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Abstract
There is increasing evidence that tumor-associated macrophages promote the malignancy of some cancers. Colonystimulating factor-1 (CSF-1) is expressed by many tumors
and is a growth factor for macrophages and mediates osteoclast differentiation. Herein, we report the efficacy of a
novel orally active CSF-1 receptor (CSF-1R) kinase inhibitor, JNJ-28312141, in proof of concept studies of solid
tumor growth and tumor-induced bone erosion. H460 lung
adenocarcinoma cells did not express CSF-1R and were
not growth inhibited by JNJ-28312141 in vitro. Nevertheless, daily p.o. administration of JNJ-28312141 caused
dose-dependent suppression of H460 tumor growth in
nude mice that correlated with marked reductions in F4/
80+ tumor-associated macrophages and with increased
plasma CSF-1, a possible biomarker of CSF-1R inhibition.
Furthermore, the tumor microvasculature was reduced in
JNJ-28312141–treated mice, consistent with a role for
macrophages in tumor angiogenesis. In separate studies,
JNJ-28312141 was compared with zoledronate in a mod-
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el in which MRMT-1 mammary carcinoma cells inoculated
into the tibias of rats led to severe cortical and trabecular
bone lesions. Both agents reduced tumor growth and
preserved bone. However, JNJ-28312141 reduced the
number of tumor-associated osteoclasts superior to zoledronate. JNJ-28312141 exhibited additional activity
against FMS-related receptor tyrosine kinase-3 (FLT3).
To more fully define the therapeutic potential of this
new agent, JNJ-28312141 was evaluated in a FLT3dependent acute myeloid leukemia tumor xenograft model
and caused tumor regression. In summary, this novel CSF1R/FLT3 inhibitor represents a new agent with potential
therapeutic activity in acute myeloid leukemia and in settings where CSF-1–dependent macrophages and osteoclasts contribute to tumor growth and skeletal events.
[Mol Cancer Ther 2009;8(11):3151–61]

Introduction
Tumor-associated macrophages (TAM) comprise 5% to 50%
of cells in many tumors (1). Numerous studies report positive correlations between numbers of TAMs, angiogenesis,
and tumor progression (reviewed in ref. 2). In response to
tumor microenvironments, macrophages elaborate growth
factors, and immune suppressive cytokines (3, 4), and a
growing body of evidence suggests macrophages promote
tumor angiogenesis and progression (5–12). Several preclinical studies have shown tumor growth suppression by
chemical or genetic depletion of TAMs (8–12).
The macrophage lineage is dependent, in large part, on
colony-stimulating factor-1 (CSF-1). CSF-1 mediates tissue
macrophage recruitment and survival and the proliferation
and differentiation of macrophage precursors both locally
and in bone marrow (13). Mice lacking a functional CSF-1
gene or a functional CSF-1 receptor (CSF-1R) gene have
marked deficits in macrophage numbers in several tissues
(14, 15). Of particular relevance, TAM numbers were greatly
reduced in developing mammary carcinomas in CSF-1–
deficient mice compared with carcinomas in mice with normal CSF-1 expression (6). A role for CSF-1–dependent
TAMs in tumor growth was first inferred by the poor
growth of Lewis lung carcinomas in CSF-1–deficient mice
(7), whereas parenteral administration of recombinant
CSF-1 accelerated tumor growth in wild-type mice (16).
CSF-1 antisense oligonucleotides or neutralizing antibody
have reduced the growth rates of colon, germline, and
mammary carcinoma xenografts (10–12). Tumor growth
suppression was associated with reduce TAMs together
with diminished expression of vascular endothelial
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growth factor, matrix metalloproteases, and reduced tumor
vasculature.
The majority of patients suffering late-stage breast and
prostate cancer will progress to metastatic bone disease.
Many will experience tumor-induced bone erosions sufficient to cause pain, fracture, or hypercalcemia despite bisphosphonate therapy (17). CSF-1, together with RANK
ligand, is required for osteoclastogenesis, as illustrated by
the near absence of osteoclasts in CSF-1–deficient or CSF1R–deficient mice (14, 15). CSF-1 is expressed by tumors,
and metastatic bone disease has been linked to elevated
plasma CSF-1 (18–21).
Taken together, inhibition of CSF-1 seems a promising experimental approach to treat patients with solid tumors and
metastatic bone disease. The CSF-1R (also known as FMS) is
a member of the type III family of receptor tyrosine kinases,
and the kinase domain of CSF-1R offers a tractable drug
site. Toward this end, we optimized small molecule inhibitors of CSF-1R kinase (22–24). Among these, JNJ-28312141
was selected for preclinical proof-of-concept studies. We
investigated the ability of JNJ-28312141 to suppress the
in vivo growth of H460 non–small cell lung adenocarcinoma
xenografts and to prevent bone erosions by syngeneic
MRMT-1 mammary carcinoma. JNJ-28312141 also inhibited
the closely related FMS-like receptor tyrosine kinase-3
(FLT3). Because a subset of acute myeloid leukemia
(AML) is FLT3 dependent (25–27), the ability of JNJ28312141 to regress MV-4-11 AML xenografts was assessed
to more fully define the therapeutic potential of this new
agent.

