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Abstract: Eph receptors and their ephrin ligands are important guidance molecules during
neurological and vascular development. In recent years, it has become clear that the Eph protein
family remains functional in adult physiology. A subset of Ephs and ephrins is highly expressed
by endothelial cells. As endothelial cells form the first barrier between the blood and surrounding
tissues, maintenance of a healthy endothelium is crucial for tissue homeostasis. This review gives an
overview of the current insights of the role of ephrin ligands and receptors in endothelial function
and leukocyte recruitment in the (patho)physiology of adult vascular biology.
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1. Introduction

The Eph super family is the largest family of receptor tyrosine kinases (RTKs) in humans.
Since their initial discovery in 1987 [1], erythropoietin-producing hepatocellular receptors (Ephs) and
their Eph receptor interacting protein (ephrin) ligands have been shown to be involved in a plethora of
physiological and pathological processes. While originally discovered during embryonic development
in the patterning of the nervous system, the Eph family is also crucial for embryonic vasculo- and
angiogenesis [2]. The best known and first to be uncovered ephrin family members are ephrinB2 and
one of its receptors—Eph receptor B4 (EphB4). EphrinB2 and EphB4 are differentially expressed in
arterial and venous endothelial cells, respectively, and are essential for cardiovascular development [3,4].
In recent years, it has become increasingly clear that the functions of ephrins go beyond embryogenesis.
Besides remaining functional in the adult brain where they are involved in the remodeling of neuronal
circuits, Eph family members can modulate angiogenesis, immunoregulation, bone maintenance and
glucose and intestinal homeostasis [2,5]. Resulting from having such a broad range of regulatory
functions, ephrins are also associated with several pathologies e.g., cancer and inflammatory diseases
such as fibrosis and atherosclerosis [5]. However, the precise contribution of Ephs and ephrins in
established vessels and the endothelium in adults remains incompletely understood.

As the first interface between circulating blood and surrounding tissues, endothelial cells are
the main regulators of vascular homeostasis. A healthy endothelium comprises a single-cell layer of
endothelial cells covered with a glycocalyx. Endothelial cells form a proper barrier with a low and
selective permeability to fluids, solutes and blood cells by means of a dynamic interplay between its
cellular cytoskeleton, interendothelial cell–cell junctions and cell–matrix interactions. Maintaining a
healthy endothelium is an important process involving regulated tissue regeneration and remodeling,
regulation of endothelial permeability, (inflammatory) cell trafficking, vascular tone and blood
coagulation. A dysfunctional endothelium, characterized by a condition associated with impaired
bioavailability of nitric oxide, a proinflammatory and procoagulant phenotype, can result in impaired
endothelial function including increased permeability to both fluid and cells and loss of vascular
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tone. A dysfunctional endothelium can elicit a plethora of diseases such as e.g., cancer metastasis,
diabetes and cardiovascular disease [6]. This review will focus on the role of endothelial ephrin ligands
and receptors, and in particular on their effect on endothelial function and their role in leukocyte
recruitment, in the physiology and pathology of adult vascular biology.

2. Ephrins and Ephs Basic Structure and Signaling

2.1. Ephrins and Ephs Basic Structure

The Eph family is the largest family of RTKs comprising 14 Eph receptors and 8 ephrin ligands in
mammals, which are both membrane bound. Ephrins and their receptors are subdivided into classes A
and B based on membrane attachment and sequence homology and ligand preference, respectively.
The A-class ephrin ligands (ephrinA1-ephrinA5) are characterized by a glycosylphosphatidylinositol
(GPI) anchor to the cell membrane, while B-class ephrins (ephrinB1-ephrinB3) have a transcellular and
cytoplasmic domain with a PSD-95/Dlg/ZO-1 (PDZ)-binding motif (Figure 1A). The Eph receptors are
transmembrane proteins with an extracellular domain that contains a ligand binding domain, a cysteine
rich region and two fibronectin type II domains. Its intracellular domain contains a juxtamembrane
region containing two tyrosine residues, a protein tyrosine kinase domain, a sterile alpha motif (SAM)
domain and a PDZ-binding domain. While the original concept was that EphA receptors bind mainly
to ephrinA ligands and EphB receptors to ephrinB ligands, more recent research has shown that
receptor–ligand interactions can also occur between opposite classes [7,8].
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Figure 1. Eph/Ephrin structure and signaling (A) general structure of the Eph receptors, ephrinA
ligands and ephrinB ligands. (B) Eph/Ephrin bidirectional signaling and some of its signaling pathways.
SAM = sterile alpha motif, GPI = glycosylphosphatidylinositol, PI3K = phosphoinositide 3-kinase, AKT
= protein kinase B, SFK = Src family of kinases, GPCR = G protein-coupled receptor, STAT3 = signal
transducer and activator of transcription 3, FAK = focal adhesion kinases, MAPK = mitogen-activated
protein kinase, mTORC1 = mammalian target of rapamycin complex 1, p = phosphor.

2.2. Forward Signaling

In contrast to all other RTKs, ephrins and their receptors can induce bidirectional signaling.
Binding of the ligand to the receptor induces forward signaling of the receptor, while reverse signaling
of the ligand is initiated upon the binding of the receptor to the ligand. By initiating signaling,
ephrins can induce multiple signaling cascades and influence several cellular processes. Upon ligand
binding, Eph receptors cluster and are activated by autophosphorylation of tyrosine residues within
the juxtamembrane region and the kinase domain of the receptor. This phosphorylation enables the
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recruitment of a variety of Src-homology 2 (SH2) domain-containing adaptor proteins that can induce
further downstream signaling pathways including mitogen-activated protein kinases (MAPK), small
GTPases, focal adhesion kinases (FAK) and protein kinase B (AKT). The association of PDZ-domain
proteins with Eph receptors also contributes to the signaling of activated Eph receptors. Most of
the cellular pathways activated by ephrin forward signaling are involved in the regulation of the
cytoskeletal dynamics of cells and therewith can modulate cellular processes such as migration,
adhesion and proliferation [7,8]. Examples of signaling events that can occur upon Eph/ephrin
interaction and clustering are shown in Figure 1B.

2.3. Reverse Signaling

The initiation of ephrin reverse signaling is primarily described for ephrinB ligands. As mentioned
before, these ephrinB ligands have a transmembrane domain that contains several phosphorylation
sites and a PDZ-binding domain. Upon ligand–receptor interaction, the intracellular domain of ephrinB
ligands is phosphorylated by Src Family Kinases (SFKs) enabling the binding of adaptor proteins, such
as Grb4. In addition, PDZ-domain proteins, such as PDZ-RGS3, can bind to activated ephrinB ligands
and induce, for example, an interaction with G-protein-coupled receptors or the activation of small
GTPases. Both these phosphorylation-dependent and phosphorylation-independent ways of ephrinB
signaling result in the regulation of the cellular cytoskeleton [7,9].

The downstream reverse signaling mechanisms of ephrinA ligands are less clear. EphrinA ligands
lack a transmembrane domain and are only anchored to the cell membrane with a GPI anchor and
therefore lack clear mechanisms to induce intracellular signaling. However, there is some evidence that
ephrinA ligands make use of transmembrane binding partners, such as integrins, the RTK tropomyosin
receptor kinase B (TrkB) and rearranged during transfection (Ret) to convey their extracellular signal
and modulate e.g., cellular adhesion and apoptotic cell death (Figure 1B) [8,10].

2.4. Alternative Signaling

Besides the best characterized way of Eph/ephrin signaling, bidirectional signaling, ephrins
and Eph receptors can also induce signaling in other ways. Ephrins and their receptors can (1)
signal independently from each other, (2) undergo cis interactions between receptors and ligands on
the same cell and (3) they can recruit other signaling partners to enforce or prevent their signaling.
Ephrin signaling is complex and can activate many different pathways, sometimes even with contrasting
effects. The expression of Eph receptors and their ligands on a cell itself (cis interactions) and its
neighboring cells (trans interactions), the amount of Eph/Ephrin clustering and the variety of receptors
and ligands involved in these clusters are only some of the factors that determine Eph/Ephrin
downstream signaling events. The eventual outcome of Eph/ephrin signaling will be the sum of all
cellular and microenvironmental components in a certain cell at a certain time [8,11]. More detailed
information on Eph/ephrin signaling can be found in previous reviews [7,8,11].

3. Ephrin and Eph Expression in Endothelial Cells

The currently available literature on the expression and regulation of expression of ephrins and
the Eph receptors in endothelial cells are described in this section and summarized in Tables 1 and 2.
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Table 1. Ephrin ligand expression in endothelial cells.

Ephrin
Ligands

Endothelial Cells (Patho)physiological
ConditionsHCAECs HAECs HUVECs HCAECs HDMECs HLMVECs

EphrinA1 High High High High High

Increased by
inflammation [12],

increasing cell
density [13], serum

depletion [13],
ischemia [14].

Decreased by shear
stress [15].

EphrinA2 Moderate Low/no Low/no Low/no

EphrinA3 Moderate Low/no Low/no Low/no
Increased by hypoxia [16].

Decreased by
miR-210 [16–18].

EphrinA4 High Moderate Moderate Moderate

EphrinA5 High Moderate Moderate Moderate

EphrinB1 High Undetected Moderate Undetected Increased by
inflammation [19].

EphrinB2 High High High High

Increased by
inflammation [19–21],
laminar or interrupted

flow [22–25].
Unchanged by laminar
flow [22]. Decreased by

laminar flow [21,26],
miR-20b [27].

EphrinB3 Moderate Undetected Moderate/no Undetected

Table 2. Eph receptor expression in endothelial cells.

Eph
Receptors

Endothelial Cells (Patho)physiological
ConditionsHCAECs HAECs HUVECs HCAECs HDMECs HLMVECs

EphA1 Undetected Low/no Low/no Low/no

EphA2 High High High High High

Increased by
inflammation [12,20].

Decreased by
miR-26a [28].

EphA3 Moderate Low/no Low/no Low/no

EphA4 High High Moderate High Increased by
ischemia [14].

EphA5 Moderate Low/no Low/no Low/no Moderate

EphA6 Moderate Low/no Low/no Low/no Moderate

EphA7 Moderate Low/no Low/no Low/no Decreased by
miR-137 [29].

EphA8 Moderate Low/no Low/no Low/no

EphA10 Low/no Low/no Low/no

EphB1 High High High Moderate

EphB2 High High High Moderate Decreased by
miR-520h [30].

EphB3 Undetected Moderate High Moderate

EphB4 High High High High

Decreased by
inflammation [23],

flow [23,24], miR-20b [27],
miR-520h [30].

Unchanged by flow [31].

