine—the
management of prostate cancer across a variety of clinical contexts.
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Prostate cancer (PC) is the most common noncutaneous ma-
lignancy in men (/). Initial suspicion often results from elevated
levels of prostate-specific antigen (PSA) in serum. The workup at
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diagnosis involves physical examination and often proceeds to
biopsy to validate the presence of cancer. For further staging,
restaging, and diagnosis of recurrence, as well as for therapeutic
monitoring, noninvasive imaging tests may be incorporated. The
most widely accepted imaging modalities used include MRI for
the evaluation of patients who have clinically localized primary
disease (2) or who are thought to harbor recurrent PC limited to
the pelvis (3), contrast-enhanced CT, and °°™Tc-methylene di-
phosphonate bone scanning for the evaluation of metastatic dis-
ease in primary and recurrent PC (4). Additionally, in Europe,
PET imaging with ''C-choline or '8F-fluorocholine has recently
gained acceptance for the workup of recurrent PC.

However, those modalities possess significant limitations (5,6).
Conventional imaging has not adequately addressed a variety of
important clinical issues, including pretherapy risk stratification,
reliable pretherapy staging of patients at risk for pelvic lymph node
metastases or systemic disease, and the detection of biochemical
recurrence at low PSA levels in patients previously treated for PC
with curative intent. In the context of such limitations, several
agents for the molecular imaging of PC have been developed. These
include radiotracers that target lipid metabolism (7), function as
nucleoside analogs (8), and bind with high affinity to PC-specific
molecular targets, such as the androgen receptor (9), bombesin re-
ceptor (10,11), and prostate-specific membrane antigen (PSMA)
(12,13). PSMA is a particularly promising target in light of its
nearly universal expression in PC and the correlation of increased
PSMA expression with tumor aggressiveness (/4—16). These vari-
ous molecular agents may provide the improved imaging reliability
necessary to address the shortcomings of conventional imaging cur-
rently used to guide PC therapy.

The first PSMA-targeted imaging agent to gain transient clinical
acceptance was !!!In-capromab pendetide (ProstaScint; Aytu Bio-
Science, Inc.), a monoclonal antibody against an intracellular epi-
tope of PSMA (/7). Ultimately, the targeting of an intracellular
epitope combined with the limitations in spatial resolution and
quantification that are inherent to single-photon—emitting radionu-
clides prevented the acquisition of suitably high-quality images.
However, PSMA remained a promising target, and more recent
radiolabeled monoclonal antibodies against an extracellular
PSMA epitope (18,19) as well as single-photon—emitting (20,21)
and positron-emitting (22—25) small-molecule inhibitors of PSMA
have been extensively explored. Results continue to suggest that
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PSMA-targeted imaging of PC is a promising alternative to con-
ventional imaging.

The preliminary success of [!77Lu-DOTA,Tyrs]octreotate (26) as
a therapeutic agent provided a strong rationale for extending small-
molecule, targeted radiopharmaceutical therapy (RPT) to PC. As
discussed elsewhere in this supplement, RPT with PSMA-targeted
agents is beginning to proliferate in Europe, along with application
of the B-particle emitter 177Lu (27,28). Isotopic analogs of some of
the radiohalogenated imaging agents mentioned earlier may also be
used for therapy. Accordingly, radiohalogenated agents targeting
PSMA may serve as effective theranostic agents in the future.

Here we review the available literature on the preclinical and
clinical development of radiohalogenated small-molecule inhibitors
of PSMA, with particular emphasis on '3F-labeled agents applicable
to PET. We also briefly review the potential of a-particle—emitting
and Auger electron—emitting radiohalogenated agents for RPT.

