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Abstract
To test the hypothesis that tumor-associated macrophages (TAMs) enhance the growth and
metastasis of human prostate cancer in the bone, we evaluated the effects of decreasing
interleukin-6 (IL-6) production by tumor cells and TAMs in a mouse model of bone metastasis.
Human PC-3MM2 cells that produce IL-6 were transfected with lentivirus containing IL-6 small
hairpin RNA (shRNA) or nonspecific RNA and injected into the tibias of nude mice treated
intraperitoneally every 5 days for 5 weeks with phosphate-buffered saline (PBS), liposomes
containing PBS, or liposomes containing clodronate (to decrease the number of macrophages).
Transfection of PC-3MM2 cells with IL-6 shRNA significantly decreased cellular expression of
IL-6 and the number of TAMs and osteoclasts in bone tumors, which correlated with significant
decreases in tumor size, bone lysis, and incidence of lymph node metastasis. Treatment of mice
with clodronate liposomes significantly decreased the number of TAMs and osteoclasts in the
bone tumors, the expression of IL-6 in the PC3-MM2 cells, and the production of tumor necrosis
factor (TNF)-α by TAMs. These findings correlated with a significant decrease in tumor size, bone
lysis, and lymph node metastasis. Knocking down IL-6 in tumor cells and decreasing TAMs was
associated with the lowest incidences of bone tumors and lymph node metastasis. These results
suggest that TAMs enhance the growth of prostate cancer cells in the bone.
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1. Introduction
A common site for prostate cancer metastasis is the bone [1,2]. Although prostate cancer
cells in the bone microenvironment respond to the hormone ablation and taxane-based
chemotherapy, the emergence of androgen-independent and chemoresistant metastatic
lesions is responsible for cancer-related morbidity and mortality [2–4]. Since the outcome of
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metastasis is regulated by the interaction of tumor cells with the organ microenvironment
[4,5], attempts to interrupt these interactions have led to the development of antibodies and
small molecules that target tumor cells and host cells [6–8].

Interleukin-6 (IL-6) was originally discovered as an immune modulator [9]. IL-6 can also
stimulate tumor cell proliferation, reduce apoptosis, induce drug resistance, and promote the
production of bone metastasis [10–12]. As in pleural mesothelioma [13], glioblastoma [14],
and ovarian cancer [15], the production of IL-6 has been shown to correlate with progressive
disease in prostate cancer [10,16]. Increased expression of IL-6 and its receptor has been
documented in human prostate cancer cell lines, surgical specimens, and benign prostate
hyperplasia [17–19]. Clinically, the level of IL-6 in serum is significantly elevated in many
patients with advanced hormone-refractory prostate cancer [12,20], and study of circulating
prediagnostic IL-6 suggests that IL-6 may potentially be involved in the development or
progression of prostate cancer [21]. To date, however, the mechanism by which IL-6
promotes the resistance and progressive growth of prostate cancer is unclear [11,22–25], and
clinical in vivo experiments targeting IL-6 with the anti-IL-6 monoclonal antibody CNTO
328 have produced inconsistent responses [26–28].

Macrophages are known to accumulate in tumors which can usurp their trophic roles [29–
34]. Since tumor necrosis factor (TNF)-α and IL-1 secreted by macrophages are strong
stimulators of IL-6 production by tumor cells [35], we hypothesized that tumor-associated
macrophages (TAMs) enhance the growth of human prostate cancer in the bone. To test this
hypothesis, we evaluated whether a decrease in IL-6 production by tumor cells and/or a
decrease in the number of TAMs can decrease the progressive growth of human prostate
cancer implanted into the tibias of nude mice and the formation of lymph node metastasis.

2. Materials and methods
2.1 PC-3MM2, metastatic variant cell line of human prostate cancer

The metastatic PC-3MM2 cell line was established as described previously [36] and
maintained as monolayer cultures in Eagle’s minimal essential medium (MEM)
supplemented with 10% fetal bovine serum (FBS; Life Technologies, Inc., Grand Island,
NY), L-glutamine, pyruvate, nonessential amino acids, vitamins, and penicillin-streptomycin
(Invitrogen, Carlsbad, CA) and incubated in 5% CO2 with balance of air at 37°C. All
reagents used for tissue culture were free of endotoxin, mycoplasma, and the following viral
pathogens: reovirus type 3, pneumonia virus, K virus, Theiler’s encephalitis virus, Sendai
virus, min virus, mouse adenovirus, mouse hepatitis virus, lymphocytic choriomeningitis
virus, ectromelia virus, and lactate dehydrogenase virus (assayed by M. A. Bioproducts,
Walkersville, MD). Macrophages were isolated from the H-2Kb-tsA58 mouse.

