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ABSTRACT

We investigated whether local production of macrophage colony-stim
idating factor (M-CSF), responsible for migration and activation of mono
cytes/macrophages at a tumor growth site, affected the metastatic pattern
of lung cancer. For this, highly metastatic human squamous (RERF-LC
Al) or small(H69/VP) celllungcarcinomacellsweretransducedwith the
human M-CSF gene inserted into pRcICMV-MCSF to establish M-CSF
producing clones (MCSF-AI-9-18, MCSF-AI-9-24, and MCSF-VP-5). M
CSF gene transduction had no effect on the expression of surface antigen
or on in vitroproliferation. After s.c. injection into SCID mice, the growth
rates of M-CSF-producing cells were slower than those of parent or
mock-transduced cells. In the metastatic model in SCH) mice depleted of
natural killer cells, RERF-LC-AI cells formed metastases malady in the
liver and kidneys, whereas H69/VP cells metastasized mainly to the liver
and systemic lymph nodes. The numbers of metastatic colonies of MCSF
AI-9-18 and MCSF-AI-9-24 cells m the liver but not the kidneys were

significantly reduced. The development of lymph node metastases of
MCSF-VP-5 cells was also less than that of parent or meek-transduced
cells. Treatment of SC@ mice with anti-human M-CSF antibody resulted
in a significant increase in liver metastases of their M-CSF gene transfec
tents. No significant differences were observed in the distributions in mice
or in the in vitro invasive potentials of MCSF-AI-9-18 cells and Neo-AI-3
cells. These findings indicate that the antimetastatic effect of M-CSF may
be specific to particular organs, suggesting the influence of heterogeneity
of organ microenvironments on the metastasis of lung cancer.

INTRODUCTION

Lung cancer is a leading causeof malignancy-related death world
wide, and over 90% of deaths from lung cancer can be attributed to
metastases.Lung canceris histologically subdividedinto two groups,
SCLC3 and NSCLC, based on different clinical behaviors. SCLC
grows rapidly and metastasizes to the systemic lymph nodes and
distant organs early in its development. Although SCLC is initially
sensitiveto chemotherapy,it gradually becomeshighly refractory.
NSCLC grows slower than SCLC and is less chemosensitive than
SCLC. However, it has frequentlymetastasizedto distantorgansby
the time a diagnosis is made. Therefore, metastasis is a critical
problem in the therapy of human lung cancer.

Many studies have demonstrated that the interaction of tumors and
host cells is important in the formation of metastases in specific
organs (1â€”3).To explore the role of the interaction oflung cancer with
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host cells in metastasis formation, we recently established a novel
model of metastasis of human lung cancer cells in SCID mice de
pleted of NK cells (4). In this model, two human lung cancer cell lines
representing different histological types of cancer reproducibly
formed distant metastases of different patterns that reflected those
observed clinically. H69/VP (SCLC) cells metastasized to systemic
lymph nodes and the liver soon after their injection. In contrast,
RERF-LC-AI (squamous cell carcinoma) cells mainly metastasized to
the liver and kidneys, and these distant metastases were observed after
longer observation periods (6â€”8weeks) than those of other murine or
human tumor cells (5, 6). Thus, this model may be useful for testing
the interaction of host cells with lung cancer in vivo.

Monocytes/macrophages are thought to have dual roles in the
growth of primary and metastatic tumor cells (7, 8). Unstimulated
infiltrating macrophages promote tumor growth, whereas after acti
vation, they have tumor cytocidal effects. Thus, the activation state
of macrophages is important in tumor progression and metastasis
formation.

M-CSF(9),a45-kDahomodimericglycoprotein,promotesprolif
eration, differentiation, and migration of monocytes and macrophages
(10, 11). It also stimulatesmonocytesand macrophagesto produce
various cytokines (granulocyte colony-stimulating factor, tumor ne
crosis factor a, IFNs, and interleukin 1) and reactive oxygen species
and augments their antitumor potential in vitro (12â€”15).Previous
reports indicatedthat humanrM-CSF has antitumor effects against
murine melanoma cells in syngeneic mouse systems (16â€”18).More
over, we previously demonstrated an inverse correlation between the
M-CSF levels producedby M-CSF gene-transducedhuman ovarian
cancer cells and tumorigenicity in nude mice (8). These findings
suggest that M-CSF is an important regulator of tumor progression
in vivo.

In this study, we examined whether local production of M-CSF,
responsiblefor differentiation, migration, and activation of mono
cytes/macrophages at tumor growth sites, affected the metastatic
patternoflung cancerin distantorgans.For this, two highly metastatic
human lung cancer cell lines, RERF-LC-AI and H69/VP, were trans
duced by the insertion of the human M-CSF gene into pRc/CMV
MCSF, andtheir metastaticpotentialswere assessedusingthe metas
tasis model reported previously (4).