RADIOHALOGENATED INHIBITORS OF PSMA AS
IMAGING AGENTS

Several scaffolds have been used in the synthesis of small-
molecule PSMA inhibitors; these include thiols, carbamates,
phosphoramidates, phosphinic acids, and ureas (29-33)—the latter
two structural categories having been administered to human sub-
jects. A urea-based molecule ('C-MCG or ''C-DCMC) was the
first reported preclinical PET agent for PSMA-targeted imaging
(Fig. 1) (34). Soon after, the first radiohalogenated small-molecule
inhibitor of PSMA ('I-DCIT) was reported (Table 1; Fig. 1) (35).
Both of those early examples of PSMA-targeted small molecules
demonstrated uptake in PSMA-expressing PC xenografts derived
from a lymph node metastasis, but neither was labeled with an ideal
radionuclide for human applications.

Although neither ''C-DCMC nor '>I-DCIT was investigated in
human trials, each showed that in vivo imaging of PSMA was pos-
sible in preclinical models. Later-generation radioiodinated agents
developed for SPECT and PET ('?*I) as well as for B-particle ther-
apy were used in clinical trials (20,36,37). A radiofluorinated small-
molecule inhibitor ("8F-DCFBC) (Table 1; Fig. 1) was synthesized
and found to accumulate in PSMA-positive PC xenografts (38),
suggesting an !8F-labeled derivative for translation. As discussed
in greater detail later in this review, several considerations are im-
portant in choosing a specific radionuclide for PET imaging; !8F is
the superior choice for imaging today in the United States. Although

much of the early clinical literature on PSMA-targeted imaging with
small molecules focused on agents labeled with the radiometal %3Ga
(24,39), a series of small but informative prospective studies have
now been performed with '3F-DCFBC (22,40,41). A higher-affinity
and more easily synthesized '8F-labeled small molecule for PET
imaging of PSMA (18F-DCFPyL) (Table 1; Fig. 1) (42) was sub-
sequently tested in preclinical models and found to have higher
uptake than '8F-DCFBC in PSMA-expressing PC xenografts (38).

Additional '8F-labeled small molecules that do not contain a urea
moiety have also been reported. For example, the phosphonomethyl-
based small molecule BAY 1075553 (Table 1; Fig. 1) was investi-
gated in both preclinical models (43) and a first-in-man trial that
showed safety and efficacy (44).

Recently, Yang et al. reported preclinical results obtained
with a series of carbamates that shared structural similari-
ties with the urea-based PSMA inhibitors (30). Those agents,
including 4-bromo-2-'8F-fluorobenzoyllysineoxypentanedioic
acid (4-bromo-2-'8F-fluorobenzoyllysine OPA) and 4-iodo-
2-18F-fluorobenzoyllysineoxypentanedioic acid (4-iodo-2-!8F-
fluorobenzoyllysine OPA) (Table 1; Fig. 1), showed high tumor
uptake and low nontarget tissue retention in preclinical studies.
These results suggested that the use of carbamates may be an ap-
proach for mitigating toxicity in endoradiotherapeutic applications.

PSMA-TARGETED IMAGING: IMPLICATIONS FOR
MANAGING PC

The potential applications of PSMA-targeted imaging of PC are
manifold. PC is often initially diagnosed because of elevated
levels of PSA in serum. However, histologic proof of a tumor by
biopsy is required for definitive diagnosis (45). Not infrequently,
biopsy does not succeed in demonstrating a tumor on the first
attempt and may need to be repeated, placing the patient at risk
for complications (46). Furthermore, therapeutic decisions, rang-
ing from active surveillance to systemic therapy, are made on the
basis of the grade and stage of a tumor (45). However, the perfor-
mance of imaging procedures currently in use, such as MRI, CT,
and bone scanning, has not been satisfactory with regard to the
staging of disease (5,6). This issue may lead to a significant pro-
portion of patients being either under- or overtreated. Furthermore,
biochemical (PSA) relapse is observed in about 30% of patients
undergoing treatment with curative intent (47). In cases of bio-
chemical recurrence after radical prostatectomy, salvage radia-

tion therapy of the prostatic fossa is often
recommended (45) and performed without

proof of the location of recurrent tumor tis-
sue exclusively within the intended field of
radiation.

