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Abstract

Breast cancer cells preferentially home to the bone microenvironment, which provides a unique niche with a network of multiple
bidirectional communications between host and tumor, promoting survival and growth of bone metastases. In the bone micro-
environment, the c-fms proto-oncogene that encodes for the CSF-1 receptor, along with CSF-1, serves as one critical cytokine/
receptor pair, functioning in paracrine and autocrine fashion. Previous studies concentrated on the effect of inhibition of host
(mouse) c-fms on bone metastasis, with resulting decrease in osteolysis and bone metastases as a paracrine effect. In this report,
we assessed the role of c-fms inhibition within the tumor cells (autocrine effect) in the early establishment of breast cancer cells in
bone and the effects of this early c-fms inhibition on subsequent bone metastases and destruction. This study exploited a
multidisciplinary approach by employing two non-invasive, in vivo imaging methods to assess the progression of bone metastases
and bone destruction, in addition to ex vivo analyses using RT-PCR and histopathology. Using a mouse model of bone homing
human breast cancer cells, we showed that an early one-time application of anti-human c-fms antibody delayed growth of bone
metastases and bone destruction for at least 31 days as quantitatively measured by bioluminescence imaging and computed
tomography, compared to controls. Thus, neutralizing human c-fms in the breast cancer cell alone decreases extent of subse-
quent bone metastasis formation and osteolysis. Furthermore, we are the first to show that anti-c-fms antibodies can impact early
establishment of breast cancer cells in bone.
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bone pain, severely impacting their quality of life.” Thus,
there is a need to better understand mechanisms regulating
the bone-seeking nature of breast cancer cells, and
approaches to prevent or inhibit these bone metastases.
Our laboratory and others have been studying the regu-
lation of breast cancer metastasis by the c-fms proto-onco-
gene, which is expressed by the large majority of breast
cancers but not by normal tissues, except for macrophages
and osteoclasts. Elevated c-fms levels in the breast cancer

Introduction

The propensity of breast cancer cells to invade and metas-
tasize early, prior to clinical detection, is the primary deter-
minant of poor outcome. This cancer, more so than most
solid tumors, has the predilection to spread to bone result-
ing in bone destruction. Bone-seeking breast cancer cells
enhance osteolysis of bone,’® while the bone tumor micro-
environment in turn stimulates the growth of the tumor
cells and alters their phenotype, promoting a vicious cycle

of metastasis and bone pathology.® Breast cancer patients
with bone spread, while largely incurable, can live many
years, while suffering consequences of bone metastases.
Ultimately, 70% of those patients will develop skeletal com-
plications from the associated bone destruction including
fractures, immobilization and loss of independence, and
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specimens confer increased risk for local relapse® and poor
survival of breast cancer patierl’cs,9 with new regulators of c-
fms expression being described.'®™ C-fms is activated by
autocrine and paracrine CSF-1 signaling, conferring an
invasive metastatic phenotype.'*'®> The majority of breast
cancer cells express c-fms with one-third co-expressing
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CSF-1, thus allowing for autocrine interactions.'®"'® We and
others have described the role of the autocrine loop between
c-fms and CSF-1 in breast cancer cells as important to both
in vitro and in vivo invasion and metastasis.’>"?! In addition,
tumor-associated macrophages bearing CSF-1 promote pro-
gression of primary breast cancer in a paracrine
manner.”>2° For instance, in mice bearing human breast
cancer xenografts not expressing c-fms, targeting mouse
(host) c-fms or CSF-1 suppressed primary tumor growth
by 40-50%*"** and improved their survival.*®

In the bone environment, binding between CSF-1 and
c-fms is also essential for differentiation and activation of
osteoclasts.>*?’ Breast cancer cells secreting CSF-1 can
increase osteoclast formation in the presence of bone stro-
mal cells.®> CSF-1 can also regulate osteoclast motility and
survival,* and mutations in c-fms confer impaired osteo-
clast differentiation and bone resorption.” Thus, c-fms
related autocrine and paracrine interactions between and
within the tumor cells and bone environment may contrib-
ute to the bone-seeking phenotype of breast cancer cells that
express c-fms and CSF-1, and to the triggering of bone
destruction and pain by these metastases.

