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Circulating neutrophil (polymorphonuclear leu-
kocyte levels rise 50-fold in 13762NF tumor-bear-
ing rats in proportion to the tumor's metastatic
potentiaL Purified tumor-elicited neutrophils en-
hance metastasis of syngeneic tumor cells when
co-injected intravenously; however, circulating
and phorbol ester-activated polymorphonuclear
neutrophils do noL The purpose of this study
was to elucidate the source oftumor-elicited neu-
trophils in metastatic tumor-bearing rats. We ex-
amined the bone marrow in rats bearing tumors
ofpoorly, moderately, and highly metastatic ceU
clones. Marrowfrom rats with highly metastatic
tumors had increased celularity (100%), my-
eloid to erythroid ratio (10:1), and megakaryo-
cytes compared with control rats (celularity,
-809%, myeloid to erythroid ratio, 5:1), with mar-
rows from rats with moderately metastatic tu-
mors having intermediate values. This suggested
production ofa colony-stimulatingfactor by the
metastatic cels. To confirm this, bone marrow
colony formation from control and tumor-bear-
ing rats was compared. Colony number in-
creased inproportion to the metastaticpotential
of the tumor. Conditioned medium from meta-
static ceUs supported growth ofthe granulocyte-
macrophage colony-stimulating factor/interleu-
kin-3-dependent 32Dc13 ceU line, but mediafrom
nonmetastatic or moderately metastatic cels did
noL Antibodies to murine granulocyte-macroph-
age colony-stimulatingfactor neutralized 32Dc13

growth in tumor ceU conditioned mediun.
These results suggestproduction ofa granulocyte-
macrophage colony-stimudaingfactor or interleu-
kin-3-like activity by highly metastatic 13762NF
clones and implicate a possible role for colony-
stimuatngfactors in regulaing the metastaticpo-
tential of mammary adenocarcinoma cell clones.
(AmJPathol 1995, 147:1668-1681)

Metastasis is the spread of cells from a primary
tumor to nearby or distant sites. It remains the major
reason for cancer deaths. Localized tumors can of-
ten be treated effectively, whereas the presence of
metastases often means a poor prognosis. To me-
tastasize, a cancer cell must invade the vasculature,
survive in the circulation, bind to vascular endothe-
lium, degrade and traverse basement membranes,
and grow in a different site.1`5 Throughout this pro-
cess, circulating cancer cells are exposed to a vari-
ety of insults, including shear forces, antibodies and
other serum factors, and components of the immune
system.

Although the immune system acts to eliminate
tumor cells, metastatic cells and activated leuko-
cytes share many properties, including the ability to
attach to endothelium't7 as well as degrade and
penetrate basement membranes.89 This suggests
that under certain circumstances tumor cells might
exploit normal leukocyte function to increase the tu-
mor cells' metastatic efficiency.10 1 The role of the
immune system in metastasis has focused on lym-
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phocytes,12 natural killer (NK) cells,13-16 and mono-
cytes/macrophages. 1217'18 Yet neutrophils (also
known as polymorphonuclear leukocytes (PMNs) or
polys), which make up 45 to 70% of circulating leu-
kocytes in humans could also play an important
role. 19,20
PMNs can be spontaneously cytotoxic to tumor

cells21-24; and cytotoxicity can be drug en-
hanced.22'227 Moreover, PMNs have roles other
than cytolysis. For example, PMNs can increase at-
tachment to endothelial monolayers,28 suggesting
that PMNs may aid metastasis at the steps of attach-
ment and extravasation. This concept is substanti-
ated by Crissman et a129 who, in a detailed electron
micrograph study, observed circulating PMNs in
close association with Lewis lung carcinoma and
B1 6a amelanotic melanoma cells throughout the pro-
cesses of arrest and extravasation.
We previously showed that rats injected with

13762NF rat mammary adenocarcinoma cell clones
developed neutrophilia proportional to the metastatic
potential of the primary tumor.'11 Tumor-elicited neu-
trophils (tcPMNs) increased metastatic potential and
invasiveness 2- to 25-fold when co-injected intrave-
nously,30 whereas normal circulating neutrophils
(cPMNs), proteose peptone-elicited neutrophils (pp-
PMNs) and phorbol ester-activated neutrophils
(TPA-PMNs) could not increase metastasis.30 Thus,
at least two events are occurring in metastatic
13762NF tumor-bearing rats: recruitment of PMNs to
the circulation and activation of neutrophils to assist
tumor cell invasion and metastasis. The purpose of
this study was to determine the mechanism(s) by
which metastatic tumor cells elicit neutrophilia.
Two possibilities exist for the origin of tcPMNs:

