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The advancement of positron emission tomography (PET) depends
on the development of new radiotracers that will complement
18F-FDG. Copper-64 (64Cu) is a promising PET radionuclide, partic-
ularly for antibody-targeted imaging, but the high in vivo lability
of conventional chelates has limited its clinical application. The
objective of this work was to evaluate the novel chelating agent
SarAr (1-N-(4-aminobenzyl)-3, 6,10,13,16,19-hexaazabicyclo[6.6.6]-
eicosane-1,8-diamine) for use in developing a new class of tumor-
specific %4Cu radiopharmaceuticals for imaging neuroblastoma
and melanoma. The anti-GD2 monoclonal antibody (mAb) 14.G2a,
and its chimeric derivative, ch14.18, target disialogangliosides that
are overexpressed on neuroblastoma and melanoma. Both mAbs
were conjugated to SarAr using carbodiimide coupling. Radiola-
beling with ¢4Cu resulted in >95% of the 64Cu being chelated by
the immunoconjugate. Specific activities of at least 10 uCi/pg (1
Ci = 37 GBq) were routinely achieved, and no additional purifica-
tion was required after 64Cu labeling. Solid-phase radioimmuno-
assays and intact cell-binding assays confirmed retention of bio-
activity. Biodistribution studies in athymic nude mice bearing s.c.
neuroblastoma (IMR-6, NMB-7) and melanoma (M21) xenografts
showed that 15-20% of the injected dose per gram accumulated in
the tumor at 24 hours after injection, and only 5-10% of the
injected dose accumulated in the liver, a lower value than typically
seen with other chelators. Uptake by a GD2-negative tumor xeno-
graft was significantly lower (<5% injected dose per gram). Mi-
croPET imaging confirmed significant uptake of the tracer in
GD-2-positive tumors, with minimal uptake in GD-2-negative tu-
mors and nontarget tissues such as liver. The 64Cu-SarAr-mAb
system described here is potentially applicable to 4Cu-PET imaging
with a broad range of antibody or peptide-based imaging agents.

Positron emission tomography (PET) using the '®F-labeled
glucose analogue FDG (FDG-PET) has revolutionized the
imaging of oncology patients by adding functional metabolic
information to anatomic imaging data (1-3). This has become
particularly important in the evaluation of newer therapeutic
agents that inhibit tumor metabolism and proliferation without
necessarily affecting tumor size (4). Although PET is now
routinely used clinically, it may not reach its full potential in
oncology unless significant advances are made with longer-lived
PET isotopes, such as ®*Cu. Limitations to the chelating agents
currently used with %*Cu include significant loss of **Cu from the
conjugate, leading to high uptake in the liver, and the require-
ment for postlabeling purification, typically by semipreparative
HPLC. The further development of ®*Cu?>* imaging agents
therefore requires Cu(II) chelators with (i) greater in vivo
stability, (if) improved labeling properties, and (iii) simplified
conjugation to targeting molecules, such as antibodies, antibody
fragments, and peptides (5).

www.pnas.org/cgi/doi/10.1073/pnas.0708436104

Radiolabeled mAbs are established as agents in diagnosis and
therapy, and interest in this field has increased of late, largely
because of developments in antibody engineering. The in vivo
stability and high specificity for target antigens make mAbs
attractive vehicles for tumor-specific targeting of PET radionu-
clides. Imaging with radiolabeled mAbs directed against tumor-
associated antigens has, however, been hampered in part by the
limited number of radionuclides developed for use in radioim-
munodiagnosis (5). Recently, antibody fragments and engi-
neered antibody derivatives such as divalent synthetic single-
chain Fv antibodies have been constructed in an effort to
accelerate clearance kinetics, while maintaining tumor target
specificity (6).