We demonstrated that M-CSF gene transduction into human lung
cancer cells resulted in the inhibition of metastasis formation in the
liver and lymph nodes, but not in the kidneys. These findings show
that in this model, the antimetastatic effect of M-CSF is specific to
particular organs, suggesting that the heterogeneity of organ micro
environments influences the metastasis of lung cancer.

MATERIALS AND METHODS

Reagent& FBS and G418 were purchased from Life Technologies, Inc.
(Grand Island, NY). A recombinant form of hM-CSF (specific activity,
1.0 X l0@units/mg protein), anti-hM-CSF monoclonal Ab, and anti-hIL-2
monoclonal Ab were obtained from Otsuka Pharmaceutical Co. (Tokushima,
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Japan).Anti-P-gpmonoclonal Ab MRK16 (IgG2a;Ref. 19) and anti-mouse
IL-2 receptor@ chainmonoclonalAb TM-@l (IgO2b; Ref. 20) werekindly
supplied by Dr. T. Tsuruo (University of Tokyo, Tokyo, Japan) and Dr. M.
Miyasaka (Osaka University, Osaka, Japan), respectively. wI@UdR(specific
activity, 5 @.tCi/mg)was purchased from Amersham International (Bucks,
UnitedKingdom).Noneof thesematerialscontainedendotoxins,asjudgedby
Limulus amebocyte assay (Seikagaku Kogyo, Tokyo, Japan).

Cell Lines. Human lung squamous cell carcinoma RERF-LC-AI cells (21)
werekindly suppliedby Dr. M. Akiyama(RadiationEffectsResearchFoun
dation,Hiroshima,Japan).Etoposide-resistanthumanSCLCH69/VPcells(22)
were from Dr. N. Saijo (NationalCancerInstitute,Tokyo, Japan).H69IVP
cells expressedP-gp on their cell surfaceand were sensitiveto anti-P-gp
Ab-dependent monocyte-mediated cytolysis. Cell cultures were maintained in
RPM! 1640supplementedwith 10% heat-inactivatedFBS and gentamicin,
designatedasCRPMI 1640,at 37Â°Cin ahumidifiedatmosphereof 5%CO2in
air.

Transduction Procedures and Selection of Clones. The pRc/CMV
MCSFplasmid(8, 23)containinga 1.8-kbEcoRIcDNAfragmentofhM-CSF
cDNA waskindly suppliedby Dr. T. Tsuruo.RERF-LC-AIandH69IVPcells
weretransducedwith pRc/CMV-MCSFusingLipofectinreagents(Life Tech
nologies, Inc.). After 18 h, the medium was changed to fresh CRPMI 1640
containing 800 @.tg/mlof 0418 in 24-well plates. Cell subclones resistant to
0418 wereassayedfor the expressionof hM-CSFmRNA by Northernblot
ting. For the establishmentof cell lines that expressedM-CSF stably, the
subclonespositivefor M-CSFmRNA wereclonedby limiting dilution. Stable
clonestransducedwith pRc/CMVandexpressingNeomRNA wereestablished
by a similar method.

Northern Blotting Analysis. Tumor cells were lysed in ISOGEN (Nippon
Gene,Tokyo, Japan),a mixture of guanidiniumisothiocyanateand phenol.
Total cellular RNA was then extracted with chloroform and precipitated with
isopropanol, as described elsewhere (24). The denatured RNA (5 @g)was
electrophoresed in 1% agarose gel containing 2.2 Mformaldehyde, transferred
to a Hybond-N+ nylon membrane,and hybridizedwith 32P-labeledprobes.
The filters were washed twice with 0.lX saline-sodium phosphate-EDTA and
0.1% SDS for 30 mm at 60Â°C.The membranes were autoradiographed with
Fuji X-ray film at â€”70Â°Cwith an intensifying screen.cDNA fragmentsof
hM-CSF(23) andf3-actin(Wako,Osaka,Japan)werelabeledusinga random
primer labelingkit (TakaraShuzo,Kyoto, Japan)with [â€˜@32PJdCTP(Amer
sham International; 110 TBq/mmol).

Determination of M-CSF Protein. M-CSF was measured by RIA (sensi
tivity limit, 0.1 ng/ml) as described previously (25).

