The current status and future of theranostic Copper-64
radiopharmaceuticals

3I211UV MIINDY

Amir Reza Jalilian and Joao Osso Jr.

Radioisotope Products and Radiation Technology Section,
Department of Nuclear Sciences and Applications,
International Atomic Energy Agency (IAEA), Vienna, Austria

(Received 9 February 2016, Revised 15 September 2016, Accepted 18 September 2016)

ABSTRACT

Copper-64 was produced in large scales and high specific activities in late 1990s’ using compact cyclotrons based by
5Ni(p,n)®*Cu reaction and many radiopharmaceuticals developed since then by various groups based on interesting
physicochemical and nuclear properties of the radionuclide. The unique emission of beta particles as well as positron
particles offers a spectacular real therapeutic/diagnostic (“Theranostic”) radionuclide in nuclear medicine. Although the
development of copper-64 radiopharmaceuticals continued with a slower rate in 2010s’ due to availability of ®Ga-tracers,
however recent advances in application of therapeutic doses of %Cu has emerged a new trend in the radiopharmaceutical
development based on coppe-64. In this review, recent advances in the copper-64 theranostic radiopharmaceuticals including
introduction of new chelating groups with enhanced stability as well as radiolabelling conditions as well as application of
simple 84CuCl, radiopharmaceutical as areal theranostic agent in human subjects are summarized. A proposed strategy for
development of peptide based copper-64 radiopharmaceuticals with high and low dose therapeutic applications has been
suggested.
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INTRODUCTION

Copper-64 is a unique radionuclide with interesting
properties for imaging and possible therapy [1],
decaying via electron capture, beta-emission and
positron emission routes. The 18% positron emission
has a low energy leading to production of high-
resolution images while no abundant gamma
emissions are available not impairing the imaging
process compared to other positron emitters. Dual
existence of positron and beta-emission (39%)
imposes high local radiation dose at the micro-
environmental levels in cells theoretically suitable for
targeted radionuclide therapy. On the other hand the
electron capture decay (43%) is followed by the
emission of high LET auger electrons increasing the
cytotoxic potency, in case the radioisotope is targeted
near or within cell nucleus.

According to these properties, copper-64 is described
as the archetypal “theranostic” radioisotope,
providing excellent PET imaging properties at low
doses with least dosimetry or radiobiological
concerns, while demonstrating potentials  for
radionuclide therapy at higher doses (Figure 1).
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Fig 1. Detailed decay scheme for copper-64 radionuclide [2].

Its rather medium half-life as a PET radionuclide
(12.8 h) makes it versatile for both  tracers with
rapid pharmacokinetics such as small molecules and
peptides, as well as slow pharmacokinetic agents
such as monoclonal antibodies (mAbs), and stem cell
tracking. The medium half-life makes it useful as a
surrogate for development of new copper tracers with
longer or shorter half-lives (Cu-60, Cu-61, Cu-62 for
PET and Cu-67 for therapy).

Copper chemistry is advantageous, although being a
less inert than other transition metals, using well-
designed macrocyclic chelators forming stable
complexes attached to targeting molecules (mAbs,
peptides, antibody fragments etc.). During 2-3
decades of design and optimisation of copper-specific
chelators, a wide selection of useful bifunctional
chelators has been selected for this purpose with
approved and straightforward radiolabelling process.

On the other hand, the reduction of Cu(ll) to Cu(l) in
the biological microenvironments is used as a basis

for molecular imaging while chelated to small
molecule such as thiosemicarbazones leading to their
application as blood flow and/or hypoxia imaging
agents.

Lastly, as a naturally occurring essential element,
copper and its pharmacokinetics are tightly controlled
in mammal biological systems and its concentration
fluctuations leads to abnormalities such as cancer,
inflammation, dementia, copper metabolic related
diseases and nutritional abnormalities. This suggests
unique potentials for application of copper-64 in
diagnosis and/or therapy that has not yet been fully
recognised and studied.

In this review a rapid overview of all applications of
copper-64 tracers and radiopharmaceuticals has been
presented.

PRODUCTION

The production of Cu-64 using a low/medium energy
cyclotron is relatively straightforward. Most centres
use proton bombardment of isotopically enriched Ni-
64 at a beam energy of 11-15 MeV (Figure 2). Other
routes are feasible, though with additional technical
difficulties that limit product purity. The solid
targetry requires careful design for adaptation to
different cyclotrons but the basic elements of a gold
backing electroplated with Ni-64 are widely
established and adopted [3]. Thus, in centres with a
medical cyclotron on the premises or within a few
hours transport time, Cu-64 can be routinely
available. Alternative routes of production such as
8Zn(p,a)®Cu in cyclotrons is also reported [4] and
used in the production of small molecules [5, 6] and
mADbs [7, 8], however due to the presence of long
half-life radionuclides the shelf life is limited to 24 h
post production. Other methods usually lead to low
specific activities or carrier added products.
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Fig 2. Recommended cross sections for 54Ni(p,n)®*Cu reaction [9].

LIMITATIONS AND AVAILABILITY

Despite the relatively simple and straightforward
production, the availability of Cu-64 remains limited.
This caused application of other production routes in
many countries as described earlier. The principal
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production route relies on a supply of Ni-64, which
has low natural abundance and, thus, is extremely
costly to purchase in enriched form. Production is
also intensive in cyclotron beam time, requiring
several hours at beam currents available on most
biomedical cyclotrons to produce a batch of Cu-64
sufficient for several human PET imaging studies or
a single radionuclide therapy dose. The requirement
for solid targetry makes it costly to adapt to wide
range of commercial cyclotron designs, and makes
processing either labour- (and radiation dose-)
intensive, or costly in terms of automated equipment.
Consequently, Cu-64 will remain a high-cost
radionuclide, and it is unlikely to be available daily in
individual centres. Typically, it is produced once a
week or once every two weeks.

