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Simple Summary: Formation of new blood (angiogenesis) and lymphatic (lymphangiogenesis)
vessels are major events associated with most epithelial malignancies, including breast cancer. In-
flammation is a key mediator of both processes, hijacked by many cancers by aberrant expression
of the inflammation-associated enzyme cyclo-oxygenase (COX)-2. In this review, we focus on
breast cancer and show that COX-2 is a major promoter of both events, primarily resulting from the
activation of Prostaglandin (PG) E receptor EP4 on tumor cells, tumor-infiltrating immune cells,
and endothelial cells; and induction of oncogenic microRNAs. COX-2/EP4 pathway also promotes
additional events in breast cancer progression, such as cancer cell migration, invasion, and stimu-
lation of stem-like cells. Based on a combination of studies using multiple breast cancer models, we
show that EP4 antagonists hold a major promise in breast cancer therapy in combination with other
modalities including immune check-point inhibitors.

Abstract: Formation of new blood (angiogenesis) and lymphatic (lymphangiogenesis) vessels are
major events associated with most epithelial malignancies, including breast cancer. Angiogenesis is
essential for cancer cell survival. Lymphangiogenesis is critical in maintaining tumoral interstitial
fluid balance and importing tumor-facilitatory immune cells. Both vascular routes also serve as
conduits for cancer metastasis. Intratumoral hypoxia promotes both events by stimulating multiple
angiogenic/lymphangiogenic growth factors. Studies on tumor-associated lymphangiogenesis and
its exploitation for therapy have received less attention from the research community than those on
angiogenesis. Inflammation is a key mediator of both processes, hijacked by many cancers by ab-
errant expression of the inflammation-associated enzyme cyclo-oxygenase (COX)-2. In this review,
we focus on breast cancer and show that COX-2 is a major promoter of both events, primarily re-
sulting from the activation of Prostaglandin (PG) E receptor EP4 on tumor cells, tumor-infiltrating
immune cells, and endothelial cells; and induction of oncogenic microRNAs. COX-2/EP4 pathway
also promotes additional events in breast cancer progression, such as cancer cell migration, inva-
sion, and stimulation of stem-like cells. Based on a combination of studies using multiple breast
cancer models, we show that EP4 antagonists hold a major promise in breast cancer therapy in
combination with other modalities including immune check-point inhibitors.

Keywords: Breast cancer; Triple negative breast cancer; metastasis; angiogenesis; lymphangio-
genesis; COX-2; PGE2; EP receptors; EP4; chemokines; Cancer stem cells; EMT; microRNAs; Pa-
tient-derived xenograft (PDX), inflammation; immune checkpoint inhibitors; combination therapy

1. Introduction
1.1. Physiological Roles of Angiogenesis and Lymphangiogenesis.

Angiogenesis and lymphangiogenesis are normal physiological processes, im-
portant in fetal and post-natal development, tissue homeostasis, and wound repair. An-
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giogenesis is the process by which new blood vessels are produced from pre-existing
vasculature and ensures that every cell in the body has access to adequate oxygen and
nutrients [1]. Similarly, lymphangiogenesis is the process by which new lymphatic ves-
sels are formed from pre-existing vessels of the lymphatic system. The lymphatic system
is responsible for maintaining the balance of interstitial fluid in the extracellular matrix
and allowing the circulation of immune cells (lymphocytes, macrophages, and dendritic
cells) throughout the body. A key distinction between these two processes and embry-
onic vasculogenesis is that in embryonic vasculogenesis, vessels originate de novo from
vasculogenic precursors called angioblasts within the embryonic mesenchyme.

The blood vascular system is responsible for the exchange of gas, nutrients and
metabolites throughout the body and elimination of waste products; and serving as the
vehicles for circulation of red blood cells, leukocytes, and platelets, each of them
providing specific functions. Blood vessels (arteries, arterioles, veins, and venules) are
lined by vascular endothelial cells (VEC) surrounded by a layer of smooth muscle cells.
Arterioles and venules branch out from larger vessels until they become capillaries
lacking in the muscular coat (8-10 um); these are the smallest blood vessels where oxygen
exchange takes place (Fig. 1).

Lympho-vascular network carries the interstitial fluid back to the venous system
and permits recirculation of immune cells. Lymphatic vessels are lined by lymphatic
endothelial cells (LECs) starting at the extracellular space as lymphatic capillaries and
connect to lymph nodes as afferent lymphatics. Unlike blood capillaries, lymphatic ca-
pillaries do not loop back to their starting point, and their leaky walls allow for the col-
lection of lymph, which is then transported using a system of valves found within these
vessels. Lymphatic capillaries are nearly three times larger than blood capillaries (10-60
pum in diameter), lined with a single layer of LECs. Unlike blood capillaries, the basal
lamina of lymphatic vessels is incomplete, discontinuous, or even absent and lacks sur-
rounding pericytes and smooth muscle cells (Fig. 1). The majority of inter-endothelial cell
interactions are maintained by “button like" junctions. The nature of these junctions
renders lymphatic capillaries highly permeable to interstitial fluids and proteins and al-
lows them to facilitate the migration of immune cells. LECs are bound by anchoring
filaments, such as reticular, elastic and collagen fibers, in the extracellular matrix (ECM),
allowing for proper lymph flow. These anchoring filaments can stretch to open the
lymphatic lumen when the volume of interstitial fluid increases, leading to increased
hydrostatic pressure, facilitating the absorption of fluid from surrounding tissue. Lym-
phatic collector vessels propel lymphatic fluid by rhythmic contraction of surrounding
smooth muscle cells, which are absent around lymphatic capillaries.
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Figure 1. Structure of intestinal villus with associated vasculature and lymphatic vessels. The
vascular endothelium loops around from arteries to veins and back to the heart. It contains endo-
thelial cells tightly packed against each other, with an outer layer of smooth muscle cells to facili-
tate blood flow. Lymphatic vessels are composed of LECs, which are loosely packed to facilitate the
exchange of lymph, which is then moved through the vessels by a system of valves. They are con-
nected through “button-like” junctions and are anchored to the ECM by anchoring filaments.

