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This article describes the evaluation of the radiopharmaceutical
64Cu-CB-TE2A-c(RGDyK) (64Cu-RGD) as an imaging agent for
osteolytic bone metastases and their associated inflammation
by targeting of the o3 integrin on osteoclasts and the proin-
flammatory cells involved at the bone metastatic site. Methods:
The 84Cu-RGD radiotracer was evaluated in the transgenic
mouse expressing Tax (Tax*), which spontaneously develops
osteolytic tumors throughout the vertebrae and hind limbs, using
biodistribution studies and small-animal PET/CT. Histologic
analysis was also performed on Tax* mouse tails, using hema-
toxylin and eosin and tartrate-resistant acid phosphatase to con-
firm the presence of osteolytic bone lesions and the presence of
osteoclasts, respectively. Additionally, a proof-of-principle study
was conducted with a small group of Tax™ animals presenting
with osteolytic lesions. These animals were treated with the
bisphosphonate zoledronic acid and imaged with ®4Cu-RGD
to determine whether this radiopharmaceutical was sensitive
enough to detect a response to the bisphosphonate therapy.
Results: Biodistribution studies using 4Cu-RGD demonstrated
that Tax™ mice between the ages of 6 and 12 mo had a greater
accumulation of activity in their tail vertebrae than did the wild-
type (WT) cohort (P = 0.013). Additionally, Tax™ mice between
the ages of 6 and 12 mo had significantly more tracer activity as-
sociated with their tail vertebrae than did Tax™ mice older than 12
mo (P = 0.003), suggesting that earlier bone metastases cause
an increased recruitment of «,3-expressing cells. Small-animal
PET/CT with 84Cu-RGD was conducted on Tax™ and WT mice.
On the basis of standardized uptake value analysis, Tax™ mice
had approximately 2-fold more tail-associated activity than did
WT animals (P = 0.0157). Additionally, decreases in uptake
were observed in the tails of Tax* mice after treatment with the
osteoclast inhibitor zoledronic acid, and histologic analysis of
Tax* mouse-tail vertebrae revealed the presence of Tax™ tumor
cells, osteoclasts, and proinflammatory cells within the bone mi-
croenvironment. Conclusion: Together, these data suggest
that 84Cu-RGD has the potential to effectively image osteolytic
bone metastases and monitor the physiologic changes in the
bone metastatic microenvironment after osteoclast-inhibiting
bisphosphonate therapy.
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Bone metastases are a debilitating form of metastases
causing severe bone pain, hypercalcemia, and pathologic
bone fracture, and in some cases paralysis. Although the
number of Americans living with bone metastases is
unknown, it is estimated that at least 25% of those who
die of cancer have them at the time of death (/). Bone
metastases are classified as either osteoblastic or osteolytic
lesions. The former results from the stimulation and
proliferation of osteoblasts and culminates in the formation
of excess bone. Conversely, osteolytic lesions are caused by
the vicious cycle of bidirectional interactions between
tumor cells and osteoclasts. In this cycle, increased
numbers of osteoclasts attach to the bone matrix via the
o33 integrin. After attachment, an acidic environment that
dissolves the underlying bone matrix is created by the
osteoclasts. This destruction releases important growth
factors from the bone matrix, which stimulate tumor cell
growth and proliferation into the recently created space
within the bone (7).