EphB6 Moderate Moderate Moderate Moderate
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3.1. Ephrins and Ephs Expressed under Homeostasis

The expression of ephrins and its Eph receptors in vivo in healthy human endothelium has
mainly been investigated for ephrinB2 and EphB4. As mentioned before, ephrinB2 and EphB4 are
differentially expressed in arteries and veins, with ephrinB2 marking arteries and EphB4 marking
veins [3,4], a property that is not only important during embryonic development but persists through
adulthood [32,33]. Despite the ”clear” distribution of EphB4 and ephrinB2 expression in veins and
arteries in vivo, this distinction is no longer observed in vitro [20]. Both arterial and venous endothelial
cells have been shown to express ephrinB2 and EphB4. At the protein level, a lot less information
has been reported. However, for EphB2, EphB4 and ephrinB2, protein has been detected in human
umbilical vein endothelial cells (HUVECs), human aortic endothelial cells (HAECs) and human dermal
microvascular endothelial cells (HDMECs) [34]. EphrinB1 protein was observed only in human
coronary artery endothelial cells (HCAECs) [35].

Providing a nice overview of ephrin RNA expression in endothelial cells, Sakamoto et al. showed
that all Eph and ephrin genes except EphA1 and EphB3 are expressed by HCAECs. High levels
of expression have been observed for ephrinA1, ephrinA4, ephrinA5, ephrinB1, ephrinB2, EphA2,
EphA4, EphB1, EphB2 and EphB4 [35]. Although most of the highly expressed genes are confirmed
in other studies and/or in different endothelial cell types such as HUVECs, HAECs, HDMECs and
human lung microvascular endothelial cells (HLMVECs), there are some observations that are less
unambiguous [12,34,36,37]. For example, the expression of ephrinB1. While the expression of
ephrinB1 is detectable in HCAECs, it is not observed in HAECs and HDMECs [34] and only sometimes
in HUVEC [34,36]. In addition, a considerable amount of variation is observed in the lesser expressed
genes. For example, EphB3 has been shown to be expressed in HUVEC, HAEC and HDMEC, while it
could not be detected in HCAECs [35]. In contrast, EphA3-A6, EphA8, ephrinA2 and ephrinA3 could
be detected in HCAECs [35] but not in HAECs and HUVEC [12]. Therefore, despite a considerable
amount of overlap in ephrin (receptor) expression between different endothelial cells, some variation
exists. The organ of origin of the endothelial cells, the method of culturing and the method of detection
are probably the main contributors to these varying observations.

3.2. Ephrin and Eph Regulation by Inflammation and Hemodynamic Factors

The expression of ephrin ligands and their receptors can be modulated by several environmental
factors. Inflammation has been shown to upregulate the expression of the Eph family members
ephrinB1 and ephrinB2 [19,21], while EphB4 expression is not regulated by the inflammatory
cytokines interleukin (IL)-1β nor tumor necrosis factor (TNF)-α [31]. On the other hand,
ephrinA1 and EphA2 expression is increased upon stimulation with inflammatory cytokines [12,19].
Vascular endothelial growth factor (VEGF), which is upregulated by several inflammatory cytokines,
can also increase the expression of EphA2 [38] and ephrinB2 [20]. Inflammation does not only regulate
the expression of several ephrins and their receptors, ephrins can also regulate the expression of
inflammation-related genes. For example, the addition of ephrinA1 to HAECs or HUVECs significantly
upregulated the expression of vascular cell adhesion molecule (VCAM)-1 and E-selectin or chemokine
(C-C motif) ligand (CCL) 2 and chemokine (C-X-C motif) ligand (CXCL) 1, respectively [12,39].

Next to inflammation, hemodynamics is an important regulator of ephrin and Eph expression.
Most hemodynamic ephrin research has been performed investigating ephrinB2 and its receptor EphB4.
Results regarding the effect of shear on ephrinB2 are not uniform. While a few studies reported a
decrease in ephrinB2 in endothelial cells exposed to high laminar shear stress [21,26], others reported
no effect [22] or even an upregulation of ephrinB2 expression [23]. Differences in flow rates and the
use of more premature endothelial cells might be causative for the observed differences. In vivo
experiments in mice showed that the disruption of normal perfusion, by the ligation of an artery,
induced expression of ephrinB2 [22]. An ex vivo experiment with human saphenous vein segments
showed a trend of upregulation of ephrinB2 when exposed to arterial shear stress [24]. Similar to under
inflammatory conditions, EphB4 expression seems to be less dependent on shear stress. Besides a
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slight upregulation of EphB4 after 4 h of high arterial shear stress, over time, EphB4 levels remained
stable [26]. In contrast, in more premature cells, EphB4 expression was decreased upon arterial shear
stress [23]. Additionally, ex vivo arterial shear stress decreased the expression of EphB4 in the human
saphenous vein, while venous shear stress did not alter EphB4 expression [24]. One study showed
a downregulation of ephrinA1 upon laminar shear stress. Exposure to turbulent flow even further
decreases the expression of ephrinA1 compared to laminar shear stress [15].

3.3. Ephrin and Eph Regulation by Other Environmental Conditions

As indicated earlier, the asymmetrical arteriovenous expression of ephrinB2 is not maintained
in vitro, indicating that for retaining the differential arteriovenous expression profile of ephrinB2 in
endothelial cells, microenvironmental cues are necessary. Indeed, changing the microenvironment of
cultured HUVECs by co-culturing them with smooth muscle cells has resulted in an upregulation of
ephrinB2 [20]. In addition, Eph/ephrin expression depends on cell culture conditions. For example,
the expression of ephrinA1 is highly dependent on cell density and serum as high cell density and
serum depletion both induce an increase in the expression of ephrinA1 [13]. In addition, altering
oxygen levels can induce changes in ephrin expression. Hypoxia induced expression of ephrinA3 (via
microRNA-210 downregulation, see more below) [16] and oxygen–glucose deprivation/reperfusion,
as a simulation of ischemic conditions, induced the expression of both ephrinA1 and EphA4 [14].

3.4. Ephrin and Eph Regulation by MicroRNA’s

With the increasing awareness regarding the role of microRNA’s (miRNAs) in the cellular response
to environmental signals, the regulation of endothelial ephrins by miRNAs has also been investigated.
miRNAs are small non-coding RNAs that, by binding to complementary sequences, mostly in the 3′

UTRs of target mRNAs, can regulate the expression of these genes. In most cases, miRNAs suppress
target mRNA expression, but opposite forms of regulation have been described as well [40]. While most
miRNAs localize intracellularly, they can also be released from cells via extracellular vesicles and,
upon fusion of the vesicles with target endothelial cells, regulate endothelial gene expression in a
paracrine, endocrine and autocrine manner [41,42]. By targeting a multitude of endothelial cell genes
such as CXCL12, nitric oxide synthase 3 (NOS3) and VCAM-1, miRNAs have been shown to affect
endothelial cell (dys)function related processes such as barrier function, vascular tone and leukocyte
trafficking [41,43].

The regulation of ephrins by miRNAs has been described for the ephrinA3 ligand, where
increased levels of miR-210 repressed the protein expression of ephrinA3, and decreased levels of
miR-210 increased ephrinA3 expression [16–18]. Expression of the EphA2 receptor was shown to
be regulated by miR-26a, where a mimic of miR-26a decreased EphA2 expression, and the use of a
miR-26a inhibitor increased EphA2 expression [28]. In addition, ephrinB2 and EphB4 are described to
be potentially regulated by miR-20b [27], EphB2 and EphB4 by miR-520h [30] and EphA7 is described
as a direct target of miR-137 [29].

4. Ephrins and Ephs in Endothelial Cell Proliferation and Apoptosis

4.1. Ephrins and Ephs in Endothelial Cell Proliferation

To maintain a heathy endothelium, the vascular system relies both on the regulated replacement
of dysfunctional endothelial cells via apoptosis and cell proliferation of the neighboring cells as
well as on re-endothelialization by bone marrow-derived endothelial progenitor cells (EPCs) [44].
Several ephrin family members have been described to regulate cellular proliferation and/or
apoptosis. EphrinA1 reverse signaling inhibits endothelial cell proliferation, as the overexpression of
ephrinA1 decreased proliferation while a knockdown increased the proliferation rate of endothelial
cells [13]. The effect of EphA2 forward signaling on proliferation rates in endothelial cells is
more controversial. Stimulation of the EphA2 receptor with recombinant ephrinA1 showed an
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upregulation of pro-survival and proliferation associated genes such as VEGF receptor 2 (VEGFR-2)
and VEGFR-3 in HAECs [12]. However, the prevention of EphA2 forward signaling via a knockdown
of EphA2 also induced endothelial cell proliferation [13], while primary microvascular endothelial
cells of EphA2 knockout mice in culture did not show any differences at all in proliferation rates nor in
apoptosis [45].

Results for the effect of ephrinB2-induced receptor signaling on proliferation are also quite
contradictory. Some studies showed an (dose-dependent) increase in proliferation of endothelial cells
when exposed to ephrinB2 [46,47], while others showed no effect [48] or even a decrease in proliferation
of endothelial cells when grown on a surface of immobilized ephrinB2 [49]. Loss of the EphB4 receptor
resulted in decreased proliferation [50]. The use of different proliferation models, different cell types
and, probably most importantly, different dosages and forms of ephrinB2 ligand presentation (apical
vs. basolateral, clustered vs. unclustered), could be causative for these contradicting observations.
While the precise effect and mechanisms of ephrinB2 on proliferation are unclear, there are indications
that the effect is mediated via the PI3K/Akt/NO/PKG/MAPK pathway [46]. In addition, while these
papers suggest the involvement of the EphB4 receptor to relay the ephrinB2 signal, none of them could
definitively exclude the role of other Eph receptors.

Studies regarding Eph/ephrin signaling in re-endothelialization by means of EPCs are limited.
However, the downregulation of EphA2 via miR-26a could impair EPC function [51], while ephrinB2 has
been shown to both enhance [52,53] and to reduce EPC function [54,55].

4.2. Ephrins and Ephs in Endothelial Cell Apoptosis

In addition to the proliferative functions described above, ephrinA3, ephrinB1/B2/B3 and
EphB3 have been shown to play a role in apoptosis. First, decreased expression of ephrinA3,
regulated by miR-210, abolished angiotensin II induced apoptosis [18]. H2O2-induced cell death of
endothelial cells could be inhibited by exposing cells to the ephrinB2 ligand as indicated by increased
survival rates, an increased expression of the (anti-apoptotic) B-cell lymphoma 2 (Bcl-2) gene and a
decrease in caspase-3 cleavage [47]. Exposure of HUVECs to ephrinB3 also, at least partly, prevented
apoptosis induced by growth factor removal. In addition, the administration of ephrinB3 in a mouse
injury model resulted in less apoptosis of cortical vascular endothelial cells and a less dramatic
decrease in vessel density after injury. However, knockout of the EphB3 receptor rendered similar
results and, therefore, the EphB3 receptor was described to function as a pro-apoptotic dependence
receptor, where ligand binding or receptor knockout is necessary to prevent EphB3 from inducing
cellular apoptosis [56]. On the other hand, the knockdown of the ephrinB1 and ephrinB3 ligands in
endothelial cells induced apoptosis and ephrinB1 even selectively more in senescent cells compared to
nonsenescent cells [57].