DEVELOPMENTS OF
RADIOPHARMACEUTICALS

Site-directed targeting vectors or biologically-active
conjugates such as peptides, small proteins, antibody
fragments, or intact mAbs in radiolabelled form,
continue to hold promise for early diagnosis or
treatment of human diseases. These molecules consist
of: 1) a targeting moiety, 2) a linker that also is a
pharmacokinetic modifier (often an aliphatic or
amino acid linker/tethering moiety), 3) a chelating
agent, and 4) a radionuclide usually in metal form
(Figure 3).

COPPER-64

targetting moiety
chelating agenl

radionucl |de

linker target cell membrane

receptor

Fig 3. Components of a designed targeting radiopharmaceutical.

Bifunctional chelating agents: During last 3
decades, much effort has been devoted to develop
chelators for linking copper to targeting moieties, to
overcome Kinetic instability that results in loss of the
radiolabel in-vivo. Macrocycles appear to be essential

for Cu-64 chelation, and there are no acyclic
chelators that perform adequately. Early success with
cyclam and TETA (12-membered
tetra(aminocarboxyalate)) was able to demonstrate
the use of Cu-64 and Cu-67 [1], but evidence of in-
vivo dissociation led to further development
culminating in a variety of designs, including cross-
bridged analogues of 1,48,11-
tetraazacyclotetradecane-1,4,8,11-tetraacetic acid
(TETA), which show greater kinetic stability against
dissociation  but require harsh radiolabelling
condition [10]. The ligand 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) (popular because it is versatile and useful
for many radio metals — yttrium, lutetium, gallium
and indium) was widely used for a while but the
harsh conditions required for radiolabelling combined
with doubts regarding in-vivo stability led to waning
of its popularity. 1,4,7-triazacyclononane-1,4,7-
triacetic acid (NOTA) derivatives (e.g. NODAGA)
containing a 9-membered ring and the hexaamino
sarcophagine ligands now appear to be the leading
chelators for copper, combining labelling under mild
conditions with in-vivo stability [11] (Table 1, Figure
4).
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Fig 4. Most applied complexing agents to produce copper-64
biomolecular conjugates.

Targeting moieties: Among targeting moieties
known to now, mAbs, fragments, nanobodies,
peptides and recently decorated nanoparticles have
been used as molecule-directed vectors against
antigens,  receptors, channel  proteins etc.
Radiolabelled mAbs have demonstrated the potential
to be used as site-directed compounds for
development of new and successful diagnostic and
therapeutic radiopharmaceuticals for human cancers

[7].

Table 1: The properties of various chelating cores used in development of coppe-64 radiopharmaceuticals

Chelate Advantage Disadvantage Ref
CB-TE2A High in vivo stability, easy conjugation, High radiolabeling yields Tedious synthesis [12]
DOTA Auvailable, easy conjugation, High radiolabeling yields Demetallation (in vivo conditions) 8]
NOTA Ease of synthesis, ease of conjugation, High radiolabeling yields, Some degree of hepatic accumulation
sufficient in vivo stability, [13]
Sarcophagine Ease of conjugation, High radiolabeling yields, sufficient in vivo Tedious synthesis
stability [14]

January, 2017

http://irinm.tums.ac.ir

Iran J Nucl Med 2017, Vol 25, No 1 (Serial No 47)

w



Theranostic copper-64 radiopharmaceuticals

Jalilian et al.

Very slow clearance from blood serum/non-target
tissue and the less-than-desirable tumour uptake are
the major disadvantages of radiolabelled mAbs. In
order to overcome this problem, fragment antibodies
(such as F(ab)2, Fab’, Fsc, etc.) were developed with
more success. With the help of molecular engineering
the sequence of antigen-antibody binding sites has
been developed and known as nanobodies.

On the other hand, peptides with rapid clearance from
whole blood, ease of penetration into the tumour
vascular endothelium, more rapid excretion from the
body, and relatively low immunogenicity offer
distinct advantages over mAbs and are more
economically prepared compared to fragments and
nanobodies. They can readily be designed,
synthetized, characterized and also modified by the
sequence modifications. High-affinity receptors
selectively over-expressed on a variety of neoplastic
cells have been identified for a number of small
peptides making them ideal candidates as new
diagnostic and/or therapeutic targeting vectors. Much
of the development work and clinical translation of
these has been done with Ga-68 [15] but Cu-64 offers
an alternative with potential advantages in some
applications. Many peptide families such as
somatostatins, bombesin, cholecystokinin/gastrin,
glucagon-like peptide-1 (GLP-1)/exendin, arginine-
glycine-aspartic acid (RGD) etc. have been explored
during the last few years and quite a number of
potential radiolabelled probes have been derived
from them [16].

AVAILABLE COPPER-64
RADIOPHARMACEUTICALS

Copper-64 thiosemicarbazones for blood flow
and/or hypoxia imaging

Bioreductive bis(thiosemicarbazone) copper
complexes demonstrate intracellular trapping due to
the redox properties of copper and is intrinsic to the
targeting mechanism of  several Cu-64
radiopharmaceuticals. The well-established tracers
such as Cu-64 PTSM (blood flow) [17] and Cu-64
ATSM [5, 18] (for hypoxia) have been studied in
vitro and in vivo. The putative trapping mechanism is
that the planar, lipophilic complexes diffuse readily
into cells, whereupon they are exposed to
intracellular reducing agents and are reduced to Cu(l)
leading to dissociation [19].

