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Abstract Purpose: Multiphoton-based intravital imaging has shown that invasive carcinoma cells in
mouse and rat mammary tumors intravasate when associated with perivascular macrophages,
identifying a potential tumor microenvironment of metastasis (TMEM).We defineTMEM as the
tripartite arrangement of an invasive carcinoma cell, a macrophage, and an endothelial cell. The
aim of this study was to determine ifTMEM density in human breast carcinoma samples predicts
the development of systemic, hematogenous metastases.
Experimental Design: A case-control study of 30 patients who developed metastatic breast
cancer and 30 patients without metastatic disease was done. Cases were matched to controls
based on currently used prognostic criteria. Paraffin-embedded primary breast cancer samples
were stained using a triple immunohistochemical method allowing simultaneous identification
of carcinoma cells, macrophages, and endothelial cells. Two pathologists, blinded to outcome,
evaluated the number ofTMEM per 20 high-power fields.
Results: No association was seen betweenTMEM density and tumor size or grade, lymph node
metastasis, lymphovascular invasion, or hormone receptor status. TMEM density was greater in
the group of patients who developed systemic metastases compared with the patients with only
localized breast cancer (median, 105 versus 50, respectively; P = 0.00006). For every 10-unit
increase in TMEM density, the odds ratio for systemic metastasis was 1.9 (95% confidence
interval, 1.1-3.4).
Conclusions: TMEM density predicted the development of systemic, hematogenous metasta-
ses. The ability of TMEM to predict distant metastasis was independent of lymph node status
and other currently used prognosticators. Quantitation ofTMEMmay be a useful newprognostic
marker for breast cancer patients.

Breast cancer is the most prevalent malignant disease of
women in the developed world, apart from nonmelanoma skin
cancers, with f1 in 8 women in the United States being

diagnosed with breast cancer at some time in their lives. Breast
cancer mortality is largely attributable to the development of
systemic, hematogenous metastatic disease. Althoughf10% to
15% of patients have an aggressive form of the disease that
metastasizes within 3 years after initial diagnosis, the clinical
manifestations of occult metastatic disease can appear z10
years later. The consequence is that most breast cancer patients
carry a risk for development of metastatic disease throughout
the remainder of their natural lives (1, 2).
To decrease the risk for the emergence of metastatic tumors,

f80% of breast cancer patients are treated with adjuvant
chemotherapy. The clinical benefit is a 3% to 10% increase
in 15-year survival depending on the age of the patient at
diagnosis. However, because only f40% of these patients
eventually relapse and develop metastatic disease, there is a
significant subset of patients who are unnecessarily subjected to
the acute and long-term side effects of current chemotherapeu-
tic regimens (1). Currently established clinical prognostic
criteria such as the histopathologic grade of the tumor or
tumor size do not successfully predict systemic metastatic
potential. Even angiolymphatic invasion and the presence of
regional lymph node metastases do not always correlate with
subsequent distant spread. This may be because the mecha-
nisms of hematogenous spread are different from those for
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lymphatic spread. The ability to identify at the time of diagnosis
those tumors that have increased likelihood for systemic
hematogenous spread would aid in tailoring therapeutic
interventions specific for a particular patient and in identifying
those patients who would benefit the most from systemic
therapy.
We have shown previously that in rodent models the tumor

microenvironment is critical in the facilitation of metastasis.
Using intravital multiphoton imaging in rat and mouse
mammary tumors, invasive carcinoma cells have been shown
to polarize, move toward, and invade blood vessels (3). This
polarization and increasedmotility, leading to invasion of blood
vessels by carcinoma cells, requires a paracrine loop involving
macrophage-derived epidermal growth factor and carcinoma
cell-derived colony-stimulating factor-1 (3, 4). Invasive carcino-
ma cells involved in this paracrine loop yield a distinct gene
expression profile, called the invasion signature, and increased
cell motility and invasion are the result of alterations in the
expression of cytoskeletal regulatory proteins (5, 6).
A key actin polymerization regulatory protein that is part of