1.2. Molecular Regulators of Angiogenesis and Lymphangiogenesis

Both and angiogenesis and lymphangiogenesis are stimulated by multiple growth
factors, cytokines, chemokines, and inflammatory mediators. Some of them are more
specific for one process than the others. The Vascular Endothelial Growth Factor (VEGF)
family participates in both processes. VEGF-A is the major angiogenic growth factor,
mediating its effects by binding to both VEGF-R1 and VEGF-R2 [2]. Similarly, VEGF-C
and VEGF-D are the major growth factors which initiate lymphatic vessel formation
through their receptor VEGF-R3 [2]. VEGF-C transgenic mice exhibited lymphatic hy-
perplasia in the skin suggesting that it has a bigger role in lymphangiogenesis than an-
giogenesis [3]. Both processes are controlled by a balance of various activating and in-
hibitory signals. As reviewed by Nyberg et al, there exist a large number of endogenous
inhibitors of angiogenesis [4]. They include matrix derived molecules such as Arrestin
and Canstatin (both derived from the non-collagenous domain of collagen type IVa
chain), Endorepellin (a Carboxy-terminal derivative of perlecan), Endostatin (a product
of Collagen type XV) and Anastellin (a fragment of fibronectin). Fibulin, Thrombospon-
din (TSP-1 and TSP-2) and Tumstatin ; certain growth factors and cytokines such as
IFNa, IEN, IL-13, IL-4, IL-12, IL-18, Pigment Epithelium Derived Factor (PEDF) and
Platelet factor (PF)4; and other molecules such as Angiostatin, Vasostatin, Cleaved an-
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tithrombin III, Chondromodulin-1 (cartilage derived), 2-Methoxyestradiol (an estradiol
metabolite), Plasminogen Kringle 5, Prothrombin Kringle 2, Prolactin (PRL) fragments,
Tissue Inhibitors of Metalloproteases (TIMPs), Troponin-1 and s-Flt-1 (the soluble
VEGF-R1, that sequesters VEGFs). Finally, both angiogenesis and lymphangiogenesis
were shown to be inhibited by the binding of certain semaphorins to their receptors
neurophilins and plexins [5]. Semaphorins and plexins are considered as therapeutic
targets in cancer [6]. We and others have shown that decorin (DCN), a leucine-rich pro-
teoglycan produced by many mesenchymal cells including chondrocytes and stromal
cells in the endometrium and decidual cells in pregnancy, is a major natural inhibitor of
angiogenesis [7,8]. DCN is called the “guardian from the matrix” because it multivalent
functions, protecting cells from tumorigenic cues [8].

1.2.1. Angiogenesis: Molecular Regulators

Two VEGF family members VEGF-A and Placenta Growth Factor (PIGF) are both
angiogenic by virtue of binding to their respective high affinity tyrosine kinase receptors
(TKRs) VEGF-R2 (also known as KDR) and VEGF-R1 (also known as Flt-1). However, the
primary mediators of angiogenesis are VEGF-A and its receptors VEGF-R1 and
VEGEF-R2, the latter being the primary receptor responsible for the angiogenic action [9].
The process of wound healing is a good example in which both VEGF and Fibroblast
Growth Factor (FGF)-2 are known to be present at the wound site to stimulate blood
vessel development in the affected area [10]. VEGF expression during embryonic devel-
opment is essential; it plays a major role in cardiovascular development and deletion of
VEGEF is embryonic lethal [11]. VEGF is also important for other physiological processes
such as ovulation, pregnancy, and menstruation, and maintenance of blood pressure
[1,12]. Hypoxia is a major stimulus for angiogenesis in tissues under physiological and
pathological conditions by HIF-1a mediated induction multiple HIF-1 responsive genes
including VEGF-A [1]. Other molecules and their respective receptors playing a direct or
indirect role in angiogenesis include Platelet Derived Growth Factor (PDGF)/PDGEF-R [1],
Basic FGF family (bFGF)/bFGF-R [1], Angiopoitins (Ang-1, Ang-2)/Tie-2, ephrin lig-
ands/Ephrin receptors, Tumor necrosis factor (TNF)a/TNF-R [1], Transforming Growth
Factor (TGF)-/TGFBR1/II in a context dependent manner [1,13] and Cardiac Ankyrin
Repeat Protein (CARP) [14]. These and other molecular regulators of angiogenesis have
been elegantly reviewed by Carmeliet and Jain (2011) [15].

1.2.2. Lymphangiogenesis: Molecular Regulators

It has been shown that among many molecules, VEGF-C is crucial for the develop-
ment of lymphatic vessels in embryos. In Vegfc-null mice, endothelial cells can differen-
tiate to form a lymphatic lineage, but this lineage is unable to form mature lymphatic
vessels [16]. As a result, these mice die prenatally due to lymphedema. On the other
hand, deliberate overexpression of VEGF-C in transgenic mice leads to lymphatic hy-
perplasia in the epidermis [3]. Lack of lymphatic vessel sprouting in vegfc-null mice could
be rescued with the addition of both exogenous VEGF-C and VEGE-D, but not exogenous
VEGF-A, suggesting the requirement for the VEGF-C/D receptor VEGF-R3 [16]. In fact,
VEGF-R3 is needed for proper lymphatic and cardiovascular development, as vegfr3-null
mice display lymphatic and cardiovascular defects. VEGF-D, however, has been shown
to be expendable for lymphatic development, as vegfd-null mice are essentially normal
[17]. The absence of VEGEF-D is likely compensated for by endogenous VEGF-C, further
displaying the importance of VEGF-C in lymphatic development.

Alpha 9/£1 integrin is another receptor of VEGF-C and VEGF-D, also contributing to
lymphangiogenesis [18], a9/f1-null mice developing bilateral chilothorax [19]. Neu-
rophilin (NRP) 2 is yet another receptor of VEGF-C and NRP2-null mice display abnor-
mal lymphatic systems [20]. Other ligands and receptors that can also directly or indi-
rectly contribute to lymphangiogenesis under a variety of conditions including wound
repair, tissue regeneration and tumor development are: VEGF-A/VEGF-R2, Fibroblast
Growth Factor (FGF)2/FGF-R, Platelet-Derived Growth Factor (PDGF)/PDGE-R,
Hepatocyte Growth Factor (HGF)/C-Met, angiopoietin (Ang)1,2/Tie 2, and chemokine
and chemokine receptors CCL21/CCR7 and CXCL12/CXCR4 [21-30].
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1.3. Experimental Models to Investigate Angiogenesis and Lymphangiogenesis
1.3.1. Angiogenesis Models: in vitro and in vivo.

Functionally, models for both angiogenesis and lymphangiogenesis are very similar,
often differing in the molecular markers that are used for identification and quantifica-
tion. The in vitro models for angiogenesis include sprouting of endothelial cells from
aortic rings placed on fibrin or collagen gel; re-assembly and formation of tube-like
structures by various stimulates placed on fibrin gel or Matrigel [31,32]. In vivo models
include avascular corneal micro-pockets in rodents that allow testing of angiogenic
compounds, matrigel plugs under the skin and directed in vivo angiogenesis assay (DI-
VAA) by implanting “angioreactors” under the skin of nude mice [33]. Markers for an-
giogenesis include VEGF-R1/R2 and CD31 (also known as platelet-endothelial cell adhe-
sion molecule or PECAM-1). Proliferation, migration, and tube formation by VECs (on
matrigel or collagen gel) have been used to study molecular regulators angiogenesis in
vitro. The most popular VEC is human umbilical vascular endothelial cells (HUVEC) [34],
used to study angiogenesis under various conditions, such as breast cancer progression
[35]. Moreover, different cancer cell lines have also been used in conjunction with VECs
in 2D and 3D (organoid) models in vitro to investigate influence of tumors on angiogen-
esis and to test drugs on these models [36].

