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Angiogenesis is the physiological process where new blood vessels grow from existing ones, in 
order to replenish tissues suffering from inadequate blood supply. Perhaps the most studied 
angiogenic process occurs in solid tumors whose growing mass and expanding cells create a 
constant demand for additional supply of oxygen and nutrients for survival. However, other 
physiological and clinical conditions, such as wound healing, ischemic events, autoimmune 
and age-related diseases also involve angiogenesis. Angiogenesis is a well-structured process 
that begins when oxygen and nutrients are depleted, leading to the release of chemokines and 
growth factors that attract immune cells, particularly macrophages and endothelial cells to 
the site. Macrophages that are recruited to the site, as well as tissue cells and endothelial cells, 
secrete pro-angiogenic mediators that affect endothelial cells and promote angiogenesis. These 
mediators include growth factors such as vascular endothelial cell growth factor (VEGF), 
matrix metalloproteinases (MMPs), as well as low levels of mediators that are usually seen as 
pro-inflammatory but are pro-angiogenic when secreted in low levels (e.g. nitric oxide (NO) 
and TNFα). Thus, macrophages play a major role in angiogenesis. 

THE REGULATION OF  
ANGIOGENESIS BY TISSUE  
CELL-MACROPHAGE INTERACTIONS

EMMPRIN mediates tumor cells-macrophage interactions. Formalin-fixed RENCA tumor sections 
(5µm thick) were immunofluorescently stained for EMMPRIN (green) and macrophages (the pan-
macrophage marker F4/80, red), showing that tumor cells and macrophages express membranal 
EMMPRIN, and their co-localization (yellow) suggests that EMMPRIN mediates their interaction. 
Magnification X400.  
Image provided by Michal A. Rahat and Bernhard Hemmerlein. 
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Macrophages exhibit high plasticity and are capable of shifting between different activation 
modes and functions according to their changing microenvironment. Small differences 
in the composition of activating factors (e.g. TLR ligands such as LPS, anti-inflammatory 
cytokines, ECM molecules) in the microenvironment may differently activate macrophages 
to yield classically activated macrophages (or M1 macrophages) that can kill pathogen and 
tumor cells, alternatively activated macrophages (or M2 macrophages) that secrete anti-
inflammatory cytokines, resolution macrophages (rMϕ) that are involved in the resolution of 
inflammation, or regulatory macrophages (e.g. Myeloid-Derived Suppressor Cells - MDSCs) 
that control the function of other immune cells. In fact, macrophages may be activated in 
a spectrum of subsets that may differently contribute to angiogenesis, and in particular 
non-classically activated macrophages such as tumor-associated macrophages (TAMs) and 
Tie2-expressing monocytes (TEMs) can secrete high amounts of pro-angiogenic factors (e.g. 
VEGF, MMPs) or low levels of pro-inflammatory mediators (e.g. NO or TNFα) resulting in 
pro-angiogenic effects. 

Although the importance of macrophages as major contributors and regulators of the 
angiogenic process is well documented, less is known about the interactions between 
macrophages and other cell types (e.g. tumor cells, normal epithelial cells, endothelial cells) 
that regulate angiogenesis. We still have only limited understanding which proteins or 
complexes mediate these interactions and whether they require cell-cell contact (e.g. through 
integrins) or soluble factors (e.g. the EGF-CSF-1 loop), which signaling pathways are triggered 
in each of the two corresponding cell types, and how this leads to secretion of pro- or anti-
angiogenic factors in the microenvironment. The regulation of such interactions and through 
them of angiogenesis, whether through post-translational modifications of proteins or via 
the involvement of microRNA, is still unclear. The goal of this Research Topic is to highlight 
these interactions and their regulation in the context of both physiological and pathological 
conditions.
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Angiogenesis, the sprouting of new blood vessels from exist-
ing ones, is a process important both in physiological and
pathogenic conditions. During angiogenesis, endothelial cells
proliferate, migrate and organize into new, functional blood
vessels. Macrophages play an important role in this process as
they process microenvironmental cues, and directly secrete or
stimulate other cell types to secrete pro-angiogenic mediators,
including chemokines, cytokines and growth factors that together
stimulate endothelial cell proliferation, degrade the extracellu-
lar matrix (ECM), and attract leukocytes to further enhance
angiogenesis. Since macrophages are extremely plastic and can
be differently activated by various stimuli, they exert many reg-
ulatory effects on angiogenesis, although many aspects of this
regulation are still unclear.

This volume highlights several examples of macrophages-
driven regulation of angiogenesis. We begin with an introductory
review which describes the role of tumor-associated macrophages
(TAMs) in angiogenesis and lymphangiogenesis. Riabov et al.
(2014) describe the crosstalk between tumor cells and TAMs in
hypoxic and cytokine-rich microenvironment, resulting in the
induction of pro-angiogenic behavior in both cell types.

We then chose to highlight the role of the chitinases, a
family of proteins with newly discovered roles in angiogenesis.
In this review by Shao (2013), the roles and mode of action
of YKL-40/chitinase-3-like-1 (CHI3L1) are described focusing
on its angiogenic signature pertaining to tumor vasculariza-
tion and development. YKL-40 regulates tumor vascularization
mediated by endothelial cells and promotes vascular integrity
supported by smooth muscle cells. Shao also reports that while
YKL-40-induced angiogenic response in endothelial cell is VEGF-
independent, YKL-40 itself is induced when VEGF is inhibited.

Next, an original paper by Libreros et al. (2013) suggests that
increased levels of CHI3L1 produced by pulmonary macrophages
set up the pre-metastatic niche in breast cancer. CHI3L1 enhances
angiogenesis by inducing chemokines (CCL2 and CXCL2) and
MMP-9 expression, and attraction of macrophages into the lung.
The importance of CHI3L1 as a regulator of angiogenesis, as well
as possible target of treatment, is demonstrated by the addition of

chitin microparticles that can inhibit CHI3L1, chemokines and
MMP-9 production in the pre-metastatic lung.

Several pro-inflammatory mediators are long known to be
involved in angiogenesis, and the next three reviews elaborate on
these. Owen and Mohamadzadeh (2013) describe the potential
roles of M2 TAMs in modulating angiogenesis through pro-
duction of chemokines. The role of the pro-angiogenic ELR+
chemokines that attract neutrophils, and the angiostatic ELR-
chemokines, with the exception of CXCL12, are discussed in
the context of tumor progression. M1 vs. M2 secreted pro-
files of cytokines/chemokines which may play roles in immune
regulation, angiogenesis, tumor progression and metastasis are
highlighted.

Voronov et al. (2014) describe the roles of the IL-1 family of
proteins in angiogenesis, and especially IL-1β that can directly
drive endothelial cells to proliferate and generate tube-like struc-
tures, and to secrete pro-angiogenic cytokines and chemokines.
Additionally, IL-1α attracts macrophages and collaborates with
VEGF to enhance angiogenesis. Knockout mice for each of the
different members of the family help reveal that IL-1β, and to a
lesser extent IL-1α, are responsible for the pro-angiogenic effects,
and therefore IL-1β depletion could reduce angiogenesis.

The dual role of nitric oxide in tumor biology, as a cyto-
toxic factor for tumor cells, and as a pro-angiogenic factor, is
summarized by Rahat and Hemmerlein (2013). The authors cau-
tion against the common use of iNOS immunohistochemical
staining as a prognostic factor, as no correlation between sur-
vival rates, invasiveness or tumor recurrence after therapy is
found. This is due to the ability of the microenvironment (e.g.
hypoxia) to inhibit iNOS activity, even when it is highly expressed.
Furthermore, tumor cells can manipulate their own expression
of iNOS through the expression of microRNA-146a, to control
their fate and evade macrophage-induced cell death, suggesting
new possible therapeutic approaches.

Two original papers demonstrate the pro-angiogenic role
of additional, less studied proteins. Garcia-Areas et al. (2014)
suggest that semphorin 7A (SEMA7A), a member of the
semaphorin family involved in neuronal axonal guidance, is also
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a pro-angiogenic factor whose expression is increased in tumor-
bearing mice. When triggered by SEMA7A, macrophages elevate
secretion of angiogenic CXCL2/MIP-2 while silencing SEMA7A
resulted in decreased tumor angiogenesis, and lower levels of
CXCL2/MIP-2, CXCL1 and MMP-9.

Amit-Cohen et al. (2013) report that EMMPRIN, a transmem-
branal protein that is overexpressed in tumor cells and have a
pro-angiogenic activity, can induce the expression of MMP-9 and
VEGF from macrophages in a secreted form instead of mem-
branal form. Tumor cells and macrophages must be co-cultured
for this effect, emphasizing the importance of their interaction.
Secreted EMMPRIN levels were elevated through shedding-off of
the membranal protein by the activity of a serine protease that
was not yet identified.

The final paper sheds light on the clinical aspect of vascula-
ture re-growth after radiation therapy. Russell and Brown (2013)
argue that because radiation destroys endothelial cells and tumor
vasculature, tumor hypoxia is markedly increased resulting in
induction of HIF-1 and HIF-2. These factors enhance the secre-
tion of pro-angiogenic cytokines, chemokines and growth factors
and recruit bone marrow-derived monocytes and macrophages
which differentiate into TAMs and TEMs in the tumor. Thus,
targeting the infiltration process after radiation therapy may
improve the efficiency of treatment, prevent re-establishment of
new vasculature and reduce tumor recurrence.

Collectively, the articles in this topic highlight the impor-
tance and complexity of the interactions between macrophages
and tumor cells in angiogenesis. Macrophages emerge as key reg-
ulators of the process because of their ability to communicate
with tumor or stromal cells, sense the microenvironment and
respond by inducing secretion of potent pro-angiogenic medi-
ators. Some of these pro-angiogenic mediators and the triggers
for their enhanced expression and secretion are at the focus of
the current topic. Although more research is required, it is clear
that tumor cell-macrophage interactions must precede and regu-
late the secretion phase—a point that was emphasized through-
out this volume. This regulatory ability of the macrophages,
and the fact that many mediators are both pro-inflammatory
and pro-angiogenic, strongly links inflammation and angiogen-
esis together. Many inflammatory diseases, including cancer,
are characterized by enhanced angiogenesis and a prominent

macrophage component. The findings described here may be rel-
evant for understanding macrophage-angiogenesis networks and
potential therapy designs.
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A secreted glycoprotein YKL-40 also named chitinase-3-like-1 is normally expressed by
multiple cell types such as macrophages, chondrocytes, and vascular smooth muscle cells.
However, a prominently high level of YKL-40 was found in a wide spectrum of human
diseases including cancers and chronic inflammatory diseases where it was strongly
expressed by cancerous cells and infiltrating macrophages. Here, we summarized recent
important findings of YKL-40 derived from cancerous cells and smooth muscle cells during
tumor angiogenesis and development. YKL-40 is a potent angiogenic factor capable of
stimulating tumor vascularization mediated by endothelial cells and maintaining vascular
integrity supported by smooth muscle cells. In addition, YKL-40 induces FAK-MAPK
signaling and up-regulates VEGF receptor 2 in endothelial cells; but a neutralizing antibody
(mAY) against YKL-40 inhibits its angiogenic activity. While YKL-40 is essential for
angiogenesis, little is known about its functional role in tumor-associated macrophage
(TAM)-mediated tumor development. Therefore, significant efforts are urgently needed to
identify pathophysiological function of YKL-40 in the dynamic interaction between tumor
cells and TAMs in the tumor microenvironment, which may offer substantial mechanistic
insights into tumor angiogenesis and metastasis, and also point to a therapeutic target for
treatment of cancers and other diseases.

Keywords: YKL-40, angiogenesis, VEGF, tumor cells, vascular endothelial cells, tumor-associated macrophages,

tumor microenvironment, neutralizing anti-YKL-40 antibody

INTRODUCTION
YKL-40 is a 40-kDa secreted glycoprotein discovered as a heparin-
binding protein and belongs to the chitinase gene family that
binds to chitin-like oligosaccharides (Shackelton et al., 1995; Hu
et al., 1996; Fusetti et al., 2003). However, it does not have chiti-
nase/hydrolase activity because of the substitution of an essential
glutamic acid with leucine in the chitinase-3-like catalytic domain
(Renkema et al., 1998; Fusetti et al., 2003). YKL-40 is normally
expressed by a number of different cell types including chon-
drocytes (Hu et al., 1996), synoviocytes (Nyirkos and Golds,
1990), vascular smooth muscle cells (Shackelton et al., 1995),
macrophages (Rehli et al., 1997), and neutrophils (Kzhyshkowska
et al., 2007), and it has been recognized as a growth factor capa-
ble of stimulating connective tissue cell growth and endothelial
cell migration, and inhibiting mammary epithelial cell differen-
tiation (Malinda et al., 1999; De Ceuninck et al., 2001; Recklies

Abbreviations: VEGF, vascular endothelial growth factor; Flk-1, VEGF recep-
tor 2; PDGF, platelet-derived growth factor; EGF, epidermal growth factor; bFGF,
basic fibroblastic growth factor; mAY, neutralizing anti-YKL-40 antibody; FAK,
focal adhesion kinase; MAPK, mitogen-activated protein kinase; Erk, Extracellular
signal-regulated kinase; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B;
JNK, c-Jun N-terminal kinase; TAM, tumor-associated microphage; GBM, glioblas-
toma; GSDC, glioblastoma stem-differentiated cells; HMVEC, human microvascu-
lar endothelial cells; VE-cad, vascular endothelial cadherin; N-cad, neural cadherin;
ER, estrogen receptor; PR, progesterone receptor; Her2/neu, human epidermal
growth factor receptor 2; MMP, metalloproteinase; shRNA, mall hairpin; HS,
heparan sulfate.

et al., 2002; Scully et al., 2011). However, the pathophysiological
function of YKL-40 is still not fully understood.

Growing evidence has indicated that expression levels of
YKL-40 are elevated in multiple human diseases including type
2 diabetes (Persson et al., 2012), obesity and insulin resistance
in children (Kyrgios et al., 2012), Alzheimers’ diseases (Perrin
et al., 2011), heart failure (Harutyunyan et al., 2012), and other
cardiovascular disorders (Kjaergaard et al., 2010). In addition,
elevated YKL-40 was found in a vast array of inflammatory dis-
eases that contain bacterial infections (Kronborg et al., 2002),
rheumatoid arthritis (Nielsen et al., 2011), osteoarthritis (Volck
et al., 2001), hepatic fibrosis (Pizano-Martinez et al., 2011), and
hepatitis (Johansen et al., 2000; Fontana et al., 2010), asthma and
chronic obstructive pulmonary diseases (Park et al., 2010), neu-
roinflammation (Bonneh-Barkay et al., 2010), and bowel lesion
(Vind et al., 2003). In the chronic inflammatory diseases, YKL-40
is appreciated to mediate infiltration, differentiation, and mat-
uration of macrophages, the primary leukocytes in response to
inflammation (Boot et al., 1995; Rehli et al., 1997; Renkema
et al., 1998; Rehli et al., 2003). The cytokines colony-stimulating
factor-1 and granulocyte macrophage colony-stimulating factor,
essential for macrophage recruitment, displayed the ability to
induce 180–200 fold higher levels of YKL-40 mRNA transcripts
in macrophages, thus rendering infiltrating macrophages mature
(Hashimoto et al., 1999; Suzuki et al., 2000). Studies with YKL-40
deficient mice offered strong evidence supporting the role of
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YKL-40 in macrophage activity, as these mice exhibited markedly
diminished antigen-induced Th2 inflammation and impaired
macrophage activation and differentiation (Lee et al., 2009).

Over the past decades, multiple independent studies have
demonstrated that high serum levels of YKL-40 are correlated
with metastasis and poor survival in a variety of human car-
cinomas such as breast cancer (Jensen et al., 2003), colorectal
cancer (Cintin et al., 1999), ovarian cancer (Hogdall et al., 2003),
leukemia (Bergmann et al., 2005), lymphoma (Hottinger et al.,
2011), and glioblastoma (GBM) (Pelloski et al., 2005), suggesting
that serum levels of YKL-40 serve as a diagnostic and prog-
nostic cancer biomarker. YKL-40 is expressed by both tumor
cells and their surrounding tumor infiltrating macrophages also
named tumor-associated macrophages (TAM) that produce var-
ious tumor-promoting factors including angiogenic factors [vas-
cular endothelial growth factor (VEGF), epidermal growth factor
(EGF), basic fibroblastic growth factor (bFGF), platelet-derived
growth factor (PDGF)] (Chong et al., 1999; Ganapathy et al.,
2010), cytokines (IL-1, IL-6) (Wang et al., 2009; Pini et al.,
2012), and chemokines (CCL-2, CCL-18, CXCL-12) (Dubinett
et al., 2010; Chen et al., 2011a,b,c; Fridlender et al., 2011; Boimel
et al., 2012). Although the overall pathological role and molecular

mechanisms of YKL-40 in tumorigenesis remain to be established,
an angiogenic feature has been reported to regulate tumor devel-
opment in breast cancer, colon cancer, and GBM (Shao et al.,
2009; Francescone et al., 2011; Kawada et al., 2012). Here, this
review primarily focused on the angiogenic signature of YKL-
40 derived from tumor cells and smooth muscle cells, as a
model is illustrated in Figure 1, while a potential distinct role of
YKL-40 in TAM-mediated tumor development warrants further
investigation.

AN ANGIOGENIC SIGNATURE OF YKL-40
Due to lack of its chitinase activity, the pathological role
of YKL-40 in cancer development has not been substantially
explored yet. Gp38k, a YKL-40 homolog, was found to induce
endothelial cell migration, indicative of angiogenic activity
(Nishikawa and Millis, 2003). To evaluate if YKL-40 possesses
the same angiogenic activity in cancer, a breast cancer line MDA-
MB-231 and colon cancer lines HCT-116 and SW480 were engi-
neered to express ectopic YKL-40 (Shao et al., 2009; Kawada
et al., 2012). Xenotransplantation of YKL-40-expressing tumor
cells gave rise to 4–8 fold larger tumors than ones formed from
their corresponding control cells, while acquired expression of

FIGURE 1 | A scheme for YKL-40-induced tumor angiogenesis. YKL-40
secreted from tumor cells stimulates vascular endothelial cell activation to
induce tumor angiogenesis through membrane receptor coupling of
syndecan-1 with integrin. YKL-40 regulates VEGF in tumor cells and both may
synergistically promote endothelial cell angiogenesis. YKL-40 derived from

smooth muscle cells also controls vessel stability and permeability via inducing
association of N- and VE-cad with β-catenin (β-cate) expressed by smooth
muscle cells and endothelial cells, respectively. TAMs participate in the vascular
development probably through YKL-40, which warrants further investigation.
Green balls indicate secreted YKL-40 and brown triangles represent VEGF.
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YKL-40 did not predispose these cells toward increased prolif-
eration in the cultured condition. Immunohistochemical studies
indicated that levels of blood vasculature formed in YKL-40-
expressing MDA-MB-231, HCT-116, and SW480 tumors were
1.8–2.0 fold greater than those in control tumors, suggesting that
YKL-40 acts as an angiogenic factor to promote vessel forma-
tion and tumor growth. Such an angiogenic capability of YKL-40
was also validated in GBM (Francescone et al., 2011), the most
lethal primary brain tumor characterized by vigorous vasculariza-
tion (Wen and Kesari, 2008). For example, YKL-40-directed gene
knockdown in GBM-derived U87 cells notably suppressed tumor
angiogenesis, as the vessel density of YKL-40 shRNA tumors was
decreased to 44% of vasculature relative to control tumors and
tumor volume was accordingly reduced to approximately 30%
of control counterparts (Shao et al., 2009). All of these multi-
ple in vivo approaches demonstrate the angiogenic signature of
YKL-40 in the tumor development, based on these xenografts car-
rying different levels of YKL-40. However, this angiogenic pheno-
type may also involve tumor-promoting function of host-derived
cells in the tumor microenvironment, as increased infiltrating
macrophages were observed in the YKL-40-expressing tumors,
but not in the control tumors (Kawada et al., 2012). It will be
interesting to know if these macrophages also increase to produce
YKL-40 that enhances the angiogenesis induced by tumor-derived
YKL-40.

To monitor its direct effects on vascular endothelial cells, con-
ditioned media derived from both MDA-MB-231 and HCT-116
cells ectopically expressing YKL-40 or vector were introduced
to human microvascular endothelial cells (HMVEC) and tested
for endothelial cell angiogenic activity in vitro. Analogous to the
findings in animals, both YKL-40-producing tumor cells induced
endothelial cell migration and tube formation (Shao et al., 2009).
Likewise, SW480 over-expressing YKL-40 also enhanced migra-
tion and tube formation of human umbilical vein endothelial
cells by 1.4–2 fold greater than the control cells expressing vector
(Kawada et al., 2012). YKL-40 gene knockdown abrogated these
angiogenic activities. In addition, conditioned medium of U87
cells expressing YKL-40 shRNA inhibited the angiogenic activ-
ities of HMVEC vs. control cell medium (Francescone et al.,
2011). To further support these in vitro data and firmly estab-
lish the angiogenic signature for YKL-40, recombinant YKL-40
was created and characterized for the angiogenic activity. YKL-40
stimulated endothelial cell migration and tube formation approx-
imately 3–4 fold greater than control cells, the angiogenic capa-
bility identical to VEGF, one of the most potent angiogenic
factors (Shao et al., 2009). It was noted that most of these
cultured concentrations of YKL-40 between 100 and 200 ng/ml
were based on serum levels of YKL-40 observed in cancer
patients (Jensen et al., 2003; Johansen et al., 2003). However,
it is unclear if these concentrations indeed reflect YKL-40 lev-
els in the local tumor, because the serum levels are probably
derived from multiple organs and also involve the dilution effect.
Therefore, a cautious interpretation from these cultured systems
should be considered in stimulating YKL-40’s action in vivo.
Nevertheless, all these animal and cultured data suggest that
YKL-40 acts as an angiogenic factor to trigger tumor vascular
development.

RELATIONSHIP BETWEEN YKL-40 AND VEGF
In the tumor microenvironment, a significant amount of angio-
genic factors are secreted from tumor cells and activate adja-
cent vascular endothelial cells to induce angiogenic responses
by means of a paracrine loop (Hanahan and Weinberg, 2010).
YKL-40 and VEGF are believed to be mainly derived from tumor
cells and both display strong angiogenic activities in tumor
development, but their regulatory relationship has not been
revealed until recently. YKL-40-induced endothelial cell angio-
genic responses in culture were VEGF-independent, as an anti-
VEGF neutralizing antibody failed to impede YKL-40-induced
migration and tube formation of HMVECs (Shao et al., 2009).
This data suggests that YKL-40 and VEGF individually promote
endothelial cell angiogenesis. U87 brain tumor cells were found
to express high levels of YKL-40 and VEGF (Francescone et al.,
2011). When YKL-40 expression was inhibited via small hairpin
RNA (shRNA), a reduction of VEGF was subsequently obtained
in these tumor cells, indicative of a regulatory role of YKL-40 in
VEGF production. In light of a potential similar role of VEGF
in YKL-40 expression, transient neutralization of VEGF using a
neutralizing anti-VEGF antibody for 24 h did not have impacts
in YKL-40 production. Interestingly, inhibition of VEGF for 1
week noticeably induced expression of YKL-40, the unexpected
event identical to the documented evidence using VEGF shRNA
in U87 cells (Saidi et al., 2008). These results imply that VEGF
does not regulate YKL-40, but a long-term blockade of VEGF
may result in angiogenic compensative activities of tumor cells
by inducing YKL-40. It is most likely that a long course of the
stress caused by blockade of one growth factor and/or angio-
genic factor commits the cells to induce expression of other potent
angiogenic factors in order for cell survival and function. It was
noted that these tumor cells such as brain tumor cells express a
high level of angiogenic factors able to promote vascular devel-
opment (Junker et al., 2005a,b; Francescone et al., 2011). This
phenomenon was identically observed in a number of tumor
models treated chronically with a single anti-angiogenic drug,
the event known as angiogenic rebound (see below). However,
it needs to determine if this angiogenic switch is unique for
highly angiogenic tumors, but not for other non-angiogenic
tumors.

Apart from their relationship defined earlier in cultured can-
cer cell lines, studies on human cancers also suggest the similar
association of YKL-40 with VEGF in tumor angiogenesis. Tumor
specimens from 12 cases of patients with GBM were used to
test the relationship between YKL-40 and VEGF (Francescone
et al., 2011). Expression of YKL-40 and VEGF in tumor sam-
ples displayed a trend toward positive correlation (p = 0.062),
but a larger sample pool sufficient to establish their relationship
is required. In context with the findings in vitro, all the evidence
suggests that YKL-40 regulates VEGF in tumor cells and both may
exert a synergistic impact in tumor vascularization (Figure 1).

A chronic course of angiogenic blockade in either YKL-40
or VEGF may not receive a full elimination of tumor angio-
genesis; instead, an unexpected compensation by the other fac-
tor may lead to an opposite outcome including resistance to
the single-factor treatment and angiogenic rebound. Indeed,
the theme of this anti-angiogenic bypass upon a chronic single
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treatment has been supported by a number of strong evidence
documented in pre-clinical and clinical trials. For instance, indi-
vidual anti-angiogenic treatment with bevacizumab (anti-VEGF
antibody, Avastin), DC101 (anti-VEGF receptor antibody), or
sunitinib (anti-VEGF receptor kinase inhibitor) can elicit vas-
cular rebound and tumor cell invasiveness and metastasis in
several animal models (Casanovas et al., 2005; Ebos et al., 2009;
Paez-Ribes et al., 2009). In clinical trials, the benefit of anti-
angiogenic agents (e.g., sunitinib, bevacizumab) appears to be
transitory in the treatment of several types of advanced can-
cers, as drug resistance, tumor regrowth, and extensive vascular
recovery rapidly develop, once the therapy is terminated (Bergers
and Hanahan, 2008; Burstein et al., 2008; Verhoeff et al., 2009;
Wick et al., 2010). In addition, it is noteworthy that bevacizumab
has been removed by the Food and Drug Administration from
monotreatment of metastatic breast cancers, based on insuffi-
cient amelioration of patient overall survival. While it is emerging
that a monotherapy against a single factor could unexpectedly
result in conflicting outcomes, it is still enigmatic if YKL-40
acts as a major factor to contribute to the angiogenic rebound
in these patients that are treated with one drug such as beva-
cizumab. Nevertheless, to prevent either anti-VEGF or possible
anti-YKL-40 resistance, it should be taken into account for a
combined regimen with anti-VEGF and anti-YKL-40 therapies in
cancer patients.

MOLECULAR MECHANISMS OF YKL-40 IN ENDOTHELIAL
CELLS AND TUMOR CELLS
Although membrane receptors specific for YKL-40 binding
remain to be identified, heparin-binding affinity of YKL-40 seems
to be essential for its activity, resembling the heparin-binding
property of other secreted proteins such as extracellular matrix
protein vitronectin and angiogenic factors bFGF and VEGF
(Bernfield et al., 1999; Beauvais et al., 2004). The heparin bind-
ing affinity is at least approximately 100-fold lower (disassociation
constant Kd ∼10−8 – 10−9 M) than their specific receptor binding
(Kd ∼10−11 – 10−12 M), but this binding can facilitate their adja-
cent specific receptor binding (Baird et al., 1988; Park et al., 2000;
Prince et al., 2010). Syndecan-1, a transmembrane receptor, is the
major source of cell surface heparan sulfate (HS). There is com-
pelling evidence demonstrating that endowed with the HS chain
on its ectodomains, syndecan-1 acts as a matrix co-receptor with
adjacent membrane-bound receptors such as integrins to medi-
ate cell adhesion and/or spreading (McQuade et al., 2006). This
co-membrane receptor model of syndecan-1 with integrin was
found to play an indispensable role in mediating YKL-40-induced
angiogenic responses (Shao et al., 2009). YKL-40 can induce cou-
pling of syndecan-1 with integrin αvβ3 through binding to HS
and then activate intracellular signaling effectors focal adhesion
kinase (FAK861) and mitogen-activated protein kinase (MAPK)
that regulate endothelial cell adhesion and motility (Figure 2).
In addition, treatment of HMVEC with recombinant YKL-40
increases protein expression and active form of both VEGF recep-
tor 2 (Flk-1) and intracellular extracellular signal-regulated kinase
(Erk 1 and 2) that in turn enhance angiogenic signaling pathways
(Faibish et al., 2011; Lee et al., 2011). Furthermore, an addi-
tional phosphoinositide 3-kinase-protein kinase B (PI3K-AKT)

FIGURE 2 | YKL-40 induces angiogenic signaling in endothelial cells.

YKL-40 induces the coordination of syndecan-1 (S1) and integrin αvβ3

through binding heparan sulfate chains (HS) of S1 on cell surface. The
intracellular signaling pathway includes pFAK861 and downstream MAP
kinase Erk 1 and 2, leading to angiogenic responses and angiogenic gene
expression as well (e.g., Flk-1). Flk-1 up-regulation in turns activates the
signal transduction cascade, constituting a positive feedback loop to
enhance angiogenic responses. Elevated Flk-1 may also sensitize
angiogenic responses to VEGF. An additional PI3K-AKT pathway
participating in YKL-40-induced angiogenesis in endothelial cells warrants
further investigation.

pathway responsible for YKL-40’s action in vascular endothelial
cells is proposed, but no date has confirmed it yet.

The signaling activation by YKL-40 in endothelial cells was
similarly identified in the tumor line U87 cells, in which YKL-40
induces strong association of syndecan-1 with different inte-
grin αvβ5 and downstream activation of FAK397 and Erk 1
and 2, thus targeting VEGF expression that evokes endothe-
lial cell angiogenesis (Francescone et al., 2011). In apoptotic
responses, YKL-40 was found to prevent U87 cell death from γ-
irradiation through activation of PI3K-AKT pathways, the signal
transduction identical to the cascade that mediates YKL-40-
induced mitogenesis in connective tissue cells (Recklies et al.,
2002). In SW480 cells, YKL-40 also regulated MAPK includ-
ing Erk 1, 2, and JNK that induce expression of IL-8 and
monocyte chemoattractant protein-1, facilitating angiogenesis
(Kawada et al., 2012). Therefore, YKL-40 acts as an angiogenic
factor and a growth factor to induce distinct signaling cas-
cades in endothelial cell angiogenesis and tumor cell survival,
respectively.
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ACTIVITY OF YKL-40 IN VASCULAR SMOOTH MUSCLE CELLS
As discussed earlier, neo-vascular development is mainly ascribed
to the activation of vascular endothelial cells, the primary com-
ponent of blood vessels. However, a functional role of YKL-40
in smooth muscle cells or vascular pericytes, another subset of
vascular cell populations that support vessel integrity and sta-
bility, is poorly understood, even those cells express YKL-40.
Using a smooth muscle cell model named glioblastoma stem-
differentiated cells (GSDC), we found that YKL-40 enhances both
GSDC and HMVEC contacts, restricts vascular leakage, and sta-
bilizes vascular networks (Francescone et al., 2013). Furthermore,
the vascular sprouting and stability mediated by smooth muscle-
like cells are dependent on signaling activation induced by YKL-
40, which includes interaction of membrane adhesion molecules
neural cadherin (N-cad) with β-catenin and downstream intra-
cellular cytoskeleton smooth muscle alpha actin (Figure 1).
Likewise, adhesion and permeability of HMVECs regulated by
YKL-40 rely on the interaction of vascular endothelial cadherin
(VE-cad) with β-catenin and downstream effector actin. YKL-40
gene knockdown in GSDCs leads to disruption of association of
VE-cad with β-catenin and increases endothelial cell permeability
via a paracrine manner. In GSDCs, YKL-40 shRNA also inhibits
interaction of N-cad with β-catenin and reduces GSDC-mediated
vessel stability, suggesting that both vascular cell populations reg-
ulated by YKL-40 coordinately contribute to the angiogenesis.
Furthermore, xenotransplantation of GSDCs expressing YKL-
40 shRNA in mice gives rise to impaired blood vessel integrity
with collapsed vessel lumens and diminished smooth muscle-
like cell coverage; whereas control GSDCs develop extensive
and stable blood vessels covered with more smooth muscle-
like cells, highlighting a unique role of YKL-40 derived from
smooth muscle-like cells in the maintenance of vascular per-
meability, stability, and angiogenesis. Although the interaction
between cadherins and catenin is vital for YKL-40’s function, it
is still unknown whether or not this interaction is dependent on
pre-activation of syndecan-1 that is for YKL-40 binding on the
membrane.

FUNCTIONAL BLOCKADE OF YKL-40—A POTENTIAL TOOL
FOR ANTI-ANGIOGENIC THERAPY
A neutralizing anti-YKL-40 antibody (named mAY) from mice
immunized against recombinant YKL-40 was recently established
(Faibish et al., 2011). HMVEC migration and tube formation
induced by YKL-40 in a dose-dependent fashion were markedly
suppressed by mAY. mAY was also found to abolish YKL-40-
induced activation of Flk-1 and intracellular signaling MAP
kinase Erk 1 and Erk 2 in HMVEC. In addition, mAY facilitated
death responses of the U87 glioblastoma cell line to γ-irradiation
through decreased expression of pAKT and AKT (Faibish et al.,
2011). Consistent with these data from cultured cells, tumor
angiogenesis developed from xenografted U87 cells expressing
YKL-40 was abrogated in mice treated with mAY, whereas vigor-
ous angiogenesis was observed in mIgG-treated control tumors.
Similar studies focusing on YKL-40 neutralization in the angio-
genesis of colon cancer unveiled the identical importance for the
anti-YKL-40 antibody (Kawada et al., 2012). Therefore, the evi-
dence from such pre-clinical trials has hold therapeutic promise

for formulating a humanized anti-YKL-40 antibody in the treat-
ment of cancer patients as well as other possible diseases.

Chitin can bind to both chitinases that have hydrolase activity
and chitinase-like proteins that lack the enzymatic activity such as
YKL-40 (Lee et al., 2008). Size difference of chitin exhibits distinct
capabilities of inducing host immune responses, as small parti-
cles (<10 μm) can induce TH1 type immune responses whereas
large ones (>50 μm) activate TH2 type responses (Shibata et al.,
1997; Lee et al., 2008). Recently, Iragavarapu-Charyulu’s group
has utilized small chitin to test a hypothesis that saturation
of YKL-40’s binding can alleviate its direct tumor-promoting
effects on tumors (Libreros et al., 2012). Chitin (1–10 μm) has
strong binding affinity with YKL-40 and is associated with acti-
vation of M1 type macrophages. This binding between chitin
and YKL-40 may induce immune response shift from pro-
tumorigenic TH2 type (M2 macrophage activation) to anti-
tumorigenic TH1 type (M1 macrophage activation). They found
that the treatment of mammary tumor-bearing mice with chitin
significantly decreased serum levels and splenic macrophages of
YKL-40, CXCL2, and MMP-9, thereof impeding lung metas-
tasis. It remains to be determined if the reduction of YKL-40
expression and subsequent inhibition of tumor progression are
different from treatment with large chitin. Other alternative pos-
sible approaches that block YKL-40 signaling pathways may also
suffice to prevent YKL-40 activity or be synergistic in conjunc-
tion therapies with YKL-40-directed inhibitors. Nonetheless, the
recent multiple animal approaches to blocking YKL-40 func-
tion offer therapeutic value potential for modalities of clinical
patients.

YKL-40 IN HUMAN TUMOR ANGIOGENESIS
A multitude of clinical studies have revealed that serum levels
of YKL-40 were elevated in patients with a series of carcinomas
including breast (Jensen et al., 2003), colorectum (Cintin et al.,
1999), ovary (Hogdall et al., 2003), prostate (Kucur et al., 2008),
brain (Pelloski et al., 2005), and blood (Bergmann et al., 2005).
These increased levels were correlated with poorer survival of can-
cer patients (Cintin et al., 1999, 2002; Hogdall et al., 2003; Jensen
et al., 2003; Johansen et al., 2003; Bergmann et al., 2005; Pelloski
et al., 2005), suggesting that serum levels of YKL-40 serve as a
prognostic cancer biomarker (Johansen et al., 2009).

While amounting evidence was documented in the study of
serum levels of YKL-40, there is relatively limited evidence focus-
ing on YKL-40 expression in cancers, particularly for its associ-
ation with angiogenesis. Thirty-eight cases of breast infiltrating
ductal carcinomas were surveyed for relationship of YKL-40 with
vessel formation using immunohistochemistry of CD34, a vascu-
lar endothelial cell marker (Shao et al., 2009). Of those 38 cancers,
23.7% (9 cases) contained high expression levels of YKL-40 and
23.7% (9 cases) displayed medium levels of YKL-40; whereas
52.6% (20 cases) were negative or low. These three groups with
different expression levels of YKL-40 were found to be signifi-
cantly correlated with different degrees of vascularization with
CD34-positive vessels in tumor sections (p = 0.006), in which
the blood vessel density of the two groups that demonstrated
high and medium levels of YKL-40 were 2.1 and 1.6-fold greater
than the group expressing low YKL-40, respectively. Consistent
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with this finding, of 61 colorectal cancer samples, 37 and 24 cases
expressing strong YKL-40 and weak YKL-40 exhibited 2.0 and
1.6-fold higher microvessel density than did 12 normal subjects,
respectively (Kawada et al., 2012). In addition, studying 11 cases
of patients with GBM revealed that the higher the YKL-40 expres-
sion, the more extensive the vessels appeared to be (Francescone
et al., 2011). All of the evidence demonstrates that YKL-40 expres-
sion in cancer is associated with vascular network development,
underscoring the angiogenic property of YKL-40 identified in
pre-clinical (cultured cells and xenografted animal models) and
clinical studies.

In the study of YKL-40 expression and clinical outcomes, sev-
eral independent studies with large breast cancer cohorts from
different laboratories including ours demonstrate that YKL-40
expressed by breast cancer is associated with estrogen recep-
tor (ER−), progesterone receptor (PR−), and human epidermal
growth factor receptor 2 (Her2/neu) (Kim et al., 2007; Roslind
et al., 2007b; Shao et al., 2011). Unexpectedly, cancer tissue
expression, contrary to its levels in the blood, was not corre-
lated with patient overall survival or disease-free survival in 8-year
follow-up studies (Shao et al., 2011). This finding was rein-
forced by the others surveying 630 breast cancer patients (Roslind
et al., 2007b). Interestingly, strong expression levels of YKL-40
were identified in TAMs in both breast cancer and lung can-
cer, as these TAMs surrounding tumor cells co-expressed YKL-40
and CD68, a marker of macrophages (Junker et al., 2005a,b;
Roslind et al., 2007a; Stearman et al., 2008). It is well estab-
lished that infiltrating macrophages play an essential role for
angiogenesis in both inflammatory diseases and tumor devel-
opment, because increased infiltration of macrophages leads to
accumulation of multiple growth factors (TGF-β, EGF, bFGF,
VEGF, and PDGF) that modulate tissue repair and angiogene-
sis (Chong et al., 1999; Ganapathy et al., 2010). Furthermore,
increased macrophage density in cancers correlates with tumor
angiogenesis and poorer patient survival (Leek et al., 1996, 2000;
Bingle et al., 2002; Tsutsui et al., 2005). However, it remains to be
clarified if the expression of YKL-40 by TAMs is associated with
cancer metastasis and patient survival. Validating their relation-
ship may provide a key role of TAMs in the contribution to cancer
malignancy.

UNANSWERED QUESTIONS
It has been established that chronic inflammation is a key com-
ponent of cancer development and metastasis (Coussens and
Werb, 2002). TAMs, the primary infiltrating leukocytes, act as
a core mediator to regulate inflammatory responses that exac-
erbate the pathogenesis of cancers (Coussens and Werb, 2002;
Pollard, 2004; Lewis and Pollard, 2006). Although tumor-derived
YKL-40 was reported to be associated with macrophage recruit-
ment and angiogenesis in colorectal cancer (Kawada et al.,
2012), we still lack sufficient knowledge regarding the functional
role and molecular mechanisms of YKL-40 in TAM-mediated
tumorigenesis. TAMs have the ability to render tumor cells inva-
sive through up-regulation of multiple inflammatory factors
such as cytokines, growth factors, chemokines, and metallo-
proteinases (MMPs). It is noted that YKL-40 is essential for
macrophage differentiation and maturation (Rehli et al., 1997,

2003). Thus, it is intriguing to interrogate if the inflammatory
responses mediated by these factors in the tumor microenvi-
ronment are dependent on TAM-derived YKL-40. For example,
little is known if YKL-40 up-regulates inflammatory cytokines
in TAMs, even though YKL-40 is recognized as an inflamma-
tory factor and can induce IL-8 from tumor cells (Rathcke
and Vestergaard, 2006; Qin et al., 2007; Kawada et al., 2012).
YKL-40 can induce VEGF in tumor cells as discussed earlier,
but the similar relationship in TAMs remains to be established.
In addition, it is still unclear regarding the molecular mech-
anisms by which YKL-40 regulates macrophage recruitment,
differentiation, and maturation. Identification of potential sig-
naling mediators in TAMs may provide alternative approaches
to block activities of TAMs, thus impeding tumor progression.
Besides TAMs, other YKL-40-producing cells surrounding tumor
cells and TAMs (e.g., neutrophils) should be not neglected in
the tumor microenvironment, as these cell populations likely
coordinate with tumor cells, TAMs, and vessel cells to facilitate
tumor cell ectopic dissemination. The function of cell-associated
YKL-40 in tumor may be different from free form of YKL-40 in
the blood, because we currently do not know receptors or lig-
ands for YKL-40 binding. This may also explain the difference
between serum levels and cancer cell levels of YKL-40 in asso-
ciation with tumor malignancy. Thus, characterization of their
relationship will aid in establishing a new therapeutic target for
treatment.

YKL-40 harbors chitinase-3-like catalytic domains, but
does not possess chitinase activities. Therefore, its functional
domain(s) are still unclear. Chen at al., recently reported that a
chitin-binding motif located between 325 and 339 amino acid
residues at the C terminus of YKL-40 is critical for YKL-40
inflammatory activities including AKT-mediated cytokine pro-
duction (IL-8 and TNF-α) in colonic epithelial cells (Chen et al.,
2011a,b). This motif may be also vital for other activities of
YKL-40 such as angiogenic function, tumor cell survival, and
inflammatory responses of TAMs, all of which need to be proven
in individual cell types. Moreover, if a single amino acid residue
within this motif is found to mainly contribute to YKL-40’s func-
tion, this could help screen new therapeutic agents aiming at this
specific element. Finally, one of the most challenging research
approaches is to identify the membrane receptor(s) specific for
YKL-40 binding, which would not only provide new mecha-
nistic insights into YKL-40’s action, but also establish proof-of-
principle for offering a novel mechanistically-directed target in
treatment of a wide spectrum of cancers as well as other types
of diseases. Therefore, gaining such important knowledge about
pathological activities and molecular mechanisms of YKL-40 will
unequivocally pave a fundamental way toward an advanced plat-
form able to notably improve the current diagnosis, prognosis,
and therapy of multiple human diseases that are associated with
increased levels of YKL-40.
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Elevated levels of chitinase-3-like-1 (CHI3L1) are associated with poor prognosis, shorter
recurrence-free intervals and low survival in breast cancer patients. Breast cancer
often metastasizes to the lung. We hypothesized that molecules expressed in the
“pre-metastatic” lung microenvironment could support the newly immigrant tumor cells
by providing growth and angiogenic factors. Macrophages are known to play an important
role in tumor growth by releasing pro-angiogenic molecules. Using mouse mammary
tumor models, we have previously shown that during neoplastic progression both the
mammary tumor cells and splenic macrophages from tumor-bearing mice express higher
levels of CHI3L1 compared to normal control mice. However, the role of CHI3L1 in
inducing angiogenesis by macrophages at the pulmonary microenvironment to support
newly arriving breast cancer cells is not yet known. In this study, we determined the
expression of CHI3L1 in bronchoalveolar lavage macrophages and interstitial macrophages
in regulating angiogenesis that could support the growth of newly immigrant mammary
tumor cells into the lung. Here we show that in vitro treatment of pulmonary macrophages
with recombinant murine CHI3L1 resulted in enhanced expression of pro-angiogenic
molecules including CCL2, CXCL2, and MMP-9. We and others have previously shown that
inhibition of CHI3L1 decreases the production of angiogenic molecules. In this study, we
explored if in vivo administration of chitin microparticles has an effect on the expression of
CHI3L1 and pro-angiogenic molecules in the lungs of mammary tumor-bearing mice. We
show that treatment with chitin microparticles decreases the expression of CHI3L1 and
pro-angiogenic molecules in the “metastatic” lung. These studies suggest that targeting
CHI3L1 may serve as a potential therapeutic agent to inhibit angiogenesis and thus
possibly tumor growth and metastasis.

Keywords: CHI3L1, tumor growth, angiogenesis, macrophages, chitin microparticles, pulmonary environment

INTRODUCTION
Metastasis is the major cause of death in breast cancer patients.
It is well established that breast cancer often metastasizes to the
lung. Preferential colonization of specific tissues by breast cancer
cells could be partially determined by the nature of microenvi-
ronment within the target organ (Steeg, 2006). Recent studies
have implicated specific cellular elements in the lungs that con-
tribute to tumor growth. These include airway epithelial cells
and immune cells, such as interstitial and alveolar macrophages,
among others. Studies have demonstrated functional, morpho-
logical, and phenotypic differences between these interstitial and
alveolar macrophages (Sebring and Lehnert, 1992; Prokhorova
et al., 1994; Johansson et al., 1997). However, there are lim-
ited studies on interstitial macrophages in human lungs com-
pared to alveolar macrophages, which can be easily obtained by
bronchoalveolar lavage (BAL). The role of either interstitial or
alveolar macrophages in the pre-metastatic lung in breast can-
cer metastasis has not yet been elucidated. We hypothesize that

interstitial macrophages, alveolar macrophages, or both, may alter
the pre-metastatic landscape of the lung.

Pulmonary macrophages may exert anti-tumor effects to sup-
press the growth of newly-immigrated breast cancer cells, or
alternatively exert pro-tumor effects by producing growth factors
that support their establishment in the lung. By release of pro-
teases, growth factors and cytokines, activated macrophages have
the potential to influence each phase of the angiogenic process.
This includes stimulating remodeling of the local extracellular
matrix, inducing endothelial cells to migrate or proliferate, and
inhibiting formation of differentiated capillaries.

We and others have recently shown that a glycoprotein
known as chitinase-3-like-1 protein is produced by macrophages
from tumor-bearing hosts (Kawada et al., 2012; Libreros et al.,
2012). Chitinase-3-like-1 glycoprotein (aka BRP-39, YKL-40) is
a secreted protein that is upregulated in various types of can-
cers, including breast (Johansen et al., 2003). This molecule is
synthesized under inflammatory conditions, including bronchial
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asthma, inflammatory bowel disease, and cancer, but is not
highly expressed under physiological conditions (Johansen et al.,
2006; Mizoguchi, 2006; Chupp et al., 2007; Coffman, 2008;
Lee et al., 2011; Libreros et al., 2013). CHI3L1 is a chitin-
binding glycoprotein that belongs to the family of chitinase-like
proteins, but is lacking in enzymatic activity (Henrissat and
Bairoch, 1993). This glycoprotein is expressed and secreted by a
variety of cell types including articular chondrocytes, synovio-
cytes, osteoblasts, macrophages, neutrophils, and epithelial cells
(Johansen et al., 2001; Rehli et al., 2003; Mizoguchi, 2006; Rathcke
and Vestergaard, 2006; Lee et al., 2009). In examining the function
of CHI3L1, we and others have found that CHI3L1 stimulates
the production of pro-angiogenic molecules (Shao et al., 2009;
Kawada et al., 2012; Libreros et al., 2012). Conversely, (Shao
et al., 2009) and (Libreros et al., 2012), have shown that inhibit-
ing CHI3L1 with neutralizing antibodies or administration of
chitin microparticles, decreases the expression of pro-angiogenic
molecules (Shao et al., 2009; Libreros et al., 2012).