Materials and Methods
JNJ-28312141, 4-cyano-N-[2-(1-cyclohexen-1-yl)-4-[1-[(dimethylamino)acetyl]-4-piperidinyl]phenyl]-1H-imidazole-2carboxamide monohydrochloride, was prepared as
described (22).
Kinase Assays
Assays used to determine the IC50 values for CSF-1R,
FLT3, KIT, AXL, and TRKA were carried out using a fluorescence polarization competition immunoassay format
and have been described previously (23). Briefly, for
CSF-1R, CSF-1R(538–972) encompassing the tyrosine kinase domain was expressed and purified from a baculovirus system (28). The CSF-1R kinase assay measured
phosphorylation of tyrosine residues present on a synthetic
peptide (SYEGNSYTFIDPTQ) equivalent to CSF-1R(555–
568). Final concentrations in the 10-μL reaction mixture
were 100 mmol/L HEPES (pH 7.5), 1 mmol/L DTT,
0.01% Tween 20, 2% DMSO, 308 μmol/L SYEGNSYTFIDPTQ, 1 mmol/L ATP, 5 mmol/L MgCl2, and 0.7 nmol/L
CSF-1R(538–972). The reaction was initiated by adding
ATP. The plates were incubated at room temperature for
80 min. Reactions were stopped by addition of 1.2 μL of
50 mmol/L EDTA. Each well received 10 μL of a 1:1:3 mixture of 10× anti-phosphotyrosine antibody, 10× PTK green
tracer, and fluorescence polarization dilution buffer (Invitrogen). After 30 min at room temperature, fluorescence po-

larization was read (485 nm excitation, 530 nm emission) on
an Analyst plate reader (Molecular Devices). Fluorescence
polarization values for maximum (5 mmol/L EDTA) and
minimum (DMSO) inhibition were used to define 100%
and 0% inhibition.
The IC50 for LCK and the inhibition of 59 kinases at 1 and
0.1 μmol/L were determined using the Invitrogen SelectScreen Kinase Profiling Service. Fifty-seven additional kinases were assayed using the Millipore KinaseProfiler
Assay Service.
Cell Assays
Inhibition of CSF-1–induced CSF-1R phosphorylation
was measured using HEK293 cells transfected to express
wild-type CSF-1R and an immunoblot assay described previously (29). A similar approach was used to measure inhibition of FLT3 ligand–induced FLT3 phosphorylation in
Baf3 cells transfected to express FLT3 and GAS6-induced
AXL phosphorylation in HEK293 cells transfected to express AXL.
Functional inhibition of CSF-1R was determined by assaying CSF-1–driven mouse macrophage proliferation and
MCP-1 production by human monocytes. Monocytes were
isolated from human blood using RosetteSep human monocyte enrichment cocktail (StemCell Technologies) and were
plated (2 × 105 per well) into round-bottomed 96-well polypropylene plates with RPMI 1640 containing 10% heat-inactivated fetal bovine serum (FBS) and graded concentrations
of JNJ-28312141. Cells were stimulated 16 h with 100 ng/
mL recombinant human CSF-1 (R&D Systems), and secreted MCP-1 was measured by ELISA (R&D Systems). Mouse
macrophages were derived from bone marrow as described
(23). Macrophages suspended in EMEM containing 10%
FBS were plated at a density of 5,000 cells per well into Costar 96-well tissue culture plates. After overnight culture,
wells were adjusted to contain 5 ng/mL CSF-1, 1 μmol/L
indomethacin, and graded concentrations of JNJ-28312141.
Twenty-four hours later, wells were adjusted to contain
bromodeoxyuridine for an additional 6 h. Incorporation
of bromodeoxyuridine into the DNA of proliferating
macrophages was quantified by ELISA (Exalpha Corp.).
Cell proliferation dependent on FLT3, KIT, and TRKA
was assessed using MV-4-11 AML cells (ATCC CRL-9591),
Mo7e erythroleukemia cells (DSMZ ACC-104), and TF-1
myeloid leukemia cells (ATCC CRL-2003), respectively.
Cells were dispensed into microtiter plates (10,000 per well)
together with graded concentrations of JNJ-28312141. Mo7e
and TF-1 cultures were adjusted to contain 25 ng/mL stem
cell factor or 1.4 ng/mL nerve growth factor, respectively.
MV-4-11 cells were growth factor independent, due to an internal tandem duplication (ITD) of the FLT3 juxtamembrane
domain, rendering FLT3 constitutively active (21). After a
72-h culture period, relative cell numbers were determined
using CellTiterGlo reagent (Promega). MV-4-11 growth
was calculated based on the difference between luminescence on day 3 versus day 0. M-07e and TF-1 growth was
calculated based on the difference in luminescence of
cells cultured in the presence versus the absence of growth
factor.
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Animal Studies
Animals were housed in facilities fully accredited by the
American Association for Assessment and Accreditation of
Laboratory Animal Care, and procedures were conducted
in compliance with the NIH Guide for the Care and Use
of Laboratory Animals.
CSF-1–Induced c-fos Pharmacodynamic Model
Groups of six B6C3F1 mice (Taconic Farms), 8 wk of age,
were dosed (p.o.) with vehicle [aqueous 20% hydroxypropyl-β-cyclodextrin (HPβCD)] or JNJ-28312141 or dosed i.p.
with 0.2 μg of rat monoclonal anti-mouse CSF-1 antibody
(clone 5A1, BD Bioscience) or 0.2 μg of isotype (IgG1κ) control antibody. Eight hours later, mice were given saline or
0.8 μg recombinant mouse CSF-1 (Cell Biosciences, Inc.)
via the tail vein. Fifteen minutes after the tail vein injection,
mice were euthanized. RNA was extracted from spleens using Trizol reagent (Invitrogen) and purified further using
RNeasy columns (Qiagen). Relative expression of c-fos
mRNA in spleens of mice dosed with vehicle or JNJ28312141 was determined by reverse transcription–PCR as
described (24).
NCI-H460 Human Lung Tumor Xenograft Model
NCI-H460 human non–small cell lung adenocarcinoma
cells (American Type Culture Collection) were suspended
at 1 × 107 cells/mL in sterile PBS, and 100 μL were injected
s.c. into the left inguinal region of female (9–10 wk old) CD1 nu/nu mice (Charles River). Three days later, mice were
randomized into four groups (15 per group) and p.o. gavage dosing was initiated with vehicle (HPβCD) or with
JNJ-28312141 at doses of 25, 50, and 100 mg/kg. Dosing
was twice daily during the week and once daily on weekends for 25 consecutive days. Tumor volumes were determined using Vernier calipers and the formula (L × W)2/2,
where L is length (mm) and W is width (shortest distance
in mm) of the tumor. At study termination, blood samples
were collected into heparin-coated tubes by cardiac puncture under CO2 anesthesia. Plasma was analyzed for human and mouse CSF-1 using specific ELISAs (R&D
Systems). Half of each tumor was snap frozen in TissueTek optimal cutting temperature media (VWR). To assess
vessel density, 8-μm cryostat sections were fixed 5 min in
cold acetone, air-dried, blocked with 5% goat serum in
PBS, and blocked further with avidin-biotin solution (Vector
Corporation). After washing, the sections were covered
with PBS containing 10 μg/mL rat anti-mouse CD31 (Caltag Laboratories) for 60 min, washed, and stained using the
ABC-AP Rat kit (Vector Corporation). Rat IgG (Caltag Laboratories) was used as a negative control and was negative
in all cases. The sections were lightly counterstained (H&E),
and the percentage of tumor area occupied by vessels was
calculated at 40× magnification using Image Pro Plus
(Phase 3 Image) image analysis software. The other half
of each tumor was fixed in 10% formalin and paraffin embedded. Five-micrometer sections were stained using rat
anti-mouse F4/80 (Clone C1:A3-1, Serotec) and a horseradish peroxidase detection system (Dako Cytomation) composed of biotinylated rabbit anti-rat immunoglobulin,
anti-rabbit Envision with labeled polymer–horseradish per-

