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Abstract
Although the presence of macrophages in tumors has been
correlated with poor prognosis, until now there was no direct
observation of how macrophages are involved in hematogenous metastasis. In this study, we use multiphoton microscopy
to show, for the first time, that tumor cell intravasation occurs
in association with perivascular macrophages in mammary
tumors. Furthermore, we show that perivascular macrophages
of the mammary tumor are associated with tumor cell
intravasation in the absence of local angiogenesis. These
results show that the interaction between macrophages and
tumor cells lying in close proximity defines a microenvironment that is directly involved in the intravasation of cancer
cells in mammary tumors. [Cancer Res 2007;67(6):2649–56]

Introduction
The tumor microenvironment plays a critical role in tumor
growth and metastasis, and the stromal cells of the microenvironment are believed to directly affect the ability of tumor cells to
metastasize (1–3). Macrophages in particular have been implicated
in the contribution of chronic inflammation to malignancy (4), and
the density of tumor-associated macrophages correlates with poor
prognosis (5). It has been argued that macrophages play a direct
role in the mobilization of tumor cells for metastasis (6). However,
until recently, there was no direct evidence for how macrophages
cause increased invasion and metastasis.
We have developed animal models that allow direct examination,
by intravital multiphoton imaging, of the behavior of green
fluorescent protein (GFP)-expressing carcinoma cells and stromal
cells in live nondissected primary mammary tumors in vivo and the
correlation of their behavior with metastatic potential (7–9).
Intravital imaging of orthotopic rat mammary tumors has shown
that increased carcinoma cell polarity and locomotion toward
blood vessels correlates with increased blood burden of tumor cells
and metastasis (7, 9). Further, using an in vivo invasion assay,
involving the direct collection of invasive tumor cells into
microneedles placed into the primary tumor, and multiphoton
imaging, we have described a paracrine interaction between
carcinoma cells and macrophages that functions in mammary
tumors that is responsible for the migration of invasive tumor cells.
This paracrine loop has been seen both in the orthotopic rat model
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and in transgenic mice with mammary tumors derived from the
mammary epithelial–restricted expression of the polyoma middle T
antigen (10). The paracrine loop signaling between macrophages
and tumor cells is essential to the ability of tumor cells to invade
within the primary tumor, involves epidermal growth factor (EGF)
and colony-stimulating factor (CSF)-1 and their corresponding
receptors (10), and is sufficient for invasion of collagen gels
reconstituted with purified tumor cells and macrophages (11). This
paracrine loop has been hypothesized to account for the
involvement of macrophages in metastasis by mediating the
migration of tumor cells to blood vessels, giving rise to increased
intravasation (6, 10). However, the direct interaction of the invasive
and migratory tumor cells with blood vessels has not been
observed directly in live animals, and the involvement of macrophages, if any, has not been measured. In this study, we use
multiphoton imaging of tumor cells during intravasation to
determine if macrophages interact with tumor cells at the sites
of intravasation in vivo.

Materials and Methods
Mice. All transgenic mice were crossed into a FVB-C3H/B6 mixed
background and remained in a consistent background throughout breeding.
Detailed origin, identification, and tumor staging of MMTV-PyMT and
Csf1op/Csf1op/PyMT mice have been described previously (12, 13). Csf1op/
Csf1op/PyMT mice have the same tumor growth rate but have delayed tumor
progression compared with wild-type PyMT mice (12). WAP-Cre/CAG-CATEGFP/MMTV-PyMT (CAG-CAT-EGFP/MMTV-PyMT; ref. 14) and Lys-GFPKi
and c-fms (CSF-1R)-GFP mice were described previously (15, 16). Lys-GFPKi
and c-fms (CSF-1R)-GFP mice were crossed with the MMTV-PyMT mice to
produce tumors with GFP-labeled macrophages. All genotyping was done
by PCR. Tie2-GFP mice were described previously (17) and crossed with the
MMTV-PyMT mice to produce tumors with GFP-labeled endothelial cells.
Tumors, except where noted, were allowed to grow for 16 to 18 weeks
before multiphoton imaging and blood withdrawal to ensure late-stage
carcinomas and increased metastasis as described previously (12). Because
the same mixed background was used for all controls and experiments, the
background is not a variable.
Multiphoton imaging of macrophage populations and tumor cell
migration. Multiphoton microscopy was done as described previously
(9, 18). Animals were anesthetized with isoflurane, and a small incision was
made in the skin to expose the tumor site without wounding the tumor or
penetrating the peritoneum. The anesthetic was maintained while imaging.
