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CONSPECTUS

Molecular imaging has evolved over the past several N
years into an important tool for diagnosing, under- &/
standing, and monitoring disease. Molecular imaging has dis-
tinguished itself as an interdisciplinary field, with

Liver =

contributions from chemistry, biology, physics, and medi- Tumor _ & ' tumor ce"
cine. The cross-disciplinary impetus has led to significant e ". membrane
achievements, such as the development of more sensitive S
imaging instruments and robust, safer radiopharmaceuti- - )
cals, thereby providing more choices to fit personalized med- ﬂ/‘*( ‘O-NH tumor )4
ical needs. Molecular imaging is making steadfast progress receplor] | |

in the field of cancer research among others. Cancer is a chal- _ &
lenging disease, characterized by heterogeneity, uncontrolled C —
cell division, and the ability of cancer cells to invade other tis- Q {

sues. Researchers are addressing these challenges by aggres- e

sively identifying and studying key cancer-specific biomarkers

such as growth factor receptors, protein kinases, cell adhe-

sion molecules, and proteases, as well as cancer-related biological processes such as hypoxia, apoptosis, and angiogenesis.

Positron emission tomography (PET) is widely used by clinicians in the United States as a diagnostic molecular imag-
ing tool. Small-animal PET systems that can image rodents and generate reconstructed images in a noninvasive manner
(with a resolution as low as 1 mm) have been developed and are used frequently, facilitating radiopharmaceutical devel-
opment and drug discovery. Currently, ['®F|-labeled 2-fluorodeoxyglucose (FDG) is the only PET radiotracer used for rou-
tine dlinical evaluation (primarily for oncological imaging).

There is now increasing interest in nontraditional positron-emitting radionuclides, particularly those of the transition met-
als, for imaging with PET because of increased production and availability. Copper-based radionuclides are currently being
extensively evaluated because they offer a varying range of half-lives and positron energies. For example, the half-life (12.7
h) and decay properties (3™, 0.653 MeV, 17.8%; 3-, 0.579 MeV, 38.4 %; the remainder is electron capture) of ®*Cu make
it an ideal radioisotope for PET imaging and radiotherapy. In addition, the well-established coordination chemistry of cop-
per allows for its reaction with a wide variety of chelator systems that can potentially be linked to antibodies, proteins, pep-
tides, and other biologically relevant molecules. New chelators with greater in vivo stability, such as the cross-bridged (CB)
versions of tetraazamacrocyclic 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid (TETA), are now available. Finally,
one of the major aspects of successful imaging is the identification and characterization of a relevant disease biomarker at
the cellular and subcellular level and the ensuing development of a highly specific targeting moiety. In this Account, we dis-
cuss specific examples of PET imaging with new and improved 5*Cu-based radiopharmaceuticals, highlighting the study of
some of the key cancer biomarkers, such as epidermal growth-factor receptor (EGFR), somatostatin receptors (SSRs), and
integrin o,f;.
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Molecular Imaging with Positron Emission
Tomography (PET)

PET requires the injection of molecules labeled with radionu-
clides (radiopharmaceuticals) into the subject for obtaining an
image. The amount of material that is injected into the sub-
ject is extremely small (at the level of nanomoles to pico-
moles) and causes minimal pharmacological effect. In this
regard, PET enables the imaging and monitoring of disease in
a noninvasive manner. PET has become a widely used diag-
nostic imaging tool by clinicians in the United States with 1.52
million PET and PET/CT imaging procedures performed in
2008, compared with 1.46 million scans performed in 2007
(http://www.molecularimaging.net/index.php?option=com_
articles&view=article&id=16290). Although there have been
thousands of radiopharmaceuticals developed for potential
use in a clinical imaging setting, at present, ['®F]-labeled 2-fluo-
rodeoxyglucose (FDG) is the only PET radiotracer used for rou-
tine clinical evaluation, primarily for oncological imaging. The
underlying mechanism for generating a PET image is depicted
in Figure 1.