The rate of reduction, reoxidation by molecular
oxygen, and dissociation can be controlled by
modifying the redox potential via altering the alkyl
groups of the bis(thiosemicarbazone) ligand, leading
to three main classes. Complexes with two alkyl
groups at the diimine backbone have low redox
potential and are hard to reduce, dissociate slowly
and can therefore readily be reoxidised by O2 back to
the Cu(ll) form allowing them to escape from cells

[20]. This endows them with hypoxia targeting
properties that have been evaluated in several clinical
trials with Cu-64 ATSM. Although Cu-PTSM
became accepted clinically as a blood flow tracer
because of its lack of selectivity in cellular uptake,
many subsequent studies indicate that in fact it does
have a slightly increased trapping in hypoxic cells.

Complexes with only hydrogen at the diimine
backbone are very rapidly reduced and subsequent
dissociation is fast, leading to non-selective trapping
in all cells and tissues. Cu-GTSM is a member of this
class and has been used for non-selective delivery of
Cu-64 to tissues but has not been used in humans
[21]. Many other related ligands have been used for
in-vitro and preclinical in-vivo studies (Figure 5).

R1=CH3, R2=CH3 R3=CH3 R4-H: Cu-ATSM
R1=H, R2=H R3=H, R4=CH3I: Cuo-GT5M
R1=C2H5, B2=CH3, R3=H R4=H: Cu-CT5
R1=CH3 R2=H R3=CH3, R4-H: Cu-PTSM

Fig 5. The chemical structures of various copper-bis-
thiosemicarbazones developed for blood flow and/or hypoxia
imaging.  Cu-ATSM,; H,ATSM=  diacetyl  bis-(methyl-
thiosemicarbazone), Cu-GTSM; H,GTSM= glyoxal bis-(methyl-
thiosemicarbazone) Cu-CTS; H,CTS= 2,3-pentanedione bis-
(thiosemicarbazone) Cu-PTSM; H2PTSM= pyruvaldehyde bis-
(methy-Ithiosemicarbazone).

Although Cu-64 ATSM has shown promise in
clinical trials and can be predictive of failure of
radiotherapy in some cancers (see below), attempts to
validate its hypoxia selectivity in animal tumour
models and in humans have been inconclusive and
validation remains extremely challenging. Some
preclinical and clinical studies support the hypothesis
that Cu-64 ATSM is a hypoxia selective tracer, while
others suggest that uptake reflects perfusion [22].

New analogues [19, 23] with reduced lipophilicity
are now being evaluated preclinicaly to overcome
this problem. Suggestions that hypoxia selectivity is
specific to tumour types (this is plausible, as it is also
for F-18 nitroimidazole based hypoxia imaging
agents), and that images may reflect the behaviour of
released copper rather than Cu-ATSM (this is
implausible at early imaging times, but certainly
gives rise to complications in interpreting later
images) [24] contribute to a high degree of
uncertainty about the clinical value of hypoxia
imaging with Cu-64 ATSM at the present time.

January, 2017

http://irinm.tums.ac.ir

Iran J Nucl Med 2017, Vol 25, No 1 (Serial No 47)

IN



Theranostic copper-64 radiopharmaceuticals

Jalilian et al.

Clinical studies of hypoxia imaging with Cu-ATSM
(labelled with various Cu radioisotopes) have been
reviewed recently [22, 25]. There has been a
particular focus on non-small cell lung cancer
(NSCLC). Takahashi et al. compared Cu-62-ATSM
(20 minutes post-injection) with F-18-FDG in ten
NSCLC patients, and with O-15-H, PET in four
patients with non-small cell lung cancer [26]. Intense
uptake of Cu-62-ATSM was found in lung tumours;
this uptake did not correlate with F-18-FDG. A
negative correlation was found between blood flow
and Cu-62-ATSM uptake in three of four patients,
suggesting that Cu-62-ATSM s retained in poorly
perfused (and hence potentially hypoxic) areas.
Lohith et al. also investigated differences in Cu-62-
ATSM (20 minutes p.i.) and F-18-FDG uptakes in
lung cancer of different lung cancer sub-types (eight
squamous cell carcinoma (SCC) and five
adenocarcinoma) [27]. In SCC, high Cu-62-ATSM
and low F-18-FDG uptake was observed at the
tumour periphery with the opposite at the tumour
centre. In contrast, adenocarcinomas had similar
spatial distribution of both Cu-62-ATSM and F-18-
FDG uptake. It was suggested that F-18-FDG uptake
is increased in pre-necrotic cells at the tumour centre
and Cu-64-ATSM uptake is increased at the
periphery where there are active hypoxic cells.

®Cu-DOTATATE

Due to favourable pharmacokinetics, stability and
easy handling of peptide radiopharmaceuticals, some
Cu-64 peptide radiopharmaceuticals have been
applied in imaging human diseases. The first Cu-64
clinically evaluated peptide radiopharmaceutical was
the well-known somatostatin ligand DOTATATE for
neuroendocrine tumours. $*Cu-DOTATATE is also
used in some on-going clinical trials. The image
quality was superior to In-111 analogue (Figure 6).
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Fig. 6. Comparison of images of a neuroendocrine patient using
the somatostatin ligand DOTATATE labelled with In-111 and Cu-
64 (above) and structure of 4Cu-DOTATATE (below) [28].

Until recently, clinical evaluation in human patients
has been limited to SSTR-targeting agonist ligands,
which are internalized upon binding to the receptor.
Antagonist ligands, on the other hand, are not
internalized but recent studies with SSTR-targeting
antagonist ligands have indicated that they may have
advantages notwithstanding.

