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Bone diseases are often a result of increased numbers of osteo-
clasts, or bone-resorbing cells. Bone metastases are a signifi-
cant cause of morbidity in many types of cancer. An imaging
agent targeting osteoclasts, which are upregulated in osteolytic
lesions, may facilitate earlier follow-up in patients with osteolytic
or mixed bone metastases. Osteoclasts express high levels of
a,Bs integrin, to which peptides containing the Arg-Gly-Asp
(RGD) sequence are known to bind. We proposed that radiola-
beled RGD peptides could be used to detect osteoclasts in lytic
bone lesions. Methods: The cross-bridged macrocyclic chelator
4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexa-
decane (CB-TE2A) was conjugated to c(RGDyK) for radiolabeling
with 84Cu (t1/2, 12.7 h; B+, 17.4%; Egmax, 656 keV; B, 39%;
Eg—max, 573 keV). The in vitro affinity of Cu(ll)-CB-TE2A-
c(RGDyK) for o83 and «a,Bs was evaluated in a heterologous
competitive binding assay. Ex vivo uptake was examined in os-
teoclasts prepared from bone marrow macrophages. As a proof
of principle, biodistribution and imaging studies were performed
on parathyroid hormone (PTH)-induced osteolysis in the calvar-
ium. Results: Cu-CB-TE2A-c(RGDyK) was shown to have a
30-fold higher affinity for a,Bs than for a5 Osteoclasts were
shown to specifically take up #4Cu-CB-TE2A-c(RGDyK). However,
bone marrow macrophages showed only nonspecific uptake.
PTH treatment increased calvarial uptake of ®4Cu-CB-TE2A-
c¢(RGDyK), compared with uptake in mice receiving a sham treat-
ment. In addition, calvarial uptake correlated linearly with the
number of osteoclasts on the bone surface. Conclusion: These
results suggest that $4Cu-CB-TE2A-c(RGDyK) selectively binds
ayB3 on osteoclasts and may potentially be used to identify in-
creased numbers of osteoclasts in osteolytic bone diseases
such as osteolytic bone metastasis and inflammatory osteolysis.
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Osteoclasts are multinucleated cells formed by the fu-
sion of mononuclear progenitors of the monocyte/macro-
phage family. They are the principal cells involved in bone
resorption. Bone diseases, both nonneoplastic and neoplas-
tic, often involve increased numbers of osteoclasts. For
example, the periarticular osteolysis that complicates rheu-
matoid arthritis is due to aggressive osteoclast recruitment.

The skeleton is one of the most common sites of cancer
metastasis (/). It has been reported that in 75% of patients
with metastatic breast cancer, metastatic bone lesions—
which can be osteolytic, osteoblastic, or mixed—will de-
velop (2). Breast cancer cells in bone stimulate recruitment
of osteoclasts, resulting in osteolysis (3). Bone metastases
cause significant morbidity, including pain, pathologic frac-
ture, spinal cord compression, and hypercalcemia (/,2). In
addition, microscopic bone tumor metastases appear to be
an independent predictor of poor outcome in breast cancer
even among lymph node-negative patients with primary
tumors smaller than 2 cm (4).

The most common method for detecting bone metastases
is y-camera imaging using **™Tc-methylene diphosphonate
(MDP), commonly referred to as a bone scan (2). Bone
scans rely on osteoblast activity for incorporation of the
99mTc-MDP radiopharmaceutical into bone (5). Therefore,
purely osteolytic lesions are poorly detectable (6), and bone
tumors responding to anticancer therapy, with resultant
bone healing involving osteoblast-mediated bone deposi-
tion, can exhibit a false-positive flare response for several
months after treatment (2,7,8). PET with '8F-FDG has been
used for bone metastasis detection (5), but cells involved in
inflammation and bone healing at metastatic foci may also
have a high glucose uptake (9,/0). Anatomic imaging
methodologies such as radiography, MRI, and CT have
also been used to detect or monitor bone metastases.
However, metastases to the bone become apparent on
radiographs only after the loss of more than 50% of the
bone mineral content at the site of disease (/7). The loss of
bone density must be significant for CT to be able to detect
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osteolytic bone lesions (//), and MRI detects tumor in the
bone marrow but does not readily image bone degradation
(12). Dual-energy x-ray absorptiometry scans are fre-
quently used in osteoporosis to monitor changes in bone
density and the response to antiresorptive therapy. These
can be difficult to interpret in the case of compression
fractures and osteoarthritis, which can occur in osteopenic
populations. Therefore, imaging agents that identify oste-
oclasts in vivo are urgently needed to quantify the burden
of osteolytic bone metastases, evaluate the response of os-
teolytic bone metastases to therapy, and identify which
patients will respond to antiresorptive agents.

