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Theocharis

Pancreatic ductal adenocarcinoma (PDAC) is a major concern for health care systems worldwide, since its

mortality remains unaltered despite the surge in cutting-edge science. The EPH/ephrin signaling system was first

investigated in the 1980s. EPH/ephrins have been shown to exert bidirectional signaling and cell-to-cell

communication, influencing cellular morphology, adhesion, migration and invasion. 
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1. The EPH/Ephrin System in Pancreatic Embryology and
Physiology

The EPH/ephrin system has been associated with numerous processes involving the embryologic integration of the

pancreatic parenchyma and the positioning of the islets of Langerhans , which represent a major endocrine

component in the regulation of insulin secretion . Transcriptomic analyses of the main exocrine and endocrine

pancreatic cells demonstrated that the sophistication of the system is determined by compounded heterotypic

cellular interactions. The EPH/ephrin system, in tandem with 7-Transmembrane receptors (7-TM receptors) and

ligands from the TGF-b class, compose the main regulators of the heterotypic synergy among the aforementioned

cellular compartments . The alpha and beta endocrine cellular populations are characterized by the

overexpression of EFNA5 and EFNB3, while EFNA1 and EFNB2 predominate in the small and large ducts and

acinar cells. A more in-depth presentation of those interactions has been given elsewhere, and this goes beyond

the scope of our manuscript . Class B of the EPH/ephrins orchestrate the pancreatic morphogenesis. They

appear earlier than class A molecules, at embryonic day 12.5, and regulate the alignment of the pancreatic

epithelium, branching and lumen formation. The interplay among the epithelium-expressed EPHB2 and EPHB3

and their concomitant ligands in the pancreatic arteries and mesenchyme  mediates the expression of several

cell adherence molecules, such as junctional b-catenin and E-cadherin . Roughly, EPHB3 comprises the only

EPH/ephrin molecule that is expressed in mesoderm. Its interplay with the endodermal ephrin-B1 guides the

formation of the extrahepatic bile duct, the gallbladder and the common bile duct. The EPHB3-EPHB4 interaction

contributes to gallbladder formation, the EPHB3-ephrinB2 regulates the development of the gallbladder and

common bile duct and the EPHB3-EPHB3 in the endoderm directs the composition of the extrapancreatic duct .

Since pancreatic morphogenesis emerges as a summation of consecutive processes, e.g., the arrangement of the

epithelium into distinct layers, the periodic loss of apical–basal polarity and epithelial tubule reconstruction, it is
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highly dependent on EPHB signaling. Contrarily, several findings have suggested that the class A EPH/ephrins

comprise a central regulator of insulin secretion. It is well-established that the metabolism of glucose in β-cells

stimulates basal insulin secretion , while the interactions between β-cells shape insulin secretion in response to

glucose . This process is essential to achieving the suppression of insulin secretion during starvation and

adequate amounts of insulin during feeding . Presently, it is common knowledge that blood glucose levels

regulate insulin secretion, exerting their effects on class A EPH/ephrins. At high glucose levels, the

dephosphorylation of EPHA5 by protein tyrosine phosphatases (PTPs) suppresses the EPH forward signaling. The

unopposed ephrin-A5 backward signaling results in insulin secretion. On the other hand, at low glucose

concentrations, the forward signaling outweighs the reverse signaling, inhibiting the insulin secretion. Insulin

secretion could result either from the suppression of EPHA signaling or from the enhancement of ephrin-A reverse

signaling . Analogously, in α-cells, the enhancement of EPHA4 forward signaling suppresses the glucagon

secretion . All of the above indicate that the shaping of pancreatic morphology and physiology are

interconnected and the EPH/ephrin system exerts major influence on their configuration.

2. The EPH/Ephrin System in PDAC—Preclinical Data

EPHA2 and EPHA4 are the most important targets in the field of PDAC translational research . EPHA2 has

attracted the attention of the research community due to its involvement in tumor capillary formation . Despite

the fact that the initial attempts to target EPHA2 in order to enhance the specificity of adenoviral vectors were not

fruitful , the development of EPHA2-specific antibody agonists and ephrinA1 antagonists suppressed tumor

growth and metastatic disease, inhibiting angiogenesis in mice with orthotopical transplantation of MiaPaCa2 cells

. In their groundbreaking study, Markosyan et al. analytically investigated the role of EPHA2 in PDAC . The

CRIPSR-Cas9-mediated generation of Epha2-KO congenic mice by 6419c5 and 6694c2 cell lines, which have low

T-cell infiltration levels, exhibited substantially modified immune microenvironment in comparison with the wild-type

cell lines. They documented, in Epha2-KO tumors, enhanced infiltrates of CD4 + and CD8 + T-cells, with

diminished presence of myeloid and myeloid-derived suppressor cells (MDSCs) and unaltered numbers of antigen-

presenting cells, such as macrophages and dendritic cells. The therapeutic combination of gemcitabine, nab-

paclitaxel, anti-CD40 agonists, anti–CTLA-4 and anti–PD1-1 in EPHA2-KO tumors achieved results that were more

efficacious than those for EPHA2-wild-type tumors, but comparable with those for high T-cell-infiltrating ones.