A variety of animal models have been used to study angiogenesis in vivo. For in-
stance, zebrafish is a good animal model to study angiogenesis during embryonic de-
velopment in vertebrates [37,38]. Mouse models are the most popular for studying an-
giogenesis. Fluorescent reporter transgenic mice have been utilized for in vivo live im-
aging of angiogenesis and lymphangiogenesis [39]. Methods such as a directed in vivo
angiogenesis assay (DIVAA) can quantify angiogenesis in murine models. In this assay, a
silicon tube (angioreactor) containing basement membrane extract and experimental an-
giogenic factor(s) or cells is implanted subcutaneously into the dorsal flank of immuno-
deficient mice [40].

1.3.2. Lymphangiogenesis Models: in vitro and in vivo.

Markers for lymphangiogenesis typically include VEGEF-C, D, and their receptor
VEGF-R3 and LEC markers such as lymphatic vessel endothelial hyaluronan receptor
1 (LYVE1), prospero homeobox protein 1(PROX-1) and podoplanin (PDPN). To study
lymphangiogenesis, various in vitro assays and models have been developed [41,42].
These include: (a) Freud’s adjuvant-induced lymphatic-rich lesions, (b) explants of tho-
racic duct fragments allowing LEC sprouting in 3D cultures, (c) LEC differentiation in-
duced in embryoid bodies and (d) tube formation assays using primary or immortalized
human dermal or rat mesenteric LECs [43]. In vivo models of lymphangiogenesis include:
(a) Wound healing after ear-punches in mice. In this model LEC markers were employed
to measure lymphangiogenesis in a spatio-temporal manner [44]. (b) Rodent cornea
models utilized a surgically created corneal micropocket to stimulate lymphatic ingrowth
after injecting a lymphangiogenic test compound together with slow-release polymers
[45]. After treatment, this tissue can be immuno-stained for lymphatic endothelial spe-
cific markers (LYVE-1, PROX-1, PDPN, VEGF-R3) to identify newly formed lymphatic
vessels. (c) We have derived a “directed in vivo lymphangiogenesis assay” (DIVLA) [42]
from previously established assays for angiogenesis [41]. In this model, small silicon
tubes, called angioreactors, are implanted in the dorsal flanks of nude mice and contain
cancer cells or lymphangiogenic test molecules immobilized with a basement membrane
to initiate the growth of lymphatic vessels into the synthetic tubes. These tubes can then
be harvested and lymphangiogenesis can be quantified by measuring mRNAs for specific
lymphangiogenic markers, such as LYVE-1, PROX-1 and PDPN, immunostaining for
these protein markers and visual determination of the degree of lymphatic ingrowth
identified by the markers. This method can also be used to measure simultaneous angi-
ogenesis by double-labeling for CD31 with lymphatic endothelial markers [42]. (d)
Lymphangiogenesis at the tumor site has been quantified by measuring the incidence of
lymphatic vessels using immuno histology for LEC makers, as reported for human en-
dometrial carcinomas and lung cancer [46].
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1.4. Roles of COX-2/PGE2 in Angiogenesis and Lymphangiogenesis:

Inflammation is a key mediator of both angiogenesis and lymphangiogenesis. Dur-
ing inflammation, the expression of the enzyme cyclooxygenase (COX)-2 is induced by
pro-inflammatory cytokines and other inflammatory mediators. COX-2 activity leads to
the production of prostaglandin E2 (PGE2), a downstream signaling molecule mediating
a variety of inflammation associated responses. COX-1 is responsible for constitutive
PGE2 production for a variety physiological functions, such as regulation of blood
pressure, gastrointestinal integrity, and fertility. In contrast, COX-2 mediated production
of PGE2 occurs for a short period of time and high local concentration during inflamma-
tion that stimulates angiogenesis and lymphangiogenesis for wound healing. These
events are recapitulated during tumor progression [47,48]. PGE2 acts by activation of
prostaglandin E2 receptors (EP1-EP4), via both paracrine and autocrine manner.
COX-2/PGE2 mediated lymphangiogenesis and angiogenesis are primarily facilitated
through the binding of PGE2 to EP2 and EP4. This mediates the production and release of
several pro-lymphangiogenic and pro-angiogenic factors such as the VEGF family of
growth factors mentioned previously [49], as well as chemokines such as CCL21 [50].

2. Tumor-associated Angiogenesis and Lymphangiogenesis: Hijacking Inflammatory
Mediators

Under physiological conditions COX-1 is expressed constitutively by most cells, al-
lowing steady but slow PGE2 production for many physiological functions, such as
maintaining the integrity of the gastric mucosa, mediating normal platelet function, and
regulating renal blood flow. In contrast, constitutive COX-2 expression is highly re-
stricted to a few cells in the kidney, reproductive organs and as macrophages. COX-2 is
the product of an "immediate-early" gene that is rapidly inducible and tightly regulated.
During inflammation such as bacterial infection COX-2 is rapidly induced in all cells at
the site of inflammation, that allows local vasodilation and rapid egress of leukocytes into
the tissue spaces to fight the pathogen. Many cancer cells hijack this process, making
them highly migratory. COX-2 is over-expressed in most forms of epithelial cancer [51-
53] leading to high levels of PGE2 production in the tumor microenvironment that facil-
itates tumor progression and metastasis by multiple mechanisms such as increased tu-
mor cell migration, invasion, tumor-associated angiogenesis, and lymphangiogenesis
and induction of cancer stem cells (CSC), mostly following the activation of EP2/EP4 re-
ceptors [49]. One of the effects of COX-2 mediated EP2/EP4 activation is the upregulation
of CCR7, a chemokine receptor that can induce lymphangiogenesis [50]. We found that
CCL21/CCR7 expression by breast cancer cells promoted tumor-induced lym-
pho-vascular recruitment in vivo and VEGF-C production by LECs in vitro [54]. The
CCL21/CCR7 chemokine axis regulated the expression and secretion of lymphangiogenic
factor VEGF-C and thereby promoted proliferation, migration, as well as tube formation
of the primary human LECs. CCR7-mediated VEGF-C secretion by human breast cancer
was dependent on protein kinase B (AKT) signaling pathway [54].

2.1. Tumor Associated Angiogenesis (TAA)

Angiogenesis is an essential physiological process; however, TAA is one of the main
hallmarks of cancer progression [55]. In growing tumors, hypoxia is a major mechanism
for upregulation of VEGFs, leading to angiogenesis [56,57]. Cancer can lead to abnormal
development of blood vessels to promote metastasis. Tumor vasculature is often tor-
tuous, hyperpermeable and discontinuous leading to poor access of systemically admin-
istered anticancer drugs [58]. Attempts have been made to “normalize” the tumor vas-
culature with anti-angiogenic drugs. A plethora of drugs that target vascular endothelial
growth factor (VEGF) and its receptor (VEGFR), or other pro-angiogenic pathways, in-
cluding bFGF, PDGEF, Placental Growth Factor (PIGF), insulin-like growth factor (IGF),
mammalian target of rapamycin (mTOR), and histone deacetylases have met with partial
success. Direct vascular-targeting with Tumor-Vascular Disrupting Agents (Tu-
mor-VDAs) is distinct from anti-angiogenic strategies and offers a complementary ap-
proach. Tumor-VDAs selectively disrupt the immature and rapidly proliferating endo-
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thelial cells of established tumor vasculature either by direct apoptotic effects or by ef-
fects related to endothelial cell reliance on a tubulin cytoskeleton to maintain cell shape.
Tumor-VDAs in preclinical models have shown promise when combined with chemo-
therapy, radiotherapy, and angiogenesis-inhibiting agents. However, their success in the
clinic has been very limited [58]. Anti-angiogenic therapy combined with other modali-
ties has shown some therapeutic benefit [15,59]. Nevertheless, many tumors develop re-
sistance to anti-angiogenic therapies indicating that additional therapeutic targets are