Cyclic pentapeptides containing an Arg-Gly-Asp (RGD)
consensus sequence have been investigated as high-affinity
o3 ligands with good specificity (/3). The integrin o33
has increasingly become a target for tumor and angiogen-
esis imaging using radiolabeled RGD peptides (/4,15).
Osteoclasts express the highest levels of o35 of any cell in
the body (16), and 35 ligands have been shown to inhibit
osteoclast attachment to and absorption of bone (/7,18).
Therefore, a5 integrin was selected as the target protein
for osteoclast imaging in osteolytic bone disease.

Many tumor cells also express o,B3 (/9). For clinical
imaging, detection of both tumor cells and associated os-
teoclasts would improve the sensitivity of an osteoclast-
imaging agent targeting o,[33. However, for validating an
a3 imaging agent for direct detection of osteoclasts, a
model of pharmacologically induced osteolysis is appro-
priate to differentiate tumor cell-mediated and osteoclast-
mediated uptake in bone lesions. Parathyroid hormone (PTH)
induces osteoclast-mediated osteolysis when serially injected
subcutaneously at the calvarium (20). This pharmacologic
model of PTH-induced osteolysis will allow investigation
of osteoclast-mediated bone uptake independent of tumor
cells.

%4Cu (t5, 12.7 h) is suitable for both PET and targeted
radiotherapy because of its decay characteristics (8%,
17.4%; Egimax, 656 keV; B, 39%; Eg_max, 573 keV)
(21,22) and because it can be produced at a high specific
activity on a small biomedical cyclotron (23). Peptides and
proteins are radiolabeled with ®*Cu using a covalently
linked bifunctional chelator. Recent studies have shown
that commonly used bifunctional chelators such as
1,4,7,10-tetraazacyclotetradecane-N,N',N",N" -tetraacetic
acid (DOTA) and 1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetraacetic acid (TETA) are unstable in vivo
relative to the cross-bridged chelator 4,11-bis(carboxy-
methyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (CB-
TE2A) (24). Therefore, CB-TE2A is a better candidate
for copper-based PET, resulting in lower liver and blood
uptake and higher target-to-background signals than can be
obtained with conventional bifunctional chelators (25).

Here, we have conjugated c(RGDyK) (26) to CB-TE2A
for radiolabeling with %*Cu (Fig. 1). Osteoclasts were
shown to selectively take up ®*Cu-CB-TE2A-c(RGDyK)
in vitro. In a proof-of-principle study, a mouse model of
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FIGURE 1. Structure of CB-TE2A-c(RGDyK).

PTH-induced osteolysis was used to validate ®*Cu-CB-
TE2A-c(RGDyK) for osteoclast imaging in vivo.

MATERIALS AND METHODS

64Cu was produced on a CS-15 biomedical cyclotron at
Washington University School of Medicine according to published
procedures (23). Copper chloride (CuCl,) was purchased from
Johnson Matthey. Fmoc—amino acid building blocks, 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate,
and N-hydroxybenzotriazole were purchased from AnaSpec.
Trifluoroacetic acid (TFA) was purchased from Advanced Chem-
Tech. All other chemicals were purchased from Sigma-Aldrich
Chemical Co. All solutions were prepared using ultrapure water
(resistivity, 18 M{)-cm). Radio-thin-layer chromatography (radio-
TLC) was performed using MKCgF reversed-phase plates (What-
man), with 10% ammonium acetate:methanol (30:70) as the
mobile phase. Radio-TLC detection was accomplished using an
AR2000 imaging scanner (Bioscan). Analytical reversed-phase
high-performance liquid chromatography (HPLC) was performed
on a 600E chromatography system (Waters) with a 996 photodi-
ode array detector (Waters) and a model 661 radioactivity detector
(EG&G Ortec). Radioactive samples were counted using an 8000
automated well-type vy-counter (Beckman). Electrospray mass
spectrometry was accomplished using a Micromass ZQ (Waters).
Male C57BL/6 mice (8 wk old) were purchased from Charles River
Laboratories.