Altogether, the above strongly suggest that EPHA2 exerts modifying properties over the immune tumor

microenvironment (TME) . A series of sophisticated experiments unfolded the existence of the EPHA2/TGF-

β/PTGS2 pathway. The prostaglandin endoperoxide synthase 2 (PTGS2) gene encodes the cyclooxygenase-2

(COX-2). The tumor-accelerating properties of PTGS2 are owed to its efficacy in activating downstream signaling

pathways such as the RAS , PI3K/AKT  and ERK . The identification of this pathway could offer novel

therapeutic avenues in the medical management of PDAC, since the COX-2 inhibition could sensitize PDAC to

immunotherapy . Finally, there is an auspicious perspective that the utilization of EPHA2 as a surface marker to

increase the sensitivity of exosomal collection and assortment will provide an invaluable source of clinical data .

Recent evidence implicated ephrin-A5 in the development of fibrotic stroma . Nakajima et al. documented a

significant reduction in collagen density (type I, III and IV collagen) upon exposure to neoadjuvant therapy (NAT). In
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human-derived PDAC cell cultures, it was evident that ephrin-A5 signaling regulated the expression of several

genes implicated in collagen synthesis. Collectively, NAT inhibited the expression of CAFs, shaping the PDAC

microenvironment, and indirectly inhibited PDAC cells, reducing the fibrotic stroma through EFNA5 downregulation

.

EPHB4/ephrin-B2 is signaling pathway which has been the studied in the most depth with regard to the class B

EPH/ephrin system . Initial studies reported that soluble EPHB4 blockers, inhibiting the ephrin-B2 forward

signaling in venous endothelial cells and the backward signaling in the arterial endothelium, diminish tumor growth.

This became more evident with additional Dll4/Notch inhibition . Aside from its effects on angiogenesis, ephrinB2

signaling influences cellular proliferation and migration, exerting its impact on the cell cycle and epithelial–

mesenchymal transition (EMT). In more detail, Zhu et al. demonstrated that the EFNB2 knockdown upregulates

p53, inducing a fixation in the G0/G1 phase and cell cycle arrest. In parallel, an upward trend occurred in E-

cadherin expression with a concomitant downregulation of vimentin, which are decidedly suggestive of an influence

of ephrin-B2 signaling on cellular invasion through EMT regulation . EPHB4 suggests an attractive cytotoxic

target in PDAC. In vivo data from orthotopic xenografts showed enhanced tumor growth retardation with the

addition of EPHB4 inhibition in combination with gemcitabine . Furthermore, data associating the

EPHB4/ephrinB2 signaling with the modulation of PDAC ΤΜΕ have begun to emerge . Radiotherapy (RT)

induces immune infiltration, attracting both anti-tumorigenic (effector T-cells and interferon I signaling activation)

and pro-tumorigenic (regulatory T-cells (Tregs), tumor-associated macrophages (TAMs) and myeloid-derived

suppressor cells (MDSCs) cellular populations . Lennon et al. documented, both in vitro and in vivo, that the

inhibition of EPHB4/ephrin-B2 signaling in conjunction with RT shifts the balance towards the anti-tumor

responses, reducing PDAC tumor growth and limiting the fibrotic response . This could have major clinical

applications in the therapeutic management of PDAC. The above are briefly illustrated in Figure 1.
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Figure 1. Basic mechanisms influenced by the EPH/ephrin system: (A) RT, EPHA2 and EPHB4/ephrin-B2 shape

the immune cellular population of TME. (B) EPHA2/ephrin-A1 influences the metastatic potential of cancer cells.

(C) Ephrin-B2 regulates G0/G1 cell cycle transition. (D) EPHA2/ephrin-A1 induce tumor growth. Created with

BioRender.com.