needed [60]. Fig. 2 compares normal vs tumor vasculature and constituents of the tumor
microenvironment.
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Figure 2. A comparison of normal vs tumor vasculature (A), and constituents of the tumor envi-
ronment (B). Tumor associated angiogenesis is regulated by a plethora of molecules produced by
tumor cells, stromal cells and a variety of immune cells in the tumor micro-environment including
T cells, NK cells, macrophages and dendritic cells. These molecules include growth factors, cyto-
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kines, chemokines, interleukins, lipid derivatives, ECM components and epigenetic regulators such
as microRNAs carried by microvesicles [56]. Tumor microenvironment is heterogeneous depend-
ing on the tumor type and stage of tumor growth. Figure reproduced with permission from [61].

As mentioned earlier, PGE2 is a major stimulator of angiogenesis. Inhibiting PGE2
production with a COX1/COX2 inhibitor indomethacin in mice bearing a COX-2 ex-
pressing highly metastatic syngeneic mammary adenocarcinoma led to antitumor and
anti-metastatic effects, in association a dramatic reduction of TAA in residual tumors
[62]. Macrophages at the tumor site are a major source of angiogenic molecules including
VEGEF. Infiltration of macrophages in breast cancer has been correlated with angiogene-
sis, increased malignancy and poor prognosis [63,64]. In a polyoma middle T oncoprotein
induced murine breast cancer model [65], macrophage infiltration was shown to be as-
sociated with an angiogenic switch.

2.2. Tumor Associated Lymphangiogenesis (TAL)

During physiological lymphangiogenesis, new lymphatic vessels are formed from
pre-existing ones. Similarly, lymphatic networks formed during tumor development uti-
lize pre-existing lymphatics and connect with pre-existing lymph nodes. Like TAA, TAL
also depends on multiple lymphangiogenic cues such as growth factors, chemokines and
cytokines produced by tumor cells and tumor associated immune cells [66]. These lym-
phatics allow drainage of interstitial fluid, as well as transport of immune cells and can-
cer cells to the draining lymph node, which forms the nidus for secondary metastasis.
Physiological lymphangiogenesis occurs in post-partum involution of breast tissue in a
macrophage-rich stroma with high COX-2 expression, which is believed to drive the
progression of ductal carcinoma in situ (DCIS) in post-partum women [67].

Typically, lymphangiogenesis is promoted by VEGF-C released by macrophages
[68] and tumor cells [47,64]. In human breast cancer COX-2 expression by both cell classes
leading PGE2 production upregulates VEFC expression by binding to EP4 receptors [69]
(Fig. 3). Certain COX-2/EP4 induced microRNAs (miR526b and miR655) can also con-
tribute to the upregulation of VEGFs that induce lymphangiogenesis. High expression of
VEGF-C, VEGF-D and LYVE-1 can be attributed to over expression of miR526b and
miR655 in human breast cancer [35]. This overexpression in turn enhances the expression
of COX-2 and activates EP4 receptor in breast cancer via NF«xB pathway [49,70], creating
a vicious positive feed-back loop in breast cancer progression. Furthermore, upregulation
of lymphangiogenic factors such as VEGF-C and VEGF-D in lymphoid epithelial cells can
promote lymphangiogenesis. A review by Karnezis et al. [71] explains that lymph me-
tastasis is a process of cross-talk between tumor cells and lymphatics through VEGF-C/D
and receptors VEGF-R2/3. Iwata et al. [72] reported that the major source of VEGF-C or
VEGF-D in mice peritoneum xenografted with human gastric carcinoma were macro-
phages. Thus, TAL is a result of molecular cross talk among tumor cells, macrophages
and LECs. (Fig.3)
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Figure 3. Tumor Associated —angiogenesis (TAA) and —-lymphangiogenesis (TAL) and proposed
roles of PGE2/EP4. VEC and LEC precursors respectively located in venules and lymphatic capil-
laries bear respective receptors VEGF-R1, -R2 for VEGF-A and VEGF-R3 for VEGF-C and -D. They
also bear PGE2 receptor EP4. Production of VEGF family and PGE2 by tumor cells or host cells
such as macrophages (not shown) stimulates TAA and TAL by binding to their receptors on VEC
or LEC. EP4 activation also induces CCR7 on LEC precursors, which binds to CCL21 produced by
tumor or host cells. (Figure based on Tutunea-fatan et al 2015 [54] and Nandi et al, 2017 [69]).

2.3. Roles of COX-2 mediated TAA and TAL in Tumor Cell Survival, Nutrition, and Metastasis

Development of new blood and lymphatic vessels is essential for cancer metastasis,
as it allows tumors to obtain the nutrients and oxygen required for survival [55,56]. The
formation of these vessels allows tumors to grow and disseminate into other parts of the
body as metastatic foci. Aggressive forms of pharynx, lung [73], colon [74], breast
[52,75,76], and pancreas [77] cancer have all been associated with over-expression of
COX-2 and PGE2 overproduction, which can promote angiogenesis and lymphangio-
genesis [48,49]. Certain physiological events, such as childbirth, can have an impact on
lymphangiogenesis in breast cancer. For example, a comparison of the degree of lym-
phangiogenesis in breast tissue in women after birth compared to nulliparous women
[67,76] revealed that lymphatic vessel formation was higher in women after giving birth
when compared with nulliparous women. Ristimaki et al. also showed that higher levels
of COX-2 in breast cancer was associated with cancer hallmarks that result in a poor
prognosis and lower probability of survival [78].

