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Abstract

The Eph-ephrin signaling pathway mediates developmental processes and the proper functioning 

of the adult human body. This distinctive bidirectional signaling pathway includes a canonical 

downstream signal cascade inside the Eph-bearing cells, as well as a reverse signaling in the 

ephrin-bearing cells. The signaling is terminated by ADAM metalloproteinase cleavage, 

internalization, and degradation of the Eph/ephrin complexes. Consequently, the Eph-ephrin-

ADAM signaling cascade has emerged as a key target with immense therapeutic potential 

particularly in the context of cancer. An interesting twist was brought forth by the emergence of 

ephrins as the entry receptors for the pathological Henipaviruses, which has spurred new studies to 

target the viral entry. The availability of high-resolution structures of the multi-modular Eph 

receptors in complexes with ephrins and other binding partners, such as peptides, small molecule 

inhibitors and antibodies, offers a wealth of information for the structure-guided development of 

therapeutic intervention. Furthermore, genomic data mining of Eph mutants involved in cancer 

provides information for targeted drug development. In this review we summarize the distinct 

avenues for targeting the Eph-ephrin signaling pathway, including its termination by ADAM 

proteinases. We highlight the latest developments in Eph-related pharmacology in the context of 

Eph-ephrin-ADAM-based antibodies and small molecules. Finally, the future prospects of 

genomics- and proteomics-based medicine are discussed.
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Background

Eph receptors, the largest family of Receptor Tyrosine Kinases (RTKs), are key mediators of 

both developmental processes and the proper function of the adult body (Taylor et al., 2017). 

Consequently, in recent years they have emerged as some of the most interesting targets for 

drug development (Boyd et al., 2014; Lamminmaki et al., 2015). This excitement is based on 

several unique features of the Eph receptors. First, they are activated by the binding of their 

membrane-attached ligands, the ephrins, which initiates a distinctive ‘bidirectional’ 

signaling, where the information is transmitted downstream in both the receptor- and the 

ligand-bearing cells (Egea and Klein, 2007; Janes et al., 2012). An interesting new study, 

though, suggests that a direct cell contact might not always be necessary for signaling as 

Eph-containing extracellular vesicles (exosomes) were able to induce reverse signaling in 

ephrin-bearing cells (Gong et al., 2016). Second, the Eph receptors are multi-domain 

proteins, offering an ample choice of specific target regions: the extracellular ligand-binding 

domain, the cysteine-rich domain, the two fibronectin domains, and the cytoplasmic kinase 

domain (Himanen et al., 2007) (Figure 1). Even the very C-terminal SAM domain could 

offer an attractive drug target, since it operates as a docking surface for several cytoplasmic 

down-stream signaling proteins (Wang et al., 2016). Targeting SAM for drug discovery 

(Mercurio and Leone, 2016; Mercurio et al., 2016) should gain more interest in the future 

taking into account the fact that Eph’s have an unusual property to be able to signal even in 

the absence of cytoplasmic tyrosine phosphorylation (Truitt and Freywald, 2011). 

Importantly, high-resolution structures of all the domains, either as isolated molecules or in 
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complex with ligands and other binding partners, including peptides, and small molecular 

inhibitors/modifiers, have been determined and are available (Barton et al., 2004; Noberini et 

al., 2012b). This offers an unprecedented platform for structure-based development of 

therapeutic modalities. Particularly, the well-studied ligand-binding domain, and its 

hydrophobic ligand-binding surface cavity, has proven to be a treasure trove for the 

identification and structure-based improvement of small-molecule binders that can not only 

inhibit ligand binding, but also elicit agonistic or antagonistic features on the receptor. The 

activation mechanism of the receptors is also well-studied (Lisabeth et al., 2013). This 

includes both the initial recognition and initiation of the signaling, and its termination, which 

has brought about very exciting recent development in the field of ADAM metalloproteinase 

inhibition (see below) (Atapattu et al., 2014; Atapattu et al., 2012). The vast amount of 

genomic data on Eph mutants involved in cancer offers yet another avenue for targeted drug 

development approach (Cerami et al., 2012). Future expansion of these sequence databases 

will show whether similar parallels can be drawn between Eph mutations and other diseases 

where they are involved, such as Alzheimer’s disease, amyotrophic lateral sclerosis, 

diabetes, and inflammation. Finally, the unexpected emergence of ephrins as entry receptors 

for some pathological viruses, has initiated a series of interesting studies aimed to inhibit or 

prevent the proliferation of these deadly microbes (Steffen et al., 2012). We will summarize 

here the latest studies on the field of Eph-related pharmacology, concentrating on Eph/

ephrin/ADAM-based antibodies and small molecules, as well as Henipavirus targeting, and 

will discuss the future of genomics/proteomics-based medicine.

Targeting the Eph/ephrin complex for drug development

Many different approaches have been employed in efforts to target the Eph/ephrin signaling 

system; antibodies, peptides and soluble fragments of the receptors/ligands, small molecule 

inhibitors of protein-protein interactions (PPIs), kinase inhibitors, and siRNAs (Lodola et al., 

2017); (Charmsaz et al., 2017); (Chen et al., 2017); (Barquilla and Pasquale, 2015); 

(Charmsaz and Boyd, 2017) (Salgia et al., 2018). Although few have entered clinical trials, 

the relative infancy of the field and the enormous potential of various ‘druggable’ domains, 

should guarantee the continuation of these efforts. Kinase inhibitors, specific for the Eph 

receptors, as well as siRNA molecules that downregulate the expression levels of the Eph’s, 

have been described elsewhere (Amero et al., 2016; Biao-xue et al., 2011; Boyd et al., 2014; 

Dong et al., 2015; Duan et al., 2017; Heinzlmeir et al., 2017; Kung et al., 2016; Unzue et al., 

2016; Zang et al., 2016) and will not be discussed further.