2.2 Animals
Male athymic nude mice (NCI-nu) were purchased from the Animal Production Area of the
National Cancer Institute-Frederick Cancer Research Facility (Frederick, MD). The mice
were housed and maintained in specific pathogen-free conditions. The facilities were
approved by the American Association for Accreditation of Laboratory Animal Care and
met all current regulations and standards of the United States Department of Agriculture,
United States Department of Health and Human Services, and National Institutes of Health.
The mice were used in accordance with institutional guidelines when they were 8 to 12
weeks old.
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2.3 Immorto-mouse peritoneal macrophages
Macrophages were isolated from the H-2Kb-tsA58 mouse [37]. In brief, the mice were
injected in the peritoneal cavity with 1.5 ml of thioglycollate broth (BD, Franklin Lakes,
NJ). Three days later, the peritoneal cavity was irrigated with 5 ml of PBS, and the
peritoneal fluid was collected, plated into a culture dish, and cultured in 10% MEM. Primary
cultures were supported at 33°C in a mixture of 5% carbon dioxide and 95% oxygen, and the
media was replaced as needed. Cells were collected by a brief exposure to 0.25% trypsin,
hybridized FITC-conjugated F4/80 (eBioscience, San Diego, CA), and sorted by Beckman
Epics Elite flow cytometer (Beckman Coulter, Miami, FL) equipped with an air-cooled
argon ion laser. Gating parameters were adjusted based on the fluorescence histograms for
the positive and negative controls. Cells were maintained at 33°C and. For the co-culture
experiment, cells were transferred and maintained at 37°C and incubated for 72 hours before
use.

2.4 IL-6 knockdown by short hairpin RNA
The Lentilox 3.7 lentiviral short hairpin RNA (shRNA) vector was used to knock down IL-6
in PC-3MM2 cells. On the basis of the reported human IL-6 cDNA sequence reported in the
database (GeneBank™ accession number M14584), the sequence of 5’-
TGATGGATGCTACCAAACT-3’ was selected for shRNA-mediated knockdown of human
IL-6 (IL-6 shRNA) [38]. The duplex DNA (5’-T
TGATGGATGCTACCAAACTTTCAAGAGAAGTTTGGTAGCATCCATCA-3’) was
made and cloned into the Lentilox 3.7 vector; shRNA for the Lentilox vector were designed
as described previously [39]. An irrelevant sequence corresponding to nt 153–173 of the
firefly luciferase mRNA was used for negative control (NS shRNA). Lentiviral particles
were produced by transfection of 293T cells with 10 µg of vector DNA combined with the
ViralPower™ Packaging Kit (containing pLP1, pLP2, and pLP/VSVG DNAs, providing
necessary proteins for virus production, Invitrogen). Seventy-two hours after transfection,
supernatants of virus-containing cell cultures were collected, passed through a 0.45-µm
filter, and then concentrated by centrifugation in a swinging bucket for 90 minutes at 83,000
g. The virus pellet was subsequently resuspended in 30 µl of PBS with 0.1% BSA and
titrated by serial dilutions on PC-3MM2 cells. Viral titers were typically about 2 × 108

transfection units/ml. PC-3MM2 cells were transfected with lentivirus with NS shRNA or
IL-6 shRNA to produce PC-3MM2-NS shRNA or PC-3MM2-IL-6 shRNA, respectively.
Green fluorescent protein-positive populations were enriched to 100% by fluorescence-
activated cell sorting. Sorted cells were expanded, and single-cell sorting yielded clonal
colonies. Cells were grown to log density, harvested, lysed, and analyzed for IL-6
knockdown by enzyme-linked immunosorbent assay (ELISA; R&D Systems, Minneapolis,
MN). The clones with the most efficient knockdown of IL-6 were selected and stored in
liquid nitrogen.

2.5 Determination of IL-6 and TNF-α levels by enzyme-linked immunosorbent assay
In the first set of experiments, the production and secretion of IL-6 by PC-3MM2,
PC-3MM2-NS shRNA, and PC-3MM2-IL-6 shRNA cells were measured by ELISA
(Human IL-6 Quantitative ELISA Kit, D6050, R&D Systems, Minneapolis, MN). Cells (1 ×
105) were plated in 200 µl medium with or without 10% FBS into 38-mm2 wells (96-well
plates). Twenty-four hours later, PBS (control), TNF-α (10 ng/ml, rhTNF-α, R&D Systems),
or IL-1 (100 ng/ml, rhIL-1B, R&D Systems) was added and cells were incubated for 24
hours.

In the second set of experiments, PC-3MM2 cells (1 × 105) and macrophages (1 × 105)
alone or mixed (cell ratio, 1:1; total, 1 × 105), were plated in 200 µl of MEM with 10% FBS
into 38-mm2 wells (96-well plates) with or without TNF-α antibody (0.5 µg/ml, R&D
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System). Cells were incubated for 24 hours. To investigate whether IL-6 was produced by
tumor cells or macrophages, co-localization immunofluorescence analysis of IL-6 and F4/80
was performed.

Supernatants were collected, and the level of IL-6 was measured by ELISA. The number of
metabolically active cells was determined using the tetrazolium salt (MTT) assay (M2128;
Sigma Chemical Co., St. Louis, MO), and the level of IL-6 was adjusted to the number of
cells in the well (adjusted ELISA = ELISA/MTT). In the last set of experiments, the levels
of IL-6 and TNF-α (Mouse TNF-α Quantitative ELISA Kit, MTA00, R&D Systems) in
mouse serum were determined by ELISA.