the invasion signature and that is up-regulated in invasive tumor
cells is Mena (5–7), an Ena/VASP protein family member that
is highly conserved across species (8, 9). Mena regulates cell
movement by its ability to protect actin filaments from capping
proteins during polymerization (10). Mena is up-regulated in
malignant human breast tumors (11–13) and is overexpressed
in a subpopulation of invasive tumor cells of rat and mouse
mammary tumors (5–7), suggesting that Mena plays a central
role in regulating breast carcinoma cell invasion. The forced
expression of Mena in tumor cells at levels observed in invasive
tumor cells has shown that Mena promotes carcinoma cell
motility and invasiveness both in vivo and in vitro and increases
intravasation and lung metastasis in vivo . Mena stabilizes
invadopodia, actin-rich protrusions that contain proteases,
thereby increasing the matrix degradation activity of tumor
cells. Importantly, Mena activity potentiates epidermal growth
factor-induced carcinoma cell invasion and membrane protru-
sion. In aggregate, these results indicate that the up-regulation of
Mena expression in invasive tumor cells enables them to invade
and metastasize in response to otherwise benign epidermal

growth factor stimulus levels, thereby increasing responsiveness
to macrophage signaling (14).
The density of tumor-associated macrophages has been

suggested to be a prognostic marker of poor outcome for a
variety of carcinomas, including breast carcinoma (15, 16).
Macrophages comprise a key component of the tumor
microenvironment as facilitators of tumor cell migration and
intravasation, stromal matrix breakdown, and angiogenesis
(16). In murine mammary tumors resulting from the expres-
sion of the PyMT oncogene in wild-type mice with intact
macrophage numbers and function, carcinoma cells, when
associated with macrophages, show an invasive phenotype with
increased motility (4, 17). Tumor cell motility occurs >80% of
the time in association with macrophages. Extensive multipho-
ton time lapse imaging of live tumors has shown that tumor
cell intravasation was only observed in association with
perivascular macrophages and was not seen in regions of blood
vessels without perivascular macrophages. A 7-fold reduction in
the number of perivascular macrophages in Csf1op/Csf1op mice
was correlated with a 10-fold reduction of circulating tumor
cells in the blood of the same mice. Therefore, although tumor
cell intravasation in the absence of perivascular macrophages
cannot be ruled out, it has not been detected in vivo by direct
imaging and may be only a minor kinetic component of
intravasation. Meanwhile, perivascular macrophage-assisted
tumor cell intravasation appears to be a major portal of entry
of tumor cells into the blood (3).
Based on the results with mouse mammary tumors, it is

postulated that human breast tumor-associated macrophages
guide carcinoma cells to blood vessels via the epidermal growth
factor/colony-stimulating factor-1 paracrine loop and that
Mena-overexpressing carcinoma cells in particular interact
with perivascular macrophages to constitute a microanatomic
landmark or portal leading to carcinoma cell intravasation. We
call this microanatomic landmark composed of a perivascular
macrophage in contact with a Mena-overexpressing tumor cell,
the tumor microenvironment of metastasis (TMEM; Fig. 1).

Translational Relevance

Multiphoton-based intravital imaging has shown that in-
vasive carcinoma cells in mouse and rat mammary tumors
intravasate when associated with perivascular macro-
phages.To identify this microenvironment in human breast
cancer samples, we have developed a triple immunostain
that simultaneously labels invasive carcinoma cells, macro-
phages, and endothelial cells.We call the direct apposition
of these three cell types ‘‘TMEM’’ (tumormicroenvironment
of metastasis). In this study, we confirm that TMEM are
present in human breast cancer specimens and can be
identified in routine histologic sections. Additionally, we
found that TMEM density is associated with the develop-
ment of distant organ metastasis independent of lymph
node status and tumor grade. TMEM may be a novel and
useful marker for predicting the development of systemic,
hematogenous metastasis in breast cancer patients.

Fig. 1. Definition ofTMEM. Cartoon depicting findings in rat and mouse
mammary tumors where tumor cells are observed to migrate to blood vessels and
intravasate in association with perivascular macrophages. Black box, anatomic
compartment where intravasation occurs, as observed in the rodent mammary
tumors, and also corresponds to the areas identified and scored asTMEM in
histologic sections in our study.TMEM is defined as the tripartite arrangement of a
tumor cell (red), macrophage (brown), and endothelial cell (blue) all in direct
apposition. Dashed line, path taken by migratory tumor cells toward perivascular
macrophages, as seen in vivo. Box, 60 Am on a side.
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In this study, we show that TMEM are present in explanted,
human invasive breast tumors, that the density of TMEM
correlates with the histologic grade of the tumors, and that
TMEM density is positively associated with the risk of
developing distant organ metastases.