Synthesis of CB-TE2A-c(RGDyK)

The cyclic peptide was prepared in 3 steps consisting of solid-
phase peptide synthesis, intramolecular cyclization in solution,
and conjugation of peptide with CB-TE2A, as described previ-
ously (27). Briefly, the orthogonally protected linear peptide
[DTyr(Bu')-Lys(Dde)-Arg(Pbf)-Gly-Asp(OBu')-O-resin] was pre-
pared on a 2-chlorotrityl resin (0.62 g, 0.64 mmol/g) and cleaved
with 1% TFA in dichloromethane. After cyclizing the protected
peptide in a solution of PyBOP (2.5 equivalents), N-hydroxyben-
zotriazole (2.5 equivalents), and diisopropylethylamine (5 equivalents)

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 48 ¢ No. 2 ¢ February 2007



in N,N-dimethylformamide/dichloromethane (1:10 v/v), the Dde
group was selectively removed with 1% hydrazine in methanol.
CB-TE2A (3 equivalents) was conjugated to the free g-amino
lysine group of the peptide (1 equivalent) in the presence of
diisopropylcarbodiimide (10 equivalents), and N-hydroxybenzo-
triazole (3 equivalents) in anhydrous N, N-dimethylformamide. All
side-chain—protecting groups were removed with 95% aqueous
TFA solution, and the crude product was purified by HPLC (9.6
mg, ~8% yield) and identified by electrospray mass spectrometry.
The observed m/z for [MH]" and [MH,]?>" in electrospray mass
spectrometry was 944.37 and 472.77, respectively. Additional
unconjugated c(RGDyK) for integrin-binding assays and blocking
studies in mice was purchased from CS Bio.

Radiolabeling with 4Cu

CB-TE2A-c(RGDyK) was radiolabeled with ®*Cu according to
the method previously described for radiolabeling a CB-TE2A-
peptide conjugate (25). Briefly, ®*CuCl, was added to CB-TE2A-
¢(RGDyK) in 0.1-M NH4OAc, pH 8, and heated for 45-60 min.
Radiochemical purity was assessed by radio-HPLC (99% A to
70% A in 15 min, 1 mL/min; A = 0.1% TFA in HO0, B = 0.1%
TFA in acetonitrile; C-18 monomeric column [Vydac], 3 wm,
4.6 x 100 mm) or radio-TLC. Specific activity and radiochemical
purity were calculated on the basis of both radio-HPLC and radio-
TLC. Because these yielded similar results, the presented values
represent only radio-TLC data. High radiochemical purity
(>95%) and specific activity (=103.6 MBq/pg [2.8 mCi/pg])
were achieved. Identical conditions were used for "Cu(II) label-
ing. Formation of the correct complex was demonstrated by HPLC
and mass spectrometry (C43Hg7N130,,Cu (M+H)™"; calculated
m/z, 1005.45; measured m/z, 1005.21).

Integrin-Binding Assays

The affinity of each peptide for a5 and o5 integrins was
estimated using the method described previously by Haubner et al.
(28). Briefly, vitronectin (Chemicon) (630 wg/mL) was biotiny-
lated with N-hydroxysuccinimide biotin (1.27 wg/mL; 2 h at room
temperature) before dialysis into phosphate-buffered saline, pH
7.4. ayB5 or a5 (EMD Bioscience) (1 wg/mL) in coating buffer
(20-mM Tris, pH 7.4, 150-mM NaCl, 2-mM CaCl,, 1-mM MgCl,,
1-mM MnCl,) was coated onto 96-well plates (Nunc Immuno
Plate with MaxiSorp) (1 h at 4°C). The plates were then blocked
(1 h at 4°C) with bovine serum albumin (3% in coating buffer).
After washing twice with binding buffer (0.1% bovine serum
albumin in coating buffer), biotinylated vitronectin (14 nM) with
and without serially diluted peptides was allowed to bind to the
integrins (3 h at 37°C). After washing (3 times in binding buffer),
bound biotinylated vitronectin was detected by binding ExtrAvidin
alkaline phosphatase (Sigma) (1/35,000 dilution, 1 h at room tem-
perature) using the p-nitrophenyl phosphate liquid substrate sys-
tem (Sigma) as the chromogen. Each concentration data point was
done in triplicate, and each binding experiment was performed at
least twice. Nonlinear regression was used to fit binding curves
and calculate inhibitory concentrations of 50% (ICsy values)
(Prism, version 4.0; GraphPad).