Targeting c-fms in a treatment strategy has great poten-
tial to reduce osteolysis. The inhibition of the paracrine role
of activated c-fms signaling has been studied in bone metas-
tases from breast cancer cells.’*** Using tumor cells that do
not express c-fms, therapeutic inhibition of host c-fms activ-
ity by anti-c-fms small molecule inhibitors (SMls) reduced
osteolysis and tumor volume within the bone. These SMls
included receptor tyrosine kinase inhibitors including
Sunitinib®® and Imatinib,*! as well as specific c-fms inhibi-
tors including JNJ-28312141.%% Similarly, paracrine down-
regulation of host c-fms by another SMI, Ki20227, reduced
osteolysis from bone metastases derived from melanoma.*

To our knowledge and to date, there have been no stu-
dies of the effects of direct inhibition of autocrine c-fms
activity in breast cancer cells on bone metastasis and bone
destruction. In this study, we investigated if an anti-c-fms
antibody therapy can inhibit autocrine c-fms signaling and
affect subsequent establishment of bone metastases and
bone destruction from breast cancer cells. We hypothesized
that delivery of an anti-c-fms antibody targeted to breast
cancer cells expressing c-fms and CSF-1 can interfere with
the autocrine signaling of this bone-seeking phenotype, and
such treatment can inhibit both extent of bone metastases
and bone destruction. To investigate our hypotheses, we
used an immunosuppressed mouse model wherein mouse
CSF-1 in bone is unable to stimulate human c-fms. This
ensured that c-fms/CSF-1 interactions on osteolysis must
be due to autocrine signaling, which facilitates our assess-
ments of inhibiting the autocrine pathway.

RT-PCR and histopathology techniques are commonly
employed to assess the molecular and cellular changes
during the progression and treatment of bone metastases.
Yet, these analyses require serial sacrifice within a mouse
model, which cannot track longitudinal progression.
Furthermore, bone metastasis studies can greatly benefit
from longitudinal evaluations of tumor growth as well as
bone destruction, to evaluate the integrated functions of
tumor cells and osteoclasts. Non-invasive imaging provides
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an outstanding paradigm for these longitudinal
studies. More specifically, bioluminescence imaging (BLI)
can rapidly track tumor growth, and micro-Computed
Tomography (micro-CT) can assess bone morphology and
volume with exceptional precision. We incorporated this
dual-modality imaging approach into our studies of an
experimental bone metastasis model to investigate whether
a one-time early delivery of anti-human c-fms antibody can
significantly reduce subsequent bone metastases and bone
destruction.

Materials and methods
Bone homing human breast cancer cell line

Serial intracardiac (IC) injection of breast cancer cells is the
most reliable method to isolate bone-homing cells for
developing experimental bone metastasis models of
human breast cancer.’***” We obtained such a bone
homing MDA-MB-231-BO clone, courtesy of the Yoneda
laboratory.® Cells were maintained in DMEM (Hyclone)
supplemented with 0.1 mM non-essential amino acids, 2
mM L-glutamine, 1 mM sodium pyruvate, 1.5 g/L sodium
bicarbonate, and 10% fetal calf serum (Invitrogen Inc.,
Carlsbad, CA, USA) in 5% CO, at 37°C. We created stable
transfectants of this clone with a thermostable luciferase
bearing construct,®® expressing luciferase for the in vivo
imaging experiments. We have characterized these cells to
secrete >2-fold more CSF-1 than the parent cells, with com-
parable levels of c-fms protein.

Mouse imaging model of bone metastasis from breast
cancer

All studies with mice were conducted with prior approval
of the Institutional Animal Care and Use Committee of the
University of Arizona, following internationally recognized
guidelines. We utilized the IC experimental bone metastasis
model** with MDA-MB-231-BO-luc cells modified as
described. For all mouse experiments, four-week-old
female Balb C mice underwent IC injection with 1x10°
cells on day 0. First, to establish the bone homing nature
of these cells, eight mice were followed with serial BLI start-
ing on day 5 until sacrifice on day 26. They were simultan-
eously followed serially with micro-CT scans to evaluate
extent of bone destruction. Long bones were harvested for
immunohistochemical analysis of metastases for activated
c-fms expression, to verify that these cells retained func-
tional c-fms in vivo.