5. Ephrins and Ephs in Endothelial Cell Adhesion, Spreading and Migration

5.1. EphrinA Family Members in Endothelial Cell Migration

Ephrins also regulate processes such as endothelial cell adhesion, cell spreading and migration.
Most of the current available data are on the ephrinB ligands and EphB receptors. However, a few
papers also indicate a role for ephrinA ligands and EphA receptors in endothelial cell adhesion and
migration. When ephrinA1 is coated on a surface, it acts as a repulsive cue and prevents cell migration
to the areas coated with ephrinA1 [13]. Reduced expression of ephrinA1 or EphA2 on endothelial
cells themselves promoted cell migration by increasing migration velocity via the modulation of focal
adhesions. Overexpression of ephrinA1 also resulted in the increased migration but via promoting
the cells’ directionality instead of its velocity [13]. In contrast, a study of Rhodes et al. showed that
a reduction in ephrinA1 in pulmonary endothelial cells inhibited adhesion and migration as well
as the formation of capillary-like structures [58]. However, the activation of EphA2 with soluble
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ephrinA1 promoted Transwell migration as well as vascular assembly of endothelial cells and is
mediated by RAC-1/PI3K signaling [45].

EphrinA3 has also been shown to modulate endothelial cell migration. Under normoxic conditions,
the expression of ephrinA3 prevents endothelial migration, while the downregulation of ephrinA3 via
the hypoxia-induced miR-210 increased endothelial transmembrane migration [16]. Cells with a
decreased expression of ephrinA3 also form significantly less capillary-like structures, while the
overexpression of ephrinA3 enhances tube formation [17].

5.2. EphrinB Family Members on Endothelial Cell Adhesion and Spreading

Similar to ephrinA1, surfaces containing ephrinB1 or ephrinB2 ligands show a repulsive effect on
the adhesion of endothelial cells. EphrinB1 on its own does not have much effect but in combination
with a fibronectin and nitrocellulose pre-coating [59] or when multimerized before stimulation [60],
ephrinB1 acts as a repulsive cue for endothelial adhesion. An ephrinB2 coating dose-dependently inhibits
endothelial adhesion of both mouse [49] and human endothelial cells, and the inhibition can even be
enhanced with pre-clustering of the ephrinB2 ligands [61]. Endothelial detachment was also observed in
3D endothelial cell/smooth muscle cell co-culture spheroids and umbilical vein explants stimulated with
soluble ephrinB2 [61]. In addition, ephrinB2 coating suppressed endothelial cell spreading [49], and the
stimulation of endothelial cells with ephrinB2 induced cellular retraction via a mechanism dependent on
both Cdc42 and Rho GTPase signaling [62]. Surface coating with the Eph receptors EphB1 or EphB4 seems
to have the opposite effect, as the Eph receptor coating had no effect or dose dependently promoted
endothelial cell adhesion, depending on the origin of the endothelial cells [49,61,63].

5.3. EphrinB Forward Signaling on Endothelial Migration

The effect of ephrinB ligands and receptors on endothelial migration is more complex. With the
ability of bidirectional signaling of the ephrin family, the variety of available assays to study migration
and the range of variability within these assays makes it challenging to combine all existing data.
The presence of the soluble ephrinB2 ligand has been shown to significantly diminish the distance
covered by endothelial cells after 48 h [61]. If present in the upper well of the Transwell system,
ephrinB2 can inhibit endothelial cell migration after 4 h, and this inhibition is even more pronounced
when chemotaxis was induced by the presence of VEGF in the lower well [61]. Additionally, the presence
of ephrinB ligands in the lower well of the Transwell system inhibits endothelial migration, but only in
combination with VEGF [48] or cultured stem cells from the apical papilla [64]. EphrinB2-induced
forward signaling was also shown to inhibit endothelial sprouting and network formation [61], while
the reduction in EphB4 signaling increased the formation of capillary-like structures [50].

In sharp contrast, other studies show an increase in endothelial cell migration in the presence of
ephrinB2 after 24 h [47] or when stimulated with preclustered ephrinB1 for 6 h [65]. Pre-stimulation of
HUVECs for 10 min with either ephrinB1 or ephrinB2 also enhanced CXCL12-induced endothelial
cell transmigration after 16 h [34], and the exposure of endothelial cells to ephrinB1 multimers
promoted tube formation [60]. In addition, abolishing EphB receptor forward signaling by reducing
receptor expression with either antisense oligonucleotides, siRNAs, specific EphB2/EphB4 inhibiting
peptides or lithocholic acid significantly diminished endothelial migration and the formation of
capillary-like structures [34,66–68]. When the ephrinB ligand is present in the lower well of a Transwell
system, a small majority of papers show an (dose-dependent) increase in endothelial cell migration
across matrix-coated filters, which seems to be dependent on PI3K/AKT/MMP signaling [46,47,69].
The reduction in EphB4 signaling by a partial knockdown of EphB4 in mouse lung endothelial cells
decreased in vitro migration towards ephrinB2 as well as towards serum [50], also suggesting a
promigratory role for EphrinB2/EphB4 signaling in endothelial cell migration. Differences in culture
conditions such as the presence or absence of serum, the method of inducing migration (scratching
vs. the use of inserts vs. Transwell migration) and the duration of the experiments are most likely
responsible for the differences observed.
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5.4. EphrinB Reverse Signaling on Endothelial Migration

While the effect of Ephrin/EphB forward signaling on migration is ambiguous, reverse signaling
induced by soluble EphB proteins is primarily promigratory. Exposure of endothelial cells to
soluble EphB2 [63] or EphB4 [61] promoted endothelial lateral migration, and the overexpression
of ephrinB2 resulted in further and faster migration of endothelial cells, as measured by time-lapse
microscopy [70]. In addition, the disturbance of ephrinB reverse signaling by mutating its signaling
domains, either its phosphotyrosine-dependent or PDZ-dependent signaling, results in a, respectively,
mild to severe inhibition of endothelial migration further supporting a promigratory effect of ephrinB
reverse signaling in endothelial cells [71]. However, the availability of EphB4 in the upper well of a
Transwell system [61] or a coating of EphB4 [49] do not affect migration rates. In contrast, EphB4-induced
reverse signaling does promote endothelial sprouting and formation of capillary-like structures [61],
while the abrogation of reverse signaling by a knockdown of ephrinB2 in endothelial/mesenchymal
stem cell co-culture models resulted in less capillary-like structures [64,72]. As the Eph family clearly
affects endothelial adhesion, spreading and migration, a role for Ephs and ephrins in blood vessel
remodeling is undeniable. The role of ephrins in arterio- and angiogenesis has already been discussed
at length previously, and detailed overviews can be found in the following reviews: [9,73].

6. Ephrins and Ephs in Endothelial Barrier Function

6.1. EphA2 Forward Signaling Induces Vascular Leakage

Besides processes as cellular adhesion and migration, Ephs and ephrins have also been shown
to influence the integrity of the endothelium by e.g., regulation of endothelial barrier permeability.
VEGF has long been known to be an important regulator of the endothelial barrier, but how it
regulates remains poorly understood [74]. In a study of Miao et al., it was shown that VEGF activates
the intracellular PI3K/Akt and Erk1/2 signaling pathways resulting in the increased expression of
EphA2 which then, in turn, contributes to an increase in paracellular permeability [38]. The role
of (ephrinA1-induced) EphA2 forward signaling in reducing the endothelial barrier function has
also been shown in several other in vitro and in vivo studies, where the increased expression of
EphA2 increases vascular permeability, and reduced expression decreases (ephrinA1-induced) vascular
permeability [28,37,39,75]. Opposite to the increase in vascular permeability upon EphA2 forward
signaling, the exposure of endothelial cells to EphA4 recombinant protein could protect the endothelial
barrier against TNFα-induced vascular leakage. However, whether this effect is due to blocking ephrin
ligand/receptor interactions or by inducing ephrin reverse signaling is not clear [76].

6.2. EphrinB/EphB Signaling in Vascular Leakage

Activation of endothelial ephrinB2 reverse signaling with soluble EphB2 or EphB2 overexpressing
mouse myeloma cells showed a translocation of vascular endothelial cadherin (VE-cadherin) and
enhanced endothelial permeability [19]. While stimulation with EphB4 also induces a translocation of
ephrinB2 itself, it does not affect the adherens junction protein VE-cadherin, implying no change in
vascular integrity and permeability [20,77].

EphB4 receptor signaling has been shown to be important in preventing endothelial leakage,
as low levels of EphB4a associated with edema formation and disorganization of zonula occludens-1
(ZO-1) positive endothelial junctions in a zebra fish model [78]. In addition, a recent paper of Luxan et
al. showed that EphB4 is important for the structural integrity of endothelial cells, as the knockdown
of EphB4 resulted in impaired cell–cell junctions and decreased cell stiffness in HUVECs in vitro
and capillary ruptures in vivo. Interestingly, this paper also shows the involvement of EphB4 in
transport functions of endothelial cells as reduced levels of EphB4 disrupted caveolar function and
lipid transport [79]. Knockout of the EphB1 receptor also decreased caveolae formation as EphB1 no
longer protected against the degradation of caveola-associated proteins [80].
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7. Ephrins and Ephs in Leukocyte-Endothelial Cell Interactions

Besides endothelial cells, Eph receptors and ephrins are also expressed on several leukocytes.
For example, primary monocytes and the human monocytic cell line THP-1 cells have been shown to
strongly express ephrinA3, ephrinA4, EphB2, EphB3, EphB4 and EphB6 [35,77,81]. A T-lymphocyte
cell line was shown to strongly express, among others, ephrinA1, ephrinA3, ephrinA4, ephrinB1,
ephrinB2, EphA4, EphB2, EphB3, EphB4 and EphB6 [35,77]. Expression of the Eph family on both
endothelial cells and leukocytes implicates a role for them in leukocyte–endothelial cell interactions as
Eph–Ephrin signaling can induce changes in the leukocytes as well as in the endothelial cells.

7.1. EphrinA/EphA-Mediated Leukocyte Adhesion and Migration

The activation of ephrinA ligand signaling in T-lymphocytes induces the integrin-mediated
adhesion of T-cells to integrin ligands as well as endothelial cells, while the activation of EphA receptor
signaling reduced the adhesion of lymphocytes [82]. Additionally, T-lymphocyte migration is affected
by, at least, ephrinA1. However, the direction of regulation is less clear since it has been shown to
both inhibit [83] as well as increase [84] T-lymphocyte chemotaxis towards a CXCL12 gradient via
cytoskeletal rearrangements. This difference could most likely be explained by the fact that one study
uses immobilized ephrinA1 while the other used soluble dimeric protein.

When looking at the endothelial side, increased ephrinA1 availability, either by the addition
of recombinant ephrinA1 protein or endothelial overexpression, makes the endothelium more
prone to adhesion of leukocytes, while a reduction in endothelial ephrinA1 results in decreased
adhesion [12,85,86]. Both EphA2 and EphA4 forward signaling can increase monocyte adhesion via
modulating the surface expression of intercellular adhesion molecules (ICAM)-1 and VCAM-1 [12,85,87],
induced via calcium/calcineurin dependent activation of the transcription factor nuclear factor of
activated T-cells (NFAT) 1 [88]. The transactivation of EphA2 via thrombin-activated protease-activated
receptor (PAR)-1 also increases ICAM-1 expression and therewith promotes leukocyte adhesion [89].
In addition, activation of the EphA4 receptor by ephrinA1 can also induce cytoskeletal rearrangements
via induction of the Rho signaling pathway [86].