Analysis by Flow Cytometry. The cells were resuspended in PBS supple
mentedwith 10%pooledhumanAB serumto preventnonspecificAb binding
by Fc. After incubationfor 30 mm at 4Â°C,the cells werewashedoncewith
PBS supplementedwith 2%PBS and0.05%azide(2%FBS-PBS).Thisbuffer
was used at all steps. The resultant cells were incubated for 30 mm at 4Â°Cin
2% PBS-PBS with anti-CD44, anti-MHC class I, anti-P-gp Ab MRK16, or
control mouse serum as a negative control. They were then washed twice with
2% FBS-PBS and treated with goat anti-mouse IgG (H+L; Immunotech,
Marseille,France)for 30 mm at 4Â°C.The cellswerewashedagain,andtheir
fluorescenceintensitywasmeasuredwith a FACScan(BectonDickinson,
Mountain View, CA).

Cell Proliferation Assay. Cell proliferationwas measuredby theMTFdye
reduction method (26). Briefly, 1 X l0@cells/200 @.dwere plated into each well
of 96-well plates in medium and incubated at 37Â°Cunder 5% CO2 in humid
ified air. After 48 h, 50 @dof stockMU solution(5 mg/mi) wereaddedto all
wells, andthecellswereincubatedfor anadditional2 h at 37Â°C.Then50 @.d
of 10%SDSwith 0.1N HCI were addedto dissolvethe dark blue crystals.
Absorbance was measured with an MTP-32 microplate reader (Corona Elec
tric, Ibaragi, Japan)at test and referencewavelengthsof 550 and 630 run,
respectively.

Mice. Male SCID mice, ages6-8 weeks,were obtainedfrom CLEA
(Tokyo, Japan) and maintained under specific pathogen-freeconditions
throughout the experiment.

ADCC. As effector cells, resident PMs were obtained by peritoneal lavage
ofSCID mice.PMs(>95%) thatadheredto 96-wellplatesfor 1h werewashed
twice to removenonadherentcells.Thepurity of thesemacrophageswasmore
than 99% as judged morphologically. These cells were incubated in medium
with or without rM-CSF or culture supernatants of tumor cells for 3 days in

96-well plates and then washed twice. The culture supematants (diluted 50-
fold) of RERF-LC-AI and H69/VP cells and their M-CSF gene transfectants
were harvested after an incubation of 48 h in CRPMI alone.

As target cells, H69/VP cells expressing P-gp were labeled with 5tCr (27).
Macrophagestreatedasdescribedabovewere mixed with a cell suspension
(100pi) containing1 X l0@5tCr-labeledH69/VPcellsthathadbeenincubated
at 37Â°Cfor 30 mm with 1 @tg/mianti-P-gpAb MRK16.Theplateswere
centrifuged for 3 mm at 100 X g and then incubated for 8 h. The radioactivities
of l00-@dsamples of supematant obtained by centrifugation were then counted
using a gamma counter. Determinations were carried out in triplicate. The
percentageof specificcytolysiswascalculatedfrom the releaseof 5tCr from
testsamplesandcontrol samplesasfollows:

E-S
% specific lysis X 100

Mâ€”S

in whichE is thereleasein thetestsample(cpmin thesupernatantfromtarget
cells incubatedwith effectorcells and testAb), S is the spontaneousrelease
(cpm in the supernatant from target cells incubated with medium alone), and
M is the maximumrelease (cpm releasedfrom targetcells lysed with lN HC1).
The spontaneousreleasewasconsistentlylessthan 10%of the total lysis.

Tumorigenlcity and Experimental Metastasl& For production of tumors,
2 X l0@RERF-LC-AI or 5 X l0@H69/VP cells suspended in 0.2 ml of PBS
were injected s.c. into the flank of SCID mice. Tumor production and size were
monitored weekly. The tumor volume (V) was calculated by the formula

V = â€”ab2
2

in which a is the longest diameter of the tumor, and b is the shortest diameter
of the tumor. Tumor massesof more than 3 mm in diameter were recorded.

For experimentalproductionof metastases of human lung cancer cells,
SCID mice were injected i.p. with TM-@lAb (1 mg/0.3 ml PBS/mouse) 2 days
before tumor inoculation to deplete them of NK cells, as described previously
(4).Thenviabletumorcellssuspendedin 0.3ml of PBSwereinjectedinto the
lateral tail vein. After the indicated periods, the mice were sacrificed, and the
numberof metastaticlymphnodeswascounted.Nodulesmorethan1mmin
diameterin the liver andkidneyswerecountedwith the aid of a dissecting
microscope.In this study,NK cells in SCID miceweredepletedfor at least6
weeksirrespectiveof theinjectionof MCSFgene-transducedtumorcells(data
not shown).