A) Peptides and small molecules

The first Eph-specific peptides were identified by phage display (Koolpe et al., 2002). Since 

then, many more have been characterized and studied, some modeled from the 15-amino 

acid Eph-binding ephrin loop, some through rational de novo design, with most peptides 

targeting EphA2, -A4, -B2, or -B4. A recent review summarizes the development of various 

peptides and their modifications (Riedl and Pasquale, 2015). Peptides offer several clear 

advantages: i) they can bind with considerably high affinity; ii) they can easily be modified 

to have different sizes in order to fit in the Eph surface cavity; iii) peptides usually have low 

toxicity and iv) low immunogenicity; v) the tissue penetration properties of peptides are 
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often very efficient; vi) production costs are low. However, peptides also possess some 

distinct disadvantages, such as i) they are known to target only the LBD-cavity of the Eph 

receptors; ii) generally speaking, they have poor pharmacokinetics and bioavailability; iii) 

the stability of peptides in the plasma is notoriously low.

Considering the overall structural similarity of Eph receptors, it’s quite surprising that 

several peptides show remarkable specificity towards only one or two receptors. This might 

be a result of the flexible loops of the Eph receptors surrounding the hydrophobic ligand-

binding cavity that differ quite considerably between otherwise structurally similar receptors 

(Himanen, 2012). For example, a peptide identified by phage display binds selectively only 

to EphA2, causing receptor activation as measured by tyrosine phosphorylation (Koolpe et 

al., 2002). Another interesting feature of the EphA2-specific peptides is that they are 

agonists, unlike most other peptides. The use of either agonist or antagonist peptides might 

lead in the future to a better understanding of Eph activities in pathology (Riedl and 

Pasquale, 2015).

The binding affinities of Eph-binding peptides, originally in the μM level, were increased to 

sub-μM levels after further screening and/or optimization steps following the determination 

of crystal structures of Eph/peptide complexes, and later some Kd values have been reported 

in the nM range (Xiong et al., 2011). An especially interesting study reports a cyclic, 

EphA4-specific peptide, with an IC50 value of about 30 nM and the ability to inhibit ephrin-

induced EphA4 phosphorylation and neuronal growth cone collapse (Lamberto et al., 2014). 

Other studies have further indicated how cyclization improves not only affinity but also 

stability (Craik et al., 2013). For example, a cyclic form of an EphB4-specific TNYL-RAW 

peptide has been conjugated to doxorubicin-loaded nanoparticles and shown to selectively 

deliver the chemotherapeutic agent to EphB4-positive xenografts and to cause complete 

regression of most tumor cells (You et al., 2012). Another homing peptide, the EphA2-

specific YSA, was recently used to target EphA2-positive breast cancer cells with 

doxorubicin-conjugated mesoporous silica nanoparticles (Liu et al., 2018). Other ways to 

improve peptide stability and, hence, resistance to plasma proteases are N-terminal 

modifications, PEGylation, conjugation to nanoparticles, fusion to Fc constructs, and 

complexation with streptavidin (Riedl and Pasquale, 2015). It’s worth keeping in mind, 

though, that the nM cyclic peptide (Lamberto et al., 2014), as well as all characterized 

peptides so far, target only the ligand-binding cavity on the receptor surface. It remains to be 

seen whether it’s possible to identify and develop peptides targeting other interfaces of the 

Eph ectodomain. Indeed, it would be a significantly difficult task to develop a peptide able to 

specifically recognize, bind to, and interfere with a protein-protein interface with a surface 

area around 2000 Å or larger.

Taking into consideration their substantial selectivity and binding affinity, it’s no surprise 

that several peptides have been tested for their potential in medical, especially neurological 

applications (Riedl and Pasquale, 2015). For example, EphA4 antagonistic peptides have 

been studied in neuroprotection and neural repair (Fabes et al., 2007; Galimberti et al., 2010; 

Murai et al., 2003; Olson et al., 2016). An EphA4-specific peptide (KYL) can regulate the 

viability of neural stem cells (DeVeale et al., 2014). Since EphA4 has been reported to have 

a role in Alzheimer’s disease, blocking it by the KYL-peptide can reverse the pathological 
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effects of amyloid-beta oligomers in a cell-based assay for Alzheimer’s (Vargas et al., 2014). 

In addition, the KYL-peptide enhances the recovery of injured axons in a rat model for 

spinal cord injury (Fabes et al., 2007) and delays disease onset in a rat model for ALS 

(amyotrophic lateral sclerosis) (Robberecht and Philips, 2013). Another EphA4-specific 

peptide has been shown to impair the formation of longterm fear memory in rats (Dines and 

Lamprecht, 2014). Two peptides (KYL and TYY) might also have influence for breast 

cancer stem cell state and capillary-like tube formation in HUVE cells (Han et al., 2013; 

Riedl and Pasquale, 2015). Recently, another family of EphA4-specific molecules were 

designed and characterized (Wu et al., 2017), which selectively bind to the EphA4-LBD 

with nanomolar affinity and exhibit efficacy in an amyotrophic lateral sclerosis mouse 

model. Furthermore, an EphB2-specific SNEW-peptide and an EphB4-specific TNYL-

RAW-peptide are reportedly active in inhibiting the pathological forms of angiogenesis e.g. 

retinal vascular disease (Barquilla and Pasquale, 2015). Remarkably, Azurin, a bacterial 

cupredoxin with structural similarity to ephrin, has a C-terminal peptide fragment (residues 

88-113) that is claimed to inhibit prostate cancer cell DU145 phosphorylation and cell 

growth (Chaudhari et al., 2007). Another peptide fragment (residues 108-122) of the same 

protein, conjugated to a radiosensitizer nicotinic acid, has a nM affinity to Eph and the 

ability to increase the efficacy of Lewis lung carcinoma radiotherapy by several folds in 

artificial metastasis and solid tumor engraftment models (Micewicz et al., 2011). Although 

these peptide fragments show no specificity for a single Eph receptor (they bind to all Eph 

receptors tested, EphA2, -B2, and -B4), the 15-meric peptide (108-122), which contains 

unusual and D-amino acids, has an improved stability in human serum.