The accumulation of clinical data ob-
tained with PSMA-targeted PET imaging
agents has suggested that some of the
limitations of conventional imaging may
be addressed by this new modality. Such
an approach may allow for more individ-
ually tailored therapy with regard to selec-
tive surgery or radiation therapy or for the
selection of patients for new therapeutic
options (such as PSMA-based RPT (28)).
A growing number of studies, mainly with

|8F
\25|
eH, Oy OH O, ~OH \@ Oy OH
s 5 B &
HOTQH\HJLﬁ;i OH /;, oH HOWJH\EJLEQ OH
0 0 o] 0
1c-DCMC 1251.DCIT 18F-DCFBC
¥ o
NH
0._OH 0y OH \ 0y OH
1 fN i
ﬁ H OH HO,;H OH HO. il E o H OH
0 0 0 0
18F-DCFPyL BAY 1075553 4-iodo-2-18F-fluorobenzoyllysine OPA
FIGURE 1. Chemical structures of small-molecule inhibitors of PSMA.
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68Ga-labeled PSMA radiotracers, have pro-
vided promising results with regard to the
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TABLE 1
Selected Characteristics of Radiohalogenated PSMA-Targeted Agents

Abbreviation used K; for PSMA ICs, for Imaging or
Full chemical name in this article (nM) PSMA (nM) therapy Current status

N-[N-[(S)-1,3-dicarboxypropyl] 125]-DCIT 1.5 Imaging Early preclinical
carbamoyl]-S-3-125|-iodo-L- agent
tyrosine (35)

N-[N-[(S)-1,3-dicarboxypropyl] 18F-DCFBC 13.9 Imaging Currently under
carbamoyl]-4-18F-fluorobenzyl- investigation
L-cysteine (38) in clinical trials

2-(3-(1-Carboxy-5-[(6-18F-fluoro- 18F-DCFPyL 1.1 Imaging Currently under
pyridine-3-carbonyl)-amino]- investigation
pentyl)-ureido)-pentanedioic in clinical trials
acid (42)

(2R,4S)-2-18F-fluoro-4- BAY 1075553 1.4 (major Imaging Currently under
phosphonomethyl- stereoisomer) investigation
pentanedioic acid (43) in clinical trials

4-Bromo-2-18F- 4-Bromo-2- 0.11 Imaging Undergoing
fluorobenzoyllysineoxypentanedioic 18F-fluorobenzoyllysine preclinical
acid (30) OPA development

4-lodo-2-18F- 4-lodo-2- 0.21 Imaging Undergoing
fluorobenzoyllysineoxypentanedioic 18F-fluorobenzoyllysine preclinical
acid (30) OPA development

(S)-2-(3-((S)-1-carboxy-5-(3-(4-1231/ MIP-1095 0.24 Imaging and Currently under
131]-jodophenyl)ureido)pentyl)ureido) therapy investigation
pentanedioic acid (52) in clinical trials

2-[3-[1-Carboxy-5-(4-125|-iodo- 125|-DCIBzL 0.01 Therapy Undergoing
benzoylamino)-pentyl]-ureido]- preclinical
pentanedioic acid (56) development

(2S)-2-(3-(1-carboxy-5-(4->11At- 211At-DCAtBzL Not Not Therapy Undergoing
astato-benzamido)pentyl)ureido)- reported reported preclinical

pentanedioic acid (58)

development

K; = dissociation constant; ICso = 50% maximal inhibitory concentration.

clinical utility of PSMA-targeted imaging (24,39,48). In Europe,
68Ga-PSMA PET imaging has already been integrated into the
routine diagnostic workup of PC at selected centers. The rising
demand for PSMA-targeted imaging justifies the implementation
of !8F-labeled radiotracers for such imaging. Practical consider-
ations regarding '8F versus %8Ga are discussed later in this review
(22,23,44,49).

