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ARTICLE INFO ABSTRACT

Ephrin-Eph signaling is a receptor tyrosine kinase signaling pathway involved in a variety of cellular mechan-
isms, of which many are related to the adhesion or migration of cells. Both the Eph receptor and ephrin ligand
are abundantly present on a wide variety of cell types, and strongly evolutionary conserved. This review pro-
vides an overview of how 18 genetically diverse viruses utilize the Eph receptor (Eph), ephrin ligand (ephrin) or
ephrin-Eph signaling to their advantage in their viral life cycle. Both Ephs and ephrins have been shown to serve
as entry receptors for a variety of viruses, via both membrane fusion and endocytosis. Ephs and ephrins are also
involved in viral transmission by vectors, associated with viral replication or persistence and lastly to neuro-
logical damage caused by viral infection. Although therapeutic opportunities targeting Ephs or ephrins do not
seem feasible yet, the current research does propose two models for the viral usage of ephrin-Eph signaling.
Firstly, the viral entry model, in which membrane molecules are used for viral entry, leading to cells being used
for replication or as a transporter. Secondly, the advantageous expression ephrin-Eph signaling model, where
viruses adapt the expression of Ephs or ephrins to change cell-cell interaction to their advantage. These models
can guide future research questions on the usage of Ephs or ephrins by viruses and therapeutic opportunities.

Chemical compounds studied in this article:
Dasatinib (Pubchem CID: 3062316)
Chloroquine (Pubchem CID: 2719)
Nicotine (Pubchem CID: 89594)

Keywords:

Ephrin-Eph signaling
Virus infection

Viral entry
Lymphocyte migration
Tyrosine kinase
Henipavirus

1. Introduction

Viruses are highly variable, metabolically inert microbes, that
parasitize on their host for metabolism and reproduction. They can
infect every form of life and cause disease in a variety of organisms.
With millions of viral infections in humans alone happening each year,
they pose a serious threat to human, animal and plant health [1].
Viruses are dependent on their hosts for their replication and spread, by
using host factors and mechanisms to aid the viral life cycle. One of the
important questions around viral infections is which host factors are
involved, as these are essential for the viral life cycle [2]. Due to the
large variety in different types of viruses and their quick mutation rate,
it remains difficult to treat and control viral disease. Some antiviral
agents have been developed in the past years to treat viral infection,
mainly suppressing further viral replication after infection. However,
currently the main approach towards fighting viral disease is vaccina-
tion, to prevent infection taking place and minimize further spread of

the virus. Deeper understanding of the molecular mechanisms behind
different viral infections is necessary to aid in the development of future
antiviral agents and vaccines [3].

An interesting group in this regard is the erythropoietin-producing
hepatocellular (Eph) receptors and their ephrin ligands, as these are
highly conserved and broadly expressed on different cells, by a wide
range of organisms. The Eph receptor super family is the largest family
of RTKs in humans. Receptor tyrosine kinases (RTK) are key regulators
of a wide variety of cellular processes, from proliferation and differ-
entiation to cell migration [4]. They can be found on the cell surface of
all cells. The Eph receptors are activated via binding of their ligand; Eph
family receptor interacting protein (ephrin). Ligands bind on the ex-
tracellular domain, whilst the intracellular domain contains the protein
tyrosine kinase domain and regulatory regions. After activation by their
corresponding ligands, the tyrosine residues in the receptors are phos-
phorylated and act as an assembly and activation site for intracellular
signaling proteins [5]. Ephrin-Eph signaling has been linked in research
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to a wide range of viruses, from highly pathogenic Hendra and Nipah
viruses to plant-infecting turnip yellow virus.

This review will give an extensive overview of the utilization of
ephrin-Eph signaling by different viruses in a variety of hosts and in
human antiviral immunity. Viruses can utilize ephrin-Eph signaling for
different purposes, although in most currently elucidated mechanisms
ephrins or Eph receptors are used for viral entry. Both viral use of Ephs
and ephrins for viral entry and for other purposes will be discussed, as
well as possibilities in therapeutic targeting of Ephs and ephrins in viral
disease. Altogether, this research leads to the proposal of two possible
models explaining viral use of Ephs and ephrins, based on the current
literature.

2. Ephrin ligands and receptors

RTKs are one of the biggest families of plasma membrane-associated
proteins, playing an important role in cellular responses to signals from
the cell exterior. Roles for RTKs can be found in a wide variety of cel-
lular functions, from proliferation and differentiation to cell migration.
Eph receptors are the largest family of RTKs and are highly conserved
throughout evolution, from nematodes to vertebrates [5,6]. Their
Ephrin ligands bind on the extracellular domain and can activate in-
tracellular signalling proteins [5]. The most important downstream
effects of ephrin-Eph signaling lie in the regulation of cytoskeletal dy-
namics and cell-cell adhesion, which are important in processes relying
on cell motility and morphology, such as cell migration, neuronal
pathfinding and tissue separation [7-10].