Soluble recombinant proteins have also been shown to inhibit Eph/ephrin interactions, thus 

showing a potential for therapeutic development (Barquilla and Pasquale, 2015; Boyd et al., 

2014; Brantley et al., 2002; Dobrzanski et al., 2004). Hence, a soluble human ectodomain of 

EphB4 has been stabilized by human serum albumin (HSA; (Shi et al., 2012)) and has 

entered clinical trials for treating patients with advanced or metastatic solid tumors. Another 

soluble fragment of an Eph receptor ectodomain (sEphA7) has been demonstrated as an 

effective antitumor agent in xenografted human lymphoma cells (Oricchio et al., 2011). This 

effect can be enhanced by fusing the sEphA7 to an anti-CD20 antibody (rituximab). 

Furthermore, an Fc-fused ectodomain of EphA4 has been effectively used in promoting 

recovery after spinal cord injury in rats (Spanevello et al., 2013). Deletion of three 

glycosylation sited in EphA4 dramatically improves its pharmacokinetic characteristics 

(Pegg et al., 2017). The ability of ephrin-A5 to bind EphA2, -A3, and -B2 was used to target 

simultaneously all three receptors with pseudomonas exotoxin A on receptor-positive 

glioblastoma tumors (Ferluga et al., 2016). The ephrin-A5-Fc-based cytotoxin specifically 

killed glioblastoma cells with an IC50 of 10−11 M.

In addition to direct application, peptides can be conjugated with other molecules for 

selective delivery of imaging or therapeutic agents to Eph-expressing cells (Patel et al., 

2016; Riedl and Pasquale, 2015; Salem et al., 2018a). For example, a dimeric form of 

EphA2-targeting YSA peptide, when conjugated to paclitaxel, is effective in targeting 

circulating tumor cells and decreasing tumor size in prostate and pancreatic cancer xenograft 

models and in inhibiting metastases in breast cancer models (Barile et al., 2014; Salem et al., 

2018b; Wu et al., 2015b) . Apart from targeting, these peptides can make the conjugated 
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agents more soluble and bioavailable. Similar chemical approaches have also been used for 

the development of antibody- and small molecule-drug conjugates (Cazzamalli et al., 2018). 

Overall, just as with Antibody-Drug-Conjugates (ADCs) where numerous pharmaceuticals 

are in clinical trials, Peptide-Drug Conjugates (PDCs) have reached a point in development 

where engineering success is expected to lead to therapeutic achievements. Not only the 

design of new conjugation strategies, but also improvement of the stability, cell penetration, 

safety, and efficacy of existing reagents, should facilitate advancement to the clinic 

(Fosgerau and Hoffmann, 2015; Giorgio et al., 2016; Skotland et al., 2015).

Protein-Protein Interactions (PPI) are at the center of perhaps all biological processes. 

Consequently, PPI inhibitors have become a hot but challenging field in the modern drug 

discovery (Jin et al., 2014; Nero et al., 2014; Wu et al., 2015a; Xu et al., 2017; Xu et al., 

2016). Although some scientists consider the PPI’s ‘un-druggable’, the special structural 

features of the Eph/ephrin interactions has prompted a plethora of studies for developing 

pharmaceutically relevant small molecule inhibitors targeting the Eph/ephrin signaling 

(Noberini et al., 2011) (Noberini et al., 2012b). Indeed, the long ephrin loop penetrating into 

the hydrophobic Eph surface cavity offers plenty of specific chemical interactions to try to 

mimic, such as polar and hydrophobic interactions, and a salt bridge between Arg103 

(EphA2) and Glu119 (ephrin-A1) (Himanen et al., 2009). To this date, both natural and 

synthetic small chemical compounds have been discovered, all targeting, not surprisingly, 

the ephrin-binding cavity of Eph’s (Tognolini and Lodola, 2015). Structural studies of Eph 

receptors in complex with various bound molecules and compounds (Figure 2) have assisted 

in discovering new compounds with high selectivity and desirable binding characteristics.

Of the natural compounds, several tea polyphenols identified in a library screen have been 

shown to inhibit the EphA4/ephrin-A5 interactions at the μM level, interfere with the 

receptor phosphorylation, and reduce tube formation in HUVE cells (Mohamed et al., 2011; 

Noberini et al., 2012a; Tang et al., 2007). In addition, protocatechuic acid and pyrogallol 

have been shown to inhibit ligand-induced EphA2 phosphorylation in PC3 cells (Tognolini 

et al., 2012). However, the polyphenols show low degree of selectivity and poor stability. 

Another natural compound, rhynchophylline, an alkaloid in a Chinese medicinal herb, was 

claimed to be effective in a mouse model for Alzheimer’s disease (Fu et al., 2014), but these 

observations were later put under scrutiny, since only about 25% reduction in the EphA4 

phosphorylation after rhynchophylline exposure could be recorded (Tognolini et al., 2014).

