
PSMA-Targeted Radiopharmaceuticals for

Imaging and Therapy

Hans-J€urgen Wester, PhD and Margret Schottelius, PhD

As described in more detail in other contributions in this issue of Seminars in Nuclear Medi-
Chair of Pharmaceutic
Garching, German

Address reprint reque
Radiochemistry, W
E-mail: h.j.wester@

302 https://doi.org/
0001-2998/©
cine, prostate-specific membrane antigen (PSMA) has become one of the most promising
molecular targets in nuclear medicine. Due to its overexpression on prostate cancer cells
in proportion to the stage and grade of tumour progression, especially in androgen-indepen-
dent, advanced and metastatic disease, various tracers for the detection and treatment of
prostate cancer by means of radioligand imaging, radioligand therapy or radioguided sur-
gery have been developed and transferred to clinical applications. Even though monoclonal
antibodies were investigated and introduced as first PSMA-targeted probes, the inherent
advantage of fast tumour uptake and rapid excretion of small molecules has shifted the
research focus during the last decade to low molecular weight inhibitors with high affinity
to PSMA, such as [18F]FDCFPyL, [18F]PSMA-1007, [68Ga]PSMA-HBED, [177Lu]PSMA-617,
[177Lu]PSMA-I&T, [99mTc]MIP-1404 or [99mTc]PSMA I&S, to mention only a few. Due to the
plethora of such PSMA probes described during the last years, this review aims to give an
overview over the specific characteristics of those radiopharmaceuticals that have already
found widespread clinical application. In addition, recently introduced concepts such as
PSMA-tracers with increased plasma protein binding, are discussed.
Semin Nucl Med 49:302-312 © 2019 Published by Elsevier Inc.
Introduction

With ca 164,690 estimated new cases (9.5% of all new
cancer cases) in the US (worldwide about 1000,000)

in 2018 and 29,430 estimated deaths (4.8% of all cancer
deaths) in the US (worldwide about 300,0000) in 2018,
prostate cancer is one of the most frequent cancers and cause
of cancer�related deaths among men.1-3

Depending on the stage and severity of the disease, various
imaging methods, such as CT, bone scintigraphy, and trans
rectal ultrasound, as well as more recently introduced meth-
ods such as whole-body magnetic resonance imaging, multi-
parametric MRI, SPECT and PET have been suggested for
the evaluation of prostate cancer.
However, the specificity of the existing imaging modalities

used in the assessment of metastatic burden is limited. With
respect to nuclear imaging, the sensitivity of [11C]choline,4

[18F]fluoromethylcholine,5 and [18F]fluoroethylcholine6 was
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found to be limited and suboptimal, especially in patients
with rising but low PSA levels (<1.5 ng/mL).

Due to the high expression of prostate-specific membrane
antigen (PSMA), also named glutamate carboxypeptidase II
(GCPII), N-acetyl-L-aspartyl-L-glutamate peptidase I or NAAG
peptidase, on the cell membrane of prostate cancer cells and
based on first urea-based compounds designed by Kozikowski
et al.7 to inhibit GCPII in the brain, various low molecular
weight PSMA inhibitors (ca 0.5-1.5 kD) have been developed
with the aim to provide more sensitive radiopharmaceuticals
for prostate cancer imaging. These small-molecule PSMA
inhibitors are zinc binding structures such as ureas, phospho-
nates, phosphates, phosphoramidates, to mention only a few,
that interact with the binuclear zinc active site of PSMA that is
indispensable for the GCPII hydrolytic activity and coordi-
nated by the side chains of His377, Asp387, Glu425, Asp453,
and His553. Formally, the entire PSMA substrate binding cav-
ity of PSMA can be divided by this binuclear zinc active site
into two ‘halves’, the S1’ and the S1 pocket. Although S1’ is
quite specific for binding of glutamate and glutamate-like resi-
dues, the S1’ pocket exploits both polar and non-polar interac-
tions for binding of substrates or inhibitors. Consequently,
some more hydrophobic glutamate-like functionalities have
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been used for the development of inhibitors capable to pene-
trate the blood�brain barrier.8,9

With respect to substrate binding, the S1 pocket of GCPII is
quite specific for the negatively charged amino acids glutamate
and aspartate. This specificity is based on the so-called ‘argi-
nine patch’ formed by the cationic Arg534, Arg536, and
Arg463 side chains of PSMA. The S1 pocket has been
described as a flexible funnel with an 8 A

�
base at the active-

site zinc ions and a rim at a distance 20 A
�
with a diameter of

approximately 20 A
�
. Barinka et al. identified a hydrophobic

accessory pocket near the S1 site.10 This pocket with an
approximate diameter of 7 A

� £ 8.5 A
� £ 9 A

�
, which is opened

only by suitable positioning of Arg463 and Arg536, can signif-
icantly improve binding interaction of inhibitors. In addition,
Zhang et al.11 described a previously unknown arene-binding
site on PSMA, that is formed by the indole side chain of
Trp541 and the guanidinium group of Arg511, whose addi-
tional targeting can drastically enhance small molecule binding
affinity. This arene-binding side is exploited by various radio-
labelled PSMA inhibitors with longer spacers consisting of
Phe, iodo-Phe, or Nal residues, but also plays a major role for
the binding of PSMA-HBED-CC (DKFZ-PSMA-11) (Fig. 1) by
interaction with the aromatic residues of the HBED chelator.
In summary, binding of a glutamate or glutamate-like resi-

due to the S1’ pocket and simultaneous inhibition of the binu-
clear zinc active site are indispensable characteristics and
Figure 1 Selected small molecule-based PSMA-binding inhibito
ers PSMA-I&T and PSMA-617 for labelling with 68Ga, 177Lu, 2

ation with DOTAGA- and DOTA-chelator; [18F]BAY1075553
probably representing the smallest possible structure of a PS
PSMA inhibitor for PET imaging (in mice and baboons).
minimum requirements for PSMA-inhibitors, whereas interac-
tion with one or more of the other key structures described
above is optional and can significantly improve binding affin-
ity. An example of an inhibitor with the smallest possible
structure (only S1ʼ- and Zn-binding) is 2-[(18)F]fluoro-4-
(phosphonomethyl)-pentanedioic acid ([18F]BAY1075553)12

(Fig. 1). In direct comparison with 18F-labelled choline in a
small cohort of patients, [18F]FCH PET produced results
superior to those seen with [18F]BAY1075553 PET, particu-
larly with respect to detecting lymph node and bone marrow
metastases. This example can be taken as indication that clini-
cally relevant PSMA inhibitors should comprise additional
structural features to exploit interaction with the additional
binding pockets provided by PSMA.13

Initiated by a series of urea-based inhibitors of GCP II syn-
thesized by Kozikowski et al.7 in 2001 and triggered by the
first evaluation of one of these small molecule inhibitors,
[11C]MeCys-C(O)-Glu ([11C]MCG) (Fig. 1), in mice and
baboons to investigate GCP II expression in the CNS by
Pomper et al.,14 a huge variety of PSMA-targeted tracers has
been developed. To get a more detailed overview on the
binding modes of PSMA inhibitors, reference is made to
some excellent and comprehensive recent reviews on
PSMA-binding molecules as potential radiopharmaceuticals
and optical probes for targeted imaging as well as radioligand
therapy.15-20 In the following sections, only those
rs: PSMA-11 for 68Ga-labeling; the first theranostic trac-
25Ac, 111In, and other radiometals suitable for complex-
, a 90/10 mixture of the (2S,4S)- and (2R,4S)-isomer,
MA inhibitor, and [11C]MCG, the first small molecule
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PSMA-binding radiopharmaceuticals that have already found
clinical application are discussed further.
Radiometallated PSMA-Targeted
Small Molecules
Despite some earlier studies with radiolabelled PSMA tracers
in humans, the development of 68Ga-PSMA-11 (also called
68Ga-DKFZ-PSMA-11 or 68Ga-PSMA-HBED-CC) (Fig. 1) by
Eder and Haberkorn21 and the subsequent first clinical eval-
uation by Haberkorn and Afshar-Oromieh22,23 at the Ger-
man Cancer Research Centre and the University Hospital
Heidelberg can be regarded as major milestone in the clinical
transfer and utilisation of small molecule-based PSMA tar-
geted probes for PET imaging of metastasized prostate can-
cer. PSMA-11 consists of a Glu-urea-Lys inhibitor motif
conjugated with the highly efficient and Ga-specific acyclic
chelator N,N0-bis[2‑hydroxy-5-(carboxyethyl)benzyl]-ethylene-
diamine-N,N0- diacetic acid (HBED-CC) via an aminohexa-
noic acid spacer. Later it became clear that the HBED
chelator in PSMA-11 with its two substituted phenol rings
interacts with the remote arene-binding site on PSMA, while
the corresponding DOTA analogue showed lower affinity
and almost negligible internalization into PSMA+ LNCaP
cells. In addition, HBED can be labelled with 68Ga at low
concentrations even at room temperature. Thus, after its ini-
tial and successful preclinical evaluation, 68Ga-PSMA-11 ful-
filled all criteria for a highly promising PSMA targeted
radiopharmaceutical and was consequently rapidly trans-
ferred into first proof-of-concept studies in men.24,25

