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Attention has recently focused on the critical role of inflammatory
responses in the tumor stroma that provide favorable conditions for
cancer-cell growth and invasion/metastasis. In particular, macrophages
recruited into the tumor stroma and activated, known as tumor-
associated macrophages, are suggested to promote tumorigenesis.
In this study, we examined the effect of a decrease in the number of
monocytes/macrophages in peripheral blood and the tumor stroma
on the development of bone and muscle metastases by lung cancer
cells. Treatment with clodronate encapsulated by liposomes
(CI,MDP-LIP) has been developed for the depletion of monocytes/
macrophages in an animal model. Subcutaneous administration of
Cl,MDP-LIP markedly reduced the number of monocytes in peripheral
blood, resulting in efficient suppression of both bone metastasis
and muscle metastasis when lung cancer HARA-B cells were injected
into the left cardiac ventricle of mice. Treatment with CI,MDP-LIP
significantly reduced the number of macrophages in tumors and the
number of osteoclasts in bone marrow, as well as peripheral
monocytes in mice harboring lung cancer cells. In contrast,
treatment with an osteoclast-targeting antibiotic, reveromycin A,
inhibited bone metastasis by lung cancer cells, but not muscle
metastasis. The survival of human macrophages in culture was found
to be specifically blocked by CI,MDP-LIP, but not by reveromycin A.
CI,MDP-LIP thus exerted antimetastatic effects in both bone and
muscle whereas reveromycin A did so only in bone. Liposome-
encapsulated bisphosphonate may modulate metastasis through
decreasing the number of monocytes/macrophages in both
peripheral blood and the tumor stroma, suggesting that tumor-
associated macrophages might be suitable targets for antime-
tastatic therapy. (Cancer Sci 2008; 99: 1595-1602)

IVI etastases of several malignant cancers including those of
the breast, lung, prostate, and kidney have high affinity
for bone. Bone metastasis is often accompanied by serious
complications such as pathological fractures, bone pain, spinal
cord compression, and hypercalcemia. Organ metastasis,
including that affecting bone, is a multistep process mediated
through mutual interaction between cancer cells and the host
microenvironment. In bone metastasis, cancer cells reach the
bone via hematogenous spread, followed by osteoclastic bone
resorption, and finally proliferate in the bone matrix.!?
Moreover, osteoclast-stimulating cytokines such as PTHrP have
been shown to promote bone metastasis.®

Inflammatory responses in the tumor stroma play an important
role by providing favorable conditions for cancer cell growth,
invasion/metastasis, and angiogenesis as well as malignant pro-
gression."® In particular, monocytes/macrophages are recruited
into the tumor stroma, and activated macrophages known as

doi: 10.1111/j.1349-7006.2008.00880.x
© 2008 Japanese Cancer Association

TAMs produce potent angiogenic factors, as well as inflammatory
cytokines, growth factors, and proteases, resulting in a promotion
of angiogenesis and invasion/metastasis.”® Infiltrating TAMs
are often closely associated with poor prognosis and tumor
angiogenesis in patients with various tumor types.®'" A pre-
paration of CIL,MDP-LIP has been reported to markedly inhibit
angiogenesis in corneas in response to inflammatory cytokines
through depletion of macrophages.® A recent study has dem-
onstrated that administration of clodronate-liposomes depleted
TAMs in mouse models resulting in significant inhibition of
tumor growth and tumor angiogenesis, whereas free clodronate
alone did not."® Clodronate-liposomes were also found to inhibit
both tumor growth and tumor angiogenesis by lung cancer cells
in a xenograft model when stimulated by inflammatory stimuli.!*
Angiogenesis in a tumor microenvironment in bone marrow also
played a critical role in the induction of an angiogenic response
and invasion/metastasis by cancer cells.""> Furthermore, mono-
cyte/macrophage precursor cells entered the osteoclastic lineage
and expressed the osteoclastic marker TRAP under the influence
of the RANK/RNAKL signaling pathway.'® Tumor burden at
bone metastatic sites was markedly decreased in preclinical
models on treatment with inhibitors of the RANK/RANKL
pathway and neutralizing antibodies against PTHrP as well as
bisphosphonate, suggesting a central role for osteoclasts in
bone metastasis.""'¥ Together, one can expect a decrease in the
number of the monocyte/macrophage-lineage by clodronate-
liposomes to attenuate the bone metastasis and growth by cancer
cells.