2.6 Expression of p44/p42 and phosphorylated p44/p42 by Western blot and
immunohistochemical analyses

To determine whether IL-6-mediated tumor progression is mediated by p44/p42 mitogen
activated protein kinase pathway, we carried out Western blot and immunohistochemical
analyses using LNCaP (STAT-3-positive) [40,41] and the variants of PC3-MM2 (STAT-3-
negative). Cells cultured in minimal essential medium supplemented with 10% FBS were
lysed, and 20 µg of whole-cell lysates were separated by 10% SDS-PAGE and transferred to
a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA). Blots were blocked with
5% nonfat dry milk for 1 hour at room temperature and then incubated overnight at 4°C with
1:1,000 dilution of polyclonal rabbit anti-phosphorylated p44/p42 antibody (Cell Signaling,
Danvers, MA), 1:1,000 dilution of polyclonal rabbit anti-p44-/p42 antibody (Cell Signaling),
followed by incubation with 1:3,000 dilution of horseradish peroxidase-conjugated
secondary antibody for 1 hour at room temperature. The signal was visualized with an
enhanced chemiluminescence detection reagent (Amersham Biosciences, Piscataway, NJ).
β-actin was detected simultaneously using 1:10,000 dilution of monoclonal mouse anti-β-
actin antibody (Sigma) as a loading control. Immunohistochemical analysis was performed
using formalin-fixed and paraffin-embedded tissue with the same antibodies used for
Western blot.

2.7 Preparation of clodronate liposomes
Clodronate liposomes were prepared as described previously [42,43]. A total of 11 mg of
cholesterol (Sigma) and 75 mg of phosphatidylcholine (Sigma) were combined with 10 ml
of 0.7 M clodronate solution (Sigma) and gently sonicated. The resulting liposomes were
washed three times to eliminate any unused drug. Control liposomes containing PBS were
prepared under the same conditions.

2.8 In vivo depletion of macrophages by intraperitoneal administrations of liposomes
containing clodronate

To determine the optimal dose of liposomes containing clodronate for depletion of
macrophages, we injected 800 µl, 400 µl, 200 µl, and 100 µl of liposomes containing
clodronate or PBS into the peritoneal cavities of 20 mice (n=5). This injection was repeated
every 5 days for a total of 3 injections. Two days after the last liposome injection, the mice
were injected in the peritoneal cavity with 1.5 ml of thioglycollate broth (BD, Franklin
Lakes, NJ) [44]. Three days later, the peritoneal cavity was irrigated with 5 ml of PBS, and
the peritoneal fluid was collected. The number of macrophages in 1 ml of peritoneal fluid
was determined by Wright-Giemsa staining. The number of macrophages in mice injected
with 800 µl (1.2 ± 0.7 × 105/ml, p<0.01), 400 µl (2.6 ± 0.6 × 105/ml, p<0.01), or 200 µl (5.8
± 2.1 × 105/ml, p<0.05) of clodronate liposomes was significantly lower than that in mice
injected intraperitoneally (i.p.) with PBS (23 ± 16.1 × 105/ml) or 100 µl (27.7 ± 18.7;
p>0.05) of clodronate liposomes. Since injection of 800 µl of clodronate liposomes
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produced lethal pneumonitis (3 of 5 mice became moribund), in all subsequent experiments,
mice were injected i.p. with 400 µl of clodronate liposomes.

2.9 In vivo study
Injection of Human Prostate Cancer Cells into the Tibia of Male Nude Mice—In
the first set of experiments, we determined whether expression of IL-6 by PC-3MM2 cells
correlates with their growth in the bone and production of metastasis. PC-3MM2,
PC-3MM2-NS shRNA, and PC-3MM2-IL-6 shRNA cells were harvested from subconfluent
cultures by a brief exposure to 0.25% trypsin and 0.02% EDTA. Medium containing 10%
FBS was added, and the cells were washed once in serum-free medium and resuspended in
Ca++- and Mg++-free Hank’s balanced salt solution (HBSS). Cell viability was determined
by trypan blue exclusion, and only single-cell suspensions with >95% viability were used
for the intratibial injections. Male nude mice were anesthetized with Nembutal (0.5 mg/g
body weight, Abbott Laboratories, North Chicago, IL), and 2 × 105 PC-3MM2, PC-3MM2-
NS shRNA, or PC-3MM2-IL-6 shRNA cells in 20 µl of Ca++- and Mg++-free HBSS were
injected interosseously into the tibia of nude mice (n=10) as described previously [45]. Four
weeks later, bone lesions were examined by digital radiography (Faxitron MX-20, Faxitron
X-ray Corp., Wheeling, IL). The mice were euthanized by injection of Nembutal (1 g/kg
body weight), blood (for serum) was collected by cardiac puncture, and the mice were
necropsied. Body weight, bone tumor incidence, tumor weight, and incidence of lymph node
metastasis were recorded.

In the second set of experiments, we determined whether depletion of TAM alone or in
combination with decreased production of IL-6 by PC-3MM2 cells can inhibit tumor growth
in the bone and production of lymph node metastasis. Mice (n=10) were injected i.p. with
PBS, control liposomes, or clodronate liposomes. One day later, the mice were injected in
the tibia with 2 × 105 cells of PC-3MM2, PC-3MM2-NS shRNA, or PC-3MM2-IL-6
shRNA [45]. Intraperitoneal injections of PBS, control liposomes, or clodronate liposomes
were repeated every 5 days for 5 weeks, after which bone lesions were examined by digital
radiography. The mice were euthanized by injection of Nembutal (1 g/kg body weight),
blood (for serum) was collected by cardiac puncture, and the mice were necropsied. Body
weight, bone tumor incidence, tumor weight, and incidence of lymph node metastasis were
recorded.