Nontraditional positron-emitting radionuclides, particularly
those of the transition metals, have gained considerable inter-
est for imaging with PET because of increased production and
availability. Significant research effort has been devoted to
64Cu because of its longer half-life (12.7 h) and decay prop-
erties (6%, 0.653 MeV [17.8%]; -, 0.579 MeV [38.4%]). In
addition, the well-established coordination chemistry of cop-
per allows for its reaction with a wide variety of chelator sys-
tems that can potentially be linked to antibodies, proteins,
peptides, and other biologically relevant molecules. This
Account will discuss the chemistry of developing %4Cu radiop-
harmaceuticals and their applications in the molecular imag-
ing of cancer.

Coordination Chemistry of Copper

The aqueous coordination chemistry of copper is limited to its
three accessible oxidation states (I—Ill)."? The lowest oxida-
tion state, Cu(l), has a diamagnetic d'° configuration and forms
complexes without any crystal-field stabilization energy. Com-
plexes of this type are readily prepared using relatively soft
polarizable ligands like thioethers, phosphines, nitriles, isoni-
triles, iodide, cyanide, and thiolates; however, Cu(l) complexes
are typically not used for in vivo imaging due to their labil-
ity. Copper(ll) is a d® metal of borderline softness, which favors
amines, imines, and bidentate ligands like bipyridine to form
square-planar, distorted square-planar, trigonal-pyramidal,
square-pyramidal, and distorted octahedral geometries.
Jahn—Teller distortions in six-coordinate Cu(ll) complexes are
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often observed as an axial elongation or a tetragonal com-
pression. Due to the presence of some crystal-field stabiliza-
tion energy, Cu(ll) is generally less labile toward ligand
exchange compared with Cu(l) and in our opinion is the best
candidate for incorporation into radiopharmaceuticals. A third
oxidation state, Cu(lll), is relatively rare and difficult to attain
without the use of strong s-donating ligands.

Production of %4Cu

Copper-64 can be effectively produced by both reactor-based
and accelerator-based methods. One method of %4Cu produc-
tion is the ®4Zn(n,p)®*Cu reaction in a nuclear reactor.®> Most
reactor-produced radionuclides are produced using thermal
neutron reactions, or (n,y) reactions, where the thermal neu-
tron is of relatively low energy and the target material is of the
same element as the product radionuclide. For producing
high-specific activity ®4Cu, fast neutrons are used to bombard
a natural Zn target in an (n,p) reaction. This method enabled
the production of high specific activity °*Cu at the Missouri
University Research Reactor (MURR) in amounts averaging
9.25 GBq (250 mCi).? Unfortunately, one of the byproducts of
producing ®4Cu with a natural Zn target was ®°Zn (T, =
245 d), which limits the practicality of production by this
method.

The production of no-carrier-added °*Cu via the ®*Ni-
(p,n)®*Cu reaction on a biomedical cyclotron was proposed by
Szelecsenyi et al.* In this study, small irradiations were per-
formed demonstrating the feasibility of 54Cu production by this
method.* Subsequent studies by McCarthy et al. were per-
formed, and this method is now used to provide 5Cu to
researchers throughout the United States.®

Chelating Ligands for ®4Cu

High specific activity ®#Cu with a chelator that forms highly sta-
ble complexes in vivo is critical for achieving high uptake of
64Cu in the target tissue while minimizing non-target-tissue
uptake. Ligands that can form ®4*Cu complexes with high
kinetic inertness to Cu(ll) decomplexation (proton-assisted as
well as transchelation or transmetalation) are ideal, since this
is more significant than thermodynamic stability after the 54Cu
complex is injected into a living organism.®” Reduction of
Cu(ll) to Cu(l) and subsequent Cu(l) loss may also be a path-
way for loss of ®4Cu, and resistance of the 5*Cu complex to
Cu(l/Cu(l) reduction as well as reversibility can also be impor-
tant.® Rapid complexation kinetics are also essential to allow
for the facile formation of the 54Cu complex. Finally, chela-
tors also must be designed with available functional groups
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FIGURE 1. Schematic of imaging with positron emission tomography (PET). The positron travels away from its origin and then collides with
a negatively charged electron in tissue, producing annihilation radiation of two 511 keV photons approximately 180° apart. These

coincident emissions are detected by the PET scanner.

that allow them to be covalently linked to targeting peptides,
proteins, and antibodies.

