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Proangiogenic TIE2/CD31" Macrophages Are the
Predominant Population of Tumor-Associated
Macrophages Infiltrating Metastatic Lymph Nodes
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Tumor-associated macrophages (TAMs) accumulate in
various cancers and promote tumor angiogenesis and
metastasis, and thus may be ideal targets for the clinical
diagnosis of tumor metastasis with high specificity. How-
ever, there are few specific markers to distinguish between
TAMs and normal or inflammatory macrophages. Here, we
show that TAMs localize in green fluorescent protein-
labeled tumors of metastatic lymph nodes (MLNs) from
B16F1 melanoma cells but not in necrotic tumor regions,
suggesting that TAMs may promote the growth of tumor
cells and the progression of tumor metastasis. Further-
more, we isolated pure populations of TAMs from MLNs
and characterized their gene expression signatures com-
pared to peritoneal macrophages (PMs), and found that
TAMs significantly overexpress immunosuppressive cyto-
kines such as IL-4, IL-10, and TGF-B as well as proangi-
ogenic factors such as VEGF, TIE2, and CD31. Notably,
immunological analysis revealed that TIE2"/CD31" macro-
phages constitute the predominant population of TAMs
that infiltrate MLNs, distinct from tissue or inflammatory
macrophages. Importantly, these TIE2*/CD31* macropha-
ges also heavily infiltrated MLNs from human breast can-
cer biopsies but not reactive hyperplastic LNs. Thus, TIE2'/
CD31" macrophages may be a unique histopathological
biomarker for detecting metastasis in clinical diagnosis,
and a novel and promising target for TAM-specific cancer
therapy.

INTRODUCTION

Tumor-associated macrophages (TAMs) are the most abun-
dant cancer stromal cells in the tumor microenvironment (Man-
tovani et al., 2002; 2008; Pollard, 2004). Recent clinical and

experimental studies have suggested that TAMs play pivotal
roles in tumor immunosuppression and provide a suitable mi-
croenvironment for cancer development and progression (Man-
tovani and Sica, 2010; Pollard, 2008; Qian and Pollard, 2010).
Their tumor-promoting role presumably results from their ability
to mediate tumor angiogenesis, lymphangiogenesis, increase
the breakdown of extracellular matrix, promote tumor cell inva-
sion and migration, and suppress the antitumor immune re-
sponse (Mantovani and Sica, 2010; Pollard, 2009; Qian and
Pollard, 2010; Yang et al., 2011). Notably, high TAM infiltration
is well correlated with worse clinical outcome in most malignant
tumors such as breast, cervical, ovarian, prostate, and thyroid
cancers, Hodgkin’s lymphoma, hepatocellular carcinoma, lung
carcinoma, and cutaneous melanoma (Fei et al., 2008; Groble-
wska et al., 2007; Huang et al., 1996; Lan et al., 2013; Manto-
vani and Sica, 2010; Ryder et al., 2008; Qian and Pollard, 2010;
Schoppmann et al., 2006; Steidl et al., 2010; Xu et al., 2013). In
contrast, high TAM infiltration may also be associated with in-
creased survival in cervical, pancreatic, and lung cancers (Kim
et al., 2008; White et al., 2003; Zijimans et al., 2006). These
discrepancies among various cancers may result from relatively
nonspecific markers for the detection of macrophages (e.g.,
CD68 and CD163), which do not distinguish between TAMs
and inflammatory macrophages (Quatromoni and Eruslanov,
2012). Moreover, CD68 and CD163 antibodies can detect in-
flammatory macrophages as well as TAMs, with overlapping
features of pro- and anti-tumor subsets (Heusinkveld and van
der Burg, 2011). To address the seemingly conflicting evidence
regarding the roles of TAMs in the tumor microenvironment, it
would be useful to identify uniqgue markers that can detect dis-
tinct subsets of TAMs.