A third compound coevaluated with PSMA-11 and its
DOTA analogue by Eder et al.21 consisted of the same EuK-
inhibitor motif, coupled to a suberyl-Ne-Lys-linker, followed
by a Phe�Phe dipeptide for interaction with the arene binding
side a terminal DOTA chelator. Similar to the DOTA analogue
of PSMA-11, this compound had comparably low affinity and
was only negligibly internalized into LNCaP cells.
Due to the excellent imaging results already obtained in

the initial evaluation of [68Ga]PSMA-11, we took up the chal-
lenge of a rapid development and clinical transfer of a thera-
peutic analogue. To overcome the limitations of the above
mentioned EuK-sub-Ne-Lys-Phe-Phe-DOTA compound and
to improve the in vivo stability, the Ne-Lys-Phe-Phe-residues
were substituted by the corresponding D-amino acids, and
DOTA was replaced by the DOTAGA chelator, thus intro-
ducing another negative charge at this part of the molecule.
Based on these optimizations, the very first PSMA-targeted
177Lu-radioligand therapy was successfully carried out in
Bad Berka in April 2013.26 Since DOTAGA also allows
equally efficient radiolabelling with 68Ga, this first theranos-
tic PSMA-targeted compound was named PSMA I&T (Imag-
ing and Therapy)27,28 (Fig. 1), and was thereafter used in
several centres, both for imaging with 68Ga and radioligand
therapy (RLT) with 177Lu.29-31

Simultaneously, Bene�sov�a et al.32,33 investigated and evalu-
ated a series of DOTA-conjugated EuK-based inhibitors with
optimized linker structure. Based on preclinical (affinity,
internalization rate) and biodistribution data in LNCaP
tumour bearing mice, EuK-Nal-tranexamyl-DOTA (PSMA-
617) (Fig. 1) was selected as most promising agent. Compared
to 177Lu-PSMA I&T, 177Lu-PSMA-617 showed significantly
lower uptake in the kidneys of mice, while tumour uptake
and overall bisdistribution in mice were quite similar.

While the low kidney uptake of PSMA-617 in comparison
to PSMA I&T has often been referred in the literature as an
important criterion and dosimetric advantage in subsequent
studies in men, a direct comparison of both tracers in
patients impressively demonstrated almost identical kidney
clearance kinetics of 177Lu-PSMA I&T and 177Lu-PSMA-617
in men.26 Whether this significant species differences
between mice and men in the context of the kidney retention
of PSMA-targeted tracers is generally valid, needs further
investigation. Nevertheless, high kidney uptake of PSMA-tar-
geted probes in mice should not be overvalued and regarded
as an exclusion criterion for clinical translation.

A retrospective multicentric clinical trial on 145 patients
with a total of 248 therapy cycles was started in 2015 to evalu-
ate the efficacy and safety of 177Lu-PSMA-617 in patients with
metastatic prostate cancer.34 The study demonstrated favour-
able safety and high efficacy that exceed those of other third-
line systemic therapies in comparable patient cohorts. Based
on these on further promising clinical data, Endocyte (USA)
acquired the rights on PSMA-617 from ABX Biochemical
Compounds (GER) in October 2017 to enter a phase III study
with 177Lu-PSMA-617 (phase III global VISION clinical trial
in men with mCRPC). In October 2018, Novartis (CH)
announced to plan a merger with Endocyte in early 2019.
Thus, after the acquisition of Advanced Accelerator Applica-
tions by Novartis in October 2017, Novartis� therapeutic
PSMA-pipeline consists of at least two promising candidates,
since AAA also inlicenced the theranostic PSMA-compound
PSMA-SR6 with undisclosed structure from Johns Hopkins
University in January 2016.

As already established for other peptide or peptide-like
ligands, DOTA and DOTAGA-conjugated ligands can and
are commonly labelled with a diversity of other radionuclides
of potential interest, such as 44Sc,35-37 68Ga, 111In,38 Schotte-
lius for imaging, 47Sc, 90Y,39,40 161Tb41 or 177Lu for b-ther-
apy or 225Ac,42-44 213Bi,45,46 149Tb or 212Pb47 for a-therapy,
to mention only a few. In some other cases, such as copper-
labelled compounds, alternative and more kinetically stable
complexes with for example, NOTA, CB-TE2A, PCTA and
others are used.48 Since especially the clinical studies with
225Ac for targeted a-therapy of prostate cancer have been car-
ried out with those tracers, that is, PSMA¡617, that have
also been used for 177Lu-based b-therapy, we omitted to dis-
cuss these small molecules in this context again.
18F-Labelled PSMA-Targeted
Small Molecules
[18FDCFBC (N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-4-[18]
F-fluorobenzyl-L-cysteine)49 (Fig. 2) was the first 18F-labeled
compound that has been successfully evaluated in men.50-53



Figure 2 18F-labelled PSMA-inhibitors that have already been used for clinical imaging of patients with metastasized
prostate cancer. [18F]DCFBC with slow clearance kinetics and low tumour/background ratios; the second generation
compounds with fast clearance: [18F]DCFPyL (renal excretion, low activity in the liver, fast appearance of activity in
the bladder), [18F]DKFZ-1007 (predominantly renal excretion, higher liver uptake, no activity transfer to the bladder)
and [18F]CTT-1057 with pharmacokinetics quite similar to [18F]DCFPyL.
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Although some interesting studies have been carried out with
this tracer, [18F]DCFBC suffers from its slow blood clearance
(high background activity) and associated limitations for early
imaging with high sensitivity. These problems were overcome
with next generation compound [18F]DCFPyL (Fig. 2), which
is hydrophilic and thus shows fast renal excretion.54 In early
2019, 39 clinical studies with [18F]DCFPyL were registered in
the ClinicalTrials.gov database. First data from the OSPREY
2301 Study to examine the diagnostic performance of [18F]
DCFPyL to detect prostate cancer in pelvic lymph nodes in
patients with high risk locally advanced prostate cancer as
well as distant metastases in patients with metastatic or recur-
rent prostate cancer have been published in October 2018 by
Progenics Pharmaceuticals (US). In a recently published direct
comparison of [18F]DCFPyL with [68Ga]PSMA-11, [18F]
DCFPyL was found to perform equally well as 68Ga-PSMA-11,
while offering the advantages of large scale productions.55

Noteworthy, PET images were acquired 1 hour p.i. with
[68Ga]PSMA-11 and 2 hours after injection of [18F]DCFPyL,
respectively.
Similar to [68Ga]PSMA-11, [18F]DCFPyL is rapidly cleared

by renal excretion and thus also shows rapid appearance of
activity in the ureters and the bladder.
[18F]DKFZ-1007 (Fig. 2), a compound structurally related

to PSMA-617, represents another tracer developed by the
Group at the German Cancer Research Centre. Like PSMA-
617, PSMA-1007 contains the same EuK-inhibitor motif con-
jugated with Nal, but the tranexamyl-linker is replaced by a
4-caboxy-benzylamine residue followed by two glutamic
acid residues � to enhance the hydrophilicity � conjugated
with 6-18F-fluoronicotinic acid.56 Whereas the initial synthe-
sis consisted of the production of the activated 18F-labelled
prosthetic group that was subsequently coupled to the non-
protected precursor, followed by HPLC-purification of the
product (overall 1.5%-6.0% non-decay-corrected yield over-
all, 45 minutes),56 an improved one-step production by
direct 18F-fluorination of the unprotected 6-trimetylammo-
nium-nictotinyl precursor and subsequent cartridge separa-
tion was recently established.57 Using the novel one-step
procedure, the authors reported to be able to produce [18F]
PSMA-1007 in radiochemical yields from 25% to 80% in less
than 55 minutes (batches up to 50 GBq).