Copper-64 (ti» = 12.7 h) decays by B* (20%) and B~ emission
(37%), as well as electron capture (43%), making it well suited
for radiolabeling antibodies, both for PET imaging (8*) and
therapy (8" and B7) (5, 7-9). However, a major challenge to
developing ®*Cu?*-based imaging agents has been identifying
bifunctional chelating agents that stably complex **Cu?* under
physiological conditions (5, 10, 11). Such copper chelators must
form complexes with high thermodynamic and kinetic stability
and be resistant to in vivo processes such as transchelation to
endogenous copper transport and binding proteins, and reduc-
tion to Cu'*. Furthermore, the chemical conditions for conju-
gation and radiolabeling must be optimized to account for the
biological and physical half-lives of the radioimmunoconjugate
and to ensure that the specificity of the targeting agent is not
impaired (5, 12).

A new class of bifunctional chelators has recently been syn-
thesized (13) based on the hexaazamacrobicyclic sarcophagine
cage Sar (Fig. 1) (14, 15). These compounds coordinate the Cu?*
ion within the multiple macrocyclic rings comprising the sar-
cophagine cage structure, yielding extraordinarily stable com-
plexes that are inert to dissociation of the metal ion (5, 16). The
Cu?* cannot be removed from the cage under physiological
conditions and thus resists transfer to copper-binding proteins
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Fig. 1.  Structure of SarAr. SarAr is based on the macrobicyclic cage diamsar
and was modified to contain the reactive aminobenzyl group.

such as ceruloplasmin or superoxide dismutase. In fact, the Sar
chelator can inhibit incorporation of copper into endogenous
copper-binding proteins present in liver extracts (17). The Cu?*
ion within the Sar complex is also unusually resistant to reduc-
tion; in contrast, more facile in vivo reduction has compromised
the utility of other copper radiopharmaceuticals (5, 18).

Smith et al. (13) have recently developed a derivative of the
diamsar ligand, SarAr (Fig. 1), which incorporates an aromatic
amine into the cage periphery. This allows SarAr to be readily
cross-linked to carboxyl residues on peptides and antibody
molecules via carbodiimide-mediated amide bonds. This cross-
linking reaction can be carried out in neutral or slightly acidic pH
conditions using standard aqueous buffers. The resulting SarAr
immunoconjugates are stable, allowing for advance preparation
and storage for future labeling with 4Cu?*.

The data presented here extend earlier results characterizing
the SarAr compound by demonstrating the feasibility of using
this chelator to produce tumor-targeted immunoconjugates that
can be readily labeled with %*Cu?* and used for in vivo imaging
of neuroblastoma and melanoma. The procedures developed for
this ®*Cu-SarAr-mAb system should also be applicable to the
preparation of a broad range of **Cu-labeled protein-based PET
imaging agents.

Results

Preparation and Characterization of SarAr-Conjugated ¢4Cu-Labeled
anti-GD2 Antibody Constructs. The SarAr ligand was successfully
conjugated via its aromatic amine functional group to the ch14.18
antibody by using the 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) reagent, forming a stable amide bond between
the mAb and the chelator molecule. The optimal molar ratios of
reagents were found to be a 500-fold excess of EDC to antibody, and
a SarAr:IgG molar ratio of 250:1 in acetate buffer, pH 5.0 at 37°C
for 30 min, consistent with earlier results (19).

Unbound SarAr was separated from the immunoconjugate by
semipreparative HPLC, resulting in the purified immunoconju-
gate, SarAr-ch14.18. By using this procedure, up to 1.0 mg of
immunoconjugate could be prepared in a single reaction, with no
significant intramolecular IgG cross-linking detectable by HPLC
or SDS/PAGE (data not shown), confirming earlier observations
(19). Similar results were obtained with murine 14.G2a mAb and
other immunoglobulins (data not shown), demonstrating the
general applicability of this conjugation technique.