Materials andMethods

Preliminary to assessing TMEM density in cases with known
outcome, we evaluated macrophage and blood vessel density in

examples of benign and malignant breast tissue and also evaluated

perivascular macrophage density and TMEM density in a series

of invasive ductal carcinomas without known outcome. These

initial measurements were made to determine if any of the three

markers used individually correlated with tumor grade, which may

be used as a surrogate for clinical outcome. Thus, this study

had three distinct components. Patient samples for each component

were unique, and the case composition of each part is described

below along with the associated methodology. All immunohisto-

chemical staining was done on archival, paraffin-embedded tissue

obtained from the archives of the Department of Pathology and

Laboratory Medicine at New York-Presbyterian Hospital/Weill Cornell

Medical College and used a Bond Max Autostainer and reagents (Vision

Biosystems) unless otherwise specified. Themodified Bloom-Richardson

grading scheme was used to determine tumor grade/differentiation in

all cases. Institutional review board approval was obtained for all parts

of this study.
Evaluation of macrophage and blood vessel density in benign and

malignant breast tissue. Ten cases each of well, moderate, and poorly
differentiated ductal carcinomas of the breast were evaluated for this
part of the study. An additional 10 cases each of ductal carcinoma
in situ (DCIS) and benign macromastic breast tissue (obtained from
reduction mammoplasties) were also included for comparison.
Representative sections from each case were stained using double
immunohistochemistry for CD68 (macrophage specific; ref. 18) and
CD31 (endothelial cell specific; ref. 19). Sections (5 Am thick) were
deparaffinized and endogenous peroxidase was inactivated followed

Fig. 2. Identification ofTMEM in histologic
sections. A to C, different examples of
TMEMas scored in histologic sections. In
our triple immunostain, macrophages are
brown, endothelial cells are blue, and tumor
cells expressing Mena are red. Boxes, area
ofTMEM, defined as the direct apposition of
a perivascular macrophage and a
Mena-expressing tumor cell. In the enlarged
images of the boxes (right), the asterisk
denotes the ‘‘epicenter’’of theTMEM, where
the three cell types are most intimately
apposed. A, blood vessel courses between
nests of tumor cells. At the asterisk , the
macrophage (M) is interposed between the
endothelial cell (EC) and the tumor cell
(TC). B, macrophage again is seen inter-
posed between the tumor cell and the en-
dothelial cell at the site of the asterisk. A and
B, vessel is seen in longitudinal section. C,
same intimate relationship is seen among
endothelial cell, macrophage, and tumor
cell, but the vessel is seen in cross-section.
Note that in all the examples there is no col-
lagen seen between the three cell types.
Original magnification, �600; bar, 20 Am;
boxes, 60 Am on a side.
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by antigen retrieval with Bond Epitope Retrieval Solution 1 according
to the manufacturer’s instructions. CD68 was detected by incubating
slides with anti-CD68 monoclonal antibody (clone PG-M1; 1:300
dilution; DAKO) followed by a polymer-based diaminobenzidine
colorimetric detection system according to the manufacturer’s
instructions (Bond Polymer Detection Systems; Vision Biosystems).
Antigen retrieval was done a second time, and slides were incubated
with anti-CD31 monoclonal antibody (clone JC70A; 1:300 dilution;
DAKO) and detected using an alkaline phosphatase-based streptavi-
din/biotinylated link system and Permanent Red chromogen (all
from DAKO). Hematoxylin was used as counterstain.

