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Abstract

The molecular mechanisms of tumor–host interactions that render neuroblastoma (NB) cells

highly invasive are unclear. Cancer cells upregulate host stromal cell colony-stimulating factor-1

(CSF-1) production to recruit tumor-associated macrophages (TAMs) and accelerate tumor growth

by affecting extracellular matrix remodeling and angiogenesis. By coculturing NB with stromal

cells in vitro, we showed the importance of host CSF-1 expression for macrophage recruitment to

NB cells. To examine this interaction in NB in vivo, mice bearing human CSF-1-expressing SK-

N-AS and CSF-1-negative SK-NDZ NB xenografts were treated with intratumoral injections of

small interfering RNAs directed against mouse CSF-1. Significant suppression of both SK-N-AS

and SK-N-DZ NB growth by these treatments was associated with decreased TAM infiltration,

matrix metalloprotease (MMP)-12 levels and angiogenesis compared to controls, while expression

of tissue inhibitors of MMPs increased following mouse CSF-1 blockade. Furthermore, Tie-2-

positive and -negative TAMs recruited by host CSF-1 were identified in NB tumor tissue by

confocal microscopy and flow cytometry. However, host-CSF-1 blockade prolonged survival only

in CSF-1-negative SK-N-DZ NB. These studies demonstrated that increased CSF-1 production by

host cells enhances TAM recruitment and NB growth and that the CSF-1 phenotype of NB tumor

cells adversely affects survival.
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Neuroblastomas (NBs) are highly vascularized tumors that account for nearly 15% of all

pediatric oncology deaths.1 The molecular pathways determining poor outcome as well as

the point of switch to poor prognosis are largely unknown.2 The genetic aberration most

consistently associated with poor outcome in NB is MYCN, a prominent oncogene that is a

primary drug target in 22% of NB cases.3–5 Although other major oncogenic pathways

governing human neoplasia do not seem to be deregulated in NB,6 multiple genes from

several discrete genomic regions appear to be involved in NB tumorigenesis and
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progression.7 Expression of angiogenic factors such as vascular endothelial growth factor

(VEGF), fibroblast growth factor-2 and platelet-derived growth factor by NB cell lines and

tumors plays differential roles in NB angiogenesis and metastasis.8–11

In addition to the requirement for several tumorigenic mutational events, nonmalignant cell

types within the tumor stroma play an essential supporting role in extracellular matrix

(ECM) remodeling, neoangiogenesis and lymphangiogenesis to promote tumor spread.12,13

Tumor-associated macrophages (TAMs) that are recruited to tumors by a wide range of

chemokines and growth factors14–17 are increasingly being considered as key elements of

the stroma that promote tumor development and progression.12,18,19 TAMs enhance tumor

growth through paracrine circuits involving the production of colony-stimulating factor-1

(CSF-1) by tumor cells20,21 or other host-derived stromal cells and by ECM-modulating

functions, mediated by matrix metalloproteases (MMPs).22–24 CSF-1 regulates macrophage

differentiation and function through the CSF-1 receptor, also known as c-fms and

CD115,25–27 accelerates angiogenesis in vivo28 and stimulates monocytes to secrete

biologically active VEGF to promote angiogenesis.29

Our recent reports suggested that the paracrine loop between cancer cells and TAMs leads to

enhanced invasiveness of breast and colon carcinoma.17,30 However, whether NB cells

participate in such a paracrine loop with TAMs and how CSF-1 production by NB cells

influences tumor growth remains unknown. In our study, we have therefore addressed the

role of tumor cell- and stromal cell-derived CSF-1 in NB by studying CSF-1-expressing SK-

N-AS and CSF-1-negative SK-N-DZ NB cell lines in vitro and in vivo.

Material and methods

Cell lines and molecular profiling

Mouse macrophages (CRL-2470) were obtained from American Type Culture Collection

(ATCC, Manassas, VA) and cultured in Dulbecco's modified Eagle's medium (DMEM; Life

Technologies, Rockville, MD) supplemented with 10% fetal calf serum (FCS; Invitrogen,

Carlsbad, CA), 0.1 M nonessential amino acids (PAA Laboratories, Pasching, Austria), 100

U/ml penicillin, 100 μg/ml streptomycin (culture medium) and 10% L-929 fibroblast-

conditioned medium containing mouse CSF-1.31 Mouse S3T3 fibroblasts (CCL 92; ATCC)

and the established human NB cell lines SK-N-AS (CRL-2137; ATCC) and SK-N-DZ

(CRL-2149; ATCC) were propagated in culture medium.

Small interfering RNAs and analysis of their efficacy in vitro

Small interfering (si) RNAs directed against mouse CSF-1 (muCSF-1 si), human CSF-1

(CSF-1 si), human CSF-1 receptor (CSF-1R si) and scrambled siRNAs (scr si) were

established and their efficacy examined in vitro by ELISA and real-time reverse

transcription (RT)-PCR (Light Cycler; Roche, Mannheim, Germany) as described

previously.15 Based on activities determined in vitro, the optimal target sequences (from 3

tested) were as follows: muCSF-1 si: 5′-GACCCTCGAGTCAACAGAG-3′; CSF-1 si: 5′-
GCCAAGATGTGGTGACCAA-3′; CSF-1R si: 5′-CCAG CAGCGTTGA TGTTAA-3′; and

scr si: 5′-GGAACGATCTAGT CGACTC-3′. Only the sense strand sequences are shown.

Chemically synthesized and purified siRNAs (Eurogentec, Philadelphia, PA) were used for

all experiments as described previously.15,32,33 To assess mouse CSF-1 siRNA efficiency,

S3T3 fibroblasts were rinsed with PBS at 50% confluence, refed with serum-free DMEM

and transfected with 100 nM muCSF-1 siRNA or scrambled siRNA in the presence of

Lipofectamine (Invitrogen). Untreated cells served as controls. Specific inhibition of mouse

CSF-1 but not human CSF-1 by mouse CSF-1 siRNA was tested in cocultures of human

CSF-1-expressing SK-N-AS cells and mouse CSF-1-expressing fibroblasts and
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macrophages. RNA was isolated (Trizol; Invitrogen) at different time points up to 96 hr

following transfection for real-time RT-PCR. All experiments were performed in triplicate.