The first-in-man experience with '8F-DCFBC was described by
Cho et al. (22). The biodistribution of the radiotracer in human
subjects included high uptake in the kidneys. The primary route of
excretion of '8F-DCFBC was renal, with the bladder wall having a
higher absorbed dose than any other organ. One potential limita-
tion that was apparent with '3F-DCFBC was the persistently
high blood-pool activity even 2 h after radiotracer administration.
Nonetheless, '83F-DCFBC uptake was seen in all sites of lymph
node and bone metastatic PC that were apparent on conventional
imaging with CT and bone scanning as well as in multiple sites
that were suspected of having early metastatic disease but that
were occult on other types of imaging. Those results implied that
PSMA-targeted imaging could have an improved ability to stage
patients before local therapy and might also yield more satisfactory

928

identification of sites of disease in patients with biochemical
recurrence.

A follow-up prospective study investigating the utility of
I8F-DCFBC in primary PC was recently published (40). In that
study, 13 patients were imaged with '8F-DCFBC PET/CT, and
12 also underwent prostate MRI before radical prostatectomy.
Although MRI appeared to be more sensitive for the detection
of PC in this small series, '8F-DCFBC PET/CT had a high
specificity for the identification of aggressive PC and also
showed no evidence of uptake in benign prostatic hyperplasia.
A positive correlation between the Gleason score and '8F-DCFBC
uptake was found, although the small sample size made it dif-
ficult to ascertain the strength of the correlation and the authors
reported a wide confidence interval associated with this finding
(p, 0.65; 95% confidence interval, 0.16-0.89). If such a correlation
could be confirmed in larger prospective trials, then PSMA PET
might prove to be a noninvasive means of risk stratification for
patients with PC.

In a separate prospective trial of 17 patients with known
progressive, metastatic PC, Rowe et al. reported that '8F-DCFBC
PET/CT was more sensitive than the conventional imaging modalities
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bone metastases, even at very low PSA levels
(<05 ng/dL) (Fig. 3). A systematic, retro-
spective evaluation of the collected clinical
I8F_DCFPyL PET/CT data (and a compari-
son group of %¥Ga-PSMA data) is under way
and will be published elsewhere.

18F VERSUS %Ga: PRACTICAL
CONSIDERATIONS

At present, for PSMA-targeted PET im-
aging, °8Ga-labeled radiotracers are most
commonly used. A major advantage of %Ga
labeling is the commercial availability of
germanium/gallium generators. The avail-
ability of such generators allows on-site
synthesis of %8Ga-labeled PET radiotracers
at centers without access to a cyclotron and
with only a modest investment in infra-
structure dedicated to radiopharmaceutical
synthesis. '8F labeling requires access to a
cyclotron but has several distinct advantages.
Generally, the higher production capability
allows the synthesis of larger batches, allow-

FIGURE 2. Predominantly lytic bone metastasis (arrow) (A) that was occult on 88Ga-PSMA PET
(B) and PET/CT (C) but readily apparent on '8F-DCFPyL PET (D) and PET/CT (E).

of CT and bone scanning for the detection of suspect lesions
(592 positive lesions, along with an additional 63 equivocal
lesions, with '8F-DCFBC PET/CT; 520 positive lesions, along with
61 equivocal lesions, with CT and bone scanning) (4/). The superior
detection by '8F-DCFBC was found in patients with both hormone-
naive and castration-resistant PC and was seen with lymph node,
bone, and visceral lesions. Again, these findings suggested the poten-
tial utility of PSMA-targeted imaging for staging before therapy and
for the detection of biochemically recurrent PC.

Chen et al. published promising preclinical data on '8F-DCFPyL, a
PSMA-selective ligand with high binding affinity (42). More
recently, Szabo et al. published first-in-man data demonstrating
that this radiotracer was safe and showed the expected biodistri-
bution (23). Dietlein et al. reported the first clinical experience in a
series of patients examined with both 'F-DCFPyL PET/CT
and %8Ga-PSMA PET/CT (49). In that study, the number and the
SUViax of PSMA-positive lesions detected by the radiotracers
were compared in 14 patients with recurrent PC. In addition to
detecting lesions identified by 8Ga-PSMA, '8F-DCFPyL PET/CT
imaging detected additional lesions in 3 patients (Fig. 2). The
authors concluded that '8F-DCFPyL PET/CT provides high image
quality and compares favorably with ¥Ga-PSMA PET/CT, partic-
ularly with regard to the sensitive detection of small lesions.