The tumor was imaged using a Bio-Rad (Carl Zeiss Micro Imaging Inc.,
Thornwood, NY) Radiance 2000 multiphoton microscope with an inverted
Olympus (Olympus America Inc., Center Valley, PA) IX70 connected to a
Spectra Physics Tsunami Ti:Sapphire laser. The animal was placed within a
heated chamber maintained at 30jC so as to assure that both the core body
temperature and imaging field temperature were maintained during
imaging within the physiologic range of 34.3jC to 36.5jC. All images were
collected using non-descanned detectors. The objectives used were a 20
Plan Apo 0.7NA (air) and a 60 LUMPlan/IR 0.9NA (water). The filters used
were 480/30 nm and 515/30 nm (Chroma Technology Corp., Rockingham,
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VT). Primary tumors (CAG-CAT-EGFP/MMTV-PyMT, Tie2-GFP/MMTVPyMT, MMTV-PyMT/c-fms-GFP, or MMTV-PyMT/lys-GFPKi generated) were
placed on an inverted microscope and imaged at 880 nm for GFP
fluorescence. CAG-CAT-EGFP/MMTV-PyMT –generated primary tumors
were imaged as above, after an injection into the tail vein of 200 AL of 20
mg/mL 70,000-kDa Texas red-dextran in Dulbecco’s PBS, to load macrophages by phagocytosis 2 h before imaging.
The motility of individual tumor cells was observed as described
previously (9, 18, 19). In particular, cell motility was observed by time-lapse
imaging over 30 min at 1-min intervals, where a z-series was collected for
each frame. Then, z-series reconstructions were made using ImageJ software
to delineate single tumor cells. The distance traveled and the velocity of
motility were then calculated as Am/min as described previously (7).
Macrophage pixel intensity was determined by capturing z-series of
CAG-CAT-EGFP/MMTV-PyMT–generated tumors labeled with Texas reddextran, with a 20 Plan Apo 0.7NA (air) objective, in which the viewing
field is 512  512 Am and reconstructing in ImageJ. For the 60 LUMPlan/
IR 0.9NA objective, a field of view is 128  128 Am. Pixel intensity was
measured by drawing equal size boxes on a 90j view of the z-stack and
averaging the pixels for each slice. Motility of tumor cells was scored as net
tumor cell centroid translocation of >20 Am over 30 min of time-lapse
imaging. A tumor cell was scored as moving near a macrophage if the
motility occurred within 20 Am of a macrophage. Intravasation was scored
as number of events per 128  128  100 = 1.6  106 Am3 volume of tumor.
All measurements were double blind scored.
Counts of perivascular macrophage clusters were done by injecting 200
AL of 20 mg/mL Texas red-dextran in Dulbecco’s PBS into the tail vein of
MMTV-PyMT and Csf1op/Csf1op/PyMT mice 2 h before imaging followed by a
second injection of FITC-dextran, at the same concentration into the
carotid artery to insure vessel labeling, immediately before imaging to label
blood vessels. Mice were not under anesthesia for the tail vein injections
but were for carotid artery injections done just before imaging. After
multiphoton imaging of FITC-dextran–labeled vessels, the number of
macrophages per 100 Am of vessel length in each field was counted using a
double blind counter. One hundred vessels from each type of mouse were
counted. Perivascular macrophage clusters were also observed in Tie2-GFP/
MMTV-PyMT mice using similar methods.
Total numbers of macrophages were counted in whole tumor tissue
using Texas red-dextran labeling and the counting method described by us
previously (20).
Measuring the number of carcinoma cells in circulating blood. To
measure the number of viable carcinoma cells in circulating blood from
MMTV-PyMT and Csf1op/Csf1op/PyMT mice, animals were anesthetized with
isoflurane and blood was drawn from the right ventricle of the heart using a
heparin-coated 25-gauge needle and a 1-cm3 syringe. For these experiments,
+/op used as ‘‘wild-type’’ control animals (12) were littermates of the Csf1op/
Csf1op/PyMT mice. Blood was placed in a tissue culture dish containing
DMEM with 10% fetal bovine serum (FBS) and incubated overnight. The
next day, the dishes were rinsed with PBS and the DMEM/10% FBS was
replaced. Colonies were counted after 7 days. Each colony was scored as one
tumor cell from the blood. To test the effect of PD153035, 80 mg/kg
PD153035 in 8% DMSO was injected i.p. (21) into MMTV-PyMT mice
1 h before blood collection. One hour after injection was chosen to have a
circulating concentration of PD153035 high enough to optimally block
tyrosine phosphorylation. It was shown previously that phosphorylation
occurs after 3 h (21). As a control, 8% DMSO was injected into identical
MMTV-PyMT mice. To test the effect of a monoclonal anti-mouse CSF-1
receptor function blocking antibody (courtesy of Dr. S. Nishikawa, Kyoto
University Medical School, Kyoto, Japan; ref. 22), 2.5 Ag in 150 AL PBS were
injected i.p. 4 h before blood collection. As a control, the same
concentration of nonimmune IgG was injected 4 h before blood collection.