Radiolabeling of the SarAr-ch14.18 immunoconjugate was
performed with carrier-free %Cu?*. The incorporation of cop-
per into the immunoconjugate was complete within 10-30 min.
By using a SarAr/IgG ratio of 250:1 and 10 pCi **Cu/ug of IgG,
95-99% labeling efficiency was routinely obtained (data not
shown). The immunoreactivity of %Cu-labeled ch14.18 was
confirmed by both RIA and direct cell binding studies. Under
conditions of antigen excess, solid-phase RIA results showed
that the SarAr-%*Cu labeling process did not adversely impact
antibody immunoreactivity. There was 70% retention of control
immunoreactivity (Fig. 2), consistent with results for other types
of radioimmunoconjugates (20-22).

17490 | www.pnas.org/cgi/doi/10.1073/pnas.0708436104
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Fig. 2. Lindmo plot of GD2 binding data, confirming retention of immuno-
reactivity. Immunoreactive fraction of 70% was obtained [inverse y intercept
(1/b = 1/1.4356)] by using a fixed concentration of labeled ch14.18 and
increasing concentrations of GD2.

In Vivo Biodistribution of 64Cu-Labeled ch14.18 mAb in Mice Bearing
to GD2-Expressing Neuroblastoma and Melanoma Xenografts. Fig. 34
shows representative biodistribution data from studies per-
formed with M21 melanoma xenografts, which express high
levels of GD2 on their cell surface [~15 X 10 sites per cell (23)].
Similar results, shown in Fig. 3B, were obtained with IMR-6
neuroblastoma xenografts, which express lower levels of GD2
[=10 X 10° sites per cell (24)]. These biodistribution studies
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Fig. 3. In vivo biodistribution of [#*Culch14.18 in neuroblastoma and mel-
anoma xenograft-bearing animals. Data from athymic nude mice bearing s.c.
M21 melanoma (A) or IMR6 neuroblastoma (B) human tumor xenografts are
shown.
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Fig.4. MicroPET imaging of GD2-positive human tumor xenografts. Athymic
nude mice bearing subcutaneous GD2-positive human tumor xenografts IMR6
neuroblastoma and M21 melanoma (A) and M21 melanoma (B) were injected
with 64Cu-labeled anti-GD2 mAb ch14.18 (A and B) or 14.G2a (B) and imaged.
Control GD-2-negative PC-3 prostate carcinoma xenograft, treated and im-
aged similarly, is shown in a. Arrows point to flank tumors.

showed that 15-20% of the injected dose accumulated in the
tumor at 24 h after injection (IMR-6 neuroblastoma 16.7
(£0.6%) ID/g; M21 melanoma 20.5 (+2.8%) ID/g). Note the
retention of tracer in the tumor as clearance from the blood
occurs over time.

MicroPET Imaging of GD2-Expressing Neuroblastoma and Melanoma
Xenografts with 64Cu-Labeled ch14.18 mAb. MicroPET imaging of
selected animals bearing s.c. human tumor xenografts was
performed at 24 h and 48 h after tracer injection (Fig. 4). High
levels of **Cu-SarAr-ch14.18 were seen in GD2-positive tumors
at 24 h (Fig. 44), with only low levels of uptake in nontarget
tissues. Tracer uptake in a GD2-negative PC3 prostate carci-
noma xenograft, although slightly elevated over nontarget tis-
sues, was less than that in the GD2-positive tumors and the liver
(Fig. 44). Similar results were seen with the parent murine mAb
(14.G2a), from which the chimerized antibody ch14.18 was
derived (Fig. 4B). The low level of liver uptake seen in these
images is in agreement with the biodistribution data, emphasiz-
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ing that SarAr, in contrast to other chelating agents, binds *Cu
essentially irreversibly, with negligible loss to high-affinity en-
dogenous copper-binding proteins. The complete 3-dimensional
microPET image of the M21 melanoma xenograft is available in
supporting information (SI) Movie 1.