In the present study, using an animal model of bone metastasis
with the human lung cancer cell line HARA-B, we investigated
whether the administration of clodronate-liposomes was able to
modulate bone metastasis by lung cancer cells.®*” On the basis
of our results, we discuss whether liposome-encapsulated bispho-
sphonate may be useful for treating not only bone metastasis
from lung cancer, but also metastasis in other tissues/organs.

Materials and Methods

Cell culture. HARA-B cells were established from bone
metastasis of human lung cancer in nude mice and cultured
in RPMI-1640 supplemented with 10% FBS and 10-U/mL
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penicillin-streptomycin.®?® The cells were incubated at 37°C
in a humidified atmosphere of 5% CO, in air. Human
macrophage-like cell line U937 was purchased from the
American Type Culture collection (Manassas, VA, USA) and
cultured in RPMI supplemented with 10% FBS.

Reagents. FITC-conjugated anti-F4/80 mAb and PE-conjugated
anti-CD11b mAb were obtained from CALTAG Laboratories
(Burlingame, CA, USA). Rat antimouse F4/80 Ab (MAC497R)
was obtained from Serotec (Raleigh, NC, USA). Rat antimouse
Gr-1 was purchased from R&D Systems (Minneapolis, MN,
USA). Phosphatidylcholine, cholesterol, and clodronate (dichloro-
methylene diphosphate; CLLMDP) were from Sigma-Aldrich
(St. Louis, MO, USA). Reveromycin A was a gift from Riken
(Saitama, Japan).

Preparation of CI2MDP-LIP. CLMDP-LIP was prepared as
described previously.!>?" A total of 11 mg of cholesterol and
75 mg of phosphatidylcholine were combined with 10 mL of
0.7-M CLMDP solution and sonicated gently. The resulting
liposomes were washed three times to eliminate any free drug.
Empty liposomes were prepared as a control under the same
conditions using PBS instead of C1,MDP.

Animals. Female 5-week-old BALB/C nude mice were
obtained from Clea Japan (Tokyo, Japan) and maintained in a
specific pathogen-free environment throughout the experiment.

Flow cytometry. Blood samples were obtained from the left
cardiac ventricle in mice under anesthesia at day O, 1, and 2
after stimulation with CLLMDP-LIP. A total of 50 mL of each
sample was stained for 15 min in a dark doom with FITC-
anti-F4/80 mAb (1:50) to label macrophages, and with PE-
anti-CD11b mAb (1:50) to label macrophages and neutrophils.
Positive cells were measured using a FACScan (Becton Dickinson,
USA).1?

Bone and muscle metastasis by cancer cells, and antimetastatic
therapeutic protocol. HARA-B cells (2 x 10°/100 uL) were injected
into the left cardiac ventricle of mice on day O under anesthesia
with pentobarbital (0.05 mg/g body weight; Dainippon Phar-
maceutical, Osaka, Japan).® To assess the inhibitory effect of
CLLMDP-LIP on the formation of bone and muscle metastasis,
CLMDP-LIP at 200 puL or 400 pL was subcutaneously (s.c.)
administered into the base of the tail once every 3 days for 6
weeks after the inoculation of HARA-B cells. A subcutaneous
administration of reveromycin A (10 mg/kg) was also performed
every day for 6 weeks after the inoculation of HARA-B cells.
Bone metastases were determined on X-ray photographs at 4 or
6 weeks. Osteolytic bone metastasis on X-ray photographs was
evaluated independently. Mice were sacrificed under anesthesia
with pentobarbital (0.5 mg/g body weight) at 5 or 6 weeks after
inoculation. The extremities and spine were harvested and fixed
in 10% formalin. The bone specimens were decalcified in
10% EDTA solution for 1 week and then embedded in paraffin.
Tumor metastases were histologically evaluated by the number
of colonies and the tumor area in bone and muscle after
hematoxylin—eosin staining.?