Benzoic acid derivatives were the first synthetic compounds found in High Throughput 

Screens (HTS) and were shown to inhibit binding of EphA2 and EphA4 to their biological 

ligands (Noberini et al., 2008; Takano et al., 2015). Once again, however, stability problems 

and aspecific binding characteristics have all but put further investigations of these 

compounds on hold (Tognolini et al., 2014). One of the more interesting chemicals to 

interfere with Eph/ephrin binding so far is lithocholic acid and its derivatives. Originally 

identified through an ELISA-based chemical screening as an EphA2-binding compound 

(Giorgio et al., 2011), lithocholic acid has since gone through an impressive cycle of 

structure- and modeling-based modifications in order to generate new analogues with 

improved affinity and other binding characteristics (Giorgio et al., 2018; Giorgio et al., 2016; 

Tognolini and Lodola, 2015). Analysis of a synthetic set of amino acid derivatives of 
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lithocholic acid has led to the identification and characterization of a compound, UniPR129 

(an L-homo-Trp conjugate of lithocholic acid) and its derivatives (UniPR139, UniPR502, 

UniPR1331), with enhanced potency, measured using both biochemical and cell-based 

functional assays (Hassan-Mohamed et al., 2014). UniPR129 can effectively inhibit EphA2 

phosphorylation, PC3 cell retraction, and possess anti-angiogenic properties as measured by 

using HUVEC cultures. The UniPR compounds were shown to inhibit ephrin-induced 

EphA2 activation in a dose-dependent manner, and to exhibit anti-angiogenic activities 

(Giorgio et al., 2018). In addition, UniPR139 shows improved bioavailability and can be 

detected in the plasma with a t1/2 of 44 minutes. UniPR1331 was shown to be an anti-

angiogenic agent in endothelial cells and orally bioavailable in a mouse model (Castelli et 

al., 2015). Moreover, UniPR1331 has been reported to possess anti-tumor activities in 

xenograft and orthotopic models of glioblastoma multiforme (Festuccia et al., 2018).

Other interesting new chemical inhibitors include stilbene carboxylic acid and cholenic acid 

derivatives (Pala et al., 2014), as well as doxazosin and its derivatives (Petty et al., 2018; 

Petty et al., 2012). Doxazosin is an EphA2 agonist that has very intriguing features, 

including inhibition of Akt and ERK activities in EphA2-expressing cells, ability to block 

the migration of glioma, prostate, and breast cancer cells, and capability to increase survival 

in prostate cancer-treated mice.

B) Antibodies

The use of antibodies (Ab) is the most common approach in developing new therapies and 

Eph receptors are no exception. Several members of the family (particularly EphA2, EphA3, 

EphB2, and EphB4) have been targeted with antibodies, mostly to configure new ways to 

treat cancers (Boyd et al., 2014; Charmsaz et al., 2017). The uncharacteristic dual role of 

Eph’s in cancer makes their targeting even more attractive: while there are numerous studies 

showing the correlation between Eph overexpression and poor cancer outcome, substantial 

evidence has also been presented to show how the same receptor, in certain cancer types and 

stages, can act as a tumor suppressor (Barquilla and Pasquale, 2015; Husa et al., 2016). 

Consequently, both agonistic and antagonistic (monoclonal) Ab’s have been developed for 

therapeutic use. For example, anti-EphA2 Ab’s have been shown to possess antitumor 

activities in ovarian, breast, and lung cancer xenografts (Gokmen-Polar et al., 2011; Landen 

et al., 2006; Zhuang et al., 2010). Anti-mouse EphA2 mAb (IF7) delays the course of MLL-

AF9 leukemia when conjugated to 177lutetium (Charmsaz et al., 2015).

Interestingly, afucosylation of the carbohydrate chain in the Fc domain of another anti-

EphA2 mAb (DS-8895a) has been shown to increase the Ab-dependent cellular toxicity 

(ADCC) and inhibit tumor growth in xenograft mouse models for breast and gastric cancers 

(Hasegawa et al., 2016). An antagonistic EphB2 Ab, on the other hand, was shown to inhibit 

the growth of colon carcinoma xenografts only as a conjugate with monomethyl auristatin E, 

an antimitotic agent (Mao et al., 2004). anti-EphB4 mAb’s have also been shown to inhibit 

angiogenesis and tumor growth in xenografted mice (Krasnoperov et al., 2010). Because 

EphB4 is highly expressed in ~30% of acute myeloid leukemia (AML) samples, it can be 

targeted with one of the antibodies (mAb131) (Merchant etal., 2017). By a conjugation with 

Cy5.5, these Ab’s can also be used for non-invasive near-infrared fluorescence imaging 
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where they can potentially not only predict the individual immunotherapy responders, but 

also monitor their therapeutic response (Li et al., 2013).

At least four anti-EphA Ab’s have entered the clinic. One of them, the first Eph-related in-

human clinical trial utilized an Ab-auristatin conjugate, but the trial had to be terminated 

because of unexpected side effects (Annunziata et al., 2013). The other one, developed from 

an agonistic anti-EphA3 mAb (Vearing et al., 2005), is currently undergoing a clinical trial 

to treat various hematological cancers (Janes et al., 2014; Swords et al., 2016). The original 

Ab has been shown to function through damaging the tumor stroma and microvasculature 

and changing the cell morphology (Vail et al., 2014; Vearing et al., 2005), and hence, the 

efficacy of the current Ab in clinical trials might depend on its ability to induce tumor 

apoptosis, cytotoxicity, and vasculature disruption. The current status of these clinical trials 

is summarized in (Lodola et al., 2017).