Invasion Assay. Cell culture inserts incorporating polyethylene terephtha
latetrack-etchedmembraneof 8-,.tmporesize(BectonDickinson)werecoated
with basementmembranematrix (20 @.&g/filter;BectonDickinson)andasepti
cally placed into the wells of a companionTC plate (Becton Dickinson).
â€˜251-UdR-labeledtumor cells (1 X l0@cells/200 @d)suspended in RPM! 1640
containing 0.1% BSA were added to the inserts, and 800 @.dof chemoattractant
solution(10 l.Lg/mlfibronectin)wereaddedto thelower sideof theinsert.The
plateswereincubatedat37Â°Cfor theindicatedperiods.Thenthemembraneof
theinsertswastreatedwith 0.05%trypsin,andcellsonthelowersurfaceof the
membrane were harvested. The resultant cells were mixed with the cells in the
wells, and their radioactivity was measured using a gamma counter. Percentage
invasionwascalculatedas

A
100 X â€”

B

in whichA representsthecpmin thecultureof testsamples,andB represents
the total cpm in the culture of tumor cells.

Statistical Analysi& The significance of differences of in vitro data was
analyzed by Student's t test (two-tailed), and the significance of differences of
in vivo data was analyzed by the Mann-Whitney U test.

RESULTS

Transfer of the M-CSF Gene to Human Lung Cancer Cells. To
establish stable transfectants, we transduced pRc/CMV-MCSF into
RERF-LC-AI and H69/VP cells as described in â€œMaterialsand Meth
ods.â€•Cells transduced with only pRc/CMV served as a vector control.
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Analysis of the expression of the M-CSF gene by Northern blotting
showed highly specific M-CSF mRNA in MCSF-AI-9-l8, MCSF-AI
9-24, and MCSF-VP-5 cells (Fig. 1). In addition, MCSF-AI-9-l cells
expressed a small amount of M-CSF mRNA. Consistent with their
mRNA expression, these cell lines produced M-CSF, whereas their
parent cells and vector control cells (Neo-AI-3 and Neo-VP-5l) did
not produce detectable levels of M-CSF (Table 1).

We also examined whether transduction of the M-CSF gene a!
fected in vitro cell proliferation. No difference was found in the
proliferation of cell lines with differing abilities to produce M-CSF.
Moreover, transduction of the M-CSF gene into human lung cancer
cells did not causeany changein the expressionof surfaceantigens
such as CD44, MHC class I, or P-gp.

Human M-CSF is known to enhance the ADCC of human and
murine monocytes/macrophages by up-regulation of the expression of
Fc receptors (13, 14). To determine whether M-CSF gene-transduced
cells produce biologically active M-CSF, we examined the effects of
culture supematants of these cell lines in enhancing the ADCC activ
ity of murine resident PMs. The supernatants of tumor cell lines with
or without M-CSF gene modification were harvested after incubation
for 48 h in medium alone. Resident PMs from SCID mice were
incubated for 3 days in medium with or without rM-CSF (1000
units/ml) or the culture supernatants (diluted 50-fold) of tumor cells,
and then their ADCC activities were assayed on H69IVP cells. As
shown in Fig. 2A, treatment of PMs with rM-CSF resulted in higher
ADCC activity than incubation with medium alone. Moreover, the
culture supematants of MCSF-AI-9- 18 and MCSF-VP-5 cells, pro
ducingsignificantamountsof M-CSF,weremoreeffectivethanthose
of the parent or mock-transduced cells in enhancing PM-mediated
ADCC.

To confirm that the enhancing effects of the culture supernatants

â€˜p
0

I

FGH

Ã³.1.@.

were due to secreted M-CSF, we examined the effect of pretreatment
of the M-CSF-rich supematantsof MCSF-AI-9- 18cells with anti-hM
CSF Ab on the augmentationof ADCC. As shown in Fig. 2B, the
addition of anti-M-CSF Ab completely abolished the augmenting
effect of the supernatant on PM-mediated ADCC activity.

Tumorigenicity of M-CSF Gene-transduced Human Lung Can.
cer Cells. RERF-LC-AI (2 X 106 cells/mouse) or H69/VP (1 X l0@
cells/mouse)with or without the M-CSF genewas injected s.c. into
groups of SCID mice. As shown in Table 1, injection of the parent
cells or mock-transfected cells resulted in palpable tumors in all
recipient mice. Cells producing a high level of M-CSF formed pal
pable tumors in 50â€”75%of SCID mice, however, their in vivo growth
rateswere much lessthan thoseof parentor mock-transducedcells
(Fig. 3). The mean tumor volumes of MCSF-AI-9-18 and MCSF
VP-5 cells at day 56 were only 14 and 54 mm@,respectively.