In contrast to [68Ga]PSMA-11 and [18F]DCFPyL and
despite predominant renal clearance, [18F]DKFZ-1007 does
not appear in the ureters and bladder within the imaging
time interval. Compared to [18F]DCFPyL, this advantage of
[18F]DKFZ-1007 comes at the price of a higher liver uptake,
which is caused by its higher lipophilicity. In another study,
[18F]DCFPyL and [18F]DKFZ-1007 were intra-individually
compared in a cohort of 12 patients.58 All patients were
imaged 2 hours p.i. of about 250 MBq of [18F]DCFPyL (six
patients) or [18F]PSMA-1007 (six patients), and were imaged
48 hours later under otherwise identical conditions with the
second tracer. No statistically significant differences between
the SUVmax of [18F]DCFPyL and [18F]PSMA-1007 in local
tumour, lymph node metastases, and bone metastases were
observed. Although excellent imaging quality was achieved
with both tracers, [18F]DCFPyL showed significantly higher
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uptake in kidneys, urinary bladder, and unexpectedly also in
lacrimal glands. In contrast, significantly higher uptake of
[18F]PSMA-1007 was found in muscle, submandibular and
sublingual glands, spleen, pancreas, liver, and gallbladder. In
addition the authors reported that the non-urinary excretion
of [18F]PSMA-1007 might offer some advantage with regard
to delineation of local recurrence or pelvic lymph node
metastasis in selected patients, whereas the lower hepatic
background of [18F]DCFPyL might favour this tracer in rare
late stage cases with liver metastases.58

[18F]CTT1057 (Fig. 2) is another 18F-labelled radiophar-
maceutical that has been licensed by pharmaceutical industry
(February 2018, by Advanced Accelerator Applications) for
further development in clinical trials. [18F]CTT1057 is a
phosphoramidate-based inhibitor for PSMA that showed
high affinity and suitable in vivo characteristics in an experi-
mental PSMA+ CWR22Rv1 animal model.59,60 It has been
selected from a series of compounds with different linkers
between the terminal 4-[18F]fluorobenzoyl residue and the
inhibitor part. Docking studies revealed that an additional
aminohexanoic residue in the linker part significantly
enhance PSMA affinity by enabling the 4-[18F]fluorobenzoyl
prosthetic group to interact with the arene-binding groove of
PSMA. Production of [18F]CTT1057 is performed in a two-
step process starting from the production of succinimidyl-4-
[18F]fluorobenzoate that is coupled to the primary amine
precursor followed by purification (overall 95 minutes,
12 § 5% decay corrected yield).61 The phase I clinical trial
for evaluation of the safety, pharmacokinetics, and 18F-radia-
tion dosimetry of [18F]CTT1057 in 20 patients was com-
pleted in August 2018 and has been recently published.62

The average total effective dose was 0.023 mSv/MBq. [18F]
CTT1057 was found to be a promising phosphoramidate
PSMA-targeting PET radiopharmaceutical that demonstrates
similar biodistribution to urea-based PSMA-targeted agents
with potentially lower radiation exposure of the kidneys and
salivary glands. Based on the imaging data presented and the
unexpectedly slow excretion kinetics of [18F]CTT1057,
imaging at 90 minutes or later seems to be a prerequisite for
high contrast imaging (low background). Similar to [18F]
DCFPyL, [18F]CTT1057 exhibits almost exclusive and fast
renal excretion with activity in the ureters and the bladder
already a few minutes after injection.
It should also be mentioned here that PSMA-11 (PSMA-

HED-CC) has also been used for 18F-labelling63 by means of
[18F]FAl2+ complexation and even automated syntheses has
been developed.64,65 The authors conclude that labelling of
PSMA-11 is feasible, but needs careful control of the labelling
and especially the formulation conditions. To the best of our
knowledge, studies on the clinical evaluation of [18F]AlF-
PSMA-11 have not been published so far.
99mTc-Labelled PSMA-Targeted
Small Molecules
The first 99mTc-labelled PSMA probe that was published in
2007 by Mishra et al.66 was an adamantine trimerized
phosphonate-based small molecule with 3 nM affinity bind-
ing to PSMA. The trimeric conjugate was labelled with 99mTc
by means of a mercaptoacetyl-seryl-seryl‑serine sequence
conjugated as forth decoration unit to the adamantine
core structure. Among many further developments, Babich
and colleagues developed a series of novel and promising
99mTc/Re-tricarbonyl radiolabelled inhibitors of the gluta-
mate-urea-lysine- (Glu-urea-Lys) and glutamate-urea-gluta-
mate- (Glu-urea-Glu) type generated by coupling of pyridine
and imidazole-based single amino acid chelates via spacers
with different length to the pharmacophore.67 In a subse-
quent comparative preclinical evaluation, the four most
promising 99mTc-candidates (MIP-1404, MIP-1428, MIP-
1427 and MIP-1405) (Fig. 3) were evaluated in vitro and in
vivo.68 Although all compounds were found to bind with
high specificity and low nM affinity to PSMA, the two com-
pounds with the carboxyl-rich TIM chelator (four carboxy-
lates, MIP-1404 and MIP-1428) showed faster excretion and
less unspecific binding when compared with the two com-
pounds with the CIM chelator (with two carboxylates, MIP-
1427 and MIP-1405). Based on this comparison, the authors
concluded that 99mTc-MIP-1404 exhibited the best combina-
tion of high tumour uptake and rapid clearance from kidney
and non-target tissues. Consequently, 99mTc-MIP-1404 was
further evaluated in a series of clinical studies69-74 that con-
firmed the high potential of this tracer for clinical SPECT
imaging. Recently, a phase III clinical trial to evaluate the
specificity of 99mTc-MIP-1404 imaging to identify patients
without clinically significant prostate cancer and its sensitiv-
ity to identify patients with clinically significant disease by
Progenics Pharmaceuticals was completed (Sept. 2018). The
study dosed 471 patients in the US and Canada. 99mTc-MIP-
1404 detected clinically meaningful prostate cancer with
specificity ranging 71%-75%, the co-primary endpoint of
sensitivity was not met.

In a very detailed investigation, Banerjee and colleagues at
the Johns Hopkins University compared three different
99mTc-labelling methods ((a) [99mTc(CO)3]

+ labelling, (b)
NxSy-based chelating and�classical�agents with varying charge
and polarity for the 99mTc-oxo core, and (c) a 99mTc-organo-
hydrazine-labelled radioligand) and evaluated the effect of
the chelator on the biodistribution and tumour uptake kinet-
ics of 12 urea-based PSMA-targeted inhibitors.75 Amongst
these compounds, one of the 99mTc(I)-Tricarbonyl-labelled
analogues provided the highest PSMA-specific tumour
uptake and demonstrated the lowest retention in normal tis-
sues including kidney 2 hours p.i..

After first successful evaluation of [111In]PSMA I&T for
radioguided surgery,76�78 the Munich group initiated the
development of a [99mTc]PSMA ligand to overcome the
costly 111In-labelling and to provide a ligand with improved
characteristics for intraoperative detection of single and atyp-
ically localized lymph node metastasis by means of a small
and sensitive handheld g-probe. Based on the general ligand
design of PSMA-I&T, PSMA-I&S (for Imaging and Surgery)
(Fig. 3) was specifically modified and optimized for applica-
tion as a PSMA-targeted intraoperative probe. This involved
the substitution of the N-terminal DOTAGA chelator by



Figure 3 99mTc-labelled PSMA-inhibitors MIP-1428, 1404, 1405 and 1427. MIP-1428 and MIP-1405 are Glu-urea-Lys-
(=EuK) based inhibitors, whereas MIP-1427 and MIP-1404 are using the Glu-urea-Glu (EuE-) inhibitor structure. Due
to its favourable properties in preclinical studies and proof of concept studies in men, [99mTc]MIP-1404 has been fur-
ther evaluated in clinical trials.
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mas3 (mercaptoacetyl-(D-Ser)3-) and the use of an alternative
peptidic linker unit (y-nal-k instead of (3-iodo-tyr)-f-k). The
all-D-amino acid chelator was used to further improve the
metabolic stability of the 99mTc-chelate, and the alternative
peptide linker was introduced to enhance interaction with
the remote arene binding site79 and to support plasma pro-
tein binding of [99mTc]PSMA-I&S and thus to delay blood
clearance, with the aim of achieving maximal tracer uptake
in the metastatic lymph nodes prior to surgery. Although
this compound was originally designed to ideally match the
typical workflow of a radioguided surgery (injection of the
99mTc-compound in the late afternoon; radioguided surgery
in the early morning of the following day), [99mTc]PSMA-
I&S has also found widespread application for SPECT Imag-
ing at 3-5 hours p.i. with unexpectedly high contrast and
imaging quality. [99mTc]PSMA I&S radioguided surgery has
rapidly been established at various hospitals and was
reported to be of high value for successful intraoperative
detection and removal of metastatic lesions in PC patients
scheduled for salvage surgery. Nevertheless, its long-term
impact on outcome still needs to be evaluated.80-82
Radioiodinated PSMA-Targeted
Small Molecules
The first radioiodinated PSMA tracer, urea-bridged 3-[125I]
iodo-L-tyrosine and glutamic acid, was developed by the
Pomper group in 2005.83 However, despite its higher affinity
(1.5 nM), the tumour uptake of this first iodinated tracer was
significantly lower than that of the co-evaluated [11C]DCMC
(3.1 nM; urea-bridged S-[11C]methyl-L-cyctein and glutamic
acid). In a further study, this group developed [125I]DCIBzl
(urea-bridged Ne-4-[125I]iodobenzoyl-L-Lys and L-Glu)84