In addition to the ‘classical’ Ab production system, new technologies for producing 

nanobodies (Fridy et al., 2014) or single-chain (scFv) Ab’s (Hagemeyer et al., 2009; 

Lamminmaki et al., 2015) are expected to gain ground in the near future. These techniques 

can considerably improve the generation of Ab’s against Eph’s, which are usually poorly 

immunogenic due to their extremely high sequence similaritybetween species. Synthetic, 

phage display-based recombinant Ab libraries, on the other hand, can fairly quickly produce 

many human antibodies against freely-chosen antigens. These scFv antibodies not only have 

similar binding affinities and specificities as the conventional Ab’s, but their production 

from bacterial clones, readily expressed in a simple expression system, can potentially 

enhance their use as therapeutics. Indeed, scFv’s have been used e.g. as an anti-EphA2/anti-

CD3 bispecific construct to kill EphA2-expressing tumor cells in vitro and in mice 

(Hammond et al., 2007). Another anti-EphA2 scFv Ab was shown to destroy prostate cancer 

cells, after being converted to a full-length IgG (Ha et al., 2014). Recently, yet another anti-

EphA2 scFv fragment was obtained from a large human synthetic Ab library by a selection 

against the ligand-binding domain of the receptor. This scFv is capable of inducing 

apoptosis in lymphoma and leukemia cells, and structural studies showed that the Ab heavy 

chain is almost entirely responsible for binding to EphA2 (Figure 3) (Goldgur et al., 2014).

The studies summarized above have clearly demonstrated the great potential of using 

fragments or full-length Ab’s as therapeutic agents. A special advantage in using Ab’s is 

their unlimited capacity to be raised against any surface-exposed epitope. Moreover, it is 

fairly straightforward to develop bispecific Ab’s, consisting of two scFv’s (or Fab’s) with a 

flexible linker between, each targeting a different epitope. Such Ab’s can offer a bridge 

between antigens expressed on a tumor and immune cells, thus promoting the recognition of 

tumor cells by the immune system, e.g. by the redirection of cytotoxic T cells (Taki et al., 

2015).

In a rather rare study (Abengozar et al., 2012), the ephrin-B2 ligand, instead of the 

corresponding receptor, was used as a target for antibodies that were shown to suppress 

endothelial cell migration and tube formation. This highlights the potential of developing 

anti-angiogenic antibodies, although the wide expression of both EphB4 and ephrin-B2 in 

the normal human vasculature could nullify their use as therapeutic agents. An anti-ephrin-
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A4 mAb conjugated to the DNA-damaging agent calicheamicin has been shown to cause 

sustained tumor regressions in triple-negative breast and ovarian cancer in vivo (Damelin et 

al., 2015) and is now in a clinical trial.

It is interesting to note that the ephrin-specific antibodies might find applications beyond 

their original intentions because ephrins have been found to be the entry receptors for 

Hendra (HeV) and Nipah (NiV) viruses (Eaton et al., 2006; Eaton et al., 2004; Wang et al., 

2013). Henipa belong to the family of deadly and zoonotic paramyxo viruses having natural 

reservoirs in fruit bats (flying foxes) in the genus Pteropus (Halpin et al., 2011). Both NiV 

and HeV have a unique and very broad host infection tropism, and can cause disease in 

animals and humans, resulting in a systemic and often fatal respiratory and/or neurological 

disease. The most severe pathology is seen in the respiratory system and central nervous 

system (CNS), with a predominance of an acute encephalitis syndrome, ulceration, 

thrombosis, and microinfarction (Ong and Wong, 2015). Therefore, they are recognized as 

important biosecurity agents of concern to human populations and economically important 

livestock, particularly horses and pigs (Broder, 2010; 2013; Field et al., 2012). The 

outbreaks of henipaviruses have very high rates of fatality in people (75-100%) 

(Anonymous, 2013; Homaira et al., 2010; Rahman et al., 2011).

Recent biochemical and structural studies have shed light on the initial receptor recognition 

and cell entry mechanisms of henipaviruses (Field, 2016) (Weatherman et al., 2017). In 

short, HeV and NiV attach and infect cells through the coordinated functions of the receptor-

binding G-protein and the fusion-mediating F-protein on the viral envelope (Bossart et al., 

2013; Dutch, 2010). After ephrin engagement, there’s a conformational or other alteration in 

the G-protein that either releases the F-protein towards a fusion-active state or induces 

conformational changes in the F-protein, eventually leading to membrane fusion (Dutta et 

al., 2016; Steffen et al., 2012).

The head domain structures of both NiV and HeV G-protein have been determined, both 

alone and in complex with their host cell ephrin receptors (Bowden et al., 2008a; Bowden et 

al., 2008b; Colgrave et al., 2011; Steffen et al., 2012; Xu et al., 2012b; Xu et al., 2008). 

Because ephrins have about 40% sequence identity, it’s understandable that all available 

ephrin/G-protein structures are very similar (Bowden et al., 2008a; Xu et al., 2012a; Xu et 

al., 2008). In all of the complexes the binding centers around a hydrophobic area on top of 

the G-protein and the so- called G-H loop of the ephrin. The core of this hydrophobic 

interface is surrounded by more polar area, stabilized mostly by hydrogen bonds (Figure 4) 

(Lee et al., 2015; Porotto et al., 2007). The high-resolution structural studies offer a road-

map for designing special organic molecules, peptides, or protein fragments for inhibiting 

the ephrin/G-protein interaction, thus paving a way for new-generation antiviral agents.