oxidase, and 3,3′-diaminobenzidine. For each tumor, the
three areas of highest macrophage density were assessed
at 100× magnification. The percentage of each field positive
for F4/80-stained cells was determined with the aid of Image Pro Plus software, and the three fields were averaged
for each tumor.
Rat MRMT-1 Bone Metastasis Model
A rat mammary MRMT-1 adenocarcinoma bone metastasis model (30, 31) was done by MDS Pharma Services.
Female Sprague-Dawley rats (Harlan Sprague-Dawley;
∼125–150 g) were acclimated for 1 wk. As described
(31), MRMT-1 cells (3 × 104) were inoculated into the medullary cavity of the right proximal tibia. Groups of inoculated rats (n = 8) were dosed on days 3–16, twice daily by
p.o. gavage with vehicle (0.5% hydroxypropyl-methylcellulose)
or JNJ-28312141 at 20 or 60 mg/kg. For comparison, a
fourth group was given 0.03 mg/kg zoledronate in saline
by s.c. injection every other day beginning on day 3. Rats
were sacrificed on day 17. Right hind limbs were excised
with surrounding tumor tissue, and microradiographs
were prepared using an MX-20 X-ray system (Faxitron X-ray
Corporation). Microradiographs were scored for tumorinduced osteolysis as follows: 0, no signs of destruction;
1, one to three small radiolucent lesions; 2, three to six lesions and loss of medullary bone; 3, loss of medullary
bone and erosion of cortical bone; 4, full thickness unicortical bone loss; 5, full thickness bicortical bone loss and/
or displaced skeletal fracture. The radiographs were used
to select representative hind limbs from each group for
microcomputed tomography imaging. All hind limbs
were fixed in 10% neutral buffered formalin, decalcified,
and paraffin-embedded. Sections (8 μm) were stained for
tartrate-resistant alkaline phosphate–positive (TRAP + )
osteoclasts as described (32). For each tibia, tumor-associated
TRAP+ osteoclasts were counted in three fields (200×) with
highest osteoclast frequency and averaged. A three-point
method was used to score tibia sections for trabecular bone
volume (3, >40% marrow area; 2, >10% and <40% marrow
area; 1, 1–10% marrow area; 0, none) and tumor volume
(3, large; 2, moderate; 1, small; 0, none).
MV-4-11 AML Human Xenograft Model
MV-4-11 cells were suspended at 2.5 × 107/mL in a 1:1
mixture of PBS/Matrigel, and 0.2 mL was injected s.c. into
the left inguinal region of female (9–10 wk old) CD-1, nu/nu,
mice (Charles River). Three weeks later, mice bearing tumors ranging in size from 100 to 586 mm3 (mean tumor volume, 288 mm3) were randomized (15 per group) and dosed
with vehicle (HPβCD) or JNJ-28312141 at 10, 50, or 100 mg/kg
for 11 d. Dosing was p.o. twice daily except once daily on
weekends. Tumor volumes were measured as described for
H460 xenografts. Phosphorylated FLT3 was assessed as
described (26). Briefly, FLT3 was immunoprecipitated
overnight from tumor lysates using agarose-conjugated
anti-FLT3 antibody (Santa Cruz Biotechnology Corp.). Immunoprecipitates were resolved by SDS-PAGE and blotted
onto nitrocellulose membranes. pFLT3 was detected with a
horseradish peroxidase–conjugated phosphotyrosine antibody (Clone 4G10, Upstate Biotechnology). Total FLT3
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was detected on a replicate membrane using anti-FLT3
antibody (Santa Cruz Biotechnology Corp.).
Statistical Analysis
Differences between treated and vehicle control animals
were analyzed statistically by ANOVA and Dunnett's t test,
with a P value of ≤0.05 (two-tailed) considered statistically
significant.