To assist clinicians, several imaging modalities exist that
have been used to detect the presence of bone metastases,
but each modality has specific limitations when attempt-
ing to detect osteolytic bone lesions (2). Visualization of
osteolytic metastases using radiography is difficult because
30% —75% of normal bone mineral content must be lost be-
fore osteolytic lesions can be detected. Skeletal scintigra-
phy (SS), another imaging modality, is the most commonly
used means of detecting bone metastases and uses radio-
pharmaceutical contrast agents such as °°™Tc-methylene
diphosphonate. Although SS is more sensitive than radiog-
raphy, it is reported to have lower specificity and, impor-
tantly, cannot be used to monitor a patient’s response to
therapy because tumor progression and bone healing are
virtually indistinguishable in images obtained by this
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method. Additionally, it is ineffective at imaging the purely
osteolytic lesions associated with multiple myeloma, and
false-positive results due to fracture are often observed. CT
is a highly sensitive modality, though it lacks the ability to
scan large anatomic areas in a single imaging session. MRI,
which is an imaging modality that relies on a powerful
magnetic field to provide detailed images of the bone and
bone marrow, cannot detect the destruction of bone
structure because cortical bone does not produce a signal
and appears black on T1- and T2-weighted sequences. In
addition, like CT, MRI lacks the ability to scan large
anatomic areas in a single imaging session. SPECT can also
be used to detect bone lesions but relies on the same
radiopharmaceuticals as SS and thus has better detection
capabilities for osteoblastic lesions.

PET, which is an imaging modality that uses positron-
emitting radiopharmaceuticals such as '8F-FDG and !8F-
fluoride, is currently more specific and better at detecting
osteolytic bone lesions than the former imaging modalities.
However, diagnoses rely on the uptake of '3F-FDG, which
is a nonspecific marker for tumor metabolism or the pref-
erential deposition of '8F at sites of bone remodeling and
turnover, respectively (3). Both false-negative and false-
positive observations have occurred with '8F-FDG imaging
of osteolytic bone metastases, with false-negative results
caused by low uptake in bone and false-positive results
attributed to increased '8F-FDG uptake in inflamed tissue
and areas of wound healing (4-6).

The development of biomarkers that will help physicians
accurately diagnose and therapeutically target osteolytic
bone metastases would be of value in a clinical setting.
Current work has been directed toward the development of
imaging and therapeutic agents such as bisphosphonates
that directly target osteoclasts or substances that disrupt
bone resorption mechanisms by inhibiting the action of
biomolecules such as receptor activator for nuclear factor k
B ligand and cathepsin K (7-12). The o,B5 integrin is
another biomolecule that can be exploited to target osteo-
clasts through imaging and therapy. The o3 integrin is
expressed on many tumor cell types, has been shown to
play a role in cancer metastasis, and is abundantly ex-
pressed on osteoclasts (/3-16). In addition, the o33
integrin has been imaged successfully in angiogenic and
cancer models using ligands containing the amino acid
sequence arginine-glycine-aspartic acid (RGD) (I17-19).
Moreover, osteoclasts have been successfully imaged using
a %Cu-labeled RGD radiopharmaceutical (Fig. 1A) that
targets the o3 integrin in a pharmacologically induced
model of osteolysis (20). Sprague et al. demonstrated that
specific uptake of the radiopharmaceutical 4*Cu-RGD was
observed in osteoclasts but not in bone marrow macro-
phages (20). In addition to cell uptake studies, biodistribu-
tion studies of mice injected at the mouse calvarium with
parathyroid hormone demonstrated significantly increased
uptake of **Cu-RGD only at the calvarium when compared
with the group treated with saline. This finding was
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FIGURE 1.
face image rendered from high-resolution CT data collected
on Tax* and WT mice. Isosurface images are rendered using
same parameters and are equivalent. Arrows depict sites of
osteolytic bone destruction in spinal vertebrae and femur of
Tax* mouse.

(A) Structure of CB-TE2A-c(RGDyK). (B) Isosur-

corroborated by small-animal PET, which showed in-
creased radiopharmaceutical uptake in the calvarium of
the parathyroid hormone—treated mice, whereas a similar
increase was not observed in the saline-treated group.
These studies demonstrated that increased numbers of
osteoclasts can be imaged successfully using ®*Cu-RGD
and PET. This report investigates *Cu-RGD as an imaging
agent for osteolytic bone destruction and associated in-
flammation that occurs in bone metastases in a Tax-
expressing transgenic mouse model (Tax ™) of spontaneous,
osteolytic metastatic disease, which mimics human osteo-
Iytic disease in malignancies such as adult T-cell leukemia
lymphoma and multiple myeloma.