Although Henipa virus epidemics are fairly rare, their exceptionally broad species and 

cellular tropism as well as remarkably high morbidity and mortality rates (sometimes 

approaching 100%), have raised concerns among health professionals. Hence, henipavirus 

therapeutic efforts have gained ground in recent years. Considering the structural 

information available on the henipavirus glycoproteins and their ephrin complexes, it is clear 

that the G and the F glycoproteins are the major antigenic targets of the virus-neutralizing 
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antibody response in infected animals and are presently the most important targets of 

antiviral strategies aimed at blocking infection (Broder et al., 2012). In addition, ephrin-

specific Ab’s should in the future be studied for their anti-viral activities. Despite the lack of 

licensed treatment against henipa viruses in humans, a post-infection treatment by a human 

monoclonal antibody (mAb) has been shown to be effective against virus infection. The 

cross-reactivity of this mAb (m102.4) can now be explained by the crystal structure of a 

complex between the henipa G protein and the neutralizing m102.4, isolated from a 

recombinant naïve human phage-display Fab library (Zhu et al., 2008). Importantly, the 

epitope of m102.4 maps to the ephrin-binding site of the virus. All African green monkeys 

and ferrets treated with the antibody survived viral infection, while the untreated animals 

succumbed to severe systemic disease (Bossart et al., 2011; Bossart et al., 2009). Moreover, 

three human individuals, potentially infected by HeV, have received m102.4 on a 

compassionate basis and none have developed detectable HeV infection (Broder et al., 

2013). A monoclonal antibody (m102.3), identical to m102.4 except for a few amino acid 

changes in its light chain distant from the CDRs, has been crystallized in complex with HeV 

G (Xu et al., 2013a). If this mAb can effectively serve as ‘ephrin’, it suggests that the 

neutralization activity is based on an effective binding to the virus and triggering an 

irreversible fusion cascade. When this occurs without attachment to a cell, it effectively 

defuses and neutralizes the virus.

C) Regulation of Eph/ephrin signaling by ADAM-proteases

Upon cell-cell contact, the Eph receptors and their ephrin ligands form heterotetramers that 

are further assembled into large signaling clusters between the interacting cells (Wimmer-

Kleikamp et al., 2004). The resulting multivalent interaction needs to be broken to terminate 

signaling and ensure cell-cell repulsion. It has been now established that ADAM10 and other 

members of the ADAM family play a major role in the regulation of signaling by Eph and 

ephrins (Figure 5). An elegant study (Hattori et al., 2000) has demonstrated a general 

mechanism, according to which ligand- and receptor-expressing cell interaction is followed 

by ADAM 10 activation and the cleavage of Eph-bound ephrins from the cell surface, 

allowing ligand-receptor complex to be internalized and degraded inside the receptor-

expressing cell. Ephrin-A2 was shown to be cleaved by ADAM10 and the cleavage was 

proposed to occur in cis (within the same cell membrane harboring both the ADAM 

proteinase and the substrate). Ephrin-A2 was found to be associated with ADAM10 via non-

catalytic regions and ephrin cleavage was facilitated by binding to its receptor, EphA3.

The mechanistic insight into the recognition and cleavage of Eph-associated ephrins from 

the opposing cell has been illustrated by the structure-function studies of ADAM10 in the 

context of EphA3/ephrin-A5 signaling (Janes et al., 2005). Crystal structure of the ADAM10 

disintegrin (D) and cysteine-rich (C) domains, along with functional studies, defined a 

substrate-recognition module that associates with the EphA3/ephrin-A5 complex. Prior to 

cell-cell contact, ADAM10 is constitutively associated with EphA3 to ensure its close 

proximity to potential substrates. Cell-cell contact mediated by the high-affinity EphA3/

ephrin-A5 complex creates a new molecular recognition motif to which ADAM10 binds via 

its C-domain. The ADAM D-domain, which forms a continuous rigid structure with the C-

domain, positions the metalloprotease (MP) domain to cleave the stem–region of ephrin-A5 
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from the opposing cell (in trans). Consequently, the molecular tethers between opposing 

cells surfaces are disrupted and the EphA3/ephrin-A5 complex is internalized. In addition to 

ephrin-As, ADAM10 also binds and cleaves ephrin-B2 during Xenopus embryogenesis, an 

interaction mediated by flotillin-1 (Ji et al., 2014).

Other ADAM family members are also known to play a role in Eph signaling. For instance, 

ADAM12 binds to EphA1 and enhances shedding of ephrin-A1 in trans in response to 

transforming growth factor β1 in primary tumors. This results in lung hyperpermeability 

leading to lung metastasis (Ieguchi et al., 2014). Likewise, ephrin-B1 and ephrin-B2 are 

known to be cleaved by ADAM13 during cranial/trunk neural crest migration in cells and 

embryos (Wei et al., 2010). Shedding by ADAM10 provides an essential switch (Hattori et 

al., 2000; Janes et al., 2005) regulating the function of Eph receptors (Boyd and Lackmann, 

2001; Pasquale, 2005; Poliakov et al., 2004) by cleaving their ephrin ligands (Janes et al., 

2005). Studies have elucidated the involvement of ADAM10 in EGFR signaling triggered by 

EphA2 and ephrin-A1-mediated cell-cell contact, a process that controls tissue homeostasis 

and wound healing in epithelial barrier tissues like cornea (Kaplan et al., 2018). Recent 

studies have also unfolded the importance of ADAM10 as a major sheddase of ephrin-B2 in 

fibroblasts. It has been shown that the transforming growth factor (TGF) β1 elevates the 

expression of ADAM10, which in turns sheds ephrin-B2 in myofibroblasts. Inhibition of 

ADAM10 by the small molecule inhibitor GI254023X decreases the shedding of ephrin-B2 

and prevents lung fibrosis in mice (Lagares et al., 2017). This raises the possibility of 

targeting ephrin-B2, its receptors EphB3 and EphB4, as well as ADAM10 as therapeutic 

targets in the treatment of fibrosis.