Ten separate digital photographs were taken of each double
immunohistochemically stained section at �200 magnification. For
each picture, 10 boxes were created, each box being approximately three
cell diameters across and corresponding to the hypothesized area of a
TMEM. Square boxes of 60 Am on a side were chosen and centered
on epithelium, as epithelial cells are necessary for the definition
of TMEM. For the invasive carcinomas, an additional 10 boxes were
centered on nonneoplastic epithelium adjacent to the tumor for
comparison. Two pathologists (G.L.S. and J.G.J.) randomly divided
all cases and independently counted and recorded the number of
macrophages and blood vessels in each box. The average of the

Fig. 3. Microvessel andmacrophage density, perivascularmacrophage density, andTMEMdensity in invasive ductal carcinomas.A, microvessel density.The density of blood
vessels is higher in DCIS and invasive carcinomas than in benign breast tissue, but there is little difference in the blood vessel density among the three grades of invasive
tumor. B, macrophage density.The density of macrophages increases from DCIS through the grades of invasive tumor, but the differences are not statistically significant and
do not exceed the macrophage density of adjacent nonneoplastic breast tissue. C, perivascular macrophage density. Evaluating the density of macrophages along blood
vessels revealedno correlationbetweenperivascularmacrophage density and tumor grade.D,TMEMdensity.TMEMcounts, however, clearly separatewell-differentiated from
moderately (P < 0.008) and poorly (P < 0.001) differentiated carcinomas.TMEM is defined as the direct apposition of a perivascular macrophage and invasive tumor cell.
Bars, SE.
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10 boxes for each case was calculated. Differences in blood vessel
density and macrophage density among the various tissue types were
calculated using the Wilcoxon rank-sum test. Given that 15 compar-
isons were done, the P value for determining statistical significance was
set at 0.003 by applying the Bonferroni correction to the standard
assumption that P < 0.05 is statistically significant.

Evaluation of perivascular macrophage and TMEM densities in invasive
ductal carcinomas. Twenty cases each of well, moderate, and poorly
differentiated ductal carcinomas of the breast were retrieved for
inclusion in this portion of the study. Representative sections of each
case were stained using triple immunohistochemistry. First, sections
(5 Am thick) were deparaffinized, endogenous peroxidase was
inactivated, and antigen retrieval done as described above. Next,
CD68 was detected as described above. Slides were then subsequently
incubated with anti-CD31 monoclonal antibody as above, except that
colorimetric detection was with Vector Blue (Vector Laboratories).
Finally, slides were subjected to antigen retrieval and incubated with
anti-Mena monoclonal antibody (20). Detection of Mena used the
Permanent Red chromogen as described above. Methylene green was
used as a counterstain.
Five digital photographs of each triple immunohistochemically

stained section were taken at �200 magnification (total area
evaluated = 2.7 mm2). Two pathologists (B.D.R. and J.G.J.) randomly
divided the cases and tabulated for all images (a) the number of
perivascular macrophages along a cumulative length of 200 Am of
blood vessels and (b) the number of TMEM. The average values
of these measures were then calculated for each case. Given the
novelty of TMEM as a histologic entity, the two pathologists involved
in scoring all cases reviewed together >200 digital images from 10
test cases stained using the triple immunohistochemical method.
TMEM was defined as the direct apposition of an invasive Mena-
expressing tumor cell on a perivascular macrophage. In reviewing the
test cases (random archival breast cancer specimens not included in
the study) and defining TMEM histologically, the two pathologists
were able to achieve agreement regarding the structural variations
allowed (Fig. 2). Differences in perivascular macrophage density and
TMEM density among the various tissue types were calculated using
the Wilcoxon rank-sum test. Given that three comparisons were
done, the P value for determining statistical significance was set at
0.017 by applying the Bonferroni correction to the standard
assumption that P < 0.05 is statistically significant.

Evaluation of TMEM in patients with known clinical outcome. Using
the Cancer Registry at New York-Presbyterian Hospital/Weill Cornell

Medical College, 30 patients with invasive ductal carcinoma of
the breast who developed systemic, distant organ metastases were
identified and one control was matched individually to each case.
The controls had only localized disease (invasive ductal carcinoma
limited to the breast or with regional lymph node metastasis only).
All patients were female and underwent primary resection of their
breast cancer at New York-Presbyterian Hospital between 1992 and
2003. A minimum clinical follow-up time of 5 years was required
for inclusion, and the follow-up time for all nonmetastatic patients
was at least as long as that of their matched metastatic case. Due to
the limited number of patients with metastatic, well-differentiated
carcinomas, only patients with moderately or poorly differentiated
carcinomas were included. Matching of metastatic and nonmetastatic
patients was based on well-established prognostic factors including
tumor grade (matched exactly), tumor size (categorized as <2, 2-4, and
>4 cm), presence or absence of lymph node metastasis, and hormone
receptor status.
For each patient, representative sections of tumor were subjected to