7.2. EphrinB/Eph-Mediated Leukocyte Adhesion and Migration

Not only the ephrinA subclass of the ephrin family but also ephrinB family members have been shown
to modulate leukocyte–endothelial interactions. For example, a surface coating of ephrinB2 enhances
monocyte adhesion [90], while both soluble ephrinB2 and ephrinB1 had no effect on monocyte
adhesion [81,90]. Lymphocyte migration, on the other hand, is diminished when membranes are
coated with ephrinB2/B1 [83,91], while preincubation with ephrinB1 or ephrinB2 used as a chemoattractant
increased migration [21,92]. Pre-incubation with antibodies against ephrinB1/B2 inducing reverse signaling,
increased T-cell migration, while a double knockout impaired their migration [93]. Independent of its
ephrinB1/B2 ligands, reduction in EphB2 expression in a monocyte cell line induces cytoskeletal changes
resulting in decreased monocyte adhesion and migration [81].

In combination with endothelial cells or ex vivo aortic segments with a high or low expression of
ephrinB2, adhesion of monocytes is increased or decreased, respectively [19,77,90]. In addition, endothelial
overexpression of ephrinB2 also enhances transendothelial migration of monocytes, which could be even
further enhanced when monocytes also overexpressed the EphB4 receptor [77]. Exposure of endothelial
cells to recombinant ephrinB/EphB protein also promotes lymphocyte adhesion and transmigration.
Like ephrinA1, ephrinB2 can activate the EphA4 receptor, inducing Rho GTPase mediated cytoskeletal
rearrangements that promote monocyte adhesion [94]. Activation of ephrinB2 by either EphB2 or
EphB4 guides leukocytes to or modulates the integrity of endothelial junctions, facilitating leukocyte
transendothelial migration [19,77]. Activation of endothelial ephrinB1 with EphB2 enhances leukocyte
migration via a JNK-dependent upregulation of the adhesion molecules E-selectin and VCAM-1 [19].
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8. Ephrins and Ephs and Disease

Due to their different functions in not only endothelial cells but also several other cell types,
ephrin family members have been implicated in several diseases. Of these diseases, cancer is probably
the best studied. Because of their roles in angiogenesis, proliferation, cell survival and cell motility,
ephrins and Ephs are involved in several stages of tumor progression such as tumor angiogenesis and
metastasis. In addition, ephrins are also involved in a variety of other diseases including neurological
disorders and viral infections [2,95].

A healthy endothelium is crucial for the proper functioning of the vascular system and thereby
also for organ perfusion. Therefore, it is not surprising that a dysfunctional endothelium underlies
many (chronic) diseases such as cardiovascular disease, ischemia reperfusion injury and associated
organ failure. As described above, ephrins are involved in several facets of endothelial cell function
and therefore also modulate endothelial cell-related diseases.

8.1. Vascular Leakage and Ischemia Reperfusion Damage

In line with ephrins regulating vascular permeability, several diseases linked to vascular
permeability show involvement of ephrin family members. For example, the increased vascular
permeability observed in different forms of induced lung injury in mice could be reduced
by an EphA2 knockout, administration of recombinant EphA2 or EphA2 receptor blocking
antibodies [39,96,97]. The breakdown of the blood-brain-barrier after traumatic brain injury
or induced by cerebral malaria in mice, also marked by increased vascular leakage, could be
prevented by knockout of EphB3 [56] or EphA2, respectively [75], while the induction of Eph
signaling by administration of ephrinA1 after ischemia/reperfusion injury induced blood-brain-barrier
damage. These ephrinA1-treated mice showed more inflammation and edema in the brain and had
decreased neurological scores. The ephrinA1-induced effects could be prevented when ephrinA1 and
recombinant EphA4 were administered together [14]. Induction of ephrinB2/EphB4 signaling
prevents against vascular leakage and neurological damage after mild cerebral ischemia by increasing
endothelial-pericyte interactions [98]. Administration of recombinant EphA4-Fc also decreased vascular
leakage and neutrophil accumulation after intestinal ischemia/reperfusion [76]. Besides EphA4,
EphA2 has also been implicated as a potential strategy to protect against mesenteric ischemia
reperfusion injury, as high dosages of EphA2-Fc or a small molecule receptor antagonist, both preventing
Eph/Ephrin forward signaling, also protected against vascular permeability and inflammation after
intestinal ischemia reperfusion. While recombinant Eph receptors are used here as an inhibitor of
Eph/ephrin interactions by preventing ligand-induced receptor forward signaling, the potential effect
of recombinant receptor administration on ephrin reverse signaling is not discussed [99].

8.2. Atherosclerosis

Following the fact that ephrins are involved in many processes related to atherosclerosis such as
leukocyte adhesion and migration and vessel permeability, it is not surprising that several articles imply a
role for ephrins in atherosclerosis. Not only is the expression of ephrins regulated under pro-atherosclerotic
conditions such as turbulent flow and exposure to pro-inflammatory cytokines, several studies have also
shown expression of ephrins within plaque lesions. For example, ephrinA1, ephrinB1, EphA2, EphA4 and
EphB2 have been found in human atherosclerotic plaques [12,81,86,91]. Additionally, ephrinB2 has been
found in atherosclerotic lesions but its expression does not significantly differ from expression in relatively
normal vessels [24]. However, in atheroprone regions such as the inner curvature of the aorta expression
of ephrinB2 is elevated compared to the outer curvature [21,90]. A particularly interesting finding is the
fact that the Eph genes EphA2, EphA8 and EphB2 are located within the murine Athsq1 (atherosclerosis)
susceptibility locus [100], which is highly homologous to the premature myocardial infarction susceptibility
locus in humans that similarly contains EphA2, EphA8 and EphB2 [101]. Additional studies have shown a
pro-atherosclerotic role for EphA2 and EphB2. In vivo knockout of EphA2 in ApoE-deficient mice showed
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decreased atherosclerotic lesion formation and less inflammation [87,102], while decreased expression of
EphB2 in monocytes results in decreased adhesion and migration of these cells in vitro [81]. While all these
studies seem to indicate a potential role, additional research is necessary to show the precise mechanisms
of ephrins on the development of atherosclerosis.

9. Conclusions

Ephrin ligands and receptors have long been known as regulators of neuronal and vascular
development. This review summarizes evidence for a sustained role for the ephrin family of RTKs
in adult endothelial biology. Endothelial cells are key players in vascular homeostasis and therefore crucial
for sufficient delivery of nutrients and oxygen to tissues. This review shows the involvement of primarily
ephrinA1 and its main receptors, EphA2 and EphA4, and ephrinB1/B2 and its receptors, EphB2 and
EphB4, in vascular homeostatic functions such as endothelial cell renewal, migration, barrier integrity and
leukocyte interactions via regulation of the cellular cytoskeleton and cell–cell junctions (Figure 2).
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Figure 2. Schematic overview of Eph/Ephrin function in adult vascular biology.

Despite the growing amount of research, the precise contributions of ephrins in adult endothelial
cells remain largely inconclusive. While gene expression of a large number of ephrin ligands
and Eph receptors was detected in endothelial cells, most up-to-date studies focus on the highly
expressed ephrinA1/B1/B2 ligands and EphA2/A4/B2 and B4 receptors, while others are barely studied.
The contribution of other (moderate) expressed ephrin ligands and receptors but also their potential
interplay with other ligands and receptors will be of great interest for gaining a better understanding
of ephrin ligand/receptor function in endothelial behavior.

On a more functional level, due to the fact that (1) the ephrin family signals bidirectionally, (2)
they can affect a broad variety of downstream intracellular binding partners and signaling pathways,
(3) their signaling is dependent on the full spectrum of ephrins available, (4) ephrin receptors and
ligands are highly interchangeable and (5) they are expressed in multiple cell types, the characterization
of the precise role for the individual ligands and receptors is hampered. Besides this variability in
ephrin receptor/ligand interactions and signaling, differences in culture conditions and experimental
setups are also major contributors to the observed variability in ephrin effects. For example, the use of
different migration assays, scratching versus silicon inserts versus Transwell migration, already affects
endothelial behavior. In addition, differences in serum levels, timing of experiments and method of
ephrin ligand or receptor activation and/or inhibition could lead to the opposite effects on endothelial
function observed for some ephrin ligand/receptor interactions.

All data combined still favor the idea that ephrin ligand and receptor signaling is important for
regulating endothelial function, even though the precise direction and associated mechanisms are not
always obvious (yet). Future research pursuing more uniform and physiological relevant forms of research
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will contribute to discriminating between the different roles and interactions of ephrin ligands and receptors
and their single or shared contributions in mature endothelial homeostasis. A better understanding of the
ephrin family in vascular health but also in pathophysiology requires more in-depth research and is of great
interest for unraveling novel targets to prevent or alleviate endothelial dysfunction and related diseases.
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preparation, D.V. and J.M.v.G.; writing—review and editing, D.V., H.Z., A.J.v.Z. and J.M.v.G; supervision, A.J.v.Z. and
J.M.v.G.; funding acquisition, J.M.v.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Dutch Heart Foundation: grant number 2013T127 and the European
Research Area Network on Cardiovascular Diseases: grant number 038 MISsCVD.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AKT Protein kinase B
BCL-2 B-cell lymphoma 2
CCL Chemokine (C-C motif) ligand
CXCL Chemokine (C-X-C motif) ligand
EPC Endothelial progenitor cell
Eph Erythropoietin-producing human hepatocellular receptor
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GPCR G protein-coupled receptor
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HAEC Human aortic endothelial cell
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TrkB Tropomyosin receptor kinase B
VCAM-1 Vascular cell adhesion protein 1
VE-cadherin Vascular endothelial cadherin
VEGF Vascular endothelial growth factor
VEGFR VEGF receptor
ZO-1 Zonula occludens 1



Int. J. Mol. Sci. 2020, 21, 5623 14 of 19

References

1. Hirai, H.; Maru, Y.; Hagiwara, K.; Nishida, J.; Takaku, F. A novel putative tyrosine kinase receptor encoded
by the eph gene. Science 1987, 238, 1717–1720. [CrossRef] [PubMed]

2. Kania, A.; Klein, R. Mechanisms of Ephrin-Eph Signalling in Development, Physiology and Disease. Nat.
Rev. Mol. Cell Biol. 2016, 17, 240–256. [CrossRef]

3. Wang, H.U.; Chen, Z.-F.; Anderson, D.J. Molecular Distinction and Angiogenic Interaction between Embryonic
Arteries and Veins Revealed by ephrin-B2 and Its Receptor Eph-B4. Cell 1998, 93, 741–753. [CrossRef]

4. Gerety, S.S.; Wang, H.U.; Chen, Z.F.; Anderson, D.J. Symmetrical mutant phenotypes of the receptor
EphB4 and its specific transmembrane ligand ephrin-B2 in cardiovascular development. Mol. Cell 1999, 4,
403–414. [CrossRef]

5. Darling, T.K.; Lamb, T.J. Emerging Roles for Eph Receptors and Ephrin Ligands in Immunity. Front. Immunol.
2019, 10. [CrossRef] [PubMed]

6. Michiels, C. Endothelial cell functions. J. Cell. Physiol. 2003, 196, 430–443. [CrossRef]
7. Kullander, K.; Klein, R. Mechanisms and functions of Eph and ephrin signalling. Nat. Rev. Mol. Cell Biol.