Results
JNJ-28312141 Is a Potent Inhibitor of CSF-1R with a
Narrow Kinase Selectivity Profile
JNJ-28312141 (Fig. 1A) was a product of a medicinal
chemistry campaign to optimize inhibitors of CSF-1R kinase
(22–24). JNJ-28312141 had an IC50 value of 0.00069 μmol/L
in an assay of CSF-1R kinase activity. Specificity for CSF-1R

Figure 1. Structure and activity of JNJ-28312141. A, structure of JNJ-28312141. B, CSF-1R-HEK cells were pretreated 30 min with JNJ-28312141
and treated 10 min with 25 ng CSF-1/mL. Cell lysates were evaluated for phosphorylated CSF-1R and for total CSF-1R by immunoblot analysis. C, mice
were dosed i.p. with 0.2 μg of rat monoclonal anti-mouse CSF-1 antibody (5A1) or with 0.2 μg of isotype control (IC) 8 h before tail-vein injection with
saline alone or saline with 0.8 μg CSF-1. Fifteen minutes later, mice were sacrificed and c-fos mRNA was measured in spleen lysates as described in
Materials and Methods. D, mice were dosed p.o. with vehicle (20% HPβCD) or with 10 or 20 mg/kg JNJ-28312141 8 h before tail-vein injection of saline
alone or saline with 0.8 μg CSF-1. Fifteen minutes later, mice were sacrificed and c-fos mRNA was measured in spleen lysates as described in Materials
and Methods. E, groups of five mice were dosed p.o. twice a day for 4 d with vehicle (20% HPβCD) or with 20 or 100 mg/kg JNJ-28312141. On day 5,
mice were sacrificed and full thickness dorsal skin was processed for F4/80 immunohistochemistry as described for H460 tumors in Materials and Methods. F4/80 positive macrophages were counted in the epidermis, dermis, hypodermis, and s.c. layer. For each mouse, four representative fields (200×) of
each layer were counted and summed. Summed counts were averaged to determine group mean and SEM values. JNJ-28312141 depleted macrophages
in the epidermis and s.c. connective tissue (*P < 0.05 versus vehicle). F, representative F4/80-stained skin sections from a vehicle (left) and a JNJ28312141 (100 mg/kg)–treated (right) mouse.
Mol Cancer Ther 2009;8(11). November 2009
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versus 115 other kinases was examined. Ninety-eight kinases were not inhibited 50% at 1 μmol/L (see Supplementary Table S1). Of the remaining kinases, five kinases had
IC50 values of <0.1 μmol/L, including KIT (0.005 μmol/L),
AXL (0.012 μmol/L), TRKA (0.015 μmol/L), FLT3 (0.030
μmol/L), and LCK (0.088 μmol/L).
In HEK cells transfected to express CSF-1R, JNJ-28312141
inhibited CSF-1–induced CSF-1R phosphorylation with an
IC 50 of 0.005 μmol/L (Fig. 1B). In primary cells, JNJ28312141 inhibited CSF-1–dependent proliferation of mouse
macrophages and CSF-1–induced expression of MCP-1 by
human monocytes with IC50 values of 0.003 μmol/L.
Seven-fold higher concentrations of JNJ-28312141 inhibited
the ITD-FLT3–dependent proliferation of MV-4-11 cells
(IC50, 0.021 μmol/L), and higher concentrations inhibited
FLT3 ligand–induced FLT3 phosphorylation in recombinant
Baf3 cells (IC50, 0.076 μmol/L), KIT-dependent proliferation
of Mo7e cells (IC50, 0.041 μmol/L), and TRKA-dependent
proliferation of TF-1 cells (IC50, 0.15 μmol/L). Despite the
potent inhibition of LCK and AXL in recombinant kinase
assays, only high (>2 μmol/L) concentrations inhibited
these targets in cellular assays (see Supplementary Table
S3). Furthermore, JNJ-28312141 (5 μmol/L) did not inhibit
the growth factor–independent proliferation of H460,
MDA-MB-231, or A375 adenocarcinoma cells. In total, the
data identified JNJ-28312141 as a potent inhibitor of CSF1R with additional functional activity at FLT3 and KIT in
cells at nanomolar concentrations.
In vivo Pharmacodynamic Activity of JNJ-28312141
JNJ-28312141 was assessed in vivo using a simple pharmacodynamic model. After i.v. administration of recombinant
CSF-1 to mice, c-fos mRNA in spleens was induced within
15 minutes but returned to baseline by 30 minutes. Induction was CSF-1 dose-dependent (ED50 ca. 0.8 μg/mouse; data not shown) and blocked completely in mice dosed with a
CSF-1–neutralizing monoclonal antibody (Fig. 1C). When
given 8 hours before CSF-1 challenge, a p.o. dose of 20
mg/kg JNJ-28312141 blocked c-fos mRNA induction significantly, albeit partly (Fig. 1D), showing the potential of
doses ≥20 mg/kg to suppress CSF-1R signaling in mice.
CSF-1 is a survival factor for macrophages resident in several tissues including the skin (13–15). To identify doses of
JNJ-28312141 capable of depleting CSF-1R–dependent
macrophages, mice were dosed twice daily for 4 days,
and macrophages in skin sections were counted (Fig. 1E
and F). Macrophages in the s.c. connective tissue were depleted by 45% and 80% by 20 and 100 mg/kg JNJ-28312141,
respectively. Macrophages present in the epidermis were reduced significantly by 100 mg/kg JNJ-28312141. In contrast
to the low numbers of skin macrophages reported in CSF1R-null mice, CSF-1R-null mice have moderate numbers of
hepatic macrophages that are reduced roughly 50% when
compared with wild-type mice (15). In a separate study
(Supplementary Fig. S1), JNJ-28312141 reduced hepatic
macrophage numbers in wild-type mice by 40% but had
no effect on hepatic macrophage numbers in CSF-1R-null
mice. These data were consistent with a role for CSF-1R inhibition in macrophage depletion by JNJ-28312141.