Currently there is little known regarding mechanistic links
between CHI3L1 expression by macrophages in the “pre-
metatastic” lung, and tumor-related angiogenesis. We therefore
examined the possibility that macrophage-derived CHI3L1 in the
lung, upregulated by exposure to circulating CHI3L1 produced
by tumor cells, “conditions” this organ to favor establishment
of newly-arrived, metastasizing cancer cells. Thus, in this study
we tested the role of CHI3L1 expression by bronchoalveolar
and interstitial macrophages in regulating angiogenesis to pro-
mote the growth of new mammary tumor cells in the lung.
We demonstrate here that: (1) CHI3L1 is secreted by intersti-
tial and alveolar macrophages from mammary tumor bearers;
(2) CHI3L1 induces expression of pro-angiogenic molecules in
interstitial and alveolar macrophages; (3) in vivo treatment with
chitin microparticles reduces angiogenesis; and (4) this treatment
also decreases expression of CHI3L1, CCL2, CXCL2 and MMP-9.
Our findings suggest that CHI3L1 may play a role in prepar-
ing the “soil” in the “pre-metastatic” lung. Therefore, CHI3L1
may be an attractive therapeutic target to inhibit breast cancer
metastasis.

MATERIALS AND METHODS
MICE AND CELL LINES
Female BALB/c mice were used in all studies (Charles River
Laboratories, 8–12 week-olds), and were housed and used accord-
ing to the National Institutes of Health guidelines, under proto-
cols approved by Florida Atlantic University Institutional Animal
Care and Use Committee. Mammary tumor cells (4T1-luc-A4;
Caliper Life Sciences, Hopkinton, MA) were maintained in RPMI
with 10% FCS (Kim et al., 2010). Tumor cells were implanted
in mice by subcutaneous injection of 1 × 1054T1 tumor cells
in the lower right ventral quadrant. These tumors metastasize
to the lung ∼4–5 weeks post-tumor cell implantation. Normal
mice and tumor bearers were assessed at ∼2 weeks- (“pre-
metastatic”) and 5 weeks post-tumor implantation (“metastatic”)
for the expression of cytokines. Tumor bearers treated with chitin
microparticles (see below) were assessed at 5 weeks post-tumor
cell implantation for metastasis, cytokine expression and tumor
angiogenesis using AngioSense probe.

ISOLATION OF EPITHELIAL CELLS AND MACROPHAGES FROM THE
LUNGS
Bronchoalveolar macrophage isolation
Tracheas of euthanized mice were cannulated and lavaged with
1 mL of saline. The bronchoalveolar lavage fluid (BALF) was
recovered to obtain alveolar macrophages as described by Kogiso
et al. (2011). Plastic-adherent macrophages were then enriched
by incubating BALF cells (106 cells/mL) in complete media
(RPMI 1640 with 10% FBS, 10 units/mL penicillin and 10 μg/mL
streptomycin) for 1 h in a 5% CO2 incubator at 37◦C. Non-
adherent cells were removed by washing with media, and
the BALF macrophages were then isolated by labeling with
CD11b magnetic microbeads (Miltenyi Biotec, Cambridge, MA).
CD11b+ cells were purified by positive selection using AutoMACs
(Miltenyi). Alveolar CD11b+macrophages isolated from all ani-
mals revealed >90% purity as determined by flow cytometric
analysis (FACS Calibur).

Isolation of alveolar epithelial cells and interstitial macrophages
Immediately after collecting BALF specimens, pulmonary epithe-
lial cells and interstitial macrophages were isolated as previously
described, with modifications [35]. Media (1 mL, RPMI 1640
with 2% FBS and 1 mg/mL dispase (Invitrogen, Grand Island,
NY)) was perfused into the airways and alveoli of the lungs. The
lungs were then removed and incubated at 37◦C for 1 h in the
same media with 2 mg/mL collagenase type II (Invitrogen) added,
followed by tissue mincing. Cells were filtered through Teflon
mesh of 40 μM pores and washed with the media with no cen-
trifugation at 0◦C. Macrophages were isolated by plastic adher-
ence, and were then purified by magnetic beads as described. The
purity of the cells was >90% for CD11b expression as determined
by flow cytometric analysis. Non-adherent cells (alveolar epithe-
lial cells) were labeled with CD146 microbeads (MiltenyiBiotec)
and purified by AutoMACs (MiltenyiBiotec). The purity was
confirmed to be >90% as assessed by flow cytometric analysis.

Cell culture
Purified alveolar epithelial cells, and alveolar and interstitial
macrophages, were cultured at 2 × 106 cells/mL for 18 h in com-
plete media as described previously (Owen et al., 2005). All cells
were stimulated with either 500 ng/mL LPS (Sigma Chemical Co.,
St. Louis, MO), or in combination with 1 ng/mL or 5 ng/mL
of endotoxin-free rmCHI3L1 (R&D systems, Minneapolis, MN).
Growth media (GM) was included as a control condition for some
of the cultures. Cell-free supernatants were then collected and
stored at −80◦C.

FLOW CYTOMETRY
Total lung homogenates and BALF cells were isolated and resus-
pended in FACS buffer (PBS with 1% BSA and 0.1% sodium
azide) and stained for 30 min at 4◦C with FITC-conjugated
antibodies against CD11b (BDBiosciences, San Jose, CA), APC-
conjugated Ly6C, PerCP-conjugated Ly6G, PerCPF4/80 (all from
BDBiosciences) or CD146 (Miltenyi Biotec). Isotype-matched
IgG was used for internal controls. For intracellular cytokine
staining, BD cytofix/cytoperm + fixation/permeabilization kit
were used according to manufacturer’s instructions and this was
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followed by labeling for CHI3L1. CHI3L1 antibody (generously
provided by Dr. Alison Humbles, MedImmune, MD) was conju-
gated to a fluorescent dye using Lightning-Link PE conjugation
kit (Novus, Littleton, CO) following manufacturer’s instructions.
Samples were acquired in a FACSCalibur flow cytometer (BD
Biosciences) and analyzed by Flow Jo software (Tree Star, Inc.,
Ashland, OR).

CYTOKINE ELISA
BALF samples and culture supernatants from cells obtained from
control and mammary tumor bearers were analyzed for CHI3L1,
CCL2, CXCL2 and MMP-9 levels by ELISA (all from R&D
Systems) according to manufacturer’s instructions. Absorbance at
450 nm with wavelength correction at 570 nm was measured with
a Tecan SLT Rainbow Reader (Lab Instruments, Research Triangle
Park, NC) and optical density (OD) values of samples were con-
verted to picograms against a standard curve plotted from known
quantities of recombinant murine cytokines.

WESTERN BLOT ANALYSIS
Cells from total lung homogenates were lysed with sample buffer
(20 mM dithiothreitol, 6% SDS, 0.25 M Tris, pH 6.8, 10% glyc-
erol, 10 mM NaF and bromophenyl blue) and used to extract
total protein. Total protein (20 μg) was resolved on 4–20% Mini-
Protean SDS-PAGE gradient gels (BioRad Life Sciences, Hercules,
CA) and transferred to PVDF membrane (Pierce) using a semi-
dry transfer transblotter (BioRad). The membranes were blocked
overnight at 4◦C in SeaBlock (Calbiochem), and subsequently
incubated at room temperature for 1 h with anti-mouse CHI3L1
polyclonal antibody (1 μg/mL) (Quidel, San Diego, CA) and
anti-mouse beta actin polyclonal antibody (0.25 μg/mL) (Li-Cor
Biosciences, Lincoln, NE). Immunoblots were washed with 0.5%
Tween-PBS followed by 1 h incubation at room temperature with
appropriate infrared dye-conjugated secondary antibodies (Li-
Cor Biosciences). Blots were washed again with 0.5% Tween-PBS
and then dried at 37◦C for 20 min. The membranes then were
imaged and bands quantified using the Li-Cor Odyssey imag-
ing system. Levels of proteins of interest were normalized to
beta-actin.

CONFOCAL MICROSCOPY
Lungs from control mice and 2-week mammary tumor bear-
ers were perfused with a mixture of Optimal Tissue Cutting
(OCT) embedding compound and PBS (70%/30% respectively).
The lungs were then removed and snap frozen on dry ice.
5 μM cryostat sections were mounted on SuperFrost Plus slides
(Fisher Scientific, Fair Lawn, NJ), fixed in 4% paraformalde-
hyde, and labeled with goat anti-mouse CC10 (1:100, Santa
Cruz Biotech, Santa Cruz, CA) and rabbit anti-mouse CHI3L1
(1 μg/μL, Quidel) as described below. Alveolar and interstitial
macrophages were plated (0.5 x 106 cells) on coverslips, fixed in
4% paraformaldehyde, and labeled with goat anti-mouse CD68
(1:100, macrophage marker) (Santa Cruz Biotech) and rabbit
anti-mouse CHI3L1 (Quidel). Both cryostat sections and cells
were blocked in 10% normal horse serum in PBS prior to
staining with primary antibodies overnight at 4◦C. After wash-
ing in PBS, cells and sections were incubated in the following

secondary antibodies: FITC-donkey anti-rabbit and PE-donkey
anti-goat (1:2000, both from Invitrogen, Life Technologies). To
visualize nuclei, material was mounted with Vectashield contain-
ing DAPI (Vector Laboratories, Burlingame, CA), and examined
by confocal microscopy (Carl Zeiss LSM 700, Microimaging,
Thornwood, NY).

In vivo TREATMENT WITH CHITIN MICROPARTICLES
Chitin microparticles (1–10 μM, kindly provided by Dr. Yoshimi
Shibata, Florida Atlantic University, FL) were prepared as
described previously (Shibata et al., 1997; Strong et al., 2002;
Nishiyama et al., 2006). Tumor-bearing mice were treated by
intraperitoneal injection with chitin microparticles (1 mg/mouse)
starting 3 days post-tumor implantation and continuing every
third day for 5 weeks (Libreros et al., 2012).

ANGIOGENESIS DETERMINATION
To assess vascularization in vivo, the near-infrared blood pool
agent AngioSense 680 probe (2 nmol/mouse in 150 μL volume;
Perkin Elmer, Waltham, MA) was injected via tail vein 24 h before
imaging. Mice were imaged using a bioluminescence optical
imager (IVIS Lumina LTE, Perkin Elmer). Maximal near infrared
signals were quantified using Living Image 2.5 image analysis soft-
ware (Xenogen, Perkin Elmer). Infrared signals are reported as
photons/sec.

STATISTICAL ANALYSES
Results are expressed as group means ± SD. Statistical analy-
ses were performed using GraphPad Prism 3 software (LaJolla,
CA). Statistical comparisons of paired groups were determined by
Student’s t tests. Values of p < 0.05 were considered statistically
significant.

RESULTS
CHI3L1 EXPRESSION IS INCREASED IN BALF AND TOTAL LUNG FROM
MAMMARY TUMOR-BEARING MICE
Increased levels of CHI3L1 in the sera of breast cancer patients
are associated with poor prognosis (Johansen et al., 2003). We
have previously reported higher circulating levels of CHI3L1 in
4T1 mammary tumor-bearing mice compared with normal mice
(Libreros et al., 2012). This tumor model shares similar char-
acteristics with human breast cancer patients as mice bearing
4T1 mammary tumors exhibit spontaneous tumor cell metasta-
sis to the lung. The levels of CHI3L1 in the lungs are increased
during pulmonary inflammation, and inflammation is known to
contribute to tumor growth and metastasis. Since it is known
that breast tumor cells metastasize to the lung, we determined if
CHI3L1 expression is specifically altered in lungs of mammary
tumor bearers compared to control mice.

The “pre-metastatic” and “metastatic” stages were described
by Yan et al. using the 4T1 mammary tumor model, with
the pre-metastatic stage occurring at 14 days post-tumor cell
inoculation, and the metastatic stage at 4 weeks (Yan et al.,
2010). We therefore assessed CHI3L1 expression in the lungs
of mice inoculated with 4T1 mammary tumor cells at 2 weeks
post-cell implantation, a time point at which no visible micro-
metastasis is observed in the lungs (data not shown), and at
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5 weeks when metastasis of 4T1 cells is known to be well-
established (Yan et al., 2010; Libreros et al., 2012). We first
measured circulating levels of CHI3L1, which increased from
25 × 103 ng/mL at 2 weeks, to 125 × 103 ng/mL at 5 weeks
(Figure 1A). ELISA measurements demonstrated that signifi-
cantly higher levels of CHI3L1 were also present in both BALF
samples (Figure 1B) and total lung homogenates (Figure 1C) at
5 weeks post-tumor cell implantation, compared to the 2-week
time point. These higher levels of CHI3L1 could be due to
expression by the pulmonary tissue itself and/or the tumor
cells that have infiltrated by 5 weeks (Libreros et al., 2013).
Samples from the “pre-metastatic” stage would help differentiate
between these possibilities, as tumor cells have not yet infil-
trated, and we performed additional analyses at this stage. At
2 weeks post-inoculation, significantly higher levels of CHI3L1
were measured by ELISA in BALF samples from tumor bear-
ers compared to control mice (Figure 2A). Western blot analysis
of whole lungs from pre-metastatic tumor-bearers confirmed
higher levels of pulmonary CHI3L1 (Figure 2B), and ELISA
assays of total lung homogenates quantified this increase at 2
weeks (Figure 2C). CHI3L1 is secreted by a variety of cell types,
including macrophages, neutrophils, colonic epithelial cells, and
chondrocytes (Nyirkos and Golds, 1990; Hakala et al., 1993;
Renkema et al., 1998; Volck et al., 1998; Mizoguchi, 2006), and
recent studies by Lee et al. (2009) have shown that CHI3L1 (aka
BRP-39) is upregulated in inflamed airway epithelium, and that
it plays an active role in pulmonary inflammation (Lee et al.,
2009). We therefore determined if CHI3L1 expression is specifi-
cally altered in lung epithelial cells isolated from mammary tumor
bearers at 2 weeks post-inoculation, compared to those from
control mice. Production of CHI3L1 was increased more than
5-fold in pulmonary epithelial cells from tumor bearers, as mea-
sured by ELISA at 18 h post-plating (Figure 2D). To promote
“inflammatory” conditions, cultures were treated with LPS to
stimulate cytokine production, which exacerbated the increase in
CHI3L1 levels displayed by cells from tumor bearers (Figure 2D).
Localization of CHI3L1 in lung tissue samples by immunofluo-
rescence showed that CHI3L1 was expressed by lung epithelial
cells (CC10+ cells), and that this expression was increased in the
airways of mammary tumor bearing mice compared to controls
(Figure 2E).

CHI3L1 EXPRESSION IS INCREASED IN CD11B+GR1+ CELLS OF
MAMMARY TUMOR BEARERS
Myeloid-derived cells have been shown to be important in
promoting tumor growth, metastasis, and angiogenesis (van
Kempen and Coussens, 2002; Yang et al., 2004). The lungs of
4T1 mammary tumor bearers show infiltration by myeloid-
derived suppressor cells, and in particular by CD11b+Gr1+ cells
that establish a pre-metastatic niche by secreting proinflam-
matory mediators (Yan et al., 2010; Younos et al., 2011). We
have previously shown that splenic myeloid cells from mam-
mary tumor-bearing mice express CHI3L1 (Libreros et al., 2012).
To clearly delineate myeloid populations of cells in pulmonary
tissue that could contribute to CHI3L1 expression, single cell
suspensions prepared from total lungs of normal and 2-week
mammary tumor-bearers were analyzed by flow cytometry. As

FIGURE 1 | CHI3L1 is expressed in serum and pulmonary tissue of

mammary tumor-bearing mice at 2 weeks (“pre-metastatic”) and 5

weeks (metastatic) post-tumor cell implantation. (A) Serum (B) BALF
and (C) Total lung homogenates from 2 week and 5 week mammary tumor
bearers were analyzed for CHI3L1 expression by ELISA. N = 10
mice/group; ∗∗p ≤ 0.001.

shown in Figures 3A–C (one representative assay out of five),
CD11b+Ly6C+ cells from mammary tumor bearers express
CHI3L1 at higher levels compared to normals. CD11b+Ly6G+
cells from tumor bearers express CHI3L1 but these levels are
lower compared to the levels observed in CD11b+Ly6C+ cells
(Figures 3D–F).

Since BALF was shown to contain elevated levels of CHI3L1,
we determined which cell populations in the lavage contribute
to the expression of CHI3L1 at 2 weeks post-tumor cell inocula-
tion. Toward this we assessed CD11b+Ly6C+ and CD11b+Ly6G+
cells in the lavage. CD11b+Ly6C+ cells from mammary tumor
bearers express higher levels of CHI3L1 compared to normals
(Figures 4A–C). Similar to what was observed in total lung
homogenates, CD11b+Ly6G+ cells from tumor bearers express
CHI3L1 at lower levels compared to the CD11b+Ly6C+ cells
(Figures 4D–F).
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FIGURE 2 | CHI3L1 is expressed at higher levels in the pulmonary tissue

of 2-week 4T1 mammary tumor bearers. (A) CHI3L1 expression in
bronchoalveolar lavage fluid by ELISA; (B) Western blot analysis of total lung
homogenates for CHI3L1 expression; (C,D) CHI3L1 expression by ELISA of

total lung homogenates (C) and lung epithelial cells (D). (E) Cellular
co-localization of CHI3L1 with CC10, an airway-epithelial cell marker, in
cryostat sections visualized by confocal microscopy. For all experiments,
N = 10/group; ∗p ≤ 0.05; ∗∗p ≤ 0.001.

CHI3L1 EXPRESSION IS INCREASED IN MACROPHAGES FROM THE
LUNGS OF MAMMARY TUMOR-BEARING MICE
We have previously shown that CHI3L1 is expressed at higher
levels in splenic macrophages of mammary tumor-bearing mice
(Libreros et al., 2012). In this study, we determined the expres-
sion levels of CHI3L1 in macrophages from the “pre-metastatic”
lungs. Two broad subsets of macrophages are found in the
lungs of mice and humans, i.e., alveolar macrophages which
line the surface of alveoli, and interstitial macrophages that are
localized in the space between alveolar epithelium and vascular
endothelium (Schneberger et al., 2011). Thus, alveolar and inter-
stitial macrophages from normal and 2-week tumor bearers were
purified as described in the Methods section, and cultured in
either the absence or presence of LPS. Interstitial macrophages

from mammary tumor-bearing mice secrete CHI3L1 and these
levels were further increased by stimulation with LPS as deter-
mined by ELISA (Figure 5A). Localization of CHI3L1 in inter-
stitial macrophages was then confirmed by immunofluorescent
labeling. Confocal images revealed higher intensity of CHI3L1
expression in CD68+interstitial macrophages from tumor bear-
ers, relative to normal mice (Figure 5B). Purified alveolar
macrophages were also analyzed. Similar to what was observed
in the interstitial macrophage population, there were higher than
normal levels of CHI3L1 present in culture supernatants of alve-
olar macrophages from 2 week tumor-bearing mice (Figure 5C).
Intensity of CHI3L1 staining in alveolar macrophages similarly
was greater in tumor bearers’ macrophages, as determined by
confocal microscopy (Figure 5D). Interestingly, the expression
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FIGURE 3 | CHI3L1 is expressed at higher levels in CD11b+Ly6C+ total

lung cells in 2-week mammary tumor bearers. (A,D) Representative
scatter plots of forward scatter vs. side scatter in total lung from normal and
tumor bearers; (B) CD11b+Ly6C+ cells from total lungs of normal and tumor
bearers and assessed for CHI3L1 expression; (C) Representative overlay

histogram plot gated on CD11b+ and Ly6C+ cells for CHI3L1 expression; (E)

CD11b+Ly6G+ cells from total lungs of normal and tumor bearers and
assessed for CHI3L1 expression; (F) Representative overlay histogram plot
gated on CD11b+ and Ly6G+ cells for CHI3L1 expression. For all
experiments, N = 10/group; ∗p ≤ 0.05; ∗∗p ≤ 0.001.

levels of CHI3L1 were higher in interstitial macrophages com-
pared to alveolar macrophages.

CHI3L1 EXACERBATES THE PRODUCTION OF PRO-ANGIOGENIC
MOLECULES IN LPS-STIMULATED PULMONARY MACROPHAGES
Yan et al. (2010) found that the expression of MMP-9 and CCL-2
is upregulated in the lungs of 2 week tumor-bearing mice com-
pared to normal mice (Yan et al., 2010). We and others have
shown that CHI3L1 induces the expression of CCL2, CXCL2
and MMP-9 in splenic macrophages (Mizoguchi, 2006; Letuve
et al., 2008; Kawada et al., 2012; Libreros et al., 2012), but there

are few studies to date on the biological role of CHI3L1 in
pulmonary macrophages. In this study we tested the effects of
CHI3L1 on interstitial and alveolar macrophages isolated from
normal mice, and analyzed the production of the pro-angiogenic
molecules CCL2, CXCL2 and MMP-9 by ELISA. Cells were
treated with CHI3L1 in combination with LPS, which is necessary
for expression of angiogenic molecules by ex vivo macrophages.
Treatment of either interstitial or alveolar macrophages with
LPS alone or in combination with rmCHI3L1 (1 ng/mL or
5 ng/mL) resulted in a dose-dependent increase in the production
of CCL2 (Figures 6A,B), CXCL2 (Figures 6C,D) and MMP-9
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FIGURE 4 | CHI3L1 is expressed at higher levels in CD11b+Ly6C+
bronchoalveolar lavage cells in 2-week mammary tumor bearers. (A,D)

Representative scatter plots of forward scatter vs. side scatter in alveolar
lavage from normal and tumor bearers; (B) CD11b+Ly6C+ cells from alveolar
lavage of normal and tumor bearers and assessed for CHI3L1 expression; (C)

Representative overlay histogram plot gated on CD11b+ Ly6C+ cells for
CHI3L1 expression; (E) CD11b+Ly6G+ cells from alveolar lavage of normal
and tumor bearers and assessed for CHI3L1 expression; (F) Representative
overlay histogram plot gated on CD11b+Ly6G+ cells for CHI3L1 expression.
For all experiments, N = 10/group; ∗p ≤ 0.05; ∗∗p ≤ 0.001.

(Figures 6E,F) in both interstitial and alveolar macrophages.
Culturing with rmCHI3L1 alone in the absence of LPS revealed
a similar trend to the one observed in cultures containing both
LPS and rmCHI3L1, but the levels of the proinflammatory medi-
ators secreted were lower (data not shown). The combined effects
of LPS and rmCHI3L1 produced the greatest increase in the
expression of pro-angiogenic molecules.

In vivo TREATMENT WITH CHITIN MICROPARTICLES DECREASES
ANGIOGENESIS
Intraperitoneal treatment of mammary tumor bearers with chitin
microparticles, a substrate for CHI3L1, results in decreased

tumor growth and pulmonary metastasis (Libreros et al., 2012).
We and others established that 4T1 mammary tumors begin
to infiltrate the lungs by 3 weeks post-tumor cell implanta-
tion, and observable metastatic foci are seen in the lungs at 5
weeks post-tumor cell implantation (Yan et al., 2010; Libreros
et al., 2012). Therefore, we used 5 week tumor bearers to assess
the effects of in vivo chitin microparticle treatment. To test
if early treatment with chitin microparticles affects angiogene-
sis and tumor growth, an in vivo AngioSense probe was used.
Mice treated with chitin microparticles after tumor cell inocula-
tion had significantly reduced angiogenic fluorescent signals in
in vivo imaged tumors compared to the tumors from untreated

www.frontiersin.org December 2013 | Volume 4 | Article 392 | 22

http://www.frontiersin.org
http://www.frontiersin.org/Vascular_Physiology/archive


Libreros et al. CHI3L1 expression in pre-mestastatic “lung macrophages”

FIGURE 5 | CHI3L1 is expressed at higher levels in pulmonary

macrophages from 2-week mammary tumor bearing mice. (A)

CHI3L1 ELISA of interstitial macrophages from normal and
mammary tumor bearers; (B) Cellular co-localization of CHI3L1
with CD68, a macrophage marker was visualized by confocal

microscopy, scale bar 10 μM; (C) CHI3L1 ELISA of alveolar
macrophages from normal and mammary tumor bearers; (D)

Cellular localization of CHI3L1 was visualized by confocal
microscopy, scale bar 10 μM. For all experiments, N = 10/group;
∗p ≤ 0.05; ∗∗p < 0.001.

FIGURE 6 | CHI3L1 increases the expression of CCL2, CXCL2 and

MMP-9. Pulmonary macrophages from normal mice were cultured
overnight with LPS (500 ng/mL) alone and with either 1 ng/mL or
5 ng/mL of rmCHI3L1. Cell free supernatants were then analyzed for

CCL2 in: (A) interstitial or (B) alveolar macrophages; CXCL2 in: (C)

interstitial or (D) alveolar macrophages; and MMP-9 in: (E) interstitial
or (F) alveolar macrophages. For all experiments, N = 10/group;
∗p ≤ 0.05; ∗∗p ≤ 0.001.
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mice (Figure 7A). Quantification of fluorescent signals confirmed
these results (Figure 7B). Previously we noted that tumor size
in chitin-treated, 5 week tumor-bearing mice was significantly
smaller than normal. We now show with the AngioSense probe
that there was a significant decrease in angiogenic fluorescent sig-
nals in the excised tumors of chitin-treated mice, compared to
untreated tumor bearers (Figure 7C). Quantification of fluores-
cent signals is depicted in Figure 7D.

Following metastasis, decreased tumor growth in the target
organ also could be due to decreased angiogenesis. Since treat-
ment with chitin microparticles decreased angiogenesis in the
primary tumor, we tested to see if in vivo treatment with chitin
microparticles also had an effect on angiogenesis in the metastatic
lung. Excised lungs from chitin-treated and untreated mice at 5
weeks post-tumor cell inoculation were imaged as above to eval-
uate angiogenesis. Similar to what was observed in the tumor
tissue, there was a significant reduction in fluorescent AngioSense

signals, indicating decreased angiogenesis in the lungs of mice
treated with chitin microparticles, compared to untreated con-
trols (Figure 7E). Quantification of these fluorescent signals is
shown in Figure 7F.

In vivo TREATMENT WITH CHITIN MICROPARTICLES DECREASES THE
PRODUCTION OF PRO-ANGIOGENIC MOLECULES BY PULMONARY
MACROPHAGES
Faibish et al. (2011) found that neutralizing antibody to YKL-40
blocks tumor angiogenesis by inhibiting endothelial cell tube for-
mation (Faibish et al., 2011) while (Kawada et al., 2012) demon-
strated increased microvessel density in CHI3L1-transfected
colon cancer cells (Kawada et al., 2012). Since CHI3L1 expression
by splenic macrophages is altered in vivo by chitin microparticle
treatment (Libreros et al., 2012) we next determined if CHI3L1
expression in lung tissue is similarly affected. Bronchoalveolar
lavage fluid was analyzed for the expression of pro-angiogenic

FIGURE 7 | In vivo treatment with chitin microparticles decreases

angiogenesis. 4T1 mammary tumor bearers at 5 weeks post-tumor
implantation were treated in vivo with chitin microparticles (1mg/mL) and
analyzed for angiogenesis using AngioSense probe by in vivo imaging
system. (A) Ventral image of untreated and chitin treated mammary tumor
bearing mice showing 2 out 5 mice/treatment group; (B) Quantification
(photons/s) of AngioSense specific fluorescent signal indicating decreased
angiogenesis at 21 days post-tumor implantation in the chitin treated
group; (C) Excised tumors from untreated and chitin treated mice

indicating decreased fluorescent signal in the chitin treated group; (D)

Quantification (photons/s) of AngioSense specific fluorescent signal
indicating decreased angiogenesis at 21 days post-tumor implantation in
the chitin treated group; (E) Excised lungs from untreated and chitin
treated mice indicating decreased fluorescent signal in the chitin treated
group; (F) Quantification (photons/s) of AngioSense specific fluorescent
signal indicating decreased angiogenesis in the lungs at 21 days
post-tumor implantation in the chitin treated group compared to untreated
group. For all experiments, N = 5/group; ∗∗p ≤ 0.001.
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molecules. In vivo treatment with chitin microparticles resulted
in decreased CHI3L1 expression in BALF collected form 5 week
tumor-bearers (Figure 8A). As CHI3L1 promotes expression of
pro-angiogenic molecules, we reasoned that decreased CHI3L1
levels in chitin-treated mice should result in decreased expres-
sion of pro-angiogenic molecules. We found that the levels of
CCL2 (Figure 8B), CXCL2 (Figure 8C) and MMP-9 (Figure 8D)
in BALF samples were indeed decreased by in vivo chitin treat-
ment. We also found that interstitial and alveloar macrophages
from chitin-treated mammary tumor bearers exhibited reduced
expression of CHI3L1, and these same pro-angiogenic molecules,
at 5 weeks post-tumor cell inoculation (Figure 9).

DISCUSSION
Circulating tumor cells must invade and proliferate in a target
organ to establish metastasis. It is well established that preferen-
tial tissue colonization is determined not only by features intrinsic
to the type of tumor cell, but also in part by the unique nature of
each target organ (Steeg, 2006). The microenvironment, the “soil”
or the “pre-metastatic niche,” in the target organ contributes to
the survival of these cells. To our knowledge, there are no studies
to date defining the role of CHI3L1 in pulmonary tissue in terms
of promoting survival and growth of invading breast cancer cells.
In this study, we examined the role of pulmonary macrophages
in preparing the “soil” or the “pre-metastatic niche” for establish-
ing breast cancer metastasis. We used an in vivo mouse mammary
tumor model mimicking CHI3L1 expression in breast cancer
patients to examine the role of CHI3L1 and CHI3L1-induced
angiogenic molecules in the pulmonary microenvironment dur-
ing the emergence of metastasis.

We show here that CHI3L1 levels are increased in both the
“pre-metastatic” lung and “metastatic” lung of mammary tumor-
bearing mice. Higher levels of CHI3L1 were observed not only
in the serum, but also in BALF and lung tissue homogenates.
We found that expression of CHI3L1 is upregulated in lung
epithelial cells, as well as in alveolar and interstitial macrophages
of mammary tumor-bearing mice. Importantly, CHI3L1 was

FIGURE 8 | In vivo treatment with chitin microparticles decreases

CHI3L1, CCL2, CXCL2, and MMP-9 expression in BALF. BALF from
untreated and chitin treated mice at 5 weeks post-tumor implantation was
analyzed for: (A) CHI3L1; (B) CCL2; (C) CXCL2; and (D) MMP-9 expression
by ELISA. For all experiments, N = 10/group; ∗∗p ≤ 0.001.

found to induce the production of angiogenic molecules, CCL2,
CXCL2 and MMP-9 in both alveolar and interstitial macrophages
from normal mice. We also demonstrate that in vivo treatment
with chitin microparticles, a substrate for CHI3L1, resulted in
decreased production of CHI3L1, CCL2, CXCL2, and MMP-
9 in BALF, and more specifically by interstitial and alveolar
macrophages of mammary tumor-bearing mice. Decreased pro-
duction of these molecules has been correlated with decreased
levels of angiogenesis in tumors (Arenberg et al., 1998; Mehrad
et al., 2007; Gerber et al., 2009). Transfection of HCT116
tumor cells with CHI3L1 enhances tumor growth, while in vivo
treatment with anti-CHI3L1 neutralizing antibodies decreases
angiogenesis (Shao et al., 2009; Kawada et al., 2012). Using
administration of chitin microparticles, a molecule that binds
to chitinases and chitin-like molecules (Ober and Chupp, 2009),
we have shown previously that splenic macrophages from treated
mice produce lower levels of pro-angiogenic molecules compared
to untreated mammary tumor bearers, and that tumor growth
and metastasis are reduced by this treatment (Libreros et al.,
2012). To monitor angiogenesis during the “metastatic” stage,

FIGURE 9 | In vivo treatment with chitin microparticles decreases

CHI3L1, CCL2, CXCL2, and MMP-9 expression in pulmonary

macrophages from 5 week mammary tumor bearers. Interstitial
macrophages from untreated and chitin treated mice was analyzed for:
(A) CHI3L1; (B) CCL2; (C) CXCL2; and (D) MMP-9 expression by ELISA,
and alveolar macrophages from untreated and chitin treated mice was
analyzed for: (E) CHI3L1; (F) CCL2; (G) CXCL2; and (H) MMP-9 expression
by ELISA. For all experiments, N = 10/group; ∗p ≤ 0.05; ∗∗p ≤ 0.001.
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in this study we used the AngioSense 680 probe, a marker for
blood vessel density, to directly assess in vivo tumor angiogen-
esis. In vivo imaging clearly demonstrated the effectiveness of
chitin microparticle treatment on angiogenesis. Chitin-treated
mice had lower fluorescent signals compared to the untreated
controls, and more importantly, excised tumors, as well as lungs
from treated mice, had lower levels of AngioSense signals com-
pared to the untreated group. It is well-established that tumors
do not grow >1 mm3 in size without an adequate blood supply
(Folkman, 1971), and our results indicate that decreased angio-
genesis in mammary tumors correlates well with the smaller size
of these tumors in chitin-treated mice. In this study, tumor size
as determined by assessing for luciferase signals revealed <0.5 ×
106 photons in treated group vs. 3 × 106 in untreated group (p <

0.005). Reduced angiogenesis in the lungs also correlates well with
the lower levels of pro-angiogenic molecules expressed by alveolar
and interstitial macrophages in the chitin-treated group.

Macrophages have been described to be one of the key play-
ers in many types of cancers by producing a variety of factors
that can either promote or inhibit tumor growth and metasta-
sis (Mantovani et al., 2002). Numerous studies have reported on
the role of tumor-infiltrating macrophages (TAMs) on tumor
growth. There are very few reports on the role of macrophages
at a metastatic site in terms of supporting the growth of infil-
trating tumor cells. As the metastatic site offers new challenges
for circulating tumor cells in terms of their survival, our focus
has been to characterize macrophages in the lung microenvi-
ronment of mammary tumor bearers in terms of how they may
support invading breast cancer cells. Although tumor cells and
activated splenic macrophages express CHI3L1, a molecule asso-
ciated with poor prognosis in breast cancer patients (Lal et al.,
1999; Lau et al., 2006; Coffman, 2008; Libreros et al., 2012),
few studies have analyzed CHI3L1 expression by alveolar and
interstitial macrophages in tumor bearing models. In compar-
ing the different cell types present in the lung, i.e., epithelial cells
and macrophages, we found that both interstitial and alveolar
macrophages from 2 week mammary tumor-bearing mice express
much higher levels of CHI3L1 compared to epithelial cells. Prior
work by Chupp et al., reported higher levels of CHI3L1 expression
in biopsied lung tissue from patients with severe asthma, com-
pared to those with a milder form, and that it localizes to the
subepithelium of pulmonary tissue (Chupp et al., 2007). Using
ova-sensitized and challenged mice, Lee et al. (2009) showed
that CHI3L1 is expressed by airway epithelial cells and F4/80-
positive macrophages during antigen-induced inflammation (Lee
et al., 2009). Our results suggest that at early, pre-metastatic
stages, CHI3L1 expression by either the airway epithelium or
by “activated” lung macrophages may be induced by circulat-
ing tumor-derived factors including CHI3L1, and that this in
turn promotes conditions that favor the later establishment of
infiltrating tumor cells.

The biological roles of CHI3L1 have been recently character-
ized in terms of cell proliferation, angiogenesis, chemotaxis, and
cell adhesion (Coffman, 2008; Shao et al., 2009; Kawada et al.,
2012). We have previously shown that splenic macrophages from
mammary tumor-bearing mice secrete higher levels of the pro-
angiogenic molecules CCL2, CXCL2, and MMP-9 (compared to

non-tumor bearers) and that CHI3L1 stimulates this increased
production (Libreros et al., 2012). There are only few studies to
date that have compared the production of angiogenic molecules
by alveolar and interstitial macrophages in response to CHI3L1 in
the context of inflammation. Letuve et al., showed that smokers
with chronic obstructive pulmonary disease (COPD) had ele-
vated serum levels of CHI3L1, and BALF samples contained a
greater proportion of alveolar macrophages expressing CHI3L1
than smokers without COPD or non-smokers (Letuve et al.,
2008). Inflammation associated with pulmonary sarcoid granulo-
mas is also accompanied by expression of CHI3L1protein by both
mononuclear cells/macrophages and giant cells of the granuloma
(Johansen et al., 2005). Expression of CHI3L1 in the inflamed
pulmonary environment may affect the function of local lung
macrophages, and thereby favor the production of pro-angiogenic
substances that promote tumor establishment and growth. Our
evidence suggests that expression of CCL2, CXCL2, and MMP-9
by LPS-treated interstitial and alveolar macrophages from normal
mice is enhanced by rmCHI3L1. These results are in agreement
with those of Letuve et al., and Kawada et al., in that CHI3L1
stimulates macrophage production of IL-8 (homolog of mouse
CXCL2), MCP-1 (CCL2) and MMP-9 (Letuve et al., 2008; Kawada
et al., 2012). In addition to its angiogenic function, CCL2 acts
as a chemoattractant molecule that recruits not only tumor cells,
but also leukocytes that provide growth factors for the immigrant
population of tumor cells (Carr et al., 1994; Craig and Loberg,
2006). We have previously shown that T lymphocytes from mam-
mary tumor-bearing mice produce CCL2 and that T cell-derived
CCL2 could also contribute to tumor growth directly via its pro-
angiogenic activity and indirectly by attracting monocytes that
secrete growth-promoting factors (Owen et al., 2005). Decreased
levels of CCL2 therefore may have growth inhibitory activity
on tumor cells. Additionally MMP-9, through its extracellular
remodeling activities, may facilitate the immigration of tumor
cells into the pulmonary environment (Coussens and Werb, 1996;
Werb et al., 1999). Prior studies demonstrating that CHI3L1
promotes both macrophage recruitment and angiogenesis in col-
orectal cancer (Kawada et al., 2012) lend support to the idea that
CHI3L1 expressed by interstitial and alveolar lung macrophages
in the mammary tumor-bearing mice may likewise promote the
migration and growth of metastasizing tumor cells.

At metastatic sites, specific populations of myeloid cells, i.e.,
CD11b+Gr1+ cells, have been found to promote tumor cell
extravasation, seeding and persistent growth (Qian et al., 2009,
2011; Yan et al., 2010). The effect of a primary tumor affect-
ing a distant organ such as the lung was previously investigated
by (Yan et al., 2010), and it was found that CD11b+Gr1+ cells
are increased in number in the “pre-metastatic” lungs of mice
with mammary tumors (Yan et al., 2010). We have previously
shown that splenic CD11b+Gr1 cells express CHI3L1. Since Gr1
marker is a composite epitope between Ly6C and LyG anti-
gens, we assessed the expression on CHI3L1 in CD11b+Ly6C+
vs. CD11b+Ly6G+ populations of cells from total lung and
the lavage. We demonstrate that CD11b+Ly6C+ populations
in the lungs of tumor bearers produce high levels of CHI3L1.
In the study by Yang et al. (2004) CD11b+Gr1 cells in the
pre-metastatic lung down-regulated IFN-γ, contributing to the
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immunosuppressive stage, and we have shown previously that
CHI3L1 downregulates IFN-γ expression by splenic T cells
(Libreros et al., 2012). Additionally, use of CHI3L1 knockout mice
in an allergic pulmonary model was shown to increase IFN-γ
in comparison to levels in wild type mice with normal CHI3L1
expression (Lee et al., 2009). It may be speculated that CHI3L1
in the pulmonary tissue may have similar effects on local IFN-
γ expression, and thus contribute toward the establishment of
metastases in our mammary tumor bearers. Chitin microparti-
cle suppression of CHI3L1 could counteract this, and our prior
findings of increased IFN-γ levels in chitin microparticle-treated
tumor-bearers is consistent with this hypothesis, as these mice
show decreased mammary tumor growth (Libreros et al., 2012).
Decreased tumor burden is known to affect the success of tumor
cell metastasis to peripheral organs. Binding of chitin to CHI3L1
may neutralize the adverse effects of CHI3L1 on tumor growth
and metastasis both by decreasing angiogenesis and increas-
ing IFN-γ expression. Thus, understanding how molecules like
CHI3L1, expressed in the target organ at “pre-metastatic” stages,
can promote the establishment of cancer cells at these target
sites, may provide insights about how to disrupt these mecha-
nisms therapeutically. Chitin microparticles may represent one
possible method to neutralize the adverse effects of endogenous
CHI3L1 on cancer cell growth, particularly in an inflammatory
tissue environment.
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chemokines in angiogenesis. Tumor-associated macrophages or TAMS constitute the
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INTRODUCTION
Human chemokines are a superfamily of 48 small (approxi-
mately 8–14 kDa) chemoattractant cytokines that are divided
into four subfamilies, CXC, CC, (X)C, and CX3C, based on
the arrangement of the conserved N-terminal cysteine residues,
where “X” represents any amino acid (Zlotnik and Yoshie, 2000).
Systematic chemokine nomenclature is based on the cysteine
subfamily, followed by an “L” for ligand and a numerical des-
ignation (Zlotnik and Yoshie, 2000; Mukaida and Baba, 2012).
Since some chemokines only exist in humans or in mice, human
chemokines may be designated with capital letters, while the
murine chemokines are written in lower-case letters (Zlotnik
and Yoshie, 2012). The biologic effects of these proteins are
mediated by a superfamily of 19 seven transmembrane G protein-
coupled receptors (7TM GPCRs). There is also a set of “atypical”
chemokine receptors that do not mediate cell migration, but
rather, regulate inflammation by acting as decoy or scavenger
receptors (Mantovani et al., 2010). Several chemokine decoy
receptors have been identified (D6, DARC/Duffy antigen recep-
tor for chemokines, CCXCKR); all have mutations that prevent G
protein-coupling and thus, intracellular signaling, acting instead
to alter local concentrations of chemokines within a microenvi-
ronment and influencing subsequent immune responses (Collins
et al., 2010; Yoshimura and Oppenheim, 2011).

Chemokines can be thought of as “inflammatory” or “homeo-
static” depending on whether they are induced during inflamma-
tion or constitutively expressed in certain tissues (Zlotnik et al.,
2011). Homeostatic chemokines are expressed in lymphoid or
other organs, are involved in leukocyte homing and trafficking,

and are well conserved between species (Zlotnik and Yoshie,
2012). Inflammatory chemokines are primarily involved in the
recruitment of leukocytes to areas of inflammation and can have
marked differences in function between species (Islam et al., 2011;
Zlotnik et al., 2011). Inflammatory chemokines play key roles in
tumor progression, as they determine the immune cell infiltrate
in the tumor microenvironment, modulate the immune response,
and participate in angiogenesis and dissemination of the tumor.

In this review, we discuss the potential roles of macrophages
and their production of chemokines in modulating angiogenesis.

ANGIOGENESIS
There are two major processes involved in the formation of blood
vessels, vasculogenesis and angiogenesis. Vasculogenesis typically
describes the generation of blood vessels de novo from mesenchy-
mal blood islands that develop into blood cells and vascular
endothelium (Lu et al., 2011). Angiogenesis is defined as the
sprouting of new vessels from pre-existing ones (Risau, 1997).
Physiologic angiogenesis occurs during embryonic development,
wound healing, and female reproductive cycling, and involves ves-
sel destabilization, endothelial cell migration and proliferation,
and sprouting. These processes are followed by a resolution phase
with reduced endothelial cell proliferation and vessel stabilization
(Motz and Coukos, 2011). In the adult organism, angiogenesis
is typically associated with pathologic processes such as cancer,
stroke, diabetes, and other inflammatory diseases such as psoria-
sis and arthritis (Kiefer and Siekmann, 2011); unlike physiologic
angiogenesis, pathologic angiogenesis does not have a resolution
phase and results in a highly disorganized vascular network (Motz
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and Coukos, 2011). Hypoxia or low oxygen tension is the pri-
mary factor in the induction of angiogenesis. Inflammatory cells
are recruited to ischemic tissues and extravasate to these areas
via tethering to P-selectin expressed on activated endothelial cells
and platelets (Egami et al., 2006). Once there, these inflamma-
tory cells release cytokines, vasoactive molecules, and chemokines
in response to the hypoxia. The resulting vascular networks of
tumors are leaky and hemorrhagic, with abnormal endothelial
cell proliferation and apoptosis; they are poorly functional with
excessive convoluted branching that results in oxygen depletion
and extracellular acidosis (Nagy et al., 2010; Fokas et al., 2012).
These chaotic vessels lack distinct venules, capillaries, or arteri-
oles, and are lined by endothelial cells that differ from normal
endothelial cells both molecularly and functionally and are sup-
ported by abnormal pericytes that are loosely attached and do not
provide full coverage to the vessel (Bussolati et al., 2011).

Since they were first isolated from adult peripheral blood in
1997 (Asahara et al., 1997), emerging data have revealed a role
for endothelial progenitor cells (EPCs) in the process of tumor
neovascularization. Circulating EPCs or angioblasts comprise a
very minor subpopulation in the blood that is most likely derived
from hemangioblast precursors (Asahara et al., 2011). They were
first characterized by their expression of CD31, Flk-1/ vascular
endothelial growth factor receptor (VEGFR)-2, Tie-2, and their
release of nitric oxide (Asahara et al., 1997; Ahn and Brown,
2009). These progenitor cells home to sites of neovasculariza-
tion, differentiate into endothelial cells, and have been reported to
compose anywhere from <0.01% in B16 melanoma (Purhonen
et al., 2008) to >80% of the tumor vasculature in B6RV2 lym-
phoma (Lyden et al., 2001). Using a preclinical model of murine
Lewis lung carcinoma metastasis, investigators found that these
cells comprised 12% of the neovasculature in the metastatic
lesions, and more importantly, demonstrated that blocking their
mobilization significantly inhibited angiogenesis and decreased
the formation of lethal macrometastases, implicating these cells
in “the angiogenic switch” (Gao et al., 2008). Despite the dis-
crepancies in their reported contributions to the composition of
tumor vasculature, these cells can contribute to neovasculariza-
tion by virtue of their production of pro-angiogenic mediators
including VEGF, insulin-like growth factor (IGF)-1, angiopoitin
(Ang)-1 and -2, and CXCL12/stromal cell-derived factor-1/SDF-1
(Ahn and Brown, 2009).

Vascular endothelial growth factor (VEGF), also known as
VEGF-A, is the prototypical pro-angiogenic cytokine secreted
by hypoxic tumor cells, tumor-associated macrophages (TAMs),
and endothelial cells within the tumor microenvironment. It
was originally demonstrated to be an endothelial growth factor
and a potent inducer of vascular permeability (Claesson-Welsh
and Welsh, 2013). VEGF has also been shown to be chemo-
tactic for monocytes in vitro via VEGF receptor 1/FLT1 and
VEGFR2/KDR (Murdoch et al., 2008). Thus, this molecule is
an obvious target for anti-angiogenic therapy in cancer patients.
However, a clinical study using laser capture microdissection
(LCM) and gene expression profiling in rectal carcinoma patients
using bevacizumab (Genentech), an anti-VEGF antibody, found
that CXCL12, CXCR4, and CXCL6/granulocyte chemoattrac-
tant protein-2/GCP-2 expression were induced in rectal cancer

cells with bevacizumab administration, while neuropilin 1 was
increased in TAMs (Xu et al., 2009). Furthermore, increased
plasma levels of CXCL12 in these patients after treatment
were associated with rapid disease progression and metastasis.
The authors speculated that the CXCL12–CXCR4 pathway may
be a tumor resistance or escape mechanism with anti-VEGF
monotherapy, as this pathway is also strongly implicated in angio-
genesis (Xu et al., 2009).