Immunohistochemical and immunofluorescence analysis. Macr-
ophages in bone marrow and tumors were determined using
immunohistochemistry for F4/80. Slides were deparaffinized
and hydrated, and then rinsed twice with PBS. After 1 h of
blocking with 2% goat serum, the sections were incubated
overnight with rat antimouse F4/80 (1:200) at 4°C in 1% BSA
in PBS. They were then rinsed three times with PBS and treated
with HRP-conjugated goat antirat IgG (DakoCytomation, CA,
USA) and stained using the DakoCytomation LSAB2 SYSTEM
HRP kit, according to the instructions. The sections were
counterstained with diluted hematoxylin according to the
manufacturer’s directions.

For the detection of osteoclasts, TRAP staining was done
using a Sigma Diagnostics Acid Phosphatase kit. The number of
TRAP-positive cells in bone marrow was counted by micros-
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copy in five random fields in each of three sections at x200
magnification.

To determine the macrophages and neutrophils in HARA-B
tumors, immunofluorescence staining was performed. The
tumor samples from bone or muscle were excised and immersed
in OCT compound, and immediately frozen in liquid nitrogen.
Frozen sections 5-um thick were prepared. The sections were
rinsed with PBS and briefly fixed in 4% paraformaldehyde/PBS
for 20 min at RT, followed by two further rinses in PBS. After
1 h of blocking with 2% goat serum, the sections were incubated
overnight with rat antimouse F, 4, (1:200) or rat antimouse Gr-1
(1:200) at 4°C in 1% BSA in PBS. They were then rinsed three
times with PBS and incubated with goat antirat IgG; 1-mg/mL
Alexa Fluor 488 for F4/80 (Molecular Probes, Eugene, OR,
USA) in 1% BSA in PBS for 60 min at RT. Nuclear staining
was carried out using DAPI (1:1000; Dojindo, Japan). Cover-
slips were mounted on sections using gel mount and viewed
using an Olympus BXS51 florescence microscope (Olympus,
Tokyo, Japan) fitted with an Olympus DP-70 digital camera
(Olympus). For quantification, the number of stained cells was
counted in five random fields in each of three tumors at X200
magnification.

Cell survival assay. Cell survival assay was carried out using
a Cell Counting Kit (Wako Pure Chemical Industries, Osaka,
Japan). In brief, HARA-B cells and human monocytes were
plated in triplicate in 96-well plates at a density of 5000 cells/
well in basal medium. Following overnight culture, PBS-LIP,
CLMDP-LIP, or reveromycin A was added to each concentration,
and the cells were incubated for 48 h. After 48 h, WST-1 was
added and the cells were incubated for a further 1 h. The plates
were read at a wavelength of 450 nm using a microplate reader
(Model 3550; Bio-Rad, Richmond, CA, USA). Results are
presented as the mean + SD.

Statistical analysis. The significance of tumor incidence was
determined by y>-test. The significance of differences in the
number of metastases was determined by the Mann—Whitney
U-test. The significance of differences in the numbers of TRAP-
positive cells and tumor area was estimated using the unpaired
Student’s r-test. P-values of <0.05 were considered statistically
significant.