Experiments were done 4 h after injection because it was determined that
4 h is required for adequate equilibration of the antibody in the extracellular
space and to provide a sufficient dose of circulating antibody to neutralize
the CSF-1 receptor for a 2-day period (23).
Cell collection. Cell collection using the in vivo invasion assay was
carried out as described previously (24, 25). For testing the chemotactic
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response of dextran-loaded macrophages, Texas red-dextran was injected
via tail vein 2 h before cell collection in both CAG-CAT-EGFP/MMTV-PyMT
and MMTV-PyMT/c-fms-GFP mice. To test the efficacy of the monoclonal
anti-mouse CSF-1 receptor function blocking antibody (22), 2.5 Ag in 150 AL
PBS were injected i.p. 4 h before cell collection.
Isolating cells from primary tumors and fluorescence-activated cell
sorting. To determine if the Texas red-dextran–labeled cells were macrophages, tumors were collected from MMTV-PyMT and MMTV-PyMT/c-fmsGFP mice and dual-label fluorescence-activated cell sorting (FACS) sorted
in three different ways. To isolate the macrophages from a primary tumor, a
small piece of tumor was minced and filtered twice through a nylon filter to
obtain a single-cell suspension and washed with PBS. First, to determine
macrophages by using macrophage markers, the cells were incubated with
F4/80 primary antibody for 15 min at 37jC (26) followed by Rphycoerythrin–labeled anti-rat secondary antibody (PharMingen, San
Diego, CA) 1:100 for 15 min at 37jC. FACS was done based on their GFP
(c-fms-GFP) expression and coexpression of F4/80 expression in macrophages using a FACSVantage cell sorter (Becton Dickinson, San Jose, CA).
For Texas red-dextran–labeled cells, mice were preinjected as described
above 2 h before cell sorting. Cells from the MMTV-PyMT tumor were
isolated as above and then incubated with F4/80 primary antibody for
15 min at 37jC followed by FITC-labeled anti-rat secondary antibody (1:100
for 15 min at 37jC). FACS was done based on Texas red fluorescence and
coexpression of F4/80 as detected by the FITC-labeled antibody. Third, cells
from a MMTV-PyMT/c-fms-GFP mouse, preinjected with Texas red-dextran,
were FACS sorted based on Texas red fluorescence and on their GFP (c-fmsGFP) expression. The percentage of macrophages identified with F4/80 or
c-fms-GFP that costained with Texas red-dextran was calculated as a gated
population with (total cells  cells only labeled with Texas red-dextran) /
total cells  100 = 97%. To determine the degree of colocalization of the
Texas red-dextran–loaded macrophages with those labeled with the F4/80
antibody, a Pearson’s correlation coefficient was calculated, where each
element X was a pixel value from one probe and Y was the corresponding
pixel of the other probe at the same spatial location and N was the number
of perimeter pixels in each annulus:
XY  XY
N
ﬃ:
r ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
2  ðY Þ Þ
ðX2  ðXÞ
ÞðY
N
N
Real-time PCR. Quantitative reverse transcription-PCR (QRT-PCR)
analysis was done to determine the change of expression of EGF in
BAC1.2F5 cells cultured with or without 200 Ag/mL Texas red-dextran
(Invitrogen/Molecular Probes, Carlsbad, CA) for 2 h followed with or without
36 ng/mL CSF-1 (a gift from Chiron Corp., Emeryville, CA) for 4 h. PCR was
done using the ABI 7900 (Applied Biosystems, Foster City, CA) with
sequence-specific primer pairs for EGF as described before (11).

Results and Discussion
The identification of macrophages, tumor cells, and blood
vessels. The mechanism by which the paracrine interaction between
macrophages and carcinoma cells might contribute to intravasation
in mammary tumors depends on the location of the two cell types
relative to each other and to blood vessels (27). Tumor cells were
identified by their expression of GFP from mammary epithelial–
specific promoters as described previously (10). Macrophages were
visualized using (a) i.v. injected Texas red-dextran, where tumorassociated macrophages are identified by their ability to phagocytose
i.v. injected dextrans (Fig. 1A and C; Supplementary Fig. S1; ref. 28);
(b) MMTV-PyMT/lys-GFPKi mice, in which the macrophages and
neutrophils express GFP driven by the lys promoter (Fig. 1B, top);
and (c) c-fms (CSF-1R) promoter-driven GFP-expressing mice, in
which monocytes and macrophages express GFP driven by the
c-fms promoter (Fig. 1B, bottom; ref. 16, 17). FACS sorting of Texas
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Figure 1. Identification of tumor-associated macrophages in mammary tumors
in live animals. A, multiphoton microscopy of Texas red-dextran–labeled
macrophages (red) in living MMTV-PyMT/Tie2-GFP tumors (green endothelial
cells ) was done to observe the location of macrophages relative to blood
vessels. Macrophages were observed in the stroma subluminal to endothelial
cells lining the blood vessels in a cross-optical section. The collagen matrix
(blue ) is imaged by second harmonic generated polarized light. Bar , 25 Am.