2.1. Eph receptor and ephrin structure

The members of the Eph receptor family are divided into two classes
based on their binding preferences: EphA and EphB. EphA receptors
bind preferentially to ephrin A ligands, whilst EphB receptors bind
preferentially to ephrin B ligands [11,12]. The class of EphA receptors
holds 10 members, named EphA1l - EphA10, the class of EphB receptors
holds 6 members, defined as EphB1 - EphB6. Although the classification
of the Eph receptors is based on their respective ligands, cross-inter-
action between the different classes has been demonstrated. EphA4 and
EphB2 are able to bind ligands from the opposite class with high affinity
[13].

Both classes of Eph receptors follow the same domain structure,
consisting of 9 domains as described in Fig. 1 [12,14]. The tyrosine
kinase domain is the active site of the receptor and contains most of the
phosphorylation sites. Activation of the juxtamembrane region is an
important autoregulator of Eph receptor activity, as the stabilization of
the tyrosine kinase domain by the juxtamembrane region can block
substrate binding and nucleotide access, but it also provides a binding
site for SH2 domain-containing proteins so that the kinase can be sta-
bilized in an active conformation upon autophosphorylation [7,15].
The SAM domain is also involved in regulation of the receptor, as it can
bind SH2 domain-containing proteins too and holds some phosphor-
ylation sites [15].

2.2. Ephrin-Eph signaling

What sets Ephrin-Eph receptor signaling apart from other RTK sig-
naling pathways is that signaling can occur in three different directions:
forward, reverse and bidirectional (Fig. 2) [16]. In forward signaling,
ephrin ligands bind to an Eph receptor, the receptor autopho-
sphorylates its intracellular tyrosine residues, inducing forward sig-
naling. After activation adaptor proteins bind to the receptor to
transmit signals further downstream into the cell. A wide range of
adaptor proteins is known to be able to interact with the Eph receptor,
such as Ras-GTPase-activating protein (RasGAP), phosphatidylinositol
3-kinase (PI3K) and Janus kinase 2 (Jak2) [7,16].

Reverse signaling has been shown for both ephrin-As and -Bs.
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Fig. 1. Domain structure of the ephrin-A and ephrin-B ligand and the Eph re-
ceptor. The receptor contains 9 domains, from the extracellular side: the N-
terminal ligand-binding domain (LBD), a cysteine-rich region comprised of a
sushi-like and an EGF-like motif, and two fibronectin (FN) domains. After the
transmembrane region (TM) and juxtamembrane region (JM), the tyrosine ki-
nase domain (TK), sterile alpha motif (SAM) domain and PDZ domain follow on
the intracellular side. Ephrin-A contains only of a receptor-binding domain and
a GPI anchor, while ephrin-Bs are integral membrane proteins with a trans-
membrane region and a PDZ domain.
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Fig. 2. Ephrin-Eph receptor signaling pathways. Main phosphorylation sites are
marked with a P on the Eph and ephrin domains. Major downstream pathways
are also listed.
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Ephrin-A reverse signaling is mediated via co-receptors as it has no
intrinsic intracellular domain. The role of co-receptor has been sug-
gested for two neurotrophin receptors, tropomyosin receptor kinase B
(TrkB) and p75 neurotrophin receptor (p75), and the Ret receptor
tyrosine kinase [17]. Reverse signaling in ephrin-Bs takes place via the
phosphorylation of tyrosine residues in the linker connecting the
transmembrane domain to the PDZ domain. As the Eph receptor also
contains a PDZ domain, it is not surprising that similar downstream
pathways have been shown to be induced by reverse signaling as by
forward signaling, such as PI3K, regulator of G-protein signaling 3
(RGS3) and Src family kinases [16].

Two Eph receptors do not seem to engage in the canonical forward
signaling pathways that the other Eph receptors use. EphAl10 and
EphB6 are inactive kinases, denominated pseudo-kinases, as they miss
the amino acids that catalyze the phosphoryl transfer from ATP in
conventional protein kinases. The presence of these two catalytically
inactive Eph receptors suggests that they play a regulatory role in re-
lation to the other Eph receptors. Although the protein structures of
EphA10 and EphB6 have not been elucidated yet, it is known that they
show a protein sequence similarity of around 50 % to their closes
homologues and have the same domain organization [15,16].

In some cases, the ephrin-Eph interaction leads to endocytosis of the
receptor-ligand complex. During this process, termed trans-endocytosis,
the full receptor-ligand complex is internalized into one of the two cells,
of which the direction is determined by cytoplasmic determinants. The
exact mechanisms behind ephrin-Eph mediated endocytosis have not
been fully understood, but a link between ephrin-Eph signaling and
both clathrin-mediated endocytosis and caveolin-mediated endocytosis
has been established, although other endocytic pathways could also be
at play. The destination of the bud off vesicles can be the cytosol, ly-
sosome or Golgi apparatus, dependent on further signaling proteins
[2,18,19]. The endocytosed product can generate intracellular ephrin
or Eph fragments that have specific downstream signaling properties. It
has been suggested that trans-endocytosis of the receptor-ligand com-
plex enables the diverse effects of ephrin-Eph signaling as well as the
ability to terminate and convert signals in a controlled way and fashion
[18].