recruitment from marginated pools or stimulation of
granulocyte precursors in the bone marrow by direct
or indirect stimulation by tumor cells. Leukocytosis,31
granulocytosis,32'33 eosinophilia,31 and neutrophil-
ia34 have been described in patients with advanced
neoplasms of multiple histological types. As in rats
with 13762NF tumors, these responses could not be
explained by infection or tumor necrosis.11 In exper-
imental models, the evidence predominantly sup-
ports secretion of factors that stimulate bone marrow
precursor cells. The CE murine mammary carcinoma
causes neutrophilia in vivo and conditioned media
from cell cultures stimulates neutrophilic colony for-
mation in vitro.34-36 A human pancreatic carcinoma
cell line (MIA PaCa-2) produced two distinct colony-
stimulating factors in serum-free medium.37 Like-
wise, human lung tumor OTUK in nude mice pro-
duced a three- to fourfold increase in colony-forming
units from femurs isolated from tumor-bearing ani-

mals.38 The factor(s) produced by tumor cells that
elicit bone marrow proliferation vary by tumor type,

31,35,38 anstage, and size. Lee and colleagues have
shown that granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) levels may be correlated with
more advanced mammary tumors.34'35 Granulocyte
(G-CSF) and/or GM-CSF mRNAs have been de-
tected in astroglial tumors by reverse transcriptase
polymerase chain reaction.39 Others have found
GM-CSF protein or mRNA in tumor cells or effusions
by radioimmunoassay, enzyme-linked immunosor-
bent assay, Northern blot, Western blot, or colony
formation assays31374041

However, the role of colony-stimulating factors like
GM-CSF in tumor biology has not been determined.
Takeda et aI42 suggest that there may be a correla-
tion of GM-CSF mRNA expression and spontaneous
metastasis. Seven of fourteen metastatic transplant-
able tumors produced GM-CSF mRNA and/or de-
tectable GM-CSF activity, whereas the nonmeta-
static tumors did not.42 In other studies, GM-CSF
induced motility of human A2058 melanoma and
Lewis lung carcinoma cells.43'44 Taken together,
these data suggest that GM-CSF may play a role in
tumor progression and/or metastasis.

Using histology, immunohistochemistry and in vitro
bone marrow stem cell assays, we report that the
source of tcPMNs in 13762NF tumor-bearing rats is
bone marrow, not recruitment from marginated
stores. Analysis of 13762NF mammary adenocarci-
noma cell clone conditioned media revealed that the
cells secrete a GM-CSF/interleukin (IL)-3-like activity
in proportion to the cells' metastatic ability that is
presumably responsible for the bone marrow stimu-
lation. In addition, increased levels of GM-CSF
mRNA were noted in highly metastatic clones by
Northern blot analysis. Thus, it appears that the
highly metastatic clones produce increased levels of
GM-CSF, which induces neutrophilia (tcPMNs),
which in turn enhances metastatic potential.

Materials and Methods

Tumor Cell Lines and Tissue Culture
13762NF mammary adenocarcinoma clones MTC,
MTF7, MTLn2, and MTLn3 were isolated and main-
tained as described.4546 Clones MTC and MTF7
were isolated from a local tumor resulting from im-
plantation of 13762NF mammary adenocarcinoma
into the mammary fat pad. MTC is poorly metastatic,
whereas MTF7 possesses moderate metastatic po-
tential. MTLn2 and MTLn3, isolated from spontane-
ous lung metastases, exhibit low and high metas-
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tatic potential, respectively. MTLn3(T44).5 and
MTLn3(T44).11 were subclones isolated from MTLn3
at passage 44 in culture.4748 These subclones have
high and low metastatic potentials, respectively.47 In
the 13762NF mammary adenocarcinoma system,
rank order of experimental (intravenous (i.v.) inocu-
lation) and spontaneous (mammary fat pad (mfp)
inoculation) metastatic potentials are equivalent.4647

Cells were grown in a-modified minimal essential
medium (AMEM; Irvine Scientific, Santa Ana, CA)
supplemented with 5% fetal bovine serum (Biocell,
Carson, CA) but no antibiotics (cAMEM). All cells
were maintained in a 370C humidified atmosphere
containing 5% CO2 in air. Cultures were routinely
grown on Corning tissue culture plastic (Corning,
Oneonta, NY) and subcultured at a split ratio of 1:50
(MTC, MTF7) to 1:150 (MTLn3, MTLn2) when the
cells became approximately 80% confluent, using a
0.25% trypsin solution in calcium- and magnesium-
free Dulbecco's phosphate-buffered saline (CMF-
DPBS; GIBCO, Grand Island, NY). Cells were
screened and found to be free of Mycoplasma con-
tamination using the TaKaRa PCR test (Panvera
Corp., Madison, WI). The cell lines were also
checked (by Microbiological Associates, Bethesda,
MD) and found to be free of Sendai, MHV, PVM,
Reo3, ectromelia, MVM, polyoma, lactate dehydro-
genase, and lymphatic choriomeningitis virus con-
tamination.