Cell proliferation assay

Human SK-N-AS and SK-N-DZ cells were seeded in 96-well plates at a density of 5 × 103

cells/well in culture medium. Cells were transfected with 100 nM human CSF-1 si (SK-N-

AS only), human CSF-1R si or scrambled siRNA in the presence of Lipofectamine

(Invitrogen). Twenty-four hours after transfection, the cells were kept in serum-free medium

for 9 hr before stimulation with 3 × 103 U/ml CSF-1 (Chiron, Emeryville, CA) for 3 hr in

serum-free DMEM. Additional controls were treated only with Lipofectamine alone to

exclude transfection reagent-specific effects. Three hours following transfection or

stimulation, DMEM containing FCS was added to a final volume of 100 μl containing 10%

FCS. Triplicate cultures were maintained for an additional 24, 48 or 72 hr for each

treatment. Cell proliferation was determined using the WST-1 reagent (Roche Diagnostics,

Indianapolis, IN) according to the manufacturer's protocol.34 Each experiment was repeated

3 times.

Coculture experiments

Human NB cells (2 × 105 cells/well) were cocultured with mouse macrophages (2 × 105

cells/well) and mouse fibroblasts (2 × 105 cells/well) in 6-well plates allowing direct cell–

cell contact. Cells were allowed to adhere for 24 hr and then treated with 100 nM siRNA.

Cocultures were treated with siRNA directed against mouse CSF-1. Three hours after

transfection, cocultures were fed with DMEM supplemented with 1% FCS. Cells were

incubated for 48 hr at 37° C before RNA isolation for real-time RT-PCR. Experiments were

performed in triplicate.

Migration assay

NB cells alone (2 × 105 in 1 ml DMEM with 10% FCS) or NB cells mixed with mouse

S3T3 fibroblasts (1 × 105 per cell line in 500 μl DMEM with 10% FCS) were seeded in 12-

well plates. After cells had adhered, cocultures were transfected with 100 nM mouse CSF-1

siRNA or mouse VEGF siRNA using Lipofectamine 2000 according to the manufacturer's

protocol or were left untreated. Twenty-four hours after transfection, macrophages (1 × 105

in 500 μl DMEM with 1% FCS) were added to the top of each Boyden migration chamber

(8-μm, 12-well plate format; BD Biosciences, Palo Alto, CA). After 24 hr, the medium was

removed and membranes were washed twice with PBS. Cells from the upper side of the

membrane were removed with cotton swabs. The membranes were excised using a scalpel,

inverted and transferred to a PBS-filled tissue culture well. Membranes were then fixed in

methanol for 2 min at –20° C. After washing in PBS, membranes were stained with 1 μg/ml

4′-6-diamidino-2-phenylindole (DAPI) for 10 min at RT and washed again. Membranes

were then embedded in Cityfluor (Cityfluor, Leicester, UK) on glass slides under coverslips.

Representative sectors of migrated macrophages were counted under a fluorescence

microscope. Each experiment was performed in triplicate.

Tumor models and siRNA treatment

The experiments performed in our study were approved by the Institutional Animal Care and

Use Committee at the Vienna Medical University. Pathogen-free, male, 5-week-old athymic

nu/nu (nude) mice (Harlan-Winkelmann, Borchen, Germany) were weighed, coded and

divided into experimental groups of n = 8 at random. Mice were anesthetized (ketamine

hydrochloride/xylazine at 55/7.5 mg/kg, i.p.) and 4 × 106 SK-N-AS or 8 × 106 SK-N-DZ

cells/150 μl PBS were injected s.c. into the left flank.15 The growth of the tumor xenograft

was evaluated in a pilot study by determining the tumor weight every other day (n = 24; 12
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animals/cell line). Ten days after cell injection, 1 group of animals was sacrificed and

evaluated for tumor weight. Anesthetized mice received siRNAs against muCSF-1 to target

stromal cell-derived CSF-1 and control animals received scrambled siRNA or Ringer's

solution intratumorally or were untreated. Importantly, stromal cell-derived (mouse) CSF-1

does not activate human CSF-1R on cancer cells.35,36

Treatment was initiated on day 10 at a dose of 10 μg/injection and cycled every 3 days. The

selected dosage of 10 μg/injection was based upon pilot studies in mice (n = 24; 12 mice/cell

line). Tumor volumes were calculated as follows: (length × width2)/2. All animals were

sacrificed on day 24.

Analysis of the effects of CSF-1 blockade on survival

The survival study (n = 40) was set for 3 months. Mice were treated with muCSF-1 siRNA

(n = 8), Ringer's solution (n = 6) or scrambled siRNA (n = 6) for each SK-N-AS and SK-N-

DZ groups and were euthanized when moribund.

Analysis of the effects of CSF-1 blockade in vivo

On day 24, tumors were isolated, weighed and the animals were sacrificed. One portion of

the tissue was processed for paraffin embedding and the remainder was processed for real-

time RT-PCR, western blotting and radioimmunoassay (RIA),14 as described later. Paraffin-

embedded serial sections were rehydrated in graded alcohols and antigen retrieval was

performed in a microwave in 0.1 M sodium citrate (pH 6.5). Following incubation in 5%

H2O2 to block endogenous peroxidase activity, antigens were detected with Ki-67 antibody

(tumor proliferation assay; Dako, Glostrup, Denmark), or a rabbit polyclonal von

Willebrand Factor antibody (vWF; Abcam, Cambridge, UK), to evaluate the density of

endothelial cells (ECs).14,15 Macrophages were immunostained with anti-F4/80 rat

monoclonal antibody (Caltag Laboratories, Burlingame, CA).14,15,37 Primary antibodies

were detected by sequential incubation with appropriate biotinylated secondary antibodies

(Vector Laboratories, Burlingame, CA) and peroxidase-conjugated streptavidin (Dako),

developed with 3,3′-diaminobenzidine (Vector Laboratories), counterstained with hemalaun,

dehydrated and mounted in Entellan (Merck, Darmstadt, Germany). Digitalized images were

generated and morphometry was carried out by counting the number of vWF-positive ECs

or F4/80-positive cells in 10 consecutive (×20) fields per slide and results are expressed as

cells/mm2. Fluorescence labeling was performed on sections following antigen retrieval by

sequential incubation with polyclonal rabbit anti-mouse Tie-2 (Santa Cruz Biotechnology,

Santa Cruz, CA) antibody, polyclonal, multiple absorbed, TRITC-conjugated donkey anti-

rabbit immunoglobulins (Jackson ImmunoResearch, West Grove, PA) and Alexa-488-

conjugated rat monoclonal anti-mouse F4/80 antibody (Serotec, Oxford, UK). Sections were

embedded in Cityfluor (City-fluor) and confocal images were captured on a Zeiss LSM-

Meta microscope.