MATERIALS AND METHODS

All work involving the use of radioactive materials at Wash-
ington University is conducted under the authorization of the
Radiation Safety Committee in accordance with the University’s
Nuclear Regulatory Commission license. ¢*Cu (half-life, 12.7 h;
B*,17.8%; Eg+ max, 656 keV; B, 38.4%; Eg— max, 573 keV) (21)
was produced on a biomedical cyclotron (CS-15; Cyclotron Corp.)
at Washington University School of Medicine (22). All other
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chemicals were purchased from Sigma-Aldrich Chemical Co., and
solutions were prepared using ultrapure water (18 M{-cm re-
sistivity). Zoledronic acid (ZA) (as the hydrated disodium salt)
was provided by Novartis Pharma AG. The chelator CB-TE2A
and CB-TE2A-c(RGDyK) were prepared according to previously
published procedures (20,23). Radiochemistry reaction progress
and purity were monitored by analytic radio—thin-layer chroma-
tography (radio-TLC), which was conducted on a Bioscan AR
2000 radio-TLC scanner equipped with a 10% methane:argon gas
supply and a PC interface running Winscan (version 3; Academic
Software, Inc.) analysis software. C-18 plates were used with an
eluent mixture of 3:7 10% NH,OAc:MeOH and the complex
64Cu(OAc), as a standard control. Radioactive samples were
counted using a Beckman 8000 automated well-type y-counter.
The PET and CT data were acquired using either a microPET
Focus 120 or a microPET Focus 220 and a microCAT II system,
respectively. All systems were purchased from Siemens Medical
Solutions USA.

Animal Handling

Transgenic mice that expressed HTLV-1 Tax under the human
granzyme B promoter (Taxt C57B6/SJL) have been previously
described (24). Mice were housed under pathogen-free conditions
according to the guidelines of the Division of Comparative
Medicine, and the Animal Studies Committee of Washington
University School of Medicine approved all experiments.

Radiochemistry

The complexation of %*Cu to CB-TE2A-c(RGDyK) was
achieved by reacting 2 pg (1.3 x 1073 pmol) of CB-TE2A-
¢(RGDyK), a 118-pL solution of 0.1 M NH4OAc (pH 8.0), and 37
MBq (1,000 wCi) of °*CuCl, in 0.IN HCI for 1.5 h at 95°C. If
needed, the reaction was further purified using a previously
published method (25). After purification, purity was greater than
95% based on radio-TLC analysis, and the specific activities
ranged from 11 to 37 MBqg/pg (300-1,000 pCi/pg).

Biodistribution Studies

Biodistribution studies were conducted as previously described
(26,27). Briefly, Tax* mice (6-15 mo) were injected with ®*Cu-
RGD (0.74 MBq (27 nCi) in 150 pL/mouse) via a femoral vein
catheter. Animals were sacrificed at selected times after injection,
and organs of interest were removed, weighed, and counted on
a Beckman vy-counter 8000. The percentage injected dose per
gram (%ID/g) and percentage injected dose per organ were
calculated by comparison to a weighed, counted standard.

Serum Tartrate-Resistant Acid Phosphatase
(TRAP) Analysis

Blood samples were collected from mice via submandibular
venous puncture and placed in serum separator tubes (Becton
Dickinson). The blood samples were placed at 4°C for 5 min, and
then centrifuged at 10,000 rpm for 5 min. The serum was
separated from the cellular fraction and stored at 0°C. Levels of
TRAP 5b were determined using a TRAP 5b enzyme-linked
immunosorbent assay system (IDS) according to the manufac-
turer’s instructions. Samples were run in triplicate.