3. COX-2 Mediated Molecular Pathways: Key Events in the Synthesis of Prostanoids

COX-2 is a member of the cyclooxygenase family of enzymes, which include COX-1
and COX-3 as well. COX-3 is an isoform of COX-1 that is not present in humans. COX-1 is
constitutively expressed in most tissues, while COX-2 is only constitutively expressed in
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a select set of cell types, mainly of the reproductive and immune system. COX-2 is typi-
cally associated with inflammation induced by cytokines, mitogens, and some carcino-
gens. COX-1 and COX-2 are key enzymes involved in the production of prostanoids (Fig.
4). The synthesis of prostanoids begins with the production of arachidonic acid, which is
facilitated by phospholipase A2 (PLA2) acting cell membrane phospholipids. Arachi-
donic acid acts as the substrate for COX-2, and other cyclooxygenases, to produce the
prostaglandins PGE2, Thromboxane A2, PGI2, PGF2a, and PGD2. These prostaglandins
exert physiological functions by binding to their respective receptors (EP family for
PGE2, TP for Thromboxane A2, IP for PGI2, FP for PGF2 «, and DP for PGD2). PGE2 is
the most abundant eicosanoid produced downstream of COX by the action of PGE syn-
thase (PGES) enzymes on PGG2. When secreted, PGE2 is a locally active signaling mol-
ecule, quickly catabolized by 15-hydroxyprostaglandin dehydrogenase (15-PGDH or
HPGD) to the inactive 15-keto-PGE. COX-2 induces TAA and TAL by downstream pro-
duction of PGE2 and its binding primarily to EP4 receptor on multiple cells.
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Figure 4. Pathway of prostanoid synthesis and their respective receptors. Phospholipase A2 (PLA2)
facilitates arachidonic acid production by acting on membrane phospholipids. Arachidonic acid is
converted to many different prostanoids (PGE2, Thromboxane A2, PGI2, PGF2a and PGD2) via the
COX-1 and COX-2 enzymes. These prostaglandins then mediate their functions through respective
receptors. Figure adapted from Majumder et al. (2018) [49].

3.1. EP Receptors and Molecular Signaling Pathways

After PGE2 is produced, it acts on a number of EP receptors (Fig. 5), namely EP1,
EP2, EP3 and EP4, which are part of a family of membrane bound G-protein coupled re-
ceptors (GPCRs) [79,80]. Activation of GPCRs induces the exchange of GTP for GDP,
causing the dissociation of the complex into alpha («) and beta/gamma (3/y) subunits,
and activation of downstream second messengers. Each EP receptor binding event results
in the production of different downstream molecules that have different physiological
and molecular consequences. Activation of the EP1, which is coupled with Gagq, results in
the cleavage of PIP2 by phospholipase C (PLC) action. This results in the production of
the second messengers IP3 and DAG, which leads to higher cytosolic calcium via open-
ing of calcium-gated channels in the endoplasmic reticulum. EP3 is associated with dif-
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ferent G proteins: Gai, which is responsible for adenylyl cyclase (AC)/cAMP inhibition;
Gas, which is responsible for stimulating cAMP production; or Gal2/13, which stimu-
lates Rho family GTPases. Both the EP2 and EP4 receptors are associated with Gas, and
upon release, activate AC, resulting in cAMP production that culminates in protein ki-
nase A (PKA) activation. EP4 activation, unlike EP2, also results in the non-canonical
stimulation of the PI3K/Akt and ERK pathways.

c) EP3 d) EP4

PLC |
PIP2

DAG) [ IP3 '

PKc )| Ca%

Figure 5. Signaling through the EP family of receptors. EP receptors belong to the family of GPCRs
A) Signaling through the EP1 receptor results in the activation of PKC and higher concentration of
intracellular Ca?. B) EP2 receptor signaling induces the production of cAMP and activation of
PKA. C) EP3 is associated with different G proteins: depending on which Ga is associated with
EP3, it can increase or decrease cAMP; and activate of Rho family ATPases. D) EP4 and EP2 share
the same pathway of PKA activation when PGE2 binds to them. Unlike EP2, signaling through EP4
also stimulates non-canonical activation of the PI3K/AKT and ERK pathways. Figure adapted from
Lala et al. (2018) [48].

3.2. COX-2/EP receptors and Breast Cancer

Disruption of PGE2 homeostasis, by overactive COX-2 for example, is associated
with many physiological conditions such as chronic inflammation, Alzheimer’s disease,
and tumorigenesis. As previously discussed, COX-2 is a commonly overexpressed in
many aggressive forms of cancer [73-75,77,81]. The causal relationship of COX-2 to tu-
mor progression has been demonstrated by ectopic overexpression [82] and knockdown
[83] of the COX-2 gene and use of COX-2 inhibitors [73]. A large number of studies show
that COX-2 promotes tumor initiation, progression and metastasis of most epithelial
cancers [84]. Furthermore, selective and even non-selective inhibitors of COX-2 showed
protective effects against colorectal and mammary carcinogenesis [84-89]. In breast can-
cer, increased COX-2 expression signals poor prognosis, and is associated with high tu-
mor cell proliferation rates, high histological grade, ductal carcinoma in situ, elevated p53
expression, HER-2 amplification, and axillary node involvement [78]. COX-2 expressing
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murine mammary tumor transplants [90,91] and spontaneous mammary tumors in fe-
male C3H/He] mice [92] when treated with drugs inhibiting both COX-1/COX-2, resulted
in reduced tumor growth as well as metastasis.

Many studies have shown that the overexpression of COX-2 leads to elevated en-
dogenous PGE2, promoting breast cancer progression through multiple mechanisms:
inactivation of host antitumor immune cells [90,91,93], enhanced cancer cell migration
[62,94], invasiveness [62,95], tumor associated-angiogenesis [62,96], via multiple angio-
genic pathways, and tumor-associated lymphangiogenesis [47,64,69,97] through upreg-
ulation of VEGF-C and VEGEF-D. In many studies conducted in our laboratory, the pri-
mary mediator of these events can be attributed to the activation of the PGE2 receptor
EP4 on tumor and various host cell classes.

EP4 activity promotes breast cancer cell migration [94], invasion [95], angiogenesis
and lymphangiogenesis at the tumor site [47,64,69,97]. We also observed that in COX-2
expressing breast cancer cells, inducible nitric-oxide synthase (iNOS) was upregulated
through PGE2/EP4 activity in a cGMP/PKG dependent manner [95]. Estrogen and pro-
gesterone receptor positive breast cancer patients with elevated EP4 expression were
more likely to be non-responsive to neoadjuvant endocrine therapy [98]. This study also
showed that epigenetic alteration leading to overexpression of EP4 was crucial for es-
trogen-independent growth, through the activation of the ERa-cofactor CARMI.

Other studies revealed that the activation of EP4 receptors on host immune cells and
endothelial promoted tumor progression. For example, EP4 activity in natural killer (NK)
cells [93,99,100] and T cells [101] blocked their killer functions. In macrophages, EP4
promoted immune suppressor functions [102], and in dendritic cells EP2/EP4 activity
blocked their antigen presenting functions. Furthermore, EP4 activity in tu-
mor-associated macrophages increased lymphangiogenic activity by upregulation of
VEGE-C or VEGE-D [64]. Similarly, PGE2 mediated EP4 activation in host LECs stimu-
lated LEC proliferation, migration, and tube formation, triggered by upregulation of
VEGF-C or VEGF-D and VEGFRS3, culminating in the promotion of lymphangiogenesis
[69].

Lastly, we found that COX-2/EP4 activity also induced and sustained stem-like cells
(SLC)s in breast cancer cells, shown in a both syngeneic murine breast cancer model and
human breast cancer cells [64]. Findings from other studies support these results in a
different murine breast cancer model [103]. SLCs are a minor subpopulation of tumoral
cells, characterized by an unlimited capacity of self-renewal [104,105], and resistance to
conventional chemo/radiotherapies, leading to recurrence of both primary and metastatic
tumors [106,107]. These studies reveal the plastic phenotype of these SLCs, with their
tumorigenic functions regulated by the microenvironment and that EP4 is a good thera-
peutic target for SLC ablation or suppression.