Preparation of Osteoclasts and Macrophages from
Bone Marrow

Bone marrow macrophages (BMMs) (o, [35-positive) were iso-
lated and induced to differentiate into osteoclasts (o, [33-positive)
according to previously described methods (29). Briefly, 8-wk-old
male C57BL/6 mice were sacrificed by cervical dislocation.
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Femurs and tibias were removed aseptically. Both ends of bones
were cut off using scissors, and bone marrow was flushed out by
injecting a—minimal essential medium (MEM) into one end with a
sterile needle. Cell clumps were dispersed by pipetting, and large
debris was removed by passage through a 70-pwm cell strainer.
Cells were pelleted, washed once with a-MEM, and resuspended
in «-MEM plus 10% heat-inactivated (A) fetal bovine serum
(Hyclone Defined; Fisher Scientific). BMMs were grown at 37°C
in a humidified 5% CO, atmosphere in a-MEM, 10% A fetal
bovine serum, and a 1/10 volume of CMG14-12 culture superna-
tant (macrophage colony-stimulating factor [M-CSF], 100 ng/mL),
in 10-cm suspension culture dishes (5 plates per mouse). After 3 din
culture, the dishes were washed twice with phosphate-buffered
saline, and the cells were harvested by pipetting in 0.02% ethyl-
enediaminetetraacetic acid. The cells were plated in 6-well plates at
150,000 cells per well. Macrophages were maintained under the
conditions described above. Osteoclast differentiation was induced
by the addition of 100 ng of receptor activator of NF-kB ligand
(RANKL) per milliliter (30). After 4 additional days in culture, large
multinucleated cells were clearly visible in the osteoclast wells.

To demonstrate osteoclast differentiation, we stained the cells
for tartrate-resistant acid phosphatase (TRAP). The cells were
fixed for 2 h at room temperature in 10% formalin. Fixed cells
were washed (2 times in phosphate-buffered saline) and incubated
for 1 h at room temperature in 0.2% Triton X-100. After washing,
the cells were incubated for 5-20 min in 100-mM sodium acetate,
pH 5.0, containing 50-mM sodium tartaric acid, 1.3-mM fast red
violet salt, and 0.3-mM naphthol AS-MX phosphate (3-hydroxy-
2-naphthoic acid 2,4-dimethylanilide).

In Vitro Cell Uptake

The procedure for the cellular uptake assay was based on the
method published by Wang et al. (37). Osteoclasts and macro-
phages were prepared as described above. The cells were washed
twice with Hank’s balanced salt solution, and then 1 mL of fresh -
MEM plus 10% A fetal bovine serum was added to each well. To
demonstrate specific uptake, c((RGDyK) (04,000 nM) was added to
each well. To each well was added ®*Cu-CB-TE2A-c(RGDyK)
(specific activity, 20.0 MBg/pg [0.54 mCi/pg]) to a final concen-
tration of 4.0 nM. The cells were incubated for 2 h at 37°C in a
humidified 5% CO, atmosphere. The cells were then lysed by the
addition of 100 L of 2% sodium dodecylsulfate; cell lysate was
removed using a cell scraper to pool the lysate and pipetted into a
clean microcentrifuge tube. Lysates were sonicated 15 s and then
heated for 5 min at 95°C to denature all proteins. Cell uptake was
measured by counting each lysate in a y-counter. The total protein
concentration in each lysate was determined using the bicinchoninic
acid protein assay (Pierce Biotechnology). Uptake was expressed as
femtomoles of radiotracer per milligram of protein.

Western Blot Analysis

Cell lysate proteins were resolved on 7.5% Tris-HC1 Ready Gel
(BioRad Laboratories) under denaturing, reducing conditions.
o,B3 and «,Bs integrin standards (Chemicon) were also run.
Proteins were transferred to a polyvinyl diisopropyl fluoride mem-
brane, and membranes were blocked in 5% nonfat dry milk in
Tris-buffered saline 0.1% TWEEN 20 (TBST). Membranes were
incubated overnight at 4°C in primary antibody (anti-3 integrin
antibody [Cell Signaling] or anti-B5 integrin antibody [Chemicon])
in 5% bovine serum albumin in TBST. Membranes were washed
(3 times for 5 min each) in TBST and then incubated for 1 h at
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room temperature in horseradish peroxidase conjugated goat anti-
rabbit IgG (Cell Signaling) in 5% milk in TBST. After washing
(3 times for 5 min each) in TBST, blots were developed using
ECL western blotting detection reagents (Amersham Biosciences
Corp.).

Biodistribution and Small-Animal PET of Induced
Osteoclastogenesis

All animal experiments were performed in compliance with the
Guidelines for the Care and Use of Research Animals established
by the Animal Studies Committee of Washington University. For
induction of osteoclastogenesis in vivo, 10 g of PTH (1-34 hu-
man; Bachem Bioscience Inc.) were injected subcutaneously at
the calvarium every 6 h for 4 d (20). The mice were used 6 h after
the last treatment.