Discussion

The data presented in this article demonstrate the feasibility of
using the sarcophagine chelator SarAr to produce stable immu-
noconjugates that can be readily labeled with “Cu and used for
in vivo tumor imaging. We have shown that SarAr conjugation
to both murine and chimerized mAb can be accomplished under
nearly physiological conditions with no adverse affect on immu-
noreactivity. Incubation of the immunoconjugate with **Cu?*
for 10-30 min results in nearly quantitative uptake of **Cu?*
without the need for additional HPLC purification, yielding
specific activities of ~10 uCi/ug (=37 MBq/100 pg), 2-3 times
greater than previously published results using other chelating
agents (9, 25, 26). Furthermore, these high specific activities
were achieved without the need for postlabeling purification, as
is required with other chelators.

The bifunctional chelators most commonly used for labeling
proteins with copper radionuclides are based on the tetra-
azamacrocyclic chelators DOTA and TETA (5). Copper is,
however, lost from these ligands in vivo with concomitant
accumulation in the liver (9, 27), where it is incorporated into
endogenous copper-binding proteins, such as ceruloplasmin and
superoxide dismutase (10, 28). Copper plays an important role
in many normal physiological processes and, hence, is bound by
a variety of circulating and intracellular proteins such as copper
transporting ATPases, cytochrome oxidase, and superoxide
dismutase. Copper is naturally excreted via liver hepatocytes;
hepatic ceruloplasmin regulates recirculation and rerelease of
copper into the plasma. Despite the high affinity of these
endogenous proteins for copper, in our study, only 5-10% of the
injected dose accumulated in the liver [8.3 (£1.0%) ID/g in
neuroblastoma-bearing animals; 6.0 (£1.1%) ID/g in melanoma-
bearing animals], which is consistent with normal hepatic clear-
ance of an intact IgG. This is approximately one-half the value
reported by others for liver uptake of %*Cu-labeled DOTA
immunoconjugates (9, 27).

A class of bicyclic tetraazamacrocycles, “cross-bridged” cy-
clam derivatives, has been developed that form highly stable
complexes with Cu?* and are less susceptible to in vivo tran-
schelation than their nonbridged analogues (29). However,
formation of these kinetically stable complexes requires more
vigorous radiolabeling conditions (e.g., incubation at 75°C under
basic conditions), which are likely to result in denaturation and
hydrolysis of most antibodies and other complex macromolecules.

Earlier work with unconjugated SarAr showed that
[**Cu(SarAr)]** complexes were stable in plasma, with no
significant dissociation of the complex after 174 h (13). The
[**Cu(SarAr)]** complex is rapidly excreted through the kidneys
and, in contrast to other chelating agents, was not found to
release copper into the liver (13). In the present study, we have
extended these findings, showing tumor-specific uptake of
SarAr-conjugated %*Cu-labeled antineuroblastoma antibodies
14.G2a and ch14.18. Biodistribution studies showed rates of
antibody clearance from the tissues that are expected for intact
Ig molecules and are in agreement with earlier studies using
iodinated derivatives of these same antibodies (23). At 24 h after
injection, 15-20% of the injected dose accumulated in GD2-
positive tumors, whereas only 5-10% of the injected dose
accumulated in the liver. Low levels of liver uptake suggest that
64Cu is not lost from SarAr, in contrast to results obtained with
other chelating agents (9). Uptake by a GD2-negative xenograft
was minimal (<5% ID/g). These results were confirmed by
microPET imaging studies that showed high levels of %Cu-
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SarAr-ch14.18 uptake in GD2-positive tumors, with low levels of
background tissue uptake.

The longer half-life of “Cu (12.7 h) makes it attractive for
radiolabeling antibodies, for both diagnosis and therapy. The
focus of our study was to establish the feasibility of the use of
64Cu-SarAr immunoconjugates for PET imaging of neuroblas-
toma and melanoma. The results shown here suggest that good
tumor targeting of SarAr immunoconjugates is achieved in
preclinical xenograft models of neuroblastoma and melanoma.
Our current investigations are aimed at extending this work using
engineered derivatives of the ch14.18 mAbD to optimize pharma-
cokinetics and improve tumor-targeted PET imaging.