Since the publication of the study of Dietlein et al. (49),
I8F_DCFPyL imaging has been systematically offered for clinical
purposes by the same group. To date, 139 patients have been
examined with '8F-DCFPyL for a variety of diagnostic purposes;
however, patients were referred predominantly for localization
after biochemical recurrence (unpublished data). Other indications
have included staging at primary diagnosis, restaging, therapy
planning and disease monitoring in cases of castration resistance,
and selection for !77Lu-PSMA RPT. '8F-DCFPyL has proven to be
of high value for detecting local recurrences and lymph node and

RADIOHALOGENATED PSMA AGENTS

ing many examinations to be performed in
sequence on the basis of a single synthesis.
A single %3Ga-based synthesis will usually
enable the production of a sufficient amount
of radiotracer for only 3 or 4 examinations. Additionally, the longer
physical half-life of '8F (109 min) than of ®8Ga (68 min) allows for
easier transportation of the radiotracer from central production sites
to remote imaging centers, obviating the need for on-site radio-
synthesis personnel.

FIGURE 3. Detection of wide variety of PC lesions with '8F-DCFPyL.
Locally recurrent PC (CT [A] and '8F-DCFPyL PET/CT [B]) and lymph
node (CT [C] and '8F-DCFPyL PET/CT [D]) and bone (CT [E] and '8F-
DCFPyL PET/CT [F]) lesions were visible as marked focal radiotracer
uptake (arrows).

Rowe et al. 93S



At present, the production of '8F-DCFPyL can be performed in
2 steps. The first step consists of the preparation of an activated
ester (2,3,5,6-tetrafluorophenyl 6-'8F-fluoronicotinate), which is
subsequently coupled to the (S)Lys-C(O)-(S)Glu motif. The fi-
nal product, '8F-DCFPyL, is then purified by preparative high-
performance liquid chromatography. A purification method based on
solid-phase extraction is in development. Translation of this radio-
synthesis method to commercially available synthesis modules with
disposable cassettes is imminent (personal communication). The ex-
pense for the synthesis of '®F-DCFPyL with an automated system
is expected to be similar to that for the synthesis of ®3Ga-PSMA.
Consequently, 'F-DCFPyL could be produced in larger amounts
than its 3Ga-labeled analog and at a similar expense.

Differences in image quality may represent another important
factor supporting the adoption of '8F-labeled PSMA-targeted ra-
diotracers. As a result of favorable dosimetry, the injection of
higher radiotracer doses leads to improved image statistics. ®3Ga
also has a lower positron yield (89.14%; that for '3F is 96.86% (50))
and exhibits several single-photon emissions, resulting in an increase
in image noise. Compensating by increasing the scan time for the
injected dose is difficult because of the shorter half-life of %Ga. A
further advantage of 8F is that its spatial resolution is higher than
that of 8Ga because of its lower positron energy (1,899 keV for 8Ga
vs. 633 keV for '8F). In the case of lower kinetic energy, the locations
of the positron emission and the annihilation point are closer, result-
ing in better resolution of PET images. Accordingly, higher intrinsic
image resolution for '8F-labeled radiotracers is possible.