triple immunohistochemical staining for CD68, CD31, and Mena as
described above. In each case, 20 high-power fields (�400 magnifica-
tion) were evaluated for the total number of TMEM (total area
evaluated = 2.7 mm2). Two pathologists (B.D.R. and J.G.J.) each
evaluated half of the cases (30 patient samples each). The cases were
randomly distributed between the two pathologists, and both
pathologists were blinded to the clinical outcome. After tabulation of
TMEM for all samples, the cases were categorized according to whether
they were metastatic and nonmetastatic, and the difference in TMEM
density between metastatic and nonmetastatic patients was evaluated
using the Wilcoxon signed-rank (matched pairs) test. Differences in
TMEM density among other variable groups (e.g., lymph node status)
were evaluated using the Wilcoxon rank-sum test. Odds ratios and 95%
confidence intervals for the association between TMEM count and risk
of metastasis were estimated using conditional logistic regression.

Results

Macrophage density, blood vessel density, and Mena staining
are not individually correlated with tumor grade. When
quantified in the four types of breast tissue examined in this
study (benign macromastic breast tissue, nonneoplastic breast
tissue adjacent to carcinoma, in situ carcinoma, and invasive

Table 1. Clinicopathologic characteristics for the metastatic and nonmetastatic cohorts

Metastatic (n = 30) Nonmetastatic (n = 30) P

Age at diagnosis (y), mean (range) 53.1 (29-88) 52.6 (30-81) NS
Tumor grade, n (%)
Moderate 12 (40) 12 (40) NS
Poor 18 (60) 18 (60) NS

Tumor size (cm), mean (range) 3.5 (1-11) 3.7 (1-10) NS
Lymph node metastasis, present, n (%) 20 (67) 19 (63) NS
No. lymph nodes positive, mean (range) 4.7 (0-17) 4.3 (0-14) NS
Lymphovascular invasion, present, n (%) 18 (60) 11 (37) NS
Hormone status, n (%)
Estrogen receptor-positive 19 (63) 18 (60) NS
Progesterone receptor-positive 11 (37) 15 (50) NS

HER-2/neu overexpression, present, n (%) 9 (30) 7 (23) NS

NOTE: A search of the Cancer Registry database of the New York-Presbyterian Hospital/Weill Cornell Medical Center from 1992 to 2003 yielded
30 patients with known metastatic disease who had undergone primary resection of their breast cancer at New York-Presbyterian Hospital. The
same database was then searched to identify a matched nonmetastatic control for each metastatic case. The controls were matched for each of
the parameters listed above. There was a minimum follow-up time of 5 y for all cases, and the follow-up time for each control was at least as long
as the follow-up time for its metastatic pair.
Abbreviation: NS, not significant; P > 0.05.
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Fig. 4. TMEM density inmetastatic and nonmetastatic patients. Both tumors in A and B are of similar histologic grade and are shownusing the triple immunostain described
previously. A, example of a nonmetastatic case, whereTMEM counts (circles) tend to be low. B, from a patient who developed distant organ metastases, and theTMEM
density is high. Although the cases in A and B are at the extreme of low and highTMEM density, we have included them for comparison given their strikingly similar histology
yet disparateTMEM counts, which reinforces the novelty and utility of our triple immunostain in identifyingTMEM. C, scatter plot depicting theTMEM counts for each of the
60 patients included in the case-control study. D, difference betweenmetastatic and nonmetastaticTMEM values for each of the 30 individually matched pairs. Original
magnification, �400; bar, 20 Am; circles, 60 Am in diameter.
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carcinomas), neither blood vessel nor macrophage density
alone were good discriminators of benign from malignant
breast tissue and did not vary substantially by tumor grade.
Vessel counts overall were higher in the in situ and invasive
tumors, but vessel density was similar in all three tumor grades
(Fig. 3A). Regarding vessel density, the only statistically
significant differences were between macromastic breast tissue
and DCIS (P < 0.001), macromastic breast tissue and
moderately differentiated carcinoma (P < 0.001), and macro-
mastic breast tissue and poorly differentiated carcinoma
(P < 0.001). Macrophage density appeared to increase from
in situ to invasive tumor and with increased histologic grade but
did not exceed the macrophage density of nonneoplastic breast
tissue adjacent to tumor (Fig. 3B). Regarding macrophage
density, the only statistically significant difference was between
DCIS and poorly differentiated carcinoma (P < 0.003).
Additionally, perivascular macrophage density was also not