Mouse CSF-1 immunohistochemistry

Tumor tissue was snap frozen in liquid nitrogen and 5-μm cryosections were fixed in

acetone for 8 min at 4° C, blocked and sequentially stained with polyclonal goat anti-mouse

CSF-1 serum (Santa Cruz Biotechnology), biotin-conjugated horse anti-goat Ig (Vector

Laboratories) and Alexa Fluor 488-conjugated streptavidin (Molecular Probes/Invitrogen,

Carlsbad, CA) in PBS supplemented with 5% horse serum. Slides were then rinsed with

PBS, counterstained in 0.1 μg/ml DAPI, mounted in Cityfluor (Cityfluor) and analyzed by

fluorescence microscopy (Zeiss, Thornwood, New York).38
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Fluorescence-activated cell sorting analysis

Tumors sections were rinsed in PBS supplemented with 0.3% bovine serum albumin and

0.1% sodium azide (staining buffer), minced, mechanically dissociated following

collagenase digestion at 37° C for 30 min and passed through a 100-μm cell strainer.

Erythrocytes were lysed in 155 mM NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA (pH 8) for

10 min at 4° C. Cells were then washed in PBS and sequentially stained with biotinylated

monoclonal rat anti-mouse Tie-2/CD202 (eBioscience, San Diego, CA), phycoerythrin-

conjugated streptavidin (BD Biosciences, Franklin Lakes, NJ) and Alexa-488-conjugated

monoclonal rat anti-mouse F4/80 (Serotec) in staining buffer for 30 min on ice in the

presence of Fc block (BD Biosciences). Membrane-compromised cells were excluded with

7AAD (BD Biosciences) and 104 viable events analyzed on a FACscan flow cytometer (BD

Biosciences) with an argon laser tuned to 488 nm.

Quantitative real-time RT-PCR

Tissue and cultured cells were processed for PCR as described previously.14,15,39 The

primer sequences for mouse molecules are as follows (sense/antisense): CSF-1: 5′-CATC

TCCATTCCCTAA ATCAAC-3′/5′-ACTTGCTGATCCTCCT TCC-3′; CSF-1R: 5′-
GCGATGTGTGAGCAATGGCA-3′/5′-CGGATAATCGAACCT CGCCA-3′; VEGF-A: 5′-
TACTGC TGTACCTCCACC-3′/5′-GCT CATTCTCTCTATGTGCTG-3′; KDR: 5′-
GGAGATTGAAAGA GGAAC-3′/5′-ACTTCCTC TTCCTCCATAC-3′; MMP-2: 5′-
CCGATTATCCCATGAT GAC-3′/5′-ATTCCCTGCGAAGAACAC-3′; β-2 microglobulin:

5′-CCTCACATTGAAATCCAAATGC-3′/5′-CGGCCAT ACTGTCATGCTTAAC-3′. The

primer sequences for human molecules are as follows (sense/antisense): CSF-1: 5′-GCT

GTTGTTGGTCTGTCTC-3′/5′-CATGCTCTTCATAATCCTT G-3′; CSF-1R: 5′-
TGCTGCTCCTGCTGCTATTG-3′/5′-TCAGCATCTT CACAGCCACC-3′; VEGF-A: 5′-
AGAAGGAGGAGGGCAGAA TC-3′/5′-GCATTCACATTTGTTGTG CTG-3′; β-2

microglobulin: 5′-GATGAGTATGCCTGCCG TGTG-3′/5′-CAATCCAAATGCGG

CATCT-3′. The specificity of the primers was tested by examining the melting curves of the

products obtained using both human- and mouse-specific primers on RNA from both human

and mouse cells as described previously.16 Measurements were performed in triplicate.

CSF-1 RIA

Preweighed tissue samples were homogenized, heat-inactivated, centrifuged and the

supernatant saved for assay as described previously.31 CSF-1 was measured in duplicate on

3 samples from each mouse using a RIA that detects only biologically active mouse

CSF-1.31,40

Western blotting

Tissue lysates were prepared and separated (50 lg/lane) by 8–12% SDS-PAGE prior to

electrophoretic transfer onto Hybond C super (Amersham Pharmacia Biotech, Bucking-

hamshire, UK) as described elsewhere.15 The blots were probed with polyclonal antibodies

against MMP-2 (Chemicon, Temecula, CA), MMP-12 (Santa Cruz Biotechnology), TIMP-2

and TIMP-3 (Chemicon) before incubation with horseradish peroxidase-conjugated

secondary antibodies (Amersham Pharmacia Biotech). Proteins were immunodetected by

chemiluminescence (Supersignal-West-Femto; Pierce, Rockford, IL) and quantified by Easy

Plus Win 32 software (Herolab, Wiesloch, Germany).

Statistical analysis

The Wilcoxon rank test was used to compare data between the groups. All statistical tests

were 2-sided. The χ2 test was used to compare the groups in long-term survival (3-month)

analysis. The overall survival curves after treatment were analyzed by the Kaplan–Meier
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survival test. Statistical tests were performed with the use of SPSS software (version 10.0.7;

SPSS, Chicago, IL). Data are expressed as means ± SD. p values of <0.05 were considered

to indicate statistical significance.

Results

CSF-1 is differentially expressed in growing NB cancer cells and host stromal cells

As CSF-1 production by cells within the tumor tissue can play a major role in macrophage

recruitment to tumors and affect their growth, we studied whether cancer cell–stromal cell

interactions affect the expression of human CSF-1 and its receptor (CSF-1R). We analyzed

tumor tissue expression of CSF-1 and CSF-1R in human SK-N-AS and SK-N-DZ cancer

cells and mouse stromal cells by using mouse- (host) and human-specific primers in

quantitative real-time RT-PCR, when NB cells were xenografted to mice. Both SK-N-AS

and SK-N-DZ cells expressed the human (hu) CSF-1R in vivo, which increased from day 10

to day 24. Likewise, host CSF-1R mRNA was expressed throughout tumor growth (Fig. 1a).

In contrast, huCSF-1 mRNA expression was significantly downregulated in SK-N-AS cells

over time, and SK-N-DZ cells did not express human CSF-1 mRNA at all. Importantly, host

CSF-1 mRNA expression increased moderately in tumor tissue from day 10 to day 24 (Fig.

1a). In addition, specific host CSF-1 protein expression was detected by

immunohistochemical staining with a mouse CSF-1-specific antibody at day 10 in the

stromal cells of both SK-N-AS and SK-N-DZ tumors (Fig. 1b).