While COX-2 is an excellent therapeutic target for treating breast cancer in combi-
nation with other drugs, thrombo-embolic side effects of COX-2 inhibitors noted after
prolonged use in arthritis patients [108,109] calls for alternative targets downstream of
COX-2 that may spare the side effects. Following reasons suggest that EP4 is a suitable
target: (i) as listed above, EP4 expressed by cancer cells and multiple host cells plays a
key role in COX-2 mediated breast cancer progression. (ii) many physiological functions
of EP4 shared by EP2 via PKA stimulation [80,110] suggest the relative redundancy of
EP4, (iii) targeting EP4 spares EP3 mediated vasoprotection by PGE2 and IP mediated
vasoprotection by PGI2, as suggested by findings in a variety of animal models of cardiac
ischemia. For example, using IP-null and TP-null mice, it was shown that IP but not TP
receptor was cardio protective. Endogenous PGI2, produced during cardiac ische-
mia/reperfusion, mediated a protective effect on cardiomyocytes independent of its ef-
fects on platelets and neutrophils [111]. Moreover, PGE2 was shown to mediate cardio
protective effects via EP3 receptor activation. Ischemic myocardial injury could be re-
duced in transgenic mice with cardio-specific over-expression of the EP3 receptor [112].
Similarly, structurally diverse EP3 agonists could reduce myocardial infarct size in rats.
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This amelioration was mediated by PKC activation and the opening of KATP
(ATP-sensitive K) channels [113].

Triple negative breast cancer (TNBC), accounting for about 15% human breast can-
cer, is known to be highly aggressive and resistant to conventional therapies due to their
lack of well-known targets [114]. We found that TNBCs are mostly COX-2 positive [49],
also reported by other investigators [115]. TNBC represents the deadliest form of breast
cancer, which resist cytotoxic therapies. Gene expression patterns that were gleaned from
publicly available databases suggested that TNBCs expressed multiple drug re-
sistance-associated protein (MRP) 4 (an active PGE2 exporter), low PGT (a PGE2 im-
porter), and low 15-PGDH (a PGE2 catabolizer) [116]. They collectively favored the
maintenance of high levels of PGE in the tumor microenvironment that may contribute to
poor therapeutic response, indicating that PGE2 inhibitors may potentiate therapeutic
response. We suggest that EP4 antagonists should improve therapeutic response of
TNBC to other therapeutic modalities.

3.3. Roles of COX-2/EP4 in TAA and TAL

We have shown that overexpression of COX-2 mediates the production of PGE2, a
prostaglandin that binds to and activates prostaglandin E receptors, EP1-EP4. It has also
been shown that high COX-2 levels in post-partum breast cancer leads to higher inci-
dences of tumors associated with lymphangiogenesis [76]. Multiple studies have uncov-
ered the promoting roles of COX-2 on TAA and TAL. For instance, in BALB/c nu/nu mice
bearing a gastric carcinoma cell line, treatment with a COX-2 antagonist resulted in re-
duced levels of the lymphangiogenic marker LYVE-1, and the angiogenic marker
PECAM-1 within the gastric walls of the mice [72]. Overexpression of COX-2 promoted
angiogenesis in colorectal cancer by increased production of VEGFs and basic fibroblast
growth factor (bFGF) [53]. COX-1/COX-2 knockout murine models revealed that host
derived COX-2 but not COX-1 promoted tumor growth, metastasis and VEGF produc-
tion [117]. In addition, our studies with COX-2 and HER-2 expressing human breast
cancer specimens and cell lines revealed that COX-2 rather than HER-2 was responsible
for VEGF-C upregulation and TAL [118]. These studies establish the important role of
COX-2 in promoting angiogenesis and lymphangiogenesis, regardless of cancer pheno-
type. As reviewed in sections 2.1 and 2.2, the promoting roles of COX-2 in both TAA and
TAL are primarily mediated by PGE receptor EP4. EP4 activation can trigger other
pathways both for angiogenesis and lymphangiogenesis. Using in vitro studies of lym-
phangiogenesis with a rat mesenteric LEC cell line and in vivo studies of PGE2 induced
lymphangiogenesis in angioreactors placed under the skin of nude mice we demon-
strated the roles of tumor as well as host-derived PGE2 in inducing lymphangiogenesis,
at least in part, by activating EP4 and VEGFR-3 on LECs [63]. EP4, being a common target
on both tumor and host cells contributing to tumor-associated lymphangiogenesis reaf-
firms the therapeutic value of EP4 antagonists in the intervention of lymphatic metastasis
in breast cancer.

3.4. Roles of COX-2/EP4 Induced microRNAs (miRNA)s in TAA and TAL

COX-2 overexpression in tumors has been linked to the expression of certain onco-
genic miRNAs, two of which are miR526b and miR655. Both miR526b and miR655 were
shown to be highly upregulated in COX-2 overexpressing MCF7-COX2 breast cancer cell
line, which was ER, PR and HER2 negative [70,119]. These two miRNAs were shown to
induce SLC-phenotypes in breast cancer cells, as well as stimulate angiogenesis and
lymphangiogenesis [49,70]. Later Hunter et al. [35] tested the angiogenic and lymphan-
giogenic effects of these two miRNAs on the poorly metastatic, ER expressing MCF-7
breast cancer cell line by ectopic over-expression of the miRNAs. miRNA
over-expressing cells exhibited an increased expression of angiogenic and lymphangio-
genic markers, VEGFs and EP4 receptors. miRNA-high cells produced angiogenic fac-
tors, as demonstrated by promotion of migration and tube formation by HUVEC cells
treated with conditioned media from both miRNA overexpressing cell lines. Although
the exact mechanism by which miR526b and miR655 stimulate angiogenesis is not fully
understood, it was shown that expression of these two miRNAs causes COX-2 overex-
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pression through the NF-kB pathway, which in turn results in higher expression of these
miRNAs, promoting a positive feedback loop between both miRNAs and COX-2
[35,49,70].