In the present study, we focused on proximal lymph nodes
(LNs) as a target organ of early metastasis because malignant
tumors such as melanoma and breast cancers preferentially
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metastasize via LNs. To identify a TAM-specific marker that is
distinct from tissue and inflammatory macrophages, we isolated
TAMs from the metastatic LNs (MLNs) of B16F1 melanoma
mice using fluorescence-activated cell sorting (FACS) and per-
formed comparative gene expression analysis of macrophages.
Immunohistological analyses suggested that proangiogenic
TIE2/CD31" macrophages are the predominant macrophage
subset that infiltrates MLNs. Our findings suggest that macro-
phages with high levels of TIE2 and CD31 may play an impor-
tant role in tumor angiogenesis and might be useful as a specif-
ic marker for TAMs. TIE2*/CD31* TAMSs can potentially be used
as a prognostic marker for clinical diagnosis and may represent
potential targets for cancer therapeutics.

MATERIALS AND METHODS

Animal care and use

Animal studies were approved by the Center for Animal Care
and Use and performed according to institutional ethics and
safety guidelines at Gachon University of Medicine and Scien-
ce, Lee Gil Ya Cancer and Diabetes Institute, Incheon, Korea.

Human breast cancer specimens

The study protocol was approved by the Medical Ethics Com-
mittee of Seoul National University Hospital (Korea). The study
cohort consisted of 41 patients who received treatment at
SNUH between 2007 and 2010. Multiple sections of resected
MLNs (n = 36) from patients with breast cancer and reactive
hyperplastic LNs (n = 5) from patients with benign cancer were
stained with hematoxylin and eosin (H&E). Images of the
stained slides were captured with the Mirax Desk scanner (Carl
Zeiss, Germany).

Inoculation of B16F1 melanoma mice

We inoculated B16F1 or B16F1-GFP melanoma cells (4 x 10°
per mouse) to 8-week-old C57BL/6 male mice into the left front
footpad (Hill et al., 1984). The tumor was allowed to grow to
approximately 1.0 cm in diameter, at which point we sacrificed
the mice and harvested the primary tumors, regional LNs, and
non-regional LNs.

Isolation and activation of thioglycollate-elicited peritoneal
macrophages (PMs)

We obtained thioglycollate-elicited PMs from C57BL/6 mice.
Briefly, we injected mice intraperitoneally with 2 ml 3% Brewer
thioglycollate medium (Difco, USA). After 3 days, cells were
harvested by washing the peritoneal cavity with cold PBS. Res-
ident macrophages were obtained by peritoneal lavage of naive
mice. The cells were centrifuged (1,000 rpm, 5 min). The cell
pellets were washed three times with PBS, resuspended in
DMEM medium supplemented with 10% FBS (Gibco), and
cultured on chambered coverglasses (Nunc, Fisher Scientific)
at a density of 1 x 10° cells mI"". Cells were allowed to adhere
for 3 h, and then the slides were washed to remove non-
adherent cells. Next, adherent PMs were incubated with or
without 100 ng mlI™ LPS for 3 h. Following incubation, the cells
were harvested.

Histochemistry, immunohistochemistry (IHC) and
immunofluorescence

MLNs that contained B16F1 melanoma cells were fixed with
10% neutral-buffered formalin and embedded in paraffin wax.
To confirm the presence of LN metastases, we obtained GFP
images from 2.5-um-thick sections of MLNs that contained
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B16F1-GFP melanoma cells using the Zeiss Axio Imager Z1
microscope (Carl Zeiss). H&E staining was performed using a
standard protocol and stained sections were imaged with the
Zeiss Axio Imager Z1 microscope. For IHC, antigen retrieval
was performed in Tris/EDTA (pH 9.0) for 20-30 min. Then we
incubated sections with the following primary antibodies at
25°C for 2 h: monoclonal F4/80 (BM8; eBioscience, USA), goat
polyclonal CD31 (M-20; Santa Cruz), and rabbit polyclonal TIE2
(H-176, Santa Cruz) for mouse LNs and MLNs, and polyclonal
TIE2 (C-19; Santa Cruz), monoclonal CD31 (JC70A; Dako,
Denmark), goat polyclonal CD31 (M-20; Santa Cruz), and mo-
noclonal CD163 (10D6; Novocastra, England) for human
hyperplastic LNs and MLNs. For IHC, detection of horseradish
peroxidase-conjugated secondary antibodies with 3,3'-diami-
nobenzidine tetrahydrochloride substrate (Dako) was followed
by counterstaining with hematoxylin (Dako). For immunofluo-
rescence staining, fluorescently conjugated secondary antibo-
dies were added and the slides were incubated at room tem-
perature for 30 min in the dark. The sections were counters-
tained with DAPI to visualize the nuclei. After mounting, the
sections were imaged with a Zeiss LSM 710 laser-scanning
confocal microscope (Carl Zeiss).