As 13762NF mammary adenocarcinoma cells can
be phenotypically unstable upon prolonged pas-
sage in tissue culture,4647 passage numbers were
recorded for each experiment. All experiments were
internally controlled so that the impact of phenotypic
drift on interpretation of results would be minimized.
MTC cells were used between tissue culture pas-
sages T13 and T25, MTF7 cells were used between
passages T25 and T35, MTLn2 cells were used be-
tween T38 and T59, and MTLn3 cells were used at
high passage (T44 to T65).
GM-CSF-dependent 32Dcl3 cells49-51 were a gift

from Drs. Maribeth Raines (University of California,
Los Angeles) and Joel Greenberger (University of
Pittsburgh). Cells were passaged in Dulbecco's
modified minimal essential medium mixed 1:1 with
Ham's F-12 media conditioned by a 1:1000 dilution
of media conditioned by COS cells that had been
transfected with a murine GM-CSF cDNA in the
pXMT2 expression vector52 using DEAE dextran.53
The pXMT2-MUCSF expression vector was a gift
from the Genetics Institute (Andover, MA).

Conditioned medium from 13762NF cells was pre-
pared by incubating 80% confluent cells with cDME-

F12 for 24 hours. The medium was aspirated and
centrifuged at 3000 rpm to remove debris and cells.

Monoclonal antibodies that specifically neutralize
murine IL-3 or GM-CSF activity were purchased from
R&D Systems (Minneapolis, MN). Each antibody pro-
duced a dose-dependent growth inhibition of 32DcI3
cells grown in recombinant murine IL-3- or rmGM-
CSF-supplemented medium. Near-complete sup-
pression occurred at >0.05 p,g/mI (aIL-3) or >0.5
jig/ml (aGM-CSF). Monoclonal antibodies were pre-
incubated with culture medium before adding cells.
Cell counts were done 2 and 4 days after seeding 1
x 105 cells into 24-well tissue culture plates. The
ability of the antibodies to neutralize the effects of
IL-3 or GM-CSF secreted into the medium by MTLn3
cells was tested similarly.

Animals
Six- to nine-week-old virus- and pathogen-free
Fischer 344/NHsd (F344) rats were purchased from
Harlan Sprague-Dawley (Indianapolis, IN) and main-
tained under specific pathogen-free conditions fol-
lowing the guidelines of the National Institutes of
Health and The Pennsylvania State University. Rats
were fed (Purina rodent chow) and given water (<5
ppm chlorine) ad libitum. Sentinel animals were found
to be negative for opportunistic viral and bacterial
infections. All animal protocols were reviewed and
approved by the Institutional Animal Care and Use
Committee.

Tumor Growth and Experimental Metastasis

Tumor cells were grown to 70 to 80% confluence and
harvested as described above. Upon detachment,
cells were resuspended in cAMEM to inactivate tryp-
sin. After low speed centrifugation, the cells were
resuspended in ice-cold AMEM and counted on a
hemacytometer. Cell suspensions were kept on ice
at all times and injections were done immediately
into the lateral tail veins of non-anesthetized rats for
i.v. injections or left inguinal mfp of Metofane-anes-
thetized rats. Animals were killed by inhalation of
Metofane as above when moribund (mfp injections)
or after 21 days (i.v. injections) and subjected to
complete gross necropsy. The lungs were removed
and fixed in 10% neutral buffered formalin:Bouin's
fixative (5:1, v/v). Surface pulmonary metastases
were counted as described.46

Neutrophil Isolation and Purification

Rat neutrophils were isolated from citrate anticoag-
ulated rat blood collected by cardiac puncture with a
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21-gauge needle and 10-cc syringe after Metofane
anesthesia as described.' 130 Briefly, anticoagulated
blood was diluted with an equal volume of CMF-
DPBS and 10 ml overlaid onto 3-ml Ficoll-Paque
(Pharmacia, Uppsala Sweden). Centrifugation was
at 1900 rpm in a Sorvall RT 6000D table top centri-
fuge at room temperature for 25 minutes. The cell
pellet was resuspended in red blood cell lysis buffer
(0.15 mol/L NH4CI, 10 mmol/L KHCO3, 0.1 mmol/L
disodium EDTA, pH 7.4) and centrifuged at 1200
rpm for 5 minutes. PMNs were resuspended in CMF-
DPBS, counted on a hemocytometer, and adjusted
to the desired concentration. The PMNs were >99%
pure as determined by modified Wright-stained
(Leukostat, Fisher Scientific, Pittsburgh, PA) micro-
scopic smears.
tcPMNs were isolated from tumor-bearing rats

(2 x 105 cells in 0.2 ml of CMF-DPBS injected into
the mfp and incubated -30 days), and cPMNs were
collected from normal rats. TPA-PMN were prepared
from cPMN by incubation with 10 ng/ml phorbol myr-
istate acetate (TPA) at 370C for 1 hour in AMEM
without serum.