RADIOHALOGENATED PSMA-TARGETED SMALL MOLECULES
FOR THERAPY

A key aspect of targeted RPT is selecting a radionuclide with
characteristics that balance minimum toxicity to normal tissues
and maximum efficacy for a particular clinical application. Because
the clinical evaluation of novel cancer therapeutics is generally
initiated in patients with advanced disease, PSMA-targeted RPT
was first evaluated with B-emitters whose longer range should
have been advantageous in that setting. The targeting potential
of a series of radioiodinated PSMA inhibitors was demonstrated
by Hillier et al. (57) and formed the basis for the clinical evaluation of
IBIL.MIP-1095 in 28 patients with metastatic castration-resistant PC
(37). However, as discussed elsewhere in this supplement, most cur-
rent work with (-emitters for PSMA-targeted RPT is focused on
radiometals such as '7’Lu because of perceived advantages in emis-
sion spectra and convenience.

Perhaps the most important potential application of PSMA-
targeted RPT is the treatment of micrometastatic disease. In that
setting, it is essential to be able to deliver tumoricidal doses
of radiation to small clusters of malignant cells while sparing
neighboring normal tissues. Two types of radiation—Auger
electrons and a-particles—have a higher potency and a shorter
tissue range than B-particles; these characteristics should make
them suitable for the treatment of microscopic disease (52). The
linear energy transfers of Auger electrons and o-particles are
about 4-26 and 100 keV/pm, respectively (that for most (3-emitters
is ~0.2 keV/pm); these values confer a greater deposition of
energy within small volumes and a higher cytotoxicity (53).
Unlike B-particles, which have path lengths of up to 1,000 cell
diameters, the range of a-particles is only about 5-10 cell diam-
eters and the range of most Auger electrons is considerably
smaller than 1 cell. The feasibility of treating metastatic PC with
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an a-emitting radiopharmaceutical was demonstrated in a phase
I trial with 22°RaCl, (Alpharadin; Bayer) (54); however, its mech-
anism of uptake limits its application to bone metastases. Exploiting
PSMA as a molecular target offers the exciting prospect of treating
micrometastatic disease in both bone and soft tissues.

With regard to Auger electron emitters, Kiess et al. evaluated
the therapeutic potential of 2’I-DCIBzL (Table 1; Fig. 4) for
treating PC (55). 121 has been the prototypical radionuclide for
Auger electron therapy experiments because it emits an average of
approximately 20 electrons per decay, with a tissue range of less
than 0.5 pwm, and requires localization of the site of its decay to the
cell nucleus for maximum cytotoxicity (56). In cell culture exper-
iments, '2°I-DCIBzL treatment resulted in PSMA-specific killing,
as evidenced by increased DNA damage and decreased clonogenic
survival in PSMA-positive (PC3 PIP) versus PSMA-negative (PC3
flu) cells. Treatment of PC3 PIP tumors with a 111-MBq dose of
125]-DCIBzL resulted in a significant tumor growth delay. Although
these results are highly encouraging, 12°I may not be the ideal Auger
electron emitter for clinical translation, in part because of its 60-d
half-life. Two Auger electron emitters that may offer advantages for
PSMA-targeted radiotherapy are radiohalogens—!23[ (13-h half-life)
and 77Br (57-h half-life)—and studies evaluating their suitability with
appropriately designed PSMA inhibitors are under way.

The radiohalogen 2!!'At has particularly favorable character-
istics for clinical development, including a 7.2-h half-life, 100%
a-particle emission per decay, and the absence of a-particle—
emitting daughters, which can lead to excessive radiation doses
to normal tissues when released from the parent molecule (52,53).
To investigate the therapeutic potential of PSMA-targeted 2!'At,
2HAt-DCAtBzL (Table 1; Fig. 4) was synthesized and evaluated
in PSMA-positive PC3 PIP and PSMA-negative PC3 flu human
prostate carcinoma models (57). A paired-label biodistribution
experiment demonstrated that the uptake of 2! At-DCAtBzL in the
PSMA-positive xenograft was high over a time course relevant to
the half-life of 2! At and increased with time, reaching a value of
41.5 *£ 18.4 (mean * SD) percentage injected dose/g at 18 h.
Except at 18 h, the uptake of the coadministered '3!I analog in