Gastrin releasing peptide receptor antagonist

Another interesting Cu-64 peptide tracer, based on
bombesin, was developed following early work on
the Tc-99m tracer for imaging of prostate cancer. In 3
of 4 patients, prostate tumours were identified by
PET imaging. Of note was clear differentiation of
bladder and prostate, demonstrating the potential
diagnostic use of the GRPR-targeting agent. Other
tissues with radioactivity above background were
liver, intestine, bladder, pancreas and kidneys (Figure
7) [29].

&5

Fig. 7. Comparison of PET and PET/CT images of a patient with
prostate cancer (above) using a Cu-64 GRPR-targeting peptide
(below) [29].

64Cu-Anti-colorectal carcinoma monoclonal

antibody (%*Cu-MAb 1A3)

An anti-colorectal carcinoma mAbs (MAb 1A3)
labelled with %Cu, by wuse of bromo-
acetamidobenzyl-TETA as bifunctional agent was
evaluated in patients with suspected advanced
primary or metastatic colorectal cancer while studied
with [®®F]FDG as standard. The Phase I/l results
suggested that immunoPET using $*Cu-MAb 1A3 has
important  applications in  clinical oncology,
particularly for detecting smaller colorectal tumour
foci in the abdomen or pelvis and for determining
accurate dosimetry (Figure 8) [30].

$4Cu-DOTA-AEL05

Urokinase-type plasminogen activator receptor
(UPAR) is expressed in many types of human cancers
and the expression is predictive of invasion,
metastasis and indicates poor prognosis. UPAR PET
imaging therefore holds promise to be a new and
innovative method for improved cancer diagnosis,
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staging and individual risk stratification. A DOTA
based UPAR %Cu-DOTA-AE105 complex has been
developed and used in human clinical trial recently
(Figure 9). However considering the unstable copper-
DOTA complex and release of copper cation from
the ligand at all post injection accumulation of
activity mainly in the liver and bowel was obvious
[31].

Fig 8. PET images of a colorectal carcinoma patient using #4Cu-
MADb 1A3 monoclonal antibody [30].

Fig 9. Chemical structure (above) and PET/CT coronal whole-
body images of 5Cu-DOTA-AE105 at 1, 3 and 24 hours post
injection (below) [32].

84Cu-dichloride

The elevated Cu concentration in cancer cells may
potentially be used to differentiate healthy from
transformed cells. Thus, Cu-64 dichloride has been
applied to perform diagnostic PET/CT e.g. in staging
of prostate cancer and detection of recurrent disease.
High hepatic concentration of the

radiopharmaceutical is an issue for use of Cu-64
dichloride PET/CT in clinical routine, but interesting
results have been obtained in a recent application in
Hodgkin lymphoma. In this case report two patients
affected by therapy-refractory progressive Hodgkin
lymphoma after radiochemotherapy and allogenic
transplantation underwent to a diagnostic Cu-64
dichloride PET/CT within two weeks after a FDG
PET/CT scan. All the avid FDG lesions showed high
concentration of Cu-64 in both patients. FDG
PET/CT showed in one of them a hypermetabolic
lesion in the bone, which was not visualized with Cu-
64 dichloride. However, an MRI scan showed a
benign pathology in this area. These data suggest the
feasibility of Cu-64 dichloride PET/CT scanning in
patients with progressive Hodgkin lymphoma and its
potential for tailored radionuclide therapy [32]. In a
recent study [33] a high uptake of 54CuCl; in prostate
cancer and involved regional lymph nodes was
observed (Figure 10).

Some metallic nutrients like iron, zinc, Cu and
calcium seem to play a role in the pathologic
processes of the human body, presumably due to their
role as co-factors in enzymes [34]. In particular,
copper is required for cell proliferation, angiogenesis
and other cellular functions, since it is an essential
component of numerous enzymes. Paradoxically,
excess of Cu is cytotoxic, therefore copper
homeostasis is tightly regulated by a delicate network
of influx Cu transporter (hCtrl), efflux Cu
transporters (ATP7A and ATP7B), Cu chaperones
(ATOX1, Coxl17, CCS) and other Cu binding
molecules.

Fig 10. PET/CT images of 4CuCl, in prostate cancer and involved
regional lymph nodes [33].

Copper-64 dichloride can be used to study copper
metabolism in conditions with Cu deficit or excess
and as a tracer to identify tumour localization [35]. In
contrast to the biodistribution of Cu-64-DOTATATE,
Cu-64 dichloride does not show ureteral and bladder
uptake, either in early or late images [34], which
indicates the diagnostic advantage of this tracer for
diagnosis of recurrent prostate cancer and may be
beneficial for therapeutic purposes.
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Table 2: Copper-64 radiopharmaceuticals in clinical trials [36].

No.  Title Status
1 Evaluation of 4Cu-DOTA-U3-1287 in subjects with advanced solid tumors Terminated
2 Imaging CXCR4 expression in subjects with cancer using ®Cu-Plerixafor Recruiting
3 Evaluation of a new radiotracer (64Cu-DOTA-AE105) for diagnosing aggressive cancer with positron emission tomography Completed
4 84Cu-ATSM and hypoxia in stage 1V non-small cell lung cancer with carboplatin, paclitaxel, and bevacizumab Withdrawn
5 84Cu-DOTA-Trastuzumab PET/CT in studying patients with gastric cancer Recruiting
6 Assessing response to treatment in non-Hodgkin's Lymphoma patients using %Cu-DOTA-Rituximab PET/CT Suspended
7 Positron emission tomography in women with advanced HER2-positive breast cancer Completed
8 4Cu-DOTA-Trastuzumab PET in predicting response to treatment with Ado-Trastuzumab emtansine in patients with metastatic HER2 Recruitin
positive breast cancer 9
9 PET imaging With ®Cu-labeled Trastuzumab in HER2+ metastatic breast cancer Completed
10 84Cu-ATSM and pet/ct scan in predicting disease progression in patients with newly-diagnosed stage 1B, stage 11, stage 111, or stage IVA Active, not
cervical cancer who are undergoing chemoradiotherapy per NCCN guidelines recruiting
11 64 Cu-Anti-CEA mAbs M5A PET in diagnosing patients with CEA positive cancer Recruiting
12 Image-derived Prediction of response to chemo-radiation in glioblastoma (**Cu-ATSM) Recruiting