CXC CHEMOKINES AND THE ELR MOTIF
CXC chemokines can be further be classified as ELR+ or
ELR−, based on the presence of a glutamate-leucine-arginine
amino acid sequence at the N-terminus of the protein. The
ELR+ chemokines, CXCL1/growth-regulated oncogene α/GROα,
CXCL2/GROβ, CXCL3/GROγ, CXCL5/epithelial cell-derived
neutrophil activating peptide-78/ENA-78, CXCL6/granulocyte
chemoattractant protein-2/GCP-2, CXCL7/neutrophil-activating
protein-2/NAP-2, and CXCL8/ interleukin (IL)-8/IL-8, are
chemotactic for neutrophils, and are pro-angiogenic (Raman
et al., 2011). All of the murine ELR+ CXC chemokines signal
via the CXCR2 receptor, while human ELR+ CXC chemokines
signal primarily through CXCR2, but can also signal through
CXCR1 (Keeley et al., 2011). It is important to note that there
is no homologue of the human CXCL8/IL-8 gene in mice or
rats (Nomiyama et al., 2010). Additionally, humans have both
CXCR1 and CXCR2 genes for the ELR+ chemokine receptors,
whereas CXCR1 has not been found in mice or rats (Moepps
et al., 2006; Mukaida and Baba, 2012). CXCL8 is the prototypic
ELR+ pro-angiogenic chemokine in its promotion of endothe-
lial cell migration, invasion, and proliferation, all of which result
in the formation of capillary-like structures within tumors (Ben-
Baruch, 2012). In addition to its secretion by tumor cells, CXCL8
has also been shown to be produced by monocytes when cultured
with supernatants from freshly excised breast cancer tissue and
mammary tumor cell lines. Moreover, the cultured monocytes
also secreted the pro-angiogenic chemokines, CXCL1, CXCL2,
CXCL3, CXCL5, and CXCL7, resulting in micro vessel forma-
tion, with no production of angiostatic chemokines (Toulza et al.,
2005).

CXCL8 may also play a role in angiogenesis as a potent neu-
trophil chemoattractant (Mantovani et al., 2010; Tazzyman et al.,
2013). In multistep pancreatic islet carcinogenesis in RIP1-Tag2
transgenic mice, it was determined that neutrophils were required
for the “angiogenic switch” due to their production of matrix
metalloproteinase (MMP)-9 that activates VEGF (Nozawa et al.,
2006). Using this model, investigators demonstrated that MMP-9
was expressed by neutrophils infiltrating the angiogenic islets and
the tumors, while MMP-9-expressing macrophages were located
along the periphery of the tumors, where tumor growth and
angiogenesis occur (Nozawa et al., 2006). The ELR+ chemokine,
CXCL6, may also contribute to angiogenesis via its recruitment of
neutrophils. For instance, it has been shown that CXCL6, CXCL8,
and CCL2 are co-induced in micro vascular endothelial cells
after stimulation with pro-inflammatory stimuli (Gijsbers et al.,
2005). Using immunohistochemistry (IHC) on patient biopsies,
it was shown that endothelial cells from various gastrointesti-
nal tumors (e.g., adenocarcinomas of the esophagus, stomach,
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colon, and pancreas) expressed CXCL6, which strongly correlated
with leukocyte infiltration of the tumors and MMP-9 expression.
While CXCL6 only weakly induced the proliferation of endothe-
lial cells, it did synergize with CCL2 in neutrophil chemotaxis,
allowing for neutrophil-derived proteases to degrade extracel-
lular matrix and promote neovascularization (Gijsbers et al.,
2005). Other mediators implicated in the “angiogenic switch”
include, fibroblast growth factor (FGF), PDGFs, lysophosphatic
acid (LPA), and angiopoitins (Hanahan and Weinberg, 2011;
Fagiani and Christofori, 2013).

The ELR− chemokines, CXCL4/platelet factor-4/PF-4,
CXCL4L1/CXCL4 variant, CXCL9/monokines induced by
interferon-γ/Mig, CXCL10/interferon-γ inducible protein-10/IP-
10, CXCL11/IFN-inducible T cell chemoattractant/I-TAC,
CXCL13/B cell attracting chemokine-1/BCA-1, and
CXCL14/breast- and kidney-expressed chemokine/BRAK,
are chemotactic for lymphocytes and natural killer (NK) cells
and are angiostatic (Raman et al., 2011). CXCL4, CXCL4L1,
CXCL9, CXCL10, and CXCL11 are all reported to be ligands
for CXCR3 (Struyf et al., 2011). These angiostatic chemokines
play important roles in tumor progression, as over-expression
of CXCL4 inhibits angiogenesis, tumor growth, and metastasis
(Yamaguchi et al., 2005). In fact, CXCL4 was the first described
angiostatic chemokine, which was found to inhibit endothelial
migration and proliferation, and the binding of fibroblast growth
factor (FGF)-2 and VEGF to their receptors (Maione et al.,
1990; Airoldi and Ribatti, 2011). CXCL4 was once thought to
only be expressed by megakaryocytes and platelets, however,
human monocytes, mast cells, and activated T cells are now
known to secrete this chemokine (Vandercappellen et al., 2011).
CXCL4L1 is a homologue of CXCL4 and differs by three amino
acid residues at the C-terminus of the protein. Both genes are
located on human chromosome 4, and CXCL4L1, which is only
present in humans and some primates, likely arose from recent
duplication of the CXCL4 gene (Dubrac et al., 2010). These
proteins are not identical in function, as CXCL4L1 is a more
potent inhibitor of endothelial cell migration and angiogenesis
than its homologue, as well as being more diffusible, having a
longer half-life, and acting in a paracrine manner, as opposed to
CXCL4’s juxtacrine activity (Dubrac et al., 2010).

THE CXCL12/CXCR4 AXIS
An important exception to the ELR− rule is CXCL12/stromal
cell-derived factor-1/SDF-1, which is ELR−, but promotes angio-
genesis via binding to its receptor, CXCR4 (Singh et al., 2013).
Currently, CXCR4 is one of the most studied chemokine recep-
tors and is over-expressed in over 20 different human tumors,
including prostate, breast, ovarian, lung, pancreatic, colorectal,
and melanoma (Balkwill, 2004; Singh et al., 2013). It has been
shown that CXCL12 binding to CXCR4 induces Akt phosphory-
lation and increases production of the major angiogenic factor,
VEGF, in the human breast cancer cell line, MDA-MB-23 (Liang
et al., 2007). Experimental models of melanoma, colon, pancre-
atic, thyroid, and prostate cancer have demonstrated that organ
directed metastasis is mediated by CXCR4+ tumor cells migrating
to CXCL12+ organs such as the liver and the lungs (Domanska
et al., 2013). Studies of glioblastomas and neuroblastomas have

also shown that CXCR4+ monocytes recruited to tumors pro-
mote new vascular formations within the neoplasms; the mono-
cytes first establish themselves within perivascular areas of the
tumor and then release pro-angiogenic factors such as VEGF
and angiopoitins, with subsequent recruitment of bone marrow-
derived endothelial and perivascular progenitors that will com-
pose the vasculature (Jodele et al., 2005; Domanska et al., 2013).

CXCL12 is normally expressed by the mesenchymal stroma of
the lungs, liver, lymphatic tissues, and bone marrow (Domanska
et al., 2013). Despite its documented role in tumorigenesis,
CXCL12 is considered a homeostatic chemokine by virtue of its
pivotal role in the retention and homing of hematopoietic stem
cells in the bone marrow and in lymphocyte trafficking (Teicher
and Fricker, 2010). In addition to its expression on most leukocyte
subsets, CXCR4+ cells that can directly or indirectly participate in
angiogenesis include, smooth muscle cell progenitors, endothe-
lial cell precursors, and immature and mature hematopoietic
cells (Petit et al., 2007; Teicher and Fricker, 2010). CXCL12
directly mediates angiogenesis through its binding to CXCR4 on
endothelial cells and by recruiting endothelial progenitor cells,
while indirectly it induces the secretion of pro-angiogenic fac-
tors such as VEGF, CXCL8, and CXCL1 by leukocytes, tumor
cells, and endothelial cells that express CXCR4 (Verbeke et al.,
2011).

CXCR7 is another receptor with high affinity for CXCL12,
and its recent discovery has complicated the understanding of
the CXCL12/CXCR4 axis. While CXCR4 and CXCR7 are both
moderately expressed on normal endothelial cells, the expression
of CXCR7 on endothelial cells within the tumor microenviron-
ment is markedly up-regulated and has recently been suggested as
a marker of tumor vasculature in various tumors such as renal
carcinoma and gliomas (Singh et al., 2013). Conversely, other
researchers demonstrated that co-expression of both CXCR4 and
CXCR7 resulted in decreased CXCL12-mediated intravasation of
mammary carcinoma cells and fewer metastases of these tumors
to the lungs (Hernandez et al., 2011; Singh et al., 2013). Moreover,
CXCR7 is also able to bind with low affinity to the angiostatic
ELR− chemokine, CXCL11, which itself can also bind to CXCR3
(Lasagni et al., 2003). Clearly, additional research is necessary to
better understand the crosstalk between these chemokines and
their multiple receptors.

THE LONE CX3C CHEMOKINE
The single member of the CX3C subfamily, CX3CL1/fractalkine,
signals through its chemokine receptor, CX3CR1, and is unique
in that it is a cell surface transmembrane protein that func-
tions as an adhesion molecule that can be proteolytically cleaved
by the metalloproteinases, ADAM10 and ADAM 17, to form
the active soluble chemoattractant (White and Greaves, 2009).
This chemokine recruits lymphocytes, NK cells, and mono-
cytes, and has been shown to participate in angiogenesis through
several different mechanisms. For example, Kumar et al. have
shown that a bone marrow derived CX3CR1+ monocyte sub-
population is capable of differentiating into smooth muscle-like
cells subsequent to CX3CL1–CX3CR1 interactions in blood ves-
sel walls after vessel injury (Kumar et al., 2010). Furthermore,
a competent CX3CL1–CX3CR1 interaction is necessary for
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nascent microvessel formation, maturation, and vascular struc-
tural integrity in two models of neovascularization, and for the
differentiation of CX3CR1+ monocytes into smooth muscle-like
cells in vivo (Kumar et al., 2013). Loss of this chemokine/receptor
interaction resulted in the development of smaller, leaky, poorly
developed, and hemorrhagic microvessels in Matrigel and experi-
mental plaque models of neovascularization (Kumar et al., 2013).

Utilizing inducible fibroblast growth factor receptor 1
(FGFR1) in a murine mammary tumor cell line and its endoge-
nous expression in the breast cancer cell line, HS578T, another
laboratory has recently shown that activation of this tyrosine
kinase receptor leads to CX3CL1 production by tumor cells and
subsequently, enhanced macrophage recruitment to mammary
cells during the early stages of tumorigenesis in vitro and in vivo
(Reed et al., 2012). By blocking CX3CR1 in vivo, these researchers
demonstrated decreased macrophage infiltration into the mam-
mary epithelium of MMTV-iFGFR1 mice and decreased angio-
genesis (Reed et al., 2012). It is important to note that CX3CL1
is typically up-regulated on inflamed endothelium via the pro-
inflammatory cytokines, IL-1, tumor necrosis factor (TNF-α),
and interferon (IFN-γ) (Lee et al., 2013).

As lipid-laden macrophages or “foam cells” are the defining
feature of early atherosclerosis, laboratories focusing on this dis-
ease process have also studied the molecules that direct monocyte
migration from the peripheral blood to vessel walls. Accordingly,
Saederup et al. created CX3CL1−/−CCR2−/−ApoE−/− mice, and
demonstrated independent roles for CCR2 and CX3CL1 in the
accumulation of macrophages in the artery walls of mice deficient
in apolipoprotein E (ApoE) (Saederup et al., 2008). CCR2 and
CX3CR1 are located too close together on murine chromosome 9
for the generation of mice deficient in both receptors. Deletion
of both CX3CL1 and CCR2 resulted in dramatically reduced
macrophage accumulation in artery walls compared to deletion
of only one of those genes, suggesting that these molecules work
additively, and that they recruit different monocyte subsets from
the circulating Ly6Chi population in atherogenesis (Saederup
et al., 2008; Lee et al., 2013).

MACROPHAGES
Analogous to the T helper cell Th1/Th2 classification,
macrophages can be broadly divided into a classically acti-
vated M1 phenotype or alternatively activated M2 macrophages
(Hao et al., 2012). M1 pro-inflammatory macrophages are
activated by IFN-γ, TNF-α, and engagement of Toll-like recep-
tors (TLRs) by microbial stimuli such as lipopolysaccharide
(LPS), and release inflammatory cytokines and reactive oxygen
and nitrogen intermediates. These macrophages are typically
IL-12high, IL-23high, and IL-10low, promote Th1 responses,
are tumoricidal, and can elicit tissue destruction (Mantovani
and Sica, 2010; Baay et al., 2011). M2 anti-inflammatory
macrophages, on the other hand, are directly induced by inter-
leukin (IL)-4 and IL-13 and indirectly by IL-5, IL-10, IL-21,
IL-25, and IL-33 (Liu and Yang, 2013). The chemokines, CCL2,
CCL17/thymus and activation-regulated chemokine/TARC, and
CCL22/macrophage-derived chemokine/MDC have also been
shown to promote M2 polarization of macrophages (Mantovani
and Sica, 2010). These cells are usually IL-12low, IL-23low, and

IL-10high, and are involved in immunosuppression, tissue repair
(including angiogenesis), and tumor promotion (Mantovani and
Sica, 2010; Baay et al., 2011).

M1 and M2 macrophages also express different chemokines;
M1 cells produce pro-inflammatory CXCL5/epithelial
cell-derived neutrophil-activating factor-78/ENA-78,
CXCL9/monokine induced by IFN-γ/MIG, and CXCL10/
IFN-γ-inducible protein-10/IP-10, while M2 macrophages make
CCL17, CCL22, and CCL24/eotaxin-2 (Figure 1) (Mantovani
et al., 2004; Traves et al., 2012). Further classification of alterna-
tively activated macrophages into M2a, M2b, and M2c has also
been suggested (Gordon and Martinez, 2010). Typically, tumor
associated macrophages (TAMs) are M2 macrophages and play
important roles in angiogenesis, metastasis, and the generation of
immunosuppressive regulatory T cells (Tregs) (Mantovani et al.,
2009).

TUMOR-ASSOCIATED MACROPHAGES (TAMs)
The induction of angiogenesis is considered to be a “hallmark” of
cancer, a distinctive capability that is necessary for tumor growth
and dissemination (Hanahan and Weinberg, 2011). While angio-
genesis was once thought occur after tumor cells acquired an
invasive phenotype, it is now appreciated that this event occurs
early in tumorigenesis during pre-malignant lesions of the breast,
prostate, gastrointestinal tract, cervix, uterus, lung, and squa-
mous cell carcinoma of the head and neck (Raica et al., 2009).
Furthermore, it has been shown that TAMs play a key role in the
induction of angiogenesis, and their infiltration precedes vascu-
lar remodeling in the PyMT (mammary epithelial cell restricted
expression of the polyoma middle T oncoprotein) mouse model
of breast cancer (Lin et al., 2006). Depletion of macrophages
in this tumor model using mice carrying the homozygous null
allele (Csf1op) for the monocyte growth factor, colony stimulating
factor (CSF)-1, caused a 50% reduction in vascular density and
resulted in delayed tumor progression and metastasis (Lin et al.,
2006; Murdoch et al., 2008).

Tumor-promoting inflammation is considered to be the sev-
enth “hallmark” of cancer (Hanahan and Weinberg, 2011).
The microenvironment of solid tumors comprises many other
non-malignant cell types, including the cells of blood and
lymphatic vessels, fibroblasts, adipocytes, and leukocytes such
as macrophages, dendritic cells, lymphocytes, neutrophils,
eosinophils, mast cells, and myeloid-derived immune suppressor
cells (MDSCs), which are characterized by co-expression of the
macrophage surface marker, CDllb, and the neutrophil surface
marker, Gr1. TAMs are the most prominent component of the
leukocyte infiltrate within tumors, and one meta-analysis found
that intratumoral macrophage density correlated with a poor
patient prognosis in over 80% of studies (Bingle et al., 2002; Halin
et al., 2009). Macrophages are a heterogeneous population of
leukocytes that play many important roles in immune regulation,
angiogenesis, tumor progression, and metastasis. Accumulating
data suggest that peripheral blood monocytes extravasate into
tumors and differentiate into tissue macrophages, accumulating
in distinct tumor microenvironments depending on chemokine
expression pattern (Murdoch et al., 2008; Lee et al., 2013). This
accumulation of macrophages occurs within hypoxic areas of
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FIGURE 1 | M1 and M2 macrophages and their differential chemokine

secretion in the tumor microenvironment. Tumor and tumor-associated
stromal cells secrete chemokines and cytokines to recruit monocytes to the

site of the tumor. These peripheral monocytes differentially develop into
polarized tissue macrophages (M1 vs. M2), which have distinct chemokine
secretion patterns and functions within the tumor.

the neoplasm that contain necrotic tissue and is mediated pri-
marily by the CC chemokine, CCL2/monocyte chemoattractant
protein-1/MCP-1 (Murdoch et al., 2008). CSF-1, VEGF, placen-
tal growth factor (PGF), CXCL12, CXCL8, and MMP-9 have also
been reported to be involved in the mobilization and recruit-
ment of hematopoietic cells from the bone marrow to the sites
of tumors (De Palma et al., 2007).

CC CHEMOKINES
CC chemokines are chemotactic for monocytes, dendritic
cells (DCs), eosinophils, basophils, lymphocytes, and NK cells
(Zlotnik and Yoshie, 2012). Multiple studies have demonstrated
a correlation between the levels of the inflammatory chemokines,
CCL2 and CCL5, and the number of myeloid cells within tumors
(Soria and Ben-Baruch, 2008; Allavena et al., 2011). The primary
monocyte-recruiting chemokine, CCL2, regulates the trafficking
of monocytes, macrophages, and other inflammatory cells by
binding to its receptor, CCR2 (Zhang et al., 2010). CCL2 expres-
sion has been demonstrated in many types of cancer including,
multiple myeloma, melanoma, esophageal, gastric, colorectal,
lung, breast, ovary, and prostate cancer (Craig and Loberg, 2006;
Zhang et al., 2010). CCL2 indirectly contributes to angiogene-
sis by attracting TAMS, which secrete pro-angiogenic cytokines

such as VEGF, platelet-derived growth factor (PDGF), trans-
forming growth factor (TGF)-β, and CXCL8/IL-8, and the pro-
teolytic enzymes, MMP-2 and MMP-9 (Mantovani et al., 2010).
CCL2 can also directly induce angiogenesis in endothelial cells,
which express its receptor, CCR2 (Salcedo et al., 2000), and
induce VEGF and hypoxic-inducible factor (HIF)-1 in tumor cells
(Zhang et al., 2010).

Other tumor-derived chemotactic factors secreted by both
malignant and stromal cells that attract peripheral mono-
cytes to the site of tumors include CCL3/macrophage inflam-
matory protein-1α/MIP-1α, CCL4/macrophage inflammatory
protein-1β/MIP-1β, CCL5/regulated on activation normal T cell
expressed and secreted/RANTES, CCL7/MCP-3, CCL8/MCP-2,
CXCL12, and the cytokines, macrophage colony stimulating fac-
tor (M-CSF), PGF, and VEGF (Figure 1) (Lewis and Pollard,
2006; Murdoch et al., 2008; Mukaida and Baba, 2012). After
macrophages have successfully migrated into the hypoxic region
of the tumor, their movements become restricted by decreased
expression of CCR2 and CCR5 via hypoxia-mediated down-
regulation of these receptors (Sica et al., 2000; Bosco et al., 2004;
Lee et al., 2013). The authors’ of these studies speculated that
this may be a mechanism to retain recruited macrophages at
hypoxic sites; and together with the observation that hypoxia
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mediates up-regulation of CXCR4 within macrophages and
tumor cells (Schioppa et al., 2003), is suggestive of plasticity
in chemokine receptor expression within hypoxic tissues (Bosco
et al., 2004).

Interestingly, investigators have revealed another connection
in the angiogenesis nexus involving macrophages and CCL2. The
transcription factor, Twist 1, has previously been shown to play
multiple roles in tumor initiation and progression, including
induction of the epithelial mesenchymal transition (EMT) and
degradation of the extracellular matrix (Yang et al., 2004), with
increased expression having a positive correlation with metastasis
and poor survival in several aggressive human tumors, including
breast and colorectal cancer (Gomez et al., 2011). Via, in part, to
repression of E-cadherin transcription, the epithelial mesenchy-
mal transition permits carcinoma cells to migrate away from
the site of the primary tumor through the lymphatics and/or
peripheral blood to form metastatic tumor foci (Qin et al., 2012).
Low-Marchelli et al. recently demonstrated an additional and
novel tumor-promoting role for this transcription factor in the
induction of CCL2 production by human and murine mam-
mary tumor cells, which serves to recruit infiltrating CCR2+
macrophages and to induce angiogenesis (Low-Marchelli et al.,
2013). These authors suggested that induction of CCL2 by Twist
1 in tumor cells recruits TAMs that then promote extravasation
and metastatic seeding in other organs by virtue of the pro-
duction of MMPs, which can degrade the extracellular matrix,
release matrix-bound growth factors, and allow endothelial cells
to invade the tumor during angiogenesis (Low-Marchelli et al.,
2013).

A “CHEMOKINE-LIKE” FACTOR
A cytokine that is not a true chemokine but is considered to
be “chemokine-like” is macrophage migration inhibitory factor
(MIF), which a non-cognate ligand for both CXCR2 and CXCR4.
The name of this cytokine may not be completely accurate, as

studies have shown a role for MIF in the recruitment of mono-
cytes in the pathogeneses of arthritis and glomerulonephritis
(Bernhagen et al., 2007). Furthermore, it has been demonstrated
that MIF is a critical molecule in vascular processes, and its
expression is up-regulated in endothelial cells, smooth muscle
cells, and macrophages during the development of atherosclerotic
lesions in mice and humans (Bernhagen et al., 2007). Recently,
investigators have also found that hypoxia-induced MIF recruits
endothelial progenitor cells (EPCs) in a CXCR4+dependent man-
ner, suggesting a possible role for MIF in angiogenesis (Simons
et al., 2011).

CONCLUDING REMARKS
Chemokines affect multiple signaling pathways of inflamma-
tory diseases and tumor initiation and development including,
cellular proliferation, survival and apoptosis, leukocyte recruit-
ment, cellular migration/metastasis, and of course, angiogenesis.
The newly appreciated complexity of the crosstalk between the
chemokines, CXCL11 and CXCL12, and their receptors CXCR3,
CXCR4, and CXCR7, illustrate the importance of additional
studies in order to better understand the opposing and syner-
gistic effects of pleiotropic chemokines and their promiscuous
chemokine receptors. Like chemokines, macrophages also play
multiple roles in inflammatory diseases and tumor progression.
Thus, identifying the mechanisms by which macrophages are
recruited to sites of inflammation or tumor, and exactly how
these leukocytes influence angiogenesis may lead to better tar-
geted therapeutic applications in patients with cancer and other
inflammatory diseases involving vascular pathology.
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Tumor cell-macrophage interactions change as the tumor progresses, and the generation
of nitric oxide (NO) by the inducible nitric oxide synthase (iNOS) plays a major role in
this interplay. In early stages, macrophages employ their killing mechanisms, particularly
the generation of high concentrations of NO and its derivative reactive nitrogen species
(RNS) to initiate tumor cell apoptosis and destroy emerging transformed cells. If the
tumor escapes the immune system and grows, macrophages that infiltrate it are
reprogramed in situ by the tumor microenvironment. Low oxygen tensions (hypoxia)
and immunosuppressive cytokines inhibit iNOS activity and lead to production of low
amounts of NO/RNS, which are pro-angiogenic and support tumor growth and metastasis
by inducing growth factors (e.g., VEGF) and matrix metalloproteinases (MMPs). We
review here the different roles of NO/RNS in tumor progression and inhibition, and the
mechanisms that regulate iNOS expression and NO production, highlighting the role
of different subtypes of macrophages and the microenvironment. We finally claim that
some tumor cells may become resistant to macrophage-induced death by increasing their
expression of microRNA-146a (miR-146a), which leads to inhibition of iNOS translation.
This implies that some cooperation between tumor cells and macrophages is required
to induce tumor cell death, and that tumor cells may control their fate. Thus, in order
to induce susceptibility of tumors cells to macrophage-induced death, we suggest a
new therapeutic approach that couples manipulation of miR-146a levels in tumors with
macrophage therapy, which relies on ex vivo stimulation of macrophages and their
re-introduction to tumors.

Keywords: inducible nitric oxide synthase (iNOS), tumor cells, macrophage activation, apoptosis, angiogenesis,

miR-146a, macrophage-induced death, macrophage therapy

IMMUNOEDITING: INTERPLAY BETWEEN MACROPHAGES
AND TUMOR CELLS
Tumors arise when tissue cells accumulate genetic alter-
ations/mutations that disrupt the tightly controlled cell growth
and division systems (Hanahan and Weinberg, 2011), leading
to uncontrolled proliferation of these cells and increased tumor
mass. After overcoming intrinsic tumor-suppressor mechanisms
(Vesely et al., 2011), the cells have to evade the immune sys-
tem. In fact, most of the time the immune system succeeds in
eliminating those aberrant cells, in a process once known as
immunosurveilence (Dunn et al., 2004; Vesely et al., 2011). To
better describe the complex interactions between tumor cells and
the immune system, the term “immnoediting” has been coined
(Dunn et al., 2004; Bui and Schreiber, 2007; Reiman et al., 2007;
Schreiber et al., 2011) and consists of three stages; In the first stage
(the elimination stage, previously known as immunosurveilence)
immune cells destroy emerging transformed cells and prevent
their development into a tumor. If this process is unsuccessful,
there is a transition period to the second phase (equilibrium),
where the immune system is able to contain but not eliminate the
tumor. During equilibrium, the tumor cells are under constant
immune pressure that eliminates many of the original variants but

additional mutations may allow for new variants to be generated.
Eventually, some variants may escape from the immune pressure
triggering the third phase (escape), and becoming free to grow in
an immunologically unrestricted manner. This sequence of events
means that there is a constant and dynamic interplay between
the tumor cells and the stroma immune cells, which continuously
changes according to the shift in conditions. Among the immune
cells, macrophages are the most prominent, as they infiltrate deep
into the low oxygen tension (hypoxic) regions of the tumor and
accumulate there, so that in some cases they can make up as much
as 50% of the tumor mass (Murdoch et al., 2004; Mantovani et al.,
2008).

Generally, macrophages are cells known to infiltrate tissues in
order to combat and eradicate invading pathogens and tumor
cells. Actually, they have additional tasks, including patrolling
their surroundings and maintaining homeostasis, orchestrating
tissue healing and repair and resolving inflammation. It is obvious
that such opposing functions cannot be simultaneously per-
formed by the same macrophage, and therefore, it was suggested
that macrophages can be differentially activated depending on
the signals they receive from their immediate microenviron-
ment. Thus, macrophages display enormous plasticity (Stout and
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Suttles, 2004; Stout et al., 2009), and can shift from one activa-
tion mode to another, unlike lymphocytes that remain committed
to only one kind of activation. This concept has been extensively
reviewed before (Mosser and Edwards, 2008; Murdoch et al.,
2008; Martinez et al., 2009; Gordon and Martinez, 2010; Qian and
Pollard, 2010) and will be only briefly mentioned here.

In recent years many studies have shown that during the escape
phase macrophages become supportive and even critical to tumor
progression, growth and metastasis, as they produce growth fac-
tors, cytokines and chemokines which are necessary for these
processes. In order to escape immune killing, tumor cells acti-
vate several mechanisms to control the immune response, which
include acquiring defects in the antigen processing and presenta-
tion pathways to facilitate evasion from adaptive immune recog-
nition (Rabinovich et al., 2007), secretion of immunosuppressive
mediators (e.g., TGFβ, IL-10, IL-13, PGE2), and recruitment of
regulatory immune cells (Bui and Schreiber, 2007; Rabinovich
et al., 2007).

In this review we focus on the interplay between tumor cells
and macrophages during different stages of tumor development,
as manifested by the complex roles of a single molecule—
inducible nitric oxide synthase (iNOS) and its product nitric
oxide (NO). We review the conditions that regulate its expression
and activity in different cell types and in changing microenviron-
ments, and explore the significance of these differences. Finally,
we describe possible future approaches that explore whether these
interactions can be modulated in order to manipulate expres-
sion of iNOS or its activity, and to effectively enhance tumor
eradication.

NO PRODUCTION IN DIFFERENT TYPES OF MACROPHAGE
ACTIVATION
Generally, three types of macrophage activation can be described.
Classically activated or M1 macrophages are activated by ligands
of toll-like receptors (TLRs) and pro-inflammatory cytokines
(e.g., interferon γ—IFNγ, tumor necrosis factor α—TNFα, inter-
leukin 1β—IL-1β), they activate the Th1 immune response and
secrete high amounts of pro-inflammatory mediators that kill the
invading pathogens or tumor cells, such as the cytotoxic TNFα

and NO. In fact, the high expression of the iNOS that produces
NO is the hallmark of these macrophages (Mosser, 2003; Mosser
and Zhang, 2008). Alternatively or M2 activated macrophages are
activated by and secrete anti-inflammatory mediators (e.g., IL-10,
IL-13, tumor growth factor β—TGFβ, and prostaglandin E2—
PGE2), which together generate a microenvironment that sup-
presses the activity of M1 macrophages and Th1 lymphocytes. M2
macrophages are involved mainly in homeostasis, tissue remodel-
ing and wound healing, as they remove cellular debris, support
phagocytosis (by expressing scavenger receptors. the mannose
receptor CD206), and deposit extracellular matrix (ECM) pro-
teins (e.g., fibronectin). M2 macrophages express high levels of
arginase-I, which produces ornithine, the precursor of collagen.
Arginase-I also competes with iNOS for their common sub-
strate L-arginine, and prevents NO production (Martinez et al.,
2009; Gordon and Martinez, 2010). Regulatory macrophages, a
third type of activation, can be activated by TLR and immune
complexes, by anti-inflammatory cytokines or mediators (e.g.,

adenosine), or by phagocytosis of apoptotic cells (Mosser, 2003;
Mosser and Edwards, 2008). While several subtypes of regu-
latory activations have been identified, all types inhibit pro-
inflammatory reactions, partly by secreting anti-inflammatory
cytokines (e.g., IL-10, TGFβ). As macrophages exhibit great plas-
ticity, they may exhibit additional types of activation within the
range defined by these three main types to yield many different
sub-populations with different roles and functions (Mosser and
Edwards, 2008).

Three main macrophage subsets have been identified within
the tumor mass and can be localized in different niches of the
tumor (Lewis and Pollard, 2006). Tumor-associated macrophages
(TAMs) support tumor progression and metastasis, as they
secrete pro-angiogenic growth factors (e.g., vascular endothe-
lial cell growth factor—VEGF), and matrix metalloproteinases
(MMPs). TAMs infiltrate deep into the tumor and are found
in perinecrotic and hypoxic areas. In addition to the secretion
of many pro-angiogenic factors (e.g., FGF2, IL-8, PDGF, VEGF,
MMP-7, and MMP-12), TAMs also use several mechanisms to
render M1 macrophages as well as CD4+ and CD8+ T cells
non-responsive to tumor-specific antigens, including secretion
of immunosuppressive mediators (e.g., IL-10) and depletion of
L-arginine by the activity of arginase-I (Coffelt et al., 2009).
Moreover, TAMs are necessary for metastasis, and their abil-
ity to secrete EGF together with the ability of tumor cells to
secrete M-CSF/CSF-1 stimulate mutual migration in both cell
types (Wyckoff et al., 2004; Condeelis and Pollard, 2006; Coffelt
et al., 2009; Hernandez et al., 2009).

Tie2-expressing monocytes (TEMs), that unlike TAMs reside
very close to blood vessels (Venneri et al., 2007), are similar to
TAMs in their support for tumor progression and metastasis
via pro-angiogenic growth factors such as VEGF and MMPs. In
fact, TEMs are essential for tumor progression, as their deple-
tion markedly inhibits tumor angiogenesis (De Palma et al., 2005;
Venneri et al., 2007). In addition, TEMs are potent immunosup-
pressive cells, as they can secrete high levels of IL-10, suppress T
cell proliferation and promote the expansion of regulatory T cells
(Treg) (Coffelt et al., 2011).

In tumor-bearing mice and humans, expanded populations
of myeloid-derived suppressor cells (MDSCs) are found within
the tumors, spleen and bone marrow in proportion to the
tumor size. MDSCs are a mixture of immature granulocytic and
monocytic cells, and monocytic MDSCs belong to the regula-
tory macrophages. MDSCs are triggered by a combination of
IFNγ and IL-13, and secrete IFNγ, IL-13, IL-10, and TGFβ,
which help them suppress Th1 cell-mediated immune response,
induce regulatory T cells and inhibit M1 macrophages (Bronte,
2009; Gabrilovich and Nagaraj, 2009; Ostrand-Rosenberg and
Sinha, 2009). Production of NO and peroxynitrite help MDSCs to
nitrate the TCR and CD8 molecules on cytotoxic T cells, inhibit-
ing the ability of the latter to bind to MHC class I molecules and
rendering them non-responsive (Nagaraj et al., 2007; Nagaraj and
Gabrilovich, 2008).

TAMs, TEMs, and MDSCs express similar activation mark-
ers, which place them between regulatory macrophages and
M2 macrophages (De Palma et al., 2007; Mosser and Edwards,
2008; Murdoch et al., 2008). More accurately, these macrophages
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exhibit a mixed expression profile, of both M1 and M2 mark-
ers. In this respect, TEMs are considered more M2-skewed than
TAMs, as they express more arginase-I but less iNOS (Pucci et al.,
2009), whereas MDSCs express both arginase-I and iNOS (Corzo
et al., 2010). It is possible that these subsets represent different
linages that develop separately (Pucci et al., 2009), or they may
gradually progress from one to the other, as they migrate from
the blood vessels into the perinecrotic areas and continue to be
polarized or reprogrammed by the local tumoral microenviron-
ment that consists of a gradient of cytokines and hypoxia, and by
the interactions with the tumor cells.

THE MULTIPLE BIOLOGICAL ROLES OF NO IN TUMORS
NO is a small, short-lived, lipophilic gas molecule, which can
easily cross membranes, and rapidly reacts with oxygen or super-
oxide to generate the derivatives that exert its biological activity.
NO has been shown to both promote and inhibit tumor growth
and metastasis. Although first recognized as a cytotoxic molecule
that serves as a major killing mechanism of macrophages dur-
ing pathogen infection or tumor cell killing, it also functions as
a regulator of wound healing, tissue repair and suppression of the
immune response-properties required to promote tumor growth.
In fact, the different levels of iNOS expression in TAMs, TEMs,
and MDSCs suggest multiple roles.

NO is produced by three isoforms of nitric oxide synthase
(NOS) that convert L-arginine to L-citrulline. The endothelial
(eNOS/NOS3) and neuronal (nNOS/NOS1) isoforms produce
low amounts of NO (in the pM-nM range), and produce only
a small fraction of the total NO in tumors. The bulk of NO
in tumors is produced by the high output inducible isoform
(iNOS/NOS2), which is strongly induced in macrophages and
in tumor cells, and produces high concentrations of NO (in the
μM range) (Xie and Nathan, 1994). It is important to note that
unlike other inflammatory mediators that need to be enzymat-
ically modulated or degraded, NO can chemically and directly
react with other molecules (e.g., oxygen, superoxide) to produce
multiple derivatives. Some of these derivatives are relatively sta-
ble (e.g., nitrites, hydroxylamine), and some are reactive nitrogen
species (RNS) (e.g., peroxynitrite, nitrogen dioxide, nitroxyl) that
are also biologically active (Donzelli et al., 2006). More details
on the complex NO chemistry can be found elsewhere (Lechner
et al., 2005; Wink et al., 2011). Since it is very difficult to separate
between the effects of NO and its active derivatives, we will refer
to them collectively as NO/RNS.

Depending on their concentrations, NO/RNS react with DNA,
proteins and lipids and can act either as a signaling molecule that
initiates signaling pathways or as a molecule that causes damage.
Depending on the balance with other ROS, especially superox-
ide, NO/RNS may deaminate the DNA bases guanine, cytosine
and adenine, causing DNA breaks and mutations, or it can
affect proteins in one of four ways: (1) oxidation of metal pros-
thetic groups (heme or non-heme); (2) nitration, the covalent
attachment of a nitro group (Tyr–NO2) to tyrosine and tryp-
tophan residues; (3) S-nitrosylation of thiol and amine groups,
which covalently attaches NO to form a weak and reversible
S-nitrosothiol (S-NO) bond; (4) oxidation of thiol groups in cys-
teine and methionine residues, that yield intramolecular disulfide

bonds (-S-S-), cysteine sulfenic acid (R-S-OH), sulfinic acid (R-
SO2H) or sulfonic acids (R-SO3H) (Lala and Chakraborty, 2001;
Leon et al., 2008). These post-translational modifications can
potentially activate or inhibit target proteins, with different bio-
logical consequences. The final biological outcome depends on
the NO concentrations produced, on the cellular redox state and
bioavailability of other ROS, on the cellular location of produc-
tion, on the distance of the impacted proteins from the generated
NO, and on the cell type (Leon et al., 2008). Research conducted
with NO donors revealed threshold concentrations of NO/RNS
that are needed to activate specific pathways. For example, 50 nM
of NO were sufficient to phosphorylate ERK, 100 nM stabi-
lized HIF-1α and activated the Akt pathway, more than 300 nM
were required to cause DNA damage and induce p53 and 1 μM
was considered nitrosative stress (Wink et al., 2011). In tumors,
NO was described to have both pro- and anti-tumoral effects,
depending first and foremost on its concentrations (summarized
schematically in Figure 1). As these aspects have been extensively
reviewed elsewhere (Lala and Chakraborty, 2001; Lechner et al.,
2005; Lancaster and Xie, 2006; Weigert and Brune, 2008), we will
only briefly mention these here.

TUMOR INHIBITING ACTIVITIES
In general, high concentrations of NO/RNS can arrest cell cycle
(cytostatic effect) or induce death, whereas low concentrations
may protect cells from death. In fact, generation of high levels of
NO/RNS is a very effective tool to induce death, and macrophages
use it as a major weapon in their arsenal against invading
pathogens and tumor cells (Weigert and Brune, 2008). High lev-
els of NO/RNS post-transnationally modify death-related target
proteins, and could mediate inhibition of cellular respiration in
target cells, leading to their cell cycle arrest.

Modification of death receptors of the TNFα superfamily (e.g.,
Fas, TRAIL, and TNFRI, DR4, and DR5), or of mitochondrial tar-
gets that affect the mitochondrial respiratory chain and its outer
membrane permeability leading to the release of cytochrome c
and initiation of apoptosis, are the two main pathways lead-
ing to cell death [extensively reviewed in Lechner et al. (2005),
Jeannin et al. (2008), Leon et al. (2008)]. Thus, S-nitrosylation
of the YY1 transcription factor alleviates its suppression on the
Fas promoter, resulting in increased apoptosis, and NO-donors
enhance apoptosis by increasing the expression of TNFα recep-
tors. NO/RNS can bind to the heme-copper center of the reduced
form of cytochrome c oxidase, compete for the binding of oxy-
gen, and cause inhibition of the mitochondrial respiratory chain
and finally increased mitochondrial membrane permeability and
release of cytochrome c (Brune, 2003; Jeannin et al., 2008).

Additional mechanisms may support initiation of apoptosis.
For example, NO/RNS may enhance phosphorylation of ser-
ine residue 15 of the wild type p53, causing its activation and
increased nuclear retention, thereby initiating apoptosis (Brune,
2003; Jeannin et al., 2008), as well as transiently and reversibly
down-regulating mdm2, thus contributing to p53 activation
(Brune, 2003). NO/RNS in amounts that favor generation of per-
oxynitrite and DNA damage, lead to accumulation of nitrated
p53, improve its DNA binding and cause apoptosis (Leon et al.,
2008). Another example is the S-nitrosylation of the p50 subunit
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FIGURE 1 | Effect of Macrophage NO on tumor carcinogenesis,

apoptosis and angiogenesis. M1-activated macrophages that produce
high amounts of NO/RNS help carcinogenesis by increasing DNA
breaks and mutations, arresting the DNA repair system and inducing
oncogenes or inactivating tumor suppressor genes. High levels of
NO/RNS may also drive apoptosis of established tumor cells, by
modifying death receptors an increasing their expression, by inhibiting
NF-kB and by enhancing cytochrome c release from the mitochondria.
Low levels of NO/RNS produced in different subsets of M2-activated

macrophages, and are reduced due to the effects of inhibitory
microenvironmental factors, such as hypoxia. Hypoxia and NO/RNS
stabilize the HIF family of transcription factors, and activate the MAPK
ERK1/2 and the PI3K pathways, thus inducing the expression of
pro-angiogenic factors, as described in the text. Purple arrows indicate
post-translation modification (e.g., S-nitrosylation) of proteins, black
arrows indicate activation of a protein/process, dashed arrows indicate
a multi-step process, thin dashed arrows indicate the inhibitory effects
of microenvironmental factors on NO/RNS production.

of NF-κB on cysteine residue 62 that inhibits its DNA binding
activity and reduces NF-κB activity, which is generally considered
an anti-apoptotic factor.

TUMOR PROMOTING ACTIVITIES
When discussing the tumor-promoting activities of NO/RNS, it is
necessary to distinguish between carcinogenic activities that pro-
mote tumor generation, and activities that support a pre-exiting
tumor at the stage of escape from the immune system.

Carcinogenesis
Chronic inflammation is linked to tumors and is recognized as
a predisposing factor for malignant transformation of tissue cells
(Kundu and Surh, 2008). In particular, the high amounts of ROS
and RNS that are generated by recruited macrophages and neu-
trophils, as part of their killing mechanisms, play an important
role. Since NO/RNS are lipophilic and can easily cross mem-
branes, tissue cell DNA is exposed to the high concentrations,

which may oxidize and/or deaminate the DNA bases, especially
during transcription or replication where single strand DNA is
more prevalently found. This may result in DNA breaks, DNA
base modifications or DNA cross-links, which cause mutations,
and may activate oncogenes or deactivate tumor suppressor genes
(Lechner et al., 2005; Kundu and Surh, 2008). In addition,
NO/RNS-driven protein modifications such as S-nitrosylation or
nitration may inhibit proteins belonging to the DNA repair sys-
tems and hamper attempts to correct mutations. Thus, NO/RNS
drive genomic instability.

In addition, there are many isolated examples for NO-driven
protein modifications that further explain the carcinogenic effects
of NO/RNS. For example, a negative feedback loop exists between
iNOS and p53. NO activates wild-type p53, which is itself a neg-
ative regulator of iNOS that binds to its promoter and inhibits
iNOS transcription. However, in tumors, p53 is often mutated
and cannot inhibit iNOS expression (Lechner et al., 2005). Thus,
in a model of chronic inflammation in p53 knockout mice,
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increased NO production accelerated spontaneous tumor devel-
opment, compared to the control mice (Hussain et al., 2008).
NO-driven hyperphosphorylation of retinoblastoma (Rb) inac-
tivated this tumor suppressor gene in a model of mouse colitis,
(Ying et al., 2007). High amounts of NO induced the expression
of c-Myc in a breast cancer cell line (Glynn et al., 2010), and acti-
vated EGFR and Src in estrogen receptor negative breast cancer
patients through S-nitrosylation (Switzer et al., 2012). All of these
examples provide a link between chronic inflammation, sustained
production of NO/RNS and carcinogenesis.

In the escape phase
When tumor cells are already at the escape phase, they employ
many pathways to maintain low levels of NO/RNS, as low
amounts of NO/RNS are actually beneficial to the tumor cells.
Anti-inflammatory mediators in the tumor microenvironment
(e.g., TGFβ) reduce transcription of iNOS mRNA and effec-
tively lower production of NO. Arginase-I that is highly expressed
by the TAMs and MDSCs depletes L-arginine and leaves insuf-
ficient amounts of this common substrate for iNOS activity
(Heller, 2008; Wink et al., 2011). In addition, if NO is secreted
from TAMs, it is likely to be captured by red blood cells,
where it S-nitrosylates their glutathione and hemoglobin, result-
ing in additional decrease in NO/RNS concentrations (Heller,
2008). Moreover, although hypoxia increases the expression of
the iNOS mRNA and protein through the transcription fac-
tors HIF-1α and NF-κB, the hypoxic microenvironment actu-
ally inactivates the enzyme activity (Melillo et al., 1996), either
because of the lack in the enzyme substrate or due to disrup-
tion of its protein–protein interactions with α-actinin-4 (Daniliuc
et al., 2003). Collectively, these mechanisms ensure that only
low amounts of NO/RNS are generated within the tumoral
microenvironment.

Low amounts of NO/RNS are anti-apoptotic and beneficial
for tumor cells. S-nitrosylation of caspases, especially caspase-3,
inhibits the enzymes, and blocks apoptosis (Leon et al., 2008).
S-nitrosylation of the FLIP adaptor protein prevents its Fas-
induced ubiquitination and degradation and enables it to exert its
anti-apoptotic activity (Iyer et al., 2008). Similarly, S-nitrosylation
of Bcl2 also protected this protein from ubiquitination and degra-
dation (Iyer et al., 2008). Thus, low amounts of NO/RNS which
activate S-nitrosylation of proteins may be a general mechanism
to prevent degradation of anti-apoptotic proteins and protect cells
from death.

The role of NO in Angiogenesis. Angiogenesis, the process in
which vascular endothelial cells proliferate and reorganize to form
new vessels sprouting from pre-existing blood vessels, is essen-
tial for the growth of most primary tumors and their subsequent
metastasis. Hypoxic core regions in tumors, which lack oxygen
and nutrients, initiate the process of angiogenesis to generate
growth of new blood vessels into the tumor. Many pro-angiogenic
factors, including the most potent regulator and pivotal media-
tor VEGF, as well as FGF-2, PDGF, IGF2, TGFβ, and IL-8, are
all induced by hypoxia inducible factor 1 or 2, which are tran-
scription factors that bind to the hypoxia response element (HRE)
located in the promoters of these genes (Black et al., 2008; Wink
et al., 2011; Chowdhury et al., 2012).

Both hypoxia (<5% O2) and NO/RNS can stabilize HIF-1α

and HIF2α Both HIF-α subunits are constitutively transcribed
and translated, but immediately directed for degradation in nor-
moxia, through their hydroxylation of proline residues by the
prolyl hydroxylases (PHDs) that rely on oxygen as their substrate.
This hydroxylation recruits the von Hippel Lindau (VHL) pro-
tein, which has an E3 ubiquitin ligase activity that marks HIF-α
subunits for degradation in the proteasome. Hypoxia inactivates
PHDs due to the limited oxygen substrate, and therefore stabi-
lizes the HIF-α subunits, allowing their heterodimerization with
the HIF-1β subunit (Nizet and Johnson, 2009; Walmsley et al.,
2009; Rahat et al., 2011). Low levels of NO/RNS can also stabi-
lize HIF proteins by inactivating PHDs through oxidation of their
non-heme Fe+2-group, thereby causing reduced hydroxylation of
HIF-1α and its accumulation even in normoxic regions of the
tumor, close to the rims (Kimura et al., 2000, 2001).

Low amounts of NO further promote the induction of these
aforementioned pro-angiogenic genes by activating guanylate
cyclase and increasing cGMP levels, which help phosphorylate the
MAP kinases ERK1/2 and activate PI3K/Akt, that activate addi-
tional transcription factors that are needed for the induction of
the factors (Dulak and Jozkowicz, 2003; Ridnour et al., 2006).
Such pro-angiogenic factors directly affect endothelial cells, as
they are growth factors needed for their survival and prolifer-
ation, as well as for their spatial reorganization into tube-like
formation (Ridnour et al., 2006).

While helping to induce pro-angiogenic factors, NO/RNS sup-
press the expression of thrombospondin-1 (Tsp1) (Ridnour et al.,
2005), which limit angiogenesis by reducing the migration and
proliferation of endothelial cells. This cross-talk between NO and
Tsp1 is regulated by the concentrations of NO, as low NO lev-
els down-regulate Tsp-1 expression, and increased levels of Tsp-1
inhibit the pro-angiogenic effects of NO (Ridnour et al., 2006).