Next, groups of three mice each received either 20 mg/
kg of anti-human c-fms, or control antibody intravenously
on day 0 before IC injection of cells. From the work of others
using an experimental bone metastasis model, it is known
that some breast cancer cells can home to bone as early as 1
h after IC injection.” This knowledge impacted the timing
of antibody delivery in these models. This tool (non-huma-
nized) mouse-derived anti-human c-fms antibody was chi-
merized to human IgG, and shared with us, courtesy of
Roche Diagnostics GmbH, Mannheim, Germany. It had
high species specificity for both binding to human c-fms
and for its capacity to inhibit binding of CSF-1 to human
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c-fms. The mice were sacrificed on day 7. Bones were har-
vested and frozen for RNA extraction.

Lastly, a group of nine mice received 20 mg/kg of anti-
human c-fms, a group of seven mice received control anti-
body, and a group of five mice received no treatment intra-
venously on day 0 before IC injection of cells. These mice
were followed by serial BLI between day 7 and either death
or day 31. A subset was also imaged by serial micro-CT
scans between day 7 and either death or day 26. Some
mice, that appeared well, were followed for longer periods
until sacrifice on day 40. Bones were harvested for immu-
nohistochemical analysis of metastases for c-fms and acti-
vated, phosphorylated c-fms (p-fms) expression. These
mouse experiments were carried out with the assistance
of the Experimental Mouse and Imaging Shared Service of
the University of Arizona Cancer Center.

RT-PCR of RNA extracted from bone

Mouse bones were harvested, frozen in liquid nitrogen, and
then stored at —80°C. For RNA isolation, bones were ground
and kept frozen using mortar and pestle, and stored at
—80°C. RNA was isolated by using TRIzol Reagent
(Ambiom® Life Technologies, Inc., Grand Island, NY, USA)
according to their protocol with an additional step of acid
phenol:chloroform extraction. RNA was dissolved in DEPC-
treated water and concentration was determined using a
BioRad SmartSpec3000 spectrophotometer. One microgram
of RNA was reverse transcribed using first strand cDNA
synthesis with M-MLV (Promega Corp., Fitchburg, WI,
USA). One microliter of cDNA was used for amplification
using Taq DNA polymerase kit (Fermentas Inc. Vilnius,
Lithuania). The PCR cycle for all reactions was maintained
at95°C for 15, at 60°C for 15 s, and at 72°C for 30 s, with the
number of cycles being either 35 or 40. PCR was carried out
for luciferase and for mouse GAPDH, with primers for luci-
ferase and mouse GAPDH being: forward- GACCAACG
CCTTGATTGACAAGG, reverse- GACTGGCGACGTAAT
CCACGATC, and forward-GCAGGCATCTGAGGGCCC
ACTG, reverse-CAGTGTTGGGGGCCGAGTTGGGAT,
respectively. Aliquots of 10 pL were analyzed using a 1%
agarose gel. Intensities of the resulting bands were then
used to determine a normalized percent intensity of lucifer-
ase relative to GAPDH. The comparisons between groups
were performed using two-tailed f-test assuming equal vari-
ances among groups.

Bioluminescence Imaging

All mice were monitored by serial BLI twice weekly. Initial
BLI studies that validated the tumor model were conducted
using a VersArray 1300B camera (Roper Scientific, Inc.,
Trenton, NJ, USA) attached to a light-tight box. Scans
were acquired with a 10-min exposure time, 1.2 f/stop aper-
ture, and 25 cm field of view (FOV). All mice were injected
intraperitoneally (IP) with 100 mg/kg firefly luciferin 10
min before acquisition. Four minutes after injecting luci-
ferin, mice were injected IP with a cocktail consisting of
ketamine and xylazine. Mice were oriented in a supine pos-
ition in the scanner. Subsequent longer-term BLI studies
that evaluated antibody treatments used an AMI1000

optical imaging scanner (Spectral Instruments Imaging,
Inc., Tucson, AZ, USA) and AMI View software for acqui-
sition and analysis. Scans were acquired with 30 s exposure
time, high eight-fold binning, 1.2 f/stop aperture, and 25 cm
FOV. All mice were injected IP with 100 mg/kg firefly luci-
ferin 10 min before acquisition. Four minutes after injection,
mice were inoculated with 4% isoflurane gas at 1 L/min
oxygen flow and sedation was maintained during imaging
with 1.5% isoflurane gas at 0.5 L/min oxygen flow.