After treatment, the mice received ¢*Cu-CB-TE2A-c(RGDyK)
(0.74 MBq [20 pCi] for biodistribution; 5.6-11.1 MBq [150-300
rCi] for small-animal PET) via tail vein injection. In blocking
studies, 18 mg of c(RGDyK) (CS Bio Co.) per kilogram were
coinjected. For biodistribution, the mice were sacrificed at 1 h
after injection, and organs of interest were harvested, weighed,
and counted on a +y-counter. Calvaria were weighed and then
placed in 10% formalin for fixing before counting. PET was per-
formed on a small-animal PET scanner (microPET Focus 120 or
220; Siemens Medical Solutions). Mice anesthetized with 1%—2%
isoflurane were imaged for 10 min at 1 h after tail vein injection of
64Cu-CB-TE2A-c(RGDyK). Coregistration of the small-animal
PET images was achieved in combination with a microCAT-II
small-animal CT camera (Imtek Inc.) (15-min image acquisition),
which provides high-resolution CT anatomic images. Registration
between small-animal CT and PET images was accomplished by a
landmark registration technique with image display software
(AMIRA; TGS Inc.). The registration method proceeds by rigid
transformation of the small-animal CT images from landmarks
provided by fiducial markers attached directly to the animal bed.
Maximum a posteriori (MAP) reconstruction was used for the
PET component of the coregistered images (32). Regions of
interest were drawn on coregistered small-animal CT images,
and region-of-interest activity on corresponding small-animal PET
images was measured using AMIRA software. These values were
converted to standardized uptake values (SUVs) using the formula
(nCi/mL) x (animal weight [g]/injected dose [nCi]). After imag-
ing, the mice were sacrificed for post-PET biodistribution analysis
as described above.

After 1 wk had been allowed for radioactive decay, the calvaria
were decalcified for 24 h in 14% ethylenediaminetetraacetic acid.
Histologic analysis was performed according to previously de-
scribed methods (30).

Statistics
All data are presented as mean * SD. For statistical classifi-
cation, 1-way ANOVA with a Bonferroni posttest was used to

determine statistically significant differences between the control,
PTH, and PTH-plus-block groups. A Student ¢ test (2-tailed, un-
paired) was used to compare individual datasets. All statistical
analysis was performed using PRISM software (GraphPad). P val-
ues less than 0.05 were considered significant.

RESULTS

In Vitro Affinity Assay

The effect of conjugation of c(RGDyK) to CB-TE2A on
integrin-binding affinity was assessed. The affinities of
¢(RGDyK) and Cu(Il)-CB-TE2A-c(RGDyK) for a5 and
o,fBs integrins were determined using a heterologous
competitive-binding assay with biotinylated vitronectin,
recognized by both integrins, as the competing ligand.
Conjugation of Cu(II)-CB-TE2A to c(RGDyK) peptide did
not significantly alter peptide affinity (Table 1). Replicate
experiments produced ICs, values within the same confi-
dence intervals. In addition, these data demonstrate an
approximately 30-fold higher binding affinity for a,35 than
for a,35 in vitro.

Ex Vivo Cell Uptake

To validate selective targeting of ©*Cu-CB-TE2A-
¢(RGDyK) to a,Bs-positive cells, we examined ex vivo
cell uptake by BMMs (Fig. 2A) and osteoclasts (Fig. 2C).
Two hours after the addition of **Cu-CB-TE2A-c(RGDyK)
to the cell culture medium, cell uptake was measured
(Fig. 2B). Uptake of ®*Cu-CB-TE2A-c(RGDyK) by osteo-
clasts was selectively blocked by increasing concentrations
of ¢c(RGDyK). Nonlinear regression analysis of the osteo-
clast dose—activity curve yielded an ICs( value of 155 nM, a
lower affinity than that measured for binding to isolated
a5 integrin (ICsy, 6 nM).

Osteoclast uptake of *Cu-CB-TE2A-c(RGDyK) in the
absence of competing c(RGDyK) was 2.6 = 0.7-fold
higher than BMM uptake under the same conditions. In
addition, BMM uptake was not blocked by c(RGDyK), thus
suggesting that the low-level BMM uptake is nonspecific.
The presence of (35 integrin in osteoclasts and the absence
in macrophages were confirmed by Western blot of cell
lysates after each uptake experiment (Fig. 2D).