Metastasis of M-CSF Gene-transduced Human Lung Cancer
Cells in SCm Mice Depleted of NK Cells. We previously estab
lished a metastasis model of human lung cancer cells in SCID mice
depleted of NK cells (4). Using this metastasis model, we next
examined the metastatic potential of M-CSF gene-transduced human
lung cancer cells in lymphocyte (T, B, and NK cells)-free conditions.
For this, RERF-LC-AI (1 X 106)and H69/VP (5 X 106)cells, with or
without the M-CSF gene, were inoculated i.v. into SCID mice de
pleted of NK cells, and the mice were sacrificed on day 42 and 56,
respectively. Human lung squamous cell carcinoma RERF-LC-AI and
mock-transduced cells (Neo-AI-3) formed numerous metastases in the
liver and kidneys, with a few metastases in the lymph nodes (Table 2).
The numbers of liver metastases of M-CSF gene transfectants
(MCSF-AI-9-18 and MCSF-AI-9-24) were much less than those of
parent and control cells. The sizes of liver metastasesof MCSF-AI
9â€”1cells producing a low level of M-CSF tended to be smaller (Fig.
4). However,no significant differenceswere observedin the forma
tion of kidney tumors by M-CSF gene transfectants and their parent or
control cells.

On the other hand, SCLC H69IVP and mock-transduced cells
(Neo-VP-5l) formed metastasesin the liver, kidneys, and systemic
lymph nodes, as shown in Table 2. The numbers of lymph node and
liver metastases of M-CSF gene transfectants (MCSF-VP-5) were
much less than those of their parent and mock-transduced cells.
Interestingly, no significant differences were observed in the mci
dence of kidney metastases by M-CSF gene transfectants and their
parent or mock-transduced cells.

The Effect of in Vivo Administration of Anti-hM-CSF Ab or
Recombinant hM-CSF on Metastasis. To confirm that M-CSF pro
duced by tumor cells inhibited liver metastasis formation, we treated
NK-cell depleted SCID mice with anti-hM-CSF Ab once a week for
6 weeks.Few liver metastasesof MCSF-AI-9-l8 cells were observed
in NK-cell depleted SCID mice treated with PBS or control anti-hIL-2
Ab. Treatment of NK-cell depleted SCID mice with anti-hM-CSF Ab
enhanced liver metastasis formation of M-CSF gene-transducedcells
(Table 3).

The Distribution and Fate of â€˜@â€˜I-UdR-labeledTumor Cells To
explore the mechanism by which M-CSF gene-transduced human
lung cancer cells were less metastatic to the liver, we compared the
organ distribution of MCSF-AI-9-18 cells with that of control Neo
AI-3 cells until 72 h after tumor injection, using a method reported

earlier (28). Both â€˜251-UdR-labeledMCSF-AI-9-l8 and Neo-AI cells
were found predominantly in the lungs (more than 70%) 90 mm after
tumor injection into SCID mice depleted of NK cells. No remarkable
differences were observed in the distributions of MCSF-AI-9-l8 cells
and Neo-AI-3 cells to the liver and kidneys even at 72 h after tumor
injection, when the percentage of viable cells was only 0.1â€”0.3%
(data not shown).

A B C D E
U

M-CSF

Neo

fI-actin

Fig. 1. Northern blot analysis for M-CSF mRNA expression. Total RNA (5 sag) was
separatedin 1%agarosegelcontaining6%formaldehyde.TotalRNA wasthentransferred
to a nitrocellulosefilter andhybridizedwith either32P-labeledhM-CSF,Neo,or @-actin
cDNA prObeS.
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Table 1 Characteristics of M-CSF-gene-transduced human lungcancercellsCell

lineM-CSF
productionâ€•

(ng/l06 cells/48 h)Surface

antigenâ€•J,@
vitro proliferationc

(A5@,,,,,)d
Tumorigenicity

(mice withtumor/total)ClassICD44P-gp(control)RERF-LC-AI

Neo-AI-3
MCSF-Al-9-l
MCSF-AI-9-18
MCSF-AI-9-24
H69/VP
Neo-VP-51
MCSF-VP-5<0.20

<0.20
1.7

55.0
45.6
<0.20
<0.20
37.668Â±15

77Â±18
71 Â±21
70 Â±21
72 Â±23
3Â±1
3Â±1
2 Â±1333Â±38

361Â±69
304 Â±56
338 Â±32
313 Â±42
3Â±1
2Â±1
2 Â±12Â±1(2Â±1)

2Â±1(2Â±1)
2 Â±1 (2 Â±1)
2 Â±1 (2 Â±I)
2 Â±I (2 Â±1)
25Â±1(3Â±1)
26Â±9(2Â±1)
23 Â±5 (2 Â±1)468Â±23

456Â±45
440 Â±17
462 Â±25
469 Â±16
561Â±19
593Â±47
583 Â±1216/16(100%)

20/20(100%)
7/7(100%)
6/8(75%)

8/12(67%)
8/8(100%)
8/8(100%)
4/8 (50%)

M-CSF GENE TRANSDUCTION INTO METASTATIC LUNG CANCER

a M-CSF concentrationin culture supematantswas determined by RIA.
b n@p@essi@s of surface antigens were measured by flow cytometry. Values are expressed as means Â± SE of mean fluorescence of four independent experiments.