Chelators Based on Cyclam and Cyclen
Backbones

The most widely used chelators for attaching ®*Cu to biolog-
ical molecules are tetraazamacrocyclic ligands with pendant
arms that utilize both the macrocyclic and chelate effects to
enhance stability. By far the most extensively used class of
chelators for 5*Cu has been the macrocyclic polyaminocar-
boxylates shown in Figure 2. These systems have been thor-
oughly investigated, and in vitro and in vivo testing have
shown them to be superior to acyclic chelating agents for
64Cu.® This enhanced stability is most likely due to the greater
geometrical constraint incorporated into the macrocyclic
ligand that enhances the Kinetic inertness and thermodynamic
stability of their “Cu complexes.®'® Two of the most impor-
tant chelators studied were 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) and 1,4,8,11-tetraaza
cyclotetradecane-1,4,8,11-tetraacetic acid (TETA). While DOTA
has been used as a bifunctional chelator (BFC) for ®4Cu, its abil-
ity to bind many different metal ions, and its decreased sta-
bility compared with TETA make it less than ideal."'~'® The
tetraazamacrocyclic ligand TETA, therefore, has been exten-
sively used as a chelator for ®*Cu, and successful derivatiza-
tion of this ligand has allowed researchers to conjugate it to
antibodies, proteins, and peptides.'*'°

Although %*Cu-TETA complexes are more stable than 54Cu-
DOTA and ®*Cu-labeled complexes of acyclic ligands, their
instability in vivo has been well documented. Bass et al. dem-
onstrated that when ®4Cu-TETA-octreotide (OC) was injected
into normal Sprague—Dawley rats, nearly 70% of the ¢4Cu
from 64Cu-TETA-OC was transchelated to a 35 kDa species
believed to be superoxide dismutase (SOD) in the liver 20 h
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postinjection.'” These results are supported by the observa-
tions of Boswell et al.”

Despite the considerable efforts made by researchers to use
tetraaza-tetracarboxylate macrocyclic ligands as effective BFCs
for 84Cu, it is evident that the in vivo instability of these ®4Cu
complexes emphasizes the need for more inert 4Cu chela-
tors. With this goal, new ligand systems, including those based
upon the cross-bridged (CB) tetraazamacrocycles have been
developed to complex 84Cu more stably.

The Cross-Bridged Tetraamine Ligands

This class of chelators was first conceived of and synthesized
by Weisman, Wong, and co-workers in the 1990s,'®'° and
they were originally designed to complex metal cations like
Lit, Cu%*, and Zn?* within their clamshell-like clefts. Numer-
ous copper complexes of these and related ligands have since
been prepared and studied by the Wong and Weisman labo-
ratories as well as other research groups.?°~2% With the avail-
able structural data, the expected cis-folded coordination
geometry of these chelators has been confirmed in all cases.
Attachment of two carboxymethyl pendant arms to CB-cyclam
to give CB-4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo-
[6.6.2]hexadecane (TE2A) further ensures complete envelop-
ment of a six-coordinate Cu(ll) as shown in Figure 2.

While the measurement of stability constants of Cu(ll)-CB
complexes has been limited by the proton-sponge nature of
these chelators, available data for Cu(ll)-CB-cyclam (log K; =
27.1) revealed very similar values to nonbridged Cu(ll)-
cyclam (log K; = 27.2) and related complexes.?®> On the
other hand, their Kinetic inertness, especially in aqueous
solution, has been shown to be truly exceptional.®2* Pro-
ton-assisted decomplexation is one indicator of solution
inertness. Under pseudo-first-order conditions of high acid
concentration (e.g., 5 M HCl), decomplexation half-lives can
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FIGURE 2. Selected macrocyclic chelators that have been investigated for chelating copper radionuclides.