Significant differences in bioluminescent signal occurred
among all mice before and after day 24 of imaging, and
consequently different upper and lower thresholds were
used for images acquired between days 14 and 21 relative
to images acquired between days 24 and 31 to appropriately
scale the photon counts to maximize signal and limit back-
ground noise.*” Regions of interest (ROIs) with identical
size were carefully placed around the lower extremities to
incorporate all bioluminescent signal at the appropriate
threshold, while minimizing scatter signal. Radiance units
were used for relative comparison of the sum of photons
between scans.

MicroCT

Four mice in each group were also longitudinally imaged
using micro-CT as a complimentary measure of c-fms inhib-
ition on bone metastases. Micro-CT provides more specifi-
city of tumor sites within regions including the bilateral
femurs, which yields a more compelling visual and quanti-
tative analysis of bone destruction.* The left and right
femurs were analyzed independently so that each study
group consisted of eight bones. The imaging was performed
using a Inveon micro-CT scanner and Inveon Acquisition
Workplace software, and Inveon Research Workplace 3D
Visualization analysis software (Siemens Medical
Solutions USA, Inc., Knoxville, TN, USA). All scans were
acquired with the following parameters: 80 kVp, 2 s expos-
ure time, 400 pA current, 45 micron focal spot size, 220 rota-
tion steps with 401 projections that created a projection
every 0.55°, ~17.5 min scan time, 0.5 mm aluminum filter,
two-fold bin factor, and magnification that yielded an over-
all reconstructed isotropic voxel size of ~44 microns.

Scans were reconstructed with filtered back-projection
and no down-sampling using integrated high-speed
COBRA reconstruction software (Exxim Computing
Corporation, Pleasanton, CA, USA). A scalar linear attenu-
ation coefficient in Hounsfield Units (HU) was applied to
each data-set to facilitate inter-scan comparisons. Three-
dimensional images were segmented using a minimum
pixel intensity of 900 HU, and a maximum intensity that
was selected to represent bone density in a specific image.*?
To optimize objectivity, each analysis was independently
conducted by two mouse imaging experts and results
were averaged.”® These analyses isolated the entire femur
(plus the patella) from the acetabulum of the pelvis, tibia,
and fibula, and subsequently measured femur volume and
femur length.

For each treatment group, the average femur volume on
each measurement day was normalized to the average
femur volume measured on day 7 to assess the relative
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change in femur volume over time. Similarly, the average
ratio of femur volume to femur length was normalized to
this ratio measured on day 7. The comparisons of these
measurements between groups were performed using
two-tailed f-test assuming equal variances among groups.

Immunohistochemistry

Bones were decalcified and H&Es of paraffin fixed sections
were verified to contain breast cancer metastases by the
Tissue Acquisition and Cellular/Molecular Analysis
Shared Service of the University of Arizona Cancer
Center. Immunohistochemistry was performed using the
streptavidin-biotin-peroxidase technique with rabbit poly-
clonal antibodies for expression of c-fms (ab61137, 1:50 dilu-
tion; Abcam, Inc.), of p-fms (ab111334, 1:85 dilution; Abcam,
Inc., Cambridge, UK) and of CSF-1 (ab9693.1:200 dilution;
Abcam, Inc., Cambridge, UK) overnight at 4°C in a humid-
ity chamber. Citrate buffer (pH 6.0) and a pressure cooker
were for used for antigen retrieval. Endogenous peroxidase
and nonspecific protein binding was blocked by 3% H,O, in
methanol, or 5% goat serum (Vector Laboratories, Inc.,
Burlingame, CA, USA), respectively. Degree of staining
(intensity and percent of slide stained) was scored separ-
ately for tumor and host tissue by a pathologist (NA) and
trained scorer (KL), as described previously.

Results
Breast cancer bone metastasis imaging model

Serial BLI was performed using the thermostable luciferase
expressing MDA-MB-231-BO cells, in eight mice between
days 5 and 26 (Figure 1). All eight mice (100%) developed
bone metastases. At sacrifice on day 26, no gross tumor was
noted in lung, brain, liver, or ovaries, as expected in this
bone-homing tumor model. No bioluminescence was

(a)

Day 7 Day 12

Day 14
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observed on day 5 in any of the mice. Light was detected
for the first time in some mice starting on day 7, while light
was initially detected in the other mice on day 12 or 14.
Eventually widespread bone metastases were detected in
this mouse model. We have learned through similar studies
with this mouse model that the onset of detectable bone
metastasis can show some variability between experiments
with different aliquots of cells. However, conditions can be
reliably compared within an experiment using a single ali-
quot of cells.