2.10 Preparation of tissues
Tissues were processed for immunohistochemical analyses of IL-6, F4/80 (frozen blocks),
and TNF-α (paraffin blocks). Bone tumors were harvested and fixed in 10% buffered
formalin for 24 hours at 4°C, washed with PBS for 30 minutes, and decalcified with 10%
EDTA (pH 7.4) for 10 days at 4°C. For paraffin blocks, tissues were washed in PBS for 10
minutes and then embedded in paraffin. For frozen blocks, tissues were fixed in PLP
solution (4% paraformaldehyde containing 0.075 M lysine and 0.01 M sodium periodata) for
24 hours at 4°C and decalcified in 10% EDTA (pH 7.4). The EDTA was removed by
dipping tissues in solutions of serially increased concentrations of sucrose (10% sucrose for
4 hours, 15% sucrose for 4 hours, and 20% sucrose for 16 hours), and the tissues were then
embedded in optimal cutting temperature (OCT; Miles, Inc., Elkhart, IN).

2.11 Immunohistochemical analysis
The expression of IL-6 and TNF-α in tissues was determined by immunohistochemical
analyses using mouse anti-human monoclonal anti-IL-6 antibody (1:200, Invitrogen,
Carlsbad, CA) and rabbit anti-mouse polyclonal TNF-α antibody (1:200, Genzyme,
Cambridge, MA). Mouse macrophages were detected by staining and counted with rat anti-
mouse monoclonal F4/80 antibody (1:1000, Abd Serotec, Raleigh, NC). In brief, paraffin-
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embedded tissues were sectioned (4–6 µm), mounted on positively charged Superfrost slides
(Fisher Scientific Co., Houston, TX), and warmed on a heating pad. The sections were
deparaffinized in xylene, dehydrated in a graded alcohol series, and rehydrated with PBS
(pH 7.5). Frozen blocks were sectioned (4–6 µm), mounted on positively charged Superfrost
slides (Fisher Scientific), and dried in air. Tissues were fixed in acetone and stained.
Nonspecific binding was blocked with 4% fish gel (Cold Water Fish Skin Gelatin, 40%
Aurion; Electron Microscopy Sciences, Fort Washington, PA) in PBS. After incubation with
primary antibodies, slides were incubated with one of the following secondary antibodies:
HRP-conjugated goat anti-rabbit IgG, HRP-conjugated goat anti-rat IgG (Jackson Research
Laboratories, West Grove, PA), or HRP-conjugated rat anti-mouse IgG2a (Abd Serotec,
Harlan Bioproducts for Science, Inc., Indianapolis, IN). Positive antibody reactions were
visualized by incubating the slides with stable 3,3’-diaminobenzidine for TNF-α F4/80, and
with 3-amino-9-ethylcarbazole (AEC) chromogen B (IHC Select® AEC Chromogen B;
Millipore, Temecula, CA) for IL-6. The slides were rinsed with distilled water,
counterstained with Gill’s hematoxylin for 1 minute and mounted with Universal Mount
(Research Genetics, Pittsburgh, PA) [45–47].

2.12. Determination of tartrate-resistant acid phosphatase-positive cells
Paraffin-embedded tissue sections mounted on slides were fixed for 30 seconds at room
temperature in fixative solution (25 ml citrate solution, 65 ml acetone, and 8 ml
formaldehyde) and then incubated for 1 hour at 37°C with protection from light in reaction
solution (45 ml deionized water, 1 ml diazotized fast Garnet GBC solution-0.5 ml fast
Garnet GBC solution, 0.5 ml fast Garnet GBC base solution, 0.5 ml sodium nitrite solution,
0.5 ml naphtol AS-BI phosphate solution, and 2 ml acetate solution) with or without 1 ml
tartrate solution. Slides were thoroughly rinsed in deionized water and then counterstained
for 2 minutes in hematoxylin solution (Gill No. 3). To color the nuclei, the slides were
soaked in alkaline tap water. Cells with purple or red cytoplasmic staining were counted as
tartrate-resistant acid phosphatase (TRAP) positive [48–50].

2.13. Statistical analyses
Tumor incidence (x2 test), tumor weight (Mann-Whitney t test), incidence of lymph node
metastasis (x2 test), and level of IL-6 and TNF-α and number of F4/80- and TRAP-positive
cells in 10 random 0.159-mm2 fields (unpaired Student’s t test) were analyzed.

3. Results
3.1 In vitro production of IL-6

The levels of IL-6 in PC-3MM2, PC-3MM2-NS shRNA, and PC-3MM2-IL-6 shRNA cells
cultured in MEM with 10% FBS were 18.2 ± 1.1 pg/ml, 21.5 ± 3.8 pg/ml, and 0.0 pg/ml,
respectively. Stimulation with exogenous TNF-α significantly increased the levels of IL-6 to
665.5 ± 126.1 pg/ml (p<0.001), 680.3 ± 127.3 pg/ml (p<0.001), and 27.7 ± 3.7 pg/ml (from
an undetectable level), respectively (Figure 1). IL-6 was not detectable in any of the cells
cultured in serum-free MEM. Exogenous stimulation with TNF-α significantly increased the
levels of IL-6 to 555.3 ± 82.4 pg/ml and 674 ± 36 pg/ml for PC-3MM2 and PC-3MM2-NS
shRNA cells, respectively. In contrast, PC-3MM2-IL-6 shRNA cells had minimal response
to exogenous stimulation with TNF-α. The addition of IL-1 to the cultures (under any
condition) did not increase production of IL-6 (Fig. 1A).