Dosimetry of the labelled radiopharmaceutical
depends on the pharmacokinetics of the labelled
carrier. European Medicine Agency (EMA) has
published dosimetry data on Cu-64 dichloride, which
were reproduced by Capasso et al. According to these
data the liver is the organ with the highest normalized
cumulative activity (6.18 MBg h/MBq) and absorbed
dose (2.94 x 10 mSv/MBq) [34], thus suggesting
that it will be necessary to look for possible hepatic
side effects and perhaps make provision to reduce the
inappropriate irradiation of liver. Further studies are
required to evaluate the critical organ dosimetry.

Table 2 shows the latest status of various clinical
trials on copper-64 radiopharmaceuticals around the
world. All of the clinical studies were diagnostic PET
studies. No clinical trials of therapeutic use of Cu-64
have been published, and there are no therapeutic
trials currently in progress. This shows the lack of
any experience on the application of copper-64
radiopharmaceuticals as real theranostic agents.

POTENTIAL FUTURE
RADIOPHARMACEUTICALS

#4Cu-uPAR PET (**Cu-NOTA-AE105)

As observed in last section, due to unsatisfactory
human results for 84Cu-DOTA-AE105 and
availability of more stable copper complexes such as
NOTA (Figure 11) and sarcophagine, recently, a Cu-
64 labelled peptide based on uPAR biomarker has
been developed and administered to humans. ®Cu-
NOTA-AE105 successfully showed promising results
in glioblastoma, and further clinical trials are
underway [37].

Fig 11. Chemical structure of #*Cu-NOTA-AE105.

84Cu-GTSM for cell tracking

The medium half-life of Cu-64 makes it suitable in
principle for tracking cell migration (e.g. imaging
inflammation with autologous leukocytes, cell-based
therapies). Because of its easier reduction and lack of
selectivity for hypoxic cells, Cu-64 GTSM is
expected to be more suitable than Cu-64 PTSM, and
in-vitro experiments confirm this: very high labelling
efficiencies are achieved very rapidly (i.e. superior to
Cu-64 PTSM). A similar bioreductive trapping
mechanism was assumed in evaluating lipophilic Cu-
64-dithiocarbamate complexes, with similar results.
Thus it is easy using this approach to achieve rapid
and high uptake of Cu-64 in any cell type [38].

4Cu-dichloride applications in metabolic diseases

Copper-64 presents an obvious opportunity to use
PET to study the in-vivo trafficking of copper, and
how it is affected by disease. This approach should
yield insight into the biological handling of this
essential element and may also vyield useful
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diagnostic applications of Cu-64 imaging. This
potential has hardly been explored to date, but
recently a few studies have emerged that identify
changes in copper uptake and distribution, mainly
assumed to be related to the activity of the Cu
transporters Ctr-1, in some animal models of tumours
[39], Alzheimer’s disease [40-42], Niemann-Pick
disease [43] Menkes disease [44] and clinical studies
in Wilson’s disease. Much of this has involved
injecting Cu-64 chloride or acetate intravenously, but
this approach does not mimic the normal biological
route of copper intake, which is oral. To fully
understand biological copper trafficking, it will not
be adequate only to inject ionic Cu-64 intravenously.
It will be necessary to evaluate alternative routes of
administration (especially oral), and to administer
copper in different biological forms such as bound to
albumin, amino acids, ceruloplasmin etc.

84Cu-PSMA for prostate cancer detection

With respect to recent development and initial
interesting PET/CT imaging of prostate lesions using
8Ga-PSMA ligands, and existing preclinical and
clinical experiences [45, 46], the development of a
possible %Cu-PSMA ligand based on appropriate
stable chelates such as NOTA and/or sarcophagine
seems feasible for upcoming years. Regarding the
copper-64 theranostic applications doses up to 80-
100 mCi of the complex can lead to therapeutic
effects.

THERAPY WITH COPPER-64 IN HUMANS

Although there are several preclinical studies (in vitro
and animal models) on therapeutic effects of copper-
64 radiopharmaceuticals [47, 48], however very few
data in humans are available. Preliminary results with
therapeutic application of Cu-64 dichloride in
selected patients [32] demonstrated the therapeutic
potential of this radionuclide in patients with prostate
cancer and recurrent therapy-resistant glioblastoma.
The authors described significant reduction in tPSA
in a patient with prostate cancer and clinical
improvement in a patient with glioblastoma after
administration of Cu-64 dichloride. Improvement in
quality of life of the treated patients was achieved.
These preliminary results indicate the potential of
Cu-64 dichloride for use in cancer patients with
progressive disease. A case report in 2014 showed
significant reduction of lesions size in a patient with
prostate and uterine cancer patient following single
cycle of treatment with 3700 MBq of $4CuCl, [49].