Flow cytometry

For further phenotypic analysis of FACS-sorted macrophages,
we obtained MLNs from 24 B16F1 melanoma mice (tumor size,
1 cm diameter). Harvested cells were filtered through cell
strainers (pore diameter, 70 um; BD Falcon, USA) and washed
in FACS buffer (0.2% FBS, 2 mM EDTA in PBS). Single-cell
suspensions were stained on ice for 30 min with a PE-con-
jugated anti-CD11b antibody (M1/70, BD Biosciences) and an
APC-conjugated anti-CD206 antibody (eBioscience). Stained
samples were sorted with a FACSAria Il cell sorter (BD Bios-
ciences), and the data were collected and analyzed using the
FACSDiva (BD Biosciences) and FlowJo (Tree Star, USA)
software packages.

qRT-PCR analysis

Total RNA was treated with RQ1 RNase-Free DNase (Prome-
ga). Reverse transcription was performed with the PrimeScript
First-Strand cDNA Synthesis kit (TaKaRa Bio, Japan). qRT-
PCR was performed with the SYBR Green PCR Master Mix
(TaKaRa Bio) on an ABI PRISM 7900 Sequence detection
system with gene-specific primers (Supplementary Table S1).

Statistical analysis

All of the graphs show the mean + SD of at least three inde-
pendent experiments. Student's ttests were used to identify
statistically significant differences between groups, using P <
0.05 as the cut-off. To determine the significance of the differ-
ences in expression of TIE2 and CD31 between groups, Fish-
er's exact test was used to analyze the differences in the ex-
pression of TIE2 and CD31 between groups. P < 0.05 was
considered to be significant.

RESULTS

Macrophage infiltration of MLNs in the orthotropic B16F1
melanoma model

To investigate the significant role of macrophages in MLNs, we
initially used the orthotropic B16F1 melanoma mouse model,
which is useful for studies of metastasis because it consistently
results in metastasis in the brachial or axillary node after mela-
noma implantation (Hill et al., 1984). We inoculated B16F1 me-
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Fig. 1. Histopathological analysis of a
metastatic lymph nodes from a B16F1-
GFP melanoma mouse. (A) Representa-
tive B16F1-GFP melanoma mouse with
a primary tumor. (B-E) Histological ana-
lyses of a representative metastatic
lymph node section: gross photograph
(B), H&E staining (C), GFP fluorescence
(D), and IHC staining with the F4/80
antibody (E). Scale bars, 500 um. The
arrow indicates necrotic regions of the
tumor. (F-G) Magnified views of fluores-
cence images of the rectangular regions
(F) and IHC staining of the same magni-
fied rectangular regions (G). Scale bars,
100 pm.

Fig. 2. Isolation of CD11b* TAMs from
metastatic lymph nodes and comparative
expression profiles of 18 genes asso-
ciated with the macrophage phenotype
for PMs, LPS-stimulated PMs (PM-LPS),
and CD11b" TAMs. (A) TAMs were iso-
lated from metastatic lymph nodes of 24
B16F1 melanoma mice each time, and
stained with anti-CD11b and anti-CD206
antibodies before sorting by FACS. (B)
mRNA expression of TGF-f in PMs,
PM-LPS, and FACS-sorted CD11b"
TAMs from metastatic lymph nodes.
Data are presented as means + SE for
each group (n = 3). *P < 0.05, compared
to PMs. (C-E) gRT-PCR analysis of gene
expression in PMs (C), PM-LPS (D), and
FACS-sorted CD11b" TAMs (E) from
metastatic lymph nodes (n = 24). All
values are expressed relative to cyclophi-
lin A and adjusted arithmetically to depict
the TGF-B expression for each macro-