TABLE 1. Pseudo-First-Order Half-Lives for Acid Decomplexation
and Reduction Potentials of Cu(ll) Complexes?

chelator 5 M H{, 90 °C 12 M Hd, 90 °C Ereq (V) vs Ag/AgCl
DOTA <3 min <3 min —0.94 (jrrev)®
cyclam <3 min <3 min —0.68 (quasi-rev)
TETA 4.5(5) min <3 min —1.18 (irrev)
(B-cyclam 11.7(1) min <3 min —0.52 (quasi-rev)
(B-TE2A 154(6) h 1.6(2) h —1.08 (quasi-rev)
(B-DO2A <3 min nd —0.92 (irrev)
(B-TEAMA nd nd —0.96 (quasi-rev)
diamsar 40(1) h <3 min —1.1 (irrev)

@ All values are from Heroux et al.>* unless otherwise noted. ” Reference 7.

provide a comparative gauge. Remarkable resistance of
Cu-CB complexes toward such processes has recently been
demonstrated.®?* As shown in Table 1, Cu-CB-cyclam is
almost an order of magnitude more inert than Cu(ll)-cyclam
in 5 M HCI at 90 °C, while Cu(ll)-CB-TE2A is 4 orders of
magnitude more inert. Impressively, the latter complex
resists acid decomplexation even better than the fully
encapsulated sarcophagine complex Cu(ll)-3,6,10,13,16,19-
hexaazabicyclo[6.6.6]eicosane-1,8-diamine (diamsar). It was
confirmed that both the cross-bridged cyclam backbone and
the presence of two enveloping carboxymethyl arms are
required for this unusual Kinetic inertness.

Biological stability of *Cu-labeled cross-bridged com-
plexes, including CB-cyclam, ®4Cu-CB-TE2A, and CB-10-
bis(carboxymethyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetra-

decane (DO2A), has been investigated.”2®> The biodistribu-
tion of these %4Cu complexes in female Sprague—Dawley
rats was highly dependent upon the chelator. Based on the
rapid clearance from blood, liver, and kidney, 54Cu-CB-TE2A
was thought to be the most stable (Figure 3).2* Follow-up
metabolism studies of 4Cu-CB-TE2A and 54Cu-CB-DO2A
compared with ®*Cu-DOTA and %*Cu-TETA demonstrated the
robust stability of 64Cu-CB-TE2A in vivo, with low amounts
of transchelation to liver and blood proteins.”

Selection of Biological Targets of Disease
for Molecular Imaging

The selection of right target/biomarker has been greatly
enhanced by the improved fundamental understanding of var-
ious aspects of cellular functioning. The target could be a sur-
face protein/integrin or an intracellular component such as
DNA, mRNA, or cytoplasmic protein (Figure 4). Surface pro-
teins are easier to target, because the targeting ligand does
not have to gain access to the inside the diseased cell.
Another key factor in target selection is the number of target
sites in the diseased cell. Choosing an abundant target will
make imaging more feasible.

Imaging markers, such as a labeled antibody, peptide, or
peptidomimetic, can be used to reach the target to serve an
imaging or therapeutic purpose. In the case of a surface
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FIGURE 3. Biodistribution data of selected %*Cu-labeled cyclam and
bridged cyclam analogs at 24 h postinjection (pi) in normal rats.
Adapted from refs 7, 23, and 45.
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FIGURE 4. Simplified Schematic of a tumor cell showing the
various intracellular, cell surface, and extracellular targets available
for molecular imaging.

protein target, the targeting unit should be able to bind
competitively to the target with an affinity comparable to or
better than the natural binding ligand, thereby inhibiting the
binding of the activating (natural) ligand to the receptor.
Some of the cell surface proteins that our laboratory has
investigated include epidermal growth-factor receptor
(EGFR), somatostatin receptors (SSRs), and integrin o,fs.
Select studies on some of these targets are covered in the
following sections.

Targeting Somatostatin Receptors (SSRs)

Somatostatin is a 14 amino acid peptide that is involved in the
regulation and release of a number of hormones, and SSRs
are present in many different normal organ systems such as
the central nervous system (CNS), the gastrointestinal tract,
and the exocrine and endocrine pancreas. Several human
tumors of the neuroendocrine system, CNS, breast, and lung
are SSR positive, making it a viable disease target. An eight
amino acid analog of somatostatin, octreotide (OC) has a
longer biological half-life and is shown to be several times
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more effective than somatostatin in the suppression of growth
hormone secretion in animals.>> Somatostatin analogs that
have been conjugated with various metal chelators and
labeled with "'In or 84Cu for evaluating somatostatin recep-
tor positive tumors in rodent models and humans are repre-
sented in Figure 5.