An en face section is shown in Supplementary Fig. S1. B, GFP-labeled
macrophages (arrows ) are seen in the subluminal wall of blood vessels (dashed
lines define the vessel walls) present in either a Lys-GFP  MMTV-PyMT mouse
(top ) or a c-fms-GFP/MMTV-PyMT mouse (bottom ), in which the macrophages
are GFP positive and tumor cells are unlabeled and appear as black regions.
Collagen matrix (blue ) is imaged by second harmonic generated polarized
light. C, lys-GFP –labeled macrophages that are in the subluminal stroma take up
Texas red-dextran and are green and red, whereas monocytes in the blood
do not and are only green. Macrophages (arrowhead) are seen outside
dextran-labeled vessels (red, blood space), whereas monocytes (arrow ) are
seen in the blood vessel but do not take up dextran. Bottom paired insets, the
same result was seen in c-fms-GFP mice. Left inset, all GFP-expressing
cells (green channel only); right inset, same field (green and red channels ) with
a macrophage having taken up Texas red-dextran by phagocytosis 2 h after
tail vein injection. The monocytes are not labeled with Texas red-dextran.
Arrows, monocytes; arrowheads, macrophages. Top inset, high-magnification
image of a macrophage loaded with Texas red-dextran subluminal to a vessel.
Dashed lines, delineate blood vessel walls in both (C ) and insets. D, dextran
loading of macrophages does not affect EGF production by macrophages.
QRT-PCR shows a 2-fold increase of mRNA production of EGF after CSF-1
stimulation whether the macrophages have been preloaded with dextran or not
(there is no significant difference by standard t test between dextran-containing
and nondextran-containing samples).

www.aacrjournals.org

red-dextran–loaded cells from primary tumors showed that >97% of
dextran-loaded cells were positive for the macrophage-specific
markers F4/80 and c-fms-GFP expression (Supplementary Fig. S2).
Furthermore, correlation analysis of the FACS-sorted macrophages
for F4/80 and Texas red-dextran gave a Pearson’s coefficient of 0.87.
FACS quantitation showed that almost all macrophages were labeled
with Texas red-dextran, indicating that there is no significant
population of macrophages that is not loaded with Texas reddextran.
In both lys-GFP and c-fms-GFP mice with MMTV/PyMT-derived
tumors, cells in the blood flow within vessels were not labeled with
dextran, whereas 100% of tumor stroma–associated cells were
labeled with dextran (Fig. 1C). This is interesting because all GFPexpressing blood-borne cells in c-fms-GFP mice are of the
monocytic lineage by staining with F4/80 antibodies (26). In lysGFP mice, GFP-expressing blood-borne cells are monocytes and
granulocytes (16). These results indicate that macrophages
phagocytose dextran only when in the stroma of the primary
tumor and not while flowing in the blood.
To determine if macrophages in the stroma of mammary tumors
after dextran loading were still active in paracrine-mediated
invasion (24), the in vivo invasion assay was used to collect invading
tumor cells and macrophages from mice with MMTV-PyMT/c-fmsGFP tumors 30 min after i.v. injection of Texas red-dextran. Under
these conditions, 100% of the invading macrophages accompanying
tumor cells were loaded with Texas red-dextran and collected in
the same numbers as from control tumors in animals not
preinjected with Texas red-dextran. This indicates that the EGF/
CSF-1 paracrine loop remains functional after phagocytosis of
Texas red-dextran by macrophages and that macrophages throughout the volume of the primary tumor were Texas red-dextran
labeled. This result was consistent with the ability of macrophages
to produce EGF after CSF-1 stimulation even when dextran loaded
(Fig. 1D).