FUTURE RESEARCH AREAS ON COPPER-64

A high incidence of receptor expression in either
early- or late-stage/metastatic cancers creates
potential for development of new and innovative

monovalent and bivalent Cu-64 radio-ligands to tailor
receptor-specific uptake, optimize localization in
cancerous tissues, and minimize uptake in normal
tissues to produce high-quality, high-contrast PET
images for early diagnosis and staging of human
cancers. In addition, these agents offer the added
opportunity to be used for targeted therapy due to
ideal three decay modes particle emissions. The
application of selected targeting vectors can be
peptides (GRPR targeting, integrin targeting,
somatostatin receptor targeting, etc.) and small
molecules (e.g. PSMA inhibitors) rather than
nanoparticles and immunoconjugates. The choice of
complexing agents to be used to stabilize the metal
centre based on report from numerous research
groups around the world could be NOTA- or
sarcophagine-based complexing agents and should be
further evaluated to conjugate the targeting vectors in
order to complex and stabilize the Cu-64 metal
centre. The development of new complexing agents
for Cu-64 is not encouraged. In addition, the results
are based upon earlier promising preclinical/clinical
work on Cu-64 peptide radionuclide therapy. Given
the uncertainties and problems with Cu-64-ATSM,
and the imminent biological evaluation of new
analogues, new clinical trials with Cu-ATSM, are not
promising at this time. Based on the interesting
preliminary data on the application of Cu-64
dichloride radiopharmaceutical in human cancers for
diagnosis and therapy, it is proposed that research
must continue thorough preclinical investigations in
various genetically modified mice, tumour models
(prostate cancer, glioblastoma, lymphoma, breast
cancer and melanoma) and human cell lines to better
understand, and exploit diagnostic and therapeutic
applications, and endogenous Cu transport
mechanisms. Non-oncological applications of the Cu-
64 dichloride radiopharmaceutical could include,
inter alia, Alzheimer’s disease and other dementias,
atherosclerosis and inherited genetic diseases
affecting Cu metabolism.

In addition, because significant uptake of Cu-64 in
the liver would implicate a challenge for clinical
therapeutic use, further work is needed to look for
possible hepatic side effect and provisions to reduce
hepatic accumulation for example by using chelating
agents or competing metals to administer before/after
the injection of the Cu-64 dichloride. Finally,
applying  dosimetry calculations for Cu-64
radiopharmaceuticals with emphasis on Cu-64
chloride is highly mandated.

REFERENCES

1. Blower PJ, Lewis JS, Zweit J. Copper radionuclides and
radiopharmaceuticals in nuclear medicine. Nucl Med Biol.
1996 Nov;23(8):957-80.

January, 2017

http://irinm.tums.ac.ir

Iran J Nucl Med 2017, Vol 25, No 1 (Serial No 47)

00



Theranostic copper-64 radiopharmaceuticals

10.

11

12.

13.

14.

15.

Jalilian et al.

http://www.nucleonica.net/wiki/index.php?title=Decay_Sc
hemes

Matarrese M, Bedeschi P, Scardaoni R, Sudati F, Savi A,
Pepe A, Masiello V, Todde S, Gianolli L, Messa C, Fazio
F. Automated production of copper radioisotopes and
preparation of high specific activity [(64)Cu]Cu-ATSM
for PET studies. Appl Radiat Isot. 2010 Jan;68(1):5-13.

Jalilian AR, Mirsadeghi L, Yari-kamrani Y,
Rowshanfarzad P, Kamali-Dehghan M, Sabet M.
Development of [64Cu]-DOTA-anti-CD20 for targeted
therapy. J Radioanal Nucl Chem. 2007;274(3):563-568.

Fazaeli Y, Jalilian AR, Kamali-Dehghan M, Bolourinovin
F, Moradkhani S, Aslani G, Rahiminejad A, Ghannadi-
Maragheh M. Production, quality control and imaging of
64Cu-ATSM in healthy rabbits for PET applications. Iran
J Nucl Med 2010;18(2): 29-37.

Fazaeli Y, Jalilian AR, Amini MM, Aboudzadeh M, Feizi
S, Rahiminezhad A, Yousefi K. Preparation, nano
purification, quality control and labeling optimization of
[64Cu]-5,10,15,20-tetrakis ~ (penta  fluoro  phenyl)
porphyrin complex as a possible imaging agent. J
Radioanal Nucl Chem. 2013;295(1):255-263.

Alirezapour B, Jalilian AR, Rasaee MJ, Rajabifar S,
Yavari K, Kamalidehghan M, Bolourinovin F, Aslani G.
Optimized preparation and preliminary evaluation of
[64Cu]-DOTA-trastuzumab  for targeting ErbB2/Neu
expression. J Radioanal Nucl Chem. 2013;295(2):1261-
1271.

Alirezapour B, Rasaee MJ, Jalilian AR, Rajabifar S,
Mohammadnejad J, Paknejad M, Maadi E, Moradkhani S.
Development of [6*Cu]-DOTA-PR81
radioimmunoconjugate for MUC-1 positive PET imaging.
Nucl Med Biol. 2016 Jan;43(1):73-80.

https://www-nds.iaea.org/radionuclides/nip64cu0.html,
Last updated: September 2008.

Cai Z, Anderson CJ. Chelators for copper radionuclides in
positron emission tomography radiopharmaceuticals. J
Labelled Comp Radiopharm. 2014 Apr;57(4):224-30.

Cooper MS, Ma MT, Sunassee K, Shaw KP, Williams JD,
Paul RL, Donnelly PS, Blower PJ. Comparison of (64)Cu-
complexing bifunctional chelators for
radioimmunoconjugation: labeling efficiency, specific
activity, and in vitro/in vivo stability. Bioconjug Chem.
2012 May 16;23(5):1029-39.