The levels of IL-6 in PC-3MM2 co-culture of PC-3MM2 and macrophages or macrophages
alone were 10.6 ± 0.8 pg/ml, 28.2 ± 1.9 pg/ml, and 4.1 ± 1.8 pg/ml, respectively. These data
demonstrate that co-culturing PC-3MM2 with macrophages significantly increased the
production of IL-6 (p<0.01, as compared with the level of the PC-3MM2 culture).
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Macrophages are a major source of TNF-α [34,35]. Neutralization of the effect of TNF-α
with anti-TNF-α antibody significantly decreased the production of IL-6 in the co-culture of
PC-3MM2 and macrophages (28.2 ± 1.9 pg/ml vs 7.9 ± 0.4 pg/ml, p>0.05) (Fig. 1B). Co-
localization immunofluorescence analysis of IL-6 (green) and F4/80 (red) showed that IL-6
was produced by tumor cells (Fig. 1C).

3.2 Tumorigenicity, tumor growth, bone lysis, and lymph node metastasis
In mice treated i.p. with PBS, the median weight of the bone lesions produced by
PC-3MM2-IL-6 shRNA cells was 0.5 g (range 0–1 g), which was significantly less than the
weight of bone lesions produced by PC-3MM2 cells (median, 1.1 g; range, 0–1.4 g; p<0.05)
and PC-3MM2-NS shRNA cells (median, 1.1 g; range, 0–1.3g; p<0.05). The incidence of
lymph node metastasis for mice injected with PC-3MM2-IL-6 shRNA was 45% (9 of 20,
p<0.012), compared with 95% for PC-3MM2 and PC-3MM2-NS shRNA lesions. In mice
treated with PBS, there was no difference in tumor incidence among the three groups (Table
1), but the tibias of mice injected with PC-3MM2-IL-6 shRNA cells were significantly
better preserved (Figure 2).

In mice treated with control PBS liposomes, the PC-3MM2-IL-6 shRNA cells produced
significantly smaller tumors (median, 0.4 g; range, 0–1.1 g; p<0.05), and a lower incidence
of lymph node metastasis (11 of 20; p<0.01). Bone lysis was also decreased as compared
with mice injected with PC-3MM2 and PC-3MM2-NS shRNA cells. No significant
differences in tumor incidence were found among the 3 groups.

When mice were treated with clodronate liposomes, tumor size (median, 0.3 g; range, 0–0.8
g; p<0.05), the incidence of lymph node metastasis (1 of 21; p<0.01), and bone lysis were all
significantly decreased in mice with PC-3MM2-IL-6 shRNA cells growing in the tibia when
compared with mice injected with PC-3MM2 cells (median, 0.6g; range, 0.2–1.1g; 13 of
20), or PC-3MM2-NS shRNA cells (median, 0.6g; range, 0.2–1 g; 10 of 20).

In all mice treated with clodronate liposomes, tumor size and the incidence of lymph node
metastasis were significantly decreased compared to treatment with PBS or PBS liposomes
(Table 1). The tibias of mice injected with clodronate liposomes were also significantly
preserved (Fig, 2). Treatment with PBS or PBS liposomes did not produce significant
differences in tumor size, bone lysis, or incidence of lymph node metastasis.

3.3 In vitro and In vivo expression of p44/p42 and phosphorylated p44/p42
No significant differences in the expression of p44/p42 or phosphorylated p44/p42 were
found among PC-3MM2, PC-3MM2-NS shRNA, or PC-3MM2-IL-6 shRNA cells growing
in culture. Moreover, the expression of p44/p42 or phosphorylated p44/p42 did not differ
between androgen-dependent/PSA producing cells (LNCaP) and androgen-independent/PSA
non-producing cells (PC-3MM2) growing in culture (Fig, 3A). Knockdown of IL-6 did not
affect the cellular proliferation rate (measured by MTT; data not shown). In contrast,
expression of phosphorylated p44/p42 was significantly reduced in PC-3MM2-IL-6 shRNA
cells growing in vivo (Fig, 3B).

3.4 Expression of IL-6 and TNF-α and number of macrophages and osteoclasts in bone
lesions

Expression of IL-6 and TNF-α was significantly decreased in bone tumors produced by
PC-3MM2-IL-6 shRNA cells. Treatment of mice with clodronate liposomes also decreased
the expression of IL-6 and TNF-α in bone lesions produced by PC-3MM2, PC-3MM2-NS
shRNA, and PC-3MM2-IL-6 shRNA cells. Transfection of PC-3MM2 cells with NS shRNA
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or treatment of mice with PBS liposomes did not affect the expression of IL-6 and TNF-α in
bone lesions (Figs. 4A and 4B).

Compared with bone tumors produced by PC-3MM2 cells, bone tumors produced by
PC-3MM2-IL-6 shRNA cells exhibited a significant decrease in F4/80-positive cells
(TAMs) in mice treated with PBS (187.4 ± 72.2 vs 48 ± 12.1, p<0.01), PBS liposomes
(182.5 ± 50.7 vs 50.5 ± 20, p<0.01), and clodronate liposomes (64.3 ± 25 vs 36 ± 14.5,
p<0.01). Treatment of mice with clodronate liposomes, as compared with PBS, also
significantly decreased the number of TAMs in mice bearing PC-3MM2 (187.4 ± 72.2 vs
64.3 ± 25, p<0.01), and PC-3MM2-NS shRNA (196 ± 72.7 vs 68.7 ± 19.1, p<0.01) bone
tumors. The reduction of TAMs in mice bearing PC-3MM2-IL-6 shRNA was not significant
(48 ± 12.1 vs 36 ± 14.5, p=0.06) (Fig. 5A).