O

OH

OH

X =125 in 125]-DCIBzL
X =21Atin 21""At-DCAtBzL

FIGURE 4. Auger electron-emitting (2%I-DCIBzL) and a-particle—
emitting (2''At-DCAtBzL) radiohalogenated small-molecule inhibitors
of PSMA.
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the PSMA-positive xenograft was significantly higher, by about
25%-33%. That observation, in concert with increased 2!' At lev-
els in tissues known to accumulate free halides (stomach and
thyroid), suggested that some deastatination of 2!''At-DCAtBzL
had occurred. Nonetheless, these results are highly encouraging,
particularly for a non—protein-based agent, because—to the best of
our knowledge—that uptake is the highest level of sustained tumor
uptake that has been reported for a 2!!At-labeled targeted radio-
therapeutic agent (58).

The therapeutic potential of 2! At-DCAtBzL was first investi-
gated in subcutaneous xenografts and then in a newly developed
micrometastatic PC model (57). Treatment with 2! At-DCAtBzL
significantly improved survival in the micrometastatic disease
model; however, parallel long-term toxicity studies demonstrated
that a meaningful therapeutic benefit occurred in a dose range that
also resulted in delayed renal toxicity. a-Camera imaging demon-
strated selective uptake of 2! At in renal proximal tubules, consis-
tent with the presence of PSMA in these tissues (59). Although
211At-DCAtBzL is not suitable for clinical translation, this com-
pound provided valuable confirmation that 2!!'At-labeled PSMA
inhibitors with intact tumor-localizing capacity and reasonable in
vivo stability can be synthesized.

FUTURE DIRECTIONS FOR PSMA-TARGETED MANAGEMENT
OF PC

The rapid adoption in Europe of predominantly ®8Ga-labeled
compounds for diagnostic imaging and !7’Lu-labeled com-
pounds for RPT hints at the possible transformative capacity
of these agents. However, the vast majority of the literature on
clinical PSMA-targeted imaging and therapy is retrospective,
with only a few small prospective studies to date (40,41,60).
The most pressing need in the field of PSMA-based manage-
ment of PC is a commitment to large, multicenter, prospective,
well-designed clinical trials that can definitively prove the
utility of these agents in specific clinical settings. Further study
of PSMA as an imaging biomarker and noninvasive means of de-
termining levels of androgen signaling during therapy and judging
the radiographic response to therapy are also of broad interest and
should be studied in a prospective, systematic fashion.

In addition to studies evaluating the role of PSMA-targeted
imaging agents in the context of defined clinical issues, studies
evaluating the global impact on clinical decision making in PC
patients should also be done. Such studies might take a form
similar to the National Oncologic PET Registry; that is, prescan
and postscan evaluations of treatment plans could be used to gauge
the impact of imaging findings on patient management.

Increasing numbers of case reports and small series are
demonstrating the possible utility of PSMA-targeted imaging in
nonprostate cancers. The localization of a radiotracer in those
cancers appears to be based on PSMA expression in tumor
neovasculature (6/7). Clear cell renal cell carcinoma (62-64) and
cancers of the thyroid (65), breast (66), and colon (67) are among
the tumor types reported to have PSMA-targeted radiotracer up-
take. With thoughtful, prospective trials to define the clinical util-
ity of PSMA-targeted imaging in these cancers, PSMA-targeted
imaging and therapy may prove to have broad implications in the
field of oncology. Indeed, diseases such as metastatic clear cell
renal cell carcinoma often have a less indolent course than PC,
suggesting that the impact of PSMA-targeted imaging may actu-
ally be greater in those conditions.

RADIOHALOGENATED PSMA AGENTS

CONCLUSION

With the exquisite specificity and high sensitivity afforded by
PSMA PET radiotracers, the hope is that clinicians will increasingly
incorporate PSMA-targeted imaging as part of the routine evalua-
tion and management of men with PC. The use of radiohalogens—
already proving useful for therapy in the context of recent clinical
trials incorporating '31I—is being extended to a-particle emitters,
such as 2!At, with an attendant focus on micrometastatic disease.
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