2.3. Eph receptors and ephrins are expressed in and function throughout
many different cell types

The Eph receptors and ephrins are expressed in many different or-
ganisms and cell types. Most cell types that express Eph receptors and
ephrin ligands do not just express the receptor or the ligand, but usually
express both. With regards to ephrin and Eph receptor expression in
context of viral infection, the epithelium, endothelium and immune
cells are of specific interest. Expression for these tissues is described in
Table 1 [11,20,21].

The epithelium is relevant as it usually is the first barrier to infec-
tion. The endothelium plays an important role in the guidance of im-
mune cells. Co-localization studies have suggested that Eph receptors
regulate the permeability of endothelial and epithelial as it has several
mechanisms to regulate cell-cell adhesion via gap junctions, cell ad-
herence and tight junctions. In an inflammatory setting, it has been
proposed that the quick upregulation of Eph receptors and ephrins
contributes to the disruption of vascular (endothelial) end epithelial
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barriers [11,22]. A well-described example is the role of ephrin-Eph
signaling in barrier dysfunction in chronic obstructive pulmonary dis-
ease (COPD). Smoking contributes to COPD, of which the pathogenesis
has been associated with disruption of the actin cytoskeleton in the
respiratory epithelium (specifically: in the bronchial airway epithelial
cell monolayer), resulting in a loss of epithelial barrier function. This
epithelial barrier dysfunction was linked to increased EphA2 signaling,
which downregulated E-cadherin, an adherence-inducing junction
protein [23].

Ephrin-Eph signaling also effects the immune system in several
ways, mainly via immune cell activation and immune cell trafficking. B
and T lymphocyte as well as dendritic cell activation has been shown to
be regulated via ephrin-Eph signaling [16,22]. The trafficking of im-
mune cells is affected by ephrin-Eph signaling via its effects on barrier
permeability, but also directly by providing guidance cues for lym-
phocytes in the vascular endothelium [10,11,22,24-26]. The expression
of Ephs and ephrins can also be regulated by certain inflammatory
cytokines and pathogen-associated molecular patterns [11,27,28].
Taken together, ephrin-Eph signaling has been shown to play a role in
the attraction, activation and adhesion of immune cells, as well as the
vascular endothelial transmigration, which is also linked to the per-
meability of the endothelial barrier.

3. Usage of ephrins and Eph receptors for viral entry

Usage of ephrins and Eph receptors as entry receptors for viral entry
has been described for multiple viruses from different viral families and
using different types of entry mechanisms. Viral entry can mechan-
istically take place via different pathways. The pathways are all medi-
ated by viral receptors, which are molecules on the target cell surface to
which the virus binds. The viruses found to this day to use Ephs or
ephrins for viral entry, are enveloped viruses. For these viruses, the
viral proteins binding to the viral receptor on the target cell are nor-
mally glycoproteins expressed on the viral envelope. A virus often has
multiple viral receptors that determine which tissues and cells it can
successfully infect. Binding to these viral receptors can induce viral
entry in two different ways related to Ephs and ephrins: by inducing
conformational changes of the viral glycoproteins that lead to mem-
brane fusion or by transmitting signals that lead to endocytosis of the
viral particle [2]. During membrane fusion, conformational changes of
the viral glycoproteins induce the viral envelope and the viral mem-
brane to fuse, leading to the release of the viral genome into the host
cell. Often, a part of the fusion protein on the viral surface is inserted
into the target cell membrane to obtain a starting point for fusion [2].
For endocytosis, viruses can use both clathrin-mediated endocytosis or
clathrin-independent mechanisms, such as macropinocytosis. Entry via
endocytosis is often followed by membrane fusion, when the content of
the virion is released by fusion of the endocytic vesicle membrane and
the viral membrane [2].

3.1. Ephrin usage by henipaviruses for viral entry is well-established

Henipaviruses are a newly discovered genus in the Paramyxoviridae
family. The genus is composed of the Hendra (HeV) virus and Nipah
(NiV) virus, which give the genus its name, and the more recently
discovered Mojiang virus (MojV), Cedar virus (CeV) and African

Table 1

Expression of ephrins and Eph receptors in human tissues relevant for viral infection, because of their functions in the immune system.
Tissue Expressed ephrins Expressed Eph receptors Refs
Intestinal epithelium All ephrin-As, ephrinB1-B3 EphA1-A3, A5-A8, B1-B4, -B6 [11]
Endothelial cells EprhinAl, EphrinB1, -B2 EphA2, B1-B4 [20,21]
Lymphocytes EphAl, -A3, -A4, -A7, -B1, -B2. EphB1-B4, -B6 [11]
Dendritic cells EphA2, -A4, -A7 EphB1, -B3 [11]
Monocytes EphA4, EphB1-B3, -B6 EphrinB1-B3 [11]
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Table 2

Overview of the viruses that use Ephs and ephrins for viral entry.