Small-Animal PET/CT

Transgenic HTLV-1 Tax* mice were injected with 6-11 MBq
(200-400 wCi) of ®*Cu-RGD via the femoral vein catheter. Tails
were imaged using small-animal PET/CT at 1 h after injection in
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the same bed position. Coregistered images were generated using
ordered-subset expectation maximization (OSEM) reconstruction
techniques, regions of interest were drawn using the open-source
software program AMIDE, and standardized uptake values
(SUVs) were determined using the formula SUV = [(nCi/mL) x
(animal weight (g))/injected dose (nCi)].

Bisphosphonate Therapy Response Imaging

Tax* mice were injected with 6-11 MBq (200-400 nCi) of
64Cu-RGD. Tails were imaged using small-animal PET/CT at 1 h
after injection in the same bed position. Twenty-four hours after
imaging, mice were given 1 dose of ZA (0.75-pg dose, ~30 g/
kg) via intraperitoneal injection. A second intraperitoneal dose
was administered 7 d later. This ZA dosing schedule was designed
to produce drug levels similar to those achieved in clinical
regimens for the treatment of bone metastases. After the second
treatment, mice were injected with 6-11 MBq of ®*Cu-RGD and
imaged as previously described. Coregistered images were gener-
ated using OSEM reconstruction techniques, regions of interest
were drawn using the software program AMIDE, and standardized
uptake values (SUVs) were determined using the formula SUV =
[(nCi/mL) x (animal weight (g))/injected dose (nCi)].

Histology

Mouse tails were fixed in formalin, decalcified in 14% ethylene
diaminetetraacetic acid, paraffin-embedded, and stained with
hematoxylin and eosin and for TRAP. Images were visualized
under a Nikon Eclipse TE300 microscope equipped with a Plan
Fluor 20x/0.45 objective lens (Nikon) and Magnafire digital
charge-coupled device camera according to a standard protocol
using the Osteomeasure Analysis System software (Osteometrics).

Statistical Methods

All of the data are presented as mean *= SD or as mean
followed by 95% confidence interval in parentheses. For statistical
classification, a Student ¢ test (2-tailed, unpaired) was performed
using GraphPad Prism (GraphPad Software). Data comparisons
were considered significant when P was less than 0.05.

RESULTS

64Cu-RGD Uptake Is Increased in Tail Vertebrae of Tax
Mice with Osteolytic Lesions

Biodistribution studies were conducted on both Tax* and
wild-type (WT) mice (Fig. 1B) by injecting **Cu-RGD via
a femoral vein catheter, sacrificing the mice at 1 h after
injection, excising organs of interest, and measuring the
activity associated with those organs and tissues (Supple-
mental Figs. 1 and 2; supplemental materials are available
online only at http://jnm.snmjournals.org). When the whole
tail was excised and counted for activity, Taxt mice
between the ages of 6 and 12 mo had significantly more
radiopharmaceutical uptake in their tails than did age-
matched WT control mice (P = 0.013). Tax™ mice between
the ages of 6 and 12 mo had an uptake range of 0.46—1.60
%ID/g, with a mean uptake of 1.034 = 0.35 %ID/g,
whereas WT mice between the ages of 6 and 12 mo
showed uptake ranging from 0.11 to 1.04 %ID/g, with
a mean of 0.71 * 0.28 %ID/g. Tax™ mice with well-
established late-stage disease (>12 mo of age) were also
evaluated. Tax* mice between the ages of 6 and 12 mo had
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significantly more activity associated with the whole tail
than did Tax® mice older than 12 mo (P = 0.003) (Fig.
2A), whereas Tax™ mice older than 12 mo had uptake of
0.38-0.59 %ID/g, with a mean activity of 0.47 = 0.075
%ID/g. Conversely, when the activity associated with the
tails of WT mice between the ages of 6 and 12 mo is
compared with that of WT mice that are older than 12 mo,
no significant difference in activity uptake is observed (Fig.
2B). Finally, to demonstrate that the radiotracer uptake is
specific to osteolytic bone tumors, radiopharmaceutical
uptake was measured in the liver tissue of these animals,
because it should be devoid of osteoclasts. No significant
differences in radiopharmaceutical uptake were observed
between Tax* and WT mouse liver samples (Supplemental
Fig. 2).