Low levels of NO/RNS can directly and indirectly via VEGF
enhance angiogenesis by activating MMP-1, MMP-9, and MMP-
13 (Ridnour et al., 2007; Ziche and Morbidelli, 2009), MMPs
are critical for angiogenesis, as they degrade components of the
ECM and pave the way for migration of endothelial cells into the
tumor, and of tumor cells out of the tumor to the nearest blood
vessel. High levels of MMPs, particularly MMP-9, release and
activate VEGF that is trapped by the ECM, and allow migration
of endothelial cells, as well as leukocytes and metastatic tumor
cells. In addition to its direct pro-angiogenic properties, VEGF is
also a regulator of MMP-9, thus creating a positive feedback loop
whereby MMP-9 and VEGF enhance each other (Hollborn et al.,
2007). Low levels of NO/RNS control MMPs by activating JNK
and NF-κB (Yang et al., 2011), and simultaneously down-regulate
MMP’s endogenous inhibitor TIMP-2 (Ziche and Morbidelli,
2009). Reduced levels of TIMP-2 not only allow the activity of
MMPs, but are also pro-angiogenic, independently of their effect
on MMPs (Lahat et al., 2011).

Thus, low NO/RNS levels enable multiple paths for angiogene-
sis, and shift the balance between pro- and anti-angiogenic factors
to enhance angiogenesis.

Immune evasion. NO/RNS further contribute to the inhibi-
tion of anti-tumor immune responses and the ability of tumors
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to evade the immune system by increasing T cell apopto-
sis, and by nitrating TCR on CD8+ T cells, thereby inhibit-
ing their ability to kill antigen-specific tumor cells (Ostrand-
Rosenberg and Sinha, 2009; Jia et al., 2010). A recent paper
now describes an additional role for tumor-produced NO/RNS
in attracting MDSCs and inducing their function (Jayaraman
et al., 2012), thus enhancing immunosuppression and helping
the tumors to evade immune recognition. This study further
illustrates the importance of the cell type producing NO/RNS,
and its critical role in mediating tumor cell-macrophage
interactions.

Thus, tumor cells have a vested interest to lower NO con-
centrations in the tumor microenvironment. They employ dif-
ferent strategies, including the secretion of immunosuppressive
cytokines (e.g., IL-10, TGFβ and PGE2), the use of the hypoxic
microenvironment that inactivate iNOS activity, and the deple-
tion of L-arginine by arginase-I, to reduce NO production in
the infiltrating macrophages. By doing so, tumor cells repro-
gram macrophages to ensure their pro-angiogenic activation, thus
“enslaving” them to the tumor needs.

REGULATION OF iNOS EXPRESSION AND NO ACTIVITY
The regulation of iNOS expression and its activity have been
extensively reviewed before (Alderton et al., 2001; Aktan, 2004;
Pautz et al., 2010) and we will only briefly describe it here. The
main regulatory checkpoint on iNOS expression is usually consid-
ered to be transcriptional. In mouse, stimulation by lipopolysac-
charide (LPS) or by one of the pro-inflammatory cytokines (e.g.,
IL-1β, TNFα, IFNγ) is sufficient to induce high amounts of iNOS,
whereas in human cells a mixture of several stimuli is needed to
achieve iNOS induction (Xie and Nathan, 1994). These species-
dependent differences were explained by the many differences
found between the human and mouse iNOS promoters (Xie and
Nathan, 1994; De Vera et al., 1996). The human promoter is
longer and more complex than the mouse promoter, and con-
sists of many binding sites for transcription factors that mediate
both enhancement and inhibition of iNOS transcription, such as
AP-1, C/EBPβ, EGFR-STAT3, HMGA1, p53, KLF6, five NF-κB
sites, Oct-1, two binding sites for IRF-1/STAT-1α, HIF-1, Tcf-
4, YY1 and many more (Taylor et al., 1998; Pautz et al., 2010).
Only some of these sites can be found in the mouse promoter,
which is shorter, and contains proximal and a distal regulatory
regions that include mostly NF-κB and IRF-1 binding sites that
mediate induction by LPS and IFNγ, respectively. Because of
these differences, it was suggested that iNOS effects in mouse
tumor models are different than in human tumors, as human
cells tend to express lower levels of iNOS and generate less NO
(Ambs and Glynn, 2011). However, high amounts of iNOS can be
expressed in human cells, provided that a sufficiently strong stim-
ulation is introduced consisting of a mixture of several cytokines
in vitro, or during inflammation in vivo (Xie and Nathan, 1994;
Albina, 1995). Furthermore, the hypoxic microenvironment in
the tumor dictates a reduced production of NO, regardless of the
high expression of the protein (Melillo et al., 1996; Daniliuc et al.,
2003). Thus, we maintain that NO concentrations in the tumor
are reduced in all species in correlation to the tumor size, indi-
cating that NO production in large, hypoxic tumors is reduced

while iNOS protein may be highly expressed in the tumor cells
and infiltrating macrophages (Perske et al., 2010). Therefore, the
role of iNOS protein expression as a prognostic indicator must be
re-examined.

The cytokine network that regulates tumor cell-macrophage
interactions is quite complex. In addition to the anti-
inflammatory microenvironment (e.g., TGFβ, IL-10, and PGE2)
that invokes immunosuppression and reprograms macrophage
toward M2 activation, pro-inflammatory cytokines (e.g. TNFα,
IL-1β and IFNγ) are also present, albeit in relatively low
concentrations. At such levels, these cytokines serve to induce
adhesion molecules, MMPs, VEGF, and even COX-2 and PGE2

production (Dinarello, 2006, 2010). Another microenvironmen-
tal factor is the presence of apoptotic cells that release many
factors, including shingosine-1-phosphate (S1P) that is taken up
by TAMs and repolarizes them toward M2 activation. M2 acti-
vated macrophages increase the expression of arginase-I, which
changes their iNOS/arginase-I ratio and reduces their ability to
produce NO/RNS (Weigert and Brune, 2008). A special role
was highlighted for CSF-1, which is secreted from tumor cells
and helps recruit macrophages and sustain them in the tumoral
microenvironment, and to EGF, which is secreted from the infil-
trating macrophages and serves to induce tumor cell migration
and invasion (Hernandez et al., 2009). In respect to iNOS reg-
ulation, these central mediators also affect its expression, as
macrophage EGF induces iNOS in tumor cells (Lo et al., 2005)
and tumor cell CSF-1 induces iNOS in macrophages (Lin et al.,
2010).

Another important checkpoint is the stability of the iNOS
mRNA, which is mediated primarily by the AU-rich ele-
ments (ARE) found in the 3′-UTR regions of the transcript.
Different RNA binding proteins compete for the binding to
the 3′-UTR of iNOS mRNA, including HuR which usually
stabilizes mRNAs and is increased upon cytokine induction,
and KSRP and tristetraprolin (TTP), which usually mediate
destabilization (Pautz et al., 2010). In murine cells, iNOS
mRNA degradation was enhanced by TGFβ, and was medi-
ated by the RNA binding proteins PTB (hnRNP I) and
hnRNP L (Pautz et al., 2010). Thus, the balance between these
proteins may mediate cell type-specific regulation of iNOS
expression.

Translation of iNOS protein may be inhibited by small,
non-coding RNA molecules known as microRNAs (miRNA).
However, there is no direct evidence for the binding of spe-
cific miRNAs to iNOS mRNA. One report mentions the indirect
translational inhibition of iNOS mRNA through the inhibition
of the suppressor of cytokine signal (SOCS-1) mRNA by miR-
155 (Wang et al., 2009), and we (Perske et al., 2010) and others
(Dai et al., 2008) have shown the involvement of miR-146 in iNOS
regulation.

Finally, the activity of the iNOS enzyme is also tightly regu-
lated. Since the enzyme requires L-arginine as its substrate, argi-
nine availability, transport or consumption may have profound
implications on iNOS activity. Likewise, mechanisms regulating
the availability of additional co-factors, like tetrahydrobiopterin
(BH4), also affect iNOS activity (Pautz et al., 2010). The activity
of iNOS demands that the protein is homodimerized to ensure
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correct electron transfer. Protein–protein interactions with addi-
tional proteins, such as NAP110 (Ratovitski et al., 1999b) and
kalirin (Ratovitski et al., 1999a) were shown to inhibit iNOS
activity, whereas other proteins, such as rac2 (Kuncewicz et al.,
2001) and α-acitinin-4 (Daniliuc et al., 2003) are required for
its activity. The latter two proteins ensure that iNOS is properly
localized at the cortical zone, just underneath the plasma mem-
brane, and similar to the other NOS isoforms, enable its activity at
this cellular compartment. Disruption of this interaction (e.g., by
hypoxia) displaces the enzyme back to the cytoplasm and renders
it inactive.

NO PRODUCTION BY TUMOR CELLS
Tumor cells, and not only macrophages, can induce iNOS expres-
sion and NO production. However, the potential biological rele-
vance of iNOS expression in different malignant human tumors is
still controversial, mostly because of technical reasons. Expression
of iNOS is often determined by immunohistochemistry, western
blot analysis or by real-time RT-PCR—all of which are basi-
cally semi-quantitative approaches. Most times, these techniques
are applied on paraffin-embedded archival specimens, but these
may produce unreliable results due to mRNA degradation in
the paraffin-embedded blocks, or due to the recently emerging
observations that iNOS protein expression does not necessar-
ily correspond to NO production. Moreover, different ways to
score iNOS immune reactivity (e.g., % of positive cells and/or
intensity of staining) make comparison of these studies difficult.
Measurement of the activity of the protein is thus restricted to
fresh tissues, using primarily the indirect Griess reaction to mea-
sure accumulation of nitrates and nitrites (Cianchi et al., 2004),
or the direct approach of measuring the conversion of L-[3H]-
arginine to L-[3H]-citrulline (Koh et al., 1999; Franchi et al.,
2006). Another indirect approach to indicate iNOS activity is
the immunohistochemical detection of nitrotyrosinated proteins
(Goto et al., 1999; Gochman et al., 2012) or 8-nitro-guanine DNA
adducts (Chaiyarit et al., 2005; Ma et al., 2006) that can also be
applied on paraffin embedded tumor specimens. However, these
indirect approaches do not quantify the extent of iNOS activity,
they may be influenced by high activity of other NOS isoforms
or by the generation of other RNS (e.g., hypochlorous acid and
nitrites that may also nitrotyrosinate proteins) (Radi, 2004), and
they are very difficult to compare due to the use of different
antibodies or different staining protocols.

Bearing in mind those difficulties, we have tried to critically
review the literature, asking whether iNOS expression is corre-
lated with tumoral grade and stage and with poor prognosis, and
whether it is limited to macrophages or to tumor cells in specific
types of cancer. Table 1 present the conflicting results of this com-
parison, and emphasizes how poorly understood the role of NO
in tumor biology remains.

In certain types of cancer (e.g., gastric cancer, melanoma)
increased iNOS expression is found to be associated with tumor
stage and grade or with tumor progression toward metastases, as
well as with poor prognosis. In contrast, in other types of can-
cer (e.g., ovarian cancer), iNOS expression is reduced with tumor
progression and with poor prognosis. Studies of some tumor
types (e.g., colorectal, breast, brain, lung, and cervical cancers)

are controversial, indicating either increased or reduced iNOS
expression as tumor progresses, whereas in yet other types of
cancer (e.g., bladder carcinoma, pancreatic, cervical cancers) pos-
itive and even strong iNOS expression was not correlated with
either grade/stage or with prognosis. However, in all the stud-
ies we found (Table 1), moderate or strong expression of iNOS
could be detected in the immunohistochemical images within
stromal or inflammatory infiltrating cells, which in some studies
were even identified as macrophages. Macrophage iNOS expres-
sion, however, was not correlated with prognosis, survival rates,
invasiveness or tumor recurrence after therapy.

Evidently, these conflicting results reflect our lack of under-
standing of the many roles NO plays within the tumor, so
that we can only speculate on what may be happening. These
results might indicate a different role for iNOS expression in
macrophages vs. tumor cells. Macrophages in the tumor stroma
exhibit strong iNOS expression regardless of tumor grade and
stage, and may produce high levels of NO/RNS that are gradu-
ally diminished as they infiltrate the hypoxic core of the tumor.
The same is probably true for the tumor cells, and we can
assume that tumor cells that are close to the hypoxic core produce
less NO/RNS. Thus, the ability of the tumor microenviron-
ment to uncouple iNOS expression and NO production (e.g.,
via hypoxia) may result in a gradient of NO/RNS concentra-
tions and make it very difficult to assess their true levels within
the tumor. The few studies (Table 1) that showed accumulation
of nitrotyrosinylated proteins and interpreted these as a mea-
sure of increased NO/RNS production are not necessarily right,
as protein nitrotyrosinylation is an irreversible reaction that may
accumulate over time as the tumor progresses. It is possible that
generation of high NO/RNS levels induce genetic instability, not
only during the early stages of tumor development, but also as
an on-going process, which helps tumor cells accumulate more
mutations and further advance to the next malignant stage. It is
equally possible that despite the high expression of iNOS pro-
tein, the enzyme is rendered inactive, and produces low amounts
of NO/RNS that are pro-angiogenic and contribute to tumor
aggressiveness. Thus, it is highly important to develop new tech-
niques that will allow to precisely determine NO/RNS concen-
trations within tumors, preferably in paraffin-embedded archival
specimens.

Finally, the fact that such conflicting data are observed in
certain cancer types, whereas other cancer types reveal a more
consistent behavior, may suggest that other, yet unidentified fac-
tors, are involved in the regulation of iNOS activity. Such factors
may include components of the specific tissue (e.g., ECM pro-
teins, interstitial cells), or the tumor cells themselves. The fact
that macrophages express iNOS in all types of tumors may sug-
gest that tumor cells differently regulate their iNOS expression
and NO production.

TUMOR CELL PRODUCTION OF NO—FUTURE PERSPECTIVES
High levels of NO are strongly associated with initiation of apop-
tosis, and therefore, it seems reasonable to try and manipulate
tumor cells to maintain high levels of NO/RNS concentrations as
means of therapeutic intervention. In fact, early studies demon-
strated that manipulating tumor cells to produce high NO/RNS
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Table 1 | Patterns of iNOS expression and NO production in tumor cells, as influenced by tumor grade and stage.

Tumor type Prognosis/survival iNOS activity Expression of iNOS in

infiltrating immune cells

References

EXPRESSION OF INOS INVERSELY CORRELATES WITH TUMOR GRADE AND STAGE OR WITH METASTASES

Ovarian cancer No effect on prognosis;
Low iNOS expression correlates
with poor prognosis

N/Aa;
Low intra-cystic NO
levels in advanced
grade

N/Mb;
Strong iNOS staining in
macrophages or
mononuclear cells

Klimp et al., 2001; Ozel
et al., 2006; Anttila et al.,
2007; Nomelini et al., 2008

Colorectal cancer N/M; Low iNOS expression
correlates with low survival

N/A; Reduced in tumors
relative to normal tissue

Strong staining in
mononuclear cells

Moochhala et al., 1996;
Ropponen et al., 2000; Hao
et al., 2001; Ohta et al., 2006

Breast cancer N/M N/A Strong iNOS staining of
macrophages only in grade
III tumors

Tschugguel et al., 1999

Brain cancer No effect N/A Some stromal staining of
iNOS

Giannopoulou et al., 2006

Lung cancer (NSCLC) High iNOS expression predicts
better survival

N/A Strong iNOS staining in
alveolar macrophages

Puhakka et al., 2003

Cervical cancer N/M; High iNOS expression
correlates with favorable prognosis,
low risk for recurrence

N/A N/M; Some expression in
inflammatory infiltrate

Mazibrada et al., 2008;
Eggen et al., 2011

EXPRESSION OF INOS DIRECTLY CORRELATES WITH TUMOR PROGRESSION, GRADE/STAGE, OR METASTASES

Malignant melanoma High iNOS expression is associated
with invasiveness, metastases, and
increased risk for death. No
expression in melanocytic naevi

N/A N/M, Intense staining of
macrophages as tumor
progresses

Massi et al., 2001;
Ekmekcioglu et al., 2006

Colorectal cancer N/M; High iNOS expression
associated with poor survival

N/A; Increased
nitrotyrosine staining

Expression of iNOS in few
inflammatory mononuclear
cells

Zafirellis et al., 2010;
Gochman et al., 2012

Breast cancer No prognostic effect; Strong iNOS
associated with poor prognosis in
ER-negative patients or with lower
disease-free survival rates

N/A Strong iNOS staining of
stromal cells; No iNOS
staining in stromal cells

Vakkala et al., 2000; Bulut
et al., 2005; Glynn et al.,
2010

Brain cancer No prognostic effect N/A N/M Hara and Okayasu, 2004

Lung cancer (NSCLC) High expression relative to no-tumor
tissues

Elevated in tumors
(Griess)

Few stromal cells may be
stained

Lee et al., 2003

Cervical cancer High iNOS expression is associated
with decreased survival and
metastases

N/A N/M Chen et al., 2005

Gastric cancer High iNOS expression, especially
when accompanied by COX-2
staining, is associated with poor
prognosis, invasiveness and/or
metastasis

N/A; Increased
nitrotyrosine staining

N/M; Weak to moderate
positive staining in stromal
mononuclear cells

Rajnakova et al., 2001; Feng
et al., 2002; Li and Xu, 2005;
Chen et al., 2006; Zhang
et al., 2011

Head and neck (HNSCC) N/M; High iNOS expression
correlates with metastases and poor
prognosis or increased 5-year
recurrence rate

N/A; Elevated in
carcinoma

Positive iNOS staining in
inflammatory cells, probably
macrophages

Chen et al., 2002; Franchi
et al., 2002; Zhang et al.,
2005; Ou Yang et al., 2011

Oral cancer Expression of iNOS correlated with
metastasis

N/A Positive iNOS staining in
stroma cells, probably
macrophages

Chen et al., 2002

Pancreatic cancer High iNOS expression is associated
with lymph node metastases

N/A N/A Kasper et al., 2004

NO CORRELATION TO TUMOR GRADE AND STAGE/NOT CONCLUSIVE

Cervical cancer No effect N/A N/M; Some positive stromal
cell

Oka et al., 2003

(Continued)
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Table 1 | Continued

Tumor type Prognosis/survival iNOS activity Expression of iNOS in

infiltrating immune cells

References

Head and neck (HNSCC) No prognostic effect; iNOS
expression is not associated with
tumor grade; iNOS activity is
associated with lymph node
metastasis

N/A; Elevated in tumor
periphery

Occasional staining of
mononuclear cells; positive
staining of macrophages

Pukkila et al., 2002;
Jayasurya et al., 2003;
Franchi et al., 2006

Bladder cancer Strong iNOS staining in all bladder
tissue, regardless of stage and
grade

N/A; No change or
elevated nitrites in
urine samples from
TCC relative to controls

N/M; Strong staining in
inflammatory cells
(macrophages and
neutrophils)

Swana et al., 1999; Eijan
et al., 2002; Lin et al., 2003;
Sandes et al., 2005

Pancreatic cancer No prognostic effect N/A N/M; iNOS positive stroma
cells

Vickers et al., 1999; Kong
et al., 2002

aN/A, not assayed.
bN/M, not mentioned.

inhibited tumor growth. For example, orthotopically implant-
ing pancreatic tumor cell lines that expressed different levels of
iNOS showed that tumor cells with low iNOS expression devel-
oped pancreatic tumors with metastases to the liver and formed
ascites, while tumor cells with high level of iNOS expression
did not develop tumors (Wang et al., 2003). In other studies,
transfection of tumor cells with the iNOS gene using adenovi-
ral or retroviral vectors lead to their ability to produce NO
and other pro-angiogenic proteins, but these cells did not form
tumors in nude mice due to initiation of apoptosis (Le et al.,
2005) or developed small tumors with no lung metastases in
comparison to non-transfected cells (Juang et al., 1998). These
studies highlighted the importance of tumor cell iNOS expres-
sion, but did not take into account the effects of the infiltrating
macrophages or the changing microenvironment. Furthermore,
since iNOS was continuously overexpressed in the tumor cells,
it is likely that their apoptotic death occurred at an early stage
of tumor development, before macrophages were recruited and
“re-educated” to become pro-angiogenic and immunosuppres-
sive. Moreover, such a manipulation of tumor cells that involves
their transfection with an iNOS construct designed to cause high
iNOS expression is clearly not easily feasible in the clinical real-
life scenario, where tumors are often diagnosed after they have
gained considerable mass and created an immunosuppressive
microenvironment.

A different approach to treat tumors with NO/RNS was to
use macrophages. Macrophages were isolated from a patient,
activated ex vivo as M1 macrophages, and then re-introduced
back to the same patient. Three qualities make this autologous
macrophage adoptive transfer an appealing approach: (1) their
tumoricidial abilities that is based on production of high con-
centration of cytotoxic molecules such as NO/RNS; (2) the ease
to isolate them from patients in large numbers and to activate
them ex vivo before their re-infusion; (3) their ability to home
directly to the tumor, thereby specifically targeting the tumor cells
(Murdoch et al., 2004; Allavena et al., 2008).

However, previous experiments performed on human sub-
jects, where monocytes were collected, classically stimulated

ex vivo with IFNγ and/or LPS, and autologously re-infused
into the patient, proved that although the process was safe
with only minor side effects, no significant beneficial clinical
effects were observed (Andreesen et al., 1998; Hennemann et al.,
1998). Another study showed that autologous IFNγ-activated
macrophages that were intrapleurally injected into patients suf-
fering from malignant mesothelioma showed only limited and
insignificant (about 14%) anti-tumor response (Monnet et al.,
2002), although these macrophages produced high levels of TNFα

and NO/RNS and proved to be cytotoxic to tumor cells in vitro.
In mice, such treatment resulted in inhibition of metastasis for-
mation, with sometimes attenuated growth, but no regression
of the primary tumor (Andreesen et al., 1998; Perske et al.,
2010). Adoptive transfer of activated macrophages that were
first transduced with macrophage colony stimulating factor (M-
CSF) and IFNγ by recombinant adenovirus infection and were
tumor-pulsed prior to their re-infusion, succeeded in reduc-
ing pulmonary metastases in a B16F10 melanoma model. These
gene-modulated macrophages exhibited increased secretion of
cytotoxic molecules, including NO, and increased antigen presen-
tation when pulsed with tumor lysates, suggesting that on-going
activation of macrophages in vivo is critical to their anti-tumor
effects and to their ability to recruit specific cytotoxic T cells
(Lei et al., 2000). However, such an approach, which demands
isolation of macrophages in large amounts followed by their
gene-modulation in combination with isolation of enough tumor
tissue to produce lysates for macrophage pulsing, seems very
elaborate and difficult to achieve in humans.

In retrospect, the macrophage therapy approach probably
failed to take into account the ability of the hypoxic and immuno-
suppressive microenvironment to skew the ex vivo M1-activated
macrophages back toward an M2 mode of activation, which
resulted in failure of these trials. The tumor microenvironment,
which is rich in anti-inflammatory mediators (e.g., TGFβ, IL-10,
PGE2) and with apoptotic cell debris, directly neutralizes such
pre-treated M1-activated macrophages (Kees and Egeblad, 2011).
Specifically, even if such macrophages expressed high levels of
the iNOS protein, the hypoxic microenvironment would inhibit

www.frontiersin.org June 2013 | Volume 4 | Article 144 | 45

http://www.frontiersin.org
http://www.frontiersin.org/Vascular_Physiology/archive


Rahat and Hemmerlein Macrophage-tumor cell interactions regulate NO

their production of high amounts of NO/RNS. Additionally,
macrophage therapy approach failed to provide on-going signals
that would maintain the anti-tumoral phenotype of the infused
macrophages.

How can we, then, manipulate tumor cell-macrophage inter-
actions in order to eradicate the tumor? It is still advisable to
use macrophages, but only as long as we can maintain their skew
toward M1 activation. It is possible that after surgery, radio- or
chemotherapy, when the tumor mass is reduced, regulatory cells
(e.g., Treg or MDSCs) are diminished, and the microenvironment
is less hypoxic and immunosuppressive, thus generating a small
window of opportunity for a more successful macrophage ther-
apy. Indeed, attempts to combine such therapies and activate the
innate immune cells in a timely manner are now beginning to be
explored (Kees and Egeblad, 2011).

We can also use NO as a radio- or chemo-sensitizer to enhance
the beneficial effects or radio- and chemotherapy. It has been
shown that well-oxygenated tumor cells that reside near blood
vessels or at the tumor rim are radiosensitive, whereas those that
are located in hypoxic areas may be 3-times more radio-resistant.
Irradiation kills proliferating tumor cells through accumulation
of DNA damage that is dependent on presence of oxygen and the
free radicals it generates. Hypoxia is believed to increase radio-
resistance through the accumulation of HIF-1, which in turn,
down-regulates pro-apoptotic genes, enhances multidrug resis-
tant proteins and induces expression of genes like VEGF and
enzymes of the glycolytic pathway, thus ensuring blood supply
and energy required for tumor cell survival and proliferation
(Fitzpatrick et al., 2008; Yasuda, 2008). The potential use of
NO as a radio- and chemo-sensitizer for such resistant tumor
cells is currently being explored, and several mechanisms could
explain its effects. By binding to cytochrome c oxidase, NO can
inhibit mitochondrial respiration and generate ROS that activate
PHDs and HIF-1 hydroxylation, leading to increased degrada-
tion of HIF-1 in hypoxia (Fitzpatrick et al., 2008; Yasuda, 2008).
Inhibition of the mitochondria also diverts oxygen from this
organelle to the cytoplasm, thus protecting cells from death.
Much like oxygen, NO can directly damage DNA, lipids and
proteins (probably though generation of peroxynitrite), and sys-
temically NO has a vasodilative effect that provides more blood
supply to the tumor cells and maintain their oxygenation. Thus,
NO or NO-donors have been explored as potential adjuvants for
radiotherapy. However, results remain controversial, and studies
show both beneficial and detrimental effects, depending on the
tumor microenvironment, NO concentrations, the oxygenated
state of the tumor, systemic responses and more (Oronsky et al.,
2012). Use of NO-donors to radio-sensitize tumor cells may also
cause serious systemic side effects, such as hypotension, which
may result in further increasing tumor hypoxia and tumor cell
radio-resistance, and the use of IFNγ administration to induce
iNOS expression is limited because of its toxicity and vascular
effects (Fitzpatrick et al., 2008). However, this highlights again the
importance of endogenous NO production by the tumor cells.

NO/RNS production plays a key role in tumor cell-
macrophage interactions, as both cell types can produce it.
Table 1 demonstrates that in some tumor types, high grade
tumors or metastatic tumor cells tend to reduce their iNOS

protein expression or lose it completely, as a means of escap-
ing the immune system. We have previously shown in a murine
renal cell carcinoma (RENCA) model injected subcutaneously,
that even high concentrations of NO/RNS within the tumor
in vivo, whether delivered by an NO donor (NOC-18) or by M1-
activated macrophages, could only attenuate tumor growth, but
did not regress the tumor (Perske et al., 2010). Furthermore,
in vitro co-culture of RENCA tumor cells that did not express
iNOS with RAW 264.7 macrophages, in the presence of IFNγ

and LPS that strongly induced macrophage iNOS expression,
did not result in tumor cell death. Only when these tumor cells
were induced to express iNOS, even in low levels, by alleviating
the translational inhibition on the protein through neutraliza-
tion of microRNA-146a (miR-146a), macrophage-induced tumor
cell death was initiated (Perske et al., 2010). Thus, high exoge-
nous concentrations of NO/RNS in the tumor microenvironment
are not sufficient to kill tumor cells, and the decision whether
tumor cells will undergo apoptosis depends on their own ability
to produce NO. Other studies that demonstrated the importance
of endogenous tumor cell NO production to their susceptibil-
ity to apoptosis support our findings (Le et al., 2005). Different
tumor cells were transfected with wild type or mutant iNOS con-
structs that resulted in different degrees of iNOS activity, and
then implanted s.c. into nude mice. NO production in the wild
type cells strongly suppressed tumor cell proliferation and tumor
growth by inducing their apoptosis in a concentration-dependent
way, whereas induction of the expression of pro-angiogenic fac-
tors, such as VEGF and IL-8 remained constant (Le et al., 2005).
These findings and our own, highlight one strategy that tumor
cells may take to evade macrophage-induced death by reducing
or abrogating their iNOS expression. It is possible that miRNA-
146a affects additional targets besides iNOS, and thus acts as a
general stimulator, this time of the tumor cells rather than the
macrophages. These findings also highlight the importance of the
dialogue between tumor cells and macrophages, and underscore
the degree of control that tumor cells exert over their environment
and the functioning of infiltrating cells.

This current understanding of the important translational
regulation of iNOS expression through miRNA-146a, that
allows tumor cells to evade macrophage-induced death, may be
expanded to envision new therapeutic approaches that are based
on the ability to manipulate NO production in the tumor cells.
To do this, we must first better understand the precise machin-
ery that allows miR-146a to inhibit iNOS translation, and then
find an efficient delivery system of anti-miR-146a specifically into
tumor cells, so we can manipulate iNOS production in these
cells. Such manipulation of iNOS expression in tumor cells, com-
bined with infusion of ex vivo M1-activated macrophages could
become an attractive therapeutic approach, which overrides both
the immunosuppressive effects of the microenvironment and the
evasion strategy of tumor cells.

In conclusion, it is the overall concentrations of NO/RNS,
rather than the extent of iNOS expression, that ultimately
determine their activities. Low levels of NO/RNS are pro-
angiogenic and support immune evasion, whereas high amounts
trigger apoptosis. Thus, our goal is to increase NO/RNS pro-
duction in both tumor cells and macrophages, by overcoming
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their respective inhibitory mechanisms, so that the pro-
angiogenic effects of NO/RNS are inhibited, the immune system
regains recognition of the tumor cells and its pro-apoptotic effects
are enhanced to effectively eradicate the tumor.
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Tumor angiogenesis is one of the hallmarks of tumor progression and is essential for
invasiveness and metastasis. Myeloid inflammatory cells, such as immature myeloid
precursor cells, also termed myeloid-derived suppressor cells (MDSCs), neutrophils,
and monocytes/macrophages, are recruited to the tumor microenvironment by factors
released by the malignant cells that are subsequently “educated” in situ to acquire
a pro-invasive, pro-angiogenic, and immunosuppressive phenotype. The proximity of
myeloid cells to endothelial cells (ECs) lining blood vessels suggests that they play
an important role in the angiogenic response, possibly by secreting a network of
cytokines/chemokines and inflammatory mediators, as well as via activation of ECs for
proliferation and secretion of pro-angiogenic factors. Interleukin-1 (IL-1) is an “alarm,”
upstream, pro-inflammatory cytokine that is generated primarily by myeloid cells. IL-1
initiates and propagates inflammation, mainly by inducing a local cytokine network and
enhancing inflammatory cell infiltration to affected sites and by augmenting adhesion
molecule expression on ECs and leukocytes. Pro-inflammatory mediators were recently
shown to play an important role in tumor-mediated angiogenesis and blocking their
function may suppress tumor progression. In this review, we summarize the interactions
between IL-1 and other pro-angiogenic factors during normal and pathological conditions.
In addition, the feasibility of IL-1 neutralization approaches for anti-cancer therapy is
discussed.

Keywords: IL-1α, IL-1β, VEGF, VEGFR1, VEGFR2, angiogenesis, myeloid cells, inflammation

INTRODUCTION
Postnatal angiogenesis, first described by Folkman in the 70’s,
referred to a process by which mature endothelial cells (ECs)
proliferate and sprout to create new blood vessels. Usually, quies-
cent ECs are inactive for months and even years; they proliferate
only upon angiogenic activation due to various pathological
conditions (Carmeliet and Jain, 2000; Carmeliet, 2003, 2005;
Ribatti, 2009). Initially, the angiogenic process was considered to
represent the outcome of straightforward interactions between
pro-angiogenic factors and specific signaling receptors on the
membranes of ECs (Folkman, 1995, 2001, 2003; Folkman and
D’Amore, 1996). Although many molecules are involved in angio-
genesis, VEGF stands out because it has a direct mitogenic effect
on ECs and functions as a key regulator of both physiologi-
cal and pathological angiogenesis (Thomas, 1996; Alitalo and
Carmeliet, 2002; Shibuya, 2006a,b). VEGFA belongs to the VEGF
family and through activation of two tyrosine kinase recep-
tors, VEGFR1 (Flt-1) and VEGFR2 (FLK-1), plays a major role
in the angiogenic response. The biological effects of VEGF are
thought to be mediated mainly by VEGFR2, whereas VEGFR1
can transduce a weak, intracellular signal in ECs and was ini-
tially thought to be a decoy receptor, thus serving as a negative
regulator of angiogenesis (Hiratsuka et al., 1998). At the same

Abbreviations: IL-1, Interleukin-1; IL-1Ra, Interleukin-1 receptor antagonist;
VEGF, Vascular endothelial growth factor; VEGFR, Vascular endothelial growth
factor receptor; TNF, Tumor necrosis factor; TGFβ, Tumor growth factor beta;
PlGF, Placental growth factor; bFGF, Basic Fibroblast growth factor.

time, VEGFR1 is expressed on different myeloid cells, such as
macrophages and is directly involved in the migration of these
cells to inflammatory areas (Shibuya, 2006a,b). Recently, it was
found that inflammation usually accompanies tumor develop-
ment and the mechanism by which inflammation contributes to
tumor-mediated angiogenesis has been the subject of intensive
study.

Pro-inflammatory cytokines are potent factors in the induc-
tion and support of angiogenesis. Of special relevance to
angiogenesis are the “alarm cytokines” IL-1 and TNFα that are
generated by macrophages immediately after confrontation with
inflammatory stimuli. These stimuli induce the expression of pro-
inflammatory genes in diverse stromal/inflammatory cells, which
ultimately results in a local cascade of cytokines and small effec-
tor molecules that initiate, propagate, and sustain inflammation
(Dinarello, 1996; Apte and Voronov, 2002, 2008; Balkwill, 2002;
Apte et al., 2006a,b; Balkwill and Mantovani, 2012). IL-1 and
TNFα also increase the expression of adhesion molecules on both
ECs and leukocytes, promoting leukocyte infiltration from the
blood into inflamed tissues (Apte and Voronov, 2002, 2008; Apte
et al., 2006a,b).

The direct relationship between inflammation and tumor-
mediated angiogenesis has prompted the development of novel
anti-tumor therapies based on the attenuation of inflammation.

In this review, the interaction of IL-1 molecules with a critical
pro-angiogenic factor, VEGF, and the effects of IL-1 on ECs and
myeloid cells during the angiogenic response are discussed.
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THE IL-1 MOLECULES
The IL-1 family consists of agonistic and antagonistic molecules,
as well as receptors. The two major agonistic proteins are IL-1α

and IL-1β. The third important molecule is the IL-1 receptor
antagonist (IL-1Ra), which is a physiological inhibitor of pre-
formed IL-1; it binds to IL-1 receptors without transmitting an
activation signal (reviewed in Dinarello, 1996; Stylianou and
Saklatvala, 1998; Sims et al., 2001; Apte and Voronov, 2002,
2008; Arend, 2002; Dinarello, 2002; O’Neill, 2002; Braddock
and Quinn, 2004; Apte et al., 2006a,b; Mantovani et al., 2008;
Mantovani and Sica, 2010).

Many cell types produce and secrete IL-1α, IL-1β, and IL-1Ra
upon activation with microbes, microbial products, cytokines,
and other environmental stimuli, as well as products of dam-
aged tissue (reviewed in Dinarello, 1996, 2006; Apte and Voronov,
2008; Voronov et al., 2013). IL-1α and IL-1β are synthesized
as precursors of 31 kD that are further processed by proteases
to their mature secreted 17 kD forms. IL-1 differs from most
other cytokines by the lack of a signal sequence, thus not passing
through the endoplasmic reticulum-Golgi pathway. The mech-
anisms of IL-1 secretion are not yet completely understood.
IL-1Ra, which has a signal peptide, is secreted in the ER-Golgi
exocytic pathway.

IL-1β is not present in homeostatic conditions; it is induced
and secreted only upon inflammatory signals. The IL-1β pre-
cursor is biologically inactive until it is enzymatically cleaved
into the mature secreted form by the IL-1β-converting enzyme
(caspase-1) that is activated in the cytosol on the inflammasome
platform (reviewed in Dinarello, 2009, 2011a; Eisenbarth and
Flavell, 2009; Franchi et al., 2009; Martinon et al., 2009; Latz,
2010; Schroder and Tschopp, 2010). IL-1β, due to the fact that
it is extensively secreted, has been considered to be the major
pro-inflammatory molecule. At low local doses, IL-1β induces
limited inflammatory responses, followed by activation of spe-
cific immune mechanisms, while at high doses, IL-1β induces
broad inflammation accompanied by tissue damage and immune
suppression (reviewed in Voronov et al., 2013).

IL-1α, in contrast, is present in homeostatic conditions in
many cells. IL-1α is only rarely secreted by living cells and in
most cases is undetectable in body fluids. Its protein is trans-
lated as a precursor (ProIL-1α), which is further processed by
the Ca2+-dependent protease, calpain, into the mature 17 kD
form and the 16 kD N-terminal cleavage product- the propiece
of IL-1α, also known as the IL-1α N-terminal peptide (IL-1NTP).
Intracellular ProIL-1α is present in many cells because they con-
tain calpain inhibitors and are thus unable to process and secrete
IL-1α (Afonina et al., 2011; Di Paolo and Shayakhmetov, 2013;
Zheng et al., 2013). Recently, a novel mechanism to control IL-1α

activity has been described by Zheng et al. (2013) and reviewed in
Di Paolo and Shayakhmetov (2013). Thus, under normal condi-
tions, IL-1α is synthesized as a p33 precursor that is sequestered
in the cytosol by IL-1 receptor type 2 (IL-1R2), where it cannot
be cleaved by proteases or activate IL-1 receptor type 1 (IL-1R1)
signaling. However, under inflammatory signals, after inflamma-
some activation, IL-1R2 is cleaved by caspase-1 and ProIL-1α is
further processed by calpain to the highly active p17 mature IL-1α

form, which can be secreted from cells.

A biologically active membrane-associated form of IL-1α

(23 kD) that is anchored to the membrane via a mannose-like
receptor has been observed in activated cells that express the
cytokine. However, it is not clear how IL-1α is inserted into the
membrane.

IL-1α and IL-1β signal through the same IL-1Rs, which belong
to the immunoglobulin (Ig) supergene family and are exten-
sively expressed on many cell types. IL-1R1 (80 kD) is a signaling
receptor, whereas IL-1R2 (68 kD) serves as a decoy target, act-
ing to reduce excessive amounts of IL-1 (reviewed in Apte and
Voronov, 2008; O’Neill, 2008; Dinarello, 2009, 2011b; Garlanda
et al., 2009; Gabay et al., 2010; Sims and Smith, 2010; Voronov
et al., 2013). Following the binding of IL-1 to IL-1R1, a second
chain, i.e., the IL-1R acceptor protein (IL-1RAcP), is recruited.
This heterodimeric complex triggers IL-1 signaling by activating
the IL-1 receptor-associated kinase (IRAK) and ultimately leads to
the activation of NF-κB and its target genes. On the contrary, IL-
1R2 and the IL-1Ra do not form this heterodimeric complex with
the IL-1RAcP and therefore do not recruit IRAK. While IL-1α

and IL-1β signals through the same receptors, they differ dramati-
cally in some biological functions (reviewed in Apte and Voronov,
2008; O’Neill, 2008; Dinarello, 2009, 2011b; Garlanda et al., 2009;
Gabay et al., 2010; Sims and Smith, 2010; Voronov et al., 2013).

The differential effects of these molecules on angiogenesis are
discussed in this review.

THE EFFECTS OF IL-1 ON ECs AND ITS CROSSTALK WITH
PRO-ANGIOGENIC MOLECULES
ECs are the main cells that are involved in both the normal and
pathological angiogenic response. Multiple studies have shown
in vitro effects of recombinant IL-1 on parameters related to
the physiology of ECs, including their activation, as evidenced
by morphological changes, increased migration and proliferation
and ultimately organization into tube-like structures (reviewed
in Voronov et al., 2007, 2010a, 2013; Apte and Voronov, 2008).
As IL-1 is a strong activator of ECs, it induces profound changes
in gene expression and function that allow these cells to partic-
ipate actively in inflammatory reactions, immunity, and blood
vessel formation. For example, IL-1β induces morphological
transformation in human dermal micro-vascular endothelial cells
(HDMECs), accompanied by an increased growth rate, loss of
contact inhibition, and an increase in the permeability of con-
fluent EC monolayers (Bokhari et al., 2006). Nevertheless, it is
not known whether the described effects of IL-1 on ECs are
direct, due to its action, or indirect, due to IL-1-induced cytokines
produced by ECs. It was found that in vitro, IL-1β increases
expression of FGF2 in ECs through activation of NF-κB (Lee and
Kay, 2012) and also induces expression of different chemokines,
cytokines, direct angiogenic factors, and adhesion molecules on
ECs (Breviario et al., 1990; Sica et al., 1990; Kang et al., 2006). In
addition, IL-1β interaction with IL-1R1 on ECs induces migration
of the cells and tube formation, mainly via activation of p38-
mitogen-activated protein kinase (MAPK) and MAPK-activated
protein kinase 2 (Jagielska et al., 2012). Moreover, IL-1β up-
regulates expression of VEGF and its receptors on ECs (Berse
et al., 1999) or aortic smooth muscle cells (Stavri et al., 1995;
Maruyama et al., 1999; Nasu et al., 2006) and VEGF secretion
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from these cells was significantly inhibited by the addition of IL-
1Ra. In vivo, IL-1 also plays a synergistic, pro-angiogenic role
with some pro-angiogenic factors (Friesel and Maciag, 1999).
For example, the synergistic effects of VEGF and IL-1 in the up-
regulation of genes of growth factors and inflammatory cytokines
in ECs have been described and a 60% overlapping of genes
induced by each of these cytokines was observed (Schweighofer
et al., 2009). VEGF/IL-1 induced genes comprise mainly a group
of genes with NFAT, as well as NF-κB binding sites in their pro-
moters; VEGF-A preferentially uses NFAT and IL-1 uses NF-κB to
induce these genes. It was also observed that both VEGF and IL-
1β increase the permeability of ECs via a Src-dependent pathway
(Sheikpranbabu et al., 2009).

Using a Matrigel model, we found that both rIL-1β and
rVEGF induce each other and are both essential to induce
an angiogenic response. Thus, neutralization of either of these
cytokines abrogated the angiogenic response. The importance
of the interaction between IL-1β and VEGF was also demon-
strated by the weak angiogenic response observed in Matrigel
plugs loaded with rVEGF in mice deficient in IL-1β or its signaling
receptor (Carmi et al., 2013). Inhibition of VEGFR1 signal-
ing in Matrigel plugs supplemented with recombinant cytokines
(IL-1β or VEGF) abrogated angiogenesis, probably by inhibit-
ing recruitment of bone marrow-derived (BMD) myeloid cells.
Thus, in multiple studies, synergy of IL-1β and VEGF has
been described; however, our studies demonstrate the neces-
sity of both factors in angiogenic responses. IL-1β is also
an essential factor for endothelial precursor cells (EPCs) to
mature into ECs and this IL-1β-induced effect was facilitated
by the addition of VEGF. For example, when either EPCs or
myeloid circulating angiogenic cells from lupus patients were
co-cultured with IL-1β and VEGF, their capacity to proliferate
and differentiate into mature ECs was synergistically increased
(Thacker et al., 2010).

There are fewer studies on the role of IL-1α in angiogenesis.
We found that IL-1α has less potent pro-angiogenic effects com-
pared to IL-1β in its recombinant form (unpublished results).
Nevertheless, in vivo studies on the effects of IL-1α and IL-
1β on angiogenesis revealed that both agonistic molecules are
important, but probably work through different pathways. Thus,
IL-1α can stimulate a high angiogenic response by recruiting
macrophages that are an abundant source of FGF (reviewed
in Sano et al., 1990; Brogi et al., 1993; Dinarello, 1996; Rider
et al., 2011, 2012), or other VEGF-expressing inflammatory cells
(Salven et al., 2002). In addition, a dose-dependent effect of IL-1α

in de novo synthesis of VEGF by human peripheral mononuclear
cells (PBMCs) was shown. This effect was blocked by treatment
with VEGFR2 antibodies, whereas neutralization of VEGFR1
induced only marginal effects. Both in vitro and in vivo, IL-1α

can stimulate ECs to secrete IL-8 and during in vivo angio-
genesis, the source of IL-1 can be from PBMCs or activated
platelets (Kaplanski et al., 1994a,b). IL-1α is also released from
ECs following stress signals, such as starvation or TNF activa-
tion (Berda-Haddad et al., 2011) and in addition, IL-1α activates
ECs to express CXCL1, VCAM-1, and ICAM-1, thus promot-
ing trans-endothelial-migration of inflammatory cells (Thornton
et al., 2010).

IL-1 IN INFLAMMATION-INDUCED ANGIOGENESIS
In the last decade, the link between inflammation and angiogen-
esis has become recognized. Extensive angiogenesis was observed
in chronic inflammation, for example in rheumatoid arthritis and
inflammatory bowel disease (Folkman, 2001, 2003). In both acute
and chronic inflammation, functional changes in the vascula-
ture were found. In acute inflammation, these changes include
an increase in permeability, extensive EC mitotic activity, and
remodeling of capillaries. Upon chronic inflammation, vascular
dilation and an increase in capillary density was observed. During
inflammation, ECs actively recruit immune cells from the circu-
lation into the underlying tissue, where they play a role in angio-
genesis. An increase in growth factor and cytokine production,
due to inflammation, also leads to proliferation of ECs.

The role of the IL-1 molecules in promoting inflammation-
induced angiogenesis was studied by us, using the model of
Matrigel plugs supplemented with supernatants of hypoxic
macrophages, as such, or after activation with LPS as an inflam-
matory stimulus (Carmi et al., 2009). We showed that neutraliza-
tion of IL-1 in supernatants of hypoxic macrophages, particularly
IL-1β, completely abrogated cell infiltration and angiogenesis in
Matrigel plugs, concomitant to dramatically reduced VEGF lev-
els. Supernatants from macrophages of IL-1β knockout (KO)
mice did not induce this inflammatory or angiogenic response.
The importance of IL-1 signaling in the host was demonstrated
by the dramatic reduction of inflammation-induced angiogenic
responses in Matrigel plugs that contained supernatants derived
from WT macrophages implanted in IL-1RI KO mice. Using the
aortic sprouting assay, it was shown that IL-1 does not directly
activate EC migration, proliferation, and organization into blood
vessel-like structures, but rather activates infiltrating myeloid cells
to produce a cascade of cytokines/chemokines, which further acti-
vate tissue resident ECs to produce direct pro-angiogenic factors,
such as VEGF (Carmi et al., 2009). Similarly, Nakao et al., demon-
strated that ectopic expression of IL-1β in the cornea induces
increased angiogenesis, which is dependent on infiltration of
COX-2-positive macrophages that activate the angiogenic process
in a complex manner (Nakao et al., 2005). An example of an indi-
rect effect of IL-1β on angiogenesis is the pro-angiogenic activity
of osteopontin-treated monocytes on chick embryo chorioallan-
toic membranes that is completely abrogated by neutralization
with anti-IL-1β antibodies (Naldini et al., 2006). In addition, sys-
temic treatment with IL-1Ra prevented the formation of new
blood vessels in corneas impregnated with VEGF or basic FGF
(Coxon et al., 2002). In conclusion, IL-1, most probably the
actively secreted form of IL-1β, functions directly or indirectly
on myeloid infiltrating cells, as well as ECs, and thus regulates
inflammation-induced angiogenic responses.