CSF-1 promotes SK-N-DZ proliferation but not SK-N-AS proliferation

To test whether CSF-1 promotes cancer cell proliferation, we first treated human NB cells

with siRNAs directed against human CSF-1 (SK-N-AS only) or CSF-1R siRNA (both cell

lines) or transfected the cells with scrambled siRNA and then stimulated them with

recombinant CSF-1 protein and determined cell proliferation for up to 72 hr. CSF-1 did not

promote SK-N-AS proliferation and CSF-1 or CSF-1R suppression did not reduce cell

proliferation, compared to untreated control cells, Lipofectamine-treated cells or scrambled

siRNA-transfected cells (Fig. 2a).

In contrast to the results obtained in SK-N-AS cells, SKN-DZ cell proliferation was

significantly increased after 72 hr of incubation with recombinant CSF-1 and significantly

decreased after inhibition of CSF-1R production or inhibition of CSF-1R and concomitant

stimulation with recombinant CSF-1, compared to untreated control cells, Lipofectamine-

treated cells or cells transfected with scrambled siRNA (Fig. 2).

These data indicate that CSF-1 promotes proliferation of CSF-1-negative SK-N-DZ but not

CSF-1-positive SK-N-AS cells. The role of the CSF-1R in mediating CSF-1-stimulated

proliferation of SK-N-DZ cells was tested by transfecting SKN-DZ with huCSF-1R siRNA

and examining their response to recombinant human CSF-1. CSF-1R siRNA treatment

abrogated the CSF-1 response, consistent with the proliferative effect of CSF-1 being

mediated by the CSF-1R.

Tumor–stromal cell interaction increases stromal CSF-1 target gene expression

To assess whether the interaction between cancer cells and stromal cells regulates CSF-1

production in stromal cells such as fibroblasts and macrophages, thereby potentially

affecting stromal cell gene expression and migration, we performed co-culture experiments

of SK-N-AS or SK-N-DZ cancer cells with murine CRL-2470 macrophages and 3T3

fibroblasts treated with muCSF-1 si to analyze the role of stromal cell-derived CSF-1.

Coculturing cancer cells with fibroblasts and macrophages significantly increased the

mRNA expression of mouse CSF-1 and VEGF-A as compared to cultures of macrophages
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and fibroblasts alone (Fig. 2b). Mouse MMP-2 levels, however, were only moderately

changed. To determine the relation of these gene expression changes in stromal cells, we

treated cocultured NB cancer cells, mouse fibroblasts and macrophages with siRNA

specifically directed against mouse CSF-1. Inhibition of mouse CSF-1 in macrophages and

fibro-blasts resulted in significantly decreased mRNA expression of mouse CSF-1 and

VEGF-A but not MMP-2 compared to untreated cocultures of both SK-N-AS and SK-N-DZ

cancer cells (Fig. 2b). In contrast, human CSF-1 mRNA levels from human CSF-1-

expressing SK-N-AS cancer cells were not changed by coculturing and treatment with

muCSF-1 si (Fig. 2b). This indicates that the muCSF-1 siRNA specifically inhibits mouse

CSF-1 but not human CSF-1 production by cancer cells. Furthermore, these results suggest

that the interaction between NB cancer cells and stromal cells leads to induction of stromal

cell-derived CSF-1 and that CSF-1 in turn increases stromal cell expression of VEGF-A but

not MMP-2.

Tumor–stromal cell interactions promote macrophage migration through stromal CSF-1
and VEGF-A

To analyze whether the observed changes in stromal cell-derived CSF-1 and VEGF-A levels

induced by cancer cell– stromal cell interactions affect the recruitment of macrophages, we

compared the effects of muCSF-1 si- and muVEGF si-treated cocultured fibroblasts and

cancer cells on macrophage migration in vitro. Coculturing significantly increased

macrophage migration compared to cultured cells alone or in cocultures of both NB cell

lines. Recruitment activity was however much higher in cocultured SK-N-AS cells

compared to cocultured SK-N-DZ cells (Figs. 2c and 2d). Treatment with muCSF-1 siRNA

and to a similar extent with muVEGF-A siRNA significantly reduced macrophage

migration, indicating a role for stromal cell-derived CSF-1 and VEGF-A in the recruitment

of macrophages (Figs. 2c and 2d).

Host CSF-1 blockade suppresses NB growth

The CSF-1 expression data suggest that stromal cells are a constant source of CSF-1 in NB

growth and that human CSF-1 produced by SK-N-AS but not SK-N-DZ cells could also

contribute to the level of CSF-1. To analyze whether stromal cell-derived CSF-1 in NBs

plays a critical supporting role for the overall growth of the tumor, tumor bearing mice were

treated with muCSF-1 siRNA (specifically targeting mouse but not human CSF-1 mRNA),

scrambled siRNA, Ringer's solution or were untreated. To assess treatment modalities in

vivo, we initially assessed muCSF-1 siRNA transfection efficiency in vitro. Treatment of

mouse S3T3 fibroblasts revealed a significant reduction in CSF-1 mRNA for up to 3 days

(Fig. 2e). We therefore decided to cycle intratumoral muCSF-1 siRNA applications every 3

days to guarantee continuous reduction of stromal cell-derived CSF-1. At the beginning of

treatment on day 10, mice developed human NB tumors of comparable size (SK-N-AS: 190

± 36 mg and SK-N-DZ: 167 ± 39 mg; p = 0.516). The mean tumor weight was markedly

reduced in mice with SK-N-AS NB treated with muCSF-1 siRNA (1,451 ± 595 mg)

compared to mice treated with Ringer's solution (3,773 ± 640 mg), scrambled siRNA (4,388

± 569 mg) or untreated control mice (4,180 ± 451 mg) (Fig. 3a). In mice bearing SK-N-DZ

NB, the mean tumor weights were 3,452 ± 500 mg, 3,423 ± 444 mg and 3,165 ± 308 mg in

the untreated, Ringer's solution-treated and scrambled siRNA-treated mice and declined

significantly to 1,534 ± 225 mg in muCSF-1 siRNA treated mice (Fig. 3a). In the SK-N-AS

NB mice therefore, treatment with muCSF-1 siRNA suppressed tumor growth by 65%, and

in SK-N-DZ NB mice treatment with muCSF-1 siRNA suppressed tumor development by

56%. Interestingly, despite this growth advantage of SK-N-AS NBs, the mouse CSF-1

blockade resulted in a similar reduction in growth rate for both NB xenografts, that was

already apparent at day 13, 3 days after the first muCSF-1 siRNA treatment at day 10 (Fig.