2002, 3, 475–486. [CrossRef]
8. Lisabeth, E.M.; Falivelli, G.; Pasquale, E.B. Eph receptor signaling and ephrins. Cold Spring Harb. Perspect.

Biol. 2013, 5. [CrossRef]
9. Salvucci, O.; Tosato, G. Essential roles of EphB receptors and EphrinB ligands in endothelial cell function

and angiogenesis. Adv. Cancer Res. 2012, 114, 21–57. [CrossRef]
10. Xu, N.J.; Henkemeyer, M. Ephrin reverse signaling in axon guidance and synaptogenesis. SEMIN Cell Dev.

Biol. 2012, 23, 58–64. [CrossRef]
11. Pasquale, E.B. Eph-Ephrin Bidirectional Signaling in Physiology and Disease. Cell 2008, 133, 38–52. [CrossRef]

[PubMed]
12. Funk, S.D.; Yurdagul, A., Jr.; Albert, P.; Traylor, J.G., Jr.; Jin, L.; Chen, J.; Orr, A.W. EphA2 activation promotes

the endothelial cell inflammatory response: A potential role in atherosclerosis. Arterioscler. Thromb. Vasc.
Biol. 2012, 32, 686–695. [CrossRef] [PubMed]

13. Wiedemann, E.; Jellinghaus, S.; Ende, G.; Augstein, A.; Sczech, R.; Wielockx, B.; Weinert, S.; Strasser, R.H.;
Poitz, D.M. Regulation of endothelial migration and proliferation by ephrin-A1. Cell. Signal. 2017, 29, 84–95.
[CrossRef]

14. Chen, F.; Liu, Z.; Peng, W.; Gao, Z.; Ouyang, H.; Yan, T.; Ding, S.; Cai, Z.; Zhao, B.; Mao, L.; et al.
Activation of EphA4 induced by EphrinA1 exacerbates disruption of the blood-brain barrier following
cerebral ischemia-reperfusion via the Rho/ROCK signaling pathway. Exp. Med. 2018, 16, 2651–2658.
[CrossRef] [PubMed]

15. Ohura, N.; Yamamoto, K.; Ichioka, S.; Sokabe, T.; Nakatsuka, H.; Baba, A.; Shibata, M.; Nakatsuka, T.;
Harii, K.; Wada, Y.; et al. Global analysis of shear stress-responsive genes in vascular endothelial cells. J.
Atheroscler. Thromb. 2003, 10, 304–313. [CrossRef] [PubMed]

16. Fasanaro, P.; D’Alessandra, Y.; Di Stefano, V.; Melchionna, R.; Romani, S.; Pompilio, G.; Capogrossi, M.C.;
Martelli, F. MicroRNA-210 modulates endothelial cell response to hypoxia and inhibits the receptor tyrosine
kinase ligand Ephrin-A3. J. Biol. Chem. 2008, 283, 15878–15883. [CrossRef]

17. Xiao, F.; Qiu, H.; Zhou, L.; Shen, X.; Yang, L.; Ding, K. WSS25 inhibits Dicer, downregulating microRNA-210,
which targets Ephrin-A3, to suppress human microvascular endothelial cell (HMEC-1) tube formation.
Glycobiology 2013, 23, 524–535. [CrossRef]

18. Liu, H.; Wang, J.; Chen, Y.; Chen, Y.; Ma, X.; Bihl, J.C.; Yang, Y. NPC-EXs Alleviate Endothelial Oxidative
Stress and Dysfunction through the miR-210 Downstream Nox2 and VEGFR2 Pathways. Oxidative Med. Cell.
Longev. 2017, 2017, 9397631. [CrossRef]

19. Liu, H.; Devraj, K.; Moller, K.; Liebner, S.; Hecker, M.; Korff, T. EphrinB-mediated reverse signalling controls
junctional integrity and pro-inflammatory differentiation of endothelial cells. Thromb. Haemost. 2014, 112,
151–163. [CrossRef]

20. Korff, T.; Dandekar, G.; Pfaff, D.; Fuller, T.; Goettsch, W.; Morawietz, H.; Schaffner, F.; Augustin, H.G.
Endothelial ephrinB2 is controlled by microenvironmental determinants and associates context-dependently
with CD31. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 468–474. [CrossRef]

http://dx.doi.org/10.1126/science.2825356
http://www.ncbi.nlm.nih.gov/pubmed/2825356
http://dx.doi.org/10.1038/nrm.2015.16
http://dx.doi.org/10.1016/S0092-8674(00)81436-1
http://dx.doi.org/10.1016/S1097-2765(00)80342-1
http://dx.doi.org/10.3389/fimmu.2019.01473
http://www.ncbi.nlm.nih.gov/pubmed/31333644
http://dx.doi.org/10.1002/jcp.10333
http://dx.doi.org/10.1038/nrm856
http://dx.doi.org/10.1101/cshperspect.a009159
http://dx.doi.org/10.1016/b978-0-12-386503-8.00002-8
http://dx.doi.org/10.1016/j.semcdb.2011.10.024
http://dx.doi.org/10.1016/j.cell.2008.03.011
http://www.ncbi.nlm.nih.gov/pubmed/18394988
http://dx.doi.org/10.1161/ATVBAHA.111.242792
http://www.ncbi.nlm.nih.gov/pubmed/22247258
http://dx.doi.org/10.1016/j.cellsig.2016.10.003
http://dx.doi.org/10.3892/etm.2018.6460
http://www.ncbi.nlm.nih.gov/pubmed/30186497
http://dx.doi.org/10.5551/jat.10.304
http://www.ncbi.nlm.nih.gov/pubmed/14718748
http://dx.doi.org/10.1074/jbc.M800731200
http://dx.doi.org/10.1093/glycob/cwt004
http://dx.doi.org/10.1155/2017/9397631
http://dx.doi.org/10.1160/TH13-12-1034
http://dx.doi.org/10.1161/01.ATV.0000200081.42064.e7


Int. J. Mol. Sci. 2020, 21, 5623 15 of 19

21. Van Gils, J.M.; Ramkhelawon, B.; Fernandes, L.; Stewart, M.C.; Guo, L.; Seibert, T.; Menezes, G.B.; Cara, D.C.;
Chow, C.; Kinane, T.B.; et al. Endothelial expression of guidance cues in vessel wall homeostasis dysregulation
under proatherosclerotic conditions. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 911–919. [CrossRef] [PubMed]

22. Korff, T.; Braun, J.; Pfaff, D.; Augustin, H.G.; Hecker, M. Role of ephrinB2 expression in endothelial cells
during arteriogenesis: Impact on smooth muscle cell migration and monocyte recruitment. Blood 2008, 112,
73–81. [CrossRef] [PubMed]

23. Masumura, T.; Yamamoto, K.; Shimizu, N.; Obi, S.; Ando, J. Shear stress increases expression of the arterial
endothelial marker ephrinB2 in murine ES cells via the VEGF-Notch signaling pathways. Arterioscler. Thromb.
Vasc. Biol. 2009, 29, 2125–2131. [CrossRef]

24. Model, L.S.; Hall, M.R.; Wong, D.J.; Muto, A.; Kondo, Y.; Ziegler, K.R.; Feigel, A.; Quint, C.; Niklason, L.;
Dardik, A. Arterial shear stress reduces eph-b4 expression in adult human veins. Yale J. Biol. Med. 2014, 87,
359–371. [PubMed]

25. Suzuki, Y.; Yamamoto, K.; Ando, J.; Matsumoto, K.; Matsuda, T. Arterial shear stress augments the
differentiation of endothelial progenitor cells adhered to VEGF-bound surfaces. Biochem. Biophys. Res.
Commun. 2012, 423, 91–97. [CrossRef]

26. Goettsch, W.; Augustin, H.G.; Morawietz, H. Down-regulation of endothelial ephrinB2 expression by laminar
shear stress. Endothel. J. Endothel. Cell Res. 2004, 11, 259–265. [CrossRef]

27. Wang, W.; Feng, L.; Zhang, H.; Hachy, S.; Satohisa, S.; Laurent, L.C.; Parast, M.; Zheng, J.; Chen, D.B.
Preeclampsia up-regulates angiogenesis-associated microRNA (i.e., miR-17, -20a, and -20b) that target
ephrin-B2 and EPHB4 in human placenta. J. Clin. Endocrinol. Metab. 2012, 97, E1051–E1059. [CrossRef]

28. Good, R.J.; Hernandez-Lagunas, L.; Allawzi, A.; Maltzahn, J.K.; Vohwinkel, C.U.; Upadhyay, A.K.;
Kompella, U.; Birukov, K.G.; Carpenter, T.C.; Sucharov, C.C.; et al. MicroRNA Dysregulation in Lung Injury:
The Role of the miR-26a/EphA2 Axis in Regulation of Endothelial Permeability. Am. J. Physiol. Lung Cell.
Mol. Physiol. 2018, 315. [CrossRef]

29. Lu, Y.; Heng, X.; Yu, J.; Su, Q.; Guan, X.; You, C.; Wang, L.; Che, F. miR-137 regulates the migration of human
umbilical vein endothelial cells by targeting ephrin-type A receptor 7. Mol. Med. Rep. 2014, 10, 1475–1480.
[CrossRef]

30. Keung, M.H.; Chan, L.S.; Kwok, H.H.; Wong, R.N.; Yue, P.Y. Role of microRNA-520h in
20(R)-ginsenoside-Rg3-mediated angiosuppression. J. Ginseng Res. 2016, 40, 151–159. [CrossRef]

31. Zamora, D.O.; Babra, B.; Pan, Y.; Planck, S.R.; Rosenbaum, J.T. Human leukocytes express ephrinB2 which
activates microvascular endothelial cells. Cell. Immunol. 2006, 242, 99–109. [CrossRef] [PubMed]

32. Gale, N.W.; Baluk, P.; Pan, L.; Kwan, M.; Holash, J.; DeChiara, T.M.; McDonald, D.M.; Yancopoulos, G.D.
Ephrin-B2 selectively marks arterial vessels and neovascularization sites in the adult, with expression in
both endothelial and smooth-muscle cells. Dev. Biol. 2001, 230, 151–160. [CrossRef] [PubMed]

33. Shin, D.; Garcia-Cardena, G.; Hayashi, S.-I.; Gerety, S.; Asahara, T.; Stavrakis, G.; Isner, J.; Folkman, J.;
Gimbrone, M.A., Jr.; Anderson, D.J. Expression of ephrinB2 identifies a stable genetic difference between
arterial and venous vascular smooth muscle as well as endothelial cells, and marks subsets of microvessels
at sites of adult neovascularization. Dev. Biol. 2001, 230, 139–150. [CrossRef] [PubMed]