IL-1 MOLECULES PLAY A KEY ROLE IN THE TUMOR
MICROENVIRONMENT
The induction of angiogenesis is considered to be a hallmark
of cancer and is important for tumor growth and dissemi-
nation (Folkman, 1995, 2001, 2003; Folkman and D’Amore,
1996). An initially developing tumor is dormant until it under-
goes the angiogenic switch, as initially described by Folkman.
During this switch, the balance between the pro-angiogenic and
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anti-angiogenic factors changes and angiogenic stimuli are pre-
dominant. One of the major mechanisms of the angiogenic
switch is enhanced expression and secretion of angiogenic factors,
mainly VEGF, by the malignant cells. However, the mechanisms of
the angiogenic switch are not completely elucidated, as detectable
tumors usually have undergone this switch and already have an
established vascular network. As indicated, tumor vascularization
occurs through “classical” angiogenesis, as well as via vasculo-
genesis, which involves cells recruited from the BM (Carmeliet,
2005; De Palma et al., 2005; Bertolini et al., 2006). Thus, cir-
culating VEGFR2-positive cells were shown to be initiators of
vasculogenesis; however, conflicting findings on their ability to
incorporate into newly formed blood vessels at tumor sites have
been reported (De Palma et al., 2003; Gothert et al., 2004; Peters
et al., 2005; Purhonen et al., 2008; Carmi et al., 2013). EPCs were
initially described by Asahara, who reported on their ability to
repair angiogenesis in ischemic tissues (Asahara et al., 1999). It
was found that IL-1β can mobilize EPCs in a VEGF-dependent
manner by regulation of VEGF and VEGFR2 expression on ECs,
thus supporting neovascularization (Amano et al., 2004).

In further studies, a population of hematopoietic cells express-
ing endothelial markers, such as CD31, VEGFR2, and Tie2, was
described and termed myeloid angiogenic cells (MACs) (Medina
et al., 2010). These cells express high levels of pro-angiogenic and
macrophage type 2 markers (Medina et al., 2011) and their func-
tion at the tumor site is still disputed. In some models, MACs
were shown to differentiate into mature ECs that incorporate into
the vasculature (Kawamoto et al., 2001; Urbich et al., 2003); how-
ever, upon intravitreal injection, MACs enhanced vascular repair
of ischemic retinopathy, but preserved their original phenotype
and did not differentiate into mature ECs. In addition, BMD cells
of myeloid origin were shown to be essential for tumor-mediated
angiogenesis. The proximity of BMD cells, including MACs, to
ECs lining blood vessels suggests their paracrine role, facilitating
the EC response during angiogenesis. These cells probably do not
incorporate into blood vessels but function as supporting cells
(Ziegelhoeffer et al., 2004).

Various populations of BMD myeloid cells are found in the
tumor microenvironment. These include circulating monocytes,
Tie-2 expressing monocytes (TEMs), myeloid-derived suppres-
sor cells (MDSCs), tumor-associated macrophages (TAMs) and
neutrophils (reviewed in Murdoch et al., 2008; Wels et al., 2008;
Coffelt et al., 2010; Ferrara, 2010a; Ruffell et al., 2012; Sica et al.,
2012; Chambers et al., 2013; De Palma and Lewis, 2013; Favre
et al., 2013). The precise relationship among the myeloid cell
types is uncertain and it is not known whether they act in the
tumor microenvironment in redundant or specific manners. In
various tumor experimental systems, diverse myeloid cell popula-
tions dominate. Mantovani et al. suggested a unifying hypothesis
that myeloid cells at tumor sites actually represent a continuum
of cell populations that all share properties of M2-macrophages,
which promote tumor-mediated angiogenesis and progression
(Mantovani and Sica, 2010; Allavena and Mantovani, 2012).
Myeloid cells perform paracrine functions in the tumor-mediated
environment, secreting angiogenic factors, and providing the
inflammatory milieu for the angiogenic response. For example,
MDSCs and TAMs secrete VEGF and MMP9, which increases the

bioavailability of VEGF sequestered in the extracellular matrix
by its proteolytic activity (reviewed in Murdoch et al., 2008;
Mantovani et al., 2009; Gabrilovich et al., 2012).

IL-1, as a major hematopoietic and pro-inflammatory
cytokine has dramatic effects on the generation of myeloid cells in
the BM and on their recruitment to tumor sites, as well as on the
in situ phenotype/function of these cells in the tumor microen-
vironment (reviewed in Apte and Voronov, 2008; Voronov et al.,
2013). For example, in vitro, addition of IL-1 to BMCs increases
secretion of VEGF and the total number of BMCs expressing
CD34 or Flk-1 (Qin et al., 2006). Indeed, the absence of IL-
1β in the tumor microenvironment limited the recruitment of
FGF1-producing mononuclear cells to tumor sites (Prudovsky
et al., 2003). Thus, it was suggested that IL-1 can affect BMD
differentiation or induce them to secrete pro-inflammatory or
angiogenic factors (reviewed in Apte and Voronov, 2008; Voronov
et al., 2013), which are also involved in the recruitment of addi-
tional myeloid cells to tumor sites. Indeed, the importance of
the VEGFR1/VEGF-A axis in recruiting myeloid cells that express
VEGFR1 to tumor sites has been noted, and in mice deficient
in VEGFR1, decreased recruitment of macrophages and other
myeloid cells into tumors was observed (Duyndam et al., 2002).
In addition, depletion of VEGFR1 in the renal cell carcinoma
model leads to inhibition of macrophage recruitment to tumors
(Li et al., 2011).

In our studies, the role of microenvironment-derived IL-1
on the recruitment of VEGFR1-positive BMD cells to tumor
sites was confirmed. We characterized a new auto-induction cir-
cuit, IL-1β/VEGF, which acts via interactions between BMDs,
mainly VEGFR1+/IL-1R1+immature myeloid cells (MDSCs) and
to a lesser extent macrophages, and tissue-resident ECs (Carmi
et al., 2013). Myeloid cells do not directly stimulate ECs for
migration, proliferation, and subsequent blood vessel forma-
tion. However, they produce IL-1β and a network of other pro-
inflammatory cytokines/molecules, such as Bv8, CCL2 and CCL3,
etc., which subsequently activate resting tissue-resident ECs to
produce VEGF, as well as other direct pro-angiogenic factors,
such as PlGF and bFGF. Thus, IL-1β provides the inflammatory
microenvironment for angiogenesis and tumor progression. We
have shown that IL-1β inhibition stably reduces tumor growth, by
limiting inflammation and inducing the maturation of MDSCs
into M1 macrophages, which do not promote tumor invasive-
ness and can be cytotoxic/cytostatic for tumor cells. In addition,
M1 macrophages also serve as antigen-presenting cells for induc-
ing anti-tumor immunity. These results suggest that IL-1β, apart
from its ability to affect recruitment of myeloid cells, controls
their maturation or activation for a pro-tumorigenic phenotype
(Song et al., 2005; Bunt et al., 2006; Tu et al., 2008; Carmi et al.,
2013). For example, Hagenmann et al. showed that IL-1R sig-
naling in macrophages is essential for M2 polarization induced
by conditioned medium of tumor cells (Hagemann et al., 2008).
Other studies also showed the involvement of IL-1β in myeloid
cell differentiation. Thus, IL-1β inhibits the skewing of myeloid
cells present in proangiogenic cultures from circulating angio-
genic cells to mature dendritic cells (DCs) (Mohty et al., 2003;
Denny et al., 2007). In addition, IL-1β can impair maturation in
DCs treated with rapamycin (Turnquist et al., 2008).
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Our experimental system of tumor cells encapsulated in
Matrigel plugs allows the study of the early angiogenic response
and even the angiogenic switch. In this case, VEGF produced by
ECs possibly synergizes with direct angiogenic factors secreted by
the malignant cells. Traditionally, it was thought that ECs respond
to VEGF during the angiogenic response and produce very lit-
tle or undetectable amounts of VEGF (Kerbel, 2008). In other
studies, using large, established tumors that are densely infiltrated
by “activated” myeloid cells, it was shown that VEGF mainly
originates from such myeloid cells and it controls tumor angio-
genesis (reviewed in Apte and Voronov, 2008; Murdoch et al.,
2008; Coffelt et al., 2010; Ferrara, 2010a; Mantovani and Sica,
2010; Qian and Pollard, 2010; Ruffell et al., 2010; Allavena and
Mantovani, 2012; Gabrilovich et al., 2012). In the early stages of
tumor development, as assessed in our studies, myeloid cells are
probably not yet sufficiently activated to produce VEGF. Thus, at
different stages of tumor progression, VEGF is secreted by diverse
microenvironmental cells and it acts together with angiogenic
factors of tumor cell origin.

Results of our studies have shown that IL-1β is a major medi-
ator in the tumor microenvironment, which plays a crucial role
in the angiogenic response. IL-1β acts together with VEGF in
mounting and maintaining tumor-mediated angiogenesis.

THE DIFFERENTIAL EFFECTS OF IL-1 MOLECULES IN
TUMOR-INDUCED ANGIOGENESIS AND INVASIVENESS
High levels of IL-1 molecules are found in experimental tumor
models and in human malignancies and IL-1 has been implicated
as a key factor in tumor progression. IL-1 exerts its prolifer-
ative and angiogenic effects in the tumor microenvironment,
mainly via interaction with stromal, inflammatory, as well as the
malignant cells, stimulating tumor cell proliferation and inva-
sion through autocrine or paracrine loops. For example, IL-1β

induces secretion of chemokines by both tumor and tumor-
microenvironmental cells and thus promotes cancer invasiveness
(Portier et al., 1993; Suswam et al., 2005; Apte et al., 2006a;
Naldini et al., 2010). A few studies have documented constitutive
IL-1β protein production in human and animal cancer cell lines,
including sarcomas and ovarian cell carcinomas (Dinarello, 1996;
Lewis et al., 2006). In patients, overexpression of IL-1β has been
described in solid tumors, including breast, colon, lung, head
and neck cancers, and melanomas. In some tumors, IL-1, as well
as other pro-inflammatory cytokines, is induced by oncogenes
that transform the cell, thus providing the microenvironment for
invasiveness of the malignant cells. In other types of tumors, IL-
1 is induced only in the invasiveness and metastasis phases. The
switch-on of IL-1 genes in malignant cells is induced by genetic
alterations and possibly also by microenvironment-derived sig-
nals. Indeed, high IL-1 concentrations within the tumor microen-
vironment have been reported in numerous studies in cancer
patients and experimental models and are associated with a more
virulent tumor phenotype (reviewed in Elaraj et al., 2006; Lewis
et al., 2006).

In the tumor milieu, IL-1 induces expression of various
metastatic mediators, such as matrix metalloproteinases (MMP),
VEGF, IL-8, IL-6, TNFα, and TGFβ (reviewed in Dinarello, 1996;
Apte and Voronov, 2002, 2008; Apte et al., 2006b; Lewis et al.,

2006; Voronov et al., 2013). Previously, in a transgenic model
of Myc-dependent carcinogenesis, IL-1β was characterized as
the principal effector molecule in the onset of angiogenesis, via
MMP-mediated sequestration of extracellular matrix-associated
VEGF and its further ligation to its cognate receptor on ECs
(Shchors et al., 2006).

Our studies throughout the years have assessed the role of the
IL-1 molecules in different phases of the malignant process, such
as carcinogenesis, tumor angiogenesis, and invasiveness (Song
et al., 2003, 2005; Krelin et al., 2007). Using a transplantable
fibrosarcoma cell line transfected with cDNAs of the active forms
of IL-1β, i.e., the mature form of IL-1β or the mature form of
IL-1β ligated to a signal sequence (ssIL-1β), in which IL-1β is
actively secreted through the endoplasmic reticulum-Golgi path-
way, we observed that invasiveness of the different tumor cell lines
was directly proportional to the amount of IL-1β secreted by the
malignant cells (Song et al., 2003, 2005). In this system, invasive-
ness correlated with increased angiogenesis and accumulation of
MDSCs in the spleen and tumor, which leads to general anergy.
Similar observations were described in other experimental sys-
tems using IL-1β-transfected tumor cells (Saijo et al., 2002; Nakao
et al., 2005; Bunt et al., 2006). We have hypothesized that ini-
tially small amounts of tumor cell-derived IL-1β induce a local
inflammatory response, which subsequently recruits and activates
BMDs that further secrete IL-1β, as well as an entire cytokine
network that promotes tumor-mediated angiogenesis and tumor
progression.

In various tumor models, we found that IL-1β induces
increased tumor growth, invasiveness, and angiogenesis, when
compared to IL-1α (Song et al., 2003; Voronov et al., 2003,
2010b). However, in some tumor cells, active secretion of IL-1α

is observed (Apte and Voronov, 2008; Voronov et al., 2013).
In some tumors, such as breast carcinoma or pancreatic can-

cer, a pro-angiogenic signature correlated with IL-1α signaling
(Matsuo et al., 2009; Guo and Gonzalez-Perez, 2011; Zhou et al.,
2011). In these studies, IL-1α was shown to be involved in the
induction of VEGF/VEGFR2 in the tumor microenvironment,
through a cascade involving leptin/Notch. Secreted IL-1α may
promote invasiveness in a similar manner to secreted IL-1β in
these tumors.

However, in most malignancies, IL-1 is produced not only by
tumor cells, but by other cells, such as neutrophils, macrophages,
and MDSCs, recruited to the tumor microenvironment (reviewed
in Apte and Voronov, 2008; Witz, 2008; Balkwill and Mantovani,
2010; Demaria et al., 2010; Grivennikov et al., 2010; Hanahan and
Weinberg, 2011; Voronov et al., 2013).

These recruited cells thereby promote inflammation in the
tumor microenvironment and thus increase the angiogenic
response, tumor cell invasiveness and metastasis (Goldberg and
Schwertfeger, 2010; Naldini et al., 2010; Schmid et al., 2011;
Carmi et al., 2013).

Using IL-1 KO mice, we demonstrated that
microenvironment-derived IL-1β, and to a much lesser
extent IL-1α, is responsible for in vivo tumor angiogenesis
and invasiveness of B16 melanoma cells. Significantly decreased
angiogenesis was observed in IL-1β deficient mice injected with
either melanoma cells or melanoma cell-containing Matrigel
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plugs, when compared to wild-type mice. In IL-1α KO mice,
tumor growth and angiogenesis in Matrigel plugs were observed
to a lesser extent than in WT mice, but higher than those in
IL-1β KO mice (Voronov et al., 2003). Addition of recombinant
IL-1 into Matrigel plugs containing B16 cells in IL-1β KO mice
partially restored the angiogenic response, while addition of
IL-1Ra to B16-containing Matrigel plugs in wild-type mice
inhibited the ingrowth of the blood vessel network into the
plugs. In subsequent studies, the angiogenic potential of IL-1 was
confirmed by Elaraj et al., who observed high expression of IL-1
mRNA in more than half of all tested metastatic human tumor
specimens, including non-small-cell lung carcinoma, colorectal
adenocarcinoma, and melanoma tumor samples. Supernatants
from IL-1 expressing cell lines induced a significant increase in
EC monolayer permeability, a hallmark event in early angiogen-
esis. Systemic treatment with recombinant IL-1Ra resulted in
significant inhibition of xenograft growth and neovessel density
of IL-1-producing tumor cell lines. Nevertheless, the addition
of IL-1Ra did not have any effect in non-IL-1-producing tumor
lines (Elaraj et al., 2006).

ANTI-IL-1 THERAPY IN ANTI-TUMOR APPROACHES
Since tumor development is related to and dependent on the
angiogenic response, anti-angiogenic therapy targeting blood ves-
sel formation was used to suppress existing tumors and to pre-
vent metastasis. Various studies used different anti-angiogenic
molecules or agents to limit tumor angiogenesis. The main
molecule used in these experiments was VEGF, which is the
most abundant pro-angiogenic molecule. A number of preclinical
studies demonstrated a significant inhibition of tumor growth in
various types of cancer by blocking VEGF (Ferrara and Kerbel,
2005). VEGF has been approved by the FDA to be used in
cancer patients to inhibit tumor growth. Anti-VEGF monoclonal
antibodies (bevacizumab, also called Avastin) were tested in var-
ious metastatic cancers in humans, usually in combination with
chemotherapy (Ferrara et al., 2005; Carmeliet and Jain, 2011).
However, some patients are refractory to this treatment and
tumor recurrence or even metastases were observed after initial
tumor shrinkage. It is beyond the scope of this review to sum-
marize the effects of anti-VEGF therapy in cancer patients. In
animal models, it was also shown that termination or interrup-
tion of VEGF neutralization induces rapid vascular regrowth in
tumors and limits tumor-suppressive effects of VEGF treatment
(reviewed in Kubota, 2012; Bellou et al., 2013). The dramatic
response of the tumor microenvironment to VEGF inhibition
may be due to the key role VEGF plays in normal cell viabil-
ity, including ECs, myeloid cells, and possibly other cell types
involved in tissue homeostasis (Chung and Ferrara, 2011; Lazarus
and Keshet, 2011; Luo et al., 2011; Potente et al., 2011). For exam-
ple, blocking VEGF induces EC apoptosis, resulting in the loss
of integrity of blood vessels, and disturbance of tissue homeosta-
sis. Due to these effects, VEGF blockage damages not only tumor
blood vessels, but also healthy vessels, thus occasionally result-
ing in severe complications, such as hemorrhagic or thrombotic
events (Verheul and Pinedo, 2007).

Different mechanisms have been proposed to explain rebound
angiogenesis following VEGF neutralization (Casanovas et al.,

2005; Ferrara, 2010b; Chung and Ferrara, 2011; Carmi et al.,
2013). For example, intrinsic mechanisms, such as the adap-
tation of malignant cells to low VEGF levels by selecting
tumor cell variants that are less dependent on VEGF for
their survival/proliferation or variants with enhanced expres-
sion/secretion of other pro-angiogenic factors, such as bFGF or
PlGF have been described (Casanovas et al., 2005; Fischer et al.,
2007; Kubota, 2012). Following VEGF neutralization, extrin-
sic mechanisms also contribute to tumor recurrence by altering
microenvironment cells to express different or additional angio-
genic factors, thus facilitating tumor recurrence. These include
induced secretion of Bv8 by MDSCs and a subsequent VEGF-
independent angiogenic response (Shojaei et al., 2007; Carmi
et al., 2013) or expression of PDGF-C in cancer-associated fibrob-
lasts (Bergers and Hanahan, 2008; Crawford et al., 2009). In our
studies, we described a novel mechanism of rebound angiogene-
sis after VEGF inhibition in Matrigel plugs containing tumor cells
(Carmi et al., 2013). This resulted in significant and consistently
elevated expression of direct angiogenic factors, such as bFGF,
PlGF, and PDGF, as well as VEGF in VEGFR1+ immature myeloid
cells, mostly MDSCs. The re-programming of VEGFR1+ imma-
ture myeloid cells into active pro-angiogenic cells also involves
increased expression of hypoxia-inducible factor 1α, a key tran-
scription factor regulating angiogenesis (Cramer and Johnson,
2003; Semenza, 2011). In contrast, in “uninterrupted angio-
genesis” (without anti-VEGF treatment), as described above,
ECs, rather than myeloid cells, are the major cells that pro-
duce VEGF and other direct angiogenic factors (Carmi et al.,
2013).

In recent years, myeloid, cell-driven angiogenesis was shown to
contribute to refractoriness or resistance to VEGF inhibition. For
example, as discussed above, MDSCs can secrete Bv8, which fur-
ther upregulates granulocyte colony-stimulating factor that pro-
motes tumor growth and angiogenesis in a VEGF-independent
manner. Therefore, intervention in myeloid cell recruitment to
tumor sites in order to modulate differentiation or neutralization
of specific pro-inflammatory or pro-angiogenic factors secreted
by these cells, are now widely discussed. For example, blocking
CSF-1 was shown to be effective in suppressing tumor angio-
genesis (Kubota, 2012). In our studies, we found that blocking a
major, alarm, pro-inflammatory molecule derived from myeloid
cells, i.e., IL-1β can lead to a significant amelioration of tumor
angiogenesis (Voronov et al., 2003; Carmi et al., 2013). The
inhibition of IL-1β does not affect the healthy vascular system
or tissue homeostasis and is more suitable for anti-angiogenic
therapy than anti-VEGF approaches. IL-1β neutralization largely
inhibited infiltration of myeloid cells, which are obligatory for
tumor-mediated angiogenesis. Furthermore, IL-1β neutralization
induces maturation of immature myeloid cells into anti-invasive
M1 macrophages.

We recently found that IL-1β neutralization inhibited pro-
inflammatory genes, such as Bv8, CCL2 and CCL3 in myeloid
cells, and did not significantly alter the expression of angiogenic
factors. IL-1β inhibition also reduced in vivo tumor development
in mice injected subcutaneously with tumor cells. This inhibi-
tion was long-lasting and without recurrence a contrast to that
observed with anti-VEGF (Carmi et al., 2013).
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FIGURE 1 | Crosstalk between IL-1β and VEGF in the tumor

microenvironment. (A) In the tumor microenvironment, IL-1β can be
expressed initially by the malignant cells. In turn, IL-1β can recruit myeloid
cells from the BM and further activate them to secrete pro-inflammatory and
pro-angiogenic molecules, such as VEGF and IL-1β. Furthermore, IL-1β keeps
myeloid cells in their immature stage, where they are pro-invasive and
immunosuppressive. IL-1β can also activate tissue-resident ECs to produce

VEGF and other pro-angiogenic factors. The malignant cells can also be
activated by IL-1β for increased invasiveness. VEGF in the tumor
microenvironment activates ECs and myeloid cells and also has homeostatic
effects on these cells. (B) In the absence of IL-1β, inflammation, as well as
VEGF production is diminished, which results in reduced invasiveness. Lack
of IL-1β in the tumor microenvironment also induces the maturation of
MDSCs into anti-tumor M1 macrophages.

These results have provided the rationale to use IL-1β neu-
tralization as a treatment for tumor-mediated angiogenesis, and
subsequent tumor progression.

Indeed, the positive role IL-1Ra plays in reducing the angio-
genic response and in attenuating tumor progression has been
demonstrated by us (Song et al., 2003; Voronov et al., 2003)
and by others (Saijo et al., 2002; Nakao et al., 2005; Bunt
et al., 2006; Schmid et al., 2011). IL-1 neutralization agents are
available at the present time (Dinarello, 2010a,b; Dinarello and
van der Meer, 2012). The IL-1Ra, also called Anakirna (Kineret;
Amgen/Biovitrum) has been shown to be safe and effective in
alleviating symptoms of rheumatoid arthritis and other auto-
inflammatory diseases. Continuous delivery systems of recombi-
nant IL-1Ra or cells over-expressing IL-1Ra, encapsulated within
alginate-poly (L-lysine)-alginate (APA) microspheres, reduced
the tumor burden and inhibited tumor-mediated angiogene-
sis when implanted into tumor-bearing mice (Bar et al., 2004;
Lavi et al., 2007). Similarly, over-expression of the IL-1Ra in
human melanoma cell lines expressing endogenous IL-1, inhibits
tumor growth and metastasis in human melanoma xenografts
in nude mice through its effects on the microenvironment
(Weinreich et al., 2003; Elaraj et al., 2006). Altogether, these
results provide pre-clinical support for the use of IL-1Ra in cancer
therapy.

Recently, some novel IL-1 neutralization agents, such as
humanized anti-IL-1β, an IL-1 trap, as well as other agents
that indirectly inhibit IL-1β production, have been devel-
oped (Dinarello, 2011b). These agents are now ready for test-
ing in cancer patients. Optimally, IL-1 neutralization should
be most effective in patients with minimal residual disease
(MRD), to prevent tumor-induced angiogenesis, recurrence, and
metastasis.

CONCLUSIONS
Finally, this review demonstrated the important role of the IL-1
family molecules, especially IL-1β, in the tumor microenviron-
ment. IL-1β represents a major upstream cytokine that controls
the local pro-inflammatory cascade and thereby affects the bal-
ance between protective immunity and destructive inflammation.
IL-1 modulates diverse cells in the tumor microenvironment and
acts together with VEGF in mounting and maintaining tumor-
mediated angiogenesis (Figure 1). Thus, its neutralization should
reduce tumor progression and invasiveness via its affect on pro-
tumorigenic cells, and on the tumor-induced angiogenic switch.
Further characterization of the optimal conditions for IL-1 neu-
tralization could lead to the application of anti-IL-1 approaches
in cancer therapy.
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Tumor angiogenesis is an essential process for supplying rapidly growing malignant
tissues with essential nutrients and oxygen. An angiogenic switch allows tumor cells
to survive and grow, and provides them access to vasculature resulting in metastatic
disease. Monocyte-derived macrophages recruited and reprogrammed by tumor cells
serve as a major source of angiogenic factors boosting the angiogenic switch. Tumor
endothelium releases angiopoietin-2 and further facilitates recruitment of TIE2 receptor
expressing monocytes (TEM) into tumor sites. Tumor-associated macrophages (TAM)
sense hypoxia in avascular areas of tumors, and react by production of angiogenic factors
such as VEGFA. VEGFA stimulates chemotaxis of endothelial cells (EC) and macrophages.
In some tumors, TAM appeared to be a major source of MMP9. Elevated expression
of MMP9 by TAM mediates extracellular matrix (ECM) degradation and the release of
bioactive VEGFA. Other angiogenic factors released by TAM include basic fibroblast
growth factor (bFGF), thymidine phosphorylase (TP), urokinase-type plasminogen activator
(uPA), and adrenomedullin (ADM). The same factors used by macrophages for the
induction of angiogenesis [like vascular endothelial growth factor A (VEGF-A) and MMP9]
support lymphangiogenesis. TAM can express LYVE-1, one of the established markers
of lymphatic endothelium. TAM support tumor lymphangiogenesis not only by secretion
of pro-lymphangiogenic factors but also by trans-differentiation into lymphatic EC. New
pro-angiogenic factor YKL-40 belongs to a family of mammalian chitinase-like proteins
(CLP) that act as cytokines or growth factors. Human CLP family comprises YKL-40,
YKL-39, and SI-CLP. Production of all three CLP in macrophages is antagonistically
regulated by cytokines. It was recently established that YKL-40 induces angiogenesis
in vitro and in animal tumor models. YKL-40-neutralizing monoclonal antibody blocks tumor
angiogenesis and progression. The role of YKL-39 and SI-CLP in tumor angiogenesis and
lymphangiogenesis remains to be investigated.

Keywords: tumor-associated macrophages, TIE2 receptor, VEGF, LYVE-1, stabilin-1, chitinase-like protein

INTRODUCTION
Tumor-associated macrophages (TAM) are key cells controlling
tumor angiogenesis. TAM originate from circulating monocytes
which are recruited to the tumor site and programmed by tumor-
derived factors such as colony-stimulating factor-1 (CSF-1), vas-
cular endothelial growth factor A (VEGF-A) and CC chemokine
ligand 2 (CCL2) (Mantovani et al., 1992; Qian and Pollard, 2010).
These and other factors in the tumor microenvironment shape
the TAM phenotype and skew them toward tumor-supportive
M2-polarized macrophages, although M1-polarized TAM with
anti-tumor activity were also reported in several types of can-
cer (Forssell et al., 2007; Galarneau et al., 2007; Ong et al., 2012;
Sica and Mantovani, 2012). Macrophage density correlates with
poor prognosis in many types of human cancer. Tumor sup-
porting functions of TAM including stimulation of tumor cell
growth and the creation of favorable conditions for tumor cell

intravasation into vessels and metastatic spread are well-described
in animal models of breast cancer (Lin et al., 2006; Qian and
Pollard, 2010). Numerous recent studies have demonstrated that
TAM function as major producers of pro-angiogenic factors in
malignant tumors. The angiogenic switch is an important step in
cancer progression. The formation of new blood vessels is essen-
tial for fast growing tumor cells to be supplied with nutrients
and oxygen. The angiogenic switch allows tumor cells to survive
and provides them access to vasculature, which may result in the
escape of malignant cells into circulation and onset of metastatic
disease. Macrophages recruited and reprogrammed by tumor cells
produce factors mediating the angiogenic switch (Huang et al.,
2002; Lin et al., 2006; Du et al., 2008). The contribution of TAM
to tumor angiogenesis was described in animal models of breast
cancer, melanoma, prostate cancer, cervical cancer, and ovarian
cancer (Huang et al., 2002; Egami et al., 2003; Giraudo et al., 2004;
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Lin et al., 2006; Halin et al., 2009). A positive correlation between
TAM infiltration and angiogenesis was found in many human
cancers including breast cancer, melanoma, pulmonary adenocar-
cinoma, glioma, gastric cancer, B-cell non-Hodgkin’s lymphoma,
mucoepidermoid carcinoma of salivary glands, and leiomyosar-
coma (Leek et al., 1996; Nishie et al., 1999; Takanami et al., 1999;
Vacca et al., 1999; Torisu et al., 2000; Shieh et al., 2009; Espinosa
et al., 2011; Wu et al., 2012).

Clear evidence for the role of TAM in tumor angiogenesis was
reported by Lin and colleagues using the polyoma virus mid-
dle T oncogene (MMTV-PyMT) spontaneous mouse model of
mammary adenocarcinoma (Lin et al., 2006). Increased infiltra-
tion of the primary tumor with macrophages was associated with
an angiogenic switch. In CSF-1-null mice, macrophage infiltra-
tion of the tumor site was significantly lower and accompanied
by impaired development of the vasculature network. This was a
direct effect of the absence of macrophages in the tumors since
the restoration of macrophage numbers in the tumors of CSF-
1-null mice by the transgenic expression of CSF-1, specifically
in the mammary epithelium, resulted in the increase of ves-
sel density. VEGF was depleted in the stromal cells of tumors
of CSF-1 null mice suggesting that this is a significant reason
of impaired angiogenesis. Another in vivo study demonstrated
that human breast cancer spheroids implanted into nude mice
induced more pronounced vascularization if they were infiltrated
with macrophages before implantation (Huang et al., 2002).
In this model, macrophages contributed significantly to VEGF
release by spheroids and increased the angiogenic response. Up
to date, VEGF-A is the best characterized TAM-derived cytokine
involved in tumor angiogenesis.

VEGF PRODUCTION AND PROCESSING BY TAM
The ability of TAM to accelerate vessel growth is mediated
through the up-regulation and release of several pro-angiogenic
factors. The tumor microenvironment polarizes macrophages
toward M2 or a mixed M1/M2 phenotype, which is character-
ized by elevated expression of potent pro-angiogenic factors (Ly
et al., 2010; Rolny et al., 2011). Re-polarization of the TAM
phenotype toward M1 manifests in inhibition of pro-angiogenic
activity and elevated expression of anti-angiogenic factors such
as CXC-chemokine ligand 9 (CXCL9) and IFN-β (Rolny et al.,
2011). VEGF-A is known as a major pro-angiogenic cytokine
released by TAM. Its levels correlate with TAM density in sev-
eral types of human cancer (Valkovic et al., 2002; Shieh et al.,
2009). In breast cancer, TAM produce VEGF-A in hypoxic avas-
cular areas of tumors (Lewis et al., 2000). Recently, the MHCIIlow

subset of TAM which resides in hypoxic areas of tumors was
shown to be associated with a pro-angiogenic gene signature and
increased VEGF-A expression (Laoui et al., 2013). The accumu-
lation and retention of TAM in hypoxic areas of tumors seems to
be specifically regulated by hypoxia-induced factor semaphorin
3A which triggers macrophage recruitment through VEGFR1
(Casazza et al., 2013). In macrophages, hypoxia induces expres-
sion of hypoxia inducible factor (HIF-1α and HIF-2α) transcrip-
tion factors, the major master regulators of VEGF-A expression
(Bingle et al., 2002; Burke et al., 2002; Imtiyaz et al., 2010; Staples
et al., 2011). However, recent studies reported that HIF-1α and

HIF-2α may play opposing roles in tumor angiogenesis (Eubank
et al., 2011; Roda et al., 2012). In a mouse melanoma model,
chemical stabilization of HIF-2α in TAM stimulated production
of a soluble form of the VEGF receptor (sVEGFR-1) which neu-
tralized biological activity of VEGF-A. This resulted in reduced
angiogenesis and tumor growth (Roda et al., 2012). In contrast,
HIF-1α expression in TAM was responsible for VEGF-A produc-
tion. In agreement with this study, co-culture of breast cancer
spheroids with wild type or HIF-1α knocked out macrophages
revealed an indispensable role of macrophage-expressed HIF-1α

in tumor angiogenesis (Werno et al., 2010). Besides hypoxia,
HIF-1-controlled VEGF-A expression can be induced by several
cytokines. The production of IL1β by TAM is able to induce HIF-
1α expression and VEGF-A release in tumors. It was shown that
IL1β stimulates HIF-1α production in several cancer cell lines
even under normoxic conditions (Jung et al., 2003). Another
common TAM-produced cytokine, transforming growth factor
β1 (TGFβ1), also contributes to VEGF-A expression in mouse
macrophages through HIF-1α/β- and Smad3/4-dependent mech-
anisms (Jeon et al., 2007). Alternatively, VEGF-A expression
can be induced by tumor-released CSF-1 (M-CSF), which acts
through NF-κB activation and, in combination with CCL2, pro-
motes pro-angiogenic functions of macrophages (Eubank et al.,
2003; Wyckoff et al., 2004). Moreover, irradiation stimulates
tumor cells to produce higher levels of CSF-1 resulting in the
enhanced infiltration of pro-angiogenic myeloid cells into the
tumor site (Rego et al., 2013; Xu et al., 2013). Upon secretion
from cells, VEGF-A associates with extracellular matrix (ECM)
and its soluble form can be released by enzymatic cleavage of
ECM by matrix metalloproteinases (MMPs) (Lee et al., 2005).
Several studies revealed that TAM can significantly contribute to
this process. In a mouse model of human ovarian cancer, TAM
were found to be a major source of MMP9. Furthermore, the
presence of MMP9-expressing TAM positively correlated with
tumor angiogenesis, tumor growth and VEGF-A levels (Huang
et al., 2002). Elevated expression of MMP9 by tumor-infiltrating
inflammatory cells in a mouse pancreatic cancer model mediated
the release of bioactive VEGF-A from its extracellular reservoir
(Bergers et al., 2000). In a similar study using a mouse glioblas-
toma tumor model, MMP9-producing macrophages and TIE2+
monocytes (TEM) contributed to the release of bioactive VEGF-
A from its ECM-bound form. These bone marrow-derived cells
were recruited into tumors by the HIF-1 target molecule CXC-
chemokine ligand CXCL12 (SDF-1α) released by tumor cells
(Du et al., 2008). It should be noted that targeting CXCL12
and its receptor CXCR4 in mouse glioblastoma prevented HIF-1-
mediated recruitment of pro-angiogenic TAM and TEM, reduced
vasculogenesis and abrogated tumor growth after irradiation
(Kioi et al., 2010). Interestingly, a recent study demonstrated that
in contrast to high-dose tumor irradiation, local low-dose gamma
irradiation of pancreatic carcinomas induced TAM with an anti-
tumor immunostimulatory phenotype. These TAM downregu-
lated HIF-1 expression and suppressed intratumoral VEGF-A
production resulting in the normalization of tumor vasculature.
This study emphasizes the plasticity of the TAM phenotype and
the possibility to revert their pro-angiogenic properties through
dampening of VEGF-A-dependent angiogenesis (De Palma et al.,
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2013; Klug et al., 2013). Altogether, most of the studies demon-
strate the indispensable role of TAM in the induction of tumor
angiogenesis either through the direct production of VEGF-A or
modulation of its accessibility in the tumor microenvironment.

Despite the undeniable role of VEGF in tumor angiogenesis,
several studies revealed that other molecular factors (presum-
ably HIF-1-induced factors) can significantly contribute to this
process (Kioi et al., 2010; Chen et al., 2012).

OTHER ANGIOGENIC FACTORS RELEASED OR
INTERNALIZED BY TAM
Besides VEGF, TAM release a panel of pro-angiogenic factors
which include tumor necrosis factor α (TNFα), basic fibroblast
growth factor (bFGF), thymidine phosphorylase (TP), urokinase-
type plasminogen activator (uPA), adrenomedullin (ADM), and
semaphorin 4D (Sema4D) (Hildenbrand et al., 1995; Leek et al.,
1998; Mantovani et al., 2007; Sierra et al., 2008; Chen et al.,
2011). TP stimulates the migration of endothelial cells (EC),
whereas uPA mediates ECM degradation and increases vascular
invasion (Hotchkiss et al., 2003; Piao et al., 2005; Basire et al.,
2006; Bijnsdorp et al., 2011). Macrophage-derived TP was asso-
ciated with angiogenesis and reduced survival in human glioma
and intestinal type gastric cancer (Yao et al., 2001; Kawahara
et al., 2010). Elevated expression of TP is correlated with a poor
prognosis in breast cancer and pancreatic cancer, and uPA expres-
sion is correlated with a poor prognosis in breast cancer (Takao
et al., 1998; Toi et al., 1999; Harbeck et al., 2002). Macrophage-
derived IL1α directly stimulated endothelial tube formation and
neovascularization, as well as growth of mouse prostate tumors
(Kwon et al., 2013). TAM-derived ADM was shown to induce
angiogenesis and tumor growth in a mouse model of melanoma,
and can potentially be implicated in human melanoma angio-
genesis (Chen et al., 2011). In mouse models of breast cancer,
TAM-produced Sema4D was found to be critical for tumor angio-
genesis, vessel maturation, and tumor growth (Sierra et al., 2008).
Sema4D induced motility of EC via the engagement of recep-
tor plexin B1. In Sema4D KO mice, interactions between EC
and pericytes (an essential process in vessel formation) were
disrupted. Another macrophage-derived pro-angiogenic factor,
prostaglandin E2 (PGE2), can be potentially involved in patholog-
ical angiogenesis induced in tumors by therapeutic interventions
which stimulate apoptosis. It was shown that apoptotic cells acti-
vated an angiogenic program in human macrophages resulting in
PGE2-mediated endothelial cell migration (Brecht et al., 2011).

Macrophages communicate with other cell types and control
tissue turnover not only by the release of various factors, but
also by their internalization and degradation. This clearance func-
tion is especially effective in alternatively activated macrophages
(M2) (Kzhyshkowska and Krusell, 2009). Thus, the clearance of
secreted protein acidic and rich in cystein (SPARC), a soluble
component of ECM that inhibits angiogenesis by the modula-
tion of expression of VEGF and MMPs (Zhang et al., 2012a),
has been demonstrated by us in human alternatively activated
macrophages (Kzhyshkowska et al., 2006a). Multifunctional scav-
enger receptor stabilin-1 is responsible for SPARC uptake and
targeting for degradation in lysosomes. We and others also found
in several tumor models that stabilin-1 is expressed by TAM

(Schledzewski et al., 2006; Werno et al., 2010; Algars et al., 2012;
David et al., 2012), leading to the hypothesis that stabilin-1-
mediated clearance of SPARC can affect tumor angiogenesis. The
clearance function of TAM as a mechanism of the regulation
of angiogenesis is underestimated at the moment and has to be
addressed experimentally.

TAM INDUCE ANGIOGENIC ACTIVITY IN TUMOR CELLS
The involvement of TAM in tumor angiogenesis is not limited
to the self-production of angiogenic factors. TAM are able to
release cytokines that indirectly contribute to tumor angiogene-
sis by the induction of a pro-angiogenic program in tumor cells.
It was demonstrated that human monocytes and macrophages
induced the production of the pro-angiogenic factors IL-8 and
VEGF from melanoma and glioma cells during co-culture (Torisu
et al., 2000; Hong et al., 2009). Elevated expression of IL-8 dur-
ing co-culture with macrophages was also found in several lung
cancer, osteogenic sarcoma and hepatoma cell lines (Chen et al.,
2003). Up-regulation of IL-8 expression was presumably medi-
ated by TAM-derived TNFα and IL1α, which stimulated NF-κB
activity in tumor cells (Yao et al., 2005). Macrophage-derived
TNFα and IL-1α were necessary for the release of IL-8 and VEGF
from melanoma cells (Torisu et al., 2000). In vitro M2-polarized
monocyte-derived macrophages enhanced the angiogenic poten-
tial of human basal cell carcinoma cells through the induction
of cyclooxygenase-2 (COX-2) expression resulting in the elevated
release of VEGF and bFGF from tumor cells (Tjiu et al., 2009).
Thus, tumor cells and recruited TAM cooperate in the tumor
microenvironment to amplify the production of pro-angiogenic
factors resulting in an angiogenic switch (Figure 1).

TIE2 EXPRESSING MONOCYTES AS MAJOR INDUCERS OF
TUMOR ANGIOGENESIS
There is a growing set of evidence that specific subpopula-
tions of TIE2 receptor expressing monocytes (TEM) in mice
and humans significantly contribute to tumor angiogenesis
(Lewis et al., 2007; Matsubara et al., 2013). These mono-
cytes/macrophages are attracted into the tumors by endothelial
cell (EC)-derived cytokine angiopoietin-2 (ANG-2), which inter-
acts with its receptor TIE2 (Huang et al., 2011). In addition, TEM
express chemokine receptor CXCR4 and can be attracted into
tumors by CXCL12 (Welford et al., 2011). This subpopulation
of macrophages is associated with vessels and is highly angio-
genic acting in a paracrine manner (De Palma et al., 2005). It
is not known whether TIE2 expressing monocytes are recruited
into specific types of solid tumors and whether stimulation of
TIE2 expression in the conventional TAM associated with blood
vessels can result into development of TEM phenotype. Blood cir-
culating TIE2 expressing monocytes are already pre-programmed
to exert pro-angiogenic activity and express elevated levels of
MMP9, VEGF-A, COX-2, and Wnt5a (Coffelt et al., 2010). When
stimulated by EC-derived ANG-2, TEM additionally upregulate
several pro-angiogenic factors including TP and cathepsin B.
Moreover, ANG-2 induces the expression of IL-10 and CCL17
by TEM, factors which suppress T-cell proliferation and pro-
mote the expansion of regulatory T-cells providing tumor cells
with a way to escape from immune responses (Coffelt et al.,
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FIGURE 1 | Cross-talk between macrophages, tumor cells and

endothelium during tumor angiogenesis and lymphangiogenesis. Tumor
hypoxia and cytokine crosstalk between tumor cells (TC) and TAM results in
the induction of a pro-angiogenic program in both cell types followed by the
release of multiple soluble factors stimulating migration and proliferation of
vascular endothelial cells (VEC) either directly or through the mobilization of

extracellular matrix (ECM)-bound VEGF-A. In addition, TC and VEC are able to
attract specific population of TIE-2 expressing monocytes (TEM) with high
angiogenic potential. TAM and TEM-derived factors as well-induce growth of
tumor lymphatic vessels (LV). Through the production of factors such as
VEGF-A and MMP9 influencing growth of both lymphatic and vascular EC,
TAM link processes of tumor angio- and lymphangiogenesis.

2011). TEM were described to cause re-growth of subcutaneous
breast and lung carcinomas after local irradiation (Kozin et al.,
2010). In addition, they limited the efficacy of vascular-disrupting
compounds in murine mammary tumors, presumably initiating
vascular repair (Welford et al., 2011). Several studies reported
an important role of EC in the differentiation and functional
activity of TEM. The interaction of TEM with activated EC was
important for TIE2 upregulation and the establishment of a
pro-angiogenic program in TEM (Mazzieri et al., 2011). A block-
ade of EC-derived ANG-2 in mouse MMTV-PyMT mammary
cancer downregulated TIE2 expression in TEM and disrupted
their association with angiogenic blood vessels. The inhibition
of TIE2 expression by TEM resulted in reduced tumor angio-
genesis. In another study, co-culture of primary EC with bone
marrow-derived hematopoietic progenitor cells drove the differ-
entiation of pro-angiogenic TIE2 expressing macrophages, which
established tight associations with EC and supported tumor
growth. The expansion of macrophage colonies was induced
by EC-derived CSF-1 (He et al., 2012). Interestingly, expres-
sion profiles of TEM, resident monocytes and TIE2 express-
ing embryonic macrophages are related, suggesting that these
myeloid populations represent developmental stages of TEM
(Pucci et al., 2009). Recently, Medina and colleagues character-
ized a subpopulation of pro-angiogenic monocytes from human
peripheral blood which were also referred to as myeloid angio-
genic cells (MACs) (Medina et al., 2011). These cells had a

signature of M2-polarized macrophages and expressed a panel
of markers including CD163, IL-10 and macrophage scavenger
receptor-1 (MSR-1). Moreover, they expressed and released a
spectrum of pro-angiogenic factors such as IL-8, MMP9, and
VEGF. According to the gene expression profile, MACs resembled
TEM and induced endothelial tubule formation mediated mainly
through IL-8 release. The role of this monocytic subpopulation
in tumor angiogenesis was not described. However, their clear
pro-angiogenic properties and predisposition to M2 polarization
suggest a potential contribution to tumor angiogenesis once these
cells are recruited to the tumor site. A summary of the complex
regulation of angiogenesis by TAM is schematically presented on
Figure 1.

EFFECT OF TAM ON LYMPHANGIOGENESIS
In recent years, evidence has accumulated that macrophages
are not only critical regulators of angiogenesis, but also crucial
participants in lymphangiogenesis, both in inflammatory set-
tings and in tumors (Ran and Montgomery, 2012). Importantly,
macrophages may simultaneously induce both angiogenesis and
lymphangiogenesis by the production of VEGF-A and MMP9.
These cytokines which are abundantly produced by subpopula-
tions of TAM were shown to induce the development of both
blood and lymphatic vessels. Thus, TAM-derived factors can link
tumor angiogenesis and lymphangiogenesis (Scavelli et al., 2004;
Coffelt et al., 2009; Gomes et al., 2013) (see Figure 1).
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Macrophages can utilize two main pathways to stimulate
lymphangiogenesis: either by the direct secretion of prolym-
phangiogenic factors or by trans-differentiation into lymphatic
EC, actively taking part in the formation of lymphatic vessels
(Kerjaschki, 2005). TAM can express a major marker of lymphatic
vessels, LYVE-1 (lymphatic vessel endothelial hyaluronan recep-
tor (1), both in murine and human tumors (Schledzewski et al.,
2006; Zumsteg et al., 2009). It was reported that in mouse mod-
els of pancreatic insulinoma and prostate cancer F4/80+Lyve-1+
TAM directly integrated into peritumoral lymphatic vessels and
presumably lost their macrophage features upon this integration
(Zumsteg et al., 2009). Even though not all researchers agree with
the trans-differentiation hypothesis (Gordon et al., 2010), the
fact that certain macrophages secrete pro-lymphangiogenic fac-
tors in certain circumstances, such as in inflammation or tumors,
is undisputed. Below we review the pro-lymphangiogenic factors
secreted by tumor associated macrophages (TAM), as well as the
role of TAM density in evaluating tumor lymphangiogenesis.

FACTORS PRODUCED BY TAM THAT REGULATE
LYMPHANGIOGENESIS
There are a few factors produced by TAM that are responsible
for the induction of lymphangiogenesis, with VEGFR-3 and its
ligands, VEGF-C and VEFG-D, thought to have a key role in
it. Studies have shown that VEGF-C producing tumor cells sig-
nificantly increase intratumoral lymphangiogenesis together with
regional metastasis (Skobe et al., 2001a). Additionally, the inhibi-
tion of VEGFR-3 with receptor-specific antagonist antibodies was
shown to suppress tumor lymphangiogenesis as well as regional
and distant metastasis (Roberts et al., 2006). Schoppmann et al.
found that TAM expressing VEGF-C, VEGF-D, and VEGFR-
3 substantially increased tumor lymphatic microvessel density
(LVD) in cervical cancer (Schoppmann et al., 2002). In another
study, they showed that TAM expressing VEGF-C increased
tumor lymphangiogenesis and lymphovascular invasion in breast
cancer. Moreover, a positive correlation was found between
VEGF-C+ stromal cells and VEGF-C+ tumor cells (Schoppmann
et al., 2006). Similar findings were obtained in a study of Lewis
lung carcinoma cells in which M2 macrophages displayed the
ability to induce VEGF-C expression in tumor cells (Zhang et al.,
2012b). By depletion of VEGFR-3+ TAM with clodronate lipo-
somes, Yang et al. were able to obtain a considerable reduction
(>80%) in the secretion of VEGF-C and VEGF-D in the tumor
mass and also a significant reduction in LVD (Yang et al., 2011).
Recently, the critical role of VEGF-C producing TAM in lym-
phangiogenesis and tumor dissemination was found in mantle
cell lymphoma (Song et al., 2013). The description of VEGF-C
expressing TAM and their prolymphangiogenic influence can also
be found in a variety of other studies (Jeon et al., 2008; Moussai
et al., 2011; Ding et al., 2012; Werchau et al., 2012; Wu et al.,
2012).