JNJ-28312141 Suppressed the Growth of H460 Non–
Small Cell Lung Adenocarcinoma Xenografts
Next, we used JNJ-28312141 to test the hypothesis that
CSF-1R–dependent macrophages may support the growth
of some solid tumors. First, tumor xenograft models of diverse tissue origins (breast MDA-MB-231, breast SKOV3,
lung H460, melanoma A375, and colon SW620) were assessed for potential CSF-1–macrophage circuits. Robust levels of human CSF-1 protein were detected by ELISA in
lysates of each tumor xenograft (e.g., 35 ng CSF-1/g H460
tumor; see Supplementary Table S4). Furthermore, all tumor
xenografts were characterized by moderate to high numbers
of macrophages in the tumor stroma and smaller numbers of macrophages within fields dominated by tumor
cells. To minimize the potential for direct JNJ-28312141
antitumor activity, H460 xenografts were selected for
further studies because human CSF-1R mRNA was not
detectable in H460 tumors by reverse transcription–
PCR (data not shown).
In contrast to the inability of JNJ-28312141 to reduce
growth of H460 cells in culture, p.o. administration of JNJ28312141 reduced the growth rates of H460 tumors in a
dose-dependent fashion (Fig. 2A). At study termination, average tumor weights were reduced by 21%, 32%, and 45% in
mice dosed with 25, 50, and 100 mg/kg JNJ-28312141, respectively (Table 1). No overt toxicity or adverse effects on
body weight were observed during the treatment period.
Tumor Growth Suppression Was Associated with
Loss of TAMs and Vascularity and Elevated Plasma
CSF-1
TAMS were abundant in the tumor stroma of vehicle-treated mice (Fig. 2B) and were present in lower numbers within regions dominated by tumor cells. JNJ-28312141
efficiently reduced TAM numbers in a dose-dependent fashion (Table 1) and depleted TAMs markedly at the 100 mg/
kg dose (Fig. 2B). Because TAMs may contribute to tumor
angiogenesis, CD31+ microvasculature was also assessed
(Fig. 2B; Table 1). JNJ-28312141 dose-dependently reduced
tumor vascularity with a 66% reduction at the highest dose.
Hepatic sinusoidal macrophages clear CSF-1 from plasma
by CSF-1R-mediated cellular internalization (33) that is
dependent partly on CSF-1R kinase activity (34). Human
(tumor-derived) CSF-1 was undetectable in plasma of vehicle-treated mice (Table 1) despite high expression of CSF-1
by the tumors. In contrast, human CSF-1 was detected in
plasma of JNJ-28312141–treated mice and was increased
sharply in a dose-dependent manner. JNJ-28312141 also
caused murine CSF-1 to increase in plasma. These elevations may reflect CSF-1R kinase inhibition as suggested (35).
Inhibition of Osteoclastogenesis and Osteolysis by
JNJ-28312141 in a Rat Model of Metastatic Bone Disease
Bone erosion is a source of morbidity in patients with metastatic bone disease despite treatment with bisphosphonates, such as zoledronate. Because CSF-1 is required for
osteoclastogenesis, we compared JNJ-28312141 to zoledronate in a model of bone metastasis. After inoculation of
syngeneic MRMT mammary carcinoma cells into the tibiae
of rats, tumors filled the marrow cavity and activated a
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Figure 2.

JNJ-28312141 reduced the growth, TAMs,
and microvascularity of H460 xenografts. Three days
after s.c. inoculation of nude mice with H460 cells, p.o.
dosing was initiated with vehicle or 25, 50, or 100 mg/kg
JNJ-28312141. Dosing was twice daily during the
week and once daily on weekends for 25 consecutive
days. A, tumor volumes were determined by caliper
measurement. Points, means; bars, SEMs. *, P < 0.05
versus the vehicle control. **, P < 0.01 versus the vehicle control. B, day 28 tumors were harvested from
vehicle-treated mice (left column) or mice treated
with 100 mg/kg JNJ-28312141 (right column). Tumor
sections were stained for F4/80 + macrophages
(top row, 40× magnification; bar, 100 μm) or for
CD31+ microvasculature (bottom row, 20× magnification;
bar, 200 μm) as described in Materials and Methods.

program of osteolysis. By day 17, microradiography, microcomputed tomography, and histology indicated extensive
loss of trabecular bone and full thickness cortical lesions
in all vehicle-treated rats (Table 2; Fig. 3). In contrast, tibiae
were well preserved in rats treated with 20 or 60 mg/kg

JNJ-28312141. Radiographic erosions, if detectable at all,
were limited to one to three small radiolucent lesions.
JNJ-28312141 reduced trabecular erosions, and overall trabecular bone area in rats dosed with JNJ-28312141 was
not different from sham (tumor-free) rats. The effect of

Table 1. JNJ-28312141 reduced the growth of H460 tumors, diminished TAMs and microvasculature, and elevated plasma CSF-1
Dose*
JNJ-28312141,
mg/kg
0
25
50
100