Refs

Entry pathway
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henipavirus (African HNV). HeV and NiV cause respiratory disease and
sometimes neuronal disease in humans and other animals and can be
lethal. The henipaviruses are zoonotic, with their main reservoir in
bats, and have a broad host range. Viral infection starts with infection
of the respiratory epithelial cells, then spreading to the endothelium,
specifically to microvascular endothelial cells in the lungs. HeV and NiV
can then also infect neurons and spread towards the central nervous
system, a major factor in the high pathogenicity of the viruses.
Paramyxoviridae conventionally attach to host cells via sialic acids,
CD150 or nectin-4 cell surface receptors and enter via membrane fu-
sion. Henipaviruses, however, do not bind to any of these molecules,
meaning that another entry mechanism must be in place [29-35].

Henipaviruses mainly use two transmembrane glycoproteins for
entry via fusion: G protein, for attachment, and F protein, for fusion
[36]. Generally speaking, the G proteins interact with ephrins, although
which ephrin is used differs per virus (see Table 2). HeV and NiV have
both been shown to use ephrin-B2 and ephrin-B3 as entry receptors.
The interaction with ephrin-B2 even has one of the highest affinities for
viral envelope-receptor interaction currently known [33]. On the other
hand, CeV and African HNV, do use ephrin-B2 but not ephrin-B3 for
viral entry [34]. To add, CeV can use ephrin-A2, -A5 and -B1, which
could be attributed to structural differences in the receptor-binding
pocket of the G protein of CeV compared to HeV and NiV [32,37]. The
usage of these strongly conserved receptors possibly explains the spe-
cies tropism of henipaviruses, which is much broader than that of most
other Paramyxoviridae [38]. Negrete et al. [38] hypothesize that the
ability to bind to ephrin-B3 plays a role in the encephalopathic capacity
and thus in the fatality of the virus, seeing as ephrin-B3 is expressed in
the central nervous system. As NiV binds ephrin-B3 more efficiently
than HeV, this would also explain NiVs higher encephalitic capacity
[39].

Although the majority of NiV entry events occur via fusion, there is
some evidence for endocytosis as an entrance mechanism via ephrin-B2
in CHO-K1 and VeroE6 cells, mimicking the EphB4/ephrin-B2 inter-
action. Like EphB4, NiV binds ephrin-B2 in the G-H loop, inducing
endocytosis that leads to internalization of the full receptor and vial
particle. More specifically, NiV seems to partake in macropinocytosis
[40]. As to why entry via macropinocytosis is sometimes preferred over
entry via fusion, Pernet and colleagues [40] hypothesize that en-
docytosis possibly occurs more rapidly, or that NiV-G might require a
different confirmation for endocytosis than for fusion, determining
which path is followed. This information indicates the high versatility
of viral usage of Ephs and ephrins, even for a single virus.

Although successful infection in leukocytes has only been shown for
dendritic cells, with low level viral replication, NiV does bind to ephrin-
B2 and -B3 on all leukocytes. Interestingly, it has been suggested that
NiV binding to leukocytes is used to disseminate throughout the body
via the lymphatic and blood vessels [41]. Mathieu et al. do show that
NiV-bound leukocytes in hamsters can establish transinfection, by
transmitting the virus to cells that are susceptible to NiV infection, such
as endothelial cells. This could also be the way in which NiV passes the
blood-brain barrier. Transendothelial migration of immature dendritic
cells has been shown to increase upon NiV infection, although no effect
could be observed for other monocytic cell lines [42]. Potentially, this
mechanism could play a role in the transmission of henipaviruses from
the respiratory tract to the central nervous system, which causes the
fatal encephalitis, as leukocytes can pass the blood-brain barrier.
However, transmission of henipaviruses from leukocytes to neural cells
has not been investigated yet.

Lastly, the Mojiang virus, which is a recently discovered and rare
virus, does not seem to use ephrins as entry receptors at all. The virus is
classified as a henipavirus based on gene structure and protein align-
ment, although nucleotide alignment with other henipaviruses is low.
The attachment protein G of MojV only has a nucleotide sequence si-
milarity of around 40 % with other henipaviruses, whilst this is 50-60
% for other viral proteins [43]. The MojV G protein has a similar
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structure as NiV G protein, but the beta-propeller domain has a dif-
ferent arrangement, which renders binding to ephrin-B2 or -B3 im-
possible. The virus also does not bind to sialic acid or CD150, as con-
ventional for Paramyxoviridae. This suggests either that novel entry
route for henipaviruses is at play here and that the broad species
tropism is not a characteristic of a specific viral entry receptor alone
[311, or that the classification of MojV as a henipavirus is not justified.

3.2. Mouse IAPE endogenous retrovirus uses ephrin-A4 as a viral entry
receptor

The only other virus identified to this date to use an ephrin as viral
entry receptor is the Intracisternal A-type Particles elements with an
Envelope (IAPE). These are murine endogenous retroelements of which
many copies can be found in the mouse genome. It is the progenitor of
intracellular IAP elements, posing the most successful and most active
family of retrotransposons in the mouse, but also remaining as in-
fectious elements. This means the virus can still generate fully func-
tional particles that are then able to infect new cells and species. The
virus uses its envelope protein IAPE Env for reinfection. From screening
of a lentiviral library, IAPE Env has been shown to be able to interact
with all ephrin-As. The most efficient receptor for entry is ephrin-A4, as
solely interacting with ephrin-A4 allowed IAPE Env to establish viral
entry. The authors also suggest that the fact that IAPE family uses
ephrins as entry receptors, might be a reason why they are so successful
and still remain present in mouse genomes. The broad functions of
ephrins and their high expressions early in development make it im-
possible to completely downregulate ephrins and thus difficult to es-
cape the IAPE family. This also allows the retroviral elements to insert
early on in the germline, strongly contributing to its survival [51].