associated with tumor grade. As evident in Fig. 3C, the number
of macrophages along a blood vessel was not significantly
different among the three grades of invasive tumor (P > 0.02 for
all comparisons).
We found that Mena was generally expressed only at low

levels, if at all, in nonneoplastic ducts and lobules. All
carcinoma cells, both in situ and invasive, showed increased
Mena expression using the pan-Mena antibody (Supplementary
Fig. S1). Using standard immunohistochemical methods, we
could not identify patterns of subcellular localization of Mena
(e.g., lamellopodia).
Identification of TMEM in histologic sections. Figure 2

provides illustrations of TMEM as seen in paraffin-embedded,
immunohistochemically stained tissue sections. By definition,
to qualify as a TMEM, an endothelial cell, a macrophage, and
an invasive tumor cell must be in direct apposition. In our
triple immunostain, the tumor cells expressing Mena are red,
the endothelial cells are blue, and the macrophages are brown.
All of the stains are cytoplasmic. Endothelial cells often stain
with a smooth linear quality, whereas the macrophages
typically show a more granular staining pattern. At low power,

if a tumor contains an abundance of collagen and is relatively
avascular, the TMEM count is likely to be low. Alternatively, if
one sees vessels coursing through nests of tumor cells, high-
power examination may reveal macrophages in apposition to
these vessels and tumor cells, thus qualifying as TMEM. As the
various panels of Fig. 2 show, vessels may be cut longitudinally
or in cross-section. If we found collagen fibers present between
a perivascular macrophage and the tumor cells, TMEM was not
scored. Additionally, if the endothelial cells and macrophages
were not apposed, the definition of TMEM was also not met.
Another observation was that TMEM were not localized
preferentially to the central or peripheral aspects of the tumor.
Rather, they were distributed uniformly across an entire tumor.
Typically, they were found as single structures scattered
throughout the carcinoma. In tumors that contained ‘‘hot
spots’’ or clusters of TMEM along a single vessel, the overall
TMEM counts were high.

TMEM counts are associated with tumor grade. The number
of TMEM in the well-differentiated tumors was significantly
lower than those in moderately and poorly differentiated
tumors (P < 0.008 and P < 0.001, respectively; Fig. 3D). What
was frequently observed in well-differentiated tumors was a
total lack of endothelial cells in any proximity to either tumor
cells or macrophages. In these fields, the TMEM score was zero.
Within the moderately and poorly differentiated groups,
however, there was a range in the numbers of TMEM identified,
and the differences in TMEM counts between these two groups
was not significant (P > 0.02).

TMEM density in patients with known clinical outcome. The
clinicopathologic characteristics for the metastatic and non-
metastatic patients in the case-control study are presented in
Table 1. Each paired metastatic and nonmetastatic patient
was matched as closely as possible for the parameters listed;
as such, differences between the two groups with respect to
these characteristics are not statistically significant.
Figure 4A is a representative image from a nonmetastatic

patient, whereas Fig. 4B depicts a representative image from a
patient who developed systemic metastasis. In both images,

Table 2. Case-control study results

(A) TMEM density

Metastatic cohort (n = 30) Nonmetastatic cohort (n = 30) P

Median (5th percentile, 95th percentile) 105 (28.3, 221) 50 (13.1, 130) 0.00006

(B) Increase in risk of metastasis per 10-unit increase in TMEM

Adjusted for Odds ratio (95% confidence interval)

(Unadjusted) 1.9 (1.1-3.4)
Age at diagnosis 1.9 (1.1-3.4)
Tumor grade 1.9 (1.1-3.4)
Tumor size 1.9 (1.1-3.3)
Lymphovascular invasion 1.5 (0.95-2.3)
Lymph node metastasis 1.9 (1.0-3.6)
Estrogen receptor status 2.0 (1.1-3.7)
Progesterone receptor status 1.9 (1.0-3.6)
HER-2/neu status 2.2 (1.1-4.7)