(Fig. 4). Due to its 10 pM affinity to PSMA, this ligand is
extensively used as reference compound in competitive bind-
ing assays in the development of novel PSMA radiopharma-
ceuticals. In 2009, Babich and colleagues described and



Figure 4 Iodinated PSMA-inhibitors DClBzl, MIP-1072 and MIP-1095. DClBzL is a compound with very high affinity to
PSMA and thus is often used as 125I-labeled reference compound in competitive binding assays. Based on the pharma-
cokinetics of both compounds in preclinical and first human studies, 123I-labelled MIP-1072 was further evaluated as
a diagnostic agent, whereas 131I-labelled MIP-1095 has been evaluated for radioligand therapy.
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evaluated a series of novel radiohalogenated benzyl- and phe-
nylureido-conjugated Lys-urea-Glu-based PSMA ligands,85

some of which have later been investigated in a variety of
clinical investigations. Two of the most promising com-
pounds from this series, MIP-1072 and MIP-1095 showed
high affinity to PSMA (Ki values of 0.24 § 0.14 and
4.6§ 1.6 nM, respectively). Biodistribution studies in
LNCaP tumour�bearing mice with 123I�labelled versions of
both compounds resulted in remarkable tumour uptake val-
ues of 17.4§ 6.3%ID/g at 1 hour p.i. and 5.03 § 1.35%ID/g
at 24 hours for MIP-1072 and 34.3§ 12.7%ID/g at 4 hour
p.i. and 29.1§ 15.1%ID/g at 24 hours for MIP-1095. Both
compound were evaluated in clinical studies,86 with MIP-
1095 being the radioiodinated inhibitor of choice for subse-
quent therapy studies in men, whereas MIP-1072 has been
further evaluated for SPECT imaging.87 Unfortunately it was
found, that the best therapeutic effect was achieved by the
first therapy cycle with [125I]MIP-1095 (PSA decline of
�50% in 70.6% of the patients), while the subsequent ther-
apy cycles were significantly less effective.88
Figure 5 The PSMA inhibitor PMPA and the PMPA prodrug JHU-
2545. With the aim to reduce activity uptake in the salivary gland
and the kidneys, both compounds have been used for pretreatment
prior to administration of radiolabelled PSMA inhibitors.
NewConcepts
Concepts to Decrease the Salivary Gland
Uptake PSMA Inhibitors
To further improve targeted radioligand therapy of metasta-
sized prostate cancer, some new concepts are under investiga-
tion. Salivary gland toxicity (dry mouth syndrome) is
regarded as the main limitations during targeted a-RLT. To
overcome these shortcomings, sialendoscopy with dilatation,
saline irrigation and steroid injection,89 intraparenchymal
injections of botulinum toxin90 and other drugs, external cool-
ing of the salivary glands with icepacks and other methods
have been investigated in patients with some, but limited suc-
cess. It seems that not only inflammation, but also a direct
effect of radiation is a potential cause of dry mouth after tar-
geted a-therapy. It was recently reported, that intraperitoneal
injection of up to 164mg/kg monosodium glutamate reduces
the uptake of 68Ga-PSMA-11 in salivary glands and kidneys in
LNCaP tumour-bearing mice,91 while tumour uptake is
almost unaffected. Although inhibition of kidney uptake with
2-phosphonomethylpentanedioic acid (PMPA) (Fig. 5) has
already been investigated in mouse models,92 Mayer and
colleagues recently developed orally available prodrugs of (2-
PMPA).93 For their best candidate product JHU-2545 (Fig. 5),
in which both the phosphonate and a-carboxylate are pro-
tected with isopropyloxycarbonyloxymethyl residues, the
desired in vivo release of 2-PMPA after oral administration
was demonstrated both in mice and dogs. In a first study in a
small number of mCRPC patients94 intravenous injection of
10mg JHU-2545 15 minutes prior to injection of 177Lu-
PSMA-617 increased the metastases and/or salivary gland dose
ratio to 350%-550% of control values, and the metastases
and/or kidney dose ratio to between 190% and 650% of con-
trol. The authors conclude that, based on available dosimetry,
JHU-2545 increases the cumulative allowable 177Lu-PSMA617
dose by two to sixfold.94
Concepts to Increase the Overall Tumour
Uptake by Plasma Protein Binding
Increasing the plasma protein binding of pharmaceuticals
can be an effective strategy to decrease clearance rate while
improving specific uptake of drugs.95 For this purpose, con-
jugation of an albumin binding domain96 or low-molecular-
weight albumin binding moieties has been investigated to
improve the tissue distribution of the corresponding biovec-
tors.96,97 Consequently, the use of PSMA-inhibitors with
increased albumin binding and decelerated clearance kinetics
has been suggested as promising approach to improve
tumour uptake of therapeutic PSMA-ligands.98-107 Among
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others, one approach currently investigated by several groups
aims at exploiting the high albumin binding of Evans Blue
and its analogues for the modulation of the clearance kinetics
of therapeutic PSMA-inhibitors,108 such as PSMA-617.109

The improved pharmacokinetics of one of the modified
PSMA-617 compounds, named EB-PSMA-617, resulted in
significantly higher accumulation in PSMA+ PC3-PIP
tumours and highly effective RLT. In a first proof-of-concept
study in nine patients with mCRPC,110 the number of disin-
tegrations of all tumour lesions (MBq-h/MBq/g) in the 177Lu-
EB-PSMA-617 group was about 2.15-fold higher than that in
patients receiving 177Lu-PSMA-617, with the 177Lu-EB-
PSMA-617/177Lu-PSMA-617-ratios of organ doses also being
significantly increased (salivary glands: 5.1, kidneys: 6.1,
osteogenic cells: 6.8 or red marrow: 6.5; ratios of the effective
doses: 5.5). Further studies are required to demonstrate
whether the positive effect of prolonged clearance kinetics
on the tumour uptake of therapeutic PSMA inhibitors by
enhanced albumin binding can increase the therapeutic win-
dow and thus the efficacy of RLT, or whether the parallel
increase of undesirable tracer uptake in dose limiting tissues
will generally overcompensate the enhanced tumour uptake.
Radiohybrid PSMA-Inhibitors
With the aim to provide a platform technology that allows
for fast and efficient labelling of peptide and peptide-like
radiopharmaceuticals such as PSMA inhibitors with either
18F or radiometals, a unique and novel class of radiopharma-
ceuticals named radiohybrid PSMA-ligands (rhPSMA) has
recently been developed, preclinically evaluated and trans-
ferred into clinical studies. A unique feature of rhPSMA-
ligands is that these ligands contain both covalently bonded
fluorine and a metal complex, with one of them alternatively
being radioactive and the other non-radioactive (eg, [18F]
[natGa]rhPSMA or [19F][68Ga]rhPSMA, or [18F][natLu]
rhPSMA or [19F][177Lu]rhPSMA). As chemically identical
twins, rhPSMA ligands can be used as twins for PET-imaging
with either 18F or 68Ga or to truly bridge imaging and ther-
apy, for example, when applying the 18F-twin for prethera-
peutic PET imaging, dosimetry and/or therapy monitoring,
while using the 177Lu-twin for the corresponding RLT. Tak-
ing into account that application of recently developed [18F]
[natGa]rhPSMA-7.3 in >1600 patients with metastasized
prostate cancer demonstrated excellent imaging properties,
the corresponding [19F][68Ga]rhPSMA-7.3 tracer would
allow to easily transfer this experience to 68Ga-PSMA PET.
Beyond these unique features, the large scale production of
18F-labelled rhPSMA-ligands in clinical GMP environments
is completed within <15 minutes [citations to be added in the
proofs]. Radiohybrid PSMAs, developed at the Technical Uni-
versity Munich, have been licensed by Blue Earth Diagnostics
(May 2019) for further clinical development.
Conclusions
During the last years, the development of PSMA-targeted
pharmaceuticals has become one of the most active and
dynamic radiopharmaceutical research fields. These aca-
demic research activities are paralleled and supported by
heretofore unknown commitments of industrial companies
and focused clinical development programs. Based on these
activities it can be reasonably assumed that the first approved
PSMA-targeted radiopharmaceutical, most probably a 99mTc-
or 18F-labelled PSMA-inhibitor, will appear within the next 2
years. From both a clinical and a chemical point of view, it
seems justified to conclude that with respect to PSMA-tar-
geted imaging agents, the limits of what is chemically feasible
and necessary concerning further tracer improvements are
virtually exhausted. In contrast, a ʽsecond generationʼ of ther-
apeutic agents with optimized pharmacokinetic profiles and
lower uptake in non-tumour tissue could pave the way
towards more efficient RLT strategies, for example, targeted
a-therapy and combination therapies.
References
1. Data for the United States of America from the Surveillance, Epidemi-

ology, and End Results (SEER) Program. National Cancer Institute,
supported by the Surveillance Research Program (SRP) in NCI’s Divi-
sion of Cancer Control and Population Sciences (DCCPS). Available
from: https://seer.cancer.gov/