3.3. Viruses that use Eph receptors for viral entry via endocytosis and fusion

Hepatitis C virus (HCV) is a liver infecting virus that is transmitted
through liver endothelial cells, but productive infection is targeted at
hepatocytes and has also been shown to infect dendritic cells and B
lymphocytes [52]. Viral entry for HCV takes place via clathrin-mediated
endocytosis with attachment taking place via binding of glycoproteins
on the virion surface to glycosaminoglycans on the host cell. The viral
and endosomal membrane then fuse, releasing the nucleocapsid into
the cell [53]. The entry of HCV has been shown to depend on the for-
mation of a co-receptor complex on the target cell. Interaction between
the CD81-claudin-1 coreceptor complex on the hepatocytic membrane
with the virus is essential for and has been suggested to initiate viral
entry via membrane fusion [54]. An siRNA screen identified EphA2 as
one of the cofactors for HCV viral entry. EphA2 has been suggested to
regulate the formation of the CD81-claudin-1 complex, thereby reg-
ulating viral entry of HCV. Inhibiting EphA2 using a kinase inhibitor,
prevented viral entry, which seems to suggest that EphA2 is an essential
cofactor for HCV entry [44].

Two different rhadinoviruses, a genus of herpesviruses, have been
shown to depend on Eph receptors for viral entry: Kaposi’s sarcoma-
associated herpesvirus (KSHV) and rhesus monkey rhadinovirus (RRV),
which both cause different cancerous malignancies. KSHV infects a
range of cell types, from endothelial and epithelial cells to different
immune cells, with B cells being their main site of persistence. Like
other herpesviruses, it is an enveloped virus with a double-stranded
DNA genome [47,48]. RRV has been shown to have a very similar in-
fection pattern and pathogenesis, although it has not been linked to the
formation of solid tumors [45].

Hahn and Desrosiers [45] tested Eph receptor binding and Eph-
mediated entry for KSHV and RRV for all 14 Eph receptors. Ten dif-
ferent Eph receptors were shown to have an interaction with RRV,
whilst KSHV only interacts with EphA2, -A4 and -B1. However, viral
entry for RRV mainly seems EphB2 and EphB3 dependent. RRV also
seems able to use an Eph-independent pathway to productively infect
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fibroblasts and epithelial cells, which was shown by adding soluble
EphA2 receptor decoys or ephrins. Whilst this did reduce viral entry of
KSHV, RRYV viral entry into the mentioned cell types seemed unaffected
[45]. Unlike entry for the henipaviruses mentioned above, KHSV entry
can take place via both fusion and macropinocytosis, involving three
types of glycoproteins. In its fusion process, the KSHV first attaches to
heparan sulphate proteoglycans on the cell surface, after which it binds
specifically to cell surface molecules on host cells, mainly integrins and
Eph receptors, with the gHgL glycoproteins interacting with Eph re-
ceptors exclusively. This interaction leads to endocytosis of the virion,
and then to fusion of the virion with the endocytic membrane, releasing
the virions into the cell [48]. On endothelial and epithelial cells, gHgL
binds EphA2, with EphA4-binding on epithelial cells as well [47,48].
The interaction with EphA2 is the strongest of these interactions and
has been shown to be similar to the interaction of EphA2 with its nat-
ural ligand ephrin-A5 and has also been indicated in clathrin-mediated
macropinocytosis. These processes are dependent on cofactors, such as
the androgen receptor [46,55,56].

It has even been suggested that an interplay between EphA2 and
KSHV aids in Kaposi’s sarcoma pathogenesis. Kaposi’s sarcomas have
some histological characteristics that are linked to atypical angiogen-
esis, such as dilated abnormal vessels with thinned endothelium, and
extravasation of erythrocytes. EphA2 is a known inducer of angiogen-
esis. The cancerous angiogenesis in Kaposi’s sarcoma has also been
linked to ephrin-B2, which was upregulated indirectly by KSHV
[48,57,58].

Epstein-Barr virus (EBV), another Herpesviridae family member,
mainly infects human B lymphocytes and epithelial cells. The primary
infection with the virus is linked to infectious mononucleosis, but in the
long run the virus is also oncogenic. The virus has a different entry
mechanism for epithelial cells and B lymphocytes, mediated by surface
glycoproteins. EphA2 has been shown to act as both an entry and a
fusion receptor for EBV in epithelial cells. In epithelial cells, fusion at
the plasma membrane is the entry pathway, whilst for B cells en-
docytosis occurs before fusion. The intracellular domain of EphA2 was
found not to be essential for viral entry, which it is for KSHV [49,50].