To investigate the relative locations of tumor cells and macrophages to blood vessels, multiphoton microscopy of CAG-CATEGFP/MMTV-PyMT mice (mice with GFP-expressing tumor cells)
was done as described previously (10, 14). Macrophages were
identified by Texas red-dextran loading. Blood vessels were
unequivocally identified using (a) i.v. injected fluorescent dextrans
to label the blood space immediately before imaging (Fig. 1C), (b)
light scattering from erythrocytes in blood vessels in the absence of
dextrans, and (c) multiphoton imaging of mice with MMTV-PyMT/
Tie2-GFP tumors in which endothelial cells express GFP from the
tie2 promoter (Fig. 1A; Supplementary Fig. S1; ref. 17). Multiphoton
microscopy of mice with MMTV-PyMT/Tie2-GFP tumors in which
endothelial cells express GFP from the tie2 promoter, and of
macrophages labeled by their ability to phagocytose i.v. injected
Texas red-dextran (28), shows that the perivascular macrophages
are located adluminal within the stroma of the tumor and not
luminal within the blood space of the vessel (Fig. 1A; Supplementary Fig. S1).
Interactions between macrophages, tumor cells, and blood
vessels leading to intravasation in mammary tumors. Using the
methods to unequivocally label all macrophages in living tumors
described above, multiphoton microscopy showed that macrophages are present in large numbers at the margin of the tumor
and then decreasingly throughout the stroma as one imaged
deeper inside the tumor (Fig. 2A). In the center of the tumor where
most of the blood vessels are located, many macrophages were
found in association with blood vessels. The same distribution of
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macrophages was seen in histologic sections of primary tumors
from identical mice, although the tumor volume was collapsed due
to dehydration (Fig. 2B). The density of macrophages per unit
volume of tissue decreased from the tumor margin to the deeper
regions of the tumor where many perivascular macrophages were
seen (Fig. 2C, bottom). This decrease in macrophage density was
not due to loss of fluorescence detection efficiency because tumors
with GFP-expressing tumor cells showed excellent fluorescence
intensity to the same depth of imaging as that used for
macrophages (Fig. 2C). Perivascular macrophages were best
imaged by multiphoton microscopy and not by conventional
confocal microscopy in undissected tumors because most perivascular macrophages reside deep within the tumor beyond the
depth of imaging of pinhole confocal microscopy. This same
distribution pattern of macrophages was seen in tumors using all
three methods described above for visualizing macrophages (LysGFPKi, c-fms-GFP, and fluorescent dextran phagocytosis), consistent with the results described above that all three methods
detected macrophages equally well. Furthermore, the density of
tumor-associated macrophages seen with Texas red-dextran
labeling was the same as observed using anti-F4/80 immunohistochemistry (20).
High-resolution imaging of perivascular macrophages showed
that they are associated with vessels both as single motile
macrophages (Fig. 2D) and as clusters (Figs. 3C and 4A).
Macrophage clusters have been described previously in invasive
regions of human tumors (29, 30). To determine the average
number of macrophages in each perivascular cluster seen in the
animal models used here, z-series images were projected in stereo
(data not shown) to count the number of macrophages in each
perivascular-associated GFP-positive or Texas red-dextran–positive
region. The results indicate that perivascular macrophages can be
found as individual cells and as clusters, where each cluster
contains an average of 3 F 0.5 macrophages (SE; n = 40).

Figure 2. Tumor-associated macrophages are found in the tumor margin and as
a perivascular population deep within mammary tumors. A, in living undissected
tumors, GFP-labeled macrophages are seen in the tumor margin (i.e., the
connective tissue surrounding the tumor) and as perivascular
macrophages (arrows ) associated with the microvasculature (red ) deep within
the tumor as seen in a Lys-GFP  MMTV-PyMT mouse, in which the tumor cells
are unlabeled and appear as black regions . The stroma of the tumor margin is
filled with collagen fibers (light blue ) as imaged by second harmonic generated
polarized light by the multiphoton microscope and appears as a bright layer
around the tumor (double arrowhead points to the interface between the
tumor and the tumor margin). Arrowheads, macrophages found in the tumor
margin are associated with this collagen layer. Bar, 25 Am. B, the same tumor
morphology and macrophage density is seen in histologic section (although
collapsed due to fixation and dehydration) of a late-stage carcinoma in a
MMTV-PyMT/c-fms-GFP mouse. Macrophages (green ) are seen at the tumor
margin (arrowheads ) and as perivascular macrophages (arrows ). The tumor is
stained with 4¶,6-diamidino-2-phenylindole (blue ) and the vessels are filled with
Texas red-dextran (red ). Asterisk, the outside edge of the tumor margin.