Although VEGF-C, VEGF-D, and VEGFR-3 are mainly
regarded as prolymphangiogenic factors, there are studies sug-
gesting their role in angiogenesis. The mature forms of VEGF-C
and VEFG-D possess the ability to bind to VEGFR-2, a recep-
tor associated with angiogenesis (Joukov et al., 1997; Stacker
et al., 1999; Lohela et al., 2009). Moreover, VEGF-C was shown

to promote angiogenesis in vivo and to promote angiogenesis, in
addition to lymphangiogenesis, in melanoma models (Cao et al.,
1998; Skobe et al., 2001b). VEGFR-3 is also associated with the
promotion of angiogenesis. In a study on mouse angiogenesis
models, the blockage of VEGFR-3 with monoclonal antibodies
was found to decrease sprouting, vascular density and endothe-
lial cell proliferation. Additionally a blockage of VEGFR-3 in
combination with the blockage of VEGFR-2 resulted in additive
inhibition of angiogenesis and tumor growth (Tammela et al.,
2008).

VEGF-A, a classical pro-angiogenic factor expressed by TAM,
was found to be involved also in lymphangiogenesis. Apart
from indirectly stimulating lymphangiogenesis by recruiting
macrophages (Cursiefen et al., 2004), VEGF-A has been shown to
induce proliferation and migration of VEGFR-2 expressing lym-
phatic endothelial cells (LEC) in vitro (Hong et al., 2004) and to
induce sentinel lymph node lymphangiogenesis in a skin cancer
model (Hirakawa et al., 2005). In a fibrosarcoma model, VEGF-
A displayed the ability to induce peritumoral lymphangiogenesis
as well as contribute to lymphatic metastasis (Bjorndahl et al.,
2005a). Anti-VEGF-A therapy proved to be an effective way to
reduce both blood and lymphatic vascular densities in a breast
cancer model. Moreover, it decreased the VEGFR-3 expression
levels in LEC and reduced the incidence of regional and distant
metastasis (Bjorndahl et al., 2005b; Whitehurst et al., 2007).

In addition to the expression of direct inducers of lymphan-
giogenesis, TAM regulate lymphangioegensis, also indirectly, by
the production of enzymes, such as MMP, plasmin and uroki-
nase plasminogen activator (uPA), that regulate matrix remod-
eling and growth factor activation (Allavena et al., 2008). Matrix
remodeling and growth factor activation are very important pro-
cesses, both in angiogenesis and lymphangiogenesis. MMP-2 and
MMP-9 have been shown to have a role in governing the for-
mation of lymphatic vessels. MMP-2 facilitates LEC migration
through collagen fibers, which is otherwise affected by physi-
cal matrix constraints. Inhibition or downregulation of MMP-2
and MMP-9 reduces lymphangiogenesis, the invasive ability and
tube-forming properties of LEC (Nakamura et al., 2004; Detry
et al., 2012) that supports the idea that MMP-2 and MMP-9-
mediated lymphangiogenesis contribute their ability to promote
several types of tumors. Along with MMP-1 and MMP-2, uPA
was shown to have a role in lymphatic progression of oral tongue
squamous cell carcinoma (Zhang et al., 2011a). Plasmin has been
reported to activate the lymphangiogenic growth factors VEGF-
C and VEGF-D. Proteolytic processing of these growth factors by
plasmin greatly enhanced their affinity to VEGFR-3 and binding
to both VEGFR-2 and VEGFR-3 (McColl et al., 2003).

Numerous other pro-lymphangiogenic factors have been iden-
tified in recent years. Among them are ADM, angiopoietin 1 and
2 (Ang-1, Ang-2), COX-2, endothelin-1, fibroblast growth factor-
2 (FGF-2), growth hormone, heparanase, hepatocyte growth
factor (HGF), insulin-like growth factors 1 and 2 (IGF-1, IFG-
1), platelet-derived growth factor-BB (PDGF-BB) and tumor
necrosis factor alpha (TNF-α) (Duong et al., 2012; Ran and
Montgomery, 2012). Although these factors have been linked to
lymphangiogenesis, the evidence that TAM are expressing them
during carcinogenesis as part of their lymphangiogenic activity
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is still insufficient. Future studies will shed light on the role of
TAM in the complex control of tumor lymphangiogenesis by the
production of cocktails of regulators of lymphangiogenesis.

THE ROLE OF TAM DENSITY IN TUMOR TISSUE AND ITS
ASSOCIATION WITH LYMPHANGIOGENESIS
The idea that TAM regulate tumor lymphangiogenesis is strongly
supported by a significant correlation between the density of
TAM and LVD in tumor tissues. In human cervical cancer,
VEGF-C expressing TAM were found to correlate with increased
LVD in peritumoral stroma. All TAM producing VEGF-C were
also expressing VEGF-D and VEGFR-3 and were distinguished
from other cells by CD68, CD14, CD23, HLA-DR, and CD45
(Schoppmann et al., 2002). In a mouse model of breast cancer,
Ito et al. demonstrated a clear correlation between the density
of LYVE-1+ lymphatic vessels, CD68+ macrophage infiltration,
and VEGF-C expression. By comparison of breast cancer cell lines
BJMC338 and BJMC3879 having low and high metastatic poten-
tial, respectively, more aggressive tumors were found to have an
increased infiltration of CD68+ macrophages, higher expression
of VEGF-C and a higher LVD (Ito et al., 2011).

In human breast cancer, higher numbers of TAM expressing
VEGF-C were associated with a higher LVD and lymph node
metastasis or lymph vessel invasion (LVI) (Ding et al., 2012).
Similar results were found in other types of tumors as well. A
study on ciliary body melanoma showed a significant correla-
tion between LYVE-1+ and D2-40+ intraocular lymphatic vessels,
higher CD68+ macrophage infiltration rate and an increased
mortality rate (Heindl et al., 2010). Another study on melanoma
revealed a correlation between CD68+ macrophages and D2-
40+ lymphatic vessel invasion, but showed no association with
clinical outcomes (Storr et al., 2012). In human skin squamous
cell carcinoma, increased LYVE-1+ LVD was found to be associ-
ated with increased VEGF-C secretion by CD68+ and/or CD163+
macrophages (Moussai et al., 2011). Similar results were obtained
by Werchau et al. in a study of Merkel cell carcinoma. Here,
VEGF-C secreting CD68+ and/or CD163+ macrophages were
also found to increase LYVE-1+ or D2-40+ LVD (Werchau et al.,
2012). Unfortunately, both of these studies failed to provide
a prognostic significance for these correlations. In a study of
lymphangiogenesis in gastric cancer, CD68+ TAM were shown
to be associated with a higher D2-40+ LVD and were closely
related to serosa invasion and lymph node metastasis (Wu et al.,
2012). In pancreatic cancer, VEGF-C expressing M2-polarized
macrophages had an association with increased LVD density and
incidence of tumor cells in regional lymph nodes (Kurahara et al.,
2013).

Positive correlations between the number of TAM, LVD
and tumor progression was also demonstrated for lung and
esophageal cancers (Ohta et al., 2002; Kurahara et al., 2011; Zhang
et al., 2011b). Not all studies were able to show a correlation
between TAM, LVD and tumor progression, and some expla-
nation to this phenomenon can be found in a recent review
(Ran and Montgomery, 2012). Moreover, our examination of the
TAM phenotype in pancreatic insulinoma and melanoma mouse
models demonstrated that LYVE-1 can be expressed not only
by lymphatic vessels, but also by TAM themselves (Schledzewski

et al., 2006). Subtraction of CD68+LYVE+ macrophages has to
be done for precise quantification of lymphatic vessels in tumors
without counting LYVE-1+ macrophages. LYVE-1 is not the only
marker expressed by both TAM and the microvascular cells in
tumors. Stabilin-1 is also abundantly expressed on TAM and
non-continuous endothelium and probably on lymphatic ves-
sels (Kzhyshkowska et al., 2006b; Martens et al., 2006; Karikoski
et al., 2009; Kzhyshkowska, 2010). The available information
about the role of TAM in tumor lymphangiogenesis is summa-
rized in Table 1, and a solid body of data indicate that TAM are
able to support tumor lymphangiogenesis by direct and indirect
effects on EC using a broad spectrum of growth factors, cytokines
and enzymes overlapping with pro-angiogenic factors.

CHITINASE-LIKE PROTEINS AS NEW REGULATORS OF
TUMOR GROWTH AND VASCULARIZATION
Recently, a new potent inducer of angiogenesis, YKL40, has been
reported for several types of cancer (Shao et al., 2009; Faibish
et al., 2011; Francescone et al., 2011, 2013). YKL-40 belongs to the
family of Glyco_18 containing proteins that comprises chitinases
and chitinase-like proteins (CLPs) (Kzhyshkowska et al., 2006c,
2007). Mammalian CLPs include YKL-39, YKL-40, stabilin-1
interacting chitinase-like protein (SI-CLP) and YM1/YM2 (only
in rodents) that contain a Glyco_18 domain only; they lack criti-
cal amino acids within the catalytic site (Figure 2) and therefore
do not exhibit enzymatic activity (Kzhyshkowska et al., 2006c,
2007). Their biological activity is defined by specific interac-
tions mediated by the enzymatically silent Glyco_18 domain.
The Glyco_18 domain is characteristic for the evolutionary con-
served chitinases, which belong to the family of 18 glycosyl
hydrolases. Enzymatically active chitinases catalyze the hydroly-
sis of chitin, while their evolutionary conserved function in lower
life forms is to provide host defense against chitin-containing
organisms (Arakane and Muthukrishnan, 2010). However, at the
moment we have only limited information about the biological
functions of enzymatically silent CLPs that are induced during
inflammation and cancer. Major cell types that express CLPs are
macrophages and tumor cells. CLPs are secreted in the extracel-
lular space and therefore can mediate cellular crass-talk. CLPs
can also be found in circulation and can act both locally and
systemically.

YKL-40, also called human cartilage glycoprotein-39 (HCgp-
39), gp38k and Chitinase-3-like-1 (CHI3L1), is the best investi-
gated human chitinase-like protein regarding its association with
various disorders. Increased concentrations of YKL-40 in circu-
lation are associated with disorders characterized by different
types of inflammation and active tissue remodeling, including
asthma, arthritis, atherosclerosis and other cardiovascular disor-
ders (Wang et al., 2008; Kastrup, 2011; Harutyunyan et al., 2012;
Jensen et al., 2013; Konradsen et al., 2013). Circulating YKL-40
can be detected in human serum or plasma using RIA based
on polyclonal antibodies. Most intensively, circulating YKL-40
was investigated in tumor patients (Johansen et al., 2009; Allin
et al., 2012). Elevated levels of YKL-40 were found in the cir-
culation of patients with various solid tumors including glioma,
breast cancer, colorectal cancer, ovarian cancer, metastatic renal
and prostate cancer, and malignant melanoma. In breast cancer
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Table 1 | Role of TAM in tumor lymphangiogenesis and tumor progression.

Model TAM phenotype Action/correlation Method References

Cervical cancer CD68, CD14, CD23, HLA-DR,
and CD45

Express VEGF-C,VEGF-D, VEGFR-3
Increased LVD in peritumoral stroma

IHC, IF, Confocal
microscopy

Schoppmann et al.,
2002

Lung adenocarcinoma CD68, CD206 Increased LVD, increased lymph node
metastasis rate, poor prognosis

IHC, IF, Confocal
microscopy

Zhang et al., 2011b

Esophageal carcinoma CD68 Increased microvessel density IHC Ohta et al., 2002

Pancreatic cancer CD68, CD163, CD204 Increased LVD in cases with high
number of CD163/CD204 TAM
Increased lymph node metastasis rate
in cases with high number of CD163/
CD204 TAM

IHC Kurahara et al., 2011,
2013

Gastric cancer CD68 Higher LVD
Increased lymph node metastasis rate

IHC Wu et al., 2012

Merkel cell carcinoma CD68 and/or CD163 VEGF-C expression
Increased LVD

IHC, IF Werchau et al., 2012

Skin squamous cell carcinoma CD68 and/or CD163 VEGF-C expression
Increased LVD

IHC, IF Moussai et al., 2011

Melanoma CD68 Increased LVD IHC Storr et al., 2012

Ciliary body melanoma CD68 Increased LVD
Increased mortality rate

IHC Heindl et al., 2010

Mouse model of breast cancer CD68 Increased LVD and VEGF-C expression IHC Ito et al., 2011

FIGURE 2 | Mammalian chitinase-like proteins (CLP) belong to the

family of Glyc_18-containig proteins. (A) Schematic presentation of
mammalian Glyco_18 domain containing proteins. (B) Critical amino acid
in catalytic sites. The characteristic FDG sequence preceding the
catalytic motif is shown in the shadowed box. Catalytic amino acids are
shown in bold. Complete active catalytic motifs are underlined. This
research was originally published in Blood. Kzhyshkowska et al. (2006c)
© the American Society of Hematology.

patients, high levels of serum YKL-40 are associated with a poor
prognosis (Jensen et al., 2003; Johansen et al., 2003; Kim et al.,
2007; Yamac et al., 2008; Shao et al., 2011). In primary breast
tumors, YKL-40 protein expression was found in tumor cells
and in infiltrating inflammatory cells (Roslind et al., 2008). High
expression was associated with positive estrogen and progesterone
receptor status and high tumor differentiation. Serum levels of
YKL-40 are indicative of a poor prognosis and rapid metastatic
process. For example, increased plasma concentration of YKL-40
is related to poor prognosis and shorter survival of patients with
ovarian cancer, colorectal carcinoma, metastatic prostate carci-
noma and melanoma. A recent study demonstrated that YKL-40
expression in anal carcinoma is correlated with a poor outcome
and can predict lymph node metastases (Mistrangelo et al., 2013).
Differential levels of YKL-40 may reflect differences in the biol-
ogy of cancer cells themselves, as well as the activation of innate
immune responses in primary tumors, in particular, the activity
and functional polarization of TAM.

YKL-40 is also the best functionally investigated protein out of
all CLPs. Its stimulatory effect on tumor angiogenesis was demon-
strated in several studies. Porcine homolog of YKL-40, gp38k
(CHI3L1), specifically induces the migration of vascular smooth
muscle cells (VSMC), but not fibroblasts. Moreover, gp38k pro-
motes the attachment and spreading of VSMC (Nishikawa and
Millis, 2003). Elevated serum levels of YKL-40 are associated
with a worse prognosis among various advanced human cancers.
Recently YKL-40 was found to act as a strong pro-angiogenic
factor in cancer. It has been found that ectopic expression
of YKL-40 in MDA-MB-231 breast cancer cells and in HCT-
116 colon cancer cells led to larger tumor formation with an
extensive angiogenic phenotype than did control cancer cells in
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mice. Affinity-purified recombinant YKL-40 protein promoted
vascular endothelial cell angiogenesis in vitro, the effects of
which are similar to the activities observed using MDA-MB-
231 and HCT-116 cell-conditioned medium after transfection
with YKL-40. Blockade of YKL-40 using small interfering RNA
(siRNA) suppressed tumor angiogenesis in vitro and in vivo.
Immunohistochemical analysis of human breast cancer showed
a correlation between YKL-40 expression and blood vessel den-
sity (Shao et al., 2009). Furthermore, a potential receptor for
chitinase-like protein was identified for the first time in this
study. YKL-40 is a heparin-binding protein and syndecans are
a major source of cell surface heparin sulfate (HS). HS func-
tions as a key mediator connecting membrane receptors with
extracellular heparin-binding proteins, such as ECM protein vit-
ronectin and angiogenic factors (FGF, VEGF) (Lambaerts et al.,
2009). Shao et al. showed that YKL-40 induces a coordination of
membrane-bound receptor syndecan-1 and integrin alphavbeta3

and activates an intracellular signaling cascade, including focal
adhesion kinase and the MAP/Erk pathway (Shao et al., 2009).
YKL-40 also stimulates VEGF expression in U87 glioblastoma cell
line cells and synergistically with VEGF promote angiogenesis
(Francescone et al., 2011). YKL-40 is also able to enhance contact
of tumor and EC, to restrict vascular leakage and stabilize vascular
networks (Francescone et al., 2013).

Blocking of YKL-40 activity with monoclonal antibodies
demonstrated that this can be a promising therapeutic strategy for
advanced tumors (Faibish et al., 2011). A mouse monoclonal anti-
YKL-40 antibody (mAY) abolished YKL-40-induced activation of
VEGF receptor 2 (Flk-1/KDR) and MAP-mediated intracellular
signaling, and abrogated angiogenesis induced by YKL-40 con-
ditioned medium of the glioblastoma cell line U87 with elevated
levels of YKL-40 induced by γ-irradiation. Consequently, treat-
ment of xenografted tumor mice with mAY suppressed tumor
growth and angiogenesis (Faibish et al., 2011). More information
about the mode of action of YKL-40 in tumors and its prognostic
and therapeutic value can be found in the recent review of Shao
(2013).

YKL-39 was identified as an abundantly secreted protein in
primary culture of human articular chondrocytes (Halin et al.,
2009). YKL-39 is currently recognized as a biomarker for the acti-
vation of chondrocytes and osteoarthritis (OA) progression in
humans. YKL-39 might be an inducer of autoimmune processes
related to arthritis, while antibodies against YKL-39 were found
in patients with rheumatoid arthritis (RA) and OA (reviewed
in Kzhyshkowska et al., 2007). For a long time, it was believed
that macrophages do not secrete YKL-39. However, recently we
demonstrated that the key regulatory factor of tumor progression,
TGFß, strongly stimulates YKL-39 expression in macrophages
in vitro (Gratchev et al., 2008) suggesting that YKL39 might
be a biomarker for subpopulations of macrophages that under-
went programming by TGFß in the tumor microenvironment.
However expression of YKL39 on macrophages in vivo remains
to be examined experimentally.

SI-CLP was identified by us as stabilin-1- interacting
chitinase-like protein using yeast two-hybrid screening technol-
ogy (Kzhyshkowska et al., 2006c). In parallel with its sorting
receptor stabilin-1, expression of SI-CLP mRNA was strongly

upregulated in macrophages stimulated by Th2 cytokine IL-4 and
by dexamethasone. We developed a rat monoclonal antibody,
1C11, recognizing the N-terminal epitope of SI-CLP. This epitope
is located upstream of the conservative Glyco_18 domain and
has no similarity with sequences of other human Glyco_18 con-
taining proteins. Using the 1C11 antibody, we demonstrated that
the combination of IL-4 and dexamethasone increases SI-CLP
expression in macrophages. 1C11 mAb recognized SI-CLP in the
cellular fraction of bronchoalveolar lavage specimens obtained
from patients with chronic inflammatory disorders of the respi-
ratory tract and in peripheral blood leukocytes (PBLs) from these
patients. SI-CLP is the only chitinase-like protein which is upreg-
ulated by glucocorticoids. However, the expression of SI-CLP in
tumor cells and TAM, and role of SI-CLP in cancer remain to be
investigated.

In summary, the identification of YKL-40 as a pro-angiogenic
factor in animal models and in vitro studies opens a new field of
investigation of the specific role of CLPs in regulation of tumor
growth and angiogenesis. The role of YKL-39 and SI-CLP in
tumor angiogenesis has not been reported up to date, however
their homology with YKL-40 makes these proteins attractive can-
didates for the analysis of their effects on tumor angiogenesis and
such studies are in progress in our laboratory. The ability of multi-
ple macrophage-derived pro-angiogenic factors to induce growth
of both lymphatic and blood vessels raises the possibility for the
involvement of YKL-40 and other CLPs proteins in the tumor
lymphangiogenesis. Further experimental efforts are required in
order to address the role of CLPs in lymphangiogenesis.

CONCLUSIONS AND PERSPECTIVES
There are no doubts today that TAM are critical controllers of
both tumor angiogenesis and lymphangiogenesis. They produce
soluble factors which either directly induce vessel formation or
enhance production of angiogenic factors by tumor cells. TAM-
mediated support of vessel growth is associated with increased
tumor growth and metastasis. Thus, targeting of TAM appears
to be a promising approach for tumor therapy and can be
achieved on both cellular and molecular levels. First, complete
systemic depletion of macrophages can be performed. However,
this approach raises significant concerns since prolonged absence
of these cells in organs and circulation may result in sensitiza-
tion to bacterial infections, and affect functionality of the whole
immune system.

Another possibility is to block the recruitment of specific
pro-angiogenic TAM populations into tumor site. Analysis of
published data suggests that the disruption of CXCL12-CXCR4,
ANG2-TIE2, and VEGF-VEGFR axes can prevent infiltration of
tumors by angiogenic TAM populations. This approach appears
to be promising to inhibit the repopulation of hypoxic tumor
areas by TAM after therapeutic interventions. Finally, pro-
angiogenic activity of TAM is based on, but not limited by,
the release of common angiogenic factors such as VEGF-A and
MMP9. Recent reports reveal novel TAM-derived angiogenic fac-
tors including ADM, Sema4D, and YKL-40 in specific tumor
types. Thus, it is possible that a tumor-specific microenviron-
ment induces the expression of distinct pro-angiogenic programs
in TAM depending on tumor type and affected organ. Therefore,
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the identification of novel TAM-derived angiogenic factors and
the validation of their targeting in specific types of cancer is
urgently needed. The limitation of this method is related to the
fact that TAM release a cocktail of pro-angiogenic factors, and tar-
geting of single factor can be insufficient for suppression of tumor
vascularization. Macrophages are not terminally differentiated
and show high level of plasticity that makes TAM attractive tar-
gets for therapeutic immunomodulation (Stout and Suttles, 2004;
Gratchev et al., 2006; Stout et al., 2009). Manipulating TAM phe-
notype and their re-polarization from pro-angiogenic M2 into
anti-angiogenic M1 cells is an advanced strategy to solve this
problem. HIF-1, COX-2, and NF-kB can be considered as promis-
ing target molecules for macrophages re-polarization. Moreover,
correction of macrophage polarization in combination with tar-
geting of single soluble factors, despite being sophisticated and
requiring solid experimental investment, opens new horizons for
an efficient and personalized cancer therapy.
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Semaphorins are a large family of molecules involved in axonal guidance during the
development of the nervous system and have been recently shown to have both
angiogenic and anti-angiogenic properties. Specifically, semaphorin 7A (SEMA7A) has
been reported to have a chemotactic activity in neurogenesis and to be an immune
modulator through α1β1integrins. SEMA7A has been shown to promote monocyte
chemotaxis and induce them to produce proinflammatory mediators. In this study we
explored the role of SEMA7A in a murine model of breast cancer. We show that SEMA7A
is highly expressed by DA-3 murine mammary tumor cells in comparison to normal
mammary cells (EpH4), and that peritoneal elicited macrophages from mammary tumor-
bearing mice also express SEMA7A at higher levels compared to those derived from
normal mice. We also show that murine macrophages treated with recombinant murine
SEMA7A significantly increased their expression of proangiogenic molecule CXCL2/MIP-
2. Gene silencing of SEMA7A in peritoneal elicited macrophages from DA-3 tumor-bearing
mice resulted in decreased CXCL2/MIP-2 expression. Mice implanted with SEMA7A
silenced tumor cells showed decreased angiogenesis in the tumors compared to the wild
type tumors. Furthermore, peritoneal elicited macrophages from mice bearing SEMA7A-
silenced tumors produce significantly (p < 0.01) lower levels of angiogenic proteins, such
as CXCL2/MIP-2, CXCL1, and MMP-9, compared to those from control DA-3 mammary
tumors. We postulate that SEMA7A in mammary carcinomas may skew monocytes into a
pro-tumorigenic phenotype to support tumor growth. SEMA7A could prove to be valuable
in establishing new research avenues toward unraveling important tumor-host immune
interactions in breast cancer patients.

Keywords: SEMA7A, angiogenesis, macrophages, breast cancer, CXCL2/MIP-2, MMP-9

INTRODUCTION
Semaphorins (SEMAs) comprise a large family of transmem-
brane and secreted proteins that have been described as axon
guidance molecules during neuronal development (Koppel et al.,
1997; Pasterkamp and Kolodkin, 2003; Kikutani et al., 2007).
Semaphorins, grouped into eight classes, are characterized by the
presence of a conserved large SEMA domain (∼500 amino acids)
at the N-terminal domain and differentiated by their C-terminus
(Koppel et al., 1997). Of the 8 classes of semaphorins, classes
1 and 2 are mostly found in invertebrates while classes 3–7 are
found in vertebrates and the viral (V) class encoded by viruses.
Emerging evidence is revealing additional roles for semaphorins
in the immune system where they seem to exert diverse effects
on leukocyte migration, adhesion, and inflammatory responses
(Kikutani et al., 2007; Sakurai et al., 2010).

A growing body of evidence demonstrates the participation
of classical neuronal developmental molecules in either tumor

growth or inhibition by their effects on angiogenesis (Banu et al.,
2006; Basile et al., 2006; Guttmann-Raviv et al., 2007; Acevedo
et al., 2008; Sierra et al., 2008; Casazza et al., 2011). Semaphorins
have been found to affect tumor progression by either mod-
ulating tumor angiogenesis, recruiting bone marrow cells that
could then influence tumor progression, or by directly affect-
ing the behavior of tumor cells. While some semaphorins were
found to inhibit angiogenesis, others enhanced new blood ves-
sel growth. Proangiogenic semaphorins include semaphorin 4A
(SEMA4A), semaphorin 4D (SEMA4D), and semaphorin 5A
(SEMA5A) (Capparuccia and Tamagnone, 2009). However, some
members in semaphorin 3 (SEMA3) class have antiangiogenic
effects (Basile et al., 2004; Varshavsky et al., 2008; Sadanandam
et al., 2010; Sakurai et al., 2010; Meda et al., 2012). Although many
classes of semaphorins have been studied in different cancers, the
role of sempahorin7A (SEMA7A) in cancer progression is largely
unknown. SEMA7A is a novel transmembrane GPI-anchored
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protein that has been described to function through plexin C1 and
beta-integrins in multiple systems (Zhou et al., 2008). Recently,
SEMA7A has been reported to be one of the proteins secreted
by glioblastoma tumor cells that contribute to the highly inva-
sive phenotype (Formolo et al., 2011). In this study we explore
the role of SEMA7A in breast cancer progression using the
DA-3 mammary tumor model. Specifically, we are investigating
how SEMA7A can affect macrophage production of angiogenic
molecules.

There is scarce information in literature on how SEMA7A
affects macrophage induced angiogenesis. An angiogenic role
for SEMA7A has been recently described to mediate vascu-
lar growth by bFGF stimulated fibroblasts in an experimental
model of corneal neovascularization (Ghanem et al., 2011). In
this manuscript using peritoneal elicited macrophages, a rich
source of peripheral macrophages, we describe that SEMA7A
induces macrophages to produce angiogenic molecules such as
CXCL2/MIP-2 and that silencing the SEMA7A gene results in
decreased production of these growth promoting molecules.

MATERIALS AND METHODS
MICE AND CELL LINES
Female BALB/c mice were used in all studies (Charles River
Laboratories, 8–12 week-olds), and were housed and used accord-
ing to the National Institutes of Health guidelines, under proto-
cols approved by Florida Atlantic University Institutional Animal
Care and Use Committee. In these studies, we used the DA-
3 cell line which was derived from the D1-DMBA-3 mam-
mary tumor syngeneic to BALB/c mice and were provided by
Dr. Diana M. Lopez, University of Miami School of Medicine,
Miami, FL (Sotomayor et al., 1991). EpH4 mammary cells, a nor-
mal mammary cell line, were provided by Dr. Jenifer Prosperi,
Indiana University School of Medicine-South Bend, IN. Both
DA-3 and EpH4 cells were grown in complete DMEM media
(DMEM with 10% FBS). RAW 264.7 cells (American Type
Culture Collection, Manassas, VA, USA) were grown and main-
tained in RPMI 1640 containing 5% FBS as described previ-
ously (Nishiyama et al., 2006, 2008). Female BALB/c mice were
inoculated in the lower right ventral quadrant with 7.5 × 105

mammary tumor cells of the following types: (1) DA-3 cells
silenced for the SEMA7A gene, (2) DA-3 cells with scramble
shRNA, or (3) wild-type DA-3 cells. Imaging studies and caliper
measurements of the primary tumors were performed up to 3
weeks post-tumor cell implantation and discontinued after this
time point since the tumors become necrotic and fall off after
3 weeks. Tissues from 5-week tumor bearers were used in most
of the studies, unless specified, based on our previous stud-
ies that production of tumor-derived factors peak at this time
point (Lopez et al., 1991). At 5 weeks, tumors are not observed
in the lung, liver, and bone. The establishment of metastas-
tic colonies at distant sites occur at 10–12 weeks if 500–750 ×
103 cells are inoculated. For determination of angiogenesis by
AngioSense (PerkinElmer, Waltham, MA), mice were implanted
with SEMA7A shRNA silenced mammary tumor cells or scramble
shRNA control mammary tumor cells and imaged at 21 days
post-tumor implantation while tissues were collected at 5 weeks
post-tumor cell implantation.

CELL CULTURES
To obtain peritoneal elicited macrophages (PEMs), mice were
injected intraperitoneally with 1.5 mL of 3% thioglycollate and
4 days post-thioglycollate injection and the peritoneal exudate
cells were collected by peritoneal lavage with ice-cold RPMI
1640 with 10% fetal bovine serum. It is well-established that
the optimal time point for harvesting PEMs is 4 days post-
thioglycollate injection (Zhang et al., 2008). As our previous
studies have shown increased chemokine and MMP-9 expression
at 4–5 weeks post tumor cell inoculation, we chose 5 week time
point to assess the role of SEMA7A in inducing proangiogenic
factors by macrophages (Owen et al., 2003, 2011). PEMs from
normal (N-PEM) and DA-3 tumor-bearing (DA-3 PEM) mice
were then purified using CD11b magnetic beads (Miltenyi Biotec
Inc., Auburn, CA). 2 × 106 cells/mL were preconditioned by cul-
turing with rmSEMA7A (5 μg/mL) (R&D Systems, Minneapolis,
MN) and incubated for 24 h followed by stimulation with
LPS (500 ng/mL) (Sigma Aldrich, St.Louis, MO) for an addi-
tional 12 h for RNA and 18 h for protein collection. RAW 264.7
macrophages were also conditioned as described above. For cell
signaling inhibition studies, RAW 264.7 cells were pretreated with
1 μM MAPK inhibitor, U0126 (Calbiochem, inhibitors, EMD
Millipore, Billerica, MA) for 1 h, conditioned with rmSEMA7A
for 12 h and then stimulated with LPS (500 ng/mL) for an addi-
tional 12 h.

IMMUNOFLUORESCENCE
To determine the expression of SEMA7A, DA-3 mammary tumor
cells were plated onto a confocal cover slide, post-fixed in
4% paraformaldehyde, blocked in 4% BSA and labeled with
0.1 μg/mL rat anti-SEMA7A (R&D Systems) followed by incu-
bation in secondary antibody using donkey anti-rat IgG con-
jugated to AlexaFluor 488 (Molecular Probes, Eugene, OR).
To visualize nuclei, DAPI (Vector Laboratories, Burlingame,
CA) was added, cover-slipped with Vectashield and exam-
ined by confocal microscopy (Carl Zeiss Microimaging, Inc.,
Thornwood, NY).

RNA ISOLATION AND REAL-TIME REVERSE
TRANSCRIPTASE-POLYMERASE CHAIN REACTION
Total RNA was extracted from murine tumor cells, RAW
264.7 macrophages or peritoneal elicited macrophages using
the RNeasy Protect Mini Kit (QIAGEN) according to man-
ufacturer’s instructions. Briefly, cDNA was synthesized using
Quantitech Reverse Transcription Kit (Qiagen, Valencia, CA) and
gene expression was detected by SYBR Green real-time PCR anal-
ysis using SYBR RT²qPCR primers (Qiagen, proprietary primers,
sequence not disclosed). The mRNA levels of gene of interest
were normalized to β-actin mRNA levels. PCR cycles followed the
sequence: 10 min at 95◦C of initial denaturation; 15 s at 95◦C; and
40 cycles of 1 min each at 60◦C for annealing. The samples were
amplified using the Strategene MX3005P cycler.

FLOW CYTOMETRY STUDIES
The expression of CD11b and CD29 on macrophages was assessed
by flow cytometry (FACS-Calibur, BD Biosciences, San Jose,
CA). N-PEMs and DA-3 PEMs were stained by incubating with
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FITC-CD29 (0.125 μg/106 cells) and APC-CD11b (0.1 μg /106

cells) (both from BioLegend, San Diego, CA) for 20 min at 4◦C.
Surface expression was assessed by counting 10,000 cells and
analyzed by FloJo software (Tree Star, Inc., Ashland, OR).

SILENCING OF SEMA7A IN MACROPHAGES
SEMA7A gene silencing in DA-3 PEMs was achieved by RNA
interference via short hairpin RNA (Origene, Rockville, MD)
as described above. Briefly, PT-67 packaging cells were trans-
fected with one of the following plasmids: (1) plasmid encoding
for shRNA sequence specifically for the SEMA7A gene and (2)
scramble shRNA plasmid not specific for the SEMA7A gene,
using Lipofectamine 2000 according to manufacturer’s protocol.
0.45 μm filtered PT-67 transfected supernatants containing the
retrovirus were used to silence SEMA7A gene in DA-3 PEMs for
36 h. Macrophages were then stimulated with LPS (100 ng/ml)
for 12 h and q-PCR was performed to confirm SEMA7A gene
silencing.

SILENCING OF SEMA7A IN DA-3 MURINE MAMMARY TUMOR CELLS
Semaphorin 7A gene silencing in DA-3 mammary tumor cells
was achieved using RNA interference via short hairpin RNA
(Origene). A retrovirus shRNA plasmid system was used for
stable SEMA7A gene knockdown. To generate the retrovirus
infecting particles, PT-67 packaging cells were transfected with
one of the following plasmids: (1) plasmid encoding for shRNA
sequence specifically for the SEMA7A gene and (2) scramble
shRNA plasmid not specific to the SEMA7A gene. Transfection
was performed using standard Lipofectamine 2000 according
to manufacturer’s protocol. The different variants of trans-
fected PT-67 cells were selected for 2 weeks with puromycin
(2 μg/mL) and the cell-free/retrovirus-rich supernatants from
the different PT-67 variants and controls were used to infect
DA-3 cells for 24–48 h. The different DA-3 variants were then
selected with puromycin (1 μg/mL) for 4 weeks. To confirm
gene knockdown, real time quantitative polymerase chain reac-
tion (q-PCR) (Qiagen) was performed using the SEMA7A
specific primers according to manufacturer’s protocol. Cells
were passaged and selected until at least a 5-fold decrease
in the SEMA7A gene expression was achieved when com-
pared to the scramble control. The results of gene expres-
sion were then confirmed by western blotting for the SEMA7A
protein.

MONOCYTE MIGRATION ASSAY
To test migration, RAW 264.7 murine monocytes were labeled
with Calcein-AM (10 μM) and used in a modified Boyden
Chamber assay. Briefly, 105 RAW264.7 were placed in the tran-
swell insert (8 μM pores) (BD Biosciences) of the upper chamber
with lower chamber containing supernatants from: (1) DA-3 cells
silenced for the SEMA7A gene, (2) DA-3 cells with scramble
shRNA, and (3) wild-type DA-3 cells and incubated at 37◦C in
a CO2 incubator for 12 h. RAW 264.7 macrophage migration was
measured using a plate reader set at an excitation wavelength of
∼485 nm and an emission wavelength of ∼520 nm. Absorbance
values among the various groups were measured at least 2 times
in triplicate and fitted to a 7-point standard curve.

PROTEIN DETERMINATION
DA-3 murine mammary tumor cells were cultured under opti-
mal conditions using DMEM culture media with 10% FBS
until ∼80% confluency was achieved. DA-3 tumor cells and DA-
3 SEMA7A-silenced cells or intraperitoneal macrophages from
5-week DA-3 mammary tumor-bearing mice were lysed with
sample buffer (20 mM dithiothreitol, 6% SDS, 0.25 M Tris, pH
6.8, 10% glycerol, 10 mM NaF and bromophenyl blue) and used
to extract total protein. 20 μg of total protein from DA-3 cells and
PEMs were resolved on 4–20% Mini-Protean SDS-PAGE gradi-
ent gels (BioRad Life Sciences, Hercules, CA) and transferred to
PVDF membrane (Pierce, Rockford, IL) using a semi-dry trans-
fer transblotter (BioRad) at 20 Volts for 40 min. The membrane
was blocked overnight at 4◦C in SeaBlock (Calbiochem), and
subsequently incubated at room temperature with anti-mouse
SEMA7A monoclonal antibody (1 μg/ml) (R&D Systems) and
anti-mouse beta actin polyclonal antibody (0.25 μg/ml) (Li-Cor
Biosciences, Lincoln, NE). Western blots were washed for 10 min
three times with 0.5% Tween-PBS followed by 1 h incubation
at room temperature with corresponding fluorescent antibodies
(Li-Cor Biosciences). Blots were washed again for 10 min three
times with 0.5% Tween-PBS and then dried at 37◦C for 20 min.
The membranes were then were visualized with Li-Cor imager.
Protein concentration was normalized to beta-actin as loading
control.

ELISAs of CXCL1, CXCL2/MIP-2 and MMP-9 (R&D Systems)
were performed following manufacturer suggested protocol from
DA-3 tumor control mice.

IMMUNOHISTOCHEMISTRY
Formalin-fixed tissue from controls, SEMA7A scramble controls
and SEMA7A silenced tumors was paraffin embedded and sec-
tioned at 4-micron thickness. Pre-treatment of formalin-fixed,
paraffin-embedded tissue sections with heat-induced epitope
retrieval (HIER) was done using diluted EnVision™ FLEX Target
Retrieval Solution, High pH (50×) (Dako Omnis, Carpinteria,
CA) following manufacturer protocol. The sections were deparaf-
finized and stained with hematoxylin and eosin (H&E) with auto-
mated Tissue Tek® 2000 processor (Sakura-Finetek, Torrance,
CA). Adjacent tumor sections were assessed for vascularity using
CD31 antibody. Dako FLEX monoclonal mouse anti-human
CD31 antibody (diluted 1:30, DAKO) was used to highlight the
vasculature of the tumors. CD31, expressed almost exclusively on
endothelial cells, is a brown antibody stain against a hematoxylin
counter stain. Photographs were taken at 50× magnification
with mineral oil immersion using Olympus MDOB3 microscope
and photographed with OlympusDP21 digital camera (Center
Valley, PA).

TUMOR MEASUREMENTS AND IN VIVO IMAGING FOR ANGIOGENESIS
Tumor size determination was performed by measuring the two
longest perpendicular axes in the x/y plane of the tumor nearest
to 0.1 mm by caliper measurement. The depth was assumed to
be equivalent to the shortest of the perpendicular axes, defined
as y and tumor volume = x(y)2/2. To account for vasculariza-
tion in mice injected with either wild type DA-3 tumor cells
or those silenced for SEMA7A, near infrared blood pool agent
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AngioSense 680 probe (2 nmol/mouse in 150 μL volume) (Perkin
Elmer, Waltham, MA) was injected via tail vein 24 h before imag-
ing. Mice were imaged using a bioluminescence optical imager
(IVIS Lumina LTE, Perkin Elmer). Maximal near infrared sig-
nals were quantified using Living Image 2.5 (Xenogen, Perkin
Elmer) image analysis software. Infrared signals are reported as
photons/s.

Statistical analysis
Results are expressed as means ± standard deviation. Statistical
analyses were performed using GraphPad Prism 3 software
(LaJolla, CA). Statistical comparisons of paired groups were
determined by Student’s t-tests. Values of p < 0.05 were consid-
ered statistically significant.

RESULTS
SEMA7A IS EXPRESSED IN DA-3 MAMMARY TUMOR CELLS AND
EXPRESSION IS INCREASED IN PERITONEAL ELICITED MACROPHAGES
OF DA-3 MAMMARY TUMOR-BEARING MICE
Semaphorins have been described to be expressed by various
cell types. Although it is known that SEMA7A is expressed
by monocytes, activated T cells, and keratinocytes, it is not
known if tumor cells express SEMA7A. We therefore cultured
DA-3 mammary tumor cells and assessed for SEMA7A expres-
sion. Confocal image shows that SEMA7A is expressed by the
DA-3 mammary tumor cell line (Figure 1A). We then asked if
SEMA7A is expressed by EpH4 mammary cells, a normal mam-
mary cell line, and how do these levels compare with those in
DA-3 tumor cells? qPCR revealed very low levels of SEMA7A
expression in EpH4 cells compared to DA-3 mammary tumor
cells (Figure 1B).

Members of the semaphorin family have been reported to be
cleaved to generate soluble forms that have effects on immune
function (Kumanogoh and Kikutani, 2003). It was not known
if SEMA7A is solubilized in our tumor model. Since there are
no reliable ELISAs available to quantify secreted SEMA7A pro-
tein, dot blot analysis was used to determine if SEMA7A is
solubilized. Analysis of total protein from supernatants of 3 day
DA-3 mammary tumor cell cultures confirmed the soluble pro-
tein expression of SEMA7A, with increased levels reflected by
increased cell numbers (Figure 1C). It is possible that circu-
lating levels of cleaved SEMA7A could have effects on other
cells.

In the immune system, SEMA7A has been reported to be
expressed in the myeloid and the lymphoid lineage cells (Delorme
et al., 2005). There are no studies to date describing the expression
of SEMA7A in macrophages of mammary tumor bearers. Thus,
thioglycollate peritoneal elicited macrophages from normal (N-
PEMs) and DA-3 mammary tumor-bearing mice (DA-3 PEMs)
were therefore tested to determine SEMA7A expression. It is well-
established that the optimal time point for peritoneal elicited
macrophages is 4 days post-thioglycollate injection (Zhang et al.,
2008). At earlier time points (e.g., 4–24 h post-thioglycollate) the
majority of cells in the peritoneal cavity consist of neutrophils
(Melnicoff et al., 1989; Lam et al., 2013). SEMA7A expression
was determined at 3, 4, and 5 days post-thioglycollate injection
in normal and DA-3 mammary tumor-bearing mice. There were

no significant differences in SEMA7A expression at these days
in peritoneal elicited cells from either normal or tumor-bearing
mice. We therefore opted for 4 days as our set time point
for these studies. A 3-fold increase in SEMA7A expression at
the mRNA level was found in peritoneal elicited macrophages
from DA-3 PEMs (Figure 1D) compared to the expression in N-
PEMs. Similarly, increased protein expression of SEMA7A was
found in DA-3 PEMs compared to normal PEMs (Figure 1E).
Quantification of the bands from western blot analysis confirmed
increased SEMA7A protein expression in DA-3 PEMs.

EXPRESSION OF SEMA7A RECEPTOR, β1 INTEGRIN (CD29) IS
INCREASED IN DA-3 MAMMARY TUMOR CELLS AND MACROPHAGES
FROM MAMMARY TUMOR-BEARING MICE
The principal signaling function of SEMA7A in the nervous and
immune systems is mediated through α1β1 integrin (Pasterkamp
et al., 2003; Suzuki et al., 2007; Gan et al., 2011). Increased
β1 signaling has previously been shown to be associated with
decreased survival in invasive breast cancer (Yao et al., 2007). We
first determined if there is a differential β1 integrin expression in
EpH4 and DA-3 mammary tumor cells. Flow cytometric analysis
showed that even though the percentage of β1 integrin (CD29)
positive cells remained unchanged between the normal EpH4
cells and the DA-3 mammary tumor cells, the mean fluorescence
intensity was almost doubled in the tumor cells (Figure 2A).
The expression of SEMA7A’s receptor, β1 integrin, in peripheral
macrophages between normal and tumor bearers has not yet been
well characterized. We determined if there are altered levels of
β1 integrin expression in peritoneal elicited macrophages (PEMs)
from normal and DA-3 mammary tumor-bearing mice. PEMs
were gated based on the fluorescent intensity of CD11b expres-
sion (Figure 2B). Flow cytometric analysis of CD11blow PEMs
from normal and DA-3 tumor bearing mice revealed no signif-
icant differences in the frequency of CD29+ cells (Figure 2C).
In contrast, expression of CD11bhiCD29+ in DA-3 PEMs was
higher (p < 0.05) compared to the expression in normal PEMs
(Figure 2C).

TREATMENT OF MACROPHAGES WITH rmSEMA7A INDUCES
PRODUCTION OF ANGIOGENIC CXCL2/MIP-2
Macrophages from tumor-bearing mice are known to produce
angiogenic molecules (Mantovani et al., 1992). Previous stud-
ies have shown that tumor-derived factors induce macrophages
to produce angiogenic and proinflammatory molecules (Pollard,
2004). Holmes et al. have shown that SEMA7A induces the
production of proinflammatory molecules including the IL-8
homolog of chemokine CXCL2/MIP-2, which also has angio-
genic properties (Holmes et al., 2002). As shown in the pre-
vious section, DA-3 mammary tumor cells express and shed
SEMA7A. We therefore determined whether soluble SEMA7A
has an effect on macrophage function. Toward these stud-
ies we used the macrophage cell line RAW 264.7 in which
SEMA7A mRNA was undetectable (CT value > 37). RAW264.7
macrophages, as a model of tissue macrophages isolated from
normal mice, have been used frequently for in vitro studies of
macrophage function. qPCR analysis of RAW 264.7 macrophages
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FIGURE 1 | DA-3 mammary tumor cells express SEMA7A. (A) Shown
is the confocal images of DA-3 mammary tumor cells for SEMA7A
expression; (B) SEMA7A expression in EpH4 and DA-3 mammary tumor
cells as determined by qPCR; (C) DOT blot analysis of DA-3 mammary
tumor cell culture showing that SEMA7A is solubilized; (D) mRNA
expression of SEMA7A in peritoneal elicited macrophages (PEMs) from

normal and DA-3 mammary tumor-bearing mice; (E) Western blot analysis
of total protein from PEMs from control and DA-3 mammary tumor
bearers with 7 mice/group; also shown is integrated intensity graph of
western blot indicating higher levels of SEMA7A expression in tumor
bearers’ PEMs. In-vitro experiments are representative of three
independent experiments, ∗∗∗p ≤ 0.001.

preconditioned with rmSEMA7A revealed that expression of
proangiogenic molecules CXCL2/MIP-2 was increased by 5-
fold (p < 0.001) (Figure 3A) after LPS stimulation. We found
a significant (p < 0.01) increase in CXCL2/MIP-2 protein in
RAW 264.7 macrophages treated with rmSEMA7A and LPS
(Figure 3B). These studies also included culturing of RAW 264.7
cells with rmSEMA7A alone, which also showed an increase
in CXCL2/MIP-2 (data not shown). SEMA7A has previously
been reported to function through β1 integrin activation of
MAPK signaling pathway to promote monocyte inflammatory
response (Suzuki et al., 2007). To get insight if SEMA7A induces
CXCL2/MIP-2 via MAPK pathway, RAW 264.7 macrophages were
pretreated with a MAPK inhibitor (U0126). We found that U0126

conditioned and rmSEMA7A treated cells exhibited decreased
(p < 0.01) production of CXCL2/MIP-2 compared to those cul-
tured with rmSEMA7A alone (Figure 3C).