Serum TRAP analysis, an established measure of func-
tional osteoclasts, was conducted on mice used in the
biodistribution studies, and the results of this analysis are
shown in Figure 2C. The values obtained from the analysis
ranged from 0.17 to 0.54 U/L, with a mean value of 0.30 =
0.11 U/L. These data demonstrate a correlation between the
uptake of *Cu-RGD in the tails of Tax* mice and serum
TRAP levels, suggesting that **Cu-RGD uptake in tumor-
bearing tails was related to serum levels of osteoclast
activity. There was no correlation between uptake of
64Cu-RGD in WT tails and serum TRAP in the WT mice
(Fig. 2D).

Small-Animal PET/CT Demonstrates 64Cu-RGD
Uptake at Osteolytic Lesions and at Sites of
Osteoclast Recruitment

Small-animal PET/CT was also conducted to assess
whether the radiopharmaceutical could enhance the visual-

ization of active osteolysis and its associated inflammation
in the vertebrae of Tax™ mouse tails. Tax™ and WT mice
imaged 1 h after injection demonstrated radiopharmaceu-
tical accumulation in their tail vertebrae (Figs. 3A and 4A).
Areas of uptake were observed in tumors in the tail
vertebrae of Tax™ mice, but because Tax™ tumor cells do
not express [3; integrin, radiopharmaceutical uptake in
these tail vertebrae are not expected to be associated with
Tax™ tumor cells (/4,20,28). SUVs were determined for the
whole tails of both groups of animals. Tax®™ mice had
approximately a 2-fold increase in tail-associated activity
when compared with WT animals (P = 0.016) (Fig. 3B).
Tax™* tail SUVs ranged from 0.19 to 0.39, with an average
whole-tail SUV of 0.28 = 0.039; SUVs for WT tails ranged
from 0.068 to 0.20, with an average SUV of 0.13 * 0.028.
Histologic analyses of vertebral bones demonstrate tumor
infiltration of marrow with significant recruitment of
TRAP™* osteoclasts at the tumor bone interface in Tax™
mice (Fig. 4B) and demonstrate that areas of upregulated
osteoclast recruitment can be distinguished from normal
bone physiology using *Cu-RGD and small-animal PET/
CT.

Small-Animal PET/CT Demonstrates “Cu-RGD
Has Potential to Be Used to Monitor
Bisphosphonate Therapy

Proof-of-principle small-animal PET/CT was conducted
to assess whether the *Cu-RGD could be used to monitor
response to standard bone-targeting osteoclast inhibition
therapy in the vertebrae of Tax™ mouse tails. Tumor-
bearing Tax™ mice were imaged with *Cu-RGD before
and after treatment with ZA. Figure 5A represents the tail
of a Tax* mouse before (left panel; SUV, 0.47) and after

FIGURE 2. Biodistribution of ®Cu- | A , Whole Tail B .- Whole Tail
RGD is different in Tax® and WT ) =TS ’ _
mice. (A) Statistically significant differ- a e fa FSIGa0Ea
@ 154 O 1.5-
ences are observed between accumu- 2 &
lation of radioactivity in tails of 6- to a - 3 _—
12-mo-old Tax* (n = 12) and WT mice | 2 - = |
(n = 15). Additionally, uptake of ¢4Cu- =) =]
RGD in 6- to 12-mo-old Tax* mice is 2 097 = 097
higher than in those older than 12 mo
(P = 0.003). (B) However, statistically oo Tax 612 mo WT 6-12 mo i Tax > 12 mo WT>12mo
significant differences are not observed
when radiopharmaceutical accumula- C 161 D 161
tion in tails of Tax* mice that are o 2 =057 r? = 0.0002
older than 12 mo (n = 5) is compared 0 1.2 & 12-
with radiopharmaceutical accumulation 5 °=-,= L
in tails of WT mice in same age range | § os- £ os- " oa
(n = 6). (C) Positive correlation exists 2 o - % =
between accumulated tracer uptake in = 04 % 0.4+ =
Tax* mouse tails and measured ) .
serum TRAP levels in blood of these 0.0 . . i 0.0 —_— r '
mice. High degree of variability re- 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6

flects spontaneous nature of animal

Tax Serum TRAP (U/L)