Wei L, YeY, Wadas TJ, Lewis JS, Welch MJ, Achilefu S,
Anderson CJ. (64)Cu-labeled CB-TE2A and diamsar-
conjugated RGD peptide analogs for targeting
angiogenesis: comparison of their biological activity. Nucl
Med Biol. 2009 Apr;36(3):277-85.

Fournier P, Dumulon-Perreault V, Ait-Mohand S,
Langlois R, Bénard F, Lecomte R, Guérin B. Comparative
study of 64Cu/NOTA-[D-
Tyr6,BAlal1,Thil3,Nle14]BBN(6-14)  monomer  and
dimers for prostate cancer PET imaging. EJINMMI Res.
2012 Feb 14;2:8.

Liu S, Li D, Huang CW, Yap LP, Park R, Shan H, Li Z,
Conti PS. The efficient synthesis and biological evaluation
of novel bi-functionalized sarcophagine for (64)cu
radiopharmaceuticals. Theranostics. 2012;2(6):589-96.

Jalilian AR. An overview on Ga-68 radiopharmaceuticals
for positron emission tomography applications. Iran J Nucl
Med. 2016;24(1):1-10.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fani M, Maecke HR. Radiopharmaceutical development
of radiolabelled peptides. Eur J Nucl Med Mol Imaging.
2012 Feb;39 Suppl 1:511-30.

Jalilian AR, Rowshanfarzad P, Kamrani YY, Shafaii K,
Mirzaii M.. Production and tumour uptake of
[64Cu]Pyruvaldehyde-bis  (N4-methylthiosemicarbazone)
for PET and/or therapeutic purposes. Nucl Med Rev Cent
East Eur. 2007;10(1):6-11.

Jalilian AR, Sabet M, Rowshanfarzad P, Kamali-Dehghan
M, Akhlaghi M, Mirzaii M. Production of Copper-64
Diacetyl-bis (N4-methylthiosemi-carbazone) for
therapeutic purposes. World J Nucl Med. 2008;7:166-171.

Handley MG, Medina RA, Nagel E, Blower PJ,
Southworth R. PET imaging of cardiac hypoxia:
opportunities and challenges. J Mol Cell Cardiol. 2011
Nov;51(5):640-50.

Maurer RI, Blower PJ, Dilworth JR, Reynolds CA, Zheng
Y, Mullen GE. Studies on the mechanism of hypoxic
selectivity in copper bis(thiosemicarbazone)
radiopharmaceuticals. J Med Chem. 2002 Mar
28;45(7):1420-31.

Torres JB, Andreozzi EM, Dunn JT, Siddique M, Szanda
I, Howlett DR, Sunassee K, Blower PJ. PET imaging of
copper trafficking in a mouse model of Alzheimer disease.
J Nucl Med. 2016 Jan;57(1):109-14.

Yip C, Blower PJ, Goh V, Landau DB, Cook GJ.
Molecular imaging of hypoxia in non-small-cell lung
cancer. Eur J Nucl Med Mol Imaging. 2015
May;42(6):956-76.

Medina RA, Mariotti E, Pavlovic D, Shaw KP, Eykyn TR,
Blower PJ, Southworth R. 64Cu-CTS: A Promising
Radiopharmaceutical for the Identification of Low-Grade
Cardiac Hypoxia by PET. J Nucl Med. 2015
Jun;56(6):921-6.

Hueting R, Kersemans V, Cornelissen B, Tredwell M,
Hussien K, Christlieb M, Gee AD, Passchier J, Smart SC,
Dilworth JR, Gouverneur V, Muschel RJ. A comparison
of the behavior of (64)Cu-acetate and (64)Cu-ATSM in
vitro and in vivo. J Nucl Med. 2014 Jan;55(1):128-34.

Fleming IN, Manavaki R, Blower PJ, West C, Williams
KJ, Harris AL, Domarkas J, Lord S, Baldry C, Gilbert FJ.
Imaging tumour hypoxia with positron  emission
tomography. BrJ Cancer. 2015 Jan 20;112(2):238-50.

Takahashi N, Fujibayashi Y, Yonekura Y, Welch MJ,
Waki A, Tsuchida T, Sadato N, Sugimoto K, Itoh H.
Evaluation  of  62Cu labeled diacetyl-bis(N4-
methylthiosemicarbazone) as a hypoxic tissue tracer in
patients with lung cancer. Ann Nucl Med. 2000
Oct;14(5):323-8.

Lohith TG, Kudo T, Demura Y, Umeda Y, Kiyono Y,
Fujibayashi Y, Okazawa H. Pathophysiologic correlation
between 62Cu-ATSM and 18F-FDG in lung cancer. J
Nucl Med. 2009 Dec;50(12):1948-53.

Pfeifer A, Knigge U, Mortensen J, Oturai P, Berthelsen
AK, Loft A, Binderup T, Rasmussen P, Elema D, Klausen
TL, Holm S, von Benzon E, Hgjgaard L, Kjaer A. Clinical
PET of neuroendocrine tumors using 64Cu-DOTATATE:
first-in-humans study. J Nucl Med. 2012 Aug;53(8):1207-
15.

Wieser G, Mansi R, Grosu AL, Schultze-Seemann W,
Dumont-Walter RA, Meyer PT, Maecke HR, Reubi JC,
Weber WA. Positron emission tomography (PET) imaging
of prostate cancer with a gastrin releasing peptide receptor

January, 2017

http://irinm.tums.ac.ir

Iran J Nucl Med 2017, Vol 25, No 1 (Serial No 47)

©



Theranostic copper-64 radiopharmaceuticals

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Jalilian et al.

antagonist--from mice to men. Theranostics. 2014 Feb
1;4(4):412-9.