In one of our earlier studies with SSRs, we conducted in
vitro and in vivo evaluation of ®*Cu-labeled OC conju-
gates.'> OC was conjugated with TETA for labeling with
64Cu, and this agent was compared with '"'In-DTPA-p-
Phe'-OC ('""In-DTPA-OC; Octreoscan), a SPECT imaging
agent approved for routine clinical use as a diagnostic
agent for neuroendocrine cancer in the US and Europe.?®
64Cu-TETA-OC was evaluated as a PET imaging agent in
humans (eight subjects) and compared with '''In-DTPA-OC
with gamma scintigraphy and SPECT imaging.?” 64Cu-
TETA-OC and PET imaged more tumors in two patients
compared with '""In-DTPA-OC and SPECT, and in one
patient '"'In-DTPA-OC and SPECT weakly imaged a lung
lesion that was not detected with 4Cu-TETA-OC. Overall, ®4Cu-
TETA-OC and PET showed greater sensitivity for imaging
neuroendocrine tumors, in part due to the greater sensitiv-
ity of PET compared with SPECT.

In vitro and in vivo evaluation of a second generation
somatostatin analog, 5*Cu-TETA-Y3-TATE (Y3-TATE = tyrosine-
3-octreotate) was conducted. Y3-TATE differs from OC in that
tyrosine replaces phenylalanine in the 3-position, and the
C-terminal threonine is an acid rather than an alcohol and has
shown improved targeting of somatostatin-rich tissues.?®29
64Cu-TETA-Y3-TATE had high binding affinity to somatostatin
in receptor-positive CA20948 rat pancreatic tumor cell mem-
branes. In vivo, in CA20948 and AR42J rat pancreatic tumor
models, 64Cu-TETA-Y3-TATE had twice as much uptake as
64Cu-TETA-OC. This new reagent demonstrated superior poten-
tial as a radiopharmaceutical for imaging and therapy of SSR-
positive tissues.

From a synthetic point of view, it was a worthwhile pros-
pect to evaluate which chemical modification in the struc-
ture led to the increased uptake in somatostatin-rich tissues
in vivo: was it due to the C-terminal carboxylate or the sub-
stitution of tyrosine for phenylalanine at the 3-position?
These issues were addressed in a study where four ®*Cu-
labeled somatostatin analogues were compared in vitro and
in a tumor-bearing rat model.>® The effect of single modi-
fications to the OC peptide on target tissue uptake was
investigated. In particular, two new modifications of the OC
peptide were synthesized: one with the substitution of the
tyrosine for phenylalanine in the 3-position (Y3-0C), and
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FIGURE 5. Somatostatin analogs that have been conjugated with various metal chelators and labeled with '''In or 54Cu for evaluating

somatostatin receptor positive tumors in rodent models and humans.

other changing the C-terminus from an alcohol to a car-
boxylic acid (TATE). Both of these peptides were conjugated
with TETA for labeling with ®4Cu. The in vitro and in vivo
behaviors of these two peptides were compared with ¢4Cu-
TETA-OC and %*Cu-TETA-Y3-TATE. Receptor binding stud-
ies on CA20948 cell membranes showed highest affinities
for TATE derivatives, °*Cu-TETA-Y3-TATE (0.308 & 0.0375
nM) and ®4Cu-TETA-TATE (0.297 + 0.0005 nM), and lower
affinities for ®4Cu-TETA-OC (0.498 & 0.039 nM) and %4Cu-
TETA-Y3-OC (0.397 + 0.0206 nM), suggesting that the
C-terminal modification may contribute more to high-affin-
ity receptor binding than the substitution at the 3-position.
Similar trends were observed in cell uptake studies done
with  AR42J) rat pancreatic tumor cells. These
structure—activity relationship trends were not demon-
strated in biodistributions in CA20948 tumor-bearing rats,
but 54Cu-TETA-Y3-TATE exhibited tumor uptake 1.75—3.5
times higher than the other derivatives at 4 h postinjec-
tion (pi). These results reinforce the choice of ®*Cu-TETA-
Y3-TATE as the better PET imaging and targeted
radiotherapy agent.