Micro-CT scans of the left femur and tibia were also
obtained in mice at matching time points starting on day
14. Similar to the BLI results, micro-CT detected the forma-
tion of osteolytic lesions in the left tibia starting on day 14
(Figure 1). The micro-CT scans show increasing bone
destruction over time in this location, and similar destruc-
tion in the iliac crest and femur (not shown). The metastases
from this breast cancer cell line were osteolytic, representa-
tive of the majority of human breast cancer bone metastases.
MDA-MB-231-BO tumor cells may have been affected by
radiation during micro-CT scanning, even though the
dose of radiation generated by micro-CT is extremely low
relative to traditional radiotherapy. However, the evidence
of increasing bone destruction during the longitudinal
study with periodic micro-CT scanning indicated that this
breast cancer cell line still retained an osteolytic phenotype
despite any possible radiation effects caused by micro-CT.
CT scans were more precise at determining anatomic loca-
tion of sites of tumor/bone destruction than BLI. For exam-
ple, in this mouse on day 26, the micro-CT scan of the lower
half of the body delineated osteolytic lesions associated
with metastases in the right femur, left femur, left tibia,
bilateral iliac crests, and bilateral pubic bones. For compari-
son, the photon counts from the various regions had over-
lapped and merged by this time point, obviating the

Figure 1

Imaging model of bone metastasis from breast cancer. (a) Serial bioluminescence imaging from day 7 through day 26 after intracardiac injection of MDA-

MB-231-BO-luc cells showed growth of bone metastases including tumor growth in the femur and/or tibia. (b) MicroCT imaging of the left tibia of the same mouse from
days 14 to 26, showing increasing bone destruction from osteolytic metastasis. (A color version of this figure is available in the online journal.)
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determination of the exact locations of the tumors. The BLI
can be used to quantitatively assess rate of growth of metas-
tases, while concurrent CT scanning can quantitatively
detail the extent of associated bone destruction.

Effect of one-time anti-c-fms antibody on early estab-
lishment of bone metastases

We sought to determine the effect of a one-time injection of
anti-human c-fms antibody on establishment of bone
metastases from c-fms and CSF-1 expressing human
breast cancer cells. We applied the anti-human c-fms anti-
body with species specificity, which should selectively inhi-
bit c-fms on human breast cancer cells, thereby inhibiting
autocrine c-fms/CSF-1 signaling. Luciferase RNA expres-
sion was detected from RNA extracted from bone at day 7
after IC injection of cells in a cohort of mice (Figure 2). This
finding agrees with the work of others® suggesting that
other breast cancer cells have the ability to home to bone
as early as 1 h after IC injection, with growth of small foci
(2-10 cells each) seen by day 7. Here, the effect of anti-
human c-fms antibody was seen on significant inhibition
of luciferase RNA expression by day 7 (P <0.01). These
experiments were designed to study the effect on early
establishment of bone metastases from breast cancer cells,
but could not differentiate between effects on bone homing,
implantation, or cancer cell survival in the bone microenvir-
onment. Yet, these experiments suggest, for the first time,
that down-regulating the c-fms/CSF-1 autocrine loop in
these cells reduces the early establishment of bone
metastases.

Long-term follow-up of the effect of the one-time
injection of the anti-human c-fms antibody on bone
metastases and bone destruction

Since there was a clear effect on extent of early bone metas-
tasis establishment by breast cancer cells from our anti-c-
fms strategy, we performed a long-term experiment where
the mice were followed for 26 days with micro-CT and 31
days with BLI, and then followed to assess survival for up

control
antibody

anti-human
antibody

1

Figure 2

anti-human (+) no
c-fms antibody

to 40 days (Figure 3). Three groups of 5-9 mice were tested
during BLI studies. Due to the longer time required for
micro-CT scanning, only four mice per group were
imaged with micro-CT. However, this analysis provided
eight tibias and femurs per group, which facilitated the stat-
istical analyses of the imaging results. The BLI results
demonstrated a lag in growth, along with inhibition of
extent of bone metastasis as assessed by photon emission.
A significant difference between the control antibody and
anti-c-fms antibody groups was seen on day 31 (Figure 3b).
In fact, five of nine mice who received anti-c-fms antibody
never achieved photon emissions over 1x10°® photons.