Other proteases such as matrix metalloproteinases MMP-2 and MMP-9 are known to cleave 

the EphB2 receptor and this cleavage is induced by interaction with its ligand ephrin-B2 

(Lin et al., 2008). Also, the proteolytically active complex comprising of tissue factor/serine 

protease factor VIIa, (TF/FVIIa) cleaves the EphB2 receptor and this causes EphB2 

dependent repulsion by its ligand ephrin-B1 (Eriksson et al., 2014). Consequently, the 

molecular tethers between the receptor EphB2 and its ligand ephrin-B1 or ephrin-B2 are 

severed, causing cell-cell repulsion and signal termination. Likewise, the dynamics of 

EphB2/NMDA receptor interaction, critical for stress-related plasticity in the amygdala, is 

regulated by a serine protease neuropsin. In mouse models, it has been elegantly 

demonstrated that stress causes neuropsin to cleave EphB2, resulting in the dissociation of 

EphB2 from the NR1 subunit of the NMDA. This is essential for membrane turnover of 

EphB2 (Attwood et al., 2011).

A dysregulation of ectodomain shedding by the ADAM proteases can lead to 

neurodegeneration, autoimmune and inflammatory diseases, cardiovascular diseases, and 

cancer (Drag and Salvesen, 2010; Turk, 2006). For instance, ADAM10-mediated shedding 

of cadherins (Solanas et al., 2011) and ephrins (Janes et al., 2005) regulate tumor 

development and metastasis (Adams, 2003; Brantley-Sieders and Chen, 2004; Nievergall et 

al., 2012; Wimmer-Kleikamp and Lackmann, 2005). To that end, significant efforts have 

been made to develop ADAM metalloprotease inhibitors, targeting the protease catalytic 

site. However, until now, all clinical trials using broad-spectrum metalloprotease inhibitors 

have failed (DasGupta et al., 2009; Moss and Lambert, 2002; Saftig and Reiss, 2011). The 
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lack of efficacy and specificity of the inhibitors is due to the fact that (i) the MP domain of 

the ADAMs is similar to that of the matrix metalloproteinases (MMP) and (ii) the substrate-

specificity is conferred by non-catalytic interactions between substrate and, most often, the 

C-domain of ADAMs (Janes et al., 2005; Levy et al., 2005; Reddy et al., 2000). As a logical 

alternative, antibodies raised against the ectodomain, or more specifically, the non-catalytic 

domains (D or C) of ADAM can serve as potential tools for therapeutic intervention. In cell-

based studies with breast cancer cell-lines, polyclonal antibodies to ADAM15 and ADAM17 

significantly reduce proliferation of the cell lines (Lendeckel et al., 2005).

In the context of Eph/ephrin signaling, another therapeutic antibody approach has made 

significant headway (Atapattu et al., 2012). Monoclonal antibodies (mAb’s) were raised 

against the substrate-binding domain of ADAM10 and one of the mAb’s, 8C7, was found to 

block ephrin cleavage and internalization (Figure 6). It also inhibits phosphorylation of the 

Eph receptor, which leads to the onset of biological responses. Consequently Eph/ephrin-

mediated cell repulsion and cell segregation was abrogated. Additionally, in stripe assays it 

inhibited the repulsion of cells mediated by EphB2 and ephrin-A5 (Atapattu et al., 2012). 

The inhibitory effect of the mAb toward EphB2-mediated ephrin shedding is in conformity 

with the report that ADAM10 interacts with EphB (Solanas et al., 2011) and demonstrates 

the efficacy of the mAb 8C7 in blocking ADAM10-mediated biological response of both 

Eph subtypes (Atapattu et al., 2012).

Future prospects

The availability of large and ever-growing amount of sequencing data from healthy 

individuals and patients with various diseases provides a great opportunity to study the 

molecular mechanisms of Eph signaling. Particularly, critical analysis of disease-related 

mutations in the Eph receptors offers a way to evaluate the precise role and functional 

importance of the various (Eph-ephrin and Eph-Eph) protein-protein interactions and 

interfaces for receptor activation and initiation of downstream signaling. Importantly, the 

genomic data can reveal previously unrecognized or under-appreciated function-altering 

sites in the Eph receptors that can be studied at the mechanistic level. These studies are 

expected to advance our understanding of the basic molecular mechanisms underlying Eph/

ephrin-mediated signaling and will illuminate how the genetic alterations destabilize normal 

cellular processes, leading to new therapeutic possibilities (Stewart et al., 2017). For 

example, previous structural studies have identified Eph receptor “hot spots”, and many 

mutations in various cancer types are found at these sites (http://www.cbioportal.org/; 

(Cerami et al., 2012; Gao et al., 2013). The use of genomic/proteomic databases will be in 

future the main theme of the ‘precision cancer medicine’ and other personalized medicine or 

‘targeted therapeutics’ developments (Cheng et al., 2015; Sirintrapun et al., 2015). This new 

approach should enable us to identify individual’s susceptibility to disease, predict how a 

given patient will respond to a particular drug, and match patients with the right therapeutics 

(Gymrek and Erlich, 2011; Hood et al., 2012). This new science of personalized medicine 

has the potential to eliminate unnecessary treatments, reduce the incidence of adverse 

reactions to drugs, increase the efficacy of treatments and ultimately, improve health 

outcomes.
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As mentioned above, Eph’s have two types of surface regions/protein-protein interfaces that 

control their function. The first type is directly responsible for Eph-ephrin ligand/receptor 

recognition and binding (Interface-1), while the second type includes two distinct surfaces 