JNJ-28312141
plasma levels†,
ng/mL
0
243 ± 37
594 ± 44
1159 ± 77

Mean
final tumor
weight, mg

Macrophage
density,
% area‡

1,584
1,257
1,070
870

10.6 ± 1.83
4.3 ± 0.68∥
2.6 ± 0.57∥
0.31 ± 0.14∥

±
±
±
±

257
209
121
94¶

Microvascular
density,
% area§
3.66
3.73
2.10
1.25

±
±
±
±

0.85
0.81
0.57
0.16¶

Plasma CSF-1,
pg/mL
(human)

Plasma CSF-1,
pg/mL
(mouse)

0
217 ± 89¶
396 ± 76∥
778 ± 253∥

1,345 ± 63
1,770 ± 73¶
1,722 ± 98
2,293 ± 88∥

NOTE: Values represent means ± SEM (n = 15).
*Twice daily (except once daily on weekends) oral dosing commenced 3 d after s.c. inoculation of H460 lung adenocarcinom cells and continued until sacrifice on day 28.
†
Plasma levels of JNJ-28312141 were determined 2 h after the final dose administration on day 28.
‡
Percentage of area determined to be F4/80 positive.
§
Percentage of area determined to be CD31 positive.
∥
P < 0.01 versus control.
¶
P < 0.05 versus control.
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Table 2. JNJ-28312141 inhibited MRMT-1 tumor–induced bone erosions and osteoclastogenesis
Treatment*

No cells
MRMT +
MRMT +
MRMT +
MRMT +

vehicle
JNJ-28312141, 20 mpk
JNJ-28312141, 60 mpk
zoledronate, 0.03 mpk

JNJ-28312141
plasma levels†,
ng/mL

Microradiograph
score‡

Trabecular
bone volume
score§

0
0
822 ± 9
2470 ± 443
0

0
3.88 ± 0.24
0.75 ± 0.17¶
0.83 ± 0.18¶
0.38 ± 0.20¶

2.29 ± 0.31
0.88 ± 0.13
2.00 ± 0.0.2¶
2.33 ± 0.23¶
2.63 ± 0.20¶

Osteoclast
counts∥

Tumor
volume
score§

±
±
±
±

3.00 ± 0
1.75 ± 0.48**
1.50 ± 0.55**
1.63 ± 0.20¶

58.0
3.7
2.6
21.0

5.6
0.7¶
1.5¶
3.2¶

NOTE: Values represent means ± SEM (n = 8).
*On day 0, saline (no cells) or saline containing 3 × 104 MRMT-1 rat mammary gland carcinoma cells was injected into the medullary cavity of the right proximal
tibia. Twice-daily oral dosing with vehicle or with 20 or 60 mg/kg JNJ-28312141 or once every other day s.c. dosing with 0.03 mg/kg zoledronate commenced on
day 3 until sacrifice on day 17.
†
Plasma levels of JNJ-28312141 were determined 2 h after the final dose administration.
‡
Values based on five-point visual score described in Materials and Methods.
§
Values based on three-point visual score described in Materials and Methods.
∥
Mean number of TRAP+ cells in three 200× fields where numbers of tumor-associated osteoclasts were greatest.
¶
P < 0.01 versus control.
**P < 0.05 versus control.

JNJ-28312141 on radiographic scores was similar to zoledronate. However, zoledronate blocked normal remodeling of
trabecular bone at the growth plate and caused a trend toward increased trabecular bone area. Regardless of treatment, marrow cavities of nearly all tumor-inoculated rats
were filled with necrotic tumor but viable tumor tissue (presumed to arise from draining lymph nodes) began to encapsulate the tibia. JNJ-28312141 or zoledronate reduced the
size of the encapsulating tumors measured on day 17. In vehicle-treated rats, large, multinucleated TRAP+ osteoclasts
were abundant in the tumors and lined residual bone surfaces (Fig. 3; Table 2). Tumor-associated osteoclasts were
reduced by 64% by zoledronate. In contrast, TRAP+ tumor-associated osteoclasts were reduced ca. 95% by JNJ28312141. Concentrations of JNJ-28312141 in plasma that
were associated with marked osteoclast reductions in the
MRMT-1 model at 20 mg/kg were comparable with concentrations associated with macrophage reductions in H460 xenografts in mice dosed with 50 to 100 mg/kg (Tables 1 and
2). Higher doses were required in mice due to a shorter compound half-life in this species (i.e., compound half-life was
3.4 hours in mice and 5.8 hours in rats).
JNJ-28312141 Caused Regression of ITD-FLT3–
Dependent MV-4-11 AML Xenografts
Constitutively active FLT3 mutants are found in approximately one third of AML patients (25, 27), and some of
these have responded to experimental FLT3 kinase inhibitors (27). Because JNJ-28312141 inhibited the proliferation
of ITD-FLT3–dependent MV-4-11 AML cells with nanomolar potency, we examined JNJ-28312141 for ability to regress
MV-4-11 xenografts. Established MV-4-11 tumors regressed
completely in mice dosed twice daily with 50 or 100 mg/kg
JNJ-28312141 (Fig. 4A).
To determine if JNJ-28312141 inhibited FLT3 kinase in
MV-4-11 tumors, mice in the vehicle-treated group bearing
large tumors were randomized on day 12 and dosed a
single time with vehicle or with a single inefficacious

(10 mg/kg) or efficacious (100 mg/kg) dose of JNJ28312141 (Fig. 4B). Six hours later, tumor FLT3 phosphorylation was substantially reduced in mice receiving a dose of
100 mg/kg JNJ-28312141, but FLT3 phosphorylation was
only reduced mildly in mice dosed with 10 mg/kg JNJ28312141 (Fig. 4B).
To assess the durability of the JNJ-28312141–induced antitumor effect, mice (n = 15) in the 100 mg/kg dose group
were taken off JNJ-28312141 treatment on study day 12
and kept alive to allow the tumors in these mice to regrow
(Fig. 4C). In general, tumor regrowth was slow and varied
considerably within this group of mice. Individual mice
were terminated on days 32 (two mice), 39, 41, and 46 when
tumors exceeded 1,000 mm3. All mice were terminated on
day 46, at which time seven mice still had no palpable tumor mass and four mice had measurable tumors <500 mm3.