3a).
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To analyze the long-term effect of host CSF-1-blockade on NB growth, we determined the

effect on animal survival. In mice bearing human CSF-1 negative SK-N-DZ NB xenografts,

the median time to death in both the Ringer's solution and scrambled siRNA control groups

was 41 days, and all mice died between 41 and 46 days after tumor cell grafting. However,

survival was significantly increased in mice following muCSF-1 siRNA treatment vs.

control mice, and their median time to death was 46 days. At day 46 (at which time the last

animal in the control groups died), 50% of muCSF-1 siRNA-treated mice were still alive

(Fig. 3b). In contrast, there was no response to muCSF-1 siRNA treatment observed in mice

bearing human CSF-1-positive SK-N-AS xenografts. The median time to death of mice in

the Ringer's solution and scrambled siRNA control groups was 34 and 31 days, respectively,

and all mice died between 31 and 36 days following tumor cell engraftment. The median

survival time following muCSF-1 siRNA treatment was 34 days, and all mice died between

31 and 38 days (not significant vs. controls). Thus, while blockade of stromal cell CSF-1

expression significantly suppressed the growth of both human NB xeno-grafts, only the mice

bearing CSF-1-negative SK-N-DZ tumors exhibited improved survival, indicating a

negative role for tumor cell CSF-1 expression on survival.

Host CSF-1R expression is reduced after host CSF-1 blockade in SK-N-DZ but not in SK-N-
AS NBs

To better understand the effect of host CSF-1 blockade, we measured host CSF-1 and

CSF-1R expression in NB tissue in all experimental groups. Host muCSF-1 mRNA and

protein expression increased with tumor growth in SK-N-AS and SK-N-DZ tumor lysates

(Figs. 3c and 3d). With muCSF-1 siRNA treatment, day 24 tumor tissue muCSF-1 mRNA

levels declined significantly compared to controls. Importantly, muCSF-1 siRNA treatment

reduced host CSF-1 protein expression as detected by immunohistochemical staining with a

mouse CSF-1-specific antibody in SK-N-AS tumors. Quantitative measurement of mouse

CSF-1 protein by RIA confirmed this finding by showing significantly reduced mouse

CSF-1 protein levels in SK-N-AS and SK-N-DZ tumor tissue following muCSF-1 siRNA

treatment (Fig. 3d). muCSF-1R mRNA levels declined with muCSF-1 siRNA treatment in

huCSF-1-negative SK-N-DZ but not huCSF-1-positive SK-NAS tumor lysates (Fig. 3e).

Recruitment of both Tie-2-positive and Tie-2-negative macrophage subpopulations is
regulated by CSF-1

Following NB cell engraftment in mice, TAMs were detected within the tumor stroma

(positive macrophage-specific F4/80 antibody staining). In both SK-N-AS and SK-N-DZ

tumor tissue, the TAMs lined vascular channels, which were surrounded by tumor cells and

contained blood cells (Fig. 4a). Treatment with muCSF-1 siRNA reduced macrophage

recruitment to the tumor and reduced the density of these vascular channels and the number

of lining TAMs in SK-NAS and SK-N-DZ xenografts (Fig. 4a). These experiments indicate

that infiltrating CSF-1-dependent TAMs are associated with vascular channels in human

SK-N-AS and SK-NDZ NB xenografts.

Confocal microscopy was used to further analyze the tissue distribution of recruited

macrophages in CSF-1-positive SK-N-AS NB xenografts by using anti-F4/80 antibody and a

Tie-2 antibody that primarily stains endothelial cells. F4/80-positive TAMs were visualized

by green fluorescence and Tie-2-positive cells by red fluorescence. Tie-2+F4/80+ TAMs are

shown to colocalize with Tie-2-positive endothelial cells, indicating that F4/80-positive

macrophages are preferentially recruited to vessels (Fig. 4b). However, these images also

suggested that some F4/80-positive macrophages in these highly vascularized tumors lack

expression of Tie-2.
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To further characterize the TAMs in mice bearing human CSF-1-positive SK-N-AS NB

xenografts and their response to treatment with muCSF-1 siRNA, we performed flow

cytometry using F4/80 and Tie-2 antibodies. In tumor tissue of muCSF-1-treated mice, both

F4/80-positive TAMs and Tie-2-positive cell numbers significantly decreased from 5% ±

1.7% and 4.7% ± 1.8% to 2.5% ± 0.9% (TAMs) and 10.8% ± 2.2% and 9.9% ± 2.6% to

5.3% ± 1.8% (Tie-positive cells) in control and scr si compared to muCSF-1 si treated

tumors, shown representatively in Figure 4c. The number of Tie-2-positive TAMs also

decreased by half from 3.7% ± 1.4% and 3.1% ± 1.2% to 1.9% ± 0.6% following treatment

with muCSF-1-siRNA, respectively (Fig. 4c). These data indicate the presence of a Tie-2-

positive TAM fraction in SK-N-AS NB tissue and also indicate that its presence is to a large

extent dependent on CSF-1.

muCSF-1 blockade specifically upregulates TIMPs and downregulates TAM-specific
MMP-12 in NB xenografts

In association with increased macrophage infiltration, the expression of host MMP-12, a

macrophage-specific protease involved in ECM remodeling,41 increased with tumor

development in both SK-N-AS and SK-N-DZ control tumor lysates (Fig. 5). In addition,

mouse MMP-2, a key molecule in tumor metastasis and angiogenesis,42 was upregulated

with tumor growth in control animals. muCSF-1 siRNA treatment significantly lowered the

expression of the macrophage-specific MMP-12 without affecting tumor tissue levels of

MMP-2 (Fig. 5). TIMP-2 and -3 protein expression in tumor lysates increased with tumor

growth in control mice and muCSF-1 blockade resulted in a significant increase in their

expression (Fig. 5). These experiments show that muCSF-1 blockade increases the

expression of TIMP-2 and -3 in NB xenografts.

Host, but not cancer cell-derived VEGF-A, plays a key role in mediating the angiogenic
activity of CSF-1

Immunocytochemistry of endothelial cell-specific vWF-stained sections conclusively

showed increased angiogenesis in control NB xenografts. muCSF-1 siRNA treatment

decreased endothelial cell density significantly compared to controls (Fig. 6a). Consistent

with this finding, tumor tissue mRNA expression of host VEGF-A, and its receptor KDR,

increased with tumor growth and decreased in muCSF-1 siRNA-treated but not in scrambled

siRNA-treated SK-N-AS and SK-N-DZ mice (Fig. 6b). In contrast to mouse VEGF-A,

human VEGF-A expression declined with tumor growth in both NB xenografts. Of note,

while host-cell VEGF-A expression was suppressed by muCSF-1 siRNA treatment in both

NB tumors, human VEGF-A expression was only suppressed in the CSF-1-negative SK-N-

DZ tumors (Fig. 6b). As the suppression of EC numbers by CSF-1 blockade was similar in

both tumors (Fig. 6a), it is likely that the contribution of human VEGF-A to angiogenesis up

to day 24 is small. Thus, these data indicate that host cells are a major source of angiogenic

factors in NB xenografts.