(Interface-2 and -3) that mediate Eph-Eph clustering interactions (Nikolov et al., 2013; 

2014). The genetic alleles identified in the latter (Eph-Eph interface) regions are particularly 

interesting for future drug development because they alter functions that have been 

previously unappreciated in Eph signaling and tumorigenesis. Structural studies have shown 

that Interface-2 is the Eph/Eph interface that mediates the formation of Eph/ephrin clusters 

upon ligand binding. Interface-3, on the other hand, is the Eph/Eph pre-clustering interface, 

which mediates Eph-Eph interactions (and receptor pre-clustering) on the cell surface prior 

to ligand binding. Once a mutation – expected to have a major impact for receptor function – 

is identified, its significance for e.g. cluster formation dynamics or cluster size can be 

evaluated using live imaging. Further down the line, a medication targeted specifically 

against the mutated residue or the surrounding surface interface can be developed. 

Interestingly, recent structural studies have shown how the un-liganded Eph receptor can, 

unexpectedly, form head-to-tail homotypic complexes (Nikolov et al., 2014; Xu et al., 

2013b). Specifically, the ligand-binding domain of one Eph ectodomain is associated with 

the second fibronectin domain of the neighboring receptor. These interactions are likely a 

way for the cell to introduce subtle changes into the Eph/ephrin signaling process. Indeed, in 

some cases the pre-clustering interactions are inhibitory, while in others they appear to 

promote signaling. Future studies on the mutations in this and the other two interfaces 

should be designed based on the available genomic data. Such an approach will be extremely 

informative because the information within the genetic databases provides an ideal tool 

allowing functional and mechanistic characterization of the Eph clustering and pre-

clustering events.
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Highlights

1. Eph receptors have emerged as exciting targets for drug development

2. 3-D structures of Eph/ephrin provide information for therapeutic intervention

3. Small molecules and antibodies can intervene with Eph/ephrin signaling

4. ADAM metalloproteinases can be inhibited to block Eph activation
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Figure 1: 
Schematic representation of the Eph receptors and their ephrin (efn) ligands. Ephrin-A is 

shown in red, ephrin-B in light brown, EphA receptor in cyan, and EphB receptor in blue. 

The A class ligands are attached to the cell membrane by a glycosylphosphatidylinositol 

(GPI) linkage and bind nearly exclusively the A class receptors. On the other hand, the B 

ligands that bind almost exclusively the B class receptors, contain a transmembrane stretch 

and a small cytoplasmic domain. The overall structures of the EphA and the EphB receptors 

are very similar. The ectodomain forms a fairly rigid, rod-like structure that undergoes 

minimal conformational change upon activation. Ligand binding causes a clustering of the 
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Eph receptors, leading to the opening of an activation loop, and a subsequent tyrosine 

phosphorylation (shown in green) of the kinase domain. SAM domain offers a docking 

surface for downstream signaling and is reported to be involved in receptor oligomerization 

(Shi et al., 2017). RBD, Receptor-Binding Domain; LBD, Ligand-Binding Domain; CRD, 

Cysteine-Rich Domain; FN, Fibronectin III domain; Y-P, Phospho-Tyrosine; SAM, Sterile 

Alpha Motif.
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Figure 2. 
Ligand-Binding Domain (LBD) of the EphB4 receptor (in blue) in complex with an 

antagonistic peptide, TNYL-RAW (in cyan) (Chrencik et al., 2006). LBD has a jellyroll 

folding topology with 13 antiparallel B-sheets connected by several loops of varying lengths. 

Binding of TNYL-RAW makes the fairly flexible D-E and J-K loops more structured and 

they can be visualized in the electron density map.
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Figure 3. 
Crystal structure of an anti-EphA2 scFv Ab in complex with the ligand-binding domain of 

EphA2. The scFv variable light chain is pink, the variable heavy chain is red, and the EphA2 

receptor is cyan. A long loop of the D2 heavy chain penetrates a hydrophobic surface cavity 

of the EphA2 in a way very similar to Ephrin binding to Eph.
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Figure 4. 
Crystal structure of the Nipah virus G protein in complex with ephrin-B3. G protein is 

shown in yellow and Ephrin in red. The main binding interfaces appear around a long G-H 

loop of Ephrin and the central cavity of the G protein beta-propeller. The same surface 

elements of Ephrin are involved in both Eph and Nipah G binding.
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Figure 5. 
Domain organization of transmembrane ADAM metalloproteases. ADAMs contain a 

prodomain that is cleaved upon maturation. The metalloprotease (MP) harbors the active 

site. The disintegrin (D) and cysteine–rich domains are primarily responsible for substrate-

recognition. The epidermal growth factor (EGF)-like domain is absent in ADAM10 and 

ADAM17. The EGF domain is followed by the transmembrane domain and a cytoplasmic 

tail.
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Figure 6. 
Crystal structure of mAb/8C7-bound ADAM10. The heavy chain of the 8C7 mAb is in 

green and the light in wheat. The D+C domains of ADAM10 are represented in red.
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Table 1:

Summary of the proteases discussed in the context of Eph-ephrin signaling and their targets

Protease Target

ADAM10 ephrin-A2, ephrin-A5, ephrin-B2

ADAM12 ephrin-A1

ADAM13 ephrin-B1, ephrin-B2

MMP-2/MMP-9 EphB2

Tissue Factor/ serine protease factor VIIa EphB2
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