2. Ferlay J, Elvik M, Dikshit R, et al: GLOBOCAN 2012 VI .0, Cancer
Incidence and Mortality Worldwide: IARC CancerBase No. I I [Inter-
net]. Lyon, France: International Agency for Research on Cancer,
2013. [Internet]. 2013 [cited 2017 Dec 2]. Available from: http://glo-
bocan.iarc.fr/Pages/fact_sheets_cancer.aspx

3. Ferlay J, Soerjomataram I, Dikshit R, et al: Cancer incidence and mor-
tality worldwide: Sources, methods and major patterns in GLOBOCAN
2012. Int J Cancer. 136:E359-E386, 2015

4. Hara T, Kosaka N, Kishi H: PET imaging of prostate cancer using car-
bon-11-choline. J Nucl Med 39:990-995, 1998

5. DeGrado TR, Coleman RE, Wang S, et al: Synthesis and evaluation of
18F-labeled choline as an oncologic tracer for positron emission
tomography: Initial findings in prostate cancer. Cancer Res 61:110-
117, 2001

6. Hara T1, Kosaka N, Kishi H: Development of (18)F-fluoroethylcholine
for cancer imaging with PET: Synthesis, biochemistry, and prostate
cancer imaging. J Nucl Med 43:187-199, 2002

7. Kozikowski AP, Nan F, Conti P, et al: Design of remarkably simple, yet
potent urea-based inhibitors of glutamate carboxypeptidase II (NAA-
LADase). J Med Chem 44:298-301, 2001

8. Wang H, Byun Y, Barinka C, et al: Bioisosterism of urea-based GCPII
inhibitors: Synthesis and structure-activity relationship studies. Bioorg
Med Chem Lett 20:392-397, 2010

9. Hlouchova K, Barinka C, Klusak V, et al: Biochemical characterization
of human glutamate carboxypeptidase III. J Neurochem 101:682-
696, 2007

10. Barinka C, Byun Y, Dusich CL, et al: Interactions between human glu-
tamate carboxypeptidase II and urea-based inhibitors: Structural char-
acterization. J Med Chem 51:7737-7743, 2008

11. Zhang AX, Murelli RP, Barinka C, et al: A remote arene-binding site on
prostate specific membrane antigen revealed by antibody-recruiting
small molecules. J Am Chem Soc 132:12711-12716, 2010

12. Lesche R, Kettschau G, Gromov AV, et al: Preclinical evaluation of BAY
1075553, a novel (18)F-labelled inhibitor of prostate-specific mem-
brane antigen for PET imaging of prostate cancer. Eur J Nucl Med Mol
Imaging 41:89-101, 2014

13. Beheshti M, Kunit T, Haim S, et al: BAY 1075553 PET-CT for staging
and restaging prostate cancer patients: Comparison with [18F] fluoro-
choline PET-CT (Phase I study). Mol Imaging Biol 17:424-433, 2015

14. Pomper MG, Musachio JL, Zhang J, et al: 11C-MCG: Synthesis, uptake
selectivity, and primate PET of a probe for glutamate carboxypeptidase
II (NAALADase). Mol Imaging. 1:96-101, 2002

https://seer.cancer.gov/
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0002
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0002
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0002
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0003
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0003
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0004
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0004
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0004
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0004
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0005
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0005
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0005
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0006
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0006
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0006
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0007
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0007
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0007
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0008
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0008
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0008
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0009
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0009
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0009
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0010
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0010
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0010
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0011
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0011
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0011
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0011
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0012
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0012
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0012
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0013
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0013
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0013


310 H.-J. Wester and M. Schottelius
15. Gourni E, Henriksen G: Metal-based PSMA radioligands. Molecules.
22:E523, 2017. pii:

16. W€ustemann T, Haberkorn U, Babich J, et al: Targeting prostate cancer:
Prostate-specific membrane antigen based diagnosis and therapy. Med
Res Rev 39:40-69, 2019

17. Kiess AP, Banerjee SR, Mease RC, et al: Prostate-specific membrane
antigen as a target for cancer imaging and therapy. Q J Nucl Med Mol
Imaging 59:241-268, 2015

18. Kopka K, Bene�sov�a M, Ba�rinka C, et al: Glu-Ureido-based inhibitors of
prostate-specific membrane antigen: Lessons learned during the devel-
opment of a novel class of low-molecular-weight theranostic radio-
tracers. J Nucl Med 58(Suppl 2):17S-26S, 2017. https://doi.org/
10.2967/jnumed.116.186775

19. Will L, Sonni I, Kopka K, et al: Radiolabeled prostate-specific mem-
brane antigen small-molecule inhibitors. Q J Nucl Med Mol Imaging
61:168-180, 2017

20. Pillai MRA, Nanabala R, Joy A, et al: Radiolabeled enzyme inhibitors and
binding agents targeting PSMA: Effective theranostic tools for imaging
and therapy of prostate cancer. Nucl Med Biol 43:692-720, 2016

21. Eder M, Sch€afer M, Bauder-W€ust U, et al: 68Ga-complex lipophilicity
and the targeting property of a urea-based PSMA inhibitor for PET
imaging. Bioconjugate Chem 23:688-697, 2012

22. Afshar-Oromieh A, Haberkorn U, Eder M, et al: [68Ga]Gallium-
labelled PSMA ligand as superior PET tracer for the diagnosis of pros-
tate cancer: Comparison with 18F-FECH. Eur J Nucl Med Mol Imaging
39:1085-1086, 2012

23. Afshar-Oromieh A, Malcher A, Eder M, et al: PET imaging with a
[68Ga]gallium-labelled PSMA ligand for the diagnosis of prostate can-
cer: Biodistribution in humans and first evaluation of tumour lesions.
Eur J Nucl Med Mol Imaging 40:486-495, 2013

24. Afshar-Oromieh A, Zechmann CM, Malcher A, et al: Comparison of
PET imaging with a (68)Ga-labelled PSMA ligand and (18)F-choline-
based PET/CT for the diagnosis of recurrent prostate cancer. Eur J
Nucl Med Mol Imaging 41:11-20, 2014

25. Eiber M, Maurer T, Souvatzoglou M, et al: Evaluation of hybrid ⁶⁸Ga-
PSMA ligand PET/CT in 248 patients with biochemical recurrence after
radical prostatectomy. J Nucl Med 56:668-674, 2015

26. Kulkarni HR, Singh A, Schuchardt C, et al: PSMA-based radioligand
therapy for metastatic castration-resistant prostate cancer: The bad Berka
experience since 2013. J Nucl Med 57(Suppl 3):97S-104S, 2016

27. Weineisen M, Schottelius M, Simecek J, et al: 68Ga- and 177Lu-labeled
PSMA I&T: Optimization of a PSMA-targeted theranostic concept and first
proof-of-concept human studies. J Nucl Med 56:1169-1176, 2015

28. Weineisen M, Simecek J, Schottelius M, et al: Synthesis and preclinical
evaluation of DOTAGA-conjugated PSMA ligands for functional imaging
and endoradiotherapy of prostate cancer. EJNMMI Res 4:63, 2014

29. Baum RP, Kulkarni HR, Schuchardt C, et al: 177Lu-labeled prostate-spe-
cific membrane antigen radioligand therapy of metastatic castration-resis-
tant prostate cancer: Safety and efficacy. Nucl Med 57:1006-1013, 2016

30. Heck MM, Tauber R, Schwaiger S, et al: Treatment outcome, toxicity,
and predictive factors for radioligand therapy with 177Lu-PSMA-I&T
in metastatic castration-resistant prostate cancer. Eur Urol 2018 Nov
22. pii: S0302-2838(18)30873-X