To determine if freshly isolated macrophages from normal
and DA-3 mammary tumor bearers express CXCL2/MIP-2, peri-
toneal elicited macrophages from normal and DA-3 mammary
tumor bearers were obtained and assessed for CXCL2/MIP-2
expression by qPCR. A greater than 5-fold increase (p < 0.001)
in CXCL2/MIP-2 expression was observed in DA-3 PEMs com-
pared to normal PEMs (Figure 3D). We have previously shown
that tumor-derived factors have an effect on profile of PEMs
(Lopez et al., 1996; DiNapoli et al., 1997; Handel-Fernandez
et al., 1997; Torroella-Kouri et al., 2003). Therefore, peritoneal
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FIGURE 2 | β1 integrin expression is increased in DA-3 cells and

macrophages of mammary tumor-bearing mice. (A) Flow
cytometric analysis of DA-3 mammary tumor cells and EpH4
mammary epithelial cells for the expression of β1 integrin (CD29)
(a representative plot of 2 independent experiments); (B) scatter

plot of CD11b+ and CD29 expression in PEMs from normal and
DA-3 mammary tumor-bearing mice; (C) flow cytometric analysis of
PEMs from control and DA-3 mammary tumor bearers gated on
either CD11blow or CD11bhigh and assessed for the expression of
CD29, N = 8, ∗p ≤ 0.05.

elicited macrophages were used as we wanted to determine
the effect of SEMA7A in circulation on macrophages. Since
RAW 264.7 macrophages treated with rmSEMA7A had increased
expression of CXCL2/MIP-2, we determined if treatment of
N-PEMs with rmSEMA7A had an effect on production of
angiogenic molecule, CXCL2/MIP-2. A considerably (p < 0.05)
enhanced expression of CXCL2/MIP-2 was observed in N-
PEMs pretreated with rmSEMA7A and then stimulated with
LPS (Figure 3E). Given that SEMA7A is known to induce
CXCL2/MIP-2, and PEMs from DA-3 mammary tumor bear-
ers have increased CXCL2/MIP-2 and SEMA7A, we silenced the
SEMA7A gene in DA-3 PEMs using shRNA. Effectiveness of
SEMA7A gene silencing as indicated in the 1st set of bars shows
that SEMA7A gene was significantly (p < 0.001) silenced com-
pared to the scramble control (Figure 3F). SEMA7A gene silenced
DA-3 PEMs expressed significantly less CXCL2/MIP-2 compared
to scramble control as determined by q-PCR (Figure 3F). It is
important to note that our previous studies show that DA-3

cells express CXCL2/MIP-2. It is possible that SEMA7A could
function in an autocrine manner to upregulate the expression
of CXCL2/MIP-2.

DECREASED TUMOR-DERIVED SEMA7A RESULTS IN REDUCED
IN VITRO MACROPHAGE MIGRATION AND CXCL2/MIP-2 PRODUCTION
Holmes et al. demonstrated that SEMA7A is a potent monocyte
chemoattractant with 1000-times greater chemotactic activity
than monocyte chemotactic protein, MCP-1. (Holmes et al.,
2002). We hypothesized that silencing SEMA7A gene in DA-3
mammary tumor cells would result in decreased secretion of
SEMA7A in tumor cell cultures and treatment of macrophages
with this conditioned media would therefore have a nega-
tive influence on their migration. Thus, SEMA7A gene was
silenced in DA-3 mammary tumor cells by shRNA. Western
blotting was performed to test the effectiveness of SEMA7A
gene silencing. Lane 1 indicates DA-3 wild type, lane 2 shows
DA-3 scramble shRNA and lane 3 consists of DA-3 SEMA7A
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FIGURE 3 | Increased expression of angiogenic chemokine,

CXCL2/MIP-2 in rmSEMA7A treated RAW264.7 macrophages and

peritoneal elicited macrophages from mammary tumor-bearing mice.

The effect of treatment with rmSEMA7A in RAW264.7 macrophages is
shown in panels (A–C). Expression of CXCL2/MIP-2 at mRNA level (A) and
at protein level determined by ELISA (B) is increased in RAW 264.7
macrophages treated with rmSEMA7A; and (C) effect of treatment with
U0126, a MAPK inhibitor (1 μM) on CXCL2/MIP-2 expression by RAW
264.7 macrophages treated with rmSEMA7A. CXCL2/MIP-2 expression is

increased in peritoneal elicited macrophages (PEMs) from DA-3 mammary
tumor bearers compared to N-PEMs: (D) increased mRNA expression of
CXCL2/MIP-2 in DA-3 PEMs compared to PEMs from normal as
determined by qPCR, N = 8; (E) CXCL2/MIP-2 ELISA of normal PEMs
treated with rmSEMA7A and stimulated with LPS; and (F) the effect of
SEMA7A gene knockdown in DA-3 PEMs on mRNA expression of
SEMA7A and CXCL2/MIP-2 as determined by qPCR. In-vitro experiments
are representative of three independent experiments. ∗p ≤ 0.05,
∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001.

shRNA knockdown (Figure 4A, top panel). Integrated intensity
graphs show a 6-fold decrease in SEMA7A expression in DA-
3 SEMA7A shRNA knockdown cells compared to either DA-3
wild type or DA-3 scramble shRNA cells (Figure 4A, bottom
panel). Although DA-3 cells express lower levels of CXCL2/MIP-2
compared to macrophages, silencing the SEMA7A gene also
lead to a decrease in tumor-derived CXCL2/MIP-2. To deter-
mine if SEMA7A plays a role in monocyte migration, a mod-
ified Boyden chamber assay was performed using RAW 264.7
murine macrophages and conditioned media from wild type
DA-3 tumor, DA-3 scramble shRNA, or DA-3 SEMA7A shRNA
knockdown cells as possible chemoattractants. Fewer number

of RAW 264.7 monocytes migrated towards the conditioned
media from SEMA7A silenced DA-3 cells compared to media
from either wild type DA-3 tumor cells or DA-3 cells with
scramble shRNA (Figure 4B). Since we demonstrated that DA-3
mammary tumor cells produce SEMA7A, and that treatment of
macrophages with rmSEMA7A induced the production of proan-
giogenic CXCL2/MIP-2, we hypothesized that silencing SEMA7A
gene in DA-3 mammary tumor cells would have an inhibitory
effect on production of CXCL2/MIP-2 by macrophages treated
with tumor cell supernatants silenced for the SEMA7A gene.
We therefore tested to see if SEMA7A gene silencing in tumor
cells has an effect on CXCL2/MIP-2 chemokine expression. In
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FIGURE 4 | Decreased tumor-derived SEMA7A results in reduced

in vitro macrophage migration and CXCL2/MIP-2 production. (A) Effect
of SEMA7A gene silencing on SEMA7A expression in DA-3 mammary
tumor cells as determined by western blot analysis; (B) migration of Calcein
AM labeled RAW 264.7 macrophages toward cell-free supernatants from
either wild type DA-3 tumor cells, SEMA7A scramble shRNA DA-3 tumor
cells, SEMA7A shRNA knockdown DA-3 cells or serum free media alone.
(C) mRNA expression of CXCL2/MIP-2 on macrophages from normal mice
in vitro treated with conditioned media from either wild type, SEMA7A
scramble or SEMA7A knockdown DA-3 mammary tumor cells. In-vitro
experiments are representative of three independent experiments.
∗∗p ≤ 0.01.

macrophage cultures with conditioned media from SEMA7A
shRNA knockdown DA-3 cells, there was a significant (p < 0.01)
reduction in CXCL2/MIP-2 expression compared to the cultures
with SEMA7A (Figure 4C).

DECREASED TUMOR GROWTH IN MICE BEARING SEMA7A SILENCED
MAMMARY TUMORS
Culturing of RAW 264.7 or thioglycollate elicited macrophages
with rmSEMA7A induced the expression of CXCL2/MIP-2, a
pro-angiogenic chemokine. We have previously shown that mice
bearing either the parental D1-DMBA-3 or DA-3 mammary

tumors exhibit higher levels of pro-angiogenic molecules (Owen
et al., 2011). It is well-established that angiogenesis is required for
invasive tumor growth and that tumors do not grow more than
1 mm3 in the absence of angiogenesis (Folkman, 1971). We have
shown in the previous section that SEMA7A induces production
of angiogenic molecules by macrophages. We therefore deter-
mined if implantation of BALB/c mice with SEMA7A knock-
down DA-3 mammary tumors has an inhibitory effect on tumor
growth. To determine the in vivo role of SEMA7A, mice were
implanted with either wild-type DA-3, scramble shRNA DA-3,
or SEMA7A gene knockdown DA-3 (SEMA7A KD) mammary
tumor cells. Mice implanted with SEMA7A KD tumors had sig-
nificantly (p < 0.01) decreased primary tumor volume compared
to the wild type or SEMA7A scramble control DA-3 mammary
tumors (Figure 5A). Since SEMA7A KD tumors had lower tumor
volume, we tested to see if there is decreased angiogenesis in
these mice by use of AngioSense fluorescent probe and CD31
staining by immunohistochemistry. Thus, an AngioSense fluo-
rescent probe was used to determine the extent of angiogenesis
in the tumors by an in vivo imaging system. Shown in the upper
panel are mice bearing wild type DA-3 tumors; the middle panel,
scramble control for shRNA; while the bottom panel shows mice
bearing SEMA7A KD tumors. Significantly (p < 0.01) decreased
angiogenesis was observed in mice bearing the SEMA7A KD
tumors compared to the scramble controls or wild type DA-3
mammary tumors (Figure 5B). We also show the quantifica-
tion results of in vivo imaging indicating a similar trend in
tumor growth. Decrease in angiogenesis in SEMA7A KD tumor
sections was also observed by immunohistochemistry. H&E and
immunohistochemical staining for CD31 highlighted angiogen-
esis in control tumors but minimally in SEMA7A KD tumors
(Figure 5C).

PERITONEAL ELICITED MACROPHAGES FROM MICE BEARING SEMA7A
KD TUMORS PRODUCE DECREASED LEVELS OF ANGIOGENIC
MOLECULES
4–5 weeks post-tumor cell implantation, thioglycollate elicited
macrophages from DA-3 scramble shRNA control or DA-3
SEMA7A shRNA mammary tumor-bearing mice were analyzed
for the production of pro-angiogenic chemokines CXCL2/MIP-2,
CXCL1 and matrix metalloprotease MMP-9. LPS-stimulated
macrophages from mice implanted with SEMA7A gene silenced
DA-3 mammary tumors produce significantly (p < 0.01)
lower amounts of pro-angiogenic molecules compared to
those implanted with SEMA7A scramble control DA-3 tumor
cells. While there were no major differences in secretion of
CXCL2/MIP-2 and CXCL1 in unstimulated macrophages from
either SEMA7A scramble control or SEMA7A silenced mam-
mary tumor-bearing mice, there were significant (p < 0.01)
differences in the production of both these chemokines from
LPS-stimulated (100 ng/ml) cultures (Figures 6A,B). Thus, LPS
stimulated macrophages from scramble control DA-3 mammary
tumors produced ∼25 ng/mL of CXCL2/MIP-2 while those
from SEMA7A silenced tumor bearers produced ∼18 ng/mL
(Figure 6A). Similarly, LPS stimulated macrophages from scram-
ble controls produced ∼24 ng/mL and those from SEMA7A
silenced DA-3 tumor-bearers’ macrophages produced 16.8 ng/mL
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FIGURE 5 | Decreased tumor growth and angiogenesis in mice

bearing SEMA7A silenced mammary tumors. (A) Tumor volume is
decreased in mice bearing SEMA7A shRNA knockdown DA-3 mammary
tumor compared with either wild type or SEMA7A scramble shRNA DA-3
mammary tumors; (B) ventral image of DA-wild type, SEMA7A scramble
shRNA DA-3 or SEMA7A shRNA knockdown DA-3 mammary tumor

bearing mice showing 1 out 20 mice/group; quantification (photons/sec) of
AngioSense specific fluorescent signal indicating decreased angiogenesis
at 21 days post-tumor implantation in the SEMA7A knockdown group,
N = 10 per group, repeated twice ∗∗p ≤ 0.01. (C) H&E and CD31 staining
in tumor sections from DA-3 wild type, scramble shRNA and SEMA7A
shRNA knockdown tumor sections. Significance is indicated ∗p ≥ 0.01.

of CXCL1 (Figure 6B). Interestingly, implantation of SEMA7A
knockdown tumor cells decreased the production of MMP-9
by intraperitoneal macrophages in both unstimulated and
LPS-stimulated cultures (Figure 6C). Furthermore, we assayed
a series of tumorigenesis-related genes by qPCR on peritoneal
macrophages from SEMA7A shRNA KD or shRNA scramble
control DA-3 mammary tumor-bearing mice. PEMs from
SEMA7A KD tumor bearing mice showed a significant reduction
in VEGF-A expression but not VEGF-B expression (Figure 6D).
In contrast, expression of both epidermal growth factor (EGF)
and platelet growth factor (PGF) was significantly reduced in
PEMs from SEMA7A KD tumor bearing mice (Figure 6E).
Interestingly, the levels of serpinf1, a secreted protein that
has both anti-angiogenic and anti-tumorigenic functions, was
significantly increased in PEMs from SEMA7A KD tumor bearers
(Figure 6F).

DISCUSSION
The biological role of SEMA7A in breast cancer progression was
explored in this study. First, we find that SEMA7A is expressed by
mammary tumor cells. Second, we show that SEMA7A expression
is upregulated in macrophages of mammary tumor-bearing mice.
Third, we demonstrate that SEMA7A induces the expression of
proangiogenic molecule CXCL2/MIP-2 in macrophages. Fourth,
we find decreased tumor growth in mice implanted with SEMA7A
shRNA DA-3 mammary tumor cells. Lastly, we find that there is
decreased angiogenesis in mice implanted with SEMA7A knock-
down mammary tumors. These findings suggest that SEMA7A
could have a direct effect on tumor cell growth and macrophage
function. We are the first to show that SEMA7A plays a role in
breast cancer progression.

SEMA7A was first identified in the immune system, as myeloid
and lymphoid lineage cells have been reported to express this
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FIGURE 6 | Macrophages from mice bearing SEMA7A shRNA

knockdown tumors produce decreased levels of angiogenic

molecules. ELISA of peritoneal macrophages from scramble shRNA
DA-3 and SEMA7A shRNA knockdown DA-3 tumor bearers cultured
with and without LPS for protein levels of: (A) CXCL2/MIP-2; (B)

CXCL1; and (C) MMP-9, N = 16. qPCR of peritoneal macrophages
from scramble shRNA DA-3 and SEMA7A shRNA knockdown DA-3
tumor bearers for mRNA expression of: (D) VEGFA and VEGFB; (E)

EGF and PGF; and (F) Serpine 1 and Serpinfl, N = 6, repeated
twice. ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001.

molecule (Comeau et al., 1998; Lange et al., 1998; Xu et al., 1998).
There are very few reports on SEMA7A expression as it relates
to cancer. We are the first to clearly demonstrate that SEMA7A
is expressed by mammary tumor cells. Formolo et al. identified
SEMA7A as one of the proteins in highly invasive astrocytoma
cell line U87 while the less aggressive cells do not express this
protein (Formolo et al., 2011). Our results parallel with these
results as DA-3 mammary tumor cells had greater intensity in
expression of this SEMA7A compared to the nontumorigenic
mammary EpH4 cells. This raises the possibility that metastatic
tumors express higher levels of SEMA7A. We are actively pur-
suing this in our laboratory by assessing different breast tumor
cell lines with varying levels of metastatic potential for SEMA7A
expression and correlating with aggressive behavior. Interestingly,
while SEMA7A is known to affect monocyte activation in vitro
via β1 integrin–mediated effects (Holmes et al., 2002), the role of
SEMA7A in the activation of tumor cells has not yet been stud-
ied. We found that while PEMs from normal mice express low

levels of SEMA7A, the expression of this protein is increased in
PEMs from tumor bearers. So what induces the expression of
this molecule in macrophages? In a murine fibrosis model, TGF-
β has been reported to induce the expression of SEMA7A in the
murine lung (Kang et al., 2007). We are testing tumor- and/or
host-derived factors in inducing SEMA7A expression in PEMs.

Although the identification of SEMA7A receptors remains
controversial, two potential receptors have been identified, i.e.,
plexin C1 and the β1 subunit of integrin receptor. The bio-
logical activities of SEMA7A in the immune system have only
recently been elucidated. SEMA7A induces the production of
inflammatory cytokines such as IL-6, TNF-α and IL-8 (Suzuki
et al., 2007), an effect that could be mediated through direct inter-
action of GPI-anchored SEMA7A protein with α1β1 integrins on
target cells. Alternatively, SEMA7A could be cleaved by ADAM-
17 and have paracrine effects on other cells. Cell surface bound
semaphorins have been found to be proteolytically cleaved in
order to exert their biological function. For example, in order
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to exert proangiogenic effect, SEMA4D is proteolytically cleaved
by membrane type 1-matrix metalloproteinase, and the result-
ing soluble form acts on endothelial cells to enhance angiogenesis
(Henningsen et al., 2010). SEMA7A is a GPI-anchored protein
that has been found to be cleaved in platelets by ADAM-17
(Fong et al., 2011). We have previously reported increased expres-
sion of ADAM-17 in mammary tumor-bearing mice (Owen
et al., 2003). It is possible that ADAM-17 in the tumor bearers
could affect cleavage of SEMA7A. Biological effects of SEMA7A
have been reported to function through both the soluble and
membrane forms. Soluble SEMA7A has been shown to be an
extremely potent monocyte chemoattaractant (Holmes et al.,
2002) while membrane bound SEMA7A has been reported to
stimulate monocytes and macrophages through α1β1 integrin
and increase production of proinflammatory cytokines including
IL-6 and TNF-α (Suzuki et al., 2007). SEMA7A has been shown
to promote spreading and dendricity in human melanocytes
through its receptor, β1-integrin. In this study, we report that
peritoneal elicited macrophages from mammary tumor-bearing
mice express higher levels of β1 integrins as well as its lig-
and SEMA7A compared to the control mice in tumor bear-
ers’ macrophages, suggesting that SEMA7A could function in
a paracrine manner. In a cancerous system, it is probable that
SEMA7A could mediate its functions through both membrane
and soluble forms.

We have previously shown that macrophages from mammary
tumor-bearing mice produce angiogenic molecules in response
to tumor-derived factors (Libreros et al., 2012). Angiogenesis
plays a crucial role in growth of tumors since solid tumors
cannot grow beyond 1–2 mm3 without establishing an ade-
quate blood supply (Folkman, 1971). Using immunohistochem-
istry and an AngioSense probe, an in vivo blood pool vascular
fluorescent imaging agent, we determined the in vivo role of
SEMA7A by comparing angiogenesis in mice bearing scramble
shRNA DA-3 mammary tumors with those bearing SEMA7A
shRNA knockdown DA-3 mammary tumors. Since these stud-
ies showed a significant reduction in tumor volume in SEMA7A
shRNA knockdown DA-3 mammary tumors, we hypothesized
that these mice would produce decreased levels of angiogenic
molecules. It is also possible that although we have knocked
down the gene in the tumor cells, host derived SEMA7A may
contribute toward angiogenesis. Using SEMA7A knockout mice,
we are determining the effects of tumor-derived vs. host-derived
SEMA7A.

Axonal guidance molecule expression is dysregulated in many
types of cancer, including breast cancer, suggesting that they
may be excellent targets for effective therapeutic strategies
(Harburg and Hinck, 2011). In this report we provide novel data
showing that macrophages from SEMA7A shRNA knockdown
mammary tumor bearers have decreased production of angio-
genic chemokines CXCL2/MIP-2 and CXCL1 as well as matrix
degrading enzyme, MMP-9. Although it is known that cytokines
such as TNF-α induce MMP-9 through MAPK pathway (Holvoet
et al., 2003; Moon et al., 2004), there are no studies in liter-
ature describing induction of MMPs by SEMA7A. (Guo and
Giancotti, 2004). We are the first to show a relationship between
MMP-9 and SEMA7A. We speculate that SEMA7A-β1 integrin

ligation may activate MAPK pathway. Activation of MAPK path-
way has been shown to play an important role in tumor invasion
and metastasis via interaction of integrins with specific recep-
tors (Guo and Giancotti, 2004). Further, integrins have been
reported to associate with receptor tyrosine kinases (RTKs) to
activate signaling pathways, including MAPK pathways that are
necessary for tumor invasion and metastasis. We have also shown
that macrophages from SEMA7A shRNA knockdown mammary
tumor bearers have increased levels of serpinf1, a secreted protein
known to have anti-angiogenic and anti-tumorigenic functions
(Filleur et al., 2009). It is possible that SEMA7A could act in
an autocrine manner to upregulate the expression of not only
angiogenic molecules, but also the integrins to enhance metastatic
growth. We are now characterizing the effect of SEMA7A on dif-
ferent mammary tumor cells and their ability to migrate and
metastasize. These findings could lead to further studies in the
role of Semaphorin 7A in tumor progression in breast and many
other cancers.
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Tumor macrophages are generally considered to be alternatively/M2 activated to induce
secretion of pro-angiogenic factors such as VEGF and MMPs. EMMPRIN (CD147, basigin)
is overexpressed in many tumor types, and has been shown to induce fibroblasts
and endothelial cell expression of MMPs and VEGF. We first show that tumor cell
interactions with macrophages resulted in increased expression of EMMPRIN and
induction of MMP-9 and VEGF. Human A498 renal carcinoma or MCF-7 breast carcinoma
cell lines were co-cultured with the U937 monocytic-like cell line in the presence of
TNFα (1 ng/ml). Membranal EMMPRIN expression was increased in the co-cultures
(by 3–4-folds, p < 0.01), as was the secretion of MMP-9 and VEGF (by 2–5-folds for
both MMP-9 and VEGF, p < 0.01), relative to the single cultures with TNFα. Investigating
the regulatory mechanisms, we show that EMMPRIN was post-translationally regulated
by miR-146a, as no change was observed in the tumoral expression of EMMPRIN
mRNA during co-culture, expression of miR-146a was increased and its neutralization
by its antagomir inhibited EMMPRIN expression. The secretion of EMMPRIN was also
enhanced (by 2–3-folds, p < 0.05, only in the A498 co-culture) via shedding off of the
membranal protein by a serine protease that is yet to be identified, as demonstrated by
the use of wide range protease inhibitors. Finally, soluble EMMPRIN enhanced monocytic
secretion of MMP-9 and VEGF, as inhibition of its expression levels by neutralizing
anti-EMMPRIN or siRNA in the tumor cells lead to subsequent decreased induction
of these two pro-angiogenic proteins. These results reveal a mechanism whereby
tumor cell-macrophage interactions promote angiogenesis via an EMMPRIN-mediated
pathway.

Keywords: membranal and secreted EMMPRIN, VEGF, MMP-9, tumor cells, macrophages, angiogenesis, mir-146a

INTRODUCTION
Solid tumors include tumor and stroma cells, particularly infil-
trating macrophages, which may consist of up to half of the tumor
mass (Mantovani et al., 2002; Murdoch et al., 2004). Macrophages
can be activated to become effector killer cells (classically or M1
activated) or to be involved in wound healing and angiogene-
sis (alternatively or M2 activated) (Mosser and Edwards, 2008;
Gordon and Martinez, 2010). However, since we now realize that
macrophages are very plastic and can be activated in many addi-
tional modes according to the microenvironment, this dichotomy
is really a simplified way to describe their activation and
function.

The three main macrophage subsets that are recognized within
the tumoral context are tumor-associated macrophages (TAMs)
(Lewis and Murdoch, 2005), Tie2 expressing monocytes (TEMs)
(De Palma et al., 2007), and myeloid-derived suppressor cells
(MDSCs) (Serafini et al., 2006; Murdoch et al., 2008), all of which
secrete varying amounts of pro-angiogenic factors (e.g., vascular
endothelial growth factor-VEGF), anti-inflammatory mediators
(e.g., TGF-β, IL-10, IL-13, PGE2) that inhibit the tumorici-
dal activity of immune cells (Mantovani et al., 2004; Murdoch
et al., 2005), and enzymes that degrade the extracellular matrix

(ECM) and make room for the growing tumor mass (e.g., matrix
metalloproteinases-MMPs). MMPs and VEGF are both crucial
for tumor progression, invasiveness, metastasis and angiogenesis
(Egeblad and Werb, 2002). High amounts of MMPs, particularly
MMP-9, degrade the ECM, release and activate VEGF, and allow
migration of cells (including infiltration of leukocytes, spread-
ing of metastatic tumor cells, and integration of pericytes and
endothelial cells into the tumor vasculature) (Murdoch et al.,
2008). VEGF is an extremely potent pro-angiogenic factor, a
chemoattractant for macrophages, and a regulator of MMP-
9 (Owen et al., 2003). Thus, a regulatory positive loop exists,
where MMP-9 regulates VEGF bioavailability, and VEGF regu-
lates MMP-9 expression (Hollborn et al., 2007).

Thus, the tumoral microenvironment is rich in anti-
inflammatory mediators (e.g., IL-10, IL-13, TGFβ, PGE2) that
skew macrophages toward alternative/M2 patterns of activation,
while hypoxia immobilizes them at the site (Murdoch et al., 2004).
However, the microenvironment also consists of low levels of pro-
inflammatory cytokines (e.g., IL-1β, TNFα) which paradoxically
enhance tumor angiogenesis and proliferation (Balkwill, 2009).
TNFα in particular can be produced by the tumor cells not only
to enhance their proliferation, but also to promote invasiveness

www.frontiersin.org July 2013 | Volume 4 | Article 178 | 89

http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Vascular_Physiology/10.3389/fphys.2013.00178/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=Bat-chenAmit-Cohen&UID=86661
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MichalRahat&UID=31910
mailto:rahat\protect _miki@clalit.org.il
http://www.frontiersin.org
http://www.frontiersin.org/Vascular_Physiology/archive


Amit-Cohen et al. Secreted EMMPRIN increases angiogenesis

through its ability to induce macrophage MMP-9 (Hagemann
et al., 2004)

In many solid tumors, expression of VEGF and MMPs, includ-
ing MMP-9, is up-regulated by the extracellular matrix metallo-
proteinase inducer (EMMPRIN, also called basigin or CD147).
This is a multifunctional protein that is expressed on the sur-
face of both tumor and stroma cells, including macrophages (Yan
et al., 2005; Nabeshima et al., 2006), and through homophilic
EMMPRIN:EMMPRIN interactions between these two cell types
may induce the expression of both MMPs and VEGF and increase
angiogenesis (Tang et al., 2004, 2005; Yurchenko et al., 2010).
Other protein partners for EMMPRIN, such as cyclophilin A
and B, may also be responsible for its pro-angiogenic activity,
as well as for inducing chemotaxis and recruitment of leuko-
cytes to the tumor (Yurchenko et al., 2010). Overexpression of
EMMPRIN was found in many types of tumors, and was cor-
related to VEGF and MMP-9 induction and increased tumor
invasiveness (Zhou et al., 2005). Conversely, EMMPRIN neu-
tralizing antibody reduced VEGF and MMP-9 expression (Tang
et al., 2006) leading to reduced invasiveness. EMMPRIN may be
found as a transmembranal protein or in its secreted form, and
both forms can mediate its homophilic interactions (Belton et al.,
2008). In this study we show that EMMPRIN is up-regulated by
tumor cell-macrophage interactions and its proteolytic cleavage
is enhanced in co-culture, resulting in increased amounts of the
soluble form. Moreover, we show that the secreted form is suffi-
cient to induce both VEGF and MMP-9, and is pro-angiogenic by
itself.

METHODS AND MATERIALS
CELLS
The human renal carcinoma A498 (ATCC HTB-44), breast car-
cinoma MCF-7 (ATCC HTB-22) and U937 monocyte-like cells
(ATCC CRL-1593) were cultured in RPMI-1640 medium with
10% fetal calf serum (FCS), 1% L-glutamine and antibiotics. The
three cell lines were regularly tested for morphological changes
and presence of mycoplasma. In some experiments cells were
subjected to stimulation with TNFα (1 ng/ml, R&D systems,
Minneapolis, MN), incubated with anti-EMMPRIN (LEAF™
Purified anti-human CD147 Antibody, BioLegend, San Diego,
CA) or with recombinant EMMPRIN (R&D systems). To avoid
possible masking of signals by exogenous stimuli, 106 cells were
plated in 24-well plates in RPMI-1640 without FCS and TNFα

was added for 48 h. In all co-cultures, tumor cells and U937 cells
were plated at a 2:1 ratio. Cell viability was determined using the
XTT kit (Biological industries, Beit-Haemek, Israel). The human
endothelial cell line EaHy926 (gift of Dr. C. J. Edgell, University
of North Carolina, Chapel Hill, NC) was cultured in DMEM
with 2% glutamine, 10% FCS, 2% hypoxanthine-aminopterin-
thymidine (HAT), and 1% antibiotics.

ELISA
The human EMMPRIN, MMP-9 and VEGF ELISA kits were
performed according to the manufacturer’s instructions (R&D
systems). Samples were diluted 1:200 for determination of
EMMPRIN and MMP-9, and 1:100 for determination of VEGF,
according to previous calibration experiments.

FLOW CYTOMETRY
106 Cells were centrifuged and re-suspended in RPMI-1640 with
1% FCS, and then incubated with 1 μg of Alexa 647-conjugated
anti-human CD147 or with its isotype control (BioLegend) for
30 min at 4◦C. After washing, the cells were fixed in 0.1%
formaldehyde and analyzed by flow cytometer, (LSRII, BD
Biosciences, San Jose, CA). To distinguish between EMMPRIN
expression on U937 cells and on tumor cells, A498 and MCF-7
cells were first labeled with 1 μM of Cell Tracker™ Green CMFDA
(Life Technologies-InVitrogen, Darmstadt, Germany) according
to the manufacturer’s instructions, and only then were incu-
bated in the experimental conditions. Dead cells were excluded
from the analysis by their forward and sideway light-scattering
properties.

QUANTITATIVE REAL-TIME PCR
Total RNA was extracted from 106 U937, A498, or MCF-7
cells using the RNA extraction kit (Norgen biotek, Ontario,
Canada), and 500 ng were transcribed to cDNA using the High
Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA). EMMPRIN mRNA expression and its refer-
ence gene GusB, or miR-146a and its reference gene U6 were
quantified by real-time PCR using the TaqMan assay on demand
kit with the StepOne system (Applied Biosystems). The com-
parative ��CT method was used for relative quantification,
and non-stimulated cells served as a calibrator in each experi-
ment, to allow comparison of relative quantity (RQ) between the
samples.

REVERSE TRANSFECTION AND INHIBITION OF MIR-146a OR EMMPRIN
EXPRESSION
The siPORT NeoFX transfection agent (Applied
Biosystems/Ambion, Austin, TX) was diluted 1:25 with OPTI-
MEM1 medium (Gibco, Invitrogen), combined with 30 nM
of the anti-miR-146a inhibitor™ or its Cy3-labeled negative
control (anti-miR-NC), or with 5 nM of EMMPRIN siRNA or
its negative control (all reagents from Ambion). Solutions were
incubated 10 min to allow transfection complexes to form and
then dispensed into 24-well plates. 6 × 104 A498 or MCF-7
cells/well were overlaid in suspension over the transfection
complexes and gently tilted to evenly distribute the complexes.
Cells were incubated at 37◦C overnight, followed by replacement
with fresh medium and stimulation with TNFα for 48 h. These
conditions were calibrated according to the manufacturer’s
instructions, reaching transfection efficiency of >92%.

ISOLATION OF EXOSOMES
106 A498 or MCF-7 cells were incubated in single- or co-
cultures with 0.5 × 106 U937 cells in the presence of TNFα

(1 ng/ml), supernatants were collected and centrifuged at 800 g
for 10 min and then at 12,000 g for 30 min to sediment sus-
pended cells. The resulting supernatants were ultra-centrifuged
at 110,000 g (Micro-Ultracentrifuge RCM150, rotor S120AT2-
0200; Thermo Scientific, Sorvall, Suwanee, GA, USA) for 1.5 h
at 4◦C to pellet the exosomes. Both pellets and supernatants
were evaluated for the presence of EMMPRIN protein by
ELISA.
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In vitro “WOUND ASSAY”
EaHy926 monolayers (1 × 106 cells) in 24-well dishes were
wounded with a wooden toothpick after overnight incubation,
and the line of injury was marked. Detached cells were washed
away with medium, and cells were incubated with or without
human recombinant EMMPRIN (200 ng/ml) or with 100 μl of
supernatants (diluted 1:4 with medium) derived from the siRNA
experiments. Images of the field of injury were acquired at the
beginning of the experiment and after 48 h. In each experiment,
average distances between the two sides of the wound were mea-
sured in different locations along the wound (at least 10 locations
per field), in day 0 and in day 2, and analyzed with ImagePro plus
4.5 software. The percent change was then calculated relative to
day 0.

In vivo PLUG ASSAY
Liquid Matrigel (0.4 ml) was mixed with 200 ng/ml of human
recombinant EMMPRIN and injected subcutaneously into the
flank of BALB/c mice. As a control, Matrigel was mixed with
serum-free DMEM and injected as above. Matrigel plugs were
surgically removed after 7 days and photographed to give visual
assessment of angiogenesis. All animal studies were approved by
the Animal Care Committee of the Technion.

STATISTICAL ANALYSES
All values are presented as means ± SE. Significance between
two groups was determined using two-tailed unpaired t-test.
Differences between three or more experimental groups were ana-
lyzed using analysis of variance (ANOVA) and the Bonferroni’s
multiple comparison tests. P-values exceeding 0.05 were not
considered significant.

RESULTS
CO-CULTURE INCREASES THE EXPRESSION OF EMMPRIN,
MMP-9 AND VEGF
Preliminary studies were performed to calibrate the in vitro sys-
tem. TNFα was added to each of the single cell cultures at
a concentration of 1 ng/ml, which is similar to the concentra-
tion found in the tumor microenvironment (Elamin et al., 2008;
Charles et al., 2009; Ali et al., 2012). At this concentration TNFα

was sufficient to induce MMP-9, but did not induce cell death,
as was estimated by the XTT assay (1.03 ± 0.04, 0.96 ± 0.02, and
0.99 ± 0.05 folds for A498, MCF-7, and U937 cells, respectively,
relative to each of the non-stimulated cells). Furthermore, incu-
bation time of 48 h was optimal to observe accumulation of VEGF
and MMP-9 in the supernatants. As macrophages may make up
as much as 50% of the tumor mass, tumor cells and monocytes
were incubated at a ratio of 2:1, as was demonstrated before (Blot
et al., 2003; Perske et al., 2010).

In all three cell lines examined separately or in co-culture, all
of the cells (99.6 ± 0.3%) expressed surface EMMPRIN, how-
ever, with different intensities. The U937 cells expressed low levels
of membranal EMMPRIN (Figures 1A,B), which increased by
4.5-folds during co-culture with both A498 and MCF-7 cells.
Likewise, expression of membranal EMMPRIN on the tumor
cells that was 2–3-fold higher in the single cultures than in
the U937 cells, was increased during co-culture (by 4-folds and

3-folds in the A498 and MCF-7 cells, respectively, p < 0.05
and p < 0.001 relative to the singe cultures). TNFα had no
effect on the membranal expression of EMMPRIN in all cell
types, during separate incubation or in co-cultures. In con-
trast, TNFα elevated the amounts of secreted EMMPRIN from
A498 cells cultured alone (by 2-folds, p < 0.05), but not from
MCF-7 cells, which already secreted high levels of EMMPRIN
(Figure 1B). Co-culture increased the accumulation of secreted
EMMPRIN in the A498 experiments (by 3-folds and 1.5-folds
relative to the U937 and A498 single cultures, respectively, p <

0.001, Figure 1C), although this increase was only additive. In
contrast, using the MCF-7 cells, the amounts of the secreted
EMMPRIN were not significantly different in the co-cultured cells
relative to the single MCF-7 culture, suggesting that this cell line
already secreted maximal amounts of EMMPRIN without further
stimulation.

In both tumor cell lines and in the monocytic cell line, pres-
ence of TNFα was necessary to induce MMP-9 secretion in each
of the single cultures, however, the co-cultures significantly ele-
vated this level, synergistically for the A498 cells (5-folds, p <

0.001) and additively for the MCF-7 cells (1.6-folds, p < 0.001,
Figure 1D). Similarly, co-cultures increased the accumulation of
secreted VEGF (Figure 1E). In the A498 cells, co-cultures syner-
gistically increased VEGF secretion (by 3-folds, p < 0.001 relative
to each of the single cultures), and addition of TNFα, which had
no effect in the single cultures, further stimulated secretion by
2-folds. In the MCF-7 cells, co-cultures increased the accumula-
tion of VEGF additively only in the presence of TNFα (by 2-folds,
p < 0.01 relative to each of the single cultures).

EMMPRIN EXPRESSION IS POST-TRANSCRIPTIONALLY REGULATED
BY MIR-146a
We next evaluated the expression of EMMPRIN at the RNA
levels. EMMPRIN has two known isoforms. The short isoform
has only two Ig-like domains, whereas the long isoform has 3
such domains. Preliminary experiments indicated that both iso-
forms are expressed in the three cell lines, however, the short
isoform was the prevalent one (average Ct values of 20 cycles),
whereas the long isoform was scarce (average Ct values of 31).
We, therefore, evaluated the effect of TNFα and co-culture on the
accumulation of EMMPRIN mRNA levels of the short isoform
only (Figure 2A). In order to estimate the level of EMMPRIN
mRNA in each cell type, co-cultured cells were incubated in sepa-
rate inserts (membrane of 0.3 μm pore size), so as to preclude cell
migration between the two compartments. No significant change
was observed in the EMMPRIN mRNA levels in either A498 or
MCF-7 cells relative to each of the single cultures, whereas in the
U937 cells co-culturing with either A498 or MCF-7 cells reduced
these levels by 40 and 45% relative to the single culture (p < 0.05
and p < 0.01, respectively).

The discrepancy between the elevated protein levels observed
before and the unchanged or decreased levels of the mRNA sug-
gested a post-transcriptional regulation of EMMPRIN, which
could be mediated through microRNA. We chose to examine
the involvement of miR-146a that is a known inflammatory
microRNA and has been implicated in tumor-macrophage inter-
actions before (Perske et al., 2010). We could show (Figure 2B)
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FIGURE 1 | Continued
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FIGURE 1 | The effect of co-culture on the secretion of EMMPRIN, MMP-9

and VEGF. 106 A498 or MCF-7 cells were incubated in a serum-free medium
either separately or with 0.5 × 106 U937 cells in co-culture for 48 h, with or
without the addition of TNFα (1 ng/ml), and 0.5 × 106 U937 cells were
incubated in a serum-free medium with or without the addition of TNFα

(1 ng/ml). (A) Representative dot plot for the A498 and U937 co-cultures.
Light blue and orange histograms—EMMPRIN expression in single cultures

of A498 cells and U937 cells, respectively; Blue and red
histograms—EMMPRIN expression measured separately on A498 or U937
cells, respectively, incubated in their co-cultures. Gray histogram—isotype
control. (B) Mean fluorescence (MF) of the membranal expression of
EMMPRIN that was evaluated by flow cytometry (n = 8). Concentrations of
secreted proteins were determined in the supernatants by ELISA for (C)

EMMPRIN (n = 6), (D) MMP-9 (n = 8) and (E) VEGF (n = 8).

that the expression of miR-146a was elevated by the co-culture
relative to each of the non-stimulated single cultures (by 146-
folds, ∼200-fold, and ∼300-folds for A498, MCF-7 and U937,
p < 0.05). As miR-146a is an inflammatory miRNA, TNFα

increased its levels, although not significantly (by 50-folds and
2.5-folds for A498 and U937 cells, respectively), and the co-
culture further increased it in the stimulated A498 and U937
cells (by 3-folds and 160-folds, p < 0.05), whereas in the MCF-
7 cells TNFα did not increase miR-146a expression relative to the
non-stimulated cells.

To show that this microRNA regulates the expression of
EMMPRIN, we next neutralized its activity by transfecting the
tumor cells with its antagomir anti-miR-146a and then co-
culturing them with the U937 monocytes in the presence of TNFα

(Figure 2C). This neutralization resulted in decreased levels of
secreted EMMPRIN protein, which did not reach significance
in the A498 cells (by 1.5-folds), but was significantly different
(3-folds, p < 0.01) for MCF-7 cells.

SOLUBLE EMMPRIN IS GENERATED BY A SERINE PROTEASE
The way that the secreted form of EMMPRIN is generated
remains controversial, where some evidences indicate secretion by
exosomes (Keller et al., 2009), and some demonstrate proteolytic
cleavage by MMPs (Tang et al., 2004). We investigated several
different possibilities for the generation of soluble EMMPRIN.
First, we explored whether the co-culture of the tumor cell
lines with the U937 monocytes induce alternative splicing of the
EMMPRIN mRNA, so that the transmembranal portion of the
molecule is deleted and the product cannot be anchored to the
membrane. We, therefore, amplified the extracellular and trans-
membranal regions of the short EMMPRIN mRNA (indicated in
Figure 3A) and quantified the transcript by both sets of primers.
No change was observed between the extracellular (short iso-
form) and transmembranal regions of the single- and co-cultures
of the A498 and MCF-7 cells (Figure 3B). Likewise, no such
change was observed for the U937 cells, despite the reduction
in the overall EMMPRIN transcript that was observed before
(Figure 2A).

Next, we evaluated the presence of EMMPRIN protein in exo-
somes, by precipitating the exosomes using ultracentrifugation,
an accepted method for exosome isolation (Lahat et al., 2011).
However, EMMPRIN was exclusively found in the supernatants
and was not sedimented at all after ultracentrifugation, indicating
that it is not found in exosomes (Figure 3C).

Finally, we explored the possibility of proteolytic cleavage of
the membranal EMMPRIN. To this end, we incubated the tumor
cell lines in co-cultures with U937 monocytes in the presence
of TNFα, to give rise to maximal secretion of EMMRPIN, and
with a wide range of protease inhibitors (Aprotinin, the serine

protease inhibitor; Leupeptin, the serine, cysteine and threonine
protease inhibitor; Pepstatin A, the aspartyl protease inhibitor;
Phenanthroline, the MMPs inhibitor), and with bafilomycin A1,
the lysosomal inhibitor which prevents lysosomal acidification.
These inhibitors collectively inhibit families of proteases with
potential access to membranal EMMPRIN either at the plasma
membrane or at the endosomal pathway. Different inhibitors
in optimal concentrations, which were determined to be inca-
pable of causing cell death in preliminary experiments (data
not shown), were added to the co-cultures and their effect
on the secretion of EMMPRIN was evaluated by ELISA. Each
value is presented as fold from control (the co-cultured cells
in the presence of TNFα) to allow better visualization of the
differences exerted by the inhibitors. In both A498 and MCF-
7 co-cultures with the monocytic U937 cell, only aprotinin
(Figure 3D) caused a significant decrease in secreted EMMPRIN
(a 14 and 46% reduction in A498 and MCF-7 co-cultures, respec-
tively, p < 0.001).

EMMPRIN IS REQUIRED FOR FULL INDUCTION OF VEGF AND MMP-9
VEGF and MMP-9 are essential for tumor angiogenesis, and can
be induced by a myriad of mediators found in tumor microen-
vironment, including hypoxia, TNFα or EMMPRIN. We used
three approaches to demonstrate that EMMPRIN is required for
maximal induction of both VEGF and MMP-9.

First, we incubated each of the cell lines, with or without
TNFα, with increasing amounts of recombinant EMMPRIN.
EMMPRIN alone had no significant effect on the secretion of
MMP-9 in all three cell lines (Figure 4), but in the presence of
TNFα the high amounts of the recombinant protein increased
the secretion of MMP-9 by 2.5-folds from the U937 cells (p <

0.001), by 4-folds from the A498 cells (p < 0.01) and by 3-
folds from the MCF-7 cells (p < 0.05), demonstrating a dose
response. The secretion of VEGF was not affected by the presence
of TNFα, and was significantly increased by the high amounts
of the recombinant protein only in the case of the U937 cells
(by 2-folds, p < 0.01). Since the recombinant EMMPRIN we
used is a chimeric product where the IgG Fc fragment is fused
to the carboxy-terminus of EMMPRIN, we made sure that this
fragment alone does not induce MMP-9 or VEGF secretion
from the cells (Figure 4) and used it as a control in all the
experiments.

Secondly, we incubated the TNFα-stimulated cells in co-
culture, and neutralized the effects of EMMPRIN by adding its
specific antibody (at 2 ng/ml), a concentration that was deter-
mined after preliminary calibration experiments. In A498 cells
co-cultured with U937 cells, anti-EMMPRIN reduced MMP-
9 secretion by 32% (p < 0.001) and VEGF secretion by 48%
(p < 0.05) (Figure 5). Likewise, in MCF-7 cells co-cultured with
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FIGURE 2 | EMMPRIN is regulated at the post-transcriptional level.

0.6 × 105 A498 or MCF-7 cells were incubated in single- or co-cultures
with 0.3 × 105 U937 cells in the presence of TNFα (1 ng/ml) for 48 h. To
allow estimation of mRNA or miRNA levels in each cell type, co-cultured
cells were incubated in separate inserts (0.3 μm pore size), thus
precluding cell migration between the two compartments. In some of
the wells cells were transfected with anti-miR-146a or anti-miR-NC

(scrambled negative control). Total RNA was extracted and transcribed to
cDNA. (A) Expression of the short EMMPRIN mRNA isoform was
determined by quantitative real-time PCR amplification (n = 4). (B) The
expression of miR-146a was determined in each of the single and
co-cultured cells cell lines (n = 3) (C) The effect of neutralization of
miR-146a in the tumor cell lines on the expression of EMMPRIN protein
in co-cultures was determined (n = 3).

U937 cells the antibody reduced MMP-9 secretion by 63% (p <

0.05) and VEGF secretion by 61% (p < 0.01). In the case of MCF-
7, the antibody reduced the expression of both MMP-9 and VEGF
to levels comparable to those induced by TNFα in the single cul-
tures, whereas in the A498 cells the antibody reduced MMP-9 and
VEGF levels only partially, and MMP-9 and VEGF levels were still

higher than those found in the TNFα-stimulated single cultures
(Figure 5).

Thirdly, we specifically reduced the expression of EMMPRIN
in the tumoral cells using EMMPRIN siRNA. To make sure that
EMMPRIN was maximally knocked down, we used two dif-
ferent siRNA sequences as well as their combination, and all

Frontiers in Physiology | Vascular Physiology July 2013 | Volume 4 | Article 178 | 94

http://www.frontiersin.org/Vascular_Physiology
http://www.frontiersin.org/Vascular_Physiology
http://www.frontiersin.org/Vascular_Physiology/archive


Amit-Cohen et al. Secreted EMMPRIN increases angiogenesis

FIGURE 3 | Possible mechanisms for generating secreted EMMPRIN

protein. 106 A498 or MCF-7 cells were incubated in single- or co-cultures
with 0.5 × 106 U937 cells in the presence of TNFα (1 ng/ml) for 48 h. (A) A
schematic representation of the different exons of the EMMPRIN mRNA. The
primers used for the amplification of the transmembranal (TM) or
extracellular regions of the short isoform are indicated by small arrows. (B)

Total RNA was extracted and transcribed into cDNA. Amplification of both the

extracellular and transmembranal regions by quantitative real-time PCR was
used to assess alternative splicing (n = 3). (C) Supernatants were collected
and ultra-centrifuged as described in the methods. Presence of the EMMRIN
protein in exosomes was determined by evaluating its concentrations in both
pellets and supernatants by ELISA (n = 4). (D) Ability of a wide range of
protease inhibitors (optimal concentrations indicated) to inhibit EMMPRIN
secretion was evaluated by ELISA (n = 5).
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FIGURE 4 | Effect of recombinant EMMPRIN on the secretion of MMP-9,

VEGF, and EMMPRIN. 5 × 105 A498, MCF-7 or U937 cells were incubated
separately in a serum-free medium with or without TNFα (1 ng/ml) for 48 h,

and with the addition of increasing amounts of recombinant EMMPRIN or the
IgG Fc fragment (at 200 ng/ml). Concentrations of MMP-9 and VEGF were
determined in the supernatants using ELISA (n = 7).

three possibilities resulted in similar inhibition of EMMPRIN
protein production (about 5-folds for both A498 and MCF-7
cells, p < 0.05 and p < 0.01, respectively, Figure 6C). In A498
or MCF-7 co-cultures with the monocytic U937 cell line, the

absence of EMMPRIN resulted in inhibition of VEGF secretion
by 8–9-folds and 6–7-folds, respectively, (p < 0.05 and p < 0.01,
respectively, relative to the TNF-stimulated co-cultures without
knocking down EMMPRIN, Figure 6B). Likewise, in both A498
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FIGURE 5 | EMMPRIN neutralization inhibits secretion of VEGF and

MMP-9. 5 × 105 A498 or MCF-7 cells were incubated separately or in
co-cultures with 2.5 × 105 U937 cells in a serum-free medium supplemented

with TNFα (1 ng/ml) for 48 h, with or without the addition of anti-EMMPRIN
(2 ng/ml). Concentrations of (A) MMP-9 and (B) VEGF were determined in
the supernatants using ELISA (n = 7).

and MCF-7 co-cultures, reduced EMMPRIN expression inhibited
secretion of MMP-9 by about 3-folds (p < 0.05, Figure 6A).