4. Utilizations of Eph receptors and ephrins by viruses aside from
vial entry

Apart from the use of Eph receptors and ephrins for viral entry,
some other utilizations of ephrin and Eph receptors by a variety of
viruses have been identified. There are direct indications for the func-
tionality from their involvement, for others only correlations have been
found. This section will give an overview of the associations of Ephs and
ephrins with viral functions other than entry (for full overview, see
Table 3).

4.1. Eph receptors play a role in aphid transmission

Plant viruses are usually transmitted between hosts via vectors and
express proteins on their surface that allow for the interaction between
the virus and the vector. The family of Luteoviridae are viruses trans-
mitted by aphid (Myzus persicae) vectors that infect plants of the cab-
bage family (Cruciferae), but do not infect the cells of the vector
[59,60]. The luteoviruses express two capsid proteins: major coat pro-
tein (CP) and minor capsid protein (RT*) that play a role in aphid
transmission. For turnip yellow virus (TuYV) and cucurbit aphid borne
yellows virus (CABYV),the aphid EphB receptor type 1 has been shown
to be a binding partner for RT*. Silencing this EphB receptor using RNA
interference also gave a reduction in transmission of TuYV, which could
also be demonstrated for a few other poleroviruses for which the direct
interaction of RT* with EphB type 1 has not been shown, suggesting a
broader role for EphB in polerovirus transmission [60,61].
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Fig. 3. Different classes of agents targeting ephrin-Eph signaling and their ef-
fects on forward (left) and reverse (right) signaling. Recombinant ephrin ex-
tracellular domains (ECDs) can have both an inhibiting and activating effect on
forward signaling. For forward signaling, multimeric ECDs are usually acti-
vating, while monomeric ECDs are mainly inhibiting. Monomeric Eph ECDs
always have an inhibitory effect on reverse signaling, where multimeric ECDs
always have an activating effect. siRNA: small-interfering RNA.

entry receptor, which would be an interesting hypothesis to investigate
for RSV too.

5. Targeting ephrin-Eph signalling using therapeutics

Previous sections have described the broad prevalence and func-
tions of ephrin-Eph signaling throughout the body, and how these are
relevant in viral infections. This section will investigate the potential to
target ephrin-Eph signaling in fighting viral infection.

5.1. Different types of agents available to target ephrin-Eph signaling

Six different types of agents are available that target the receptor or
the ligand and use forward or reverse signaling, or both, to manipulate
the function of the receptor and/or ligand. Most of these inhibitors or
activators have been used quite extensively in in vitro research, but have
not been tested much in in vivo or in clinical settings. They can be di-
vided into six different classes: extracellular domains, antibodies, pep-
tides, small-molecules, kinase inhibitors and siRNAs, as summarized in
Barquilla and Pascale [76] and in Fig. 3. However, as Eph and ephrins
are expressed on many different cells and involved in a variety of es-
sential cellular processes, targeting them could result in undesirable
side effects.

Recombinant extracellular domains (ECDs) are very efficient in
targeting ephrin-Eph interactions in a way that closely resembles the
receptor-ligand interaction. They have been used in several studies to
test how ephrin-Eph signaling affects viral infections. The usage of an
EphA2 ECD could inhibit KSHV entry in vitro, which is normally
mediated by EphA2. This inhibition probably occurred via competition
between soluble and membrane bound EphA2 [57]. ECDs could po-
tentially also be used to inhibit viral entry in other viruses that use
similar entrance mechanisms as KSHV. To this end however, it should
be ascertained that the ECD will only affect target cells, to avoid side
effects coming from the broad expression of Ephs and ephrins.

The potential for ephrin or Eph targeting antibodies for anti-viral
therapy has yet to be determined, as up to now only one monoclonal
antibody is widely used clinically to treat a viral disease, namely pali-
vizumab in RSV [77]. Antibodies against Ephs and ephrins have been
used extensively in research, but have not yet been tested as antiviral
therapeutic in vivo or clinically. Examples of successful use of antibodies
in preventing or reducing viral infection in vitro can be found for HCV,
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EBV and KSHV. Treatments with an antibody targeting the HCV gly-
coprotein, or EphA2 and ephrin-Al antibodies in EBV and KSHV in-
fection, showed inhibition of infection in vitro [44,47,49].

Dasatinib is a kinase inhibitor and small molecule antagonist able to
inhibit EphA2 signaling. It has been demonstrated effective as an HCV
entry inhibitor in vitro, but not in vivo. EphA2 is a regulator for the
formation of certain co-receptor complexes that are essential for HCV
entry. Using dasatinib the co-receptor complex formation could be in-
hibited, thus preventing viral entry [44]. This functionality of dasatinib
could also be related to the inhibition of Abl, another RTK associated
with HCV entry, which would mean that the effect of dasatinib is two-
fold and not just dependent on Eph inhibition [78]. Dasatinib is cur-
rently used as a therapeutic in humans for different types of leukaemia
and has an acceptable side effect profile for these diseases [79], al-
though it should be noted that in oncological cases the bar for accep-
table side effects often lies higher than in infectious disease. Dasatinib
has also been studied in vivo for some viral infections, which have other
RTKs as host factors. Dasatinib was tested for treatment of vaccinia,
variola and monkeypox virus and HIV infection in mice, but showed no
protection against these viruses. Although these viruses use RTKs other
than Ephs as a host factor, on which dasatinib works, their ineffec-
tiveness was suggested to be linked to its immunosuppressive activity.
This would explain why there were promising results for this inhibitor
in vitro, but why it’s effects did not show beneficial effects for viral
infections in vivo [80]. A positive effect of dasatinib in mice was seen for
the prevention for acute HIV-1 infection, if given preventively, allowing
for the establishment of viral control in an early stage of infection. This
was possibly mediated by decreased activation of CD4* T cells by RTK
inhibition, meaning that there is less proliferation of infected T cells,
which decreases reservoir formation [81].