34. Salvucci, O.; de la Luz Sierra, M.; Martina, J.A.; McCormick, P.J.; Tosato, G. EphB2 and EphB4 receptors
forward signaling promotes SDF-1-induced endothelial cell chemotaxis and branching remodeling. Blood
2006, 108, 2914–2922. [CrossRef]

35. Sakamoto, A.; Sugamoto, Y.; Tokunaga, Y.; Yoshimuta, T.; Hayashi, K.; Konno, T.; Kawashiri, M.A.;
Takeda, Y.; Yamagishi, M. Expression profiling of the ephrin (EFN) and Eph receptor (EPH) family of genes
in atherosclerosis-related human cells. J. Int. Med. Res. 2011, 39, 522–527. [CrossRef] [PubMed]

36. Xu, Y.; Zagoura, D.; Keck, C.; Pietrowski, D. Expression of Eph receptor tyrosine kinases and their ligands in
human Granulosa lutein cells and human umbilical vein endothelial cells. Exp. Clin. Endocrinol. Diabetes Off.
J. Ger. Soc. Endocrinol. Ger. Diabetes Assoc. 2006, 114, 590–595. [CrossRef]

37. Larson, J.; Schomberg, S.; Schroeder, W.; Carpenter, T.C. Endothelial EphA receptor stimulation increases
lung vascular permeability. Am. J. Physiol. Lung Cell. Mol. Physiol. 2008, 295, L431–L439. [CrossRef]

38. Miao, Z.; Dong, Y.; Fang, W.; Shang, D.; Liu, D.; Zhang, K.; Li, B.; Chen, Y.H. VEGF increases paracellular
permeability in brain endothelial cells via upregulation of EphA2. Anat. Rec. 2014, 297, 964–972. [CrossRef]

39. Carpenter, T.C.; Schroeder, W.; Stenmark, K.R.; Schmidt, E.P. Eph-A2 Promotes Permeability and Inflammatory
Responses to Bleomycin-Induced Lung Injury. Am. J. Respir. Cell Mol. Biol. 2012, 46, 40–47. [CrossRef]

http://dx.doi.org/10.1161/ATVBAHA.112.301155
http://www.ncbi.nlm.nih.gov/pubmed/23430612
http://dx.doi.org/10.1182/blood-2007-12-128835
http://www.ncbi.nlm.nih.gov/pubmed/18445690
http://dx.doi.org/10.1161/ATVBAHA.109.193185
http://www.ncbi.nlm.nih.gov/pubmed/25191151
http://dx.doi.org/10.1016/j.bbrc.2012.05.088
http://dx.doi.org/10.1080/10623320490904151
http://dx.doi.org/10.1210/jc.2011-3131
http://dx.doi.org/10.1152/ajplung.00073.2017
http://dx.doi.org/10.3892/mmr.2014.2319
http://dx.doi.org/10.1016/j.jgr.2015.07.002
http://dx.doi.org/10.1016/j.cellimm.2006.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17123494
http://dx.doi.org/10.1006/dbio.2000.0112
http://www.ncbi.nlm.nih.gov/pubmed/11161569
http://dx.doi.org/10.1006/dbio.2000.9957
http://www.ncbi.nlm.nih.gov/pubmed/11161568
http://dx.doi.org/10.1182/blood-2006-05-023341
http://dx.doi.org/10.1177/147323001103900220
http://www.ncbi.nlm.nih.gov/pubmed/21672356
http://dx.doi.org/10.1055/s-2006-950499
http://dx.doi.org/10.1152/ajplung.90256.2008
http://dx.doi.org/10.1002/ar.22878
http://dx.doi.org/10.1165/rcmb.2011-0044OC


Int. J. Mol. Sci. 2020, 21, 5623 16 of 19

40. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions,
and Circulation. Front. Endocrinol. 2018, 9. [CrossRef]

41. Fernández-Hernando, C.; Suárez, Y. MicroRNAs in endothelial cell homeostasis and vascular disease. Curr.
Opin. Hematol. 2018, 25, 227–236. [CrossRef] [PubMed]

42. Shu, Z.; Tan, J.; Miao, Y.; Zhang, Q. The role of microvesicles containing microRNAs in vascular endothelial
dysfunction. J. Cell. Mol. Med. 2019, 23, 7933–7945. [CrossRef] [PubMed]

43. Santulli, G. MicroRNAs and Endothelial (Dys) Function. J. Cell. Physiol. 2016, 231, 1638–1644. [CrossRef]
[PubMed]

44. Van Zonneveld, A.-J.; Rabelink, T.J. Endothelial progenitor cells: Biology and therapeutic potential in
hypertension. Curr. Opin. Nephrol. Hypertens. 2006, 15, 167–172. [CrossRef] [PubMed]

45. Brantley-Sieders, D.M.; Caughron, J.; Hicks, D.; Pozzi, A.; Ruiz, J.C.; Chen, J. EphA2 receptor tyrosine kinase
regulates endothelial cell migration and vascular assembly through phosphoinositide 3-kinase-mediated
Rac1 GTPase activation. J. Cell Sci. 2004, 117, 2037–2049. [CrossRef]

46. Steinle, J.J.; Meininger, C.J.; Forough, R.; Wu, G.; Wu, M.H.; Granger, H.J. Eph B4 receptor signaling mediates
endothelial cell migration and proliferation via the phosphatidylinositol 3-kinase pathway. J. Biol. Chem.
2002, 277, 43830–43835. [CrossRef]

47. Zheng, L.C.; Wang, X.Q.; Lu, K.; Deng, X.L.; Zhang, C.W.; Luo, H.; Xu, X.D.; Chen, X.M.; Yan, L.; Wang, Y.Q.;
et al. Ephrin-B2/Fc promotes proliferation and migration, and suppresses apoptosis in human umbilical vein
endothelial cells. Oncotarget 2017, 8, 41348–41363. [CrossRef] [PubMed]

48. Sturz, A.; Bader, B.; Thierauch, K.H.; Glienke, J. EphB4 signaling is capable of mediating ephrinB2-induced
inhibition of cell migration. Biochem. Biophys. Res. Commun. 2004, 313, 80–88. [CrossRef]

49. Hamada, K.; Oike, Y.; Ito, Y.; Maekawa, H.; Miyata, K.; Shimomura, T.; Suda, T. Distinct roles of
ephrin-B2 forward and EphB4 reverse signaling in endothelial cells. Arterioscler. Thromb. Vasc. Biol.
2003, 23, 190–197. [CrossRef]

50. Jadlowiec, C.C.; Feigel, A.; Yang, C.; Feinstein, A.J.; Kim, S.T.; Collins, M.J.; Kondo, Y.; Muto, A.; Dardik, A.
Reduced adult endothelial cell EphB4 function promotes venous remodeling. Am. J. Physiol. Cell Physiol.
2013, 304, C627–C635. [CrossRef]

51. Zuo, K.; Zhi, K.; Zhang, X.; Lu, C.; Wang, S.; Li, M.; He, B. A dysregulated microRNA-26a/EphA2 axis impairs
endothelial progenitor cell function via the p38 MAPK/VEGF pathway. Cell. Physiol. Biochem. Int. J. Exp.
Cell. Physiol. Biochem. Pharmacol. 2015, 35, 477–488. [CrossRef] [PubMed]

52. Foubert, P.; Silvestre, J.S.; Souttou, B.; Barateau, V.; Martin, C.; Ebrahimian, T.G.; Lere-Dean, C.; Contreres, J.O.;
Sulpice, E.; Levy, B.I.; et al. PSGL-1-mediated activation of EphB4 increases the proangiogenic potential of
endothelial progenitor cells. J. Clin. Investig. 2007, 117, 1527–1537. [CrossRef] [PubMed]

53. Foubert, P.; Squiban, C.; Holler, V.; Buard, V.; Dean, C.; Levy, B.I.; Benderitter, M.; Silvestre, J.S.; Tobelem, G.;
Tamarat, R. Strategies to Enhance the Efficiency of Endothelial Progenitor Cell Therapy by Ephrin
B2 Pretreatment and Coadministration with Smooth Muscle Progenitor Cells on Vascular Function During
the Wound-Healing Process in Irradiated or Nonirradiated Condition. Cell Transplant. 2015, 24, 1343–1361.
[CrossRef] [PubMed]

54. Liu, X.; Luo, Q.; Zheng, Y.; Liu, X.; Hu, Y.; Liu, W.; Luo, M.; Zhao, Y.; Zou, L. NOTCH4 signaling controls
EFNB2-induced endothelial progenitor cell dysfunction in preeclampsia. Reproduction 2016, 152, 47–55.
[CrossRef]

55. Liu, X.; Luo, Q.; Zheng, Y.; Liu, X.; Hu, Y.; Wang, F.; Zou, L. The role of Delta-like
4 ligand/Notch-ephrin-B2 cascade in the pathogenesis of preeclampsia by regulating functions of endothelial
progenitor cell. Placenta 2015, 36, 1002–1010. [CrossRef] [PubMed]

56. Assis-Nascimento, P.; Tsenkina, Y.; Liebl, D.J. EphB3 signaling induces cortical endothelial cell death and
disrupts the blood-brain barrier after traumatic brain injury. Cell Death Dis. 2018, 9, 7. [CrossRef]

57. Zhu, Y.; Tchkonia, T.; Pirtskhalava, T.; Gower, A.C.; Ding, H.; Giorgadze, N.; Palmer, A.K.; Ikeno, Y.;
Hubbard, G.B.; Lenburg, M.; et al. The Achilles’ heel of senescent cells: From transcriptome to senolytic
drugs. Aging Cell 2015, 14, 644–658. [CrossRef]

58. Rhodes, C.J.; Im, H.; Cao, A.; Hennigs, J.K.; Wang, L.; Sa, S.; Chen, P.-I.; Nickel, N.P.; Miyagawa, K.;
Hopper, R.K.; et al. RNA Sequencing Analysis Detection of a Novel Pathway of Endothelial Dysfunction in
Pulmonary Arterial Hypertension. Am. J. Respir. Crit. Care Med. 2015, 192, 356–366. [CrossRef]

http://dx.doi.org/10.3389/fendo.2018.00402
http://dx.doi.org/10.1097/MOH.0000000000000424
http://www.ncbi.nlm.nih.gov/pubmed/29547400
http://dx.doi.org/10.1111/jcmm.14716
http://www.ncbi.nlm.nih.gov/pubmed/31576661
http://dx.doi.org/10.1002/jcp.25276
http://www.ncbi.nlm.nih.gov/pubmed/26627535
http://dx.doi.org/10.1097/01.mnh.0000214774.42103.ec
http://www.ncbi.nlm.nih.gov/pubmed/16481884
http://dx.doi.org/10.1242/jcs.01061
http://dx.doi.org/10.1074/jbc.M207221200
http://dx.doi.org/10.18632/oncotarget.17298
http://www.ncbi.nlm.nih.gov/pubmed/28489586
http://dx.doi.org/10.1016/j.bbrc.2003.11.092
http://dx.doi.org/10.1161/01.ATV.0000055440.89758.C2
http://dx.doi.org/10.1152/ajpcell.00333.2012
http://dx.doi.org/10.1159/000369713
http://www.ncbi.nlm.nih.gov/pubmed/25613580
http://dx.doi.org/10.1172/JCI28338
http://www.ncbi.nlm.nih.gov/pubmed/17510705
http://dx.doi.org/10.3727/096368913X672064
http://www.ncbi.nlm.nih.gov/pubmed/24069908
http://dx.doi.org/10.1530/REP-16-0132
http://dx.doi.org/10.1016/j.placenta.2015.07.123
http://www.ncbi.nlm.nih.gov/pubmed/26212082
http://dx.doi.org/10.1038/s41419-017-0016-5
http://dx.doi.org/10.1111/acel.12344
http://dx.doi.org/10.1164/rccm.201408-1528OC