We complemented these studies by performing serial
micro-CT scans on four mice from each group (Figure 4).
The pelvis and lower extremities were chosen as regions of
focus. Evident by this approach was the significant lag in
bone destruction over time as demonstrated by the mice
that received the anti-human c-fms antibody. The untreated
and control groups developed evidence of bone destruction
as early as day 19. After the one-time preventive treatment
with anti-human c-fms antibody, one mouse developed
bone destruction very late in follow-up (day 33). Another
mouse, which never demonstrated significant photon emis-
sion, also never developed bone destruction as assessed by
micro-CT prior to sacrifice on day 40.

To quantitatively assess the micro-CT results, we
exhaustively evaluated the volume and length of each
femur using 3D segmentation (Figure 5). Inter-observer
agreements of these evaluations were outstanding due to
only a single subjective variable remaining in the procedure
(the determination of the maximum threshold of bone dens-
ity). Each femur was discovered to have a different bone
volume on day 7. Because BLI did not detect significant
bone metastases by day 7, we attributed these different
bone volumes to minor differences in overall growth
status for each mouse. To account for these differences,
the average femur volumes measured on subsequent days
were normalized to the average femur volume on day 7 for
each treatment group (Figure 6a). There was a significant
difference detected by day 26 between the groups treated

mouse

cells DNA  bone

(a) RT-PCR of luciferase RNA expression in the right humerus of each mouse at day 7. Mouse GAPDH was used as a measure of amount of host tissue. (b)

Luciferase and mouse GAPDH RNA were quantified using densitometry. The normalized % intensity of luciferase RNA relative to mouse GAPDH showed that luciferase
was highly expressed in bones of mice that received the control antibody, and treatment with anti-human c-fms antibody significantly reduced luciferase expression
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with anti-human c-fms antibody and control antibody
(P <0.05).

As a potential pitfall, continuous overall growth of each
mouse may cause femur volumes to increase, which would
offset a decrease in bone volume caused by the formation of
osteolytic lesions, which would reduce the statistical
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Figure 3 (a) Serial bioluminescence images of the effects of one-time appli-
cation of anti-human c-fms antibody. Bioluminescence imaging was performed
of mice from days 7 to 31, and representative mice are depicted from each group.
Only images acquired from days 14 to 31 are shown, because images acquired
from day 7 to day 11 showed negligible bioluminescence. Images acquired
between day 14 and day 21 are scaled differently relative to images acquired
between day 24 and day 31, as shown by the scale bars at the bottom of the
panel of images, to improve visualization of low bioluminescence at the earlier
time points. Untreated mice showed measureable light at day 17, with substantial
growth of metastases at day 31. Mice treated with control antibody also showed
metastasis at day 31, although the level of metastasis was less than metastases
detected in untreated mice. Mice treated with anti-human c-fms antibody emitted
the least amount of light over time, and five of the nine mice in this treatment
group had negligible light emission. (b) The measurement of the mean photon
count (+SEM) taken from bilateral femurs over time for each of the three groups
showed a significant difference between the control antibody and anti-human c-
fms antibody group on day 31 (P < 0.05)
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significance of differences between treatment groups. To
address this pitfall, we hypothesized that femur length is
a quantitative biomarker of femur growth that is not influ-
enced by the formation of osteolytic lesions (lesions did not
form at the end of the femur, as evidenced by micro-CT
images). Therefore, the ratio of femur volume to femur
length should be a more sensitive measurement of the for-
mation of osteolytic lesions. We evaluated the average of the
ratio of volume-to-length for each femur, and normalized
each result to the average femur volume-to-length measure-
ment determined on day 7 for each treatment group
(Figure 6b). We found that this normalization successfully
detected statistically significant differences on day 26 in the
group treated with anti-human c-fms antibody relative to
both control groups: those treated with the control antibody
or the untreated group (P < 0.05).

These results suggest that neutralizing c-fms on the
human breast cancer cell by a simple one-time antibody-
based approach may impact significantly on growth rate
of bone metastases and on extent of bone destruction.