Discussion

In our study, we have used 2 NB xenograft models with different CSF-1 expression

phenotypes to investigate the role of CSF-1 in the regulation of host TAMs that play a key

role in the NB tumor stroma compartment.12,14,15 In addition to the different CSF-1-

phenotype, the NB cell lines used also differed with respect to their MYCN-genotype. The

CSF-1-expressing SK-N-AS NB cell line displays no MYCN amplification,43 whereas the

CSF-1-negative SK-N-DZ cell line has high levels of MYCN.44 These cell lines have been

used as models to study the role of MYCN backgrounds45 on tumor development and are in

addition perfectly suited to examine the role of tumor cell- and stromal cell-derived CSF-1

in NB xenograft mouse models. Importantly, MYCN amplification occurs in about 22% of
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NB cases3 and sequential analysis of NB samples indicates that patients with no MYCN

amplification at diagnosis rarely acquire it later during tumor progression.3 Thus, other

genetic and/or epigenetic alterations as well as tumor–host interactions may contribute to the

pathogenesis of NB. Indeed, here we showed that genotypically distinct CSF-1-positive and

-negative human NB cells express both host (mouse) CSF-1 and recruit TAMs to the tumor.

We also showed that host CSF-1 blockade resulted in reduced TAM density and vessel

infiltration in human NB xenografts in mice associated with suppression of tumor growth in

both xenograft models. These findings suggest a key role for CSF-1-dependent TAMs in NB

growth, because a similar reduction of tumor growth rate for both SK-N-AS and SK-N-DZ

tumors is associated in both cases with a similar reduction in TAM density, angiogenesis

and MMP-12 activity.

Our data show the presence of a Tie-2-positive TAM fraction in SK-N-AS NB tissue,

comprising more than half of the TAMs. Moreover, the Tie-2-positive TAM fraction is to a

large extent CSF-1 dependent. Recently, a distinct lineage of Tie-2-expressing monocytes

(TEMs) has been identified, which has been shown to promote tumor vascularization.46

Moreover, Venneri et al. have shown that Tie-2-expressing TAMs were observed within the

tumors in human cancer patients, derived from Tie-2-expressing blood monocytes

(TEMs).47 Thus, we assume that the observed Tie-2-positive TAMs in NB tumor tissue are

derived from circulating TEMs. However, although Venneri et al. reported that TEMs

migrated toward the Tie-2 ligand angiopoietin-2 in vitro, suggesting a homing mechanism

for TEMs to tumors, our data show for the first time that CSF-1 is able to recruite TEMs to

NB tumors. Interestingly, purified human TEMs, but not Tie-2-depleted monocytes,

markedly promote angiogenesis in xenotransplanted human tumors.47 Thus, further

investigations are necessary to clarify whether CSF-1-dependent TAMs in NB tumor tissue

can be further subdivided into functionally different, i.e. proangiogenic and ECM-degrading/

growth factor-producing TAM subpopulations involved in NB growth.

Host expression of the specific angiogenic genes VEGF-A and KDR and increasing

angiogenic activity during tumor development were suppressed following muCSF-1 siRNA

treatment in both SK-N-AS and SK-N-DZ NB xenografts. With increasing host VEGF-A

production during tumor growth in both NBs, human VEGF-A production decreased. CSF-1

has been shown to induce VEGF production and angiogenic activity by monocytes in

vitro,29 and in vivo studies indicated that the secretion of VEGF by TAMs is essential for

tumor-induced angiogenesis.48 In line with this, the coculture results showed host CSF-1-

dependent upregulation of stromal cell-derived VEGF-A by both NB cell lines. These data

therefore suggest that increased host VEGF-A production induced by interactions between

TAM and fibroblast host cells and NB cancer cells is important for the angiogenic response

in NB and may significantly contribute not only to tumor growth but also to the systemic

destructive effects on multiple organs and tissues caused by tumor-produced VEGF

observed in mice and cancer patients in the advanced stage of disease.49

The tissue inhibitors of MMPs (TIMPs) play a unique role in regulating tumorigenesis and

angiogenesis. Overexpression of TIMP-3 in NB xenografts reduces vascular endothelial

cadherin-mediated angiogenesis, resulting in decreased recruitment of pericytes to the tumor

and the emergence of immature vasculature.50 TIMP-3 also blocks the binding of VEGF to

KDR, thereby inhibiting downstream signaling in angiogenesis.51 It is therefore not

surprising that stromal TIMP-3 deficiency was shown to inhibit tumorigenesis.52 In

addition, TIMP-2, the inhibitor of MMP-2, has been shown to inhibit angiogenesis through a

mechanism that is independent of MMPs.53 In our study, TIMP-3 was significantly

upregulated by muCSF-1 siRNA treatment. This observation was surprising, because in our

earlier studies on breast cancer,15 TIMP-3 expression was not significantly changed after

muCSF-1 siRNA treatment. However, as indicated in several studies,42 NBs differ in their
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behavior from other malignant cells. In addition to the TIMP-3 upregulation, TIMP-2 was

upregulated following muCSF-1 blockade, although MMP-2 levels were not changed. The

failure of NB cells to increase MMP-2 was also confirmed in coculture experiments using

macrophages, fibroblasts and NB cells in which stromal cell-derived MMP-2 levels were

unchanged. Thus, muCSF-1 siRNA treatment may increase levels of TIMPs to counteract

MMP-2-independent NB-induced angiogenesis.

In contrast to similar reductions in tumor growth, NB cells differed in their proliferation in

vitro, huVEGF-A production in vivo and animal survival responses to blockade of CSF-1.

Mouse CSF-1 blockade increased the survival of mice bearing the CSF-1-negative SK-N-

DZ tumors, in contrast to mice bearing the CSF-1-positive SK-N-AS tumors, where CSF-1

blockade did not prolong survival. The proliferation results in vitro demonstrated that

cultured CSF-1-positive tumor cells failed to proliferate in response to CSF-1 or to be

inhibited by huCSF-1R blockade, indicating that they were not dependent on CSF-1 for

proliferation or survival. However, the growth of those tumors was more robust than the

growth of the CSF-1-negative tumors (Fig. 3a), and despite their similar degree of growth

inhibition by day 24, the survival of the mice was determined at a later time (>30 days).