The aromatic amine incorporated into the periphery of the Sar
cage allows SarAr to be readily cross-linked to carboxyl residues
on antibodies via carbodiimide-mediated amide linkages, but
other linkage strategies are also possible, the use of, for example,
sulthydryl or NHS ester-reactive SarAr derivatives. The effect of
other linker strategies on the pharmacokinetics of the %Cu-
SarAr-mAb system has yet to be investigated. The ability to
quantitatively label these SarAr-modified compounds with ra-
diolabeled copper in a single reaction thus allows for rapid
screening and evaluation of multiple combinations of targeting
molecules, chelators, and linker chemistries.

Finally, although we have not explored the use of SarAr for
7Cu radioimmunotherapy, the extraordinarily high stability of
the Cu-SarAr complex suggests that this chelator could be easily
exploited to develop approaches for targeted radioimmuno-
therapy (30), both as a primary mode of treatment and in the
adjuvant setting.

In conclusion, we have developed a tumor-specific PET
imaging agent using neuroblastoma and melanoma as model
systems. We have optimized the conjugation and radiolabeling
procedure for **Cu PET imaging such that this procedure could
be readily performed in any radiopharmacy by using routine
techniques. The reactions can be performed under nearly phys-
iologic conditions, and the %“Cu-SarAr derivatives tested were
shown to have high specific activity, antigen binding, and in vivo
target specificity, with minimal uptake in normal tissues. The
present investigation of *Cu-SarAr antibody targeting can easily
be extended to other preclinical systems. These conjugates may
also serve as the basis for development of a more specific PET
imaging agent for neuroblastoma and melanoma.

Materials and Methods

Antibodies. The murine anti-GD2 antibody 14.G2a was pur-
chased from Becton-Dickinson. The construction of the chimer-
ized derivative of 14.G2a, ch14.18, has been described (31). The
ch14.18 chimeric antibody shares only murine variable region
sequences with 14.G2a; thus, these two antibodies have identical
antigen-binding Fv regions, but contain distinct constant region
sequences.

Cell Lines. The human melanoma cell line M21 has been described
(23) and was generously provided by P. M. Sondel (University of
Wisconsin, Madison, WI). NMB-7 and IMR-6 are both GD2-
positive neuroblastoma cell lines that have been described (32),
and were kindly provided by J. A. Denburg (McMaster Univer-
sity, Hamilton, ON, Canada). PC-3 human prostate adenocar-
cinoma cells were purchased from American Type Culture
Collection (Manassas, VA). All cell lines were maintained in
continuous culture in RPMI medium 1640 (M21, IMR-6,
NMB-7) or Ham’s F12 (PC-3) tissue culture medium supplemented
with 10% FCS, penicillin/streptomycin, and L-glutamine.

SarAr Conjugation. Preparation of the SarAr chelator has been
described in detail (13). The SarAr ligand was conjugated via its
primary aromatic amino group to carboxyl groups on the 14.G2a
and ch14.18 antibodies, in a reaction mediated by the carbodi-

17492 | www.pnas.org/cgi/doi/10.1073/pnas.0708436104

imide reagent 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC). The use of the aromatic amine as a linker was shown to
be essential (13) and allowed formation of a stable amide bond
between glutamate or aspartate residues of monoclonal antibody
and the chelator molecule. The optimal conditions for conjuga-
tion were a 500-fold molar excess of EDC to antibody, with a
molar ratio of SarAr:IgG equal to 250:1 (19). The reaction was
carried out in 0.1 M sodium acetate buffer, pH 5.0, at 37°C for
30 min.

Unbound SarAr was separated from the immunoconjugate by
size-exclusion HPLC [BioSep SEC-S3000 column (Phenomenex,
Torrance, CA)] with an isocratic aqueous phase consisting of 0.1
M sodium acetate, pH 5.0. Approximately 2 min separated
elution of the immunoconjugate from unbound SarAr. The
purified immunoconjugate fractions were pooled, concentrated
by using a spin-column filter (Centricon; Millipore, Billerica,
MA) (30,000 molecular mass cutoff), and stored in aliquots at
—80°C. Based on serial dilution experiments with both %Cu?*
and 3’Co?*, an estimated four SarAr molecules are bound per
antibody molecule, consistent with earlier results (19, 33), al-
though the presence of trace amounts of contaminating metals
in the *Cu?* and "Co?* isotope preparations could result in an
underestimate of the actual total number of chelators present on
the protein.