WT Serum TRAP (U/L)

model. (D) Conversely, no correlation

exists between accumulated tracer uptake in WT mouse tails and measured serum

Sera from both age groups were combined in parts C and D.
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FIGURE 3. (A) Coregistered small-
animal PET/CT image of Tax® mouse
tail that was imaged with 64Cu-RGD at
1 h after injection. Coronal slice pre-
sented here has numerous areas of

focal uptake in tail vertebrae. (B)
Graphic representation of observed
differences in SUV between Tax™
(n = 5) and WT (n = 4) mice. On basis

(right panel; SUV, 0.13) treatment with ZA. SUV analysis
was applied to monitor radiopharmaceutical uptake in
individual vertebrae (Fig. 5B). SUVs were calculated for
the proximal and distal vertebra separated by this tumor.
The proximal vertebra had an SUV of 0.38, which de-
creased to 0.12 after treatment. Similarly, the SUV of the
distal vertebra before treatment was 0.43, whereas after
treatment it decreased to 0.12. This demonstrates that *Cu-
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v of SUV analysis, more activity is ob-
served in Tax* mouse tails.

RGD is sensitive enough to detect changes in osteoclast
activity induced by standard bone-targeting osteoclast in-
hibition therapy.

DISCUSSION

The goal of this work was to image the osteolytic
component of bone metastasis and its associated inflam-

Scale

3 Off-Scale

High

FIGURE 4. (A) Coregistered small-
animal PET/CT images of Tax* and
WT mice (both 14 mo old) at 1 h after
injection. OSEM reconstructions were
used here, and only lower body of each
mouse was placed in field of view. (A,
left image) Sagittal slice of Tax™ mouse
tail, which was held in place such that
tail looped up onto ventral side of
mouse. White brackets indicate where
histologic sectioning was conducted.
(A, right image) Coregistered small-
animal PET/CT image (coronal slice) of
WT mouse. Little activity is observed in
tail vertebrae of this mouse. (B, left
image) TRAP-stained section from tail
of Tax®™ mouse shown in A, which
depicts osteolytic lesion. Several osteo-
clasts are indicated by black arrows,
whereas tumor and proinflammatory
cell infiltration is indicated by white
arrows. (B, right image) TRAP-stained
section from tail of WT mouse. Osteo-
clasts and proinflammatory cells are not
observed in healthy marrow. B =
bladder; F = fiducial marker; K =
kidney; L = liver.
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FIGURE 5. Small-animal PET/CT (with
64Cu-RGD) results before (left) and after
(right) treatment with ZA. Three animals
were used in this proof-of-principle
study. Small-animal CT and small-animal
PET data were rendered as whole-body
reprojected images, which were summa-
tions of individual data slices. Notably,
changes in bone due to administered
therapy are observed in small-animal
PET before being observed in the
small-animal CT and can be quantified
by determining SUVs before and after
therapy. (A) Tax®™ mouse tail demon-
strates appreciable radiopharmaceutical
uptake at time of imaging. SUV for whole
tail of this animal before treatment was
0.47, but after therapy it was 0.13. (B)
Different Tax™ mouse tail has developed
large soft-tissue tumor. Here SUV anal-
ysis was conducted on 2 vertebrae
separated by tumor. Before therapy,
proximal vertebra (PV) and distal vertebra
(DV) had SUVs of 0.38 and 0.43, re-
spectively. After treatment with ZA, SUV
of PV was 0.12 and SUV of DV was 0.12.
F = fiducial marker; T = tumor.

