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Abstract

Breast cancer (BC) is among the top three cancers in the world. Age, hormonal imbalances, unhealthy life-
styles, family history, and genetic abnormalities are all significant risk factors for cancer development. Angi-
ogenesis is a crucial step in this multifactorial process and involves various proangiogenic factors, such as
VEGFE, PDGF, HGF, MMPs, Angs, FGFE, and TGF-p. In addition to angiogenic factors, stromal cells such as
cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), and cancer stem cells (CSCs)
secrete secretory factors that aid endothelial cells (ECs) in the use of angiogenic factors, resulting in tumor
vascularization. Hypoxia-responsive genes, such as osteopontin (OPN), regulate HIF 1 a-mediated VEGF pro-
duction, promoting tumor development and angiogenesis. Despite significant breakthroughs in BC therapeu-
tics, preventing disease recurrence and chemoresistance remains a challenge in treatment regimens. Several
antiangiogenic medications, including bevacizumab and ramucirumab, are employed depending on the stage
of the disease. Despite significant breakthroughs in BC therapeutics, no successful breakthrough treatment
has been identified for preventing the metastasis and recurrence of this disease. This review focuses on under-
standing the mechanism of tumor angiogenesis and the role of TAMs in fostering angiogenesis.
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Introduction
According to the American Cancer Society, BC is

liver [1]. Early diagnosis of BC leads to a better prog-
nosis and increases overall survival. The number of BC

the most common invasive malignancy and the lead-
ing cause of mortality worldwide in females. BC is a
highly aggressive and metastatic cancer that spreads
to distant organs such as the brain, bone, lung, and

cases is gradually increasing in the US; however, the
early detection mortality rate is relatively low [2]. The
likelihood of developing BC can be increased by sev-
eral risk factors, including age, hormonal imbalance,
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family history, unhealthy lifestyles and gene muta-
tions [3]. Aberrant mutations in mammary epithelial
cells result in abnormal cell growth, thereby lead-
ing to the development of BC. Growth factors and
chemokines stimulate various signaling cascades
that interact within the tumor microenvironment
(TME) to promote cancer development [4].

Within the tumor site, ECs support tumor growth by
forming new blood vessels for the nourishment of
cancer cells. This process eventually results in the
migration of tumor cells from the primary tumor site
to distant organs via metastasis [5]. Thus, angiogen-
esis is a critical step in the metastatic cascade [6].
In the process of angiogenesis and metastasis in BC,
the TME plays an important role. ECs are the major
component of the TME and contribute significantly
to angiogenesis [6]. It is a multistep process asso-
ciated with multiple proangiogenic and angiogenic
factors, including vascular endothelial growth fac-
tor (VEGF), platelet-derived growth factor (PDGF),
hepatocyte growth factor (HGF), matrix metallo-
proteinases (MMPs), angiopoietins (Angs), fibro-
blast growth factor (FGF), and transforming growth
factor-p (TGF-P) [6,7]. The VEGF family compris-
es five members: VEGF-A, B, C, D, and placental
growth factor [8]. These ligands bind with their en-
dothelial VEGF receptors (VEGFRs), VEGFR-1, 2,
and 3, which are members of the receptor tyrosine
kinase (RTK) family [6-9]. The microvasculature of
blood vessels consists of perivascular and endothe-
lial cells. Under physiological circumstances, en-
dothelial cells were found to be dormant and non-
proliferative. However, vascular angiogenesis can be
triggered in response to inflammation, hypoxia, or
injury through a series of well-controlled sequential
manners. The activation of ECs is initially triggered
by elevated levels of proangiogenic factors [10,11].
Blood vessels expand during the activation period as
pericytes separate from the wall of blood vessels, and
the tight connections of ECs are impaired, allowing
ECs to elongate and multiply to form new blood ves-
sels [12]. Tumor growth is typically aided by the ex-
pansion of blood vessels, which is compatible with
the requirement of malignant cells to have access to
the circulatory system to survive. Both co-opting the
preexisting vasculature and the development of new
blood vessels through the regulation of the expres-
sion of various genes and cellular pathways are two

major ways in which tumors can become vascularized
[13]. Numerous pro- and antiangiogenic factors con-
trol the homeostasis of the vascular system. Endothe-
lial cells are nonproliferating, and the vasculature re-
mains dormant when these cells are in equilibrium.
When proangiogenic signaling predominates, blood
vessel formation is stimulated; this process in tum-
ors has been termed the “angiogenic switch” [14,15].
The angiogenic switch dislodges dormant tumors and
stimulates the fast division of cancerous cells in con-
junction with the formation of new blood vessels. The
angiogenic switch could be activated by other genetic
modifications of tumor cells, which may result in in-
creased growth and hypoxia, the release of proangio-
genic proteins, or tumor-associated inflammation and
the attraction of immune cells.