Factors such as the continued production of huCSF-1 (Fig. 1) and huVEGF-A (Fig. 6b), both

of which are active on host cells, could have differentially increased macrophage

accumulation and angiogenesis in the CSF-1-positive tumors after day 24 and thereby have

overridden the effects of muCSF-1 blockade in increasing survival of the mice. Our

macrophage migration assay findings showing significantly higher macrophage migration to

cocultured SK-N-AS cells even following stromal cell-derived CSF-1 and VEGF-A

inhibition in comparison to SKN-DZ cocultures support this assumption. Figure 7

schematically illustrates the regulation by CSF-1 in the CSF-1-positive and CSF-1-negative

NB xenografts used in our study.

The failure of muCSF-1 blockade to increase survival of mice bearing the huCSF-1-positive

tumors, in which there is no apparent autocrine regulation by CSF-1, is consistent with

effects of tumor cell-derived huCSF-1 on host TAMs. In future experiments with CSF-1-

producing human tumor xenografts, comparison of the simultaneous blockade of huCSF-1

and muCSF-1 with blockade by each alone could resolve the differential contributions of

tumor- and host-derived CSF-1. This will be of interest in the event of therapeutic inhibition

of CSF-1 in human disease.
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ECM extracellular matrix

MMP matrix metalloprotease

NB neuroblastoma

RIA radioimmunoassay

siRNA small interfering RNAs

TAM tumor-associated macrophage

TEM Tie-2-expressing monocytes

TIMPs tissue inhibitors of MMPs

VEGF vascular endothelial growth factor
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Figure 1.

(a) CSF-1 and CSF-1 receptor expression changes in the growing tumor. Quantitative RT-

PCR mRNA measurements of human CSF-1, human CSF-1R, mouse CSF-1 and mouse

CSF-1R in SK-N-AS and SK-N-DZ tumor lysates were performed on days 10 and 24

following tumor cell xenografting. *, Significantly different from tumor on day 10 (d10; SK-

N-AS, p < 0.001; SK-N-DZ, p < 0.01); ***, mRNA not detectable. (b) Representative

immunohistochemical images of SK-N-AS (left) and SK-N-DZ (right) day 10 tumor tissue

sections stained with antibody against mouse CSF-1. Alexa-488 fluorescence indicates

mouse (host) CSF-1-positive stromal cells. Nuclei are counterstained with DAPI (scale bar:

10 μm).
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Figure 2.

(a) Effects of CSF-1 and CSF-1R on SK-N-AS and SK-N-DZ cell proliferation. Relative

cell densities of NB cells up to 72 hr following treatment with recombinant huCSF-1

(recCSF-1), siRNA against huCSF-1 (CSF-1 si) and huCSF-1R (CSF-1R si) and a

combination of huCSF-1R siRNA (CSF-1R si) and recombinant huCSF-1 (recCSF-1) were

measured using the WST-1 reagent. Control cells (Co) were untreated, treated with

Lipofectamine (lipo) or scrambled siRNA (scr-si). *, p < 0.01, significantly different from

control (co). (b) Cancer cell–stromal cell interactions upregulate stromal cell gene

expression. SK-N-AS or SK-N-DZ cancer cells were cocultured with mouse CRL-2470

macrophages and mouse S3T3 fibroblasts. Mouse CSF-1, VEGF-A, MMP-2 and human

CSF-1 mRNA expression were measured by real-time RT-PCR in RNA from cultured cells

alone or from cocultured human NB cancer cells and mouse macrophages and fibroblasts

following treatment with or without mouse CSF-1 siRNA (muCSF-1-si). Results were
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normalized to human and mouse β-2 microglobulin mRNA levels, respectively, and

expressed as relative changes in mRNA expression (mean ± SD). *, Significantly different

from cultured mouse fibroblasts and macrophages (p < 0.001); †, Significantly different

from cocultured NB cells, fibroblasts and macrophages (p < 0.001 for mouse CSF-1 and p <

0.01 for mouse VEGF-A). (c, d) Fibroblast-derived CSF-1 and VEGF-A promote

macrophage migration. Representative images (c) and quantification (d) of migrated

macrophages from an in vitro migration assay. Macrophage cell migration to cultured

fibroblasts, SK-N-AS or SK-N-DZ NB cells or cocultured NB cells/fibroblasts treated with

or without muCSF-1 siRNA (muCSF-1 si) and siRNA against mouse VEGF-A (muVEGF

si) was measured in a Boyden incubation chamber. Data were collected from 5 individual

consecutive fields of view (×10) from 3 replicate Boyden chambers. *, Significantly

different from cultured fibroblasts and NB cells (p < 0.001); †, Significantly different from

cocultured NB cells/fibroblasts (p < 0.001) ‡, significantly different from SK-N-DZ

cocultures (p < 0.001). (e) siRNA directed against mouse CSF-1 down-regulates target gene

expression in mouse S3T3 fibroblasts as determined in cell lysates by real-time reverse

transcription-PCR. CSF-1 mRNA expression decreases significantly up to 72 hr following

treatment with 100 nM mouse CSF-1 siRNA (muCSF-1 si) as compared to scrambled

siRNA (scr si) and untreated control (Co). *, Significantly different from controls and

scrambled siRNA (p < 0.001 for 24 and 48 hr and p = 0.016 for 72 hr).
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Figure 3.

muCSF-1 siRNAs suppresses NB growth in mice. (a) Left panel: mean NB xenograft

weights of human SK-N-AS (upper histogram) and SK-N-DZ NB (lower histogram)

xenografts in control mice on day 10 (Co d10; therapy start), in control mice on day 24 (Co

d24; therapy end), in control mice treated with Ringer's solution on day 24 (Ringer) and in

mice treated with scrambled siRNA (scr si), or muCSF-1 siRNA (muCSF-1 si). *,

Significantly different from Co d10 (p < 0.001); †, Significantly different from Co d24,

Ringer and scr si (p < 0.001). Right panel: tumor volume of SK-N-AS and SK-N-DZ NB

xenografts in control mice (treated with scrambled siRNA; scr si) and in mice treated with

muCSF-1 siRNA (muCSF-1 si) from day 7 to day 24. *, Significantly different from scr si