A
PET

mation in transgenic Tax™ mice, a model of HTLV-1 adult
T-cell leukemia and osteolytic bone disease (24) using PET
and ®*Cu-RGD. This radiotracer is a specific ligand for the
o33 integrin, which is abundantly expressed on osteoclasts
and inflammatory cells in the bone environment (20). Gao
et al. noted that 86% of Tax* mice that developed soft-
tissue tumors had radiographic evidence of osteolytic bone
destruction that was observed before those soft-tissue
tumors (29). Consequently, the Tax transgenic mouse
model represents the first animal model of high-penetrance
spontaneous osteolytic bone metastasis, which has come to
illustrate the critical role of nonmalignant host and in-
flammatory cells that are recruited by tumor cells in the
process of cancer progression and metastasis (29). Since
Tax-induced disease arises spontaneously and occurs with
greater frequency with age, biodistribution studies were
undertaken using Tax* and WT mice in the following age
groups: Tax™ mice 6-12 mo old, Tax* mice more than 12
mo old, WT mice 6-12 mo old, and WT mice more than 12
mo old. First, Tax* mice between the ages of 6 and 12 mo
have significantly higher uptake of the radiopharmaceutical
in the tail vertebrae than do the WT mice of the same age
range, but this difference in uptake is not observed in
tissues that would not suffer from osteolytic bone disease.

Radiotracer uptake is different in Tax™ mice of different
age groups. For example, uptake of the radiopharmaceutical
in the tail was significantly greater in Tax* mice between
the ages of 6 and 12 mo than in Tax* mice older than 12
mo, but there were no age-related differences in tail uptake
in WT mice. This change in radiopharmaceutical uptake
may reflect a difference in the severity of the pathology
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Before Treatment

After Treatment
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associated with Tax expression. Increased uptake of radio-
activity in Tax* mice at 6-12 mo reflects mice with active
osteolytic bone disease and its associated inflammation,
whereas those mice older than 12 mo that have less
radiopharmaceutical uptake in their tails reflect a less
severe form of the disease. These observations are in agree-
ment with what has been reported previously by Gao (29)
and resembles the clinical presentation of patients who
have radiographic evidence of osteolytic bone metastases
but whose lesions are inactive. This condition provides
a preclinical example of how this radiopharmaceutical can
be used as a diagnostic tool by physicians to stage more
accurately the extent of the osteolytic disease and its
progression while enabling the clinician to prescribe a more
accurate course of treatment based on the results obtained
using this tracer.

Small-animal PET/CT was also conducted on the tails of
Tax™ and WT mice and corroborated the results of
biodistribution studies but provided more complete data
with respect to determining the specific areas of focal tracer
uptake. The Tax™ mice develop osteolytic lesions in their
hind limbs and tail. The tail was chosen for imaging for
practical reasons, primarily because it is easy to repeat
studies and get the tail in approximately the same position.
Additionally, the bladder activity does not interfere as much
with the tail as do the hind limbs. For example, Figures 3A
and 4A show high focal ®*Cu-RGD uptake in specific
vertebra of the Tax* mouse tail, suggesting that there is
specific uptake where there is the greatest amount of bone
destruction and, hence, tumor-recruited osteoclasts. The
overall data from small-animal PET/CT studies show that
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radiopharmaceutical uptake is higher in the tails of Tax™
mice than in the tails of WT mice (Fig. 3B). This increase
in the Tax™ mouse tail SUV, when compared with that of
WT mice, suggests that the radiopharmaceutical is able to
distinguish between the osteolytic disease state observed in
the Tax* mouse tail vertebra and the normal bone physi-
ology occurring in the WT mouse vertebra. Previously,
Sprague et al. demonstrated that osteoclasts expressing high
levels of o33 integrin could be imaged using *Cu-RGD in
a pharmacologically induced model of osteolysis and that
the targeting of osteoclasts could be blocked by the
coinjection of ¢(RGDyK), suggesting that uptake of the
radiopharmaceutical by osteoclasts is mediated by integrin
o3 binding (20). In addition, osteolytic bone lesions of
Tax* mice are observed to contain neutrophils, which have
been shown to express a,B3; (30). Because osteoclasts,
neutrophils, and lymphocytes will express the 35 integ-
rin, the radiopharmaceutical is believed to bind to the
integrin on all 3 cell types, and this binding is responsible
for the selective uptake within the Tax* mouse vertebra and
results in the enhanced signal when compared with the
accumulated activity associated with the tails of WT mice.
Interestingly, the soft-tissue tumors observed on the tails of
Tax* mice were also observed to have tracer uptake.
However, because Tax™ tumor cells lack the B3 integrin
(X. Xu and K. Weilbaecher, unpublished data), the radio-
pharmaceutical is most likely binding to the inflammatory
cells within the tumor in addition to neovasculature
associated with the blood supply of the tumor (30).