Lastly, antisense oligonucleotides and siRNAs can bind highly se-
lectively to specific Ephs or ephrins and efficiently block the activity of
their targets, and many studies escribed in these review use siRNAs for
research purposes (for example in [23,45,67]). Their high selectivity
would make them attractive agents to use as therapeutics, keeping
possible side targets to a minimum, but their delivery in vivo is highly
inefficient [76].

5.2. Possible future therapeutic targets with regards to ephrin-Eph signaling

Although chloroquine is not identified as an agent affecting ephrin-
Eph signaling, it has been tested as a possible inhibitor of an Eph-in-
duced endocytosis pathway. Chloroquine is a small molecule normally
used to treat malaria infections and is amongst others thought to disrupt
membrane function [82]. Preliminary in vitro tests showed that chlor-
oquine inhibited viral entry via endocytosis. They therefore suggest that
using chloroquine or amiloride, which are widely utilised medicines
against malaria and hypertension, could be a low-cost antiviral therapy
against NiV, a highly pathogenic virus for which currently no treat-
ments are available. Chloroquine also came up in a henipavirus mul-
ticycle replication assay as possible therapeutic to treat henipavirus
infection [82]. However, two in vivo animal studies could not show an
improvement using chloroquine with regards to viral replication and
pathology [83,84].

Another potential for targeting ephrin-Eph signaling, as described
by Barquilla and Pasquale [76] lies within the nervous system. Ephrin-
Eph signaling plays an important role in the developing nervous system
and has been linked to several neuropathologies. However, many parts
of the signaling pathway have also been shown to be upregulated after
nervous system injury, to induce repair processes. Signaling between
ephrin-B3 and EphA4 and EphB3 in brain cells damaged by SIV infec-
tion can reverse neuronal impairment that comes with SIV dementia
[63]. Potentially, targeting of ephrin-Eph signaling could be utilized to
optimize recovery after SIV or HIV dementia, a form of neural damage
which is known to be (partially) reversible with a role for ephrin-Eph
signaling. The desired effect of the therapeutics in this case would be to
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increase signaling from ephrin-B3 to EphB3 and EphA4 in astrocytes.
According to the overview provided by Barquilla and Pasquale [76], an
increase in Eph forward signaling can be achieved using a multimeric
ephrin ECD, an Eph activating antibody or an Eph small-molecule
agonist. As the targeted cells in this case would lie behind the blood-
brain barrier, the delivery of the agents can be challenging. Smaller
molecules could potentially be delivered intranasally or transfer the
blood-brain barrier via transmembrane diffusion if they are lipid-so-
luble [85].

6. Conclusions and future directions

The aim of this review was to outline the current knowledge on
interactions of viruses with Eph receptors or ephrins. Up to now, 18
different viruses have been described to have a relation with Eph re-
ceptors or ephrins relevant for their viral life cycle, summarized in
Table 2. Based on the overview of viral interactions with Ephs and
ephrins given in this literature review, we propose two different models
for the utilization of Ephs and ephrins by viruses: the viral entry model
and the advantageous expression of Ephs/ephrins model. These models
could be used by viruses both individually and combined.

6.1. Viral entry model

The viral entry model is based on the usage of Ephs or ephrins as
entry receptors for viruses, as described in Section 3. Important to note
here is that the usage of Ephs or ephrins as entry receptors could con-
tribute to their differential expression as well. This seems plausible
especially for endocytosis-mediated entry, where both the receptor and
the ligand are internalized and thus no longer expressed on the cell
membrane. Future research should point out whether this indeed con-
tributes to a significant change in expression of Ephs and ephrins on
cells. Another possibility is that the Ephs or ephrin receptors are not the
only or main entry receptors into the cell for a virus, but could just be
an adhesion mechanism. A weak binding to a receptor on the cell
membrane would slow a virus down on the cell surface, allowing for
interactions with the actual entry receptors to establish. This could also
explain why some viruses with different entry mechanisms seem to
have (weak) interactions with Ephs or ephrins, or show a correlation for
Ephs/ephrins with infection rates.