MicroRNAs inhibit the expression of their target genes by inhibiting their transcrip-
tion or mRNA degradation. We found that the single common target of miR526b and
mir655 is “Cytoplasmic Polyadenylation Element-Binding Protein 2 (CPEB2)”. CPEB2
was shown to have strong tumor suppressor properties [120]. siRNA mediated CPEB2
knock-down in MCF-7 mammary carcinoma cells or CRISPR-Cas9 mediated CPEB
knock-out in non-tumorigenic mammary epithelial cell line MCF10A led to increased
migration, proliferation, invasion and stem cell properties. CPEB2 knocked-out MCF10A
cells became tumorigenic and metastatic in NOD/SCID/IL2RY-null mice. While there was
no scope for evaluating anti-angiogenic functions of CPEB2 in this study, the tumor
suppressor properties of CPEB2 were ascribed to its splice variant CPEB2A. CPEB inter-
acts with elongation factor 2 (eEEF2) to impede HIF-1a translation [121]. HIF1-a is an
angiogenesis promoting transcription factor, thus it is highly likely that CPEB2 is an-
ti-angiogenic. PTEN is a tumor suppressor gene that inhibits the action of the HIF1-«
[122,123], which, when expressed, can lead to the expression of angiogenic factors, such
as VEGF [124]. In both miR526b and miR655 expressing MCF-7 cell lines, expression of
PTEN is reduced [35] and both miRNA regulates the expression of HIF1-a in breast
cancer [57]. In a more recent publication, the expression of HIF1-a was compared among
different breast cancer cell lines that expressed miR526b or miR655 [57]. Higher produc-
tion of this angiogenic transcription factor was observed in cells that expressed these
miRNAs when they were put under hypoxic conditions induced by cobalt chloride.
Furthermore, expression of VHL, which downregulates HIF1-a, was lower in cell lines
expressing miR655 and miR526b. Treatment of miRNA-over expressed cells with
COX-2/EP4 and PI3K/AKT inhibitors resulted in inhibition of the hypoxia-induced phe-
notypes previously seen in these cells. This further establishes the role of COX-2/EP4 in
the expression and functions of these oncogenic and angiogenesis-promoting miRNAs.

4. COX-2/EP4 as Therapeutic Targets in Breast Cancer: Experimental Models
4.1. Spontaneous and syngeneic Murine Breast Cancer Models:
4.1.1. Spontaneous Murine Breast Cancer

Spontaneous murine breast cancer models have been used earlier to explore the
roles of COX in tumor progression and TAL. In spontaneous mammary tumors arising in
retired breeder C3H/He] mice, we observed that both COX-1 and COX-2 promoted tu-
mor progression and metastasis and tumor-associated angiogenesis. Chronic oral ad-
ministration of a non-selective COX1/COX2 inhibitor indomethacin in retired breeder
female mice delayed spontaneous mammary tumor development, reduced spontaneous
lung metastasis from the primary site and prolonged animal survival. Residual tumors in
treated mice exhibited high lymphocyte infiltration and scanty angiogenesis [92].
HER2/neu transgenic mice exhibits increased spontaneous mammary tumors, which are
highly vascularized. However, HER2/neu induced tumorigenesis and angiogenesis are
drastically reduced in COX-2 knockout mice [125].

4.1.2. Syngeneic Murine Breast Cancer Models Using Cell Lines

We derived metastatic variant clones from C3H/HE] spontaneous tumors. A highly
metastatic variant produced from a clone C3 by 5 cycles of in vivo passage of tumor cells
from the subcutaneous site to the lungs, named C3L5 expressed high levels of COX-2.
Phenotypically this cell line is equivalent to human triple negative breast cancer (TNBC).
We found that COX inhibitors retarded the growth and metastasis of C3L5 tumor cells
transplanted at the mammary site by inhibition of cancer cell migration, invasiveness and
angiogenesis [62]. We found that like human TNBC lines, EP2 activity shared by EP4
promoted migration of this cell line [94]. We further observed that PGE2 mediated inva-
siveness of this cell line was mediated by EP4 activation associated with upregulation of
iNOS [95]. C3L5 cell line transplanted at the mammary site caused spontaneous metas-
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tasis to the lung and lymph nodes by day 12 of transplantation in syngeneic C3H/He ]
mice [47]. Both selective COX-2 inhibitor celecoxib an a selective EP4 antagonist, but not
an EP1 antagonist was highly effective in abrogating tumor growth, angiogenesis, lym-
phangiogenesis and metastasis to lung and lymph nodes in vivo [47]. Subsequently Ma-
jumder et al. [64] made use of this syngeneic breast cancer model to assess angiogenesis
and lymphangiogenesis driven by VEGF-C/D produced by tumor associated macro-
phages (TAMs) in vivo and induction of stem like cells (SLC)s in vitro. Results revealed
that EP4 is an excellent therapeutic target to block stem-like properties in cancer cells and
tumor-associated angiogenesis and lymphangiogenesis induced by VEGF-A/C/D pro-
duction by cancer cells as well as TAMs. Using a metastatic variant of the syngeneic
mammary tumor cell line 410 in BALB/C mice that expresses both COX isoforms, Kundu
et al (2002) showed that oral administration of either a selective COX-2 or COX-1 inhibi-
tor to mice with established tumors resulted in significant inhibition of tumor growth
and metastasis [126]. Subsequently they demonstrated that treating the cells with EP4
antagonist in vitro drastically abrogated their tumorigenesis in the lungs following in-
travenous inoculation [127]. PGE2 was shown to suppress NK cell function in this model
by EP4 activation [99]. An EP4 antagonist could abrogate PGE2 mediated immunosup-
pression of NK cells and inhibit metastasis of cancer cells in this model [100]. They fur-
ther demonstrated in this model that EP4 is a therapeutic target for stem-like cells [103].
Another mechanism of PGE2/EP4 meditated tumor progression is induction of mye-
loid-derived suppressor cells (MDSC) of the non-macrophage lineage (polymorphonu-
clear and mononuclear leukocytes). Albu et al (2017) demonstrated an increased number
of MDSCs in CT-26 colon cancer-bearing mouse spleen, and reported that chronic
treatment of the cancer bearing mice with an EP4 antagonist resulted in abrogation of this
rise, associated with strong antitumor effects [128].

4.2. Human Breast Cancer Cell Line and Patient-derived Xenografts in Immune Deficient Mice

Many studies have utilized human breast cancer line xenografts in immune deficient
mice to test therapeutic effects of drugs. Nude mice are deficient in T and B cells but
contain functional NK cells. We have utilized the nude mouse model for successful im-
munotherapy of human melanoma xenografts with non-selective COX inhibitor indo-
methacin given orally in combination with systemic IL2 [129]. Many investigators have
used the nude mouse model to investigate the role of COX-2 in breast cancer metastasis.
For example, Singh et al (2007) over-expressed COX-2 in human breast cancer cell line
MDA-435S to show that the cells exhibited enhanced the bone metastasis by high PGE
production and a COX-2 inhibitor, MF-tricyclic, inhibited bone metastasis caused by a
bone-seeking clone [130]. NOD/SCID/IL2RY- null (NSG) mice which lack in functional T,
B and NK cells have also been used for grafting human tumor cell line xenografts for
therapeutic purposes. We have used these mice to test stem cell induction in COX-2
over-expressing human MCF-7 breast cancer cell line (MCEF-7-COX2 cells) tested in vivo
by implanting limiting cell numbers at the mammary site over successive transplant
generations. Treating the cells in vitro with an EP4 antagonist, or knocking down EP4
abrogated their lung colonizing ability and tumorigenicity after intravenous inoculation
[131].