Phage as 100 units. Values represent the means and + SE of three independent samples for each macrophage. Arbitrary cut-offs were set at
Cr < 25 (abundant), 25 < Cr < 30 (present), and Ct > 30 (absent), as shown by broken lines in PM. For VEGF, IL-4, and IL-10, all values are
expressed as mean fold-change relative to PMs. (F) mRNA expression in PMs, PM-LPS, and FACS-sorted CD11b* TAMs from metastatic
lymph nodes. Data are presented as means + SE for each group (n = 3). *P < 0.05, compared to PMs.

lanoma cells harboring GFP (B16F1-GFP) (4 x 10° per mouse)
to 8-week-old C57BL/6 male mice into the left front footpad.
Tumors were allowed to grow to approximately 1.0 cm in di-
ameter, until about 14 days after implantation (Fig. 1A), at
which point we obtained axillary MLNs from B16F1 melanoma
mice (Fig. 1B) and histopathologically confirmed the presence
of LN metastasis by H&E staining (Fig. 1C) and GFP imaging
(Fig. 1D).

To confirm whether macrophages are recruited to MLNs,
immunohistochemical staining was performed using an anti-
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F4/80 (a macrophage-specific marker) antibody. MLN sections
with the anti-F4/80 antibody correlated well with the presence of
tumor cells, as verified by the GFP images (Figs. 1D and 1F).
Most F4/80" macrophages were located along the invasive
front of the MLNs (Figs. 1E and 1G), rather than the necrotic
regions of the tumor mass (Figs. 1C and 1E, arrow). Consistent
with previous results (Qian and Pollard, 2010), our data sug-
gest that the preferential recruitment of macrophages to GFP*
tumor cells may stimulate tumor cell migration or invasion.
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Gene expression profiles of TAMs are distinct from those
of tissue or inflammatory macrophages

To identify TAM-specific markers that are distinct from tissue or
inflammatory macrophages, we isolated a pure population of
CD11b" macrophages as primary TAMs from MLNs by FACS
(Fig. 2A). To screen a panel of cytokines and cell surface mar-
kers associated with the different phenotypes of macrophages
under various conditions (Mantovani and Sica, 2010; Pollard,
2009), we performed gRT-PCR to compare the gene expres-
sion profiles of TAMs with those of either PMs or LPS-stimu-
lated PMs.

This allowed for rank order determination of mMRNA levels for
18 genes within a given cell type. We found that these macro-
phages exhibited relatively high levels of TGF- expression, but
there were no significant differences between the types of ma-
crophages (Fig. 2B). When the values were adjusted arithmeti-
cally to depict the TGF-B expression for each macrophage as
100 units, the relative expression profiles clearly showed that
CD68, CD36, TGF-f, and CCL2 were the most abundantly
expressed genes in PMs (Fig. 2C). In response to LPS, the
LPS-stimulated PMs highly overexpressed pro-inflammatory
cytokines such as TNF-a and IL-6 through NF-«xB (p65) activa-
tion (Fig. 2D). CD11b" TAMs showed markedly decreased ex-
pression levels of mMRNAs for CCL2, CD36, and CD68 but the
expression levels of mRNAs for CD31 and TIE2 were signifi-
cantly upregulated in TAMs compared with PMs or LPS-
stimulated PMs (Figs. 2D and 2E). Interestingly, the most ab-
undant protein in CD11b* TAMs was TGF-B, whose mRNA
levels were equivalent to the housekeeping gene cyclophilin A
(Ct ~ 18.5). In addition, mRNA levels of VEGF, IL-4, and IL-10
were increased 174.8-, 154.7-, and 7.0-fold, respectively, in
CD11b* TAMs compared with PMs, or LPS-stimulated PMs
(Fig. 2F). Overall, the expression profiles of TAMs from MLNs
show that TAMs significantly overexpress immunosuppressive
cytokines (IL-4, IL-10, and TGFp), as well as proangiogenic
factors (VEGF, TIE2, and CD31) compared with PMs or LPS-
stimulated PMs. This suggests that TAMs may result from the
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Fig. 3. Immunological assessment of
TIE2 and CD31 protein as TAM-
g .f specific markers of micro- or macro-

8 metastasis. (A) IHC staining of serial
sections from normal lymph nodes
using anti-F4/80 and anti-TIE2 antibo-
dies. Boxed regions (left) are magni-
fied views of the right panel. Scale
bars, 100 um. (B) IHC staining of
micro-meta-static lymph nodes (left)
and macro-metastatic lymph nodes
(right) using anti-F4/80 and anti-TIE2
antibodies. Boxed regions are shown
in magnified views in the right panel.
Scale bars, 100 pm. (C-E) Double
immunofluorescence staining of a
representative metastatic LN section
using anti-TIE2 and anti-F4/80 antibo-
dies (C), anti-F4/80 and anti-CD31
antibodies (D), and anti-TIE2 and anti-
CD31 antibodies (E). Scale bars (left
to right), 50, 20, and 20 um.