Knock-down of IL-6 with IL-6 shRNA significantly decreased the number of TRAP-
positive cells (osteoclasts) in bone tumors of mice treated with PBS (82.4 ± 22 vs 23.4 ±
12.6, p<0.01), PBS liposomes (75.5 ± 24.4 vs 19.4 ± 9.9, p<0.01), and clodronate liposomes
(12.4 ± 4.4 vs 6.4 ± 2.5, p<0.01). Treatment of mice with clodronate liposomes also
significantly decreased the number of osteoclasts in PC-3MM2 (82.4 ± 22 vs 12.4 ± 4.4,
p<0.01), PC-3MM2-NS shRNA (80 ± 27 vs 13 ± 4.9, p<0.01), and PC-3MM2-IL-6 shRNA
(23.4 ± 12.6 vs 6.4 ± 2.5, p<0.01) tumors (Figure 5B). Transfection with NS shRNA and
treatment with PBS liposomes did not produce significant differences in TAM as compared
to control mice.

3.5 Serum levels of IL-6 and TNFα
In the last set of experiments, we measured the levels of IL-6 and TNF-α in the serum of
control mice or mice treated with clodronate liposomes and injected in the tibia with prostate
cancer cells. Since the ranges of IL-6 and TNF-α levels vary depending on the tumor burden
and presence of inflammation [9,16,51], we report the levels of IL-6 and TNF-α as ratio
compared to control mice with similar tumor burden. Transfection of PC-3MM2 cells with
IL-6 shRNA in control mice treated i.p. with PBS significantly decreased the level of IL-6 in
the serum (0.68 ± 0.18 as compared with PC-3MM2 treated with PBS; p<0.05). Treatment
with clodronate liposomes significantly decreased the level of serum IL-6 in mice with
PC-3MM2 tumors (0.63 ± 0.17, as compared with mice bearing PC-3MM2 tumors treated
with PBS; p<0.05) and in mice with PC-3MM2-IL-6 shRNA tumors (0.48 ± 0.12, as
compared with PC-3MM2 tumors treated with PBS; p<0.05). Treatment with clodronate
liposomes also significantly decreased the level of serum IL-6 in mice bearing PC-3MM2-
IL-6 shRNA bone tumors compared with the serum IL-6 level in PC-3MM2-IL-6 shRNA
tumors treated with PBS (0.74 ± 0.22; p<0.05). The serum level of TNF-α was not affected
by either transfection of IL-6 shRNA or treatment with clodronate liposomes (Fig. 6).
Treatment of mice bearing any of the three tumor lines with PBS liposomes did not affect
the level of IL-6 or TNF-α.

4. Discussion
Our data show that the level of IL-6 produced by PC-3MM2 cells correlated with aggressive
tumor growth in the tibia and the production of lymph node metastasis. Knocking down IL-6
expression with shRNA in tumor cells significantly decreased bone tumor size, bone lysis,
and the incidence of lymph node metastasis, but it did not decrease tumor incidence. In
vitro, PC-3MM2 cells responded to exogenous TNF-α by producing increased amounts of
IL-6, and the knockdown of the IL-6 in PC-3MM2 by IL-6 shRNA resulted in s significant
reduction in IL-6 production in the absence or presence of exogenous TNF-α. This
decreased production of IL-6 by the tumor cells correlated with a significant decrease in the
size of bone lesions, bone lysis, and the incidence of lymph node metastasis. Lower

Kim et al. Page 8

Int Immunopharmacol. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression of IL-6 by tumor cells was also correlated with a decrease in the number of
TAMs (F4/80-positive cells) and osteoclasts (TRAP-positive cells).

Macrophages are recruited in great numbers by many solid tumors and can be the source of
cytokines, such as TNF-α and IL-1 [29–32,35,51,52]. In vitro, PC-3MM2 cells responded to
TNF-α by producing significantly higher amounts of IL-6. To test this association in vivo,
we depleted the macrophages from mice by treatment with clodronate liposomes [43]. This
allowed us to investigate the reciprocal role of tumor cells and tumor-associated
macrophages in the progressive growth of prostate cancer bone metastasis. Treatment of
mice with liposomes containing clodronate significantly reduced the number of
macrophages in the peritoneal cavity, and within the bone tumors. Treatment with
clodronate liposomes also significantly decreased the size of bone lesions, bone lysis, and
the incidence of lymph node metastasis in mice bearing PC-3MM2, PC-3MM2-NS shRNA,
and PC-3MM2-IL-6 shRNA bone tumors. Mice treated with clodronate liposomes (low
TAM) and injected with PC-3MM2-IL-6 shRNA into the tibia had the smallest bone tumors,
the least bone lysis, and the lowest incidence of lymph node metastasis.