Despite their usefulness in research, translating results from these mouse models to
the clinic can be difficult due to the differences between human and murine immune
systems [132]. In attempts to overcome this issue, tumors obtained from human patients
have been successfully xenografted into immunodeficient NSG mice “humanized” by
transplanting human umbilical cord derived CD34 + hematopoietic stem cells [133,134].
The xenografts faithfully recapitulate the phenotype and genotype of the parental tu-
mors. These mice produce human immune cells allowing interaction between a human
tumor and human immune cells at the tumor site. (Fig. 6). An advantage of this tool is
that researchers can follow a variety of tumors with different molecular profiles from
different patients in a human-like model. These models can be self-sustainable and used,
in theory, for as long as needed [135]
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Figure 6. Designing a humanized mouse model using umbilical cord blood cells (A). These cells are
introduced into a healthy immunodeficient mouse (B), so that it will develop human immune cells.
Human xenografts from TNBC patients can be obtained (C) and transplanted (D) into the mouse
model at the mammary site. The goal is for the mouse to develop TNBC (E) so that it is possible to
observe an interaction between human cancer cells and human lymphocytes in this model.

4.3. Patient-derived Xenografts of Triple-negative Breast Cancer (TNBC)

Triple-negative breast cancer remains one of the hardest forms of breast cancer to
treat resisting cytotoxic and radiation therapies. Patient derived TNBC xenografts, or
TNBC-PDXs, represent a powerful tool that has allowed scientists to test newer drugs for
aggressive cancers such as TNBCs. Jackson laboratories maintain humanized NSG (On-
co-HuNSG) mice and a good repository of human TNBC-PDX in these mice. Wang et al.
[136] have shown the usefulness of anti-PD-1 therapy in TNBC-PDX model.

4.4. EP4 Antagonists Used in Combination Therapies

We suggest that EP4 antagonists will be most effective when used in combination
with other therapies, in particular with immune checkpoint inhibitors. Programmed cell
death (PD)-1 is a checkpoint protein on T lymphocytes, serving as physiological “off
switch” preventing them from attacking other cells in the body, which produce its ligand
PD-L1. Some cancer cells hijack this protection from T cells by producing large amounts
of PD-L1, even if the T cells can recognize tumor-associated antigen. This defense
mechanism is exploited by many solid tumors, leading to a revived interest in immuno-
therapy with immune checkpoint (PD-1, PD-L1, CTLA-4) inhibitors (ICIs). Anti-CTLA4
and anti-PD-1 therapies have resulted in tumor regression and prolonged animal sur-
vival in murine colon and breast cancer models [137]. PD-L1 expression in breast cancer
including TNBCs is heterogeneous and usually associated with an abundance of tu-
mor-infiltrating lymphocytes. Recent clinical trials in breast cancer with PD-1/PD-L1 in-
hibitors have shown promising results on tumor responses and/or disease control, nota-
bly in the triple-negative subtype [138].
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Based on our success with EP4 antagonists applied in syngeneic murine TNBC
models [47,64] and human TNBC lines in NSG mice [131], we have tested the therapeutic
efficacy of an EP4 antagonist (AAT-008, courtesy of Ask/AAT Japan, currently being
produced by Arrys therapeutics, USA) in TNBC-PDX in humanized NSG mice from
Jackson Labs. Our preliminary data revealed significant anti-tumor effects (70% reduc-
tion of mean tumor volume on day 40 of treatment) with this EP4 antagonist, adminis-
tered by oral gavage (15mg/kg, once a day) in established TNBC-PDX derived from a
single patient (n= 4, mice in each group, control vehicle treated vs drug treated mice)
[Lala PK and Koropatnick ], unpublished data]. We are currently testing TNBC-PDXs
from multiple patients and exploring immune cell phenotype in the tumors in vehi-
cle-treated vs drug treated mice, and plan to test EP4 antagonist in combination with
PD-1 and PD-L1inhibitors.

Given the multiple tumor-promoting roles of EP4 expression on tumor cells and host
immune cells and endothelial cells, we suggest that combination of EP4 antagonists and
other immunomodulating drugs should work synergistically, especially in TNBCs dis-
playing a diverse microenvironment. Excellent reviews by Fulton et al.[139] and Take et
al.[140] strongly suggest the potential benefit of EP4 antagonist in combination with
other immunomodulating agents in cancer therapy.
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Figure 7. Schema for the rationale of using EP4 antagonists in combination with other therapies,
including immune check point inhibitors such as anti-CTLA-4, anti-PD1/PD-L1 in cancer therapy.
Red boxes indicate the roles EP4 on tumor-associated T cells. (Reproduced with kind permission
from Take et al 2020) [140].

4.5. Currently Ongoing Human Trials with EP4 Antagonist as Single Agent or Combination
Therapies.

EP4 antagonist AAT-007 (produced by Ask/At pharma, Japan) was used in phase 1
and 2 human trials in more than 800 arthritis patients in USA was well tolerated in
pharmacologically effective doses (300 mg orally twice daily), with no evidence of
dose-limiting toxicity (Dr. Yukinori Take, Ask/At, Japan, personal communication, cited
with permission). Since then, another more potent EP4 antagonist, named AAT-008, was
reported by Okumura et al [141] at Ask/At pharma in Japan. This compound has not yet
been tested on humans but has a better bioavailability than AAT-007. Currently, there
are multiple clinical trials using other EP4 antagonists. In a recent multi-center human
study in France and USA with an EP4 antagonist E7046 (Trial registration number
NCT02540291) administered orally once daily, demonstrated manageable tolerability,
immuno-modulatory effects, and a best response of stable disease (=18 weeks) in several
patients being treated for advanced malignancies [142]. TPST-1495 is being used to treat
TNBC, colorectal cancer, lung adenocarcinoma, head and neck squamous cell carcinoma,
bladder cancer, and gastric cancer. This trial is still recruiting patients and is set to begin
on August 2021 (Trial identifier: NCT04344795, clinicaltrials.gov). Other clinical trials
using several EP4 antagonists along with other therapeutic modalities in a variety of
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cancers include: Clinical Trials ID: NCT03658772, NCT03696212, NCT03152370,
NCT03661632).

5. Conclusion and Future Directions.

Angiogenesis and lymphangiogenesis are only a part of the tumor microenviron-
ment. The initial expectations of treating vascular tumors with traditional angiogenesis
pathway inhibitors as single agents have not been fulfilled, calling for search of novel
therapy targets for use in combination therapy [60]. Drugs that can block multiple tu-
mor-associated events, including angiogenesis and lymphangiogenesis, hold better po-
tential for success. EP4 antagonists present as promising drugs in combination with other
immuno-stimulatory agents such as ICIs. Molecular profiling including genomics and
immunophenotyping could be used to personalize treatments for patients with TNBCs,
which are known to be highly diverse in genotype. In addition, potential tumor markers
for aggressive forms of cancer may help early diagnosis and therapeutic monitoring. As
discussed in this review, COX-2 induced miRNAs miR655 and miR526b enhances tumor
associated angiogenesis and lymphangiogenesis [35,57] and can serve as biomarkers for
breast cancer. In conclusion, the evidence highlighted in this review provides a rationale
for the pursuit of EP4 antagonists in combination therapies to treat TNBC and other
cancers that display high levels of angiogenesis and lymphangiogenesis..
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