C, macrophage density per unit area falls off rapidly from the tumor margin
toward the center of the tumor. This is not due to loss of imaging efficiency
because pixel intensity from the GFP-labeled tumor cells remains above 85%
through the same 300 Am distance. Pixel intensities from thirty 10-Am-thick
z-sections, as illustrated as a stack of images in the x-z projection at the bottom
of the figure, were quantified to show differences in macrophage density. Bottom,
x-z projection of thirty 10-Am-thick optical sections with the first section starting at
the tumor margin (arrow, Tumor margin ) and extending 300 Am deep into the
undissected tumor (arrow, 300 lm deep ). Single spots (asterisk ) in the x-z
projection are the perivascular macrophages. Bar, 100 Am. Points , mean
(n = 20); bars , SE. D, perivascular macrophages (green ) are seen crawling
at the surface of a blood vessel (delineated by white line in left) and along
matrix fibers (purple ) in the stroma around the vessel in a living tumor in a
MMTV-PyMT/lys-GFP mouse. Time-lapse images taken 5 min apart show the
movement of macrophages (left, arrows ). Right, lines, track distance traveled by
macrophages over 30 min. Bar, 25 Am.
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In the PyMT tumors, the motility of individual tumor cells was
imaged as described previously (18, 19). Using these methods in
PyMT tumors, the motility of tumor cells was observed to occur
>80% of the time near macrophages, at the tumor margin, deep
within the primary tumor and in association with perivascular
macrophages (Fig. 3A), consistent with the paracrine interaction
between the two cell types reported previously to induce cell motility
(10). The absolute number of tumor cell motility events observed per
hour is greater at the tumor margin compared with the perivascular
region, but when the frequency of tumor cell motility is normalized
to macrophage density, tumor cell motility is much more frequent
adjacent to perivascular macrophages (Fig. 3B). Tumor cells were
seen migrating directly toward macrophages (Fig. 3C, bottom;
Supplementary Movie 1). Tumor cell speed during motility
associated with perivascular macrophages was 3.9 F 0.28 Am/min
(SE; n = 20 cells from eight different animals). The migration of
tumor cells directly toward macrophages is an interesting observation because, although tumor cell motility at the tumor margin is
believed to be related to invasion of the primary tumor mass into
normal tissue, tumor cell motility associated with perivascular
macrophages is correlated with intravasation (Figs. 3C and 4).
To determine if perivascular macrophages are the sites of
intravasation of tumor cells in PyMT tumors, mice with GFPexpressing tumor cells were i.v. injected with Texas red-dextran
to label macrophages and then time-lapse imaged to observe if
the intravasation of GFP-expressing tumor cells is either near
or distant from the perivascular macrophages. A 1.6  106–Am3
volume of tumor containing a blood vessel and at least one
macrophage was selected at random and time-lapse imaged for 30
min to score intravasation. Time-lapse imaging showed that tumor
cells migrate toward the vessel-associated macrophages and
become closely associated with the vessel surface (Fig. 3C; Supplementary Movie 1). In addition, tumor cells were seen to intravasate
only where perivascular macrophages were present (Supplementary Fig. S3 and Fig. 4A; Supplementary Movies 2 and 3). The
intravasation events scored live by time-lapse imaging (18 events
in 96 volumes in 19 animals) always occurred within 20 Am of a
macrophage (Supplementary Movie 4 shows the intravasation and
disappearance of tumor cells as they are swept away in the blood
flow). z-series analysis of the site of intravasation confirmed the
presence of a macrophage above or below the plane of imaging
even if not seen in the same plane of focus as the tumor cell,
indicating that in all cases a macrophage was within one cell
diameter of the intravasating tumor cell.
To determine if intravasation efficiency is related to the density
of perivascular macrophages, Csf1op/Csf1op/PyMT mice defective in
CSF-1 production were used. These mice show tumor growth like
wild-type and +/op animals but slower tumor progression and
decreased invasion and metastasis consistent with the requirement
for CSF-1 signaling for invasion and metastasis and the observed
lower densities of tumor-associated macrophages in Csf1op/Csf1op/
PyMT mammary tumors (20, 31). Therefore, we investigated the
relative number of perivascular macrophages in +/op MMTV-PyMT
and Csf1op/Csf1op/PyMT tumors in animals from the same litter and
found that the +/op/PyMT tumors had more than six times as
many perivascular macrophages per 100 Am length of blood vessel
(Fig. 4B). To determine if intravasation efficiency is correlated with
the number of perivascular macrophages, the number of viable
tumor cells circulating in the blood was determined by drawing
blood from the right ventricle of the heart directly downstream
from the mammary tumor, thereby avoiding intervening capillary
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Figure 3. Tumor cell motility occurs most frequently in association with
perivascular macrophages. A, tumor cells were seen to move most frequently
in association with macrophages in both the tumor margin and the perivascular
region. Tumor cell movement was scored to be in association with a
macrophage when it occurred within 20 Am (one cell diameter) of a macrophage.