c-fms expression in bone metastases

Immunohistochemical analysis for expression of c-fms,
p-fms, and CSF-1 was performed on the bone metastases
(Figure 7). These metastases represent those that survived

no
treatment,
femur

no
treatment,
tibia

control
antibody

anti-human
c-fms antibody,
mouse #1

anti-human
c-fms antibody,
mouse #2 : g

Day Day 12Day 19Day 26
7

Figure 4 Serial micro-CT images of the effects of application of one-time anti-
human c-fms antibody. Micro-CT imaging was performed of mice from days 7 to
26, and the same mice as in Figure 3 are depicted from each group. Untreated
mice showed osteolytic lesions as early as day 19. Mice treated with control
antibody also showed osteolytic lesions at day 19. Mice treated with anti-human
c-fms antibody either showed osteolytic lesions at later time points, or showed
no evidence for osteolytic lesions
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our intervention on day 0. All evaluated tumor metastases
in bone strongly expressed c-fms in 95% of cells, with no
difference between groups. P-fms was expressed with less
intensity in general, but in 75-90% of tumor cells, again
with no difference between groups. Stromal cells within
the tumor also occasionally expressed both c-fms and p-
fms. Host bone marrow cells expressed c-fms strongly,
more than p-fms. The bone matrix was negative for any
staining. Thus, the bone metastases retained expression of
c-fms, capable of being activated by CSF-1, suggesting that
they remain susceptible to intervening anti-c-fms treatment.
CSF-1 staining was present in both tumor and stroma ser-
ving as autocrine and paracrine sources for activation of

Figure 5 Quantitative processing of micro-CT images. (a) A 3D segmentation
identified the exterior of the femur including the femoral head and excluding the
acetabulum of the pelvis, tibia, and fibula. (b) Additional segmentation identified
voids within the bone. Expanded views of the proximal femur (top) and distal
femur (bottom) are shown. (c) The fully segmented volume was used to determine
femur volume and length
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c-fms. No difference in CSF-1 staining was seen between
groups, as expected.

Survival

While the mouse experiments were not powered for sur-
vival analysis, it is notable that only three of seven mice
from the control antibody group remained alive on day 40
(day of sacrifice), compared to seven of nine mice from the
anti-human c-fms antibody group. This result suggests that
the one-time antibody strategy employed in these studies
may impact favorably on long-term survival, although add-
itional studies are warranted to confirm this preliminary
result.

Discussion

Paracrine c-fms signaling has previously been shown to be
one of several important communication networks within
the breast cancer bone environment. Our report is the first
to show that autocrine signaling is important for early
establishment of bone metastasis from breast cancer cells.
We are the first to evaluate an anti-c-fms approach on breast
cancer cell establishment in the bone, and that targeting
autocrine c-fms/CSF-1 signaling on breast cancer cells
reduces bone metastasis and bone loss. These new results
add to prior reports of efficacy of targeting c-fms in the host
environment of established breast cancer bone metastases.
Our preclinical work suggests that there would likely be a
clinical benefit through neutralizing c-fms on the tumor cell,
simultaneously with neutralizing c-fms in the host environ-
ment, which would result during the treatment of patients.

Previous reports® > have applied specific or non-speci-
fic anti-c-fms SMIs targeted to study the treatment of estab-
lished breast cancer bone metastases. To our knowledge,
our report is the first to utilize a neutralizing anti-c-fms
antibody in the study of breast cancer bone metastasis.
The species-specificity of the antibody allowed us to
study the effect of targeting tumor cells only, separate
from that of the host tissue, which ensured that our results
were specific only to autocrine signaling. Yet, our
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Figure 6 Quantitative analysis of micro-CT imaging following the one-time application of anti-human c-fms antibody. (a) The average bone volume (+ SEM) was
normalized relative to results on day 7. The normalized bone volumes on day 26 were significantly different (P < 0.05) for the anti-human c-fms treatment group relative
to the control antibody treated group, but was not significantly different relative to the untreated group. (b) The average ratio of the bone volume to length (SEM) was
normalized relative to results on day 7. For results on day 26, this measure for the anti-human c-fms treatment group was significantly different relative to both the

untreated and control antibody-treated groups (P < 0.05)
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Figure 7 Expression of total and activated c-fms in a representative bone metastasis by immunohistochemistry. The tumor involved the bone marrow and invaded
bone. (a) c-fms expression with 3+ intensity, 95% in tumor cells and 2+ intensity, 40% in the stromal cells within the tumor. (b) Activated phosphorylated c-fms (p-fms)
expression with 2+ intensity, 75% in the tumor cells and 3+, 30% in the stromal cells

experiments cannot distinguish the precise mechanism for
our early effect of the anti-c-fms antibodies on inhibition of
establishment of breast cancer cells in bone. Rate-limiting
steps between circulating tumor cells and their establish-
ment in bone include survival in the bloodstream, extrava-
sation, and adhesion/survival in bone, followed by
subsequent growth. Future studies of the effect of c-fms
inhibition on these specific steps may further elucidate
these mechanisms.