C j@ vitro @olifemtion of tumor cells was determined by MU assay. Values are expressed as means Â± SD for triplicate cultures. Data are representative of three independent

experiments.
d@ or H69/VP cells were inoculated s.c. into SC@ mice, and tumorigenicity was determined on day 56.

The in Vitro Invasive Potential of M-CSF Gene-transduced
Lung Cancer Cells. Extravasation and invasion after adhesion to
endothelial cells are important steps in metastasis formation. Recent
reports (29, 30) showed that M-CSF increased the tissue invasive
potential of M-CSF receptor-bearing human NSCLC cells by increas
ing the number of endogenously bound urokinase-type plasminogen
activatorson thecells.Therefore,we examinedthe invasivepotential
of tumor cells by an in vitro invasion assay. The results of three
independent experiments are shown in Fig. 5. The invasive potential
of M-CSF gene transfectants tended to be lower than that of parent
and control cells, but the difference was not statistically significant.

DISCUSSION

Transduction of cytokine genesinto tumor cells is a useful modality
for analysis of cytokine-mediated biological effects on tumor growth.
In this study, we examined whether local production of M-CSF,
responsiblefor differentiation, migration, and activation of mono
cytes/macmphages at the sites of tumor growth, affected the meta

(A) %
0 20 40 60

static pattern of lung cancer. We found that M-CSF gene transduction
resulted in an inhibition of metastasis formation by SCLC and
NSCLC cells in the liver and lymph nodes. Moreover, in vivo treat
ment with anti-hM-CSF Ab enhanced liver metastasis formation by
M-CSF gene-transduced cells, indicating that M-CSF in the liver has
an antimetastatic effect in vivo. In contrast, transduction of the M-CSF
gene into human lung cancer cells did not affect metastasis formation
in the kidneys.

There are few reports of models of distant metastasisof human lung
cancer cells because human tumor cells maintained in vitro hardly

metastasize, even in immunodeficient mice. Therefore, it was neces
sary to select highly metastatic variants by in vivo passage for the
establishment of stable metastasis models (3 1, 32). We previously
established a reproducible metastasis model of well-established hu
man lung cancer cells maintained in vitro. This model permits direct
comparison of the metastatic abilities of parent cell lines and their
gene-modified variants. Moreover, in this model, we reproducibly
observed distant metastases after longer periods (6â€”8weeks) than

0 Medium
@ ControlAbS Anti-hM-CSF

0 20 40 60

Medium

rhM-CSF
(1000 U/mI)

RERF-LC-Al

Neo-Al-3

MCSF-Al-9-18

H69NP

Neo-VP-51

MCSF-VP-5

(B) %

Medium

rhM-CSF
(1000 U/mI)

Neo-Al-3

MCSF-Al-9-18

___H

@ Medium

E1

Fig. 2. Biological activity of M-CSFproducedby M-CSFgene-transducedhumanlung cancercells.The culturesupernatantsof tumorcell lines wereharvestedafter incubation
for48 h in medium alone. A, enhancementofmacrophage ADCC by M-CSF produced in culture supernatants.PMs ofSCID mice were incubated for 3 days in medium with or without
rM-CSF(l000 units/ml)orculture supernatants(l:S0dilution)oftumorcells. Theresultantcellswereincubatedwith 5tCr-labeledH69/VPcellsin thepresenceor absenceof anti-P-gp
Ab (MRK16;1 p@g/ml)for8 h, andtheirADCCactivitiesweredeterminedas describedin â€œMaterialsandMethods.â€•B, the neutralizingeffect ofthe pretreatmentofculture supernatants
with anti-hM-CSF Ab on ADCC. rM-CSF or culture supernatants (1:50 dilution) oftumor cells were pretreated with anti-hM-CSF Ab (10 pg/mi) or control anti-hIL-2 Ab (10 @4.g/mi)
at 37Â°Cfor 1 h and then added to the PM culture. Three days after incubation, the resultant cells were IncUbatedwith 51Cr-labeledH69/VP cells in the presence or absence of anti-P-gp
Ab (MRK16; 1 @sg/ml)for 8 h, and theirADCC activitieswere determinedas describedin â€œMaterialsand Methods.â€•Dataare representativeof threeindependentexperimentswith
similar results. Bars, SD.
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Table 2 Metastasis of M-CSF gene-transduced human lung cancer cells in SCID mice depleted of NK cells

NK-cell depleted SCID mice were injected iv. with RERF-LC-AI (I X 106) or H69/VP (5 X 106) cells with or without M-CSF gene modification and were s
and56,respectively.Metastaticcolonieswerecountedasdescribedin â€œMaterialsandMethods.â€•acrificed

on day42Liver

Kidneys LymphnodesLungsCell

line Incidence median (range) Incidence median (range) lncidence median(range)IncidenceRERF-LC-AI