Results

Decrease in the number of monocytes/macrophages by Cl,MDP-LIP
in vitro and in vivo. Blood samples were harvested from the left
cardiac ventricles of mice under anesthesia as a control.
Subsequently, CLMDP-LIP at 200 pL and 400 uL was s.c.
administered into the base of the tail, and a 100-uL blood
sample was obtained after 24 and 48 h. Each sample was stained
with FITC-anti-F4/80 mAb and PE-anti-CD11b mAb to label
macrophages, and double-positive cells were measured using a
FACScan. The rate of double-positive staining was about 5-7%
before stimulation with Cl,MDP-LIP. The number of double-
positive cells in peripheral blood was decreased significantly at
24 h after stimulation with 400 uL of CIL,MDP-LIP but had
recovered slightly after 48 h. Although stimulation with 200 uL.
of CLMDP-LIP also suppressed the percentage of monocytes at
24 h, the effect was less marked than that of 400 pL of C1,MDP-
LIP (Fig. 1a,b). PBS-LIP and reveromycin A did not decrease
the number of monocytes in peripheral blood (Fig. 1c). We also
compared the effects of CILMDP-LIP and reveromycin A on
the survival of lung cancer HARA-B cells and macrophage
U937 cells in culture. Survival of cancer cells was specifically
inhibited by reveromycin A at both 5 and 10 pug/mL, but
CLMDP-LIP had no effect up to 200 uM (Table 1). By contrast,
survival of macrophages was blocked only by 20-200 uM
CLMDP-LIP, but not by reveromycin A at up to 10 pg/mL
(Table 1). Thus, CLMDP-LIP had a more specific effect on
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Fig. 1. The decrease in the number of monocytes in peripheral blood by treatment with clodronate encapsulated by liposomes (Cl,MDP-LIP). (a)
FACS analysis of macrophages on days 0, 1, and 2 in peripheral blood of nude mice untreated or treated with C,MDP-LIP. Each blood sample
(100 uL) was harvested from the left cardiac ventricle under anesthesia before stimulation. Subsequently, blood samples were taken on days 1 and
2 after the subcutaneous administration of CI,MDP-LIP at 200 uL or 400 uL/mouse. Cells were stained with fluorescein-isothiocyanate (FITC)-anti-
F4/80 monoclonal antibody (mAb) (1:50) and phycoerythrin (PE)-anti-CD11b mAb (1:50). F4/80- and CD11b-positive cells were measured by
FACScan. Upper lane, Cl,MDP-LIP 200 uL; lower lane, CI,MDP-LIP 400 pL. Quantification of the number of monocytes in peripheral blood of nude
mice treated with (b) CI,MDP-LIP at 200 pL or 400 pL, and (c) PBS-LIP (400 pL) or reveromycin A (10 mg/kg). Each value represents the mean number

of monocytes/macrophages + SD (n = 4). *P < 0.05.

Table 1. Effect of clodronate, CI,MDP-LIP, and reveromycin A on the
survival of macrophages and lung cancer cells

Drug Dose Lung cancer cells’ Macrophages*
PBS-LIP 0 100.0+ 4.0 100.0£5.9
Clodronate 2 93.3+5.6 98.3+6.6

20 93.8+7.1 99.9+11.5

200 (uM) 99.1+1.8 92.7£8.9
Cl,MDP-LIP 2 100.0+ 2.6 94.0 £ 9.1

20 100.0£0.4 747124

200 (uM) 100.0+5.7 26.4+3.7
Reveromycin A 1 100.0 +£5.6 101.2+1.6

5 33.1+25 100.7£2.4

10 (ug/mL) 12.2+0.4 (%) 105.3 + 1.5 (%)

HARA-B cells (5 x 10°%/well) and macrophages (5 x 10%/well) were
incubated for 2 days in the absence or presence of various doses of
drugs, and surviving fractions were determined.

Each value was the average of triplicate dishes, and presented as a
relative percentage, the cell number in the absence of any drug being
taken as 100%. "Mean + SD.

macrophage survival than reveromycin A in both in vitro and
in vivo.

Inhibition of bone and muscle metastases by CI2MDP-LIP. Bone
and muscle metastases in mice were followed using X-ray
photographs at 4 or 6 weeks after inoculation of 2 x 10° cancer
cells (Fig. 2a). Colonies of abundant proliferating cancer cells
were observed in both bone and muscle when both regions were

Hiraoka et al.