After demonstrating the superiority of CB-TE2A com-
pared with TETA for stably chelating 64Cu in vivo,” we set
out to attach CB-TE2A to the well-characterized tumor-tar-
geting peptide, Y3-TATE. CB-TE2A was conjugated to the
somatostatin analogue Y3-TATE and directly compared with
the 54Cu-TETA-Y3-TATE conjugate.?® 64Cu-CB-TE2A-Y3-TATE
was radiolabeled in high radiochemical purity with specific
activities of 1.3—5.1 mCi/ug of peptide at 95 °C and pH
8.0.3" Biodistribution studies using AR42) tumors implanted
in male Lewis rats revealed that this complex had greater
affinity for somatostatin-positive tissues compared with the
TETA conjugate. Accumulation of ®4Cu-CB-TE2A-Y3-TATE
was lower at all time points in blood and liver, and less
accumulation was observed in the kidney at earlier time
points compared with that of ®*Cu-TETA-Y3-TATE. For exam-
ple, the tumor to blood ratio at 4 h for 54Cu-CB-TE2A-Y3-
TATE was 156 + 55; for 4Cu-TETA-Y3-TATE, the tumor to
blood ratio was 8.2 + 1.6 (P < 0.001). These data suggest
that the %#Cu-CB-TE2A-Y3-TATE is more resistant to tran-
schelation than the TETA analogue.
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FIGURE 6. (A) Projection microPET images of A431 tumor-bearing
nude mice 20 and 46 h postadministration of 4Cu-DOTA-
cetuximab, with and without an injected blocking dose 20 h prior
to the imaging dose (5.6 MBq, 6 g, left; 5.6 MBq, 1 mg of
cetuximab, right). (B) Coronal microPET images of ¢*Cu-DOTA-
cetuximab in A431 (epidermal growth-factor receptor [EGFR]-
positive) and MDA-MB-435 (EGFR-negative) tumor-bearing mice 19
and 48 h postadministration of 4Cu-DOTA-cetuximab. (C)
MicroPET/computed tomography co-registration images of ¢*Cu-
DOTA-cetuximab in a mouse bearing both A431 and MDA-MB-435
tumors (arrow) at 24 h postinjection. Reprinted by permission of
Mary Ann Liebert, Inc., from ref 38.

The majority of somatostatin analogs that have been eval-
uated for PET and SPECT imaging are somatostatin agonists,
and as such, they are internalized into cells via receptor-me-
diated endocytosis and mimic the behavior of somatostatin
itself. The pervasive belief has been that greater cellular inter-
nalization of a radiolabeled somatostatin analog in vitro is a
predictor of improved tumor uptake in vivo. This has been
demonstrated by the group at Rotterdam for '''In-labeled
somatostatin analogs,>*>3 as well as by our group.?®3° In
2006, Ginj et al. showed that an '''In-labeled somatostatin
receptor type 2 (SSTr2) antagonist, sst2-ANT, had improved
uptake compared with '"'In-DTPA-Y3-TATE3* in mice bear-
ing SSTr2-transfected HEK cell tumors. The authors showed
that sst2-ANT was not internalized in the HEK cells and dem-
838 = ACCOUNTS OF CHEMICAL RESEARCH = 832-841
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onstrated classical antagonist behavior. We recently compared
64Cu-CB-TE2A-sst2-ANT with 6#Cu-CB-TE2A-Y3-TATE in AR42)
tumor-bearing rats.> In our hands, ®4Cu-CB-TE2A-sst2-ANT
showed low levels of internalization in AR42J cells, and sim-
ilar uptake to 5*Cu-CB-TE2A-Y3-TATE in vivo at early time
points. An interesting characteristic of the SSTr2 antagonist is
that it appears to bind to ~15-fold higher number of recep-
tors than the agonist (23 000 vs 1551 fmol/mg protein), but
with ~17-fold decreased affinity (26 vs 1.5 nM). However,
64Cu-CB-TE2A-sst2-ANT showed longer retention in the AR42)
tumor, resulting in improved tumor/blood (72) and tumor/
muscle (93) ratios at 24 h pi compared with 64Cu-CB-TE2A-
Y3-TATE (tumor/blood = 20 and tumor/muscle = 45).3°