Tumor-Associated Macrophage (TAM)-Mediated
Angiogenesis

Among all immune cells, macrophages play crucial
roles in the TME and are known to enhance sever-
al hallmarks of cancer. Macrophages exhibit a wide
range of plasticity and an array of functional activi-
ties in the TME. TAMs are major players in driving
the vascularization of various cancers, including sol-
id tumors [16]. Macrophage polarization into the M2
phenotype is induced by several secretory factors.
For example, colony stimulating factor 1 (CSF1) in-
duces M2 polarization, and blocking CSF1 results in
substantial attenuation of breast tumors angiogenesis
and growth [17]. Furthermore, macrophage-produced
WNT7b acts as an angiogenic switch that promotes
VEGF-A mRNA and protein expression in BC [18].
TAM infiltration into breast tumors promotes angi-
ogenesis via the SIPR1/NLRP3/IL-1beta axis [19].
TAMs enhance angiogenesis in tumors by producing
angiogenic-promoting factors such as VEGF-A, PIGF,
EGF, TGFp, TNF-a, IL-8, IL-1p, CXCL12, CCL2 and
CXCLS8 [20,21].

For example, CCL18 secreted from TAMs enhanc-
es angiogenesis and tumor progression in BC [22].
Ablation of PKY2 reduces breast tumor growth and
infiltration of TAMSs, and targeting PKY?2 effectively
modulates TAMs [23]. TAMs trigger VEGF-1 phos-
phorylation through the associated Neuropilin-1 and
PlexinA1/PlexinA4 in response to hypoxia-induced
Semaphorin 3A. In a hypoxic environment, the ex-
pression of Nrpl in TAMs is reduced, resulting in
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TAM entrapment at the site [24]. In addition, TAMs
promote tumor migration and metastasis by secret-
ing MMPs through destabilization of the vascula-
ture. For example, in human ovarian cancer, TAMs
release MMP9, which is positively correlated with
VEGEF-A expression levels and promotes tumor an-
giogenesis and proliferation. [25]. TAMs are a robust
source of various factors in mouse models and can-
cer patient samples, such as proangiogenic VEGF,
TGF-B, PDGF, TGF-a, EGF, angiopoietin 1 and 2,
and extracellular matrix-degrading mediators, such
as MMP2, MMP9, and MMP12 [26]. In addition,
TAMs have been reported to modulate angiogene-
sis by secreting members of the S100 family, SEMA
family, SPP1, SPARC, COX-2, Tie-2, chitinase-like
proteins (YKL-39, YKL-40) and others [27]. The
proangiogenic properties of S100 family members
have been reported to be associated with elevated
protein levels in different cancers, including BC.
S100A4, a member of the S100 family, enhances
MMP13 expression in MDA-MB-231 cells, there-
by promoting cell migration and angiogenesis [28].
Thus, the role of other family members (S100A7,
S100AS8, SI00A9, and S100A10) in the context of
TAMs remains unexplored. However, these factors
potentially induce EC proliferation, migration, and
tube formation in ovarian cancer, melanoma, cervi-
cal cancer, and other types of cancer. Several studies
have indicated the pivotal role of the semaphorins in
various cancers, including BC. Studies have reported
that it reduces BC migration and invasion by induc-
ing the expression of a2f1 integrin [29]. Among all
the members of the SEMA family, class 3 semaphor-
ins regulate VEGF-induced angiogenesis and cancer
progression via plexin or neuropilins (NRPs) [30].
Furthermore, our group reported that SEMA 3 A sup-
presses BC growth and angiogenesis by enhancing
FOXO 3a-dependent MelCAM expression [31].