Nitrogen-containing bisphosphonates such as ZA have
been observed to decrease osteoclast number, osteoclast
activation, and bone desorption by induction of osteoclast
apoptosis (37). Bisphosphonates are believed to inhibit the
farnesyl diphosphate synthase in the mevalonate pathway
and thereby prevent the protein prenylation of small
GTPase-signaling proteins required for osteoclast function
(32). Preliminary data using small-animal imaging and
SUV analysis suggest that the radiopharmaceutical %*Cu-
RGD can be used to monitor bisphosphonate therapy
because of the ability of this agent to image osteoclasts
by targeting the o, 33 integrin. Radiopharmaceutical uptake
was analyzed either by drawing regions of interest on the
entire tail portion of the vertebral column or by analyzing
specific areas of increased uptake in individual vertebrae.
When measured by SUV analysis, activity was seen to
decrease in the whole tail or individual vertebrae after
bisphosphonate therapy. Because bisphosphonates are be-
lieved to induce osteoclast apoptosis, the decrease in uptake
is attributed to decreased numbers of osteoclasts within the
bone microenvironment. This result suggests that %*Cu-
RGD is sensitive enough to detect decreased numbers of
osteoclasts. ZA treatment also resulted in a decrease in the
tumor SUV from 0.51 before therapy to 0.26 after therapy.
This decrease was expected because the pharmacology of
bisphosphonates has been demonstrated to induce apoptosis
in other cell types besides osteoclasts (31).
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When histology is conducted on tails imaged using
small-animal PET/CT, Tax* tumor cells and nonmalignant
inflammatory cell such as neutrophils and lymphocytes are
observed within the bone microenvironment. Moreover, at
the tumor-bone interface, osteoclasts are present in re-
sorptive pits, indicating active bone resorption. The histo-
logic evidence corroborates results from biodistribution and
small-animal imaging experiments and supports the hy-
pothesis that differences in radiopharmaceutical uptake are
due to increases in the number of osteoclasts and in-
flammatory cells within the vertebrae of Tax™ mouse tails.

CONCLUSION

The radiopharmaceutical **Cu-RGD was evaluated as an
imaging agent for osteolytic bone metastases and their
associated inflammation in the Tax®™ mouse model by
targeting the o3 integrin on osteoclasts and the proin-
flammatory cells involved at the metastatic site. Tax* mice
between the ages of 6 and 12 mo had significantly more
activity associated with the tail tissue than did Tax* mice
older than 12 mo and WT control mice of the same age
range. Small-animal PET/CT demonstrated greater radio-
pharmaceutical uptake in the tails of Tax* mice and
demonstrated that this radiopharmaceutical can be used to
monitor bisphosphonate therapy. Histologic analysis of
Tax™ mouse tail vertebrae revealed that Tax™ tumor cells,
osteoclasts, and proinflammatory cells were also observed
within the bone microenvironment, corroborating the
small-animal imaging results and suggesting that %*Cu-
RGD has the potential to be an effective imaging agent for
osteolytic bone metastases.
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