Targeting Epidermal Growth Factor
Receptor (EGFR)

The epidermal growth factor family of membrane receptors is
one of the most relevant targets in the tyrosine kinase fami-
ly.3® EGFR expression is increased in many human tumors
such as breast cancer, squamous-cell carcinoma of the head
and neck, and prostate cancer. Activation of EGFR contributes
to several tumorigenic mechanisms, and in many tumors,
EGFR expression may act as a prognostic indicator, predict-
ing poor survival or more advanced disease stage.>® At
present, monoclonal antibodies (mAbs), which block the bind-
ing of EGF to the extracellular ligand-binding domain of the
receptor, and small tyrosine Kinase inhibitors have shown
promise from a therapeutic standpoint. Cetuximab (C225,
Erbitux) was the first mADb targeted against the EGFR approved
by the Food and Drug Administration for the treatment of
patients with EGFR-expressing metastatic colorectal carcinoma.
Cetuximab binds to the extracellular domain of EGFR with a
Kp of 1 nM, similar to that of the natural ligand, EGF.3” We
evaluated %4Cu-DOTA-cetuximab as a PET agent to image
EGFRs in tumors.3® For the cell binding affinity evaluation,
highly EGFR-expressing human epithelial carcinoma A431 and
low-expressing MDA-MB-435 melanoma cells were used. An
equilibrium dissociation constant (Kp) of 0.28 nM was
obtained with the A431 cells, which was comparable to the lit-
erature reported values of unlabeled cetuximab with A431
cells.?” The in vivo evaluation of ®*Cu-DOTA-cetuximab was
performed in A431 and MDA-MB-435 tumor-bearing mice.
Both biodistribution and microPET data showed higher uptake
in the EGFR positive A431 tumor than in the EGFR negative
MDA-MB-435 tumor. Also, there was a reduced tumor uptake
in A431 mice who received a blocking dose of unlabeled
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FIGURE 7. Small-animal PET/CT of PTH-treated mice. Calvarium uptake of 64Cu-CB-TE2A-c(RGDyK) was higher in PTH-treated mice (7.4 MBq
[199 uCi], 115 ng, SUV = 0.53) than in control mice (7.7 MBq [209 xCi], 121 ng, SUV = 0.22) (A). In PTH-treated mice, uptake was reduced in
all tissues, including calvarium, after injection of c(RGDyK) (PTH |[left], 159 «Ci, 84 ng, SUV = 0.33; block [right], 164 «Ci, 87 ng, SUV = 0.18)
(B). Arrowheads indicate calvarium of each animal. Fiducials (*) are indicated. Reprinted by permission of the Society of Nuclear Medicine

from ref 43.

cetuximab, demonstrating the specificity of 54Cu-DOTA-
cetuximab for the high-EGFR-expressing A431 tumor (Figure
6).

The use of DOTA as the chelator with %*Cu is admittedly
less than ideal. For this reason, metabolism experiments were
performed to determine the extent of 54Cu transchelation to
blood, liver, and tumor proteins in A431 tumor-bearing mice.
The results showed minimal metabolism of *Cu-DOTA-
cetuximab in the blood out to 24 h pi. Liver metabolism stud-
ies demonstrated the transchelation of %*Cu to three proteins,
two of which were shown by size-exclusion chromatography
to be superoxide dismutase and metallothionein. The third
metabolite was believed to be a protein aggregate. We are
currently working on the development of CB macrocycles that
can be labeled at lower temperatures (<43 °C) and will be
compatible with labeling of monoclonal antibodies, because
we believe this will significantly improve retention of the
agents in the liver, as well as possibly enhance tumor
targeting.