Histology
Sterna were removed from control and tumor-bear-
ing rats at -30 days incubation, fixed in 10% neutral
buffered formalin for 48 hours, decalcified until sec-
tioning was possible (-2 days), embedded in par-
affin, sectioned, and stained with routine Harris he-
matoxylin and eosin (H&E). Peripheral smears were
air dried and stained with a modified Wright's stain.

Immunohistochemistry
Paraffin sections were cut at 5 ,um onto silane-coated
slides and heated to 80°C for 15 minutes. The tissue
was deparaffinized in xylene and ethanol and rehy-
drated in PBS with 0.1% Triton X-100. Endogenous
peroxidase was blocked with methanol/hydrogen
peroxide and the slides were rinsed. Rabbit anti-
human myeloperoxidase (Dako, Carpinteria, CA)
was added at a 1:500 dilution and incubated for 30
minutes. Signet's universal immunoperoxidase rab-
bit peroxidase anti-peroxidase kit was then used
according to the manufacturer's instructions. The en-
tire procedure was carried out on a Fisher histomatic
slide stainer, code-on series.

Colony Formation Assay
The colony formation assay was performed in meth-
ylcellulose culture media for murine cells from Stem-

Cell Technologies (Vancouver, B.C., Canada) ac-
cording to manufacturer's instructions. Briefly, bone
marrow was isolated from rat femurs, dissociated,
and purified. Cells were counted, resuspended, and
seeded (2 x 106 cells in 1 ml) into methylcellulose in
35-mm petri dishes, then incubated in a humidified
atmosphere for 14 to 21 days. All colonies on the
dish were then counted under phase-contrast mi-
croscopy. Parallel assays were set up in complete
(contains growth factors and colony-stimulating fac-
tors) and base media (without growth factors) for
positive and negative controls, respectively. Marrow
was isolated from both control and tumor-bearing
rats.

Northern Blots

Poly(A)-enriched RNA (5 ,g) was size fractionated in
a 1% agarose/formaldehyde gel and blotted onto an
Amersham nylon membrane by downward transfer in
20x standard saline citrate (SSC). The RNA was
irreversibly bound to the membrane by UV cross-
linking. The membrane was prehybridized and then
probed with the 1.15-kb Pstl fragment of mGM-CSF
cDNA at 680C using the quick hybridization proce-
dure and solutions from Stratagene (La Jolla, CA).
The blot was washed at room temperature with 2x
SSC/0.1% sodium dodecyl sulfate (SDS), then 0.5%
SSC/0. 1% SDS, and finally 0.1 x SSC/0. 1% SDS. The
same blot was stripped and reprobed with the 1.3-kb
Pstl fragment of rat glyceraldehyde phosphate de-
hydrogenase (GAPDH) as a control for constitutive
gene expression.
DNA fragments used for probes were digested

and separated on a 0.8% low melting point agarose
gel, excised and prepared with PCR Prep (Promega,
Madison, WI), labeled by random priming with alpha
[32P]dCTP (Amersham). GM-CSF expression was
detected by autoradiography for 9 days and GAPDH
expression detected after 2 days of exposure. The
blot was also exposed to a phosphoroimager screen
for 22 hours to directly quantify the signal using a
Molecular Dynamics Model 425-120 phosphoroim-
ager (Sunnyvale, CA).

Results

Histology
Histological sections of sternal bone marrow were
examined from control, non-tumor-bearing rats as
well as rats bearing 13762NF tumors in the mfp after
25 days of growth. The marrow from the control rats
showed an overall cellularity of 80% with a myeloid-
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to-erythroid (M:E) ratio of 5:1 and numerous
megakaryocytes (Figure 1, panel 1, A and B.). Ani-
mals with highly metastatic MTLn3 growing in the
inguinal mfp showed marked stimulation of the mar-
row with 100% cellularity and a skewing of the M:E
ratio to approximately 10:1. In addition, there was an
apparent increase in the absolute number of
megakaryocytes (Figure 1, panel 2, A and B). The
poorly metastatic MTLn2 produced a marrow nearly
identical to the control rats for cellularity, M:E ratio,
and numbers of megakaryocyte (Figure 1, panel 1, C
and D). The bone marrow of rats bearing the mod-
erately metastatic MTF7 had a cellularity of approx-
imately 90 to 95%, a mild increase in the M:E ratio to
approximately 7:1, but minimal to no significant in-
crease in megakaryocytes (Figure 1, panel 1, E and
F).
The bone marrow was also examined from rats