Recently, Radharani et al. reported that via the Stat-3
pathway, IL-6 enhances the cancer stem cell popula-
tion and contributes to breast tumor progression and
angiogenesis [32]. Another study reported that lactate
induces BC progression and angiogenesis by induc-
ing M2 polarization via the ERK/STAT3 signaling
pathway. Additionally, the suppression of the ERK/
STAT3 signaling pathway with the natural com-
pound withanolide D reduces lactate-induced mac-
rophage polarization [33]. In recent years, various

studies have identified the role of miRNAs and long
noncoding RNAs (IncRNAs) in modulating mac-
rophage recruitment and polarization by inducing the
expression of pro- and anti-inflammatory cytokines
in macrophages, resulting in breast tumor growth and
angiogenesis [34]. For example, miR-155 and miR-
29b expressed in cancer cells or TAMs induce and/
or inhibit angiogenesis, respectively, in BC models
[35, 36]. Similarly, miR-107 and miR-15b expressed
in TAMs inhibit the proangiogenic functions of TAMs
[37]. Furthermore, Inc-PCAT6-expressing BC cells
induce angiogenesis by inhibiting VEGFR2 degrada-
tion [38].

Numerous studies have been conducted to better un-
derstand the processes by which TAMs regulate tu-
mor angiogenesis. There is substantial evidence that
hypoxic tumor areas attract TAMs and release hypox-
ia-induced chemoattractants, including endothelins,
vascular endothelial growth factor A (VEGFA), an-
giopoietin 2, CXCL12, and endothelial monocyte-ac-
tivating polypeptide II (EMAPII), which can make
TAMs proangiogenic [39]. TAMs release proangio-
genic factors such as TNFa, MMPs, VEGF, and thy-
midine phosphorylase [40]. Furthermore, TAMs se-
crete growth factors such as VEGF, TGFp, and PDGF,
which promote angiogenesis in malignancies such as
breast cancer [39]. Additionally, it has been discovered
that the overexpression of CSF-1 promotes the recruit-
ment of TAMs [41], whereas short-interfering RNA
(siRNA)-induced knockdown of the CSF-1 receptor
reduces macrophage vascularization and infiltration in
vivo [40]. The TEK tyrosine kinase endothelial (TIE2)
receptor is a recognized angiopoietin receptor that
contributes significantly to angiogenesis [42]. One
study revealed that TAMs express TIE2, which binds
to angiopoietins and promotes angiogenesis in an in
vivo model of breast cancer [43]. Furthermore, in vit-
ro research has demonstrated that the CCLS8 receptor
PITPNM3 is necessary for the CCL8-mediated activa-
tion of angiogenesis in HUVECs [44]. The lymphatic
endothelial cell marker podoplanin (PDPN), which is
strongly expressed in TAMs, activates the promigra-
tory integrin Bl to promote lymphangiogenesis and
invasion [45]. TAMs produce the WNT family ligand
WNT7B, which has been implicated in tumor growth
and angiogenesis in a mouse model of breast cancer
[46]. Furthermore, by inhibiting the angiogenic switch
and lowering VEGFA, WNT7B suppression in macro-
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phages reduces the formation of breast tumors in
vivo [46].

The functional diversity of TAMs is strongly asso-
ciated with cancer invasion, migration, increased
tumor angiogenesis, therapy resistance, and tumor
suppression [47]. Many studies are ongoing to target
TAMs for immune therapy, antiangiogenic therapy,
etc. However, novel technologies such as single-cell
omics have explored the molecular and functional
diversity of TAMs in various cancers. A recent study
reported that seven TAM subsets based on their mo-
lecular signatures were preserved in almost all can-
cer types. Among the seven subsets, angio-TAMs
play pivotal roles in multiple aspects of tumor de-
velopment. These TAMs are characterized by VEG-
FA and SPP1 (OPN), which are highly expressed in
Angio-TAMs. In addition, angiogenic factors such
as VCAN, FCNI1, and THBSI1 also serve as molecu-
lar signatures. It has been reported that angio-TAMs
also express other molecular signatures, including
VCAN, in addition to SPP1 in breast and other can-
cers [48]. Another group reported that alterations in
TAM transcription factors modulate the expression
of various cytokines involved in tumor progression
and angiogenesis [49]. The role of OPN (SPP1)-in-
duced VEGF expression and its molecular mecha-
nism in regulating breast tumor motility and angio-
genesis have been reported [50]. In addition, SSP1
(OPN) promotes TAM-dependent melanoma growth
and angiogenesis by upregulating cyclooxygenase-2
(COX2) via the ERK/MAPK/API1 pathway [51]. A
similar study reported that COX2 silencing via a len-
tivirus (replication incompetent) in combination with
TAMs suppresses VEGF expression and angiogene-
sis [52]. Thus, targeting the molecular signatures of
Angio-TAMs with antibody-based immunotherapies
or in combination with other drug candidates could
decrease TAM infiltration and tumor progression.