That both Eph receptors and ephrins can be used as entry receptors
is not unexpected, as the ephrin-Eph signaling pathways are known to
be bidirectional, and mechanisms like trans-endocytosis can also occur
in both the receptor- and the ligand-expressing cell. The use of ephrins
or Ephs as entry receptors has multiple evolutionary benefits for dif-
ferent viruses, as they are expressed on many different cells, involved in
a variety of essential cellular processes and viruses can often utilize
multiple receptors for entry. It is unlikely that the host will adapt all
these broadly important receptors at once. Indeed, a wide range of Eph
receptors and ephrins have been shown to be associated with different
viral functions, in a wide range of organisms. While some of these in-
teractions are well-described, most still require further characteriza-
tion, leaving many open questions and indicating the need for further
research on this topic.

6.2. Advantageous expression of Ephs/ephrins model

The model of advantageous expression of Ephs and ephrins is more
complex and based on a combination of current knowledge about
viruses and the role of ephrin-Eph signaling in epithelial and en-
dothelial barrier function, cell migration, immune activation and gui-
dance (Fig. 4). In this model, viruses manipulate the expression or
signaling of Ephs or ephrins on cells they interact with, which can have
broad downstream effects. That ephrin-Eph signaling can be altered by
extracellular factors other than their ligands, has already been
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Lymphocyte

Virus *

Z

Endothelial/
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Fig. 4. Advantageous expression of Ephs and ephrins model. Virus binding to or
inducing Eph/Ephrin signaling to help the virus to further advance the infection
by 1) reduce endothelial or epithelial barrier function increasing viral spread to
underlying tissues, 2) inhibit lymphocyte migration resulting in less recruit-
ment to sites of infection, 3) hitch hike along to spread to other tissues and cells.

demonstrated, for example by the effects of tobacco smoke on COPD
[23]. Many viruses discussed in this review have a correlation between
increased expression for certain Ephs or ephrins, and some viral func-
tionality. However, it is often unclear whether cells with increased
expression are more likely to be infected, or whether the increased
expression is caused by the virus itself. This can have several potentially
beneficial effects for the virus. Firstly, a loss of barrier integrity for both
the epithelium and endothelium could increase viral entry into a tissue.
Ephrin-Eph signaling have been indicated as a regulator for barrier
integrity, via cell-cell adhesion and tight junction formation. A worthy
line of investigation would be whether it is necessary for viruses to
infect a cell to have an effect on the barrier, or whether just binding to
Ephs or ephrins on the cell membrane would be sufficient to induce
changes in signaling that lead to a reduced barrier integrity by
widening tight junctions. Secondly, changes in ephrin-Eph interactions
can affect cellular migration. This could be beneficial for the virus in
two ways. These changes could repel immune cells, thus avoiding de-
tection by the immune system. Further research on Eph and ephrin
expression on specific lymphocyte subtypes is needed to hypothesize
further on this possibility. Another possibility is that viruses use ephrins
or Ephs to “hitch a ride” to different sides of the body, using the re-
ceptor-expressing cell as a transporter, as has been shown for NiV and
leukocytes [41,42].

Leukocyte infection could encourage the spread of the virus to more
tissues and organs, as they travel the blood and lymphatic vessels ex-
tensively, often interacting with the endothelium by rolling. This might
initiate infection of the endothelium in multiple sites, or have an effect
on the integrity of the endothelium via ephrin-Eph signaling, making
infection of underlying organs and tissues easier. It would be very in-
teresting to investigate whether this is also the mechanism ensuring
infection of the CNS. Tiong et al. [42] show in vitro that for immature
dendritic cells infected with NiV transendothelial migration is increased
compared to non-infected cells. The authors do not directly suggest a
mechanism that mediates the increased permeability of this in vitro
blood-brain barrier, but do report an increased permeability upon TNF-
a treatment. TNF-a has been shown to increase ephrin-Al, ephrin-B1
and ephrin-B2 on endothelial cells, of which the last two have been
shown to increase the permeability of the endothelial barrier [26,86].
They found that increased permeability upon TNF-a treatment could
thus also be ephrin-Eph mediated. An interesting hypothesis for future
research, would be whether NiV binds to ephrins on lymphocytes and
use them to disseminate throughout the body, as well to activate
ephrin-Eph signaling that decreases integrity of the endothelial barrier.
It would also be interesting to see whether this mechanism of using
ephrins on leukocytes to hitch a ride through the body is also utilized by
other viruses that use ephrins as an entry receptor.
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6.3.

Future directions

Together these different possibilities of viruses using Ephrin or Eph

interactions in their advantage described in this review provide gui-
dance in the formulation of future research questions to increase our
understanding of the life cycles of a variety of viruses, as well as aid in
the development of therapies. For therapeutic options, it seems that
there are many variants of agents available to target Ephrin- or Eph-
virus interaction and/or induced Ephrin-Eph signaling, distributed over
six different classes. Although promising results for multiple agents and
viruses were found in vitro, the current in vivo results seem dis-
appointing. This is likely linked to the fact that Eph receptors and
ephrins are widespread and regulate a variety of different mechanisms,
making it difficult to control what will be targeted by therapeutics.
Further characterization of the effects of ephrins and Ephs in antiviral
immunity seems vital, as immunosuppressive side effects are detri-
mental in fighting viral infections.
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