64Cu-DOTA-cetuximab’s potential to measure EGFR concen-
tration was evaluated by PET imaging in cervical cancer
tumors.> Overexpression of EGFR has been found in over
70% of carcinomas of the cervix. In this study, 54Cu-DOTA-
cetuximab was used to correlate EGFR densities on the sur-
face of five different cervical cancer lines with EGFR mRNA
(MRNA) expression. Based on the cellular data, microPET imag-
ing was performed on tumor-bearing mice using the highest-
expressing cervical cancer cell line, CaSki. For the in vitro
analysis, five cervical cancer cell lines were selected after a
screen of 23 human cervical cancer lines based on their level
of EGFR gene expression by gene expression microarray anal-
ysis. The five human tumor cell lines ranged in EGFR expres-
sion with the following order: CaSki (high), ME-180 and DcTc2
4510 (both midrange), HeLa (low), and C-33A (negative). The

cell-surface EGFR expression was evaluated by doing satura-
tion binding assays at 4 °C, and the results paralleled the lev-
els of EGFR expression determined by microarray analysis. In
vivo, the biodistribution and small-animal PET studies with
64Cu-DOTA-cetuximab in CaSki human tumor-bearing nude
mice showed relatively high tumor uptake at 24 h after injec-
tion (13.2% of injected activity per gram), with significant
retention of radioactivity in blood and liver as well. Overall,
the study evaluated ®*Cu-DOTA-cetuximab as a biomarker of
EGFR expression levels and a potential PET agent for patient
selection and therapeutic monitoring.

Targeting Integrin o,/

The integrin o5 is a well-known cell surface disease biom-
arker that is upregulated in tumor angiogenesis, metastasis,
inflammation, certain cardiovascular abnormalities, and bone
resorption.*® There are many studies in the literature discuss-
ing PET imaging of a5 expression in tumor angiogenesis
using arginine—glycine—aspartic acid (RGD) peptides.*' As an
alternative to imaging angiogenesis, we investigated imag-
ing the upregulation of o35 in osteoclasts, which are present
in high numbers in osteolytic bone metastases. Osteoclasts are
known to have a high expression of o5 integrin compared
with other normal cell types.** We proposed 54Cu-CB-TE2A-
c(RGDyK) for detecting osteoclasts in osteolytic bone lesions.*?
Selective targeting of ®4Cu-CB-TE2A-c(RGDyK) was demon-
strated ex vivo in cell studies using o,Bs-positive bone mar-
row macrophages (BMM) and o.,53-positive osteoclasts, with a
maximal 2.6-fold increase in osteoclast uptake compared with
BMM.

Since o,f3 is also expressed on many tumor cells, the
osteoclast targeting by 54Cu-CB-TE2A-c(RGDyK) was validated
in vivo in the absence of tumor cells by using a model of phar-
macologically induced osteolysis. Parathyroid hormone (PTH)
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induces osteoclast-mediated osteolysis when serially injected
subcutaneously at the calvarium.** This pharmacologic model
of PTH-induced osteolysis allowed investigation of osteoclast-
mediated bone uptake independent of tumor cells. Increased
uptake at the site of induced osteolysis was clearly visible on
small animal PET as shown in Figure 7. In addition, the bio-
distribution studies demonstrated a significant increase in cal-
varium uptake in PTH-treated mice relative to controls. These
results suggested the application of ®*Cu-CB-TE2A-c(RGDyK) for
imaging increased numbers of osteoclasts in osteolytic bone
diseases. Efforts are ongoing in our lab to design improved
targeting agents, both peptide-based and macromolecular,
that target a3 for imaging tumor angiogenesis as well as
increased numbers of osteoclasts in diseases that include
osteolytic bone metastases.

Conclusions

Copper-64-based radiopharmaceuticals have significant poten-
tial as oncological PET imaging agents. The longer half-life and
ease of production of ®4Cu by both reactor- and accelerator-
based methods gives it a logistical and economical advan-
tage over many positron-emitting radionuclides. The
development of new BFC systems that form stable complexes
with high Kinetic inertness to Cu(ll) decomplexation has proven
valuable for producing favorable in vivo pharmacokinetic pro-
file of peptide conjugates as demonstrated by the robust sta-
bility of ##Cu-CB-TE2A over traditionally used chelators such
as DOTA and TETA. A better understanding of molecular
markers has resulted in targeted imaging of tumors. The
progress made at a fundamental level by using small animal
PET systems will encourage the translation of ¢4Cu-based
imaging radiopharmaceuticals into humans.
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