It is clear from the work of others*>*® that c-fms bearing
macrophages are critical to the intravasation process of
breast tumor cells, and thereby extent of circulating tumor
cells, as well as promoting extravasation, survival, and per-
sistent growth of these cells.* We hypothesize that the anti-
human c-fms antibody may interfere with function of both
circulating tumor cells, as well as those which have seeded
the bone marrow. Reduction of CSF-1 secreting breast
tumor burden in bone in this manner would lead to a rela-
tive decrease in CSF-1 in the environment. Such a decrease
could contribute to the inhibition of osteolysis observed in
our study.

The durability of the early one-time anti-c-fms antibody
approach was surprising. The reduction in rate of growth of
subsequent bone metastases coupled with decrease in bone
destruction lasted for up to 40 days. Translating to patients,
early seeding of the bloodstream and distant organs, such
as the bone, appears to occur with invasion of the primary
tumor. Thus, by the time the tumor is diagnosed, metastatic
microfoci likely already exist in many cases. However, after
the primary tumor is resected, these metastatic foci can
serve as a source for further seeding of the bloodstream
and other metastatic sites. Therefore, the principle of sec-
ondary prevention/inhibition of bone metastases suggests

an important clinical relevance. In patients, preventive
methodologies frequently require repetitive or chronic
treatment for long time periods. The durability of the anti-
body effect suggests that intermittent treatments may be
sufficient. Furthermore, we found that bone metastases
that survived in the bone environment still retained c-fms
expression, even in mice that received anti-c-fms antibody
treatment. This finding suggests that a therapeutic anti-c-
fms approach may be effective in the clinic. Future studies
are warranted to confirm these results using other models
and in clinical studies.

We demonstrated the merits and limitations of in vivo
imaging studies of bone metastases in this multidisciplin-
ary study.”” BLI is a rapid and inexpensive method for
tracking bone metastases over a wide dynamic range of
tumor load (Figure 3a). However, BLI suffers from poor
spatial image resolution, and could not distinguish meta-
static tumors in the femur relative to the tibia. BLI also
cannot measure the extent of bone destruction from the
tumors. The BLI results suffer from substantial variability,
which negatively impacts the statistical comparisons of
treatment groups over time (Figure 3b). In our study, this
variability caused a statistical difference only for one late
time point, and only between two of the three treatment
groups. Micro-CT provides many advantages for assessing
bone metastases, including 3D imaging and high spatial
resolution (Figure 4) that can be used to accurately quantify
the extent of osteolysis in the femur and tibia (Figure 5). In
our study, this improved image quality was exploited to
detect a statistically significant difference in bone volume
as an inverse surrogate for measurement of extent of
bone destruction, at an earlier time point than differences
were detected with BLI (Figure 6a). Furthermore, the 3D
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micro-CT images provided the additional capability of
quantitatively measuring femur volume normalized for
growing bone length, which was critical for detecting dif-
ferences between all three treatment groups (Figure 6b).
This was possible despite the fact that the anti-c-fms anti-
body treatment was only given once, allowing surviving
tumor cells in bone the opportunity to grow and cause
bone destruction. This improvement offered by micro-CT
is offset by the longer scan times and greater cost relative to
BLI, and the greater expertise required to obtain, process,
and analyze high-quality micro-CT images. Yet, improve-
ments in the automation of micro-CT image acquisitions
and analyses have potential to reduce the level of expertise
needed for future studies using bone metastasis models.*®

Conclusion

Using a MDA-MB-231-BO breast cancer cell line that pref-
erentially and reliably metastasizes to bone in an in vivo
murine model, anti-human c-fms antibody was shown to
significantly inhibit establishment of tumor cells in bone by
day 7. A long-term follow-up of the effect of early one-time
anti-human c-fms antibody on bone metastases and bone
destruction demonstrated a lag in growth, along with inhib-
ition of extent of bone metastasis and bone destruction.
These long-term effects were demonstrated with in vivo
BLI and micro-CT imaging, with more statistically signifi-
cant results achieved with micro-CT. These results suggest
that neutralizing c-fms on the human breast cancer cell by a
simple one-time antibody-based approach may impact sig-
nificantly on growth rate of bone metastases and on extent
of bone destruction.
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