Radiolabeling with 64Cu2*. The positron-emitting isotope **CuCl,
(radionuclide purity >99%) was provided by Michael J. Welch
(Washington University, St. Louis, MO). Average specific activity
at the time of shipping was 50 mCi/ug of Cu. The SarAr conjugated
antibodies were incubated with 0.1 to 10 pCi of **Cu?* per ug of
antibody. The chelation reaction was performed in 0.1 M sodium
acetate buffer, pH 5.0, for 30 min at 37°C. Similar results were
obtained with shorter incubation times (10 min) and incubation at
21°C (data not shown). Labeling efficiency was determined by
HPLC and TLC. By using 10 uCi of *Cu per pg of antibody,
labeling efficiency was routinely 99%. For animal imaging exper-
iments, 100-200 pg of antibody were typically labeled in a single
procedure using 1-2 millicuries of %*Cu?".

Characterization of Immunoconjugates. Radioimmunoassays were
performed by using disialoganglioside glycolipids immobilized
on Immunolon microtiter plates. Purified gangliosides (Calbio-
chem, San Diego, CA) were resuspended in ethanol or DMSO.
Microtiter wells were coated with saturating concentrations of
purified disialoganglioside GD2 or GD1b (50 ug per well) and
evaporated to dryness under a fume hood. Nonspecific sites were
blocked with PBS, 1% BSA, and 0.01% Tween-20. Serial dilu-
tions of the radiolabeled antibody were made into PBS/1% BSA
and added to microtiter wells, followed by incubation at room
temperature (i.e., 21°C) for 2 h. Plates were washed with PBS/1%
BSA,; the wells were then separated and counted in a y-counter.
In some experiments, a fixed concentration of radiolabeled
ch14.18 antibody (the amount shown to produce 50% binding in
conventional RIAs) was added to increasing concentrations of
immobilized glycolipid; the binding data were then plotted by
using the method of Lindmo (20), allowing an estimate of
immunoreactive fraction after radiolabeling.

Animal Biodistribution Studies. All animal handling was done in
accordance with Children’s Hospital Boston and Massachusetts
General Hospital Institutional Animal Care and Use Committee
guidelines. Athymic (nu/nu) mice were used in this study and
were purchased from The Jackson Laboratories (Bar Harbor,
ME). Mice were injected s.c. with 2-5 X 10° M21, IMR-6 or PC-3
tumor cells by using Matrigel (1:1 vol:vol). By 5-7 weeks, tumors
were growing exponentially and were typically 0.5-1 cm in
diameter. For the biodistribution studies, animals were injected
with 50-150 pCi (5-15 ug) of **Cu-labeled antibody via the
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lateral tail vein. At selected time points after injection, animals
were killed (four animals per time point), and major organs,
blood samples, and tumors were weighed and assayed in a
y-counter. Several animals were imaged before Kkilling for the
biodistribution analysis. Results are presented as percent in-
jected dose per gram of tissue (mean * SD) (% ID/g).

MicroPET Imaging of GD2-Positive Tumor Xenografts. For the mi-
croPET imaging studies, mice were injected via the lateral tail
vein with 50-150 wCi of **Cu-labeled antibody and imaged at 24
and 48 h after injection of the tracer by using a microPET P4
scanner (Concord Microsystems, Knoxville, TN). Just before
imaging, mice were anesthetized (Ketamine 100 mg/kg, Xylazine
7 mg/kg, injected i.p.), placed in the prone position, and imaged
in the scanner with the long axis of the mouse parallel to the long
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