Philpott GW, Schwarz SW, Anderson CJ, Dehdashti F,
Connett JM, Zinn KR, Meares CF, Cutler PD, Welch MJ,
Siegel BA. RadioimmunoPET: detection of colorectal
carcinoma with  positron-emitting  copper-64-labeled
monoclonal antibody. J Nucl Med. 1995 Oct;36(10):1818-
24.

Persson M, Skovgaard D, Brandt-Larsen M, Christensen
C, Madsen J, Nielsen CH, Thurison T, Klausen TL, Holm
S, Loft A, Berthelsen AK, Ploug M, Pappot H, Brasso K,
Kroman N, Hgjgaard L, Kjaer A. First-in-human uPAR
PET: Imaging of cancer aggressiveness. Theranostics.
2015 Sep 13;5(12):1303-16.

Capasso E, Valentini MC, Mirzaei S, Knoll P, Meleddu C.
Radionuclide treatment with 64Cu-CI2 in patients with
progressive malignant gliomas. Eur J Nucl Med Mol
Imaging. 2015;42(Suppl 1):S12.

Capasso E, Durzu S, Piras S, Zandieh S, Knoll P, Haug A,
Hacker M, Meleddu C, Mirzaei S. Role of (64)CuCl 2
PET/CT in staging of prostate cancer. Ann Nucl Med.
2015 Jul;29(6):482-8.

Baharvand M, Manifar S, Akkafan R, Mortazavi H,
Sabour S. Serum levels of ferritin, copper, and zinc in
patients with oral cancer. Biomed J. 2014 Sep-
Oct;37(5):331-6.

Peng F. Positron emission tomography for measurement of
copper fluxes in live organisms. Ann N Y Acad Sci. 2014
May;1314:24-31.

https://clinicaltrials.gov/ct2/results?term=64Cu&Search=S
earch

Persson M, Nedergaard MK, Brandt-Larsen M, Skovgaard
D, Jargensen JT, Michaelsen SR, Madsen J, Lassen U,
Poulsen HS, Kjaer A. Urokinase-Type Plasminogen
Activator Receptor as a Potential PET Biomarker in
Glioblastoma. J Nucl Med. 2016 Feb;57(2):272-8.

Charoenphun P, Paul R, Weeks A, Berry D, Shaw K,
Mullen G. PET tracers for cell labelling with the
complexes of copper 64 with lipophilic ligands. Eur J Nucl
Med Mol Imaging. 2011;38:5294.

Hueting R. Radiocopper for the imaging of copper
metabolism. J Labelled Comp Radiopharm. 2014
Apr;57(4):231-8.

Bandmann O, Weiss KH, Kaler SG. Wilson's disease and
other neurological copper disorders. Lancet Neurol. 2015
Jan;14(1):103-13.

Fodero-Tavoletti MT, Villemagne VL, Paterson BM,
White AR, Li QX, Camakaris J, O'Keefe G, Cappai R,
Barnham KJ, Donnelly PS. Bis(thiosemicarbazonato) Cu-
64 complexes for positron emission tomography imaging
of Alzheimer's disease. J Alzheimers Dis. 2010;20(1):49-
55.

Pal A, Siotto M, Prasad R, Squitti R. Towards a unified
vision of copper involvement in Alzheimer's disease: a
review connecting basic, experimental, and clinical
research. J Alzheimers Dis. 2015;44(2):343-54.

Vazquez MC, Martinez P, Alvarez AR, Gonzélez M,
Zanlungo S. Increased copper levels in in vitro and in vivo
models of Niemann-Pick C disease. Biometals. 2012
Aug;25(4):777-86.

Smpokou P, Samanta M, Berry GT, Hecht L, Engle EC,
Lichter-Konecki U. Menkes disease in affected females:

45.

46.

47.

48.

49.

the clinical disease spectrum. Am J Med Genet A. 2015
Feb;167A(2):417-20.

Sahlmann CO, Meller B, Bouter C, Ritter CO, Strobel P,
Lotz J, Trojan L, Meller J, Hijazi S. Biphasic °®Ga-
PSMA-HBED-CC-PET/CT in patients with recurrent and
high-risk prostate carcinoma. Eur J Nucl Med Mol
Imaging. 2016 May;43(5):898-905.

Pyka T, Weirich G, Einspieler I, Maurer T, Theisen J,
Hatzichristodoulou G, Schwamborn K, Schwaiger M,
Eiber M. 68Ga-PSMA-HBED-CC PET for differential
diagnosis of suggestive lung lesions in patients with
prostate cancer. J Nucl Med. 2016 Mar;57(3):367-71.

McMillan DD, Maeda J, Bell JJ, Genet MD, Phoonswadi
G, Mann KA, Kraft SL, Kitamura H, Fujimori A, Yoshii
Y, Furukawa T, Fujibayashi Y, Kato TA. Validation of
64Cu-ATSM damaging DNA via high-LET Auger
electron emission. J Radiat Res. 2015 Sep;56(5):784-91.

Connett JM, Anderson CJ, Guo LW, Schwarz SW, Zinn
KR, Rogers BE, Siegel BA, Philpott GW, Welch
MJ.Radioimmunotherapy with a 64Cu-labeled monoclonal
antibody: a comparison with 67Cu. Proc Natl Acad Sci U
S A. 1996 Jun 25;93(13):6814-8.

Valentini G, Panichelli P, Villano C, Pigotti G, Martini D.
64CuCI2: New theranostic agent. ~ Nucl Med Biol.
2014;41(7):638.

January, 2017

http://irinm.tums.ac.ir

Iran J Nucl Med 2017, Vol 25, No 1 (Serial No 47)

[
o