Discussion
Herein, we have described JNJ-28312141, a novel smallmolecule inhibitor of CSF-1R kinase with a narrow selectivity profile and with preclinical activities in a variety of
cancer settings. These data, together with a recent report
by Kubota et al. (9), illustrate the potential for selective
small molecule inhibitors of CSF-1R to reduce TAMs, tumor
angiogenesis, and solid tumor growth.
JNJ-28312141 inhibited CSF-1–induced proliferation of
murine macrophages, and p.o. doses of JNJ-28312141
blocked CSF-1–induced c-fos expression and caused the loss
of CSF-1–dependent skin macrophages. We therefore used
JNJ-28312141 to examine the hypothesis that CSF-1R–
dependent macrophages may support the growth of some
solid tumors. In an H460 tumor xenograft model, JNJ28312141 produced dose-dependent growth suppression accompanied by dose-dependent decreases in TAMs and
tumor microvasculature. These events occurred over a dose
range that produced increasing loses of CSF-1–dependent
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Figure 3. JNJ-28312141 prevented
MRMT-1 tumor-induced osteoclastogenesis and bone erosion. Saline (top
row) or MRMT-1 cells (bottom three
rows) were inoculated into the right
tibia of SD rats. Starting 3 d later until
sacrifice on day 17, rats were dosed
p.o. twice daily with vehicle (second
row) or with 20 mg/kg JNJ-28312141
(third row) or every other day with
0.030 mg/kg zoledronate s.c. (bottom
row). On day 17, rats were sacrificed
and right hind limbs were scored by
microradiography (Table 2). Representative tibiae were imaged further by
microcomputed tomography (left column). Center column, representative
histologic sections were photographed
at 40× magnification under dark field
illumination to visualize trabecular
bone below the growth plate (epiphyseal growth plate is oriented along the
left margin of each photomicrograph).
Bar, 100 μm. Right column, sections
were stained for TRAP+ cells. Representative areas of tumor adjacent to
bone were photographed at 40× magnification. Bar, 100 μm.

macrophages in normal skin and graded increases in plasma
CSF-1. Plasma CSF-1 is cleared by a CSF-1R–dependent
mechanism (33) and is elevated in CSF-1R-null mice (15).
Ki20227, a CSF-1R inhibitor that is structurally unrelated to
JNJ-28312141, was also associated with elevated plasma
CSF-1 (35), and plasma CSF-1 elevations may be considered
a possible functional marker of CSF-1R kinase inhibition. The
increases in plasma CSF-1 and the decreases in TAMs over
the dose range used in the current study are consistent with
a causal relationship between CSF-1R inhibition and tumor
growth inhibition, although we cannot exclude contributions
from other targeted activities. A direct effect of JNJ-8312141
on H460 cells was unlikely because H460 tumors did not
express human CSF-1R, and proliferation of H460 cells in
culture was not inhibited by JNJ-28312141.
Reduced H460 tumor growth was associated with reduced tumor vessel density. The ability of oral JNJ28312141 to suppress tumor growth and vessel density
was consistent with a growing body of literature that
macrophages are required for optimal tumor angiogenesis.

For example, depletion of TAMs by parenteral injection of
liposomal clodronate suppressed tumor xenograft growth
and prevented tumor angiogenesis more effectively than
anti–vascular endothelial growth factor (8). In a transgenic
mouse susceptible to mammary cancer, macrophage recruitment preceded the formation of high-density vessel networks, but macrophage recruitment and tumor vessel
network formation were greatly delayed and reduced in
CSF-1–deficient mice (6). Others have reported that parenterally given CSF-1 antibody and CSF-1 antisense oligonucleotides reduced tumor-associated endothelial cell
proliferation together with an ∼50% growth suppression
of mammary and colon carcinoma xenografts accompanied
by substantial extensions in survival (10–12). Although tumors continued to grow in the presence of CSF-1/CSF-1R
inhibition, this was also true of similar xenografts after treatment with bevacizumab, a vascular endothelial growth factor antibody in current clinical use to treat breast and colon
cancer in combination with standard therapy (36). Of note,
survival benefits provided by CSF-1 antibody was more
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than additive when combined with cytotoxic therapy, and we
are currently testing JNJ-28312141 in combination studies to
model the most likely clinical use of CSF-1R inhibitors.
More recently, treatment of mice with Ki20227, an alternative small molecule inhibitor of CSF-1R, reduced the forma-