Movements of tumor cells in both the tumor margin and perivascular regions =
all tumor cells. Movement in association with perivascular macrophages =
tumor cells in perivascular region. Columns, mean (n = 12 animals, 28 z-series);
bars, SE. *, P = 0.0036; **, P = 0.0002, comparing near and not near.
B, although the absolute number of tumor cells moving at the tumor margin was
greater, as shown in left, a higher frequency of tumor cell movement was
observed in association with perivascular macrophages when movement was
normalized to the number of macrophages per unit area (right ). Numbers were
obtained by counting cell movements and the number of macrophages for
volumes in the tumor margin of 512  512  60 Am and for identical volumes
in the region of tumor containing the microvasculature. *, P = 0.0018;
**, P = 0.0064, comparing tumor margin and perivascular. C, images from a
30-min time-lapse sequence, taken at 6-min intervals, of four GFP-labeled tumor
cells (green ) in a PyMT-generated mammary tumor CAG-CAT-EGFP/MMTVPyMT in a living animal moving in association with a macrophage cluster
containing two macrophages (red ) near a vessel. The tumor cells move at a rate
of 4.2 Am/min over the course of the 30-min time-lapse. Tumor cell motility is
defined in Materials and Methods. Bottom drawing, outline of the tumor cells
(white outlines ) as they move toward the macrophages (filled ). Bar, 25 Am.
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Figure 4. Perivascular macrophages are sites of EGF-dependent and CSF-1–dependent intravasation in PyMT mammary tumors. A, image from a z-series time-lapse
sequence taken at 8-min intervals of a cell entering a vessel in association with a macrophage. Left, subluminal macrophage ($) in the first frame of the
time-lapse movie 10 Am below the plane of focus of the other panels; middle left, a different plane of focus at the same time frame as the left. Middle left, middle right,
and right, same plane of focus and the movement of tumor cells into the vessel. Line, vessel wall; arrow, point of intravasation of tumor cells. $, position of the
macrophage in the first frame. By the last frame, the macrophage ($ ), which started out 10 Am below the plane of focus, has moved into the same plane as the
intravasating tumor cells. This indicates that both tumor cells and macrophages are motile at the vessel surface. Bar, 25 Am. B, more perivascular macrophages are
seen along blood vessels in +/op wild-type (WT )-like PyMT mouse mammary tumors than in Csf1op/Csf1op  PyMT mammary tumors. Macrophages were labeled
by injection of Texas red-dextran and then counted along vessels. Macrophage density was >6-fold higher in +/op/PyMT mouse mammary tumors than in Csf1op/Csf1op
 PyMT mammary tumors. *, P = 0.0003. C, a and b, the number of viable tumor cells in the blood exiting the primary tumor (blood burden) is greatly reduced
in Csf1op/Csf1op  PyMT tumor-bearing mice (b ) compared with +/op/PyMT mice (a). *, P = 0.0002 (n = 8). c and d, in addition, the blood burden is greatly reduced
1 h after the injection of 80 mg/kg PD153035 in wild-type mice (d), which inhibits the activity of the EGF receptor (n = 8). c, control mice injected with 8% DMSO.
**, P = 0.0005. e and f, the blood burden also is greatly reduced 4 h after the injection of anti-CSF-1 receptor function blocking antibody (2.5 mg/mL) in
wild-type mice (f ; n = 6). e, wild-type mice i.p. injected with nonimmune IgG. ***, P = 0.0002. D, on normalizing the numbers of cells collected from the blood to the
vascular density of late-stage carcinoma tumors from +/op/PyMT mice compared with Csf1op/Csf1op  PyMT mice, there is a 4-fold difference in the number of
cells collected. *, P = 0.002.

beds that might trap tumor cells. The results show that +/op/PyMT
mice with 6-fold more perivascular macrophages had 16-fold more
viable tumor cells per mL of blood than Csf1op/Csf1op/PyMT mice
with few perivascular macrophages (Fig. 4B and C, columns a and
b). To compensate for differences in vascular density between the
+/op/PyMT and Csf1op/Csf1op/PyMT mice, the numbers of cells
collected from the blood were normalized to the vessel density of
primary tumors from wild-type and Csf1op/Csf1op mice (Fig. 4D;
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ref. 20). The number of tumor cells in the blood of Csf1op/Csf1op
animals remained significantly reduced compared with that in +/op
animals when the data were normalized to vessel density (Fig. 4D).
These results indicate that it is the number of perivascular
macrophages and not the number of blood vessels that correlates
with intravasation.