- Overlay

tumor microenvironment (Jenkins et al., 2011), rather than cla-
ssical inflammation, and may provide an immunosuppressive
microenvironment for tumor growth (Qian and Pollard, 2010).

TIE2*/CD31* macrophages are the predominant population
of TAMs that infiltrate MLNs from B16F1 melanoma cells
To confirm that the gene expression profiles were correlated
with protein levels, we stained both healthy LNs and MLNs for
anti-TIE2 or anti-F4/80 by IHC. Normal LN-resident macro-
phages expressed F4/80" but not TIE2 (angiopoietin receptor
2) protein (Fig. 3A). However, MLNs strongly expressed TIE2
protein, which correlated well with F4/80 staining, indicating that
TIE2" macrophages were predominantly localized within MLNs.
Furthermore, the majority of F4/80*/TIE2* macrophages were
located along the invasive front of MLNs, not in necrotic regions
of tumors (Fig. 3B). To extend the expression profiling of TIE2"
macrophages to different tissues, we performed IHC analysis of
TIE2 and anti-F4/80 in a range of normal mouse tissues. In
most of the tissue macrophages tested (e.g., those from the
kidney, liver, and spleen), TIE2 was not detectable, although
intense expression of F4/80 protein was detectable in normal
tissue macrophages (Supplementary Fig. S1), indicating that
TIE2* macrophages are only found in MLNs. Thus, TIE2 ex-
pression is strongly upregulated in TAMs within metastatic tu-
mor regions but not in normal tissue macrophages, suggesting
that it could be a specific marker for TAMs.

To confirm whether TIE2 or CD31 are expressed on the sur-
face of macrophages, we performed co-immunostaining with
F4/80. Consistent with the IHC data, our studies clearly show
that TIE2" macrophages had an approximate 96% overlap with
F4/80+ macrophages (Supplementary Fig. S2), suggesting that
TIE2* macrophages constitute the major population of TAMs
that infiltrate MLNSs. This contradicts previous reports that TIE2-
expressing monocytes/macrophages (TEMs) can be classified
into F4/80*/TIE2* and F4/80*/TIE2 subsets (Welford et al., 2011).
Furthermore, immunofluorescence analysis showed that TIE2
or CD31 are highly overexpressed on the surface of the ma-
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crophages, confirming that TIE2 or CD31-expressing cells are
morphologically normal macrophages that infiltrate MLNs (Figs.
3C and 3D). Moreover, TIE2" macrophages were co-localized
with CD31* macrophages in MLNs (Fig. 3E). Our findings there-
fore strongly suggest that TIE2/CD31" macrophages are a
TAM-specific hallmark of tumor metastasis that allows discrimi-
nation between TAMs and normal tissue macrophages, provid-
ing more reliable and accurate diagnosis of tumor metastasis in
sentinel LN biopsies from human patients.

Exclusive expression of proangiogenic TIE2*/CD31*
macrophages in MLNs from human breast tumors

To determine whether our findings are relevant for human
samples, we obtained sentinel LNs from human breast cancer
patients. We stained both benign hyperplastic LNs and MLNs
by IHC with anti-CD163, anti-TIE2, and anti-CD31 antibodies.
Because CD163 is expressed exclusively on monocytes and
macrophages (Heusinkveld and van der Burg, 2011), we se-
lected it as a macrophage marker for the human samples.
CD163" macrophages were highly accumulated in both hyper-
plastic LNs (n = 5) and MLNs (n = 36), suggesting that CD163
does not discriminate between TAMs and inflammatory macro-
phages. However, TIE2 or CD31 immunoreactivity was signifi-
cantly different between hyperplastic LNs and MLNs (p <
0.0001). Expression was not detected in hyperplastic LNs (0/5,
0%), while TIE2" or CD31* macrophages infiltrated the MLNs in
all cases of human breast cancer (36/36, 100%). TIE2 and CD31
proteins were also detectable in the endothelial cells of blood
vessels both in hyperplastic LNs (Fig. 4A), and MLNs (Fig. 4B).
However, TIE2" and CD31" macrophages are normal macro-
phages that morphologically differ significantly from endothelial
cells (Fig. 4B), suggesting that TIE2" and CD31* macrophages
are unique populations of TAMs within MLNs in human breast
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Fig. 4. Assessment of CD163, TIE2,
and CD31 expression in reactive