Int. J. Mol. Sci. 2020, 21, 5623 17 of 19

59. Huynh-Do, U.; Stein, E.; Lane, A.A.; Liu, H.; Cerretti, D.P.; Daniel, T.O. Surface densities
of ephrin-B1 determine EphB1-coupled activation of cell attachment through alphavbeta3 and
alpha5beta1 integrins. EMBO J. 1999, 18, 2165–2173. [CrossRef]

60. Stein, E.; Lane, A.A.; Cerretti, D.P.; Schoecklmann, H.O.; Schroff, A.D.; Van Etten, R.L.; Daniel, T.O.
Eph receptors discriminate specific ligand oligomers to determine alternative signaling complexes, attachment,
and assembly responses. Genes Dev. 1998, 12, 667–678. [CrossRef]

61. Fuller, T.; Korff, T.; Kilian, A.; Dandekar, G.; Augustin, H.G. Forward EphB4 signaling in endothelial cells
controls cellular repulsion and segregation from ephrinB2 positive cells. J. Cell Sci. 2003, 116, 2461–2470.
[CrossRef]

62. Groeger, G.; Nobes, C.D. Co-operative Cdc42 and Rho signalling mediates ephrinB-triggered endothelial cell
retraction. Biochem. J. 2007, 404, 23–29. [CrossRef] [PubMed]

63. Huynh-Do, U.; Vindis, C.; Liu, H.; Cerretti, D.P.; McGrew, J.T.; Enriquez, M.; Chen, J.; Daniel, T.O.
Ephrin-B1 transduces signals to activate integrin-mediated migration, attachment and angiogenesis. J.
Cell Sci. 2002, 115, 3073–3081.

64. Yuan, C.; Wang, P.; Zhu, S.; Zou, T.; Wang, S.; Xu, J.; Heng, B.C.; Diogenes, A.; Zhang, C. EphrinB2 Stabilizes
Vascularlike Structures Generated by Endothelial Cells and Stem Cells from Apical Papilla. J. Endod. 2016,
42, 1362–1370. [CrossRef]

65. Nagashima, K.; Endo, A.; Ogita, H.; Kawana, A.; Yamagishi, A.; Kitabatake, A.; Matsuda, M.; Mochizuki, N.
Adaptor protein Crk is required for ephrin-B1-induced membrane ruffling and focal complex assembly of
human aortic endothelial cells. Mol. Biol. Cell 2002, 13, 4231–4242. [CrossRef] [PubMed]

66. Bruhl, T.; Urbich, C.; Aicher, D.; Acker-Palmer, A.; Zeiher, A.M.; Dimmeler, S. Homeobox A9 transcriptionally
regulates the EphB4 receptor to modulate endothelial cell migration and tube formation. Circ. Res. 2004, 94,
743–751. [CrossRef] [PubMed]

67. Walshe, J.; Richardson, N.A.; Al Abdulsalam, N.K.; Stephenson, S.A.; Harkin, D.G. A potential role for Eph
receptor signalling during migration of corneal endothelial cells. Exp. Eye Res. 2018, 170, 92–100. [CrossRef]
[PubMed]

68. Cao, C.; Huang, Y.; Tang, Q.; Zhang, C.; Shi, L.; Zhao, J.; Hu, L.; Hu, Z.; Liu, Y.; Chen, L. Bidirectional juxtacrine
ephrinB2/Ephs signaling promotes angiogenesis of ECs and maintains self-renewal of MSCs. Biomaterials
2018, 172, 1–13. [CrossRef]

69. Maekawa, H.; Oike, Y.; Kanda, S.; Ito, Y.; Yamada, Y.; Kurihara, H.; Nagai, R.; Suda, T. Ephrin-B2 induces
migration of endothelial cells through the phosphatidylinositol-3 kinase pathway and promotes angiogenesis
in adult vasculature. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 2008–2014. [CrossRef]

70. Bochenek, M.L.; Dickinson, S.; Astin, J.W.; Adams, R.H.; Nobes, C.D. Ephrin-B2 regulates endothelial cell
morphology and motility independently of Eph-receptor binding. J. Cell Sci. 2010, 123, 1235–1246. [CrossRef]

71. Kida, Y.; Ieronimakis, N.; Schrimpf, C.; Reyes, M.; Duffield, J.S. EphrinB2 reverse signaling protects against
capillary rarefaction and fibrosis after kidney injury. J. Am. Soc. Nephrol. Jasn 2013, 24, 559–572. [CrossRef]
[PubMed]

72. Salvucci, O.; Maric, D.; Economopoulou, M.; Sakakibara, S.; Merlin, S.; Follenzi, A.; Tosato, G. EphrinB reverse
signaling contributes to endothelial and mural cell assembly into vascular structures. Blood 2009, 114,
1707–1716. [CrossRef] [PubMed]

73. Brantley-Sieders, D.M.; Chen, J. Eph receptor tyrosine kinases in angiogenesis: From development to disease.
Angiogenesis 2004, 7, 17–28. [CrossRef] [PubMed]

74. Gavard, J.; Gutkind, J.S. VEGF controls endothelial-cell permeability by promoting the
beta-arrestin-dependent endocytosis of VE-cadherin. Nat. Cell Biol. 2006, 8, 1223–1234. [CrossRef]
[PubMed]

75. Darling, T.K.; Mimche, P.N.; Bray, C.; Umaru, B.; Brady, L.M.; Stone, C.; Eboumbou Moukoko, C.E.; Lane, T.E.;
Ayong, L.S.; Lamb, T.J. EphA2 contributes to disruption of the blood-brain barrier in cerebral malaria. PLoS
Pathog. 2020, 16, e1008261. [CrossRef] [PubMed]

76. Woodruff, T.M.; Wu, M.C.; Morgan, M.; Bain, N.T.; Jeanes, A.; Lipman, J.; Ting, M.J.; Boyd, A.W.; Taylor, S.M.;
Coulthard, M.G. Epha4-Fc Treatment Reduces Ischemia/Reperfusion-Induced Intestinal Injury by Inhibiting
Vascular Permeability. SHOCK 2016, 45, 184–191. [CrossRef]

http://dx.doi.org/10.1093/emboj/18.8.2165
http://dx.doi.org/10.1101/gad.12.5.667
http://dx.doi.org/10.1242/jcs.00426
http://dx.doi.org/10.1042/BJ20070146
http://www.ncbi.nlm.nih.gov/pubmed/17300218
http://dx.doi.org/10.1016/j.joen.2016.05.012
http://dx.doi.org/10.1091/mbc.e02-04-0181
http://www.ncbi.nlm.nih.gov/pubmed/12475948
http://dx.doi.org/10.1161/01.RES.0000120861.27064.09
http://www.ncbi.nlm.nih.gov/pubmed/14764452
http://dx.doi.org/10.1016/j.exer.2018.02.017
http://www.ncbi.nlm.nih.gov/pubmed/29476773
http://dx.doi.org/10.1016/j.biomaterials.2018.04.042
http://dx.doi.org/10.1161/01.ATV.0000096655.56262.56
http://dx.doi.org/10.1242/jcs.061903
http://dx.doi.org/10.1681/ASN.2012080871
http://www.ncbi.nlm.nih.gov/pubmed/23492730
http://dx.doi.org/10.1182/blood-2008-12-192294
http://www.ncbi.nlm.nih.gov/pubmed/19411631
http://dx.doi.org/10.1023/B:AGEN.0000037340.33788.87
http://www.ncbi.nlm.nih.gov/pubmed/15302992
http://dx.doi.org/10.1038/ncb1486
http://www.ncbi.nlm.nih.gov/pubmed/17060906
http://dx.doi.org/10.1371/journal.ppat.1008261
http://www.ncbi.nlm.nih.gov/pubmed/31999807
http://dx.doi.org/10.1097/SHK.0000000000000494


Int. J. Mol. Sci. 2020, 21, 5623 18 of 19

77. Pfaff, D.; Heroult, M.; Riedel, M.; Reiss, Y.; Kirmse, R.; Ludwig, T.; Korff, T.; Hecker, M.; Augustin, H.G.
Involvement of endothelial ephrin-B2 in adhesion and transmigration of EphB-receptor-expressing monocytes.
J. Cell Sci. 2008, 121, 3842–3850. [CrossRef]

78. Tobia, C.; Chiodelli, P.; Nicoli, S.; Dell’era, P.; Buraschi, S.; Mitola, S.; Foglia, E.; van Loenen, P.B.;
Alewijnse, A.E.; Presta, M. Sphingosine-1-phosphate receptor-1 controls venous endothelial barrier integrity
in zebrafish. Arterioscler. Thromb. Vasc. Biol. 2012, 32, e104–e116. [CrossRef]

79. Luxan, G.; Stewen, J.; Diaz, N.; Kato, K.; Maney, S.K.; Aravamudhan, A.; Berkenfeld, F.; Nagelmann, N.;
Drexler, H.C.; Zeuschner, D.; et al. Endothelial EphB4 maintains vascular integrity and transport function in
adult heart. Elife 2019, 8. [CrossRef]

80. Tiruppathi, C.; Regmi, S.C.; Wang, D.-M.; Mo, G.C.H.; Toth, P.T.; Vogel, S.M.; Stan, R.V.; Henkemeyer, M.;
Minshall, R.D.; Rehman, J.; et al. EphB1 interaction with caveolin-1 in endothelial cells modulates caveolae
biogenesis. Mol. Biol. Cell 2020, 31, 1167–1182. [CrossRef]

81. Vreeken, D.; Bruikman, C.; Cox, S.; Zhang, H.; Lalai, R.; Koudijs, A.; Zonneveld, A.; Hovingh, G.; Gils, J.
EPH receptor B2 stimulates human monocyte adhesion and migration independently of its EphrinB ligands.
J. Leukoc. Biol. 2020. [CrossRef] [PubMed]

82. Sharfe, N.; Nikolic, M.; Cimpeon, L.; Van De Kratts, A.; Freywald, A.; Roifman, C.M. EphA and ephrin-A
proteins regulate integrin-mediated T lymphocyte interactions. Mol. Immunol. 2008, 45, 1208–1220. [CrossRef]
[PubMed]