In previous studies using an in vivo invasion assay, a paracrine
loop was identified between carcinoma cells and macrophages,
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where tumor cell EGF receptors and macrophage CSF-1 receptors
are signaled by macrophage-produced EGF and tumor cell–
produced CSF-1, respectively, leading to chemotaxis-mediated
comigration and invasion of both cell types (10). To test the
hypothesis that this paracrine signaling loop, involving EGF and
CSF-1 receptors, is involved during the intravasation of carcinoma
cells at perivascular macrophage clusters, EGF receptor activity
was inhibited by i.p. injection of 80 mg/kg PD153035, an erbB1 and
erbB2 receptor tyrosine kinase inhibitor. This concentration of
PD153035 correlates to 15 Amol/L in the blood plasma after 1 h (21).
One hour after injection of PD153035, the number of tumor cells
exiting the primary tumor in the blood dropped by 5-fold in MMTVPyMT mice treated with PD153035 compared with controls mock
injected with buffer (Fig. 4C, columns c and d).
To determine if the CSF-1 receptor activity is also essential for
intravasation, we injected i.p. 2.5 mg/mL of monoclonal antibody
that is function blocking for CSF-1 receptor activity (22). Four
hours after i.p. injection, the time of peak inhibition of receptor
activity (23), the number of tumor cells found in the blood was 6fold less than MMTV-PYMT mice injected with nonimmune IgG
(Fig. 4C, columns e and f ).
To confirm that the antibody blocked the paracrine loop
described previously (10), the in vivo invasion assay was done
4 h after i.p. injection into 18-week-old PyMT  c-fms-GFP tumorbearing mice. The number of collected cells per needle (tumor cells
plus macrophages) from needles containing 25 nmol/L EGF was
f1,000 total cells on average (75% tumor cells and 25% macrophages) from mice with control antibodies but reduced to 127 F 48
total cells (3% macrophages) from mice injected with CSF-1
receptor function blocking antibody. These numbers are very
similar to what was seen when the same antibody was placed in the
needle during the invasion assay (10), showing the inhibition of
CSF-1-receptor activity in the tumor following i.p. injection of the
function blocking antibody as used in the current study.
In total, these experiments show that intravasation follows the
same pattern of dependence on macrophages (Fig. 4B), and EGF
and CFS-1 signaling (Fig. 4C and D), as does the paracrine loopdependent collection of invasive tumor cells in the in vivo invasion
assay (10). These results are consistent with previous work showing
a correlation between the accumulation of polarized (chemotactic)
tumor cells around blood vessels, intravasation and metastasis (7),
and the loss of metastatic potential in the absence of tumorassociated macrophages (12).
The role of cell-cell interactions in defining the microenvironment for tumor progression and metastasis has been studied
extensively (32). In this regard, macrophages have been hypothesized to play roles in both tumor rejection and increased
malignancy (6, 27, 33–35). Part of the reason for this apparent
paradox is the lack of direct observations about the behavior and
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interactions of macrophages with tumor cells in vivo that can
lead to a mechanistic understanding of the macrophage
contribution to malignancy. The new insight resulting from the
direct observation of macrophages and their interactions with
tumor cells in vivo described here is that almost all tumor cell
migration and intravasation occur in association with macrophages.
Tumor-associated macrophages have been shown to form
clusters in the intratumoral region, and these macrophage dense
‘‘hotspots’’ are correlated with angiogenesis and found to have
increased levels of vascular endothelial growth factor (29, 30).
However, other groups have reported that the accumulation
of macrophages invading carcinomas does not correlate with
microvessel density, suggesting that the association of macrophages with blood vessels may contribute to malignancy independently of angiogenesis (36). Here, we describe for the first
time that perivascular macrophages of the mammary tumor are
associated with tumor cell intravasation in the absence of local
angiogenesis.
Previous studies have identified macrophages as a source of EGF,
which is chemotactic for tumor cells in mammary tumors in vivo
(10, 24) and in vitro (11, 37). The fact that macrophages are a source
of EGF probably explains why tumor cells are polarized toward blood
vessels in mammary tumors (9) because these vessels have
perivascular macrophages as shown in this study. The involvement
of chemotaxis in macrophage-associated tumor cell migration and
intravasation is consistent with the gene expression patterns of the
invasive population of tumor cells (the invasion signature) collected
from mammary tumors as they comigrate with macrophages (38).
The ‘‘invasion signature’’ implicates signaling pathways involved in
chemotaxis of carcinoma cells (37, 39, 40), consistent with the
chemotactic behavior of tumor cells adjacent to macrophages
observed in vivo in this study and previously in vitro (11).
Our results show that the perivascular macrophages of
mammary tumors are specifically involved in intravasation. An
understanding of how the perivascular macrophage population
arises, its relationship to the general population of tissue
associated macrophages, and how the interaction of perivascular
macrophages with endothelial cells affects vessel integrity and
transendothelial migration of tumor cells will be essential in
targeting intravasation selectively.
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