16/16 67 (24>120) 16/16 19(10-40) 11/16 4 (0â€”18)
Neo-AI-3 12/12 66 (40â€”>120) 12/12 12 (5â€”53) 7/12 2 (0â€”40)
MCSF-A1-9-lâ€• 4/4 79 (75â€”119) 4/4 43 (41-52) 2/4 1 (0â€”2)
MCSF-Al-9-18 5/12 0â€•(0â€”6) 11/12 27 (0â€”42) 1/12 0â€•(0â€”1)
MCSF-AI-9-24 6/11 1b@ 10/11 11 (0â€”25) 0/1 1 0â€•(all 0)
H69NP 9/9 15 (9â€”27) 9/9 17 (6-25) 9/9 21 (9-28)
Neo-VP-51 9/9 14 (9â€”27) 9/9 28 (3â€”40) 9/9 30 (4-43)
MCSF-VP-5 2/9 0@'(0-2) 9/9 10 (3â€”18) 2/9 &â€˜(0-3)0/16

0/12
0/4
0/12
0/11
0/9
0/9

0/9a

Because only four mice were inoculated with MCSF-A1-9-l cells, data were too few for statistical analysis.

b@ < o.os, Mann-Whitney U test.
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Fig. 3. In vivo growth of M-CSF gene-trans
duced human lung cancer cells. A, SCID mice were
inoculateds.c. in the right flank with 2 X l0@
RERF-LC-AI, Neo-AI-3, MCSF-AI-9-l, or MCSF
A1-9-18 cells. B, SCID mice were inoculated s.c. in
the right flank with I X iO@H69/VP, Neo-VP-5 1,
or MCSF-VP-5cells. Tumor volumeswere mess
ured weekly until day 56 and calculated as de
scribed in â€œMaterialsand Methods.â€•Data are rep
resentative of three (A) or two (B) independent
experiments with similar results. Bars, SD of values
in four mice.

30 40 50 20 30 40 50

thosereportedby othersusing murine or humantumor cells (5, 6).
Thus, this model may be suitable for testing the interaction of host
cells with lung cancer cells in vivo. Furthermore, because SCID mice
lacking T and B lymphocytes (33) were depleted of NK cells during
the assay,macrophage function can be explored more directly in this
model than in a syngeneic murine system. SCLC H69/VP and NSCLC
RERF-LC-AI cells show different metastasis patterns in this model,
and these patterns are similar to those observed clinically. Interest
ingly, M-CSF genetransductioninhibited liver metastasisformation
by both SCLC and NSCLC cells.

The process of metastasis involves several sequentially linked steps
(34). We equatedexperimental metastasiswith the blood-borne spread
of tumor cells. Although these tumor cells had bypassed the initial
steps of metastasis (separation from the primary neoplasm, invasion,
and release into blood vessels or lymphatics), all subsequent steps in
the process for formation of metastases (arrest at a distant site,
extravasation, and proliferation as a secondary colony) must have
occurred.To clarify the mechanismof inhibition of liver metastasis
formation of M-CSF gene transfectants, we first tried to determine at
which steps this inhibition occurred. We found that there were no
significant differences in the initial arrests and survivals of â€˜251-UdR
labeled MCSF-AI-9-l8 and control cells in the liver, although their
percentagesurvivalswereonly 0.1â€”0.3%(datanot shown).

M-CSF was reported to increase the invasive potential of human

lung and ovarian cancer cells (29, 30, 35). Recently, Filderman et a!.
(30) demonstrated that M-CSF enhanced the invasiveness of M-CSF
receptor-positive tumor cell lines but not M-CSF receptor-negative
MCF-7 cells. Because the two lung cancer cell lines we used did not
expressdetectable levels of the M-CSF receptor (data not shown), the
invasive potential of the tumor cells might not be affected by M-CSF
gene transduction in this study.

The growth of metastatic tumor cells is affected by host effector
cells, suchaslymphocytesandmacrophages.Macrophagesareprob
ably the most important effector cells in this model because SCID
mice were depleted of NK cells during the assay, irrespective of the
injection of tumor cells with or without M-CSF gene modification
(data not shown). M-CSF augments the tumoricidal potentials of
monocytes and macrophages, including murine Kupifer cells (36).
Furthermore, Walsh et a!. (5) showed in a syngeneic mouse system
that M-CSF gene transduction into murine melanoma Bl6FlO cells
resulted in an inhibition of lung metastasis by enhancing the tumori
cidalactivitiesofperitonealexudatecellsaswellasCTLs.Therefore,
M-CSF produced by tumor cells probably activates macrophages
(Kupffer cells) to reduce metastasis formation in the liver in our
model. However, we cannot rule out the following possibilities: (a)
M-CSF may inhibit angiogenesisbecauseM-CSF inducestheproduc
tion of the angiogenesis inhibitor thrombospondin 1 by macrophages
(37,38);and(b)M-CSFmayinhibittheproductionofgrowthfactors
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MCSF-AI-9-18 cells (1 X 106) were inocu