NOTE: TMEM density was significantly higher in the group of patients who developed distant metastasis compared with those with localized
breast cancer (A). Additionally, for every 10-unit increase in TMEM, the odds of metastasis almost doubled (B). This estimate was robust to
adjustment (separately) for the commonly used prognostic criteria listed in the table, including tumor grade, emphasizing that TMEM is not a
surrogate for grade and may be a useful new independent prognostic factor.
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TMEM are denoted by circles. The individual TMEM densities
for all 60 patients are depicted in Fig. 4C as a scatter plot. In
Fig. 4D, each of the 30 matched pairs is considered separately,
and the difference between individual metastatic and non-
metastatic pairings is shown. The median (5th percentile, 95th
percentile) difference between the metastatic cases and their
matched nonmetastatic controls with respect to TMEM score
was 43.5 (-17.1, 192), indicating that, in general, the metastatic
cases had substantially higher TMEM scores than their matched
controls.
TMEM density was significantly greater in the group of breast

cancer patients who developed distant organ metastases
compared with those with only localized disease (median,
105 versus 50, respectively; P = 0.00006; Table 2A). For every
10-unit increase in the TMEM count, the odds ratio for systemic
metastasis was 1.9 (95% confidence interval, 1.1-3.4). This
estimate was robust to adjustment (separately) for age at
diagnosis, tumor grade, tumor size, lymphovascular invasion,
number of lymph nodes containing metastatic carcinoma,
estrogen receptor status, progesterone receptor status, and HER-
2/neu status (Table 2B). In this limited sample, TMEM densities
within each cohort (metastatic and nonmetastatic) did not
differ significantly for each prognostic subgroup (Supplemen-
tary Table S1).

Discussion

Although the major cause of mortality in breast cancer is
hematogenous metastasis, there are currently no reliable
methodologies to predict the risk for metastatic disease. Animal
studies, however, may provide some insight. Intravital imaging
of invasive tumor cell behavior in mammary tumors in rats and
mice has revealed a direct role for macrophages in tumor cell
invasion and intravasation (3, 4). High-resolution two-photon
imaging of the interactions between perivascular macrophages
and tumor cells during intravasation in mouse models of
metastatic mammary carcinoma has revealed the presence of a
microanatomic compartment that defines the site where
intravasation by motile carcinoma cells occurs. We refer to this
compartment as TMEM. The constituent cells of TMEM are an
endothelial cell, a perivascular macrophage, and an invasive
Mena-expressing tumor cell. Mena, a member of the Ena/VASP
protein family, has been identified as an up-regulated gene in
the invasive migratory subpopulation of tumor cells in animal
models of breast cancer (5, 6). Mena has been shown to
regulate actin-driven cellular protrusions and cell motility in a
variety of cell types (4, 7–10, 14), to be up-regulated in
circulating tumor cells (7) and primary human breast cancers
(11, 12), and to sensitize tumor cells to epidermal growth
factor signals and increase metastasis (14). Hence, Mena has
been postulated to be a marker for invasive, migratory tumor
cells and metastatic potential (7, 14).
In our initial studies, we used tumor grade as a surrogate for

prognosis (including metastasis) and asked if the individual
components of TMEM alone could be predictive of poor
outcome. To evaluate these components, we looked at invasive
tumor cells expressing Mena, blood vessel density, and
macrophage density. In our study, Mena expression was higher
in tumors compared with benign epithelial cells but did not
differ among the three grades of invasive carcinoma.With regard

to macrophage and blood vessel density, although there are
studies on human breast cancer suggesting an association
between increased densities and poor outcome (3, 16), the
significance of these counts as independent predictors has not
been clearly shown. A link between macrophage density and
poor prognosis, for example, may be evident only in the context
of other currently accepted andmore frequently used prognostic
markers, such as lymph node metastasis, tumor grade, and
hormone receptor status (21). Similarly, when microvessel
density is associated with prognosis, it is also in the context of
tumor grade and lymphovascular invasion (22, 23). Our study
found that microvessel density was generally elevated in the
carcinomas compared with benign breast tissue, but this
observation was not statistically significant, perhaps reflecting
the relatively small sample size. Additionally, increasing blood
vessel density was not significantly associated with increasing
tumor grade. Macrophage density also tended to increase with
tumor grade, but this trend again was not statistically significant.
Because tumor cells in in vivo animal models show greatest