31. Heck MM, Tauber R, Schwaiger S, et al: Treatment outcome, toxicity,
and predictive factors for radioligand therapy with 177Lu-PSMA-I&T
in metastatic castration-resistant prostate cancer. Eur Urol 2018 Nov
22. pii: S0302-2838(18)30873-X

32. Bene�sov�a M, Bauder-W€ust U, Sch€afer M, et al: Linker modification
strategies to control the prostate-specific membrane antigen (PSMA)-
targeting and pharmacokinetic properties of DOTA-conjugated PSMA
inhibitors. J Med Chem 59:1761-1775, 2016

33. Bene�sov�a M, Sch€afer M, Bauder-W€ust U, et al: Preclinical evaluation of
a tailor-made DOTA-conjugated PSMA inhibitor with optimized linker
moiety for imaging and endoradiotherapy of prostate cancer. J Nucl
Med 56:914-920, 2015

34. Rahbar K, Ahmadzadehfar H, Kratochwil C, et al: German Multicenter
study investigating 177Lu-PSMA-617 radioligand therapy in advanced
prostate cancer patients. J Nucl Med 58:85-90, 2017
35. Umbricht CA, Bene�sov�a M, Schmid RM, et al: 44Sc-PSMA-617 for
radiotheragnostics in tandem with 177Lu-PSMA-617-preclinical inves-
tigations in comparison with 68Ga-PSMA-11 and 68Ga-PSMA-617.
EJNMMI Res 7:9, 2017. https://doi.org/10.1186/s13550-017-0257-4

36. Eppard E, de la Fuente A, Bene�sov�a M, et al: Clinical translation and
first in-human use of [44Sc]Sc-PSMA-617 for PET imaging of metas-
tasized castrate-resistant prostate cancer. Theranostics 7:4359-4369,
2017

37. Khawar A, Eppard E, Sinnes JP, et al: Prediction of normal organ
absorbed doses for [177Lu]Lu-PSMA-617 using [44Sc]Sc-PSMA-617
pharmacokinetics in patients with metastatic castration resistant pros-
tate carcinoma. Clin Nucl Med 43:486-491, 2018

38. Gourni E, Canovas C, Goncalves V, et al: (R)-NODAGA-PSMA: A ver-
satile precursor for radiometal labeling and nuclear imaging of PSMA-
positive tumors. PLoS One 10:e0145755, 2015

39. Wang Z, Jacobson O, Tian R, et al: Radioligand therapy of prostate cancer
with a long-lasting prostate-specific membrane antigen targeting agent
90Y-DOTA-EB-MCG. Bioconjugate Chem 29:2309-2315, 2018

40. Rathke H, Flechsig P, Mier W, et al: Dosimetry estimate and initial clin-
ical experience with 90Y-PSMA-617. J Nucl Med 2018. pii:
jnumed.118.218917

41. Champion C, Quinto MA, Morgat C, et al: Comparison between three
promising ß-emitting radionuclides, (67)Cu, (47)Sc and (161)Tb, with
emphasis on doses delivered to minimal residual disease. Theranostics
6:1611-1618, 2016. doi: 10.7150/thno.15132. eCollection 2016

42. Kratochwil C, Bruchertseifer F, Giesel FL, et al: 225Ac-PSMA-617 for
PSMA-targeted a-radiation therapy of metastatic castration-resistant
prostate cancer. J Nucl Med 57:1941-1944, 2016

43. Morgenstern A, Apostolidis C, Kratochwil C, et al: An overview of tar-
geted alpha therapy with 225Actinium and 213Bismuth. Curr Radio-
pharm 11:200-208, 2018

44. Kratochwil C, Bruchertseifer F, Rathke H, et al: Targeted a-therapy of
metastatic castration-resistant prostate cancer with 225ac-psma-617:
Dosimetry estimate and empiric dose finding. J Nucl Med 58:1624-
1631, 2017

45. Sathekge M, Knoesen O, Meckel M, et al: 213Bi-PSMA-617 targeted
alpha-radionuclide therapy in metastatic castration-resistant prostate
cancer. Eur J Nucl Med Mol Imaging 44:1099-1100, 2017

46. Chakravarty R, Siamof CM, Dash A, et al: Targeted a-therapy of prostate
cancer using radiolabeled PSMA inhibitors: A game changer in nuclear
medicine. Am J Nucl Med Mol Imaging 8:247-267, 2018

47. Dos Santos JC, Sch€afer M, Bauder-W€ust U, et al: Development and
dosimetry of 203 Pb/212Pb-labelled PSMA ligands: Bringing “the lead”
into PSMA-targeted alpha therapy? Eur J Nucl Med Mol Imaging 2019.
https://doi.org/10.1007/s00259-018-4220-z. [Epub ahead of print]

48. Banerjee SR1, Pullambhatla M, Foss CA, et al: 64Cu-labeled inhibitors
of prostate-specific membrane antigen for PET imaging of prostate can-
cer. J Med Chem 57:2657-2669, 2014. https://doi.org/10.1021/
jm401921j. Epub 2014 Mar 7

49. Mease RC, Dusich CL, Foss CA, et al: N-[N-[(S)-1,3-Dicarboxy-
propyl]carbamoyl]-4-[18F]fluorobenzyl-L-cysteine, [18F]DCFBC: A
new imaging probe for prostate cancer. Clin Cancer Res 14:3036-
3043, 2008

50. Cho SY, Gage KL, Mease RC: Biodistribution, tumor detection, and
radiation dosimetry of 18F-DCFBC, a low-molecular-weight inhibitor
of prostate-specific membrane antigen, in patients with metastatic
prostate cancer. J Nucl Med 53:1883-1891, 2012

51. Rowe SP, Gage KL, Faraj SF, et al: 1⁸F-DCFBC PET/CT for PSMA-
based detection and characterization of primary prostate cancer. J Nucl
Med 56:1003-1010, 2015

52. Rowe SP, Macura KJ, Ciarallo A, et al: Comparison of prostate-specific
membrane antigen-based 18F-DCFBC PET/CT to conventional imag-
ing modalities for detection of hormone-na€ıve and castration-resistant
metastatic prostate cancer. J Nucl Med 57:46-53, 2016

53. Mena E, Lindenberg ML, Shih JH, et al: Clinical impact of PSMA-based
18F-DCFBC PET/CT imaging in patients with biochemically recurrent
prostate cancer after primary local therapy. Eur J Nucl Med Mol Imag-
ing 45:4-11, 2018

http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0014
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0014
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0015
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0015
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0015
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0015
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0016
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0016
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0016
https://doi.org/10.2967/jnumed.116.186775
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0018
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0018
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0018
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0019
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0019
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0019
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0020
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0020
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0020
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0020
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0020
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0021
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0021
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0021
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0021
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0022
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0022
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0022
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0022
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0023
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0023
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0023
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0023
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0024
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0024
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0024
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0025
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0025
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0025
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0026
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0026
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0026
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0027
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0027
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0027
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0028
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0028
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0028
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0029
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0029
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0029
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0029
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0030
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0030
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0030
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0030
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0031
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0031
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0031
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0031
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0031
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0031
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0031
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0031
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0032
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0032
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0032
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0032
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0032
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0032
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0032
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0032
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0033
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0033
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0033
https://doi.org/10.1186/s13550-017-0257-4
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0035
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0035
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0035
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0035
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0035
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0035
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0036
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0036
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0036
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0036
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0037
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0037
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0037
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0038
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0038
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0038
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0039
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0039
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0039
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0040
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0040
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0040
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0040
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0040
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0041
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0041
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0041
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0041
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0042
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0042
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0042
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0043
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0043
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0043
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0043
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0043
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0044
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0044
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0044
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0045
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0045
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0045
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0045
https://doi.org/10.1007/s00259-018-4220-z
https://doi.org/10.1021/jm401921j
https://doi.org/10.1021/jm401921j
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0048
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0048
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0048
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0048
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0049
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0049
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0049
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0049
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0050
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0050
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0050
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0050
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0051
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0051
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0051
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0051
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0051
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0052
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0052
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0052
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0052


PSMA-Targeted Radiopharmaceuticals 311
54. Chen Y, Pullambhatla M, Foss CA, et al: 2-(3-{1-Carboxy-5-[(6-[18F]
fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-pentanedioic
acid, [18F]DCFPyL, a PSMA-based PET imaging agent for prostate
cancer. Clin Cancer Res 17:7645-7653, 2011

55. Dietlein F, Kobe C, Neubauer S, et al: PSA-stratified performance of
18F- and 68Ga-PSMA PET in patients with biochemical recurrence of
prostate cancer. J Nucl Med 58:947-952, 2017

56. Cardinale J, Sch€afer M, Bene�sov�a M, et al: Preclinical evaluation of 18F-
PSMA-1007, a new prostate-specific membrane antigen ligand for
prostate cancer imaging. J Nucl Med 58:425-431, 2017

57. Cardinale J, Martin R, Remde Y, et al: Procedures for the GMP-compli-
ant production and quality control of [18F]PSMA-1007: A next gener-
ation radiofluorinated tracer for the detection of prostate cancer.
Pharmaceuticals (Basel) 10(4):77, 2017.