histologically examined at 6 weeks after cancer cell inoculation
(Fig. 2b). We first examined the inhibitory effect of C[, MDP-LIP
on bone and muscle metastases of cancer cells in comparison
with PBS-LIP (control). Based on the effects of CLLMDP-LIP
(Fig. 1), we determined the protocols shown in Fig. 3a.
CLMDP-LIP was administered s.c. at 200 puL. and 400 uL once
every 3 days for 6 weeks just after the inoculation of cancer
cells (Fig. 3a). All of the mice treated with PBS-LIP showed
destructive bone changes in X-ray photographs or paralysis in
the hind limbs at 6 weeks. By contrast, treatment with CLMDP-LIP
at 200 uL. and 400 pL inhibited the development of bone
metastases by cancer cells (Fig. 3b). Fig.3b also shows the
therapeutic effects of reveromycin A on bone metastasis when
administered s.c. at 10 mg/kg daily after cancer cell inoculation.
Treatment with reveromycin A markedly inhibited bone
metastasis by lung cancer cells. Quantitative analysis showed
that both the incidence of bone metastasis and the number of
metastatic foci were significantly decreased by treatment with
CLMDP-LIP at 200 uL and 400 uL, and reveromycin A
(Table 2). The inhibitory effect of CLMDP-LIP at 400 uL was
strongest among those agents (Table 2).

We also compared the therapeutic effects of various agents on
both muscle metastasis and bone metastasis by histological analysis.
Treatment with CLMDP-LIP at 400 uL and reveromycin A
significantly decreased the number of tumor colonies in bone
(Table 3). We also observed a marked decrease of tumor colony
numbers in muscle by CLMDP-LIP at 400 uL (P < 0.05) but
not by reveromycin A. Furthermore, CLMDP-LIP at 400 puL
significantly (P < 0.05) inhibited tumor area in bone as compared
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(a) Experimental protocol
i. ¢. inoculation of
HARA-B cells
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Fig. 2. Radiographic and histological analysis of
untreated mice. The human lung cancer cell line
HARA-B (2 x 10° cells per mouse) was injected
into the left cardiac ventricle of nude mice. (a)

Bone  metastases were determined by
radiography on the indicated days after
inoculation. Arrows indicate osteolytic bone

metastases. (b) The mice were sacrificed at 6
weeks, and bone and muscle metastases were
examined histologically. Bar, 200 um; T, tumor; B,
bone; M, muscle.

X-P, autopsy
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Table 2. Radiological analysis of inhibitory effects of clodronate-
liposomes and reveromycin A on bone metastasis

Treatment Incidence of bone metastasis No. of metastatic foci*
PBS-LIP 8/9 6.6 4.2
CI,MDP-LIP (200 pl) 3/7t 09+1.2*
Cl,MDP-LIP (400 pl) 1/9* 0.1+0.3*
Reveromycin A 1/9* 0.3+ 1.0*

HARA-B cells (2 x 10° per mouse) were injected into the left cardiac
ventricle of nude mice on day 0. The mice were s.c. administered
PBS-LIP, CI,MDP-LIP (200 and 400 pl/mouse once every three days), or
reveromycin A (10 mg/kg daily) from day 0 to 6 weeks. Bone metastases
were determined by radiographs at 4 and 6 weeks after inoculation.
*Mean +SD, 'P < 0.05, *P < 0.01.
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Cl,MDP-LIP (200 pl)

Reveromycin A

42 days

M4

-~
- Fig. 3. Clodronate-liposomes and reveromycin A
decreased the frequency of bone metastasis by
lung cancer cells. (a) Experimental protocol of the
treatment with clodronate encapsulated by
liposomes (CI,MDP-LIP) and reveromycin A on
bone or muscle metastases of HARA-B cells. (b)
Radiographs of the hind limbs of nude mice
treated with PBS-LIP (400 uL), CI,MDP-LIP
(200 pL), CI,MDP-LIP (400 pL), and reveromycin A
(10 mgr/kg). HARA-B cells (2x 10° per mouse)
were injected into the left cardiac ventricle. At 6
weeks after the subcutaneous administration of
PBS-LIP, CLMDP-LIP (200 uL and 400 puL/mouse
once every 3 days), and reveromycin A (every day)
the extent of bone and muscle metastases was
determined by radiography and autopsy. Arrows
indicate osteolytic bone metastases.

with the control, whereas reveromycin A or CLLMDP-LIP at
200 pL decreased the tumor area by only 30-50% compared
with the control. In contrast, there was no significant difference
in the inhibitory effect on tumor area in muscle between the
untreated control and treated groups. Of the various treatments
against tumor area in muscle, only CL,MDP-LIP at 400 uL. had
an inhibitory effect, although the inhibition was not statistically
significant (Table 3).