motility and intravasation in association with perivascular
macrophages (3–5), we next assessed whether perivascular
macrophage density might correlate better with tumor grade.
What we found, however, was that the number of macrophages
along a blood vessel, at least in invasive carcinomas, appears to
be relatively constant regardless of grade.
Given the above results, then, we concluded that the

individual components of our proposed microenvironment
(microvessel density, macrophage density, and Mena expres-
sion) and one relational component (perivascular macrophage
density) were not associated with tumor grade and therefore
not likely to be of prognostic benefit.
When we looked at all the components together, however,

the results were more suggestive of an association with risk of
tumor progression. Defining TMEM as a perivascular macro-
phage in direct apposition to a Mena-expressing tumor cell, we
found that TMEM counts differed significantly between well
versus moderately and poorly differentiated tumors. In well-
differentiated tumors, where the outcome is generally good, the
TMEM count was low. In moderately and poorly differentiated
tumors, there was a wide range in TMEM counts, but overall the
TMEM counts were much higher than in the well-differentiated
tumors. Because grade is only a surrogate for metastatic risk,
finding a range is not surprising. Some moderately and poorly
differentiated tumors metastasize, whereas others do not.
However, very few well-differentiated tumors metastasize. In
this group, not only were the overall TMEM counts low, but
also the range of counts was small.
For completeness, we also looked at the staining patterns

for Mena, macrophages, and endothelial cells in DCIS and
nonneoplastic breast tissue. Not surprisingly, we found no
TMEM in either tissue type. In benign breast tissue, there are
no cancer cells, and in DCIS, the cells are noninvasive. The
epithelial cells of DCIS and benign breast tissue are physically
unable to appose perivascular macrophages due to an intact
basement membrane as well as a layer of myoepithelial cells.
In the animal models, intravasation of tumor cells

observed by direct imaging requires the direct interaction
between invasive tumor cells and perivascular macrophages
through a paracrine signaling loop (3, 4), and the presence
of this microanatomic compartment is associated with the
presence of intravascular tumor cell burden and metastasis
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(3). In our study of human breast cancer samples, then, the
next step was to evaluate TMEM in a case-control study of
metastatic and nonmetastatic breast cancers. We identified 30
breast cancer patients with known distant metastases and 30
individually matched patients with breast cancer who had
not developed metastasis from hematogenous spread. Using
the same immunohistochemical triple stain, TMEM were
quantified in the same fashion as for the case series of well,
moderate, and poorly differentiated tumors. Well-differenti-
ated tumors were not included due to lack of availability of
metastatic samples (only two cases identified). For the series
of matched pairs of moderately and poorly differentiated
tumors, the difference in TMEM counts between metastatic
and nonmetastatic tumors was substantial (median, 105
versus 50, respectively; P = 0.00006). Our results indicate
that TMEM density at initial cancer resection was associated
with risk of metastasis. Specifically, for an increase in the
TMEM count of 10, the odds of metastasis nearly doubled.
The ability of TMEM density to predict systemic spread of
carcinoma cells was independent of other currently used
prognosticators, including lymph node metastasis, tumor
size, presence of lymphovascular invasion, and tumor grade,

although the sample size for this study precluded simulta-
neous adjustment for all of these factors.
Both the approach and the results in this study are novel.

To date, no method for predicting metastatic risk exists that
draws on the in vivo observation of hematogenous metastasis
in animal models. These results suggest that the mechanism
of hematogenous dissemination in humans is likely similar
to that seen in rodent models where tumor cells intravasate
in association with perivascular macrophages. A next step
will be to validate these findings in a larger, independent
population-based patient series with known outcome. If our
results are substantiated, TMEM may be a powerful addition
to the current approach for assessing metastatic risk and the
need for systemic chemotherapy. If patients can be better
classified as either low-risk or high-risk for metastasis,
customized (patient-tailored) therapies can be designed to
prevent overtreatment and undertreatment of patients,
respectively.
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