Detection of Pharmacologically Induced
Osteoclastogenesis In Vivo

To examine osteoclast-mediated bone uptake in vivo in
the absence of tumor cells, we used a model of pharmaco-
logically induced osteolysis. PTH was serially injected

TABLE 1
Affinity of c(RGDyK) and Cu(ll)-CB-TE2A-c(RGDyK) for Integrins o, B3 and «,Bs as Determined in Heterologous
Competitive Binding Assay Using Biotinylated Vitronectin

B3 ayPBs
Compound ICs0 (M) 95% confidence interval ICs0 (NM) 95% confidence interval
Cu(ll)-CBTE2A-c(RGDyK) 6.0 3.7-9.6 171 110-266
c(RGDyK) 3.7 2.7-5.0 194 142-266
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FIGURE 2. Uptake of ®4Cu-CB-TE2A-
c(RGDyK) by osteoclasts and macro-
phages. BMMs were harvested from
mice and grown in culture. (A) Cells
treated with only M-CSF remained
TRAP(—) mononuclear macrophages.
(C) Cells cultured in presence of MCSF
plus RANKL differentiated into large,
TRAP(+) osteoclasts (red stain). (B) Cell
uptake was determined 2 h after addition

of 84Cu-CB-TE2A-c(RGDyK) (4 nM) plus
c(RGDyK) (0-4,000 nM) to medium of
cells grown in 6-well plates. Each data
point represents average of triplicate
measurements. (D) Integrin expression

4 was evaluated by Western blot against

Bs. Lanes: 1 = B3 standard, 10 ng; 2 =
empty; 3 = osteoclast lysate, 20 ng; 4 =
macrophage lysate, 20 ng.

subcutaneously at the calvarium every 6 h for 4 d. This
procedure resulted in localized osteoclastogenesis and con-
current bone loss in the calvarium as determined by his-
tologic examination (Figs. 3A and 3D). Biodistribution
studies (1 h after injection of ®*Cu-CB-TE2A-c(RGDyK))
were performed on control and PTH-treated mice (n = 4
per group) and were repeated on control mice and mice
treated with PTH with or without an 18 mg/kg blocking
dose of ¢c(RGDyK) (n = 4 per group). Data from control
and PTH groups from each experiment were pooled for
final analysis (Fig. 3B). Comparison of control and PTH-
treated mice revealed a 1.9-fold increase in calvarial uptake
(P < 0.0001) without a concomitant increase in non-
targeted organ uptake. In particular, we noted no increase
in scalp uptake in PTH-treated mice relative to scalp uptake
in controls; thus, any calvarial uptake visible on small-
animal PET can be attributed to bone rather than to soft
tissue. The calvarium-to-blood ratio was significantly in-

creased in PTH-treated mice (4.6 £ 1.3), compared with
controls (2.3 = 0.7) (P = 0.0005).

Treatment with 18 mg of ¢c(RGDyK) per kilogram re-
sulted in reduced uptake in all dissected tissues, excluding
blood (Fig. 3B). Blocking was most pronounced in the cal-
varium, femur, and spleen (>80% block) relative to uptake
in PTH-treated mice. The calvarium-to-blood and calvarium-
to-muscle uptake ratios were significantly reduced in PTH-
plus-block mice (blood, 1.1 £ 0.3; muscle, 2.8 = 0.6)
relative to PTH mice (blood, 4.6 = 1.3; muscle, 4.6 *+
0.9) (P < 0.001). No statistically significant difference in
calvarium-to-blood or calvarium-to-muscle uptake ratios
was found between control mice (blood, 2.3 = 0.7; muscle,
1.9 = 0.2) and PTH-plus-block mice (P > 0.05).

Because PTH treatment appears to increase calvarial
uptake of ®*Cu-CB-TE2A-c(RGDyK), we next sought to
determine whether a correlation could be made between
uptake and osteoclast number. The percentage of skull
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FIGURE 3. PTH induces osteoclasts resulting in increased uptake of 64Cu-CB-TE2A-c(RGDyK) at calvarium. TRAP-stained
sections of calvarium of control mice (A) and PTH-treated mice (D) confirm osteoclast induction after PTH treatment. Osteoclasts
stain red. (B) Biodistribution (1 h after injection) was performed on control mice (n = 8), PTH-treated mice (n = 8), and PTH-plus-
block mice injected with 740 kBq (20 nCi) (10.5-12 ng) of 84Cu-CB-TE2A-c(RGDyK). Note that n = 7 for PTH femur because of
contamination of 1 sample by urine. (C) Uptake of 84Cu-CB-TE2A-c(RGDyK) (biodistribution 1 h after injection: control, n = 7; PTH,
n = 7) was plotted against ratio of osteoclast surface area to total surface area.
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suture surface area covered by osteoclasts relative to total
surface area was determined histomorphometrically for
mice in both biodistribution studies. A linear correlation
(Pearson correlation, 2-tailed) between percentage osteo-
clast surface area and percentage injected dose per gram
was obtained (Fig. 3C) (r> = 0.7508, P < 0.0001). Thus, as
the number of osteoclasts on bone increased, uptake of
%4Cu-CB-TE2A-c(RGDyK) by that bone also increased,
suggesting osteoclast-specific uptake in bone.