Decrease in the number of both macrophages in tumor and
osteoclasts in bone by CI2MDP-LIP. We examined whether the
number of macrophages was affected by treatment with
CLLMDP-LIP. The number of macrophages in tumors was also
estimated by immunofluorescence analysis with a rat antimouse
F4/80 antibody. The immunofluorescence analysis of mice
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Fig. 4. Reduced infiltration of macrophages in tumors by clodronate encapsulated by liposomes (CI,MDP-LIP). (a) Immunofluorescence analysis of
F4/80-positive cells in HARA-B tumors. The tumors derived from mice treated with PBS-LIP, CI,MDP-LIP (400 puL), and reveromycin A (10 mg/kg) were
excised at 6 weeks after inoculation as described in the experiment protocol. The samples were stained with rat anti-F4/80 antibody (1:200), and
ant-rat Alexa-Fluor-488 (1:1000) was used as secondary antibody to detect the F4/80-positive macrophages. Nuclear staining was carried out using
4’,6-diamidino-2-phenylindole (DAPI) (1:1000) to present profiles of tumor masses, and the merged figures were used to localize the F4/80-positive
cells in tumor masses. (b) Some sections were incubated with rat anti-F4/80 antibody and horseradish peroxidase (HRP)-conjugated goat antirat
19G was used as secondary antibody. Bar, 100 um. (c) Quantification of macrophages in HARA-B tumors. The number of stained cells was counted
in five random fields for each of three tumors derived from mice treated with PBS-LIP and CI,MDP-LIP at x200 magnification. Each value represents
the mean number of macrophages = SD. *P < 0.05. (d) Some sections were incubated with rat anti-Gr-1 antibody. Bar, 100 um. (e) Quantification
of neutrophiles in HARA-B tumors. The number of stained cells was counted in five random fields for each of three tumors at x200 magnification.
Each value represents the mean number of neutrophiles + SD.

Table 3. Histological analysis of inhibitory effects of clodronate-liposomes and reveromycin A on bone metastasis

No. of tumor colonies* Tumor area (mm?)*
Treatment Incidence of metastasis
bone muscle bone muscle
PBS-LIP 8/9 4.7+4.1 13.2+14.1 8.1+6.9 16.4 + 20.2
CI,MDP-LIP (200 pl) 5/7 2.0+3.0 7.9+13.1 56+9.3 10.1+11.3
CLLMDP-LIP (400 pl) 5/9 0.4+0.7* 1.2+1.2° 0.4+0.8" 20+3.3
Reveromycin A 6/9 0.7 £1.37 43+4.6 3.7£9.2 14.9+13.9

HARA-B cells (2 x 10° per mouse) were injected into the left cardiac ventricle of nude mice on day 0. The mice were s.c. administered PBS-LIP,
CI,MDP-LIP (200 and 400 pl/mouse once every three days), or reveromycin A (10 mg/kg daily) from day 0 to 6 weeks. The mice were sacrificed at
6 weeks and the formation of metastasis in bone or muscle was examined. The tumor area is represented as the sum of the individual tumor areas
in bone or muscle of each mouse calculated as nd%/4, where d is the diameter of each tumor in mm. *Mean + SD, P < 0.05.
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Fig. 5. Reduced number of osteoclasts in bone marrow by clodronate encapsulated by liposomes (CI,MDP-LIP). (a) Tartrate-resistant acid
phosphatase (TRAP) staining was done using a Sigma Diagnostics Acid Phosphatase kit. The hind limbs of mice treated with PBS-LIP, CL,MDP-LIP
(200 pL and 400 puL), and reveromycin A in the experiment protocol were taken and fixed in 10% formalin. The specimens were decalcified in a
10% EDTA solution for 1 week and then embedded in paraffin. Arrows indicate TRAP-positive osteoclasts in bone marrow. Bar, 100 um. (b)
Quantification of osteoclasts in bone marrow. The number of TRAP-positive cells in bone marrow was counted under a microscope in five random
fields in each of three sections at x200 magnification. The statistical significance of differences between the controls and other groups was

analyzed using the unpaired Student’s t-test. *P < 0.05, **P < 0.01.