Angio TAM Diversity

Tumor-associated macrophages (TAMs) promote
various oncogenic functions in breast and other can-
cers and hence constitute important therapeutic tar-
gets in cancer therapy. TAMs exhibit a wide range
of functions, highlighting their diversity. Recent
single-cell omics tools have made substantial con-
tributions to our understanding of TAM molecular-
diversity [47]. However, there is a lack of unified ter

minology for TAM diversity and molecular signature
annotation. Advancements in single-cell omics are re-
vealing the intricacy of TAM diversity in an unbiased
manner. This is critical for not only macrophage re-
search but also immune oncology to fully grasp the
complexity of these powerful immune cells in cancer
and, hopefully, employ this knowledge to improve
precision diagnosis and therapy. A recent study report-
ed seven TAM subsets on the basis of their signature
genes, enriched pathways, and predicted functions:
interferon-primed TAMs (IFN-TAMs), immune regu-
latory TAMs (Reg-TAMs), inflammatory cytokine-en-
riched TAMs (Inflam-TAMSs), lipid-associated TAMs
(LA-TAMSs), proangiogenic TAMs (Angio-TAMs),
RTM-like TAMs (RTM-TAMs), and prolif-TAMs
[47]. Among them, Angio-TAMs play a pivotal role
in the enrichment of blood vessels, thereby promoting
tumor angiogenesis. Furthermore, on the basis of the
molecular signature, Angio-TAMs can be character-
ized by high expression of an angiogenic signature in-
cluding VEGFA and SPP1 or other angiogenic factors,
such as VCAN, FCNI, and THBSI1 [53-55]. Using
SCENIC and single-sample gene set enrichment anal-
ysis (ssGSEA) of scRNA-seq data from various can-
cer types, the transcription factors CEBPB, FOSL2,
and HIFA were predicted to influence the expression
of this gene signature [53-57]. In other cancer types,
instead of expressing SPP1, Angio-TAMs express dif-
ferent flag genes, such as VCAN in BRCA and mela-
noma, INHBA in gastric cancer and ESCA, and FN1
in kidney cancer. Previous research has shown that
Angio-TAMs are typically found in hypoxic regions
of the TME in a variety of human cancers as well as in
the GL261 GBM animal model [58,59]. TAM-derived
VEGFA, in particular, can promote metastasis by in-
creasing tumor cell intravasation, extravasation and
chemotherapy resistance in vivo breast cancer models
utilizing both murine and human cancer cells [60,61].
As a result, Angio-TAMs may promote numerous as-
pects of tumor growth, and their abundance, includ-
ing NSCLC, CRC, PDAC, OVC, kidney cancer, and
melanoma, is consistently related to poor prognosis in
The Cancer Genome Atlas (TCGA) datasets [53].

Conclusion

The notion of targeting angiogenesis as a therapeutic
strategy is a major forward in cancer treatment and has
led to the establishment of several therapeuticagents,
such as bevacizumab, sorafenib, formononetin
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and imatinib. Nevertheless, antiangiogenic therapeu-
tic agents are unable to provide clinical benefits for
several reasons. Even with increasing success in the
treatment of cancer, the use of antiangiogenic agents
might lead to more resistant tumors. This clinical in-
sufficiency in the therapeutic approach could be anal-
ogous to preexisting resistance or adaptation to the
effects of antiangiogenic agents. Angiogenesis is an
elaborate process that involves a complex signaling
mechanism, suggesting the importance of tumor-stro-
ma interactions in mediating therapy resistance. It is
understandable that numerous mechanisms of re-
sistance prevail against angiogenic inhibitors (Als),
including the initiation of alternative angiogenic
pathways, the contribution of stromal cells, adapting
vessel co-option and vascular mimicry. Additionally,
intratumoral hypoxia caused by Al-induced vascular
regression increases resistance to Als, radiotherapy
and chemotherapy. The reduced tumor vasculature
and blood flow resulting from Als obstruct the de-
livery of chemotherapeutic agents into the tumor.
All of these barriers in the utilization of Als increase
tumor growth and metastasis and may contribute to
clinical limitations in drug development. However,
non-VEGF targets, such as several growth factors
and secretory factors from tumors as well as stromal
cells, have now been introduced into clinical settings
and have been shown to provide favorable results in
experimental setups. In addition, more studies are
warranted to explore tumor-specific antiangiogenic
treatment resistance in the context of breast tumor
angiogenesis. Hence, a better understanding of the
interplay between stromal cells and tumor cells in
modulating angiogenesis will help in the devel-
opment of novel therapeutic treatment regimens.
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