Immunohistochemical analyses revealed that the expression of IL-6 and TNF-α and the
number of TAM and osteoclasts (TRAP-positive cells) in bone tumors were significantly
decreased in mice treated with clodronate liposomes and injected with PC-3MM2,
PC-3MM2-NS shRNA, and PC-3MM2-IL-6 cells into the tibia. However, the reduction in
the number of TAMs was not significant in mice bearing PC-3MM2-IL-6 shRNA bone
tumors, although it was significant in mice bearing PC-3MM2 and PC-3MM2-NS shRNA
tumors. From these observations, it can be postulated that IL-6 promotes the aggressiveness
of cancer cells through both autocrine and paracrine loops to recruit TAM that enhance
disease progression. IL-6 is a strong chemotactic factor that recruits macrophages to the
tumor lesion [52], and TNF-α produced by the macrophages stimulates the prostate cancer
cells to produce additional IL-6 capable of attracting additional macrophages [52]. IL-6 and
TNF-α also activate osteoclasts which destroy the bone [53,54]. Furthermore, macrophages
are a source of osteoclast ontogeny, and human TAMs differentiate into osteoclastic bone-
resorbing cells [55,56]. Therefore, decreasing the number of TAMs by either knocking down
IL-6 in tumor cells or depleting macrophages in the host may significantly suppress prostate
cancer disease progression.

The effect of IL-6 on cell proliferation has been shown to be related to activation of STAT3
pathway [40]. LNCaP cells express STAT3, and treatment of these cells with IL-6 can lead
to suppressed growth [41]. Since PC3-MM2 cells are independent of STAT3 pathway, we
determined the expression of p44/p42 and phosphorylated p44/p42 tumor cells growing in
culture or in the tibia. The expression of phosphorylated p44/p42 did not differ among the
various groups of PC-3MM2 cells growing in culture, but there was a significant difference
in the expression of phosphorylated p44/p42 by tumor cells growing in vivo, suggesting that
knockdown of IL-6 affects the progression of PC-3MM2 bone tumors by modulating the
interaction between tumor cells and the host microenvironment rather than by a direct effect
on tumor cells.