treated with PBS-LIP revealed numerous macrophages stained
with F4/80 in tumors, whereas infiltrating macrophages in
tumors were decreased in mice treated with CLMDP-LIP (Fig. 4a).
Immunostaining of macrophages also showed a marked
decrease in the number of infiltrating macrophages in tumors on
treatment with CLMDP-LIP in comparison with the untreated
control (Fig. 4b). By contrast, the number of macrophages in
bone marrow was not affected by treatment with C[L, MDP-LIP
(data not shown). Quantitative analysis showed a significant
decrease of infiltrating macrophages in tumors after treatment
with CLMDP-LIP (Fig.4c). The number of neutrophils in
tumors was not affected by treatment with CL,MDP-LIP in
comparison with the untreated control (Fig. 4d,e).

We further examined whether treatment with CL,MDP-LIP at
400 uL as well as reveromycin A affected the number of osteo-
clasts in bone marrow. The hind limbs of mice treated with
PBS-LIP, CLMDP-LIP, and reveromycin A were harvested at 6
weeks after inoculation, and osteoclasts were identified by
TRAP staining (Fig. 5a). We observed many TRAP-positive
osteoclasts in control mice with bone metastasis. By contrast,
the number of osteoclasts was decreased in reveromycin A— and
CL,MDP-LIP-treated mice. Quantitative analysis demonstrated
that the number of osteoclasts was significantly decreased in
bone marrow by CL,MDP-LIP at 400 pL and by reveromycin A
in comparison with the controls (Fig. 5b).

Discussion

In the present study, we assessed the effect of a decreasing
number of monocytes/macrophages in peripheral blood and
the tumor stroma on bone and muscle metastases using an
experimental bone metastasis model in nude mice inoculated
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with human lung cancer cells which showed strong bone
metastasis  activity.®?” Clodronate-liposomes reduced the
number of monocytes in peripheral blood as well as the number
of osteoclasts in bone marrow, accompanied by marked
inhibition of metastasis to both bone and skeletal muscle by
lung cancer cells. Clodronate is a bisphosphonate, and
bisphosphonates targeting osteoclast-mediated bone metastasis
have been used to treat bone metastasis.”® The underlying
mechanism of their effects is inhibition of a key enzyme in the
mevalonate pathway, farnesyl diphosphate synthase, resulting in
prevention of protein phenylation and Ras activation, and also
producing a unique adenosine triphosphate analog (Apppi),
resulting in induction of apoptosis of both osteoclasts and
cancer cells.®® Clodronate encapsulated by liposomes has been
developed and successfully applied in several studies for
depletion of macrophages.>!32! Although free clodronate is not
ingested by macrophages and is rapidly removed from
circulation,®” the liposome-encapsulated form is phagocytosed,
and intracellular release of clodronate promotes apoptosis."
Treatment with the osteoclast-targeting agent reveromycin A
also significantly decreased bone metastasis by lung cancer
cells. Reveromycin A, a novel antibiotic, inhibits bone resorption
by inducing the specific apoptosis of activated osteoclasts,
possibly because reveromycin A is specifically transported into
osteoclasts at acidic pH.?>-2” In this study, histological analyses
showed that reveromycin A markedly decreased the number of
osteoclasts in bone lesions, suggesting that reveromycin A
specifically inhibits osteolytic bone metastasis by targeting oste-
oclasts in bone lesions. Reveromycin A only slightly inhibited
the number of muscle metastases, perhaps through its direct
inhibition of cancer cell survival. By contrast, clodronate-
liposomes inhibited the survival of macrophages in culture,
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whereas reveromycin A did not. These findings suggest that the
clodronate-liposome-induced inhibition of both bone and muscle
metastasis may be due to a reduction the number of not only
osteoclasts, but also macrophages infiltrating the metastatic
lesions in both bone and muscle.