with poorly and highly metastatic subclones derived
from MTLn3. Rats with the poorly metastatic
MTLn3(T44).11 show only a mild increase in cellu-
larity (85%) as compared with controls with a mild
increase in M:E ratio (Figure 1, panel 2, C and D).
However, bone marrow from very highly metastatic
MTLn3(T44).5 tumor-bearing rats showed 1 00% cel-
lularity, with a 10:1 M:E ratio and increased
megakaryocytes (Figure 1, panel 2, E and F). Thus,
the degree of bone marrow stimulation, as manifest
by increased cellularity, M:E ratio, and absolute
numbers of megakaryocytes, was proportional to the
metastatic potential of the tumor growing in the in-
guinal mfp in all cases.

Immunohistochemistry
Bone marrow sections were stained by the immuno-
peroxidase method for the myeloperoxidase enzyme
to highlight the alteration in the M:E ratio in tumor-
bearing rats and to show that the increase in marrow
cellularity was not due to infiltration by metastatic
mammary adenocarcinoma cells. A section of hu-
man control bone marrow (Figure 2, panel 1A.) was
stained as a positive control and a section of rat
marrow from MTLn3-bearing rats was stained with
nonimmune serum (Figure 2, panel 1 B) as a negative
control. There was appropriate staining of myeloid
cells in the positive control slide with a clean back-
ground on the negative control slides. The bone
marrow from control, non-tumor-bearing rats showed
positive staining of the myeloid cells showing a M:E
ratio of approximately 5:1 and indicating cross-reac-
tivity of the anti-human myeloperoxidase for the rat
enzyme (Figure 2, panel 1C). A similar pattern is
seen in the myeloperoxidase staining of the marrow

from rats bearing the poorly metastatic MTLn2 (Fig-
ure 2, panel 1 D).
The marrow from rats bearing the highly meta-

static MTLn3 and MTLn3(T44).5 tumors showed
100% cellularity with positive immunohistochemical
staining of most (excluding megakaryocytes and
erythroid precursor) cells (Figure 2, panel 2, C and
D.) indicating a marked expansion of the myeloid line
in this proliferating marrow. Some staining is weak,
likely a result of the use of anti-human myeloperoxi-
dase on rat tissues. As adenocarcinoma cells do not
express myeloperoxidase, infiltration of the marrow
by metastatic tumor is excluded. Rats with the mod-
erately metastatic MTF7 tumor show an intermediate
increase in myeloperoxidase positive cells (Figure 2,
panel 2A) between the control and MTLn3-stimu-
lated marrow. The poorly metastatic MTLn3(T44).11
tumors produced a marrow with myeloperoxidase
staining (Figure 2, panel 2B) similar to that seen in
the MTLn2 clones or the controls. These immunoper-
oxidase findings confirm the H&E data showing an
increase in the myeloid lines within the marrow in
proportion to the metastatic potential of the growing
tumor.

Colony Formation Assay
To further characterize the cellular expansion that
was proportional to a tumor's metastatic potential, in
vitro colony formation assays were performed from
control (ie, no tumor), MTLn3-, MTF7-, and MTC-
bearing rats (Figure 3). The assay was performed in
both media containing growth factors and media
without added growth factors as positive and nega-
tive controls, respectively. For rats without tumors, an
average of 43 colonies formed in each plate. There
was a 4.5-fold and 3-fold increase of colony forma-
tion from rats with the highly metastatic MTLn3 and
moderately metastatic MTF7 tumors, respectively.
There was minimal (1.5-fold) increase in colony pro-
duction for rats with the MTC clone growing in the
mfp. Marrow stimulation is proportional to the meta-
static potential of the growing tumor, as measured by
in vitro colony formation.

32DcI3 Growth Curves as a Bioassay for
GM-CSF/IL-3 Activity
The GM-CSF-dependent 32Dc13 cells were grown in
media containing various dilutions of GM-CSF (Fig-
ure 4A). In the absence of GM-CSF, the cells se-
nesce and die over a period of 3 to 5 days. The
growth rate of these cells is proportional to the con-
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Figure 1. Rat sternal bone marrow histology. A representative field is shown at a magnification of X 63 and x 160. Identical results were seen on
sections fromjburseparate control atnd tumor-bearin,g rats. Panel 1, A and B: Control non-tumor-bearing rats; C and D: MTLn2-bearing rats; E and
F: MTF7-bearing rats. Panel 2, A and B: MTLn3-bearing rats; C and D: MTLn3 (T44).11-bearing rats; E and F: MTLn3 (T44).5-bearing rats.
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centration of GM-CSF within the culture media with
dilutions ranging from 1:2 to 1:64 from a stock solu-
tion obtained from COS cells transfected with mGM-
CSF. Although the precise amount of GM-CSF in the

COS-conditioned media was not known, there is
clear concentration dependence.