during the assayandsacrificedon day42.lated
iv. into SCID mice depleted of NK cells. Mice were treatedwith PBS, anti-hIL-2 Ab (200 pg), or anti hM-CSF Ab (200 @g)weeklyTreatmentLiverKidneysIncidenceMedian

(range)IncidenceMedian(range)PBS

anti-hLL-2 Ab
aati-hM-CSFAb4/5

5/5
5/55

(0â€”6)
4 (3â€”10)

29'@(21â€”48)4/5
5/5
5/515

(0â€”33)
13 (12â€”28)

22(14â€”40)a

p < 0.05,Mann-WhitneyU test.

M-C5FGENETRANSDUCTIONINTOMETASTATICLUNGCANCER

Fig. 4. Metastaticpotentialof M-CSFgene-trans
duced human lung cancer cells. NK-cell depleted
SCID mice treatedwith TM-(31(1 mg) were inocu
latediv. with 1 x 106RERF-LC-A1(A),Neo-AI-3
(B), MCSF-AI-9-l (C), or MCSF-A1-9-l8 (D) cells
and sacrificed 42 days later.

Table 3 Effect ofan:i-hM-CSF Ab on liver metastases of M-CSF gene-transduced human lung cancer cells

or enhancethe productionof growth inhibitory factorsof lung cancer
cells.

It is interesting that in this model, the antimetastatic effect of
M-CSF genetransductionwas seenin the liver and lymph nodes,but
not in the kidneys. The reason why M-CSF gene transduction into
human lung cancer cells did not affect their metastasis to the kidneys
is unknown. The formation of metastases depends on the interaction
of metastaticcells with the microenvironmentsof different organs
(1â€”3),so the effects of M-CSF on metastasis formation may also
depend on the microenvironments of different organs. The liver and
lymph nodes, but not the kidneys, are reported to be rich in macro
phages (39). In addition, although macrophages originate from pe
ripheral blood monocytes,they becomedistributedin an organ-spe
cific manner, with different antitumor capacities (7). These
observations suggest that the quantity and quality of macrophages in
the liver and kidneys may be different. The metabolism and/or excre
tion of M-CSF producedby tumorcells in thesetwo organsmay also
be different. We are now investigating these possibilities.

Severallines of evidencehave indicated markeddifferencesbe
tween the microenvironments of the s.c. space and organs such as the
liver and kidneys. We have shown in this and a previous report (8) that
in our model, M-CSF gene transduction into tumor cells reproducibly
inhibited the s.c. growth of inoculated tumor cells, whereas the anti
metastatic effect of M-CSF gene transduction was organ-specific.
Together, these findings suggest that differences in organ microenvi

ronmentsshouldbe consideredwhenantitumoreffectsareevaluated
in s.c. inoculated models. In addition, it may also be important to
examine the effect of antimetastatic modality in various organs using
various metastasismodels and considering the heterogeneity of organ
microenvironments.

In preliminary experiments, systemic treatment with rM-CSF failed

15

10

5

0-@

4h 24h48h

C
0
(I)

C

RERF-LC-Al Neo-AI-3 MCSF-AI-9-18

Fig. 5. In vitro invasive potential of M-CSF gene-transduced lung cancer cells. The
invasive potentials of MCSF-AI-9-l8 and Neo-AI-3 cells were assessed as described in
â€œMaterialsand Methods.â€•Data are the means of values in three independent experiments.
Bars, SD.
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M-CSF GENE TRANSDUCTION INTO METASTATIC LUNG CANCER

to reduce distant metastasis formation of RERF-LC-AI cells (data not
shown). Moreover, the number of liver colonies of cells producing
low levels of M-CSF (MCSF-AI-9-l) was not significantlylessthan
that of control cells. These findings indicate that the M-CSF concen
tration in organs may be crucial in regulating metastasis formation and
that some method for increasing the local concentration of M-CSF is
necessary for the control of metastasis of human lung cancer.

In summary, M-CSF gene transduction into human lung cancer
cells resulted in an inhibition of metastasis formation in the liver and
lymph nodes but not in the kidneys, indicating that the antimetastatic
effect of M-CSF may be organ-specific. Therefore, a novel approach
considering the heterogeneity of organ microenvironments may be
necessary for the control of metastasis of human lung cancer.
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