83. Sharfe, N.; Freywald, A.; Toro, A.; Dadi, H.; Roifman, C. Ephrin stimulation modulates T cell chemotaxis.
Eur. J. Immunol. 2002, 32, 3745–3755. [CrossRef]

84. Aasheim, H.C.; Delabie, J.; Finne, E.F. Ephrin-A1 binding to CD4+ T lymphocytes stimulates migration and
induces tyrosine phosphorylation of PYK2. Blood 2005, 105, 2869–2876. [CrossRef]

85. Ende, G.; Poitz, D.M.; Wiedemann, E.; Augstein, A.; Friedrichs, J.; Giebe, S.; Weinert, S.; Werner, C.;
Strasser, R.H.; Jellinghaus, S. TNF-alpha-mediated adhesion of monocytes to endothelial cells-The role of
ephrinA1. J. Mol. Cell. Cardiol. 2014, 77, 125–135. [CrossRef]

86. Jellinghaus, S.; Poitz, D.M.; Ende, G.; Augstein, A.; Weinert, S.; Stutz, B.; Braun-Dullaeus, R.C.; Pasquale, E.B.;
Strasser, R.H. Ephrin-A1/EphA4-mediated adhesion of monocytes to endothelial cells. Biochim. Et Biophys.
Acta 2013, 1833, 2201–2211. [CrossRef]

87. Finney, A.C.; Funk, S.D.; Green, J.; Yurdagul, A.; Rana, M.A.; Pistorius, R.; Henry, M.; Yurochko, A.D.;
Pattillo, C.B.; Traylor, J.G.; et al. EphA2 Expression Regulates Inflammation and Fibroproliferative Remodeling
in Atherosclerosis. Circulation 2017. [CrossRef]

88. Funk, S.D.; Finney, A.C.; Yurdagul, A., Jr.; Pattillo, C.B.; Orr, A.W. EphA2 stimulates VCAM-1 expression
through calcium-dependent NFAT1 activity. Cell. Signal. 2018, 49, 30–38. [CrossRef]

89. Chan, B.; Sukhatme, V.P. Receptor tyrosine kinase EphA2 mediates thrombin-induced upregulation of
ICAM-1 in endothelial cells in vitro. Thromb. Res. 2009, 123, 745–752. [CrossRef]

90. Braun, J.; Hoffmann, S.C.; Feldner, A.; Ludwig, T.; Henning, R.; Hecker, M.; Korff, T. Endothelial cell
ephrinB2-dependent activation of monocytes in arteriosclerosis. Arterioscler. Thromb. Vasc. Biol. 2011, 31,
297–305. [CrossRef]

91. Sakamoto, A.; Ishibashi-Ueda, H.; Sugamoto, Y.; Higashikata, T.; Miyamoto, S.; Kawashiri, M.A.; Yagi, K.;
Konno, T.; Hayashi, K.; Fujino, N.; et al. Expression and function of ephrin-B1 and its cognate receptor
EphB2 in human atherosclerosis: From an aspect of chemotaxis. Clin. Sci. 2008, 114, 643–650. [CrossRef]
[PubMed]

92. Kitamura, T.; Kabuyama, Y.; Kamataki, A.; Homma, M.K.; Kobayashi, H.; Aota, S.; Kikuchi, S.-i.; Homma, Y.
Enhancement of lymphocyte migration and cytokine production by ephrinB1 system in rheumatoid arthritis.
Am. J. Physiol. Cell Physiol. 2008, 294, C189–C196. [CrossRef]

93. Luo, H.; Broux, B.; Wang, X.; Hu, Y.; Ghannam, S.; Jin, W.; Larochelle, C.; Prat, A.; Wu, J. EphrinB1 and
EphrinB2 regulate T cell chemotaxis and migration in experimental autoimmune encephalomyelitis and
multiple sclerosis. Neurobiol. Dis. 2016, 91, 292–306. [CrossRef] [PubMed]

94. Poitz, D.M.; Ende, G.; Stutz, B.; Augstein, A.; Friedrichs, J.; Brunssen, C.; Werner, C.; Strasser, R.H.;
Jellinghaus, S. EphrinB2/EphA4-mediated activation of endothelial cells increases monocyte adhesion. Mol.
Immunol. 2015, 68, 648–656. [CrossRef] [PubMed]

95. Barquilla, A.; Pasquale, E.B. Eph receptors and ephrins: Therapeutic opportunities. Annu. Rev. Pharmacol.
Toxicol. 2015, 55, 465–487. [CrossRef] [PubMed]

http://dx.doi.org/10.1242/jcs.030627
http://dx.doi.org/10.1161/ATVBAHA.112.250035
http://dx.doi.org/10.7554/eLife.45863
http://dx.doi.org/10.1091/mbc.E19-12-0713
http://dx.doi.org/10.1002/JLB.2A0320-283RR
http://www.ncbi.nlm.nih.gov/pubmed/32337793
http://dx.doi.org/10.1016/j.molimm.2007.09.019
http://www.ncbi.nlm.nih.gov/pubmed/17980912
http://dx.doi.org/10.1002/1521-4141(200212)32:12&lt;3745::AID-IMMU3745&gt;3.0.CO;2-M
http://dx.doi.org/10.1182/blood-2004-08-2981
http://dx.doi.org/10.1016/j.yjmcc.2014.10.010
http://dx.doi.org/10.1016/j.bbamcr.2013.05.017
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.026644
http://dx.doi.org/10.1016/j.cellsig.2018.05.008
http://dx.doi.org/10.1016/j.thromres.2008.07.010
http://dx.doi.org/10.1161/ATVBAHA.110.217646
http://dx.doi.org/10.1042/CS20070339
http://www.ncbi.nlm.nih.gov/pubmed/18092944
http://dx.doi.org/10.1152/ajpcell.00314.2007
http://dx.doi.org/10.1016/j.nbd.2016.03.013
http://www.ncbi.nlm.nih.gov/pubmed/27039370
http://dx.doi.org/10.1016/j.molimm.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/26552760
http://dx.doi.org/10.1146/annurev-pharmtox-011112-140226
http://www.ncbi.nlm.nih.gov/pubmed/25292427


Int. J. Mol. Sci. 2020, 21, 5623 19 of 19

96. Cercone, M.A.; Schroeder, W.; Schomberg, S.; Carpenter, T.C. EphA2 receptor mediates increased vascular
permeability in lung injury due to viral infection and hypoxia. Am. J. Physiol. Lung Cell. Mol. Physiol. 2009,
297, L856–L863. [CrossRef]

97. Park, B.H.; Shin, M.H.; Douglas, I.S.; Chung, K.S.; Song, J.H.; Kim, S.Y.; Kim, E.Y.; Jung, J.Y.; Kang, Y.A.;
Chang, J.; et al. Erythropoietin-Producing Hepatoma Receptor Tyrosine Kinase A2 Modulation Associates
with Protective Effect of Prone Position in Ventilator-induced Lung Injury. Am. J. Respir. Cell Mol. Biol. 2018,
58, 519–529. [CrossRef]

98. Ghori, A.; Freimann, F.B.; Nieminen-Kelhä, M.; Kremenetskaia, I.; Gertz, K.; Endres, M.; Vajkoczy, P.
EphrinB2 Activation Enhances Vascular Repair Mechanisms and Reduces Brain Swelling After Mild Cerebral
Ischemia. Arterioscler. Thromb. Vasc. Biol. 2017, 37, 867–878. [CrossRef]

99. Vivo, V.; Zini, I.; Cantoni, A.M.; Grandi, A.; Tognolini, M.; Castelli, R.; Ballabeni, V.; Bertoni, S.; Barocelli, E.
Protection by the EPH-EPHRIN System Against Mesenteric Ischemia-Reperfusion Injury. SHOCK 2017.
[CrossRef]

100. Welch, C.L.; Bretschger, S.; Latib, N.; Bezouevski, M.; Guo, Y.; Pleskac, N.; Liang, C.P.; Barlow, C.; Dansky, H.;
Breslow, J.L.; et al. Localization of atherosclerosis susceptibility loci to chromosomes 4 and 6 using the Ldlr
knockout mouse model. Proc. Natl. Acad. Sci. USA 2001, 98, 7946–7951. [CrossRef]

101. Wang, Q.; Rao, S.; Shen, G.Q.; Li, L.; Moliterno, D.J.; Newby, L.K.; Rogers, W.J.; Cannata, R.;
Zirzow, E.; Elston, R.C.; et al. Premature myocardial infarction novel susceptibility locus on chromosome
1P34-36 identified by genomewide linkage analysis. Am. J. Hum. Genet. 2004, 74, 262–271. [CrossRef]
[PubMed]

102. Jiang, H.; Li, X.; Zhang, X.; Liu, Y.; Huang, S.; Wang, X. EphA2 knockdown attenuates atherosclerotic
lesion development in ApoE(-/-) mice. Cardiovasc. Pathol. Off. J. Soc. Cardiovasc. Pathol. 2014, 23, 169–174.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/ajplung.00118.2009
http://dx.doi.org/10.1165/rcmb.2017-0143OC
http://dx.doi.org/10.1161/ATVBAHA.116.308620
http://dx.doi.org/10.1097/SHK.0000000000000890
http://dx.doi.org/10.1073/pnas.141239098
http://dx.doi.org/10.1086/381560
http://www.ncbi.nlm.nih.gov/pubmed/14732905
http://dx.doi.org/10.1016/j.carpath.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24561077
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Ephrins and Ephs Basic Structure and Signaling 
	Ephrins and Ephs Basic Structure 
	Forward Signaling 
	Reverse Signaling 
	Alternative Signaling 

	Ephrin and Eph Expression in Endothelial Cells 
	Ephrins and Ephs Expressed under Homeostasis 
	Ephrin and Eph Regulation by Inflammation and Hemodynamic Factors 
	Ephrin and Eph Regulation by Other Environmental Conditions 
	Ephrin and Eph Regulation by MicroRNA’s 

	Ephrins and Ephs in Endothelial Cell Proliferation and Apoptosis 
	Ephrins and Ephs in Endothelial Cell Proliferation 
	Ephrins and Ephs in Endothelial Cell Apoptosis 

	Ephrins and Ephs in Endothelial Cell Adhesion, Spreading and Migration 
	EphrinA Family Members in Endothelial Cell Migration 
	EphrinB Family Members on Endothelial Cell Adhesion and Spreading 
	EphrinB Forward Signaling on Endothelial Migration 
	EphrinB Reverse Signaling on Endothelial Migration 

	Ephrins and Ephs in Endothelial Barrier Function 
	EphA2 Forward Signaling Induces Vascular Leakage 
	EphrinB/EphB Signaling in Vascular Leakage 

	Ephrins and Ephs in Leukocyte-Endothelial Cell Interactions 
	EphrinA/EphA-Mediated Leukocyte Adhesion and Migration 
	EphrinB/Eph-Mediated Leukocyte Adhesion and Migration 

	Ephrins and Ephs and Disease 
	Vascular Leakage and Ischemia Reperfusion Damage 
	Atherosclerosis 

	Conclusions 
	References