3. The EPH/Ephrin System in PDAC—Clinical Data

The significance of the EPH/ephrin system for PDAC became conceivable due to its overexpression in a multitude

of studies . EPHA2 is the most clinically relevant member of class A EPH/ephrin signaling. Despite the

fact that the earliest references in the literature were restrained regarding its role in PDAC carcinogenesis, only

documenting association with patients’ age , data concerning its actual impact have begun to emerge .

Van den Broecket et al. reported that EPHA2 has been overexpressed in PDAC, with unfavorable clinical outcomes

. The above finding is in accordance with a clinical study by Nakajima et al., which documented that EPHA2 was

expressed in the vast majority of PDAC cases with variable density. EPHA2 was stained principally in the cancer

cells and, to a lesser extent, in CAFs. An association with a more invasive tumor phenotype was also documented

. Markosyan et al. confirmed via human clinical samples that the EPH/ephrin system is one of the most

ubiquitously expressed signaling pathways in T cell noninflamed PDAC, with EPHA2 being the principally

expressed gene. The expression of CD8A, CD3, PRF1 and GZMB mRNA levels exhibits a negative association

with EPHA2, which collectively suggests that the EPHA2 possesses immune-modifying properties .

EPHA2 also displays clinical usefulness as a biomarker; Koshikawa et al. documented an 89.0% sensitivity and

90.0% specificity of soluble EPHA2 fragments in PDAC diagnosis, in opposition with the respective 88.9% and
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72.0% of the Ca19-9 . Wei et al. suggested that the combination of serum exosomal EPHA2 with Ca19-9 could

potently distinguish early-stage pancreatic cancer (stage I, II) from benign pancreatic disease . The above could

reshape the diagnostic management of pancreatic cancer, constituting useful alternatives for population

screenings. Finally, monoclonal antibodies against EPHA2 are under clinical investigation without evidences of

dose-limiting toxicity or adverse events .

Regarding the class B EPH/ephrin system, its importance has been also recognized in human clinical studies. The

EPHB4 and ephrin-B2 overexpression shape, in conjunction with several other genes, a more malignant clinical

phenotype , which is partially parallel to the fact that ephrin-B2′s expression correlates with the TNM

Classification of Malignant Tumors (TNM) staging . Ephrin-B2 seems to possess a predictive capacity for

patients with a PDAC prognosis who respond to therapy . Analogously, Lu et al. demonstrated that the

overexpression of EPHB2 and ephrin-B2 clinically correlated with more aggressive PDAC behavior, as well as with

abdominal and back pain . In a recent phosphoproteomics analysis, which mirrored the activation of a multitude

of signaling pathways, Renuse et al. reported the existence of 709 proteins with, overall, 1199 loci. EPHB4 in

parallel with EPHA2 were identified as the molecules with the most kinase-regulating sites among the EPH/ephrin

system . The above points are summarized in Table 1.

Table 1. Published clinical data regarding the EPH/ephrin signaling system.
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EPH/Ephrin Study Material Result References

EPHA1/A2/A4/A5/A7 Neoplastic tissue

EPHA1 staining intensity was significantly
associated with

Ki67 expression

pathologic staging

EPHA2 Neoplastic tissue
EPHA2 was associated with poor outcome and

aggressive disease

EPHA2
Soluble EPHA2

fragments
May be applicable as a diagnostic biomarker

EPHA2 Neoplastic tissue
The expression of EPHA2 was inversely correlated

with the degree of T cell infiltration in PDAC

EPHA2 PC patients
Dasatinib (inhibition of EPHA2) did not show clinical

activity in metastatic PDAC

EPHA4 Neoplastic tissue
EPHA4 positivity was associated with lower overall

survival

EPHB2/ephrin-B2 Neoplastic tissue Overexpression of EPHB2 and ephrin-B2 was
associated with:

histologic differentiation
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Despite the fact that the above findings may not be urgently transferable to clinical practice, several clinical trials in

humans have begun to emerge . To date, EPHA2 has been the only targeted molecule. Shitara et al.

utilized DS-8895a, a humanized IgG1 EPHA2-targeting antibody with the capacity to augment antibody-dependent

cellular cytotoxicity, in a phase I study. They demonstrated its safety at the doses utilized, as well as the activation

of NK cells . Regardless of the limited drug uptake from normal tissue, further clinical studies did not succeed

due to poor biodistribution results . Two more Phase I clinical studies including PDAC patients are currently

recruiting. Weston et al. are currently investigating the effects of siRNA-EPHA2 in tumor metabolism and perfusion,

utilizing diffusion weighted MRI and 18FDG-PET , while Huang et al. explored the efficacy of EPHA2-specific

taxane-loaded immunoliposomes .
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