hyperplastic lymph nodes and metas-
tatic lymph nodes from healthy and
breast tumor-bearing human subjects.
(A) Immunohistochemical images for
anti-CD163, anti-TIE2, and anti-CD31
antibodies are shown for representa-
tive reactive hyperplastic lymph nodes
from human subjects. Boxed regions
are shown as magnified views in the
right panel. Scale bars, 500 um (left)
and 50 um (right). (B) Immunohisto-
chemical images for anti-CD163, anti-
TIE2, and anti-CD31 antibodies are
shown for metastatic lymph nodes
from breast tumor-bearing human
subjects. Boxed regions are shown as
magnified views in the right panel.
Scale bars, 500 um (left) and 50 pm
(right). (C-E) Double immunofluores-
cence staining of two representative
metastatic lymph node sections from
a breast tumor-bearing human sub-
ject using anti-TIE2 and anti-CD163
antibodies (C), anti-CD31 and anti-
CD163 antibodies (D), and anti-CD31
and anti-TIE2 antibodies (E), Scale
bars (left to right), 20, 50, and 20 um.
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cancer patients.

Next, we investigated whether TIE2" and CD31" cells in MLNs
are macrophage subsets. Immunofluorescence analysis clearly
showed that TIE2* and CD31" cells were highly co-localized
with CD163, a macrophage marker (Figs. 4C and 4D), confirm-
ing that these cells are morphologically normal macrophages.
Immunofluorescence staining with anti-TIE2 and anti-CD31
antibodies further showed that TIE2 expression overlapped
with CD31 expression within endothelial layers of blood vessels
in MLNs, but the fluorescence intensities of TIE2 and CD31
were dramatically lower than those in macrophages (Supple-
mentary Fig. 3S). Consistent with the gene expression profiles
of TAMs, these results further confirmed that the expression
levels of TIE2 and CD31 in TAMs were significantly upregu-
lated compared to endothelial cells. Furthermore, immunofluo-
rescence analysis of invasive regions of MLNs clearly revealed
that TIE2" macrophages had ~90% overlap with CD31" macro-
phage staining (Fig. 4E), confirming that TIE2"/CD31" macro-
phages represent the predominant population of TAMs that
infiltrate MLNs from human breast cancer patients. These find-
ings further suggest that TIE2"/CD31" macrophages may be a
good diagnostic indicator of tumor metastasis, in that they clearly
differentiate between metastasis and inflammatory responses,
such as reactive hyperplasia, which often contribute to mis-
diagnoses.

DISCUSSION

In this study, we clearly showed that TAMs highly overexpress
immunosuppressive cytokines (e.g., IL-4, IL-10, and TGF-B) as
well as proangiogenic factors (e.g., VEGF, TIE2, and CD31).
Immunological analysis further demonstrated that proangiogen-
ic TIE2*/CD31" macrophages are unique and predominant
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populations of TAMs in MLNs from both an experimental model
of melanoma and human breast cancer patients, but not normal
LNs or reactive hyperplastic LNs. Thus, our studies demon-
strated that proangiogenic TIE2'/CD31* macrophages are TAM-
specific markers that can be used to distinguish between tissue
and inflammatory macrophages, suggesting that our data may
be of high clinical relevance for the diagnosis of tumor metasta-
sis and may provide potential targets for TAM-specific cancer
therapy.