58. Giesel FL, Will L, Lawal I, et al: Intraindividual comparison of 18F-
PSMA-1007 and 18F-DCFPyL PET/CT in the prospective evaluation of
patients with newly diagnosed prostate carcinoma: A pilot study. J
Nucl Med 59:1076-1080, 2018

59. Ganguly T, Dannoon S, Hopkins MR, et al: A high-affinity [18F]-
labeled phosphoramidate peptidomimetic PSMA-targeted inhibitor for
PET imaging of prostate cancer. Nucl Med Biol 42:780-787, 2015

60. Dannoon S, Ganguly T, Cahaya H, et al: Structure-activity relationship
of (18)F-labeled phosphoramidate peptidomimetic prostate-specific
membrane antigen (PSMA)-targeted inhibitor analogues for PET imag-
ing of prostate cancer. Med Chem 59:5684-5694, 2016

61. Jivan S, Neuman K, Villeret G, et al: Fully automated preparation of
[18F]CTT1057, a new prostate cancer imaging agent, prepared using
the ORA Neptis� Perform Synthesizer. J Labelled Comp Radiopharm
60:1, 2017

62. Behr SC, Aggarwal R, Van Brocklin HF, et al: First-in-Human Phase I
study of CTT1057, a novel 18F labeled imaging agent with phosphora-
midate core targeting prostate specific membrane antigen in prostate
cancer. J Nucl Med 2018. https://doi.org/10.2967/jnumed.118.220715.
pii: jnumed.118.220715. [Epub ahead of print]

63. Boschi S, Lee JT, Beykan S, et al: Synthesis and preclinical evaluation of
an Al18F radiofluorinated GLU-UREA-LYS(AHX)-HBED-CC PSMA
ligand. Eur J Nucl Med Mol Imaging 43:2122-2130, 2016

64. Kersemans K, De Man K, Courtyn J, et al: Automated radiosynthesis of
Al[18F]PSMA-11 for large scale routine use. Appl Radiat Isot 135:19-
27, 2018

65. Giglio J, Zeni M, Savio E, et al: Synthesis of an Al18F radiofluorinated
GLU-UREA-LYS(AHX)-HBED-CC PSMA ligand in an automated syn-
thesis platform. EJNMMI Radiopharm Chem 3:4, 2018

66. Misra P, Humblet V, Pannier N, et al: Production of multimeric prostate-
specific membrane antigen small-molecule radiotracers using a solid-
phase 99mTc preloading strategy. J Nucl Med 48:1379-1389, 2007

67. Lu G, Maresca KP, Hillier SM, et al: Synthesis and SAR of 99mTc/Re-
labeled small molecule prostate specific membrane antigen inhibitors
with novel polar chelates. Bioorg Med Chem Lett 23:1557-1563, 2013

68. Hillier SM, Maresca KP, Lu G, et al: 99mTc-labeled small-molecule
inhibitors of prostate-specific membrane antigen for molecular imaging
of prostate cancer. J Nucl Med 54:1369-1376, 2013

69. Goffin KE, Joniau S, Tenke P, et al: Phase 2 study of 99mTc-trofolastat
SPECT/CT to identify and localize prostate cancer in intermediate- and
high-risk patients undergoing radical prostatectomy and extended pel-
vic lymph node dissection. J Nucl Med 58:1408-1413, 2017

70. Reinfelder J, Kuwert T, Beck M, et al: First experience with SPECT/CT
using a 99mTc-labeled inhibitor for prostate-specific membrane anti-
gen in patients with biochemical recurrence of prostate cancer. Clin
Nucl Med 42:26-33, 2017

71. Vallabhajosula S, Nikolopoulou A, Babich JW, et al: 99mTc-labeled
small-molecule inhibitors of prostate-specific membrane antigen: Phar-
macokinetics and biodistribution studies in healthy subjects and patients
with metastatic prostate cancer. J Nucl Med 55:1791-1798, 2014

72. Schmidkonz C, Hollweg C, Beck M, et al: 99 m Tc-MIP-1404-SPECT/
CT for the detection of PSMA-positive lesions in 225 patients with bio-
chemical recurrence of prostate cancer. Prostate 78:54-63, 2018

73. Schmidkonz C, Cordes M, Beck M, Goetz TI, Schmidt D, Prante O,
B€auerle T, Uder M, Wullich B, Goebell P, Kuwert T, Ritt P: SPECT/CT
With the PSMA Ligand 99mTc-MIP-1404 for Whole-Body Primary
Staging of Patients With Prostate Cancer. Clin Nucl Med 43:225-231,
2018

74. Schmidkonz C, Cordes M, Beck M, et al: Assessment of treatment
response by 99mTc-MIP-1404 SPECT/CT: A pilot study in patients with
metastatic prostate cancer. Clin Nucl Med 43:e250-e258, 2018

75. Banerjee RS, Pullambhatla M, Foss CA, et al: Effect of chelators on
the pharmacokinetics of (99 m)Tc-labeled imaging agents for the
prostate-specific membrane antigen (PSMA). J Med Chem 56:6108-
6121, 2013

76. Schottelius M, Wirtz M, Eiber M, et al: [(111)In]PSMA-I&T: Expand-
ing the spectrum of PSMA-I&T applications towards SPECT and radio-
guided surgery. EJNMMI Res 5:68, 2015

77. Rauscher I, Maurer T, Souvatzoglou M, et al: Intrapatient comparison
of 111In-PSMA I&T SPECT/CT and Hybrid 68Ga-HBED-CC PSMA
PET in patients with early recurrent prostate cancer. Clin Nucl Med
41:e397-e402, 2016

78. Rauscher I, D€uwel C, Wirtz M, et al: Value of 111 In-prostate-specific
membrane antigen (PSMA)-radioguided surgery for salvage lymphade-
nectomy in recurrent prostate cancer: Correlation with histopathology
and clinical follow-up. BJU Int 120:40-47, 2017

79. Wirtz M, Schmidt A, Schottelius M, et al: Synthesis and in vitro and in
vivo evaluation of urea-based PSMA inhibitors with increased lipophi-
licity. EJNMMI Res 8:84, 2018

80. Rauscher I, Horn T, Eiber M, et al: Novel technology of molecular
radio-guidance for lymph node dissection in recurrent prostate cancer
by PSMA-ligands. World J Urol 36:603-608, 2018

81. Maurer T, Robu S, Schottelius M, et al: 99mTechnetium-based pros-
tate-specific membrane antigen-radioguided surgery in recurrent pros-
tate cancer. Eur Urol 2018. pii: S0302-2838(18)30189-1

82. Knipper S, Tilki D, Mansholt J, et al: Metastases-yield and prostate-spe-
cific antigen kinetics following salvage lymph node dissection for pros-
tate cancer: A comparison between conventional surgical approach
and prostate-specific membrane antigen-radioguided surgery. Eur Urol
Focus 2018. pii: S2405-4569(18)30286-4

83. Foss CA, Mease RC, Fan H, et al: Radiolabeled small-molecule ligands
for prostate-specific membrane antigen: In vivo imaging in experimen-
tal models of prostate cancer. Clin Cancer Res 11:4022-4028, 2005

84. Chen Y, Foss CA, Byun Y, et al: Radiohalogenated prostate-specific
membrane antigen (PSMA)-based ureas as imaging agents for prostate
cancer. J Med Chem 51:7933-7943, 2008

85. Maresca KP1, Hillier SM, Femia FJ, et al: A series of halogenated heter-
odimeric inhibitors of prostate specific membrane antigen (PSMA) as
radiolabeled probes for targeting prostate cancer. J Med Chem 52:347-
357, 2009

86. Barrett JA, Coleman RE, Goldsmith SJ, et al: First-in-man evaluation of
2 high-affinity PSMA-avid small molecules for imaging prostate cancer.
J Nucl Med 54:380-387, 2013

87. Zechmann CM, Afshar-Oromieh A, Armor T, et al: Radiation dosime-
try and first therapy results with a (124)I/ (131)I-labeled small mole-
cule (MIP-1095) targeting PSMA for prostate cancer therapy. Eur J
Nucl Med Mol Imaging 41:1280-1292, 2014