To better characterize the bioassay, a growth
curve was performed with media containing known
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Figure 2. Myeloperoxidase immunobistochemistry of rat sternal bone marrou. Panel 1 A: Human marrow positive control; B: Nonimmune antibody
stain, MTLn-3 tumor-bearing rat, negative control; C: normal rat bone marrou'; D: MTLn2-bearing rats. Panel 2A: MTF7-bearing rats; B: MTLn3
(T44). 11-bearing rats, C: MTLn3-bearing rats; D: MTLn3 (T44) .5-bearing rats.
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Figure 3. Bone marrow colony formation assay from control and
13 762NF rat mammary adenocarcinoma tumor-bearing rats. Synge-
neic rats (fourper group) were injected in the inguinal mfp with 1 x
106 cells of the indicated 13 762NF cell clone. Tumorsformed and, at
25 to 30 days, the animals were killed, femoral bone marrow was
collected in heparinized media, and the assay was performed as
described in Materials and Methods. Control non-tumor-bearing,
MTLn3-bearing, MTF7-bearing, and MTC-bearing rats were assayed.
Identical results were obtained on two separate experiments.

amounts of GM-CSF obtained from the National In-
stitute for Biological Standards and Control. rmGM-
CSF was obtained in 100,000-U ampules containing
1 ,tg of GM-CSF in 0.9% NaCI, 0.1% trehalose, and
0.2% human serum albumin. GM-CSF (500 U/ml)
yields a growth rate equivalent to the COS-trans-
fected conditioned media at full strength (Figure 4B).
In addition, growth rate was GM-CSF concentration
dependent in the range of 5 to 500 U/ml.

13762NF mammary adenocarcinoma clone con-
ditioned media was then examined for its ability to
support growth of the GM-CSF-dependent 32Dc13
cells (Figure 4C). Only the conditioned media from
the highly metastatic MTLn3 supported growth of the
32Dc13 cells to any significant extent. Media condi-
tioned by MTC and MTF7 cells supported only min-
imal growth (Figure 4C). Comparing the growth rate
of the 32Dc13 cells in MTLn3-conditioned media with
the rate obtained in 500 U/ml standard GM-CSF
allowed calculation of the amount of GM-CSF-like
activity secreted by the adenocarcinoma clones.
MTLn3 cells secrete >>50 U/ml GM-CSF/IL-3 activ-
ity whereas MTC and MTF7 secrete <10 U/ml activ-
ity. In some experiments, MTLn3 cells were calcu-
lated to produce >2000 U/ml.

Because the 32Dc13 cells we obtained were de-
rived from an IL-3-dependent line, we tested the
cells for a response to standard preparations of mu-

rine IL-3 (in 0.9% NaCI, 0.1% trehalose, and 0.2%
human serum albumin). Growth of the 32Dc13 cells in
IL-3 (Figure 4D.) was nearly identical to the growth in
GM-CSF (Figure 4B). Thus the 13762NF adenocar-
cinoma clone MTLn3 secretes an activity with GM-
CSF/IL-3-like activity. MTLn3-secreted GM-CSF/I L-3
activity is concentration dependent and is diluted out
at a 1:10 dilution (data not shown).

To discriminate between IL-3 and GM-CSF ef-
fects, neutralizing monoclonal antibodies specific to
IL-3 or GM-CSF were used (Figure 5). Varying con-
centrations of antibody were preincubated with
MTLn3-conditioned medium for 1 to 3 hours before
addition of 32Dcl3 cells. Anti-murine IL-3 antibodies
completely inhibited growth of 32Dc13 cells grown in
the presence of rmlL-3 (50 U/ml) at doses greater
than 0.05 gg/ml but did not alter growth in rmGM-
CSF-containing medium (data not shown). Likewise,
anti-mGM-CSF inhibited growth at doses >0.5 p,g/ml
in medium supplemented with 50 U/mI rmGM-CSF
but did not affect growth in IL-3-containing medium.
Addition of anti-murine IL-3 antibodies to MTLn3-
conditioned medium inhibited growth 20 to 40%
compared with control cultures (Figure 5A). Treat-
ment with anti-mGM-CSF antibodies resulted in a
dose-dependent inhibition of 32Dc13 cell growth in
MTLn3-conditioned medium, with IC50 1.0 [g/ml
(Figure 5B). As the antibodies are species specific,
decreased potency in the conditioned medium ex-
periments is probably a result of subtle differences
between rat and murine cytokines.