In conclusion, tumor-associated macrophages enhance the progressive growth of prostate
cancer bone metastasis via a vicious cycle of production of IL-6 by tumor cells that can be
chemotactic to macrophages which, in turn, produce TNF-α leading to increased production
of IL-6 by tumor cells. These data clearly reaffirm the venerable “seed and soil” hypothesis
of Paget [4,5,57] and prove that tumor cells can exploit host factors for progressive growth
and spread.
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Fig. 1.
Enzyme-linked immunosorbent assay. A: PC-3MM2, PC-3MM2-NS shRNA, and
PC-3MM2-IL-6 shRNA human prostate cancer cells (1 × 105) were plated into 96-well
plates and cultured in MEM with or without 10% fetal bovine serum. Cells were treated with
PBS (control), TNF-α (10 ng/ml), or IL-1 (100 ng/ml) for 24 hours. Supernatants were
collected and measured for the level of IL-6 by ELISA. Transfection of PC-3MM2 cells
with IL-6 shRNA significantly decreased the production of IL-6 and exogenous TNF-α did
not lead to increased production of IL-6. Stimulation with IL-1 did not affect the production
of IL-6. B: PC-3MM2 cells (1 × 105), immorto-mouse peritoneal macrophages (1 × 105), or
PC-3MM2 cells and immorto-mouse peritoneal macrophages (cell ratio, 1:1; total 1 × 105)
were plated into 96-well plates and cultured in MEM with 20% FBS. Cells were treated with
PBS or anti-TNF-α antibody (0.5 µg/ml) for 24 hours. Co-cultures of PC-3MM2 with
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immorto-mouse peritoneal macrophages significantly increased the production of IL-6, and
the stimulatory effect of macrophages on the production of IL-6 was neutralized by anti-
TNF-α antibody (0.5 µg/ml). C: Co-localization of IL-6 and F4/80 by immunofluorescence
analysis. Tumor cells (F4/80-negative) were positive for IL-6 staining (green). Macrophages
(F4/80-positive; red) were IL-6-negative.
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Fig. 2.
Digital radiography of tumors in the hind legs of nude mice. Mice were injected
intraperitoneally with PBS, PBS liposomes, or clodronate liposomes one day prior to the
intratibial injection of 2 × 105 PC-3MM2, PC-3MM2-NS shRNA, or PC-3MM2-IL-6
shRNA cells. Extensive bone lysis was found in mice with PC-3MM2 and PC-3MM2-NS
shRNA tumors treated with PBS or PBS liposomes. There was significant preservation of
bone in mice injected with cells transfected with IL-6 shRNA (PC-3MM2-IL-6 shRNA) and
mice treated with clodronate liposomes. The most important outcome (no lysis) was
achieved by the combination of knockdown of IL-6 in tumor cells and treatment of mice
with clodronate liposomes.
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Fig. 3.
Western blot and immunohistochemical analyses. A: Cell lysates were harvested from
LNCaP, PC3-MM2, PC-3MM2-NS shRNA, and PC-3MM2-IL-6 shRNA cells and analyzed
by Western blot for the expression of p44/p42 and phosphorylated p44/p42, and tumor
tissues were stained with anti-phosphorylated antibody to determine the expression of
phosphorylated p44/p42. There was no significant difference in the expression of p44/p42 or
phosphorylated p44/p42 among cultured cells PC-3MM2, PC-3MM2-NS shRNA, and
PC-3MM2-IL-6 shRNA. The expression of p44/p42 or phosphorylated p44/p42 did not
differ between androgen-dependent/PSA producing cells (LNCaP) and androgen-
independent/PSA non-producing cells (PC-3MM2) growing in culture. B: The expression of
phosphorylated p44/p42 was significantly reduced in PC-3MM2-IL-6 shRNA tumors
growing in vivo.
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Fig. 4.
Immunohistochemical analyses. Tissues were harvested and processed for
immunohistochemical analysis of the expression of IL-6 (using 3-amino-9-ethylcarbazole
chromogen B) and TNF-α (using 3,3’-diaminobenzidine). A: Expression of IL-6 (red) was
significantly decreased by transfection of PC-3MM2 with IL-6 shRNA. Treatment with
clodronate liposomes also decreased the expression of IL-6 in bone tumors. B: Expression
of TNF-α (brown) was significantly decreased by knock down of IL-6 by IL-6 shRNA as
well as by treatment with clodronate liposomes. Positive cells are recognized as brown color
with 3,3’-diaminobenzidine.
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Fig. 5.
Infiltrating macrophages (TAMs) and osteoclasts in bone tumors. A: Tissues were
immunohistochemically analyzed for F4/80 to detect infiltrating macrophages (brown).
F4/80-positive cells counted in 10 random 0.159-mm2 fields (unpaired Student’s t test) were
statistically analyzed. Compared with PC-3MM2 tumors, bone tumors of PC-3MM2-IL-6
cells showed a significant decrease in F4/80-positive cells in mice treated with PBS (187.4 ±
72.2 vs 48 ± 12.1, p<0.01), PBS liposomes (182.5 ± 50.7 vs 50.5 ± 20, p<0.01), and
clodronate liposomes (64.3 ± 25 vs 36 ± 14.5, p<0.01). Treatment of mice with clodronate
liposomes also significantly decreased the number of TAMs in mice bearing PC-3MM2
(187.4 ± 72.2 vs 64.3 ± 25, p<0.01), and PC-3MM2-NS shRNA (196 ± 72.7 vs 68.7 ± 19.1,
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p<0.01) cells. However, reduction of the number of TAM in mice bearing PC-3MM2-IL-6
shRNA tumors was not significant (48 ± 12.1 vs 36 ± 14.5, p=0.06). B: Tissues were stained
with tartrate-resistant acid phosphatase-positive (TRAP) cells to detect osteoclasts. TRAP-
positive cells (red) counted in 10 random 0.159-mm2 fields (unpaired Student’s t test) were
statistically analyzed. Knock-down of IL-6 with IL-6 shRNA significantly decreased the
number of TRAP-positive cells in mice treated with PBS (82.4 ± 22 vs 23.4 ± 12.6, p<0.01),
PBS liposomes (75.5 ± 24.4 vs 19.4 ± 9.9, p<0.01), and clodronate liposomes (12.4 ± 4.4 vs
6.4 ± 2.5, p<0.01). Treatment of mice with clodronate liposomes also significantly decreased
the number of osteoclasts in mice bearing PC-3MM2 (82.4 ± 22 vs 12.4 ± 4.4, p<0.01),
PC-3MM2-NS shRNA (80 ± 27 vs 13 ± 4.9, p<0.01), and PC-3MM2-IL-6 shRNA (23.4 ±
12.6 vs 6.4 ± 2.5, p<0.01) tumors.
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Fig. 6.
Enzyme-linked immunosorbent assay. Sera were collected from mice bearing PC-3MM2 or
PC-3MM2-IL-6 shRNA bone tumors and measured for the levels of IL-6 and TNF-α by
ELISA. There was a significant decrease in the level of IL-6 in mice bearing PC-3MM2-
IL-6 shRNA bone tumors as compared with mice bearing PC-3MM2 bone tumors.
Treatment with clodronate liposomes produced an additional significant decrease in the level
of serum IL-6 in mice bearing either PC-3MM2 or PC-3MM2-IL-6 shRNA bone tumors.
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Table 1

Tibia tumors produced by PC-3MM2 cells are dependent on production of IL-6 by tumor cells and
macrophages

Experiment groups Tumor incidence Tumor size (g)
Median (range)

Incidence of lymph
node metastasis

PBS

    PC-3MM2 19/20 1.1 (0–1.4) 19/20

    PC-3MM2-NS shRNA 19/20 1.1 (0–1.3) 19/20

    PC-3MM2-IL-6 shRNA 19/20 0.5 (0–1)*   9/20*

PBS Liposome

    PC-3MM2 20/20 1.2 (0.6–1.2) 20/20

    PC-3MM2-NS shRNA 20/20 1.2 (0.6–1.6) 20/20

    PC-3MM2-IL-6 shRNA 19/20 0.4 (0–1.1)*   11/20*

Clodronate Liposome

    PC-3MM2 20/20 0.6 (0.2–1.1)† 13/20†

    PC-3MM2-NS shRNA 20/20 0.6 (0.2–1)† 10/20†

    PC-3MM2-IL-6 shRNA 20/20 0.3 (0.1–0.8)*,†   1/20†

*
Statistically significant as compared with untreated mice bearing PC-3MM2 bone tumors in the same treatment groups (p<0.05).

†
Statistically significant as compared with mice bearing bone tumors produced by PC-3MM2, or PC-3MM2-NS shRNA, or PC-3MM2-IL-6

shRNA in the different treatment groups (p<0.05)
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