SOLUBLE EMMPRIN IS SUFFICIENT TO INDUCE MMP-9 AND VEGF
Although we have shown that EMMPRIN is required for the max-
imal induction of VEGF and MMP-9 in co-cultures of tumor cells
with monocytes, it remains unclear whether the effect is mediated
by the membranal or the soluble protein. The dose-dependent
effect of the recombinant EMMRPIN (Figure 4) was a first indi-
cation that the soluble protein mediates the effect. We further rea-
soned that soluble EMMPRIN found in the supernatant would be
sufficient to induce secretion of VEGF and MMP-9 in the oppo-
site cell type. We therefore, collected sups from TNFα-stimulated
single cultures of each of the tumor cells, and incubated them
diluted in medium at a ratio of 1:4 with U937 cells, with or
without the presence of TNFα (Figure 7). Relative to the TNFα-
stimulated U937 single culture, the A498- or MCF-7-derived sups
non-significantly increased MMP-9 secretion from U937 cells by
1.44- and 1.26-folds, respectively, but anti-EMMPRIN specifically
inhibited it by 3–4-folds (p < 0.05). Similarly, the A498- or MCF-
7-derived sups increased VEGF secretion from U937 cells by

2.5-folds (p < 0.01), and anti-EMMPRIN specifically inhibited
it by 2–3-folds (p < 0.05). In contrast, the reciprocal incubation
of U937-derived sups with both TNFα-stimulated tumor cells
(Figure 8) did not affect MMP-9 secretion, and elevated VEGF
secretion by about 2.5-folds (p < 0.001). However, this effect on
VEGF was not specific to EMMPRIN, as indicated by the lack of
response to anti-EMMPRIN.

To finally prove that soluble EMMPRIN can mediate MMP-
9 and VEGF induction in co-cultures, we incubated the two
cell types in Boyden-modified chambers, where the inserts
had a 0.3 μm pore size that prevented cell–cell contact. As
before, the co-incubation of the A498 or the MCF-7 tumor
cells with the U937 monocytic cell line in a mixture that
allows cell–cell contact resulted in increase of both MMP-9
and VEGF in the supernatants, whereas the separate incu-
bation of the cells in the inserts did not change this effect
(Figure 9).

SOLUBLE EMMPRIN IS PRO-ANGIOGENIC
In addition to the ability of EMMPRIN to induce VEGF and
MMP-9, we asked if EMMPRIN has direct pro-angiogenic
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FIGURE 6 | Effect of EMMPRIN siRNA on the secretion of MMP-9, VEGF

and EMMPRIN. 0.6 × 105 A498 or MCF-7 cells were incubated separately or
in co-cultures with 0.3 × 106 U937 cells in a serum-free medium
supplemented with TNFα (1 ng/ml) for 48 h. Tumor cells were first transfected

with 5 nM of each of the two different EMMPRIN siRNA molecules, their
combination or the negative control (NC), or left untreated. Concentrations of
(A) MMP-9, (B) VEGF, and (C) EMMPRIN were determined in the
supernatants using ELISA (n = 5).

effect on endothelial cells. Since endothelial cells migrate as
one sheet, and migration and proliferation are inseparable,
the distances between the two sides of the wound and their
enhanced rate of closure over time reflect a pro-angiogenic activ-
ity. Figures 10A,B demonstrate that recombinant EMMPRIN
(200 ng/ml) increased migration/proliferation of EaHy926 cells
by 2.7-folds, although this trend did not reach significance.

In a complementary experiment (Figures 10C,D), supernatants
derived from A498 tumor cells that were transfected with
EMMPRIN siRNA demonstrated a 7-fold (p < 0.05) decreased
ability to repair the wound compared to untreated supernatants.
Similar results were observed for MCF-7-derived supernatants
(data not shown), suggesting a requirement for EMMPRIN
presence.
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FIGURE 7 | Effect of cancer cell supernatants on monocyte expression of

VEGF and MMP-9 is mediated through soluble EMMPRIN. 2 × 105 U937
cells were separately incubated in the presence of TNFα (1 ng/ml) for 48 h

with or without the addition of diluted (1:4) supernatants derived from A498 or
MCF-7 cells, and with the neutralizing anti-EMMPRIN antibody (2 ng/ml).
Concentrations of (A) MMP-9 and (B) VEGF were determined by ELISA (n = 5).

To evaluate the pro-angiogenic effects of EMMPRIN in vivo
we used the Matrigel plug assay, where liquefied Matrigel mixed
with medium or with recombinant EMMPRIN (200 ng/ml) was
injected subcutaneously. The plugs were harvested after 7 days
and their gross morphology is presented (Figure 10E). The con-
trol plugs are clear and transparent with almost no visible
blood vessels, whereas plugs that were mixed with recombinant
EMMPRIN are opaque, reddish and clearly show formation of
functional blood vessel network, strongly suggesting increased
angiogenesis.

DISCUSSION
EMMPRIN has been shown before to be pro-angiogenic, through
its ability to induce MMPs and VEGF. Here we demon-
strate some novel points: (a) Expression of EMMPRIN is
increased in tumor cells upon co-culturing with macrophages;
(b) EMMPRIN is post-transcriptionally regulated by miRNA-
146a; (c) Soluble EMMPRIN retains its biological activity, is
required for maximal induction of both VEGF and MMP-
9, and is generated by a serine protease that is yet to be
identified; (d) soluble EMMPRIN alone has a pro-angiogenic

activity and a direct effect on endothelial cells both in vitro and
in vivo.

Enhanced EMMPRIN expression has been described before in
many types of tumor tissues, but was usually not accompanied
by detection of EMMPRIN expression on stromal cells (Zhong
et al., 2008; Liang et al., 2009; Omi et al., 2012; Pinheiro et al.,
2012; Lu et al., 2013), suggesting that stromal cell expression of
EMMPRIN in vivo was very low and below the levels of antibody
detection. Studies in vitro demonstrated that tumor cells enhance
their expression of EMMPRIN when co-cultured with other cell
types, such as fibroblasts (Tang et al., 2004; Sato et al., 2009) or
endothelial cells (Caudroy et al., 2002; Bougaten et al., 2009), but
expression of EMMPRIN in monocytes/macrophages co-cultured
with tumor cells was hardly investigated. Here we show that
EMMPRIN is constitutively expressed, although in low levels, on
both cell types. The interactions of monocytes with tumor cells
in co-cultures in vitro lead to increased membranal expression of
the EMMPRIN protein in both cell types, but mostly in the tumor
cells. Thus, in our system monocytes behave similarly to other
stromal cells, and it is the tumor cells that are mostly responsible
for the overexpression of EMMPRIN.
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FIGURE 8 | Effect of monocyte supernatants on cancer cell expression of

VEGF and MMP-9. 2 × 105 A498 or MCF-7 cells were separately incubated
in the presence of TNFα (1 ng/ml) for 48 h with or without the addition of

diluted (1:4) supernatants derived from U937 cells, and with the neutralizing
anti-EMMPRIN antibody (2 ng/ml). Concentrations of (A) MMP-9 and (B)

VEGF were determined by ELISA (n = 5).

The molecular mechanism responsible for this elevated expres-
sion of EMMPRIN in co-cultures remains unknown, although
EGFR and angiotensin II were implicated in its expression in
fibroblasts and macrophages, respectively (Weidle et al., 2010;
Yang et al., 2010), but not in tumor cells. We have shown that
EMMPRIN mRNA in the tumoral cell lines remains unchanged,
and has even decreased in the U937 cells, whereas the protein
expression was enhanced. This suggested post-transcriptional or
translational regulation, and placed microRNA as possible regu-
lators. We have chosen to look at miR-146a, as it plays a major
role in both inflammatory processes and in regulation of can-
cer (Baltimore et al., 2008), and was previously implicated in the
regulation of tumor cell-macrophage interactions (Perske et al.,
2010). We first demonstrated that miR-146a is increased both in
the two tumor cells and in the monocytic cells during co-culture,
and then that its neutralization specifically inhibited secretion of
EMMPRIN protein. These results further support a role for miR-
146a in the interactions between tumor cells and macrophages,
and suggest that increased miR-146a enhances, rather than
inhibits translation of EMMPRIN. This was unexpected, as
microRNAs usually inhibit protein translation. However, it is

possible that miR-146a could indirectly regulate another pro-
tein that either controls EMMPRIN translation or interacts with
EMMPRIN to enhance its degradation. Both possibilities may
result in enhanced EMMPRIN expression. Alternatively, since
different algorithms (e.g., miRanda, TargetScan) predict that
miR-146a can directly bind to EMMPRIN mRNA, it is possi-
ble that miR-146a cooperates with other microRNAs, resulting
in complex and non-linear effects. It is also noteworthy that
microRNAs do not always inhibit translation, and in viruses
they have been shown to regulate their enhanced replication, as
is the case for the liver-specific miR-122 and hepatitis C virus
(Jopling, 2008), suggesting an additional mode of action for
microRNAs. The question of which signal elevates the expres-
sion of miR-146a in co-culture in both cell types merits further
investigation.

In addition to the elevated membranal expression of
EMMPRIN, co-cultures also increase soluble EMMPRIN, partic-
ularly in the A498 and U937 co-cultures. Previous studies have
suggested three possible mechanisms that may generate solu-
ble EMMPRIN. One mechanism is the generation of exosomes
from multivesicular bodies undergoing exocytosis that include
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FIGURE 9 | Cell–cell contact is not required for induction of MMP-9 and

VEGF. 2 × 105 A498 or MCF-7 cells or 1 × 105 U937 cells were incubated
with TNFα (1 ng/ml) for 48 h, separately, in a mixed co-culture where cell–cell

contact was allowed, or in inserts with a small pore size (0.3 μm) that
precluded cell migration and cell–cell contact. Concentrations of (A) MMP-9
and (B) VEGF were determined by ELISA (n = 8).

EMMPRIN (Keller et al., 2009). Another possibility is the secre-
tion of EMMPRIN in microvesicles that are shed off from the
surface, particularly from lipid rafts (Millimaggi et al., 2007). This
microvesicle-associated EMMPRIN could enhance MMPs pro-
duction in endothelial cells, as well as increase their migration
and ability to form tube-like structures (Millimaggi et al., 2007).
A third mechanism for the secretion of EMMPRIN suggests that
the surface protein is cleaved by a protease. In fact, MT1-MMP
was found to cleave EMMPRIN in the linker region connecting
the two Ig-like domains, leading to a reduced ability of the sur-
face protein, but not the secreted protein, to induce MMPs in
fibroblasts (Egawa et al., 2006). Our results rule out the possibil-
ity of alternative splicing yielding a soluble EMMPRIN protein,
as well as the formation of relatively large structures such as
microvesicles or exosomes that carry EMMPRIN, as EMMPRIN
was not found in the pellets after ultracentrifugation. Our use
of a wide range of protease inhibitors ruled out the involve-
ment of most proteases. Specifically, the use of phenanthroline
which inhibits zinc metalloproteinases such as MT1-MMP, sug-
gested that MMPS may not be involved in the proteolytic cleav-
age of EMMPRIN. In contrast, we found that aprotinin, which
inhibits several serine proteases, could decrease the accumula-
tion of EMMPRIN in the supernatants, indicating that a serine

protease that is yet to be identified is responsible for a shedding
off of surface EMMPRIN in our system. The identification of the
specific serine protease awaits further investigation, and plasmin
or kalikrein, which are inhibited by aprotinin, seem like good
candidates.

We also demonstrate that soluble EMMPRIN, whether syn-
thetic (recombinant EMMPRIN) or produced in our co-culture
system, was able to induce both MMP-9 and VEGF from the
U937 monocytic cells. The experiments where recombinant
EMMPRIN, supernatants derived from one cell type and added
to another cell type and cells co-cultured using 0.3 μm inserts—
all proved that soluble EMMPRIN was sufficient and that it
retained its pro-angiogenic activity. Directionality of EMMPRIN
activity was disclosed in the experiments where A498- or MCF-
7-derived supernatants were added to U937 cells and demon-
strated increased MMP-9 and VEGF secretion that was reduced by
anti-EMMPRIN. The reciprocal experiment where U937-derived
supernatants were added to the tumor cells resulted in increased
VEGF, but not MMP-9 secretion, and even this was not specific, as
anti-EMMPRIN could not inhibit this effect. It is also noteworthy
that other factors found locally in the tumor microenvironment
could induce MMP-9 and VEGF. Among these factors, hypoxia
and presence of pro-inflammatory cytokines (e.g., TNFα) can

www.frontiersin.org July 2013 | Volume 4 | Article 178 | 101

http://www.frontiersin.org
http://www.frontiersin.org/Vascular_Physiology/archive


Amit-Cohen et al. Secreted EMMPRIN increases angiogenesis

FIGURE 10 | Soluble EMMPRIN has pro-angiogenic properties. 2 × 106

Eahy926 cells were grown to confluency in 24-well plates, and a wound
assay was performed by making a scratch, as described in the methods.
(A) A representative photograph of the scratched area in a wound assay
at the beginning (0 h) and at the end (48 h) of the experiment
(magnification X40) while adding recombinant EMMPRIN (200 ng/ml). Gray
lines depict the cell front. (B) Rate of wound closure was measured by
comparing the distance between the two sides of the scratch using

image analysis software at the beginning and at the end of the
experiment, and calculating the percent of change (n = 3). (C) A
representative photograph of scratched area in a wound assay when
adding diluted (1:4) supernatants derived from the co-cultures or
co-cultures where A498 cells were first transfected with EMMPRIN
siRNA or its negative control (NC), and (D) analysis of its rate of wound
closure (n = 3). (E) Matrigel plug assay was carried out as described in
the methods, and plugs were removed and photographed after 7 days.
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induce VEGF and MMP-9 through the activity of the HIF and
NF-κB transcription factors (Pages and Pouyssegur, 2005; Yan
and Boyd, 2007). EMMPRIN is not redundant, however, and it
has a role in maximizing secretion of VEGF and MMP-9, as we
show by specifically targeting EMMPRIN, either by siRNA or by
anti-EMMPRIN.

Thus, increased tumoral EMMPRIN expression results in gen-
eration of soluble EMMPRIN, which probably binds to its ligand
on monocytes (either a yet unknown ligand, or EMMPRIN
itself through homophilic interactions), and induces secretion
of MMP-9 and VEGF from monocytes. This is also in agree-
ment with the fact that monocytes and macrophages are better
producers of these proteins than tumor cells.

Finally, EMMPRIN pro-angiogenic activity is not limited to
induction of MMP-9 and VEGF. Recent studies have shown
that EMMPRIN may directly contribute to the regulation of the
angiogenic process by up-regulating soluble forms of VEGF and
VEGFR2 in endothelial cells (Bougaten et al., 2009; Pinheiro
et al., 2012). We therefore examined the effects of EMMPRIN
on endothelial cells in vitro using the wound assay. We show that
recombinant EMMPRIN could accelerate the rate of wound clo-
sure, and when EMMPRIN expression in tumor cells was silenced
by siRNA, wound repair was inhibited. Likewise, addition of
EMMPRIN to matrigel plugs resulted in growth of blood ves-
sels into the plug, demonstrating that EMMPRIN directly affects

endothelial cells in vivo as well. Thus, EMMPRIN is directly
involved in endothelial migration/proliferation, and the mech-
anisms that are responsible for this action should be further
explored.

In conclusion, we show that co-cultures of tumor cells and
macrophages induce EMMPIN expression, as well as produc-
tion of MMP-9 and VEGF, mostly by the macrophages. Secreted
EMMPRIN, which is generated in our system by a serine protease
that is yet to be identified, is functional and sufficient to stimu-
late macrophages to produce VEGF and MMP-9. Furthermore,
EMMPRIN has an additional direct pro-angiogenic effect on
endothelial cells, suggesting that in the tumoral microenviron-
ment angiogenesis is orchestrated by the effects of EMMPRIN
in this triage of tumor cell-macrophage-endothelial cell inter-
actions, and emphasizing the importance of such interactions.
Additional questions, such as the deciphering of the signal-
ing pathway that is responsible for the increased EMMPRIN
expression and enhanced miR-146a expression merit further
investigation.
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Radiotherapy is an important modality used in the treatment of more than 50% of cancer
patients in the US. However, despite sophisticated techniques for radiation delivery as well
as the combination of radiation with chemotherapy, tumors can recur. Thus, any method
of improving the local control of the primary tumor by radiotherapy would produce a major
improvement in the curability of cancer patients. One of the challenges in the field is
to understand how the tumor vasculature can regrow after radiation in order to support
tumor recurrence, as it is unlikely that any of the endothelial cells within the tumor could
survive the doses given in a typical radiotherapy regimen. There is now considerable
evidence from both preclinical and clinical studies that the tumor vasculature can be
restored following radiotherapy from an influx of circulating cells consisting primarily of
bone marrow derived monocytes and macrophages. The radiation-induced influx of bone
marrow derived cells (BMDCs) into tumors can be prevented through the blockade of
various cytokine pathways and such strategies can inhibit tumor recurrence. However,
the post-radiation interactions between surviving tumor cells, recruited immune cells,
and the remaining stroma remain poorly defined. While prior studies have described the
monocyte/macrophage inflammatory response within normal tissues and in the tumor
microenvironment, less is known about this response with respect to a tumor after
radiation therapy. The goal of this review is to summarize existing research studies to
provide an understanding of how the myelomonocytic lineage may influence vascular
recovery within the irradiated tumor microenvironment.

Keywords: radiation, macrophages, vasculogenesis, angiogenesis, blood vessels, tumor growth

TUMOR-ASSOCIATED MACROPHAGES
Infiltrating leukocytes are a common finding in solid tumors,
first described by Virchow in 1863 and confirmed in modern
studies (Wood and Gollahon, 1977; Milas et al., 1987; Balkwill
and Mantovani, 2001). Tumor-associated macrophages (TAMs)
are recruited to tumors and can promote tumor growth, sur-
vival, and may result in resistance to therapeutic treatments
(De Palma and Lewis, 2013). As tumors mature, they acquire a
heterogeneous, infiltrative population of bone marrow-derived
cells (BMDCs), including a diverse array of myelomonocytic
cells: neutrophils, dendritic cells, myeloid derived suppressor cells
and monocytes/macrophages (Akashi et al., 2000; Nagaraj and
Gabrilovich, 2010). The extent of TAM infiltration appears to cor-
relate with a poor clinical prognosis and an increase in tumor
burden (Takanami et al., 1999; Shieh et al., 2009; Toge et al., 2009).

TAMs originate as circulating monocytes recruited to tumors
by cytokine gradients produced by tumor cells as well as the
tumor stroma (Mantovani et al., 1992). A diverse array of
cytokines and growth factors has been demonstrated to stimu-
late macrophage recruitment to tumors (Balkwill, 2004; Allavena
et al., 2008). Initially, TAMs were felt to have anti-tumor proper-
ties; however, Mantovani et al. found that isolated macrophages
from a weakly immunogenic sarcoma cell line were able to stim-
ulate tumor cell growth in vitro (Mantovani, 1978). TAMs have

now been found by many investigators to also promote tumor
growth in vivo, often by producing a proangiogenic environment
(Folkman, 1974; Polverini et al., 1977; Lin and Pollard, 2004).

As a simplified paradigm, macrophages are frequently consid-
ered to be polarized toward two specific phenotypes; however, it
is important to realize there are many macrophage phenotypes
with different specialized functions (Qian and Pollard, 2010).
Classically activated macrophages (M1) are “pro-inflammatory”
cells designed to protect the host from pathogenic infections.
M1 macrophages are stimulated by LPS and IFN-gamma to pro-
duce IL-12, IL-6, inducible NO synthase (iNOS), and TNF-alpha
(Modolell et al., 1995). These M1 populations have an enhanced
ability to generate reactive oxygen species, upregulate phago-
cytosis, and have enhanced functionality as antigen presenting
cells (Martinez et al., 2009). In contrast, M2 macrophages (alter-
natively activated) are considered “anti-inflammatory” as they
promote tissue repair through IL-4, IL-13 and prostaglandin
signaling and result in the production of IL-10 and TGF-beta
(Corraliza et al., 1995; Mantovani et al., 2009). M2 populations
are able to suppress cytokine production and reduce activation of
T-cells, decrease antigen presenting ability, promote angiogenesis,
stimulate extracellular matrix degradation, and enhance cell sur-
vival (Murdoch et al., 2008; Lu et al., 2011). Increased arginase I
(Arg I) expression is often used as a marker of the M2 phenotype
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due to changes in arginine metabolism away from NO generation
to polyamine production (Ho and Sly, 2009). Many studies have
found that the tumor microenvironment preferentially polarizes
TAMs to the M2 phenotype (Gabrilovich et al., 2012; Ruffell et al.,
2012).

The activation or polarization toward a particular macrophage
phenotype appears to be dependent on the cytokine milieu, the
presence of specific growth factors, and the level of hypoxia
within the tumor microenvironment (Munder et al., 1998;
Goerdt et al., 1999; Gordon, 2003; Mosser, 2003; Stout et al.,
2005). However, it should be noted that macrophages can also
simultaneously produce M1 as well as M2-related cytokines
and that the expression is highly dependent on the tumor
type, stage, and location as well as the host microenviron-
ment. Additionally, the dynamic tumor environment may con-
stantly shift the ratio of macrophage phenotypes depending on
the current environmental conditions (Murdoch et al., 2004;
Pollard, 2004). For example, an unregulated M1 population could
result in a shift toward a chronic inflammatory state, while an
uncontrolled M2 population could result in severe immuno-
suppression (Mantovani et al., 2004; Condeelis and Pollard,
2006). Furthermore, lack of M1 signals (i.e., downregulated
tumor/stromal production of IL-4, IL-10, and IL-13) drive TAMs
toward the M2 phenotype (Mantovani et al., 2004; Pollard, 2004;
Solinas et al., 2009).

In summary, TAMs are bone marrow derived monocytic cells
with unique functional subsets that are recruited to tumors
by cytokine gradients and frequently differentiate into the
M2 macrophage phenotype. TAM infiltration can result in an
immunosuppressed environment, the promotion of proangio-
genic pathways, and consequently, enhanced tumor growth and
tumor cell survival.

HYPOXIA AND THE PROANGIOGENIC ROLE OF TAMs
The tumor microenvironment is often transiently or chronically
in a state of low oxygen tension (Vaupel and Mayer, 2007). To sur-
vive in a hypoxic environment, tumors must establish a functional
vascular network (See Figure 1). Tumors frequently adapt to
hypoxia by preventing the degradation of hypoxia-induced tran-
scription factor complexes (i.e., HIF1 and HIF2) resulting in their
stabilization and subsequent transcription of genes that promote
tumor survival, including proangiogenic cytokines (Giaccia et al.,
2004; Keith et al., 2012). Using primary human macrophages,
Fang et al. demonstrated that HIF1 and HIF2 co-regulate many
hypoxia-related genes; however, by using siRNA specific knock-
down studies of HIF1 and HIF2, they found that each of these
genes can target certain hypoxia-associated genes independently
(Fang et al., 2009).

TAMs commonly associate in necrotic, low oxygenated areas of
tumors (Leek et al., 1996; Burke et al., 2003; Lewis and Murdoch,

FIGURE 1 | Representation ofthe microenvironment of pre- and

postirradiated tumors. The post-irradiated tumor has increased levels of
hypoxia, upregulated HIF 1/2 signaling, and expression of a diverse spectrum

of cytokines as well as a greater recruitment and influx of bone marrow
derived TAMs. TEMs commonly associate with the vasculature, while
CD68+ TAMs frequently localize to areas of severe hypoxia.
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2005). Hypoxic environments increase expression of the CXCR4
receptor on TAMs and increase the chemotactic response to its
ligand, stromal cell-derived factor-1 (SDF-1/CXCL-12) (Schioppa
et al., 2003). Localization of TAMs to hypoxic regions is mediated
by cytokine gradients resulting from hypoxia-induced HIF1/2 sta-
bilization (Talks et al., 2000; Murdoch et al., 2004; Jin et al.,
2006; Knowles and Harris, 2007; Han et al., 2008). Cramer et al.
demonstrated that HIF1 expression was required for myeloid cell
motility and invasiveness (Cramer et al., 2003). Furthermore, Du
et al. demonstrated that intracranial implants of HIF1-deficient
glioma cells had reduced levels of infiltrating monocytes within
tumors as well as reduced levels of tumor SDF-1 and MMP-9
protein expression (Du et al., 2008).

Modulation of HIF1/2 has been demonstrated to affect
macrophage phenotype as well as function. However, Werno
et al. demonstrated, using a macrophage lineage HIF1 knock-
out model, that TAM infiltration of tumors was not dependent
on HIF1, but HIF1 was necessary to promote the polariza-
tion of TAMs to the M2 phenotype (Werno et al., 2010).
Consistent with this, Doedens and colleagues showed that
whereas hypoxia suppressed T-cell activation within tumors
and resulted in tumor progression, T-cell suppression was
reduced in a HIF1 macrophage lineage specific knockout
model and resulted in decreased tumor growth (Doedens
et al., 2010). Both HIF1 and HIF2 appear to be impor-
tant regulators of the M1 and M2 polarization phenotypes.
Takeda et al. reported that classical activation cytokines (IFN-
gamma, LPS) increased HIF1 mRNA, but strongly repressed
HIF2 mRNA production, and, conversely, IL-4, the alternative
activation cytokine, resulted in an increase of HIF2 mRNA
(Takeda et al., 2010). Furthermore, M2-polarized macrophages
demonstrated an upregulation of HIF2 mRNA. HIF2 was also
found to regulate Arg I protein expression; however, in con-
trast, HIF1 stabilization increased iNOS expression. Deletion of
HIF2 in mouse macrophages resulted in the inability to gener-
ate an appropriate inflammatory response and murine tumors
implanted in the HIF2 depleted macrophage mouse model
demonstrated decreased TAM infiltration as well as decreased lev-
els of the CSFR1 and CXCR4 receptors (Imtiyaz et al., 2010).
Hypoxia-induced HIF1/2 activation and the resulting differen-
tial effects on TAMs remains a complicated, highly regulated
system playing a significant role in tumor progression and sur-
vival.

With respect to angiogenesis, increased macrophage infiltra-
tion in tumors is associated with a higher vascular density in
breast, glioma, bladder, and esophageal tumors (Leek et al., 1996;
Nishie et al., 1999; Hanada et al., 2000; Koide et al., 2004). TAMs
promote tumor angiogenesis and vascularization by releasing
proangiogenic cytokines such as VEGF and the matrix metal-
loproteinases (Lewis and Pollard, 2006). A study using breast
tumor spheroids found increased VEGF levels and increased
vascular connections when incubated with a macrophage pop-
ulation (Bingle et al., 2006). Similarly, Lewis et al. found that
VEGF mRNA was upregulated in macrophages associated with
human breast cancer (Lewis et al., 2000). Inhibition of VEGF
and VEGFR2 by monoclonal antibodies decreased macrophage
infiltration of in vivo pancreatic tumors (Dineen et al., 2008).

Interestingly, Stockmann et al. used a VEGF-A macrophage spe-
cific lineage knockout in the MMTV-PyMT breast cancer model
and demonstrated similar levels of tumor-associated macrophage
infiltration, decreased tumor VEGFR2 activation, and a decrease
in the length of tumor blood vessels; however, overall tumor
growth was actually enhanced (Stockmann et al., 2008). These
results indicate differential effects of tumor-produced VEGF-A
compared to macrophage-produced VEGF-A on the vascular
network. Further experiments demonstrated that tumor cell
death was enhanced by chemotherapy in tumor-bearing mice
lacking myeloid-specific VEGF-A, suggesting that targeting the
proangiogenic function of TAMs could sensitize tumors to cyto-
toxic therapy. Further interplay of macrophages and endothelial
cells was recently demonstrated by He et al. who demonstrated
that BM-derived hematopoietic cells incubated in vitro with
immortalized endothelial cell layers resulted in the generation
of M2-like macrophage colonies (He et al., 2012). Modulation
of the extracellular matrix also impacts the development of
vascular networks. Coussens et al. demonstrated upregulated
matrix metalloproteinase-9 (MMP-9) production by bone mar-
row derived TAMs and increased tumor angiogenesis (Coussens
et al., 2000). In a related study, Hao et al. found that BMDCs
were recruited to areas of high VEGF expression, expressed ele-
vated levels of MMP-9, and that capillary development was greatly
reduced in MMP-9 knockout mice (Hao et al., 2008). Thus, the
activation of macrophages within a hypoxic environment results
in the release of proangiogenic cytokines and extracellular matrix
modulating factors.

A subpopulation of tumor-associated macrophages/
monocytes has been identified that express the Tie2 angiopoietin
receptor and are defined as Tie2-expressing monocytes (TEMs)
(De Palma et al., 2005). De Palma et al. using a suicide gene
strategy showed that the selective killing of TEMs, prevented
angiogenesis, and slowed tumor growth in mouse xenografts
(De Palma et al., 2003). Importantly, TEM elimination did not
significantly reduce the overall number of TAMs, indicating that
TEMs are a small subpopulation of macrophages/monocytes.
Venneri et al. demonstrated that a TEM population was present
in human cancers and that these cells were responsive in vitro to
chemotactic migratory stimulation by Ang2, the ligand for the
Tie2 receptor (Venneri et al., 2007). Furthermore, co-injection
studies of TEMs with human glioma cells resulted in more
vascularized tumor xenografts in contrast to co-injection with
TEM-depleted monocyte populations. Of note, TEMs associated
with tumors were found to express the Tie2 receptor at elevated
levels over those of circulating TEMs. Finally, tumor overexpres-
sion of Ang2, resulted in increased accumulation of TEMs within
the tumor microenvironment (Coffelt et al., 2010). Hypoxia
was also demonstrated to upregulate Tie2 expression in TEMs
and downregulate TNF-alpha and IL-12 levels, known anti-
angiogenic cytokines (Murdoch et al., 2007). Hypoxia induced by
vascular disrupting agents produced an increase in tumor SDF-1
expression as well as increased infiltration of CXCR4+ TEMs
(Welford et al., 2011). While TAMs infiltrate the hypoxic and
necrotic regions of tumors, TEMs are more frequently localized
around tumor blood vessels, possess greater proangiogenic
qualities, and can function as an immunosuppressive cell, similar
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to the M2 macrophage phenotype (De Palma et al., 2005; Pucci
et al., 2009; Coffelt et al., 2011).

In addition to the Tie2 population, other proangiogenic
TAM subsets within tumors have been identified including:
CD11b+VEGFR1+ hematopoietic cells and CD11c+MCH-II+
dendritic cell precursors (Hattori et al., 2002; Yang et al., 2004;
De Palma and Naldini, 2006). Similarly, CD11b+Gr-1+ myeloid
cells were also found to mediate resistance to anti-VEGF thera-
pies (Shojaei et al., 2007); however, this population may be related
more toward neutrophils rather than macrophages (Shojaei and
Ferrara, 2008). Movadehi et al. found that MHC IIhi and MHC
IIlow subsets of TAMs were associated with M1 and M2 pheno-
types, respectively (Movahedi et al., 2010). Furthermore, using
the chorioallantoic membrane (CAM) assay of angiogenesis,
MHC IIlow TAMs had a two-fold higher vessel count compared
to MHC IIhi TAMs, demonstrating the enhanced proangiogenic
ability of MHC IIlow TAMs.

TAMs are comprised of several distinct subpopulations and
are recruited to hypoxic regions of tumors via cytokine signal-
ing gradients. In turn, they secrete growth factors to promote
blood vessel formation and proteinases that remodel the tumor
vascular network. Restoration of the vascular supply can result in
tumor survival, proliferation, and potentially, an increased risk of
metastasis.

INTRINSIC RADIATION RESPONSE OF
MONOCYTES/MACROPHAGES
While previous studies found that stimulated mono-
cytes/macrophages are innately resistant to radiotherapy, as
they were demonstrated to be post-mitotic cells, Jenkins et al.
reported that the activation of M2-polarized macrophages
resulted in a higher cell proliferation (Hildebrandt et al., 1998;
Jenkins et al., 2011). This result suggests that within the acute
response to ionizing radiation, M2 macrophages may actually be
more sensitive to radiation-induced DNA damage and result in
cell death, in contrast to quiescent M1-polarized macrophages.

In addition to the intrinsic radiosensitivity of particular M1
or M2 TAM subsets, the influence of ionizing radiation on
macrophage function may be an even more important factor in
tumor survival. Early in vitro research found that radiation inter-
feres with the recognition and degradation of antigens and results
in the failure of macrophages to generate antibody responses
against these targets (Donaldson et al., 1956; Nelson and Becker,
1959; Pribnow and Silverman, 1967). Similarly, Geiger et al.
reported that macrophages of irradiated mice were unable to
stimulate antibody production against Shigella, however, the
phagocytic activity of irradiated macrophages was not impaired
(Geiger and Gallily, 1974). In contrast, Lambert et al. demon-
strated that in vitro radiation resulted in the priming of the
macrophage cell line RAW 264.7 and upregulated MHC Class I
molecules (Lambert and Paulnock, 1987). Additionally, radiation
was found to augment antibody-dependent cell-mediated cyto-
toxicity (ADCC) in the murine macrophage cell line J774 (Duerst
and Werberig, 1991). Other studies have also confirmed that radi-
ation induces the activation of macrophages in vitro and in vivo
through increased rates of phagocytosis, lysosomal enzyme pro-
duction, and H2O2 production as well as the retained capacity to

respond to cytokines (Sablonniere et al., 1983; Gallin et al., 1985;
Gallin and Green, 1987; Hester and Coggin, 1989). Thus, while
the antigen-presenting functions of macrophages are disrupted by
radiation, their innate phagocytic function remains intact.

With respect to cytokine production, radiation-exposed
macrophages have increased IL-1beta mRNA expression, upreg-
ulated TNF-alpha production, are able to potentiate nitric oxide
production by interferon-gamma, and release a variety of growth
factors (i.e., PDGF, IGF-1) (Sherman et al., 1991; O’Brien-Ladner
et al., 1993; Iwamoto and McBride, 1994; Nemoto et al., 1995;
Thornton et al., 1996; Vodovotz et al., 1999; McKinney et al.,
2000). Therefore, the modulation of cytokine production by ion-
izing radiation may influence the macrophage polarization phe-
notype and function. Coates et al. found that macrophages from
irradiated C57BL/6 mice demonstrated enhanced M2 activity
while irradiated macrophages from CBA/CaJ mice had increased
M1 activity (Coates et al., 2008). This result suggested that ion-
izing radiation can induce a phenotypic polarization shift, but
overall, macrophage polarization is dependent on the background
genetic environment.

The above studies demonstrate that ionizing radiation directly
affects macrophage function. The understanding of the intrinsic
radiation response of macrophages, including disrupted anti-
gen recognition, modulation of macrophage polarization to an
immunosuppressive phenotype, and the production of proan-
giogenic cytokines may result in the identification of signaling
pathways that could be targeted to generate a more radiosensi-
tive subpopulation of macrophages, and ultimately, an increase in
tumor responsiveness to radiation therapy.

TAMS AND THE IRRADIATED MICROENVIRONMENT
Radiosensitivity describes the in vitro response of cells to ioniz-
ing radiation, a property that depends critically on the ability of
the cells to repair DNA as well as the activation of other intrinsic
survival pathways. The radioresponse of tumors is defined as the
in vivo change in tumor size after radiation therapy. Several com-
ponents of the tumor microenvironment that can greatly affect
the radioresponse of tumors are: the level of tissue oxygenation,
the sensitivity of tumor endothelial cells to radiation, activation
of tumor stroma to express survival factors, and immune cell
infiltration of the tumor.

An influential study from the joint laboratories of Fuks and
Kolesnick proposed that the radiation sensitivity of tumors to
dose fractions of 10 Gy or more was governed by the sensitiv-
ity of tumor endothelial cells to apoptosis (Garcia-Barros et al.,
2003). However, earlier data from the Suit laboratory had shown
that the radiation dose to control 50% of transplanted tumors
in mice did not depend on the radiation sensitivity of the tumor
stroma (Budach et al., 1993). This apparent contradiction can be
explained by the different assays of tumor response used—growth
delay in the Fuks/Kolesnick study and tumor control (TCD50) by
the Suit lab. Indeed, the dual contribution of tumor cell radiosen-
sitivity and stromal sensitivities was demonstrated by Gerweck
et al. using the growth delay assay (Ogawa et al., 2007). Several
additional reports have also demonstrated that radiation results
in the reduction of blood vessel density (Song et al., 1974; Timke
et al., 2008; Zeng et al., 2008; Kioi et al., 2010).

Frontiers in Physiology | Vascular Physiology July 2013 | Volume 4 | Article 157 | 108

http://www.frontiersin.org/Vascular_Physiology
http://www.frontiersin.org/Vascular_Physiology
http://www.frontiersin.org/Vascular_Physiology/archive


Russell and Brown Vascular recovery in irradiated microenvironments

In addition to the intrinsic sensitivity of the tumor cells at
the time of irradiation, the effects on the tumor stroma can also
produce events that regulate tumor radioresponse. For example,
the destruction of the vasculature by ionizing radiation causes
hypoxic conditions which results in the activation of HIF-1, stim-
ulation of cytokine signaling cascades, and the recruitment of
macrophages and immune cells (Moeller et al., 2004; Li et al.,
2007; Kioi et al., 2010). This can also occur in normal tissues
as well: alveolar macrophages in the selectively irradiated mouse
lung were shown to increase at 8 weeks post-treatment indicat-
ing the local organ repopulation of macrophages through tissue
resident precursors or from bone marrow progenitor cells (Gross,
1977; Peel and Coggle, 1980). Similarly, Johnston et al. found that
after 15 Gy of thoracic radiation, macrophages and lymphocytes
were elevated within irradiated normal tissues at 16 and 24 weeks
post-treatment (Johnston et al., 2004).

Milas et al. found that the tumor-associated macrophage con-
tent varied widely between in vivo tumor implants, but there was
a trend toward increased macrophage content and reduced local
tumor radiocurability (Milas et al., 1987). A second study con-
firmed that a high macrophage content in tumors was able to
overcome the growth delay seen in pre-irradiated tumor beds
implying the importance to TAMs for tumor angiogenesis (Milas,
1990). Similar studies have also demonstrated tumor infiltra-
tion of BMDCs after treatment with ionizing radiation (Stephens
et al., 1978; Jung et al., 1990; Chen et al., 2009). Using a prostate
cancer cell line in mouse xenografts, Tsai et al. demonstrated that
radiation-induced TAM accumulation occurred 1–2 weeks after
treatment and that irradiated TAMs expressed elevated Arg I lev-
els suggesting an M2 phenotype (Tsai et al., 2007). Additionally,
when irradiated TAMs were co-injected with tumor cells, the
resulting tumors demonstrated enhanced growth rates compared
to samples co-injected with unirradiated TAMs. With respect
to the clinical setting, Baeten et al. found increased CD68+
macrophages in tumor biopsy samples of rectal cancer patients
after radiotherapy and Kioi et al. demonstrated an increase in
CD11b+ myeloid cells in glioblastomas recurring after radiation
(Baeten et al., 2006; Kioi et al., 2010).

Ahn et al. demonstrated that radiation treatment of MT1A2
mouse mammary tumors results in an influx of CD11b+ cells
expressing high levels in MMP-9 in either irradiated tumors or
tumors grown in a pre-irradiated tumor bed (Ahn and Brown,
2008). Additionally, the expression of MMP-9 by CD11b+
myelomonocytes was necessary for vascular restoration and
tumor growth in irradiated tissues. Finally, selective depletion
of CD11b+ cells by a monoclonal antibody inhibited tumor
growth in pre-irradiated tissues (Ahn et al., 2010). Taken together,
these data demonstrate that TAMs promote tumor growth and
stimulates early tumor regrowth through improved blood vessel
formation.

The influx of TAMs after radiation appears to be the result
of increased levels of the transcription factor HIF-1, secondary
to increased tumor hypoxia after irradiation. Using an dual
inhibitor of both HIF-1 and HIF-2, Kioi et al. found a decrease
in the number of radiation-induced BMDC infiltration (mostly
CD11b+ cells) in an orthotopic mouse xenograft model of
human glioblastoma (Kioi et al., 2010). Similarly, treatment of

mice with irradiated tumors using carrageenan, to deplete sys-
temic monocytes/macrophages, also resulted in decreased tumor
infiltration of CD11b+ cells after radiation treatment. Further,
ionizing radiation induced elevated levels of the downstream
HIF-1 target, SDF-1, within U251 tumor xenografts. Blocking
the interaction of SDF-1 and its receptor CXCR4, by using the
CXCR4 inhibitor AMD3100 or a CXCR4 neutralizing antibody,
resulted in decreased tumor perfusion and an enhanced radiore-
sponse of the glioma xenograft model. Interestingly, Kozin et al.
also showed an increase in CD11b+ myeloid cells in irradiated
tumors and demonstrated that whole body radiation (deplet-
ing the bone marrow compartment) combined with the local
irradiation of a tumor site resulted in improved local tumor
control compared to local radiation alone (Kozin et al., 2010).
Additionally, an infusion of myeloid progenitor cells improved
tumor regrowth after local radiation. Similar to the study by
Kioi et al. SDF-1 was also found to be upregulated in irradi-
ated tumor tissues and blocking the SDF-1/CXCR4 interaction
with AMD3100 inhibited tumor re-growth after radiation. Both
studies found that Tie2+ BMDCs were significantly increased
in tumors after local radiation and that these cells, while local-
ized to the vasculature, were not incorporated into tumor vessel
walls.

Chiang et al. found that CD68+ TAMs accumulate in hypoxic
regions of certain tumors, but this is dependent on the tumor
type as well as the local microenvironment (Chiang et al., 2012).
However, after radiation therapy, CD11b+ myeloid cells were dis-
tributed into distinct spatial locations: CD68+ TAMs were found
in areas of central hypoxia, while F4/80+ TAMs were found on
the edge of hypoxic regions adjacent to necrotic regions. They
proposed that radiation therapy may activate specific factors to
localize or retain CD68+ TAMs into anoxic or hypoxic regions.
Finally, they determined that the radiation-activated CD68+
TAMs expressed Arg I, indicating a polarization toward the M2
phenotype of macrophage, and that TAM recruitment was depen-
dent on SDF-1. An additional study has indicated that tumors
implanted into pre-irradiated fields grow slower than in unirradi-
ated control tissues (i.e., the “tumor bed effect”) and demonstrate
an aggregation of CD68+ TAMs in hypoxic regions (Chen et al.,
2011). Furthermore, when BMDCs were injected systemically
into mice with tumors grown in a pre-irradiated field, they incor-
porated specifically into the tumor vasculature of the low blood
vessel density regions.

In addition to the SDF-1/CXCR4 pathway enhanced by
radiation-induced tumor hypoxia, the CSF-1/CSF1R signal-
ing complex has also been recently implicated in recruitment
of myeloid cells to growing tumors and in promoting the
radiation-induced monocytic infiltration of tumors. Dorsch et al.
demonstrated that transfection of the human CSF-1 gene into a
synergetic mouse model resulted in increased TAM infiltration
of the tumor (Dorsch et al., 1993). Another study determined
that the CSF-1 ligand could stimulate monocytes to produce
VEGF and form microtubule structures in vitro (Eubank et al.,
2003). Using a small molecule inhibitor to the receptor of CSF-1,
Priceman et al. found that the CSF-1/CSF1R pathway was neces-
sary for the recruitment of TAMs, promoted tumor progression,
and the release of proangiogenic cytokines (Priceman et al., 2010).
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Recently, Xu et al. demonstrated that radiation increased TAM
accumulation in tumors, upregulated in vivo tumor expres-
sion of CSF-1 and interestingly, in irradiated prostate cancer
patients, found that serum levels of CSF-1 were also increased
(Xu et al., 2013). A selective inhibitor of the CSF-1 recep-
tor combined with radiation therapy suppressed tumor growth
compared to radiation alone. They proposed that the mech-
anism for the increased CSF-1 expression in tumors was by
radiation-induced DNA damage resulting in the activation and
translocation of the ABL kinase into the cell nucleus, binding to
the CSF-1 gene promoter, and the enhancement of CSF-1 gene
transcription.

CONCLUSIONS
Following tumor irradiation, DNA damage, cell death, and
increased tumor hypoxia promotes the production of VEGF,
SDF-1, and CSF-1 resulting in the recruitment, infiltration,
and retention of monocytes/macrophages within tumors. The
recruited heterogeneous populations of TAMs release proangio-
genic cytokines and metalloproteinases to promote blood ves-
sel formation within tumors. The level of hypoxia appears to
distribute particular TAM subgroups to specific regions of the
tumor. While the TEM subset is frequently localized to the
perivascular niche, other subpopulations of TAMs are divided
across necrotic, peri-necrotic, and low oxygen tension regions.
Additionally, M2 macrophage polarization appears to be the
dominant phenotype within hypoxic tumors.

Radiation is a unique therapy modality as it causes DNA dam-
age and enhances tumor hypoxia, but only within a targeted
region. Radiation-induced recruitment of TAMs appears to occur
in a similar manner as that caused by tumor hypoxia, is par-
tially dependent on the SDF-1/CXCR4 and CSF-1/CSFR signaling
pathways, and promotes polarization toward the M2 phenotype.
Thus, the accumulation of radiation-induced TAMs within a
tumor may result in the increased production of proangiogenic
cytokines, the recovery of the vascular network, and consequently,
tumor regrowth.

While the generalized process of TAM recruitment has been
identified, many unanswered questions and challenges remain.
First, the heterogeneous population of TAMs needs to be clearly
identified both by phenotypic markers and function. Which
markers clearly define the subpopulations of TAMs? Are the
radiation-induced TAM populations different from the tumor
resident TAMs? Furthermore, does TAM infiltration of irradi-
ated tumors change over time (i.e., an acute response and/or a
chronic response)? What are the functions of the specific TAM
subgroups (i.e., cytokine release, extracellular matrix remodel-
ing, or immunosuppression)? Second, several cytokine-related
signaling pathways have been implicated in the recruitment of
TAMs to irradiated tumor sites; however, much more research
is needed. For example, what are the specific intracellular and
extracellular signaling pathways driving TAM recruitment and
distribution within a tumor? And, does radiation merely enhance
hypoxic signaling or does it generate its own unique signaling
network? Thus, the radiation-induced signaling pathways driv-
ing TAM recruitment, distribution, and function remain to be
fully elucidated. Thirdly, retrospective clinical data suggests that
increased macrophage infiltration of tumors is often a poor prog-
nostic feature. Could the subtype of TAM infiltration into tumors
be used as a more specific prognostic tool? Would it be possible
to stratify patients based on the subtype of TAM infiltration (pre
or post-radiation) to certain risk groups or even select for certain
treatment strategies? Additional studies are needed to correlate
clinical outcomes with the biological data in order to answer these
questions.

Finally, evidence supports that TAMs promote tumor growth
and survival. By understanding which TAM subsets are most
beneficial to the tumor and by defining the intra- and extra-
cellular pathways, novel therapies can be developed to disrupt
TAM recruitment and function. Therefore, ablation of TAM infil-
tration within tumors may be a unique strategy to enhance the
effectiveness of radiation therapy by decreasing angiogenic signal-
ing, disrupting vascular recovery, reducing local tumor recurrence
rates, and decreasing the risk of invasion and metastasis.
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