Northern Blot Analysis of IL-3 and
GM-CSFmRNAs
Poly(A)-enriched RNA from the 13762NF adenocar-
cinoma clones were analyzed by Northern blot with a
murine GM-CSF cDNA probe (rat probes were un-
available). The GM-CSF mRNA was of very low
abundance, producing only faint bands on the auto-
radiogram (not shown). Blots were also analyzed by
phosphoroimager (Table 1). Highly metastatic
MTLn3 and MTLn3(T44).5 clones yielded a much
stronger signal (up to eightfold) than did the moder-
ately or poorly metastatic 1 3762NF clones when nor-
malized for GAPDH expression. The level of GM-CSF
mRNA is proportional to the metastatic potential of
the clone and to the degree of neutrophilia and bone
marrow stimulation observed.
A poly(A)-enriched RNA blot (5 gig/lane) was an-

alyzed with multiple probes recognizing several re-
gions of murine IL-3 (designer probes, R&D Sys-
tems). IL-3 mRNA was also of low abundance,
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Figure 4. 32Dcl3 cell bioassay for GM-CSFIIL-3 activity. 32Dcl3 cells were seeded onto 24-well plates at 1 x 105 to 5 x 1U5 cells/well in growth
medium. A: Serial dilutions ofconditioned mediafrom GM-CSF-transfected COS cells: undiluted (0), 1:2(V), 1:4 (A), 1:8(7), 1:16 (O), 1:32 (gI),
1:64 (A), negative control (0). B: GM-CSF (preparedfrom samples provided by the National Institutefor Biological Standards and Control) added
at concentrations of500(v), 50 (A), and5(7) Ulml. C: 13 762NF cell clone conditioned medium: MTLn3 (V), MTF7(A), MTC(E). D: IL-3 (prepared
from samples provided by the National Institute for Biological Standards and Control) at 500 (v), 50 (A), and 5 (7) Ulml. For all panels: positive
control (0, GM-CSF-transfected COS-cell-conditioned medium) and negative control (0, basal medium). Symbols represent the mean. Standard
errors bars were generally smaller than the symbols and were not includedfor ease of viewing the data.

producing recognizable bands after 3 days of expo-

sure. The IL-3 band intensity was quantified by den-
sitometry and normalized to GAPDH levels to correct
for loading differences (Table 2). Highly metastatic
MTLn3 and MTLn3(T44).5 clones expressed more

IL-3 mRNA (up to 7.5-fold) than less metastatic MTC,
MTF7, or MTLn2 cells. IL-3 expression in the low to
moderately metastatic subclone MTLn3(T44).1 1 was

approximately equal to that of highly metastatic
MTLn3. Thus, although less metastatic cells gener-

ally transcribe less IL-3 than the more metastatic
clones, the correlation is imperfect.

Discussion

Tumors are composed of a mixture of multiple sub-
sets of cells that differ for many phenotypes, includ-
ing metastatic potential. Some tumor cells capitalize
on host responses to enhance malignant behavior.
For example, several types of tumor cells promote
platelet aggregation to increase embolus size54'55
and some form heterotypic aggregates with other
immune cells (reviewed in Ref. 56). Both of these
processes result in increased efficiency of intracap-
illary arrest of tumor cells. Although PMNs comprise
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the major class of granulocytes in humans and are

often involved in the immune response to tumors,
little is known regarding their relationship to meta-
static potential.
We previously found a marked neutrophilia in

13762NF mammary adenocarcinoma tumor-bearing
rats; the level of increase correlated with metastatic
potential (r = 0.92). Isolated tcPMNs were able to

Table 1. GM-CSF mRNA Expression in 13762NF
Adenocarcinoma Clones

Arbitrary units
(phosphoroimager)

Metastatic Murine GM-CSF/
Cell line potential GM-CSF GAPDH

MTC
MTLn2
MTF7
MTLn3
MTLn3(T44).1 1

MTLn3(T44).5

Low
Low

Intermediate
High
Low-

moderate
High

586
0

716
4354
1338

3477

337

213
1656
711

5519

mRNA was separated on a formaldehyde-agarose gel and
probed with murine GM-CSF and GAPDH. Quantification was
done with a phosphoroimager. Raw counts are shown as well as
data normalized to murine GAPDH. The results are consistent with
enhanced production of GM-CSF correlating with increasing
metastatic potential.

Table 2. IL-3 mRNA Expression in 13 762NF
Adenocarcinoma Cells

Metastatic IL-3/GAPDH
Cell line potential (arbitrary OD units)

MTC
MTLn2
MTF7
MTLn3
MTLn3(T44).1 1
MTLn3(T44).5

Low
Low
Intermediate
High
Low-moderate
High

0.15
0.09
0.08
0.24
0.27
0.60

mRNA was separated on a formaldehyde-agarose gel and
probed with a mixture of murine IL-3 probes (R&D Systems) and
GAPDH. Quantification was done with a densitometer and data
normalized to GAPDH. The results are consistent with production
of IL-3 by the different cells.

enhance tumor cell invasion and metastasis.57 How-
ever, the source of the tcPMNs was not known. It
could either be recruitment from marginated pools or
stimulation of bone marrow granulocyte precursors.