(p < 0.001); ***, not detectable. (b) Survival of mice with NB xenografts. Survival is

increased significantly in SK-N-DZ-bearing mice after treatment with muCSF-1 siRNA

(SK-N-DZ muCSF-1 si; p = 0.002 and p = 0.004 vs. Ringer's solution-treated [SK-N-DZ

Ringer] and scrambled siRNA-treated [SK-N-DZ scr si] mice, respectively), but not in SK-

N-AS bearing mice vs. control animals. At day 46, when the last animal of the SK-N-DZ

control group had died, 50% of the muCSF-1 siRNA-treated mice were still alive. (c–e)
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muCSF-1 siRNA downregulates expression of target molecules in vivo. (c) Quantitative

muCSF-1 mRNA measurements by real-time RT-PCR. (d) Left panel: representative

immunohistochemical images of SK-N-AS day 24 tumor tissue sections stained with

antibody against mouse CSF-1. Alexa-488 fluorescence indicates mouse (host) CSF-1-

positive stromal cells. Nuclei are counterstained with DAPI (scale bar: 10 μm); right panel:

quantitative protein measurements by muCSF-1 RIA. (e) Quantitative RT-PCR

measurements of muCSF-1R mRNA in tumor lysates of mice xenografted with SK-N-AS

and SK-N-DZ NB cells. *, Significantly different from Co d10 (p < 0.003 in panel a; p <

0.005 in panel d); †, Significantly different from Co d24, Ringer and scr si (p = 0.005 in

panel a; p < 0.009 in panel c; and p < 0.03 in panels d and e).
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Figure 4.

Invasion of Tie-2-positive and -negative macrophages is reduced by host CSF-1 blockade in

SK-N-AS and SK-N-DZ NB xenografts. (a) Left panels: representative

immunohistochemistry images of tumor tissue sections in a control mouse on day 24 (Co

d24) and in mice treated with muCSF-1 siRNA (muCSF-1 si) stained with antibody to the

mouse macrophage marker protein F4/80. Arrows indicate TAMs staining positively with

F4/80 antibody that lines vascular channels (asterisk), some of which contain blood cells.

Calibration bar = 50 μm. Right panel: results of a quantitative histomorphometric analysis

showing the density of F4/80-positive cells. *, Significantly different from Co d24 (p <

0.001). (b) Localization of TAMs and endothelial cells in SK-N-AS NB xenografts.

Confocal images of cells immunostained with anti-F4/80 rat monoclonal antibody specific

for macrophages (green fluorescence), or with anti-Tie-2 (red fluorescence). An overlay of

F4/80 and Tie-2 staining shows localization of F4/80 cells to blood vessels as well as

colocalization of F4/80 and Tie-2, indicating that Tie-2-positive macrophages line the tumor

vessels. Also shown are areas that stain with Tie-2 alone, outlining endothelial cell-lined

vessels. Scale bar = 50 μm. (c) Representative images and quantification of the number of

F4/80- and Tie-2-positive cells in day 24 SK-N-AS NB tissue from the untreated control

group (left panels) and from mice treated with anti-mouse CSF-1 si RNA (muCSF-1si)
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(right panels). Total F4/80-positive (upper panel) and Tie-2-positive (middle panel) cells as

well as Tie-2-positive and Tie-2-negative F4/80-positive macrophage subpopulations were

determined using flow cytometric analysis. *, Significantly different from Co d24 (p <

0.048).
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Figure 5.

muCSF-1 blockade reduces MMP-12 expression and increases expression of TIMPs in SK-

N-AS and SK-N-DZ NB xenografts. Representative western blot images, together with the

data for quantitative determination of protein expression in tumor lysates of MMP-2 and -12

(upper panels) and TIMP-2 and -3 (lower panels) for control mice on days 10 (Co d10) and

24 (Co d24) and in mice treated with Ringer's solution (Ringer), scrambled siRNA (scr si) or

muCSF-1 siRNA (muCSF-1 si). *, Significantly different from Co d10 (p < 0.022 in

MMP-2, p < 0.02 in MMP-12, p < 0.013 in TIMP-2, p < 0.005 in TIMP-3); †, significantly

different from Co d24, Ringer and scr si (p < 0.015 in MMP-12, p < 0.007 in TIMP-2, p <

0.001 in TIMP-3).
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Figure 6.

Angiogenic activity in SK-N-AS and SK-N-DZ NB tumor xenografts is decreased by

muCSF-1 blockade. (a) Representative immunocytochemical images of vWF-stained tumor

tissue sections in control mice on day 24 (Co d24) and in mice treated with muCSF-1 siRNA

(muCSF-1 si) (left panels) together with quantification of vWF-positive ECs (right panel).

Arrowheads indicate vWF-positive cells. *, Significantly different from control on day 10

(Co d10; p < 0.001; †, significantly different from Co d24, Ringer and scr si, p < 0.001).

Scale bar = 100 μm. (b) Quantitative RT-PCR measurements of mRNA of mouse VEGF-A,

mouse VEGF-A receptor KDR and human VEGF-A in tumor lysates. *, Significantly

different from control on day 10 (Co d10; p < 0.047 in mouse VEGF-A, p < 0.03 in KDR

and p < 0.001 in human VEGF-A); †, significantly different from Co d24, Ringer and scr si

(p < 0.036 in mouse VEGF-A, p < 0.007 in KDR and p < 0.006 in human VEGF-A).
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Figure 7.

Proposed model for the role of host and cancer cell-derived CSF-1-regulated tumor

development in SK-N-AS and SK-N-DZ NB. (a) SK-N-AS tumor model. A subset of

circulating monocytes transverse the basement membrane (BM) and endothelium (ENDO)

and migrate to the tumor as tumor-associated macrophages (TAMs). TAM recruitment is

promoted by host CSF-1 and VEGF-A derived from TAMs and stromal cells (fibroblasts)

and (human) CSF-1 derived from tumor cells. TAMs then support tumor growth and

invasion by secretion of growth factors and extracellular matrix modifying factors. Stromal

cell-derived (mouse) CSF-1 does not activate human CSF-1R on cancer cells. (b) SK-N-DZ

tumor model. A subset of circulating monocytes transverse the BM and ENDO and migrate

to the tumor as TAMs. TAM recruitment is promoted by host CSF-1 and VEGF-A derived

from TAMs and stromal cells (fibroblasts). TAMs then support tumor growth and invasion

by secretion of growth factors and extracellular matrix modifying factors, highlighting the

importance of host CSF-1 in this model. There is no human CSF-1 autocrine loop in SK-N-

DZ tumor cells.
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