Monocytes in peripheral blood are versatile precursors with
the potential to differentiate into the various types of specialized
macrophages.®® Macrophages in the tumor environment are
activated by inflammatory responses during the acquisition of
malignant characteristics in both the primary tumor and bone
metastases.® Infiltrating macrophages under conditions of
inflammation are derived mainly from peripheral blood monocytes,
and create conditions in the tumor stroma and bone metastases
that favor metastasis/invasion and angiogenesis through the
production of various chemokines, cytokines, growth factors,
proteases, and hypoxia.” Clodronate-liposomes have been
shown to significantly reduce the number of monocytes in
peripheral blood in vivo"? (see also Fig. 1), and the survival of
macrophages in vitro. Treatment with clodronate-liposomes also
markedly inhibits inflammatory cytokine-induced angiogenesis
and infiltration of monocytes/macrophages in the cornea,'? and
also tumor growth by lung cancer cells."¥ Thus, a decrease in
the number of macrophages by clodronate-liposomes might also
block the metastasis of cancer cells to bone.

Tumor angiogenesis is often closely associated with bone
metastasis by cancer cells,'>?* possibly through angiogenesis in
the tumor stroma and also in the metastases themselves. Activation
of the VEGF, IL-8, bFGF, and cyclooxygenase-2 genes in both
tumor cells and macrophages in the tumor stroma by inflammatory
cytokines induces angiogenesis.'>*” It has been reported that
synergistic interaction between macrophages and tumor cells is
required for tumor cell migration through a paracrine loop
involving reciprocal signaling of EGF and colony-stimulating
factor-1.°Y Inflammatory cytokines produced by macrophages
affect tumor invasion and angiogenesis, suggesting that the
recruitment of macrophages into the tumor stroma is prerequisite
for the acquisition of malignant characteristics.“%” Previous
studies have demonstrated the apparent involvement of macro-
phages in inflammatory cytokine-induced angiogenesis'? and
also in tumor-induced angiogenesis.!'® The blocking of bone
metastasis from lung cancer might be due in part to decreased
macrophage-induced angiogenesis. However it still remains to
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be clarified how bone metastasis is linked to angiogenesis in
metastatic lesions.

Treatment with clodronate-liposomes markedly inhibited the
metastasis of cancer cells to muscle as well as bone. However,
whether a decrease in the number of macrophages by this drug
is directly involved in its inhibitory effect on the metastasis to
muscle needs to be further studied. Jones et al. have recently
reported that bone metastasis after the intracardiac injection of
melanoma cells is dependent on RANK/RANKL signaling.®?
However, in our present study, the role of RANK/RANKL
signaling was not examined. Regarding the pleiotropic mecha-
nisms of bone metastasis by cancer cells, we consider it likely
that macrophage lineages provide a microenvironment that is
favorable for metastasis and tumor growth not only in bone
but also in muscle.®® The inhibition of metastasis in both
bone and muscle by clodronate-liposomes might be due to
depletion of osteoclasts precursors as well as tumor-associated
macrophages.

In conclusion, osteoclasts are well known to play pivotal roles
in bone metastasis by cancer cells, and osteoclasts are derived
from monocytes/macrophages. Bisphosphonates are most fre-
quently used to treat bone metastasis in cancer patients, and act
by possibly targeting osteoclasts and cancer cells.®* The present
study demonstrated that treatment with a bisphosphonate encap-
sulated by liposomes markedly decreased both bone and muscle
metastases by lung cancer cells. In contrast, treatment with the
osteoclast-targeting drug, reveromycin A, specifically inhibited
bone metastasis, but not muscle metastasis, by lung cancer cells.
These findings suggest that bisphosphonates encapsulated by
liposomes may be a novel and potent therapeutic agent against
not only bone metastasis but also other organ metastases of lung
cancer cells in humans.
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