Histological examination of sterna from synge-
neic tumor-bearing rats revealed that the cellularity
was significantly greater in metastatic tumor-bearing
rats than control rats. H&E-stained sections and my-
eloperoxidase-stained sections confirmed that the
marrows displayed a greater cellular component
and that the shift of M:E ratios in the rats was
proportional to the number of circulating tcPMNs.
Thus, it is likely that the tcPMNs resulted from
stimulation of bone marrow precursor cells by the
tumor cells either directly or indirectly (ie, via an
intermediary cell). The types of cells observed in
the sections indicated stimulation with GM-CSF or
IL-3. Subsequent experiments were performed to
determine whether GM-CSF or IL-3 were produced
by the tumor cells.

Conditioned media from metastatic 13762NF rat
mammary adenocarcinoma cells supported bone
marrow proliferation. The ability of conditioned me-
dium to sustain growth of IL-3/GM-CSF-dependent
32Dcl3 cells suggested that 13762NF mammary ad-
enocarcinoma cells secreted GM-CSF or IL-3. Inter-
estingly, poorly metastatic clones were incapable of
supporting growth of 32Dcl3 cells, even when con-
ditions controlled for cell number and time for which
the medium was conditioned. Taken together, our
results strongly suggest that metastatic 1 3762NF rat
mammary adenocarcinoma cells secrete a GM-CSF-
or IL-3-like molecule that induces proliferation of
granulocyte precursor and megakaryocyte precur-
sor populations in syngeneic bone marrow. This con-
clusion is further supported by experiments in which
neutralizing antibodies to GM-CSF, and to a lesser
extent IL-3, abrogate the growth of 32Dcl3 cells in
MTLn3 tumor cell conditioned medium. The latter
results must be interpreted with caution as antibod-
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ies directed against murine cytokine were used to
measure neutralization of rat cytokine activity. Failure
to interact sufficiently with rat IL-3 may explain the
modest effects observed with anti-IL-3 antibody in
the growth experiments. Secretion of these cytokines
forms the basis for the marked neutrophilia in tumor-
bearing rats.
The increased number of megakarocytes in the mar-

row is somewhat surprising in that an increase in plate-
let counts was not observed in 1 3762NF tumor-bearing
rats. As platelet aggregation around circulating tumor
cells can increase metastatic efficiency,5455 it was
possible that stimulation of megakaryocyte precursors,
with a corresponding increase in platelet count, could
increase metastasis. This hypothesis is less likely be-
cause the ability of 13762NF rat mammary adenocar-
cinoma cells to induce platelet aggregation does not
correlate with metastasis.58 However, we cannot rule
out the possibility based solely on our data.
As GM-CSF and IL-3 are involved in the stimula-

tion of bone marrow progenitors to produce granu-
locyte populations in healthy individuals,5960 it is not
yet clear how the PMNs are further stimulated to
assist tumor cell invasion and metastasis while neu-
trophils from non-tumor-bearing rats cannot. Besides
causing bone marrow proliferation, GM-CSF can in-
duce neutrophil activation,61 motility,7 and stimula-
tion of tyrosine kinases.5062 Therefore, it is possible
that GM-CSF performs a dual function: recruitment of
PMNs from bone marrow and further activation to
assist tumor cell invasion and metastasis.

Besides stimulation of bone marrow, GM-CSF pro-
duced by metastatic tumor cells could also function
in an autocrine manner as this cytokine has previ-
ously been shown to increase tumor cell motility.43 In
addition, GM-CSF is implicated in lung surfactant
homeostasis.63 As the major site for 13762NF metas-
tasis is lungs, GM-CSF may participate in condition-
ing the "soil" for subsequent colonization. These al-
ternatives will require additional study.
One further implication of these results relates to

the clinical use of GM-CSF in the treatment of can-
cer.64-66 Although the predominant role in cancer
therapy is as an adjuvant (1) to heighten immune
responses against the tumor or (2) to shorten the
myelosuppression resulting from chemotherapy, our
data suggest that GM-CSF may, under some circum-
stances, actually increase the malignant behavior of
some tumor cells. As GM-CSF production by tumor
cells is not limited to the 13762NF system, this pos-
sibility must be weighed.

In summary, metastatic 13762NF rat mammary
adenocarcinoma cells secrete a GM-CSF- or IL-3-
like activity that causes proliferation of myelocytic

populations of syngeneic bone marrow. This, in turn,
results in neutrophilia proportional to the metastatic
potential of the primary tumor. These results demon-
strate yet another mechanism by which tumor cells
subvert normal physiology to spread to distant sites.
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