Small-animal PET with small-animal CT coregistration
was performed on control mice (n = 2), PTH mice (n = 4),
and PTH-plus-block mice (n = 2) simultaneously with bio-
distribution studies. MAP reconstruction was used to max-
imize image resolution given the thinness of the bone at the
calvarium. The images shown (Fig. 4) are representative
of all mice in each group. In both transaxial and sagittal
sections, increased uptake at the calvarium is clearly
evident in the PTH mouse relative to the control mouse
and the PTH-plus-block mouse. SUVs calculated for PTH-
treated mice (0.40 = 0.10, n = 4) were significantly higher
than those for control mice (0.19 = 0.03, n = 2) or PTH-
plus-block mice (0.18 = 0.01, n = 2) (P = 0.0291, 1-way
ANOVA, Bonferroni multiple-comparison test). SUVs did
not differ between control mice and PTH-plus-block mice.
In all groups, a region of high radiotracer uptake was noted
at the base of the teeth. Uptake in this region was reduced
in the PTH-plus-block mice relative to the PTH mice. Tooth
uptake may be o33 integrin—specific for osteoclasts, as the
teeth grow throughout a rodent’s lifetime (33), thus pro-
ducing continual bone remodeling at this site.

DISCUSSION

The goal of this study was to determine whether the o, 33
integrin is a potential imaging biomarker for the presence

A PTH

Control B

of increased numbers of osteoclasts, which are implicated
in bone diseases such as inflammatory osteolysis and
osteolytic bone metastases. Osteoclasts are known to have
high concentrations of the o5 integrin, and bone resorp-
tion can be blocked by blocking o3 function (/6). To
show a proof of principle, we set out to determine whether
the PET agent ®*Cu-CB-TE2A-c(RGDyK) is taken up
specifically by osteoclasts and whether pharmacologically
induced osteolysis is specifically imaged using this agent.

The group of Chen et al. has previously reported an RGD
peptide monomer, a dimer, and a tetramer, each conjugated
to the chelator DOTA for radiolabeling with ®*Cu (34-36).
However, on the basis of previous studies, **Cu-CB-TE2A-
¢(RGDyK) was expected to show improved liver clearance,
compared with that of ®*Cu-DOTA-c(RGDyK) (24,25).
Because biodistribution showed that PTH treatment had
no effect on liver uptake, post-PET data from control and
PTH-treated mice were averaged in order to increase sample
size. Post-PET liver uptake (1.52 = 0.13 [n = 5]) decreased
by 22% and 27% relative to that in 1-h biodistribution control
and PTH mice, respectively (P = 0.001). In contrast, liver
uptake did not decrease significantly between 1 and 4 h after
injection for ®*Cu-DOTA-c(RGDyK) (P = 0.34) (34). These
data further validate CB-TE2A as a bifunctional Cu(II)
chelator superior to DOTA.

Cell uptake studies clearly demonstrated specific uptake
of %Cu-CB-TE2A-c(RGDyK) by osteoclasts but not
BMMs. Interestingly, the calculated affinity of 6*Cu-CB-
TE2A-c(RGDyK) was significantly lower for isolated o33
than for integrin on the surface of osteoclasts in culture. o, 33
can transition between an active and a basal conformational
state with a different ligand in the osteoclast (37). Clustering
of a3 heterodimers also modulates ligand binding (38). We
propose that the activation state of a purified integrin may be

Block

Il Off-Scale

High
Axial

Low
Sagittal

FIGURE 4. Small-animal PET/CT of PTH-treated mice. Calvarium uptake of 4Cu-CB-TE2A-c(RGDyK) was higher in PTH-treated
mice (7.4 MBq [199 n.Ci],115 ng, SUV = 0.53) than in control mice (7.7 MBq [209 n.Ci], 121 ng, SUV = 0.22) (50- to 60-min summed
dynamic image) (A). In PTH-treated mice, uptake was reduced in all tissues, including calvarium, after injection of c(RGDyK) (PTH
[left]: 159 nCi, 84 ng, SUV = 0.33; block [right]: 164 n.Ci, 87 ng, SUV = 0.18) (static image obtained 60 min after injection, 10-min
scan) (B). Arrowheads indicate calvarium of each animal. Fiducials (*) are indicated.
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different from that of an integrin on an intact cell membrane
in culture. Consistent with our ex vivo data, studies of related
peptides have shown inhibition of tumor cell or osteoclast
adhesion to vitronectin- or serum-coated surfaces, with ICs
values in the low micromolar range (39).