88. Afshar-Oromieh A, Haberkorn U, Zechmann C, et al: Repeated PSMA-
targeting radioligand therapy of metastatic prostate cancer with 131I-
MIP-1095. Eur J Nucl Med Mol Imaging 44:950-959, 2017

89. Rathke H, Kratochwil C, Hohenberger R, et al: Initial clinical experi-
ence performing sialendoscopy for salivary gland protection in patients
undergoing 225Ac-PSMA-617 RLT. Eur J Nucl Med Mol Imaging
46:139-147, 2019

90. Baum RP, Langbein T, Singh A, et al: Kulkarni H injection of botuli-
num toxin for preventing salivary gland toxicity after PSMA radioli-
gand therapy: An empirical proof of a promising concept. Nucl Med
Mol Imaging 52:80-81, 2018

91. Rousseau E, Lau J, Kuo HT, et al: Monosodium glutamate reduces
68Ga-PSMA-11 uptake in salivary glands and kidneys in a preclinical
prostate cancer model. J Nucl Med 59:1865-1868, 2018

92. Kratochwil C, Giesel FL, Leotta K, et al: PMPA for nephroprotection in
PSMA-targeted radionuclide therapy of prostate cancer. J Nucl Med
56:293-298, 2015

http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0053
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0053
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0053
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0053
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0054
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0054
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0054
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0055
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0055
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0055
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0055
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0055
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0055
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0056
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0056
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0056
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0056
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0057
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0057
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0057
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0057
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0058
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0058
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0058
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0059
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0059
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0059
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0059
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0060
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0060
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0060
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0060
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0060
https://doi.org/10.2967/jnumed.118.220715
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0062
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0062
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0062
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0063
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0063
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0063
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0064
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0064
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0064
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0065
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0065
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0065
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0066
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0066
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0066
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0067
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0067
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0067
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0068
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0068
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0068
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0068
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0069
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0069
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0069
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0069
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0070
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0070
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0070
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0070
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0071
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0071
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0071
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0072
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0072
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0072
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0072
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0072
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0072
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0073
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0073
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0073
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0074
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0074
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0074
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0074
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0075
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0075
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0075
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0076
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0076
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0076
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0076
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0077
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0077
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0077
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0077
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0077
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0078
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0078
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0078
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0079
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0079
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0079
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0080
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0080
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0080
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0081
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0081
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0081
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0081
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0081
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0082
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0082
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0082
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0083
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0083
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0083
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0084
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0084
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0084
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0084
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0085
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0085
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0085
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0086
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0086
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0086
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0086
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0087
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0087
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0087
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0088
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0088
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0088
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0088
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0089
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0089
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0089
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0089
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0090
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0090
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0090
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0091
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0091
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0091


312 H.-J. Wester and M. Schottelius
93. Majer P, Jan�ca�rík A, Kre�cmerov�a M, et al: Discovery of orally available
prodrugs of the glutamate carboxypeptidase II (GCPII) inhibitor
2-phosphonomethylpentanedioic acid (2-PMPA). J Med Chem
59:2810-2819, 2016

94. Nedelcovych MT, Dash RP, Wu Y, et al: JHU-2545 selectively shields
salivary glands and kidneys during PSMA targeted radiotherapy. 2018.
http://dx.doi.org/10.1101/457085

95. Dennis MS, Zhang M, Meng YG, et al: Albumin binding as a general
strategy for improving the pharmacokinetics of proteins. J Biol Chem
277:35035-35043, 2002

96. Nilvebrant J, Hober S: The albumin-binding domain as a scaffold for pro-
tein engineering. Comput Struct Biotechnol J 6:e201303009, 2013

97. Constantinou A, Chen C, Deonarain MP: Modulating the pharmacoki-
netics of therapeutic antibodies. Biotechnol Lett 32:609-622, 2010

98. Kelly JM, Amor-Coarasa A, Nikolopoulou A, et al: Dual-target binding
ligands with modulated pharmacokinetics for endoradiotherapy of
prostate cancer. J Nucl Med 58:1442-1449, 2017

99. Choy CJ, Ling X, Geruntho JJ, et al: 177Lu-Labeled phosphoramidate-
based PSMA inhibitors: The effect of an albumin binder on biodistribu-
tion and therapeutic efficacy in prostate tumor-bearing mice. Thera-
nostics 7:1928-1939, 2017

100. Huang SS, Heston WDW: Should low molecular weight PSMA tar-
geted ligands get bigger and use albumin ligands for PSMA targeting?
Theranostics. 7:1940-1941, 2017

101. Bene�sov�a M, Umbricht CA, Schibli R, et al: Albumin-binding PSMA
ligands: Optimization of the tissue distribution profile. Mol Pharm
15:934-946, 2018 Mar 5

102. Kelly J, Amor-Coarasa A, Ponnala S, et al: Trifunctional PSMA-target-
ing constructs for prostate cancer with unprecedented localization to
LNCaP tumors. Eur J Nucl Med Mol Imaging 45:1841-1851, 2018
103. Umbricht CA, Bene�sov�a M, Schibli R, et al: Preclinical development of
novel PSMA-targeting radioligands: Modulation of albumin-binding
properties to improve prostate cancer therapy. Mol Pharm 15:2297-
2306, 2018

104. Kuo HT, Merkens H, Zhang Z, et al: Enhancing treatment efficacy of
177Lu-PSMA-617 with the conjugation of an albumin-binding motif:
Preclinical dosimetry and endoradiotherapy studies. Mol Pharm
15:5183-5191, 2018

105. Umbricht CA, Bene�sov�a M, Hasler R, et al: Design and preclinical
evaluation of an albumin-binding PSMA ligand for 64Cu-based PET
imaging. Mol Pharm 2018. https://doi.org/10.1021/acs.
molpharmaceut.8b00712

106. Kelly JM, Amor-Coarasa A, Ponnala S, et al: A Single dose of 225Ac-
RPS-074 induces a complete tumor response in a LNCaP xenograft
model. J Nucl Med 2018. pii: jnumed.118.219592

107. Kelly JM, Amor-Coarasa A, Ponnala S, et al: Albumin-binding PSMA
ligands: Implications for expanding the therapeutic window. J Nucl
Med 2018. https://doi.org/10.2967/jnumed.118.221150. pii:
jnumed.118.221150

108. Wang Z, Jacobson O, Tian R, et al: Radioligand therapy of prostate cancer
with a long-lasting prostate-specific membrane antigen targeting agent
90Y-DOTA-EB-MCG. Bioconjugate Chem 29:2309-2315, 2018

109. Wang Z, Tian R, Niu G, et al: Single low-dose injection of Evans Blue
Modified PSMA-617 radioligand therapy eliminates prostate-specific
membrane antigen positive tumors. Bioconjugate Chem 29:3213-
3221, 2018

110. Zang J, Fan X, Wang H, et al: First-in-human study of 177Lu-EB-
PSMA-617 in patients with metastatic castration-resistant prostate can-
cer. Eur J Nucl Med Mol Imaging 46:148-158, 2019. https://doi.org/
10.1007/s00259-018-4096-y

http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0092
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0092
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0092
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0092
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0092
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0092
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0092
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0092
http://dx.doi.org/10.1101/457085
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0094
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0094
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0094
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0095
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0095
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0096
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0096
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0097
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0097
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0097
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0098
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0098
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0098
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0098
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0099
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0099
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0099
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0099
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0099
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0100
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0100
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0100
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0101
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0101
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0101
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0101
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0101
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0101
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0102
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0102
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0102
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0102
https://doi.org/10.1021/acs.molpharmaceut.8b00712
https://doi.org/10.1021/acs.molpharmaceut.8b00712
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0104
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0104
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0104
https://doi.org/10.2967/jnumed.118.221150
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0106
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0106
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0106
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0107
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0107
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0107
http://refhub.elsevier.com/S0001-2998(19)30030-3/sbref0107
https://doi.org/10.1007/s00259-018-4096-y

	PSMA-Targeted Radiopharmaceuticals for Imaging and Therapy
	Introduction
	Radiometallated PSMA-Targeted Small Molecules
	18F-Labelled PSMA-Targeted Small Molecules
	99mTc-Labelled PSMA-Targeted Small Molecules
	Radioiodinated PSMA-Targeted Small Molecules
	New Concepts
	Concepts to Decrease the Salivary Gland Uptake PSMA Inhibitors
	Concepts to Increase the Overall Tumour Uptake by Plasma Protein Binding
	Radiohybrid PSMA-Inhibitors

	Conclusions
	References