Figure 4. JNJ-28312141 induced regression of MV-4-11 xenografts.
A, MV-4-11 cells were inoculated s.c. into nude mice. When mean tumor
volume reached 288 mm3, twice daily p.o. dosing was initiated with vehicle or 10, 50, or 100 mg/kg JNJ-28312141 for 11 d, and tumor volumes
were measured with a caliper. B, on day 12, vehicle-treated mice were
given a single additional dose of vehicle or a single 10 or 100 mg/kg dose
of JNJ-28312141. Six hours later mice were sacrificed, tumors were isolated and homogenized, and pFLT3 and FLT3 were assessed in tumor
lysates by immunoprecipitation and Western blotting as described in
Materials and Methods. C, mice in the 100 mg/kg dose group were taken
off treatment on study day 12 and kept alive to assess tumor regrowth.
Tumor volumes were measured twice or thrice a week until day 46, and
the growth of tumors in individual mice is shown. Tumor regrowth was
detected in 8 of 15 mice. Data on seven mice are not visible in the graph
because tumor volumes were at baseline (undetectable).

tion of vessel networks in a transplantable model of
osteosarcoma (9). An increase in plasma CSF-1 observed
herein with JNJ-28312141 was observed previously with
Ki20227 (35) and raises concerns about potential rebound
effects upon dose cessation. Although further study of this
issue is needed, osteosarcomas in mice treated with Ki20227
exhibited a disorganized vasculature matrix, and cessation
of Ki20227 administration did not result in rapid vascular
regrowth or in a reduction in survival benefit (9).
H460 cells were derived from a non–small cell lung cancer, and clinical evidence suggests the potential for CSF-1–
macrophage circuits in this cancer type. For example, serum
CSF-1 was reported to increase during non–small cell lung
cancer progression and was a predictor of poor survival
(21), as were TAM numbers (37). However, CSF-1 is elevated in clinical biopsies (18) and serum in patients with a variety of malignancies (19–21, 38). Furthermore, anti–CSF-1
antisense and antibody strategies were efficacious in preclinical models of breast, colon, and germinal neoplasias
(10–12), and Ki20227 was efficacious in an osteosarcoma
model (9). Collectively, these data suggest a general role
for CSF-1 in TAM recruitment and solid tumor growth in
multiple tumor types, and CSF-1R inhibitors may have
broad therapeutic applicability.
As observed with previous compounds that inhibit FLT3
(26), JNJ-28312141 induced complete regression of ITDFLT3–dependent MV-4-11 AML xenografts in nude mice.
Among the several FLT3 compounds described to date,
JNJ-28312141 is distinguished by CSF-1R potency. Many
AML leukemias are positive for CSF-1R, express autocrine
CSF-1, and exhibit constitutive CSF-1R phosphorylation
(39). CSF-1 levels are elevated in AML patients (38), and
CSF-1R expression is a negative prognostic factor (40). Because CSF-1R has oncogenic potential (41), the role of
CSF-1R in AML and in other cancers merits further study.
New therapeutics in AML must avoid hematologic toxicity,
and mouse genetics suggest dual inhibition of FLT3 and KIT
may suppress blood cell production (42). However, JNJ28312141 has been well tolerated in subacute studies in rats,
and hematologic toxicity of Sutent has been manageable in
cancer patients despite demonstrable inhibition of FLT3 and
KIT at therapeutic doses (43).
JNJ-28312141 reduced tumor growth and markedly reduced bone erosion and tumor-associated osteoclasts in a
MRMT-1 model of metastastic bone disease. Currently the
bisphosphonate zoledronate is indicated for the prevention
of skeletal events in patients with bone metastasis (44), and
denosumab, a RANK ligand antibody, has shown good ability to reduce skeletal events in clinical trials (45). Nonetheless, many patients experience skeletal events despite these
therapies, and some patients may benefit from agents with
an alternative mechanism of action or from combination
therapy. Bisphosphonates are rapidly acting osteoclast toxins. In contrast CSF-1R inhibitors block the formation of
new osteoclasts (46). Although zoledronate afforded excellent bone protection in the MRMT-1 model, many tumorassociated osteoclasts remained evident in zoledronate-treated
rats. In contrast, tumor-associated osteoclasts were rare in
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JNJ-28312141-treated rats, suggesting CSF-1R inhibitors,
such as JNJ-28312141, may have powerful bone sparing effects, particularly when dosed chronically. These data
provide the first comparison of a CSF-1R inhibitor with zoledronate in a model with direct tumor inoculation into
bone and confirm and extend previous reports of bone protection by an alternative selective CSF-1R kinase inhibitor,
Ki20227, after intracardiac tumor inoculation (46). CSF-1R
inhibitors provide a novel mechanism to suppress growth
of secondary tumors residing not only in bone but also in
soft tissue and together, the data support therapeutic testing of CSF-1R inhibitors in the treatment of the many patients diagnosed with bone metastases that are at risk of
fracture, bone pain, and hypercalcemia.
Multitargeted kinase inhibitors including sunitinib and
imatinib have been reported in the literature to include
CSF-1R in their target profile (47). However, these later compounds are dose limited by tolerability, and it is not known
to what extent CSF-1R is inhibited at prescribed doses. JNJ28312141 is representative of several more recently described potent small molecule inhibitors of CSF-1R with
improved selectivity (47). We anticipate that compounds
with focused CSF-1R selectivity will have improved tolerability permitting greater flexibility in chronic dosing regimens as patient life expectancy increases. In addition to
reducing tumor growth and tumor-associated bone lesions,
further studies are needed to assess the potential of CSF-1R
inhibitors to enhance chemo- and radiotherapy and to enhance the activity of other antiangiogenesis agents. Furthermore, because mouse genetics identified a role for CSF-1 in
metastasis (6) and because CSF-1R antibody caused marked
reductions in tumor cell intravasation (48), CSF-1R inhibitors may ultimately prove useful in preventing tumor cell
egress and the metastatic dissemination that contributes to
the demise of cancer patients.
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