We observed a 2.6-fold increase in maximal osteoclast
uptake, compared with nonspecific BMM uptake. This
relatively low level of specific uptake by osteoclasts in
culture would not support **Cu-CB-TE2A-c(RGDyK) as an
agent able to detect osteoclasts in vivo. However, increased
uptake at the site of induced osteolysis was clearly visible
on small-animal PET. In addition, the region of highest
uptake within the calvarium on PET/CT appeared to cor-
relate with the sagittal suture, where the highest number of
osteoclasts were noted on histology. To the best of our
knowledge, no quantitative measurements of RGD-binding
sites (Bax) on osteoclasts in culture or in vivo have been
previously reported. Therefore, higher numbers of in vivo
binding sites or higher-affinity binding sites on activated
osteoclasts cannot be ruled out.

Biodistribution studies demonstrated a significant in-
crease in calvarium uptake in PTH-treated mice relative
to controls. PTH did not appear to increase ®*Cu-CB-
TE2A-c(RGDyK) uptake in tissues other than the calvar-
ium. However, blocking with c(RGDyK) resulted in
reduced uptake in all tissues examined. Similar multiorgan
blocking has been reported for a related tetrameric RGD
peptide in a tumor xenograft model (35). It is well known
that RGD peptides do show low-level affinity for other
integrins (/5). Therefore, blocking studies do not appear
well suited to demonstrating binding specificity for RGD
peptides. Interestingly, the greatest degree of blocking was
observed in the target tissues calvarium and femur—as would
be predicted on the basis of the presence of osteoclasts—as
well as in the spleen, the site of high levels of o, [35-positive
macrophages. Still, we did observe a significant correlation
between bone surface area covered by osteoclasts and **Cu-
CB-TE2A-c(RGDyK) uptake in the calvarium, thus sug-
gesting osteoclast-specific uptake in bone. This relationship
was likely reduced in our study because we examined
whole calvarium uptake despite the fact that only a small
portion of the calvarium was composed of osteoclasts.

The ability to noninvasively detect osteoclasts could have
a significant impact on the clinical management of bone
metastases by facilitating earlier detection of new lesions
and potentially earlier follow-up of treatment response. In
addition, imaging osteoclasts might allow clinicians to pre-
dict which patients would be responsive to treatment with
bisphosphonates, a mainstay in bone metastasis therapy.

Beyond utility in managing neoplastic disease, osteoclast
imaging could also find a use in several nonneoplastic bone
diseases. For example, osteoporosis, which affects a large
proportion of Western postmenopausal women, occurs when
osteoclast-mediated bone resorption exceeds bone forma-
tion, and antiosteoporosis therapy typically targets osteo-
clasts (40). Disease progression is monitored by measuring

IMAGING OsTEOCLASTS WITH ®*CUu-RGD * Sprague et al.

bone density over a period of years using dual-energy x-ray
absorptiometry (40). Osteoclast imaging might allow early
follow-up after treatment initiation to determine whether
the dose should be increased or an alternative therapy should
be tried.

Periarticular osteolysis, a crippling complication of rheu-
matoid arthritis, is also caused by exuberant osteoclast
recruitment (47). Early imaging of the joints of rheumatoid
patients may allow selection of those prone to the develop-
ment of bone destruction. The relevance of this approach is
underscored by the fact that although anticytokine therapy is
effective in arresting periarticular osteolysis, the therapy is
not without risk. Thus, identifying individuals with early,
clinically undetectable joint destruction would be of value.

These studies strongly support specific uptake of ®*Cu-
CB-TE2A-c(RGDyK) by osteoclasts both ex vivo and in
vivo. This osteoclast-mediated uptake was visualized on
small-animal PET images of pharmacologically induced
osteolysis, validating **Cu-CB-TE2A-c(RGDyK) uptake in
a lytic bone lesion independent of tumor cells. Although
some tumor cells do express o33, we propose that imaging
tumor cells in conjunction with osteoclasts would improve
sensitivity for early detection, though it might reduce utility
in predicting the bone metastasis response to bisphospho-
nates. Additionally, o35 ligands of higher affinity, such as
CB-TE2A—conjugated dimers or tetramers of ¢(RGDyK),
will undoubtedly improve specific uptake in osteoclasts,
compared with that obtained with the c(RGDyK) monomer.
Future studies will address these questions by imaging oste-
oclasts in animal models of bone metastasis.
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