Most clinical studies have used CD68 or CD163 as a marker
for the clinical identification of TAMs. However, these surface
markers recognize most macrophages, including proinflamma-
tory and tissue macrophages as well as TAMs (Heusinkveld
and van der Burg, 2011; Quatromoni and Eruslanov, 2012).
This lack of unique surface markers for TAMs has made it diffi-
cult to pinpoint the significance of TAMs in tumorigenesis. To
address this, we demonstrated using the experimental B16F1
melanoma model that TIE2*/CD31" macrophages are found
exclusively within tumor regions and constitute predominant
populations of TAMs that infiltrate MLNs. Neither TIE2 nor CD31
protein was expressed in inflammatory macrophages or other
tissue macrophages. These findings strongly suggest that TIE2/
CD31" macrophages might be useful as TAM-specific marker
for clinical diagnosis of MLNs.

Accumulating evidence indicates that TAMs play an impor-
tant role in regulating angiogenesis. In previous studies, deplet-
ing TAMs with clodronate (Zeisberger et al., 2006) or CD11b-
neutralizing antibody (Ahn et al., 2010) inhibited tumor angi-
ogenesis and reduced blood vessel density in tumor tissues,
suggesting that TAMs promote angiogenesis in the tumor mi-
croenvironment. However, the mechanisms by which TAMs
promote angiogenesis are incompletely understood. Our stu-
dies may provide evidences that TAMs may play an important
role in tumor angiogenesis because they highly overexpress
various proangiogenic markers such as VEGF, TIE2, and CD31.
Importantly, TIE2* or CD31* macrophages in solid tumors have
been distinguished from endothelial cells and inflammatory
macrophages (McKenney et al., 2001; Pucci et al., 2009). The
genetic depletion of TIE2* macrophages inhibits tumor angi-
ogenesis in various subcutaneous tumor models (Mazzieri et al.,
2011). Moreover, proangiogenic roles of CD31* or TIE2* ma-
crophages have been highlighted by experimental models of
parabiosis (Kim et al., 2009) and murine tumor models (Maz-
zieri et al., 2011). These data provide important evidence in
support of our hypothesis that CD31* macrophages as well as
TIE2" macrophages have pivotal roles in tumor angiogenesis.
These findings, together with our results, strongly suggest that
TAMs express proangiogenic TIE2 and/or CD31 protein within
tumor regions.

Moreover, co-localization analysis further demonstrated that
TAMs in MLNs expressed both TIE2 and CD31, which corre-
lated well with F4/80, a macrophage marker, in the experimen-
tal B16F1 melanoma mouse model. Clinically, these findings
are highly relevant for MLNs from human breast cancer pa-
tients, as we found that TIE2 and CD31 were also co-ex-
pressed in TAMs in MLNs from human breast cancer patients,
and that this expression correlated strongly with the macro-
phage marker CD163. Notably, these CD31*/TIE2" macro-
phages were morphologically normal macrophages that are
distinguishable from endothelial cells and inflammatory macro-
phages. Although TIE2" or CD31* macrophage infiltration has
been independently highlighted by experimental tumor models
(Garcia et al., 2012; Giatromanolaki et al., 1998; Kim et al.,
2009; Mazzieri et al., 2011; McKenney et al., 2001; Pucci et al.,
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2009) and TIE2" macrophages can be classified into distinct
subsets of TAMs (Welford et al., 2011), these important studies
did not find that both TIE2 and CD31 are co-localized in the
same macrophages infiltrating solid tumors or MLNs. Until re-
cently, there had been a lack of direct evidence that these
TIE2*/CD31* macrophages represent a notable proportion of
TAMs in MLNs from both an experimental mouse model and
human cancer patients. However, for the first time our studies
demonstrate that TIE2*/CD31" macrophages form the major
population of TAMs that comprise TIE2" macrophages in hu-
man MLNs that are distinct from tissue or inflammatory macro-
phages. Importantly, our study provides strong evidences that
these TAMs may play an important role in tumor angiogenesis
because they highly overexpress various proangiogenic mark-
ers such as VEGF, TIE2, and CD31.

In conclusion, our studies suggest that proangiogenic TIE2"/
CD31" macrophages are a TAM-specific hallmark of tumor
metastasis for clinical diagnosis as well as a potential therapeu-
tic target for the treatment of metastasis. Pharmacological inhi-
bition of proangiogenic TIE2*/CD31" macrophages may be a
novel and promising strategy for future cancer therapies.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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