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ABSTRACT 

Formation of blood vessels is required for development, growth and healing. Although quiescent, endothelial 

cells (ECs) store a potent proliferative and invasive potential that, upon the appropriate stimuli, is unleashed 

and gives rise to neovascularization phenomena.  

Disease progression of cancer and neovascular age-related macular degeneration (nAMD) strongly depends 

on angiogenesis. In cancer, tumor cells are able to stimulate ECs to become angiogenic and form new blood 

vessels that allow them to fulfill their tendency to grow and escape the site of the primary tumor. In nAMD, 

instead, inflammation and drusen deposition induce a strong damage to the retinal pigment epithelium 

(RPE), which in response to the damage triggers abnormal vessel formation that directly causes disease 

progression and consequent vision loss. In light of the role that angiogenesis plays in these diseases, 

targeting blood vessels with anti-angiogenic drugs has always been an appealing concept. However, due to 

the partial failure of anti-angiogenic therapies in the treatment of such diseases, it has become crucial to find 

alternative strategies that rely on targeting new molecules in a way to show great efficacy with minimal toxic 

effects.  

CD93 is a transmembrane glycoprotein that has been shown to have a prevalent role in controlling EC 

function, such as cell adhesion and migration. In this work, we investigated the molecular pathways behind 

the function of CD93 as regulator of EC adhesion and migration, showing that CD93 regulates actin 

dynamics via the small GTPases Rac1, Cdc42 and RhoA in a signaling axis triggered by its phosphorylation 

and interaction with Cbl phosphorylated on tyrosine 774. We also gained insights on the functional transport 

of CD93 during adhesion and migration, demonstrating that it is regulated by both its cytoplasmic domain 

and the Rab5C-dependent early endosome pathway. Importantly, we showed that CD93 is retrieved from and 

recycled back to the plasma membrane together with its interacting partners Multimerin-2 (MMRN2) and β1 

integrin. Due to the relevant role played by the CD93/MMRN2 interaction in controlling EC function, we 

tested the potential of inhibiting it, by means of a monoclonal antibody, in ex vivo human models of nAMD. 

Finally, for the first time we characterized a CD93 dimeric form in ECs, showing that the CD93 dimer 

strongly binds to MMRN2, and setup the expression of a soluble recombinant CD93 comprising the CTLD 

and sushi domains for further protein crystallization and structural analyses.   
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1 INTRODUCTION 

1.1 Angiogenesis and molecular regulation of vessel sprouting 

An ancestor of the modern vascular system has evolved as early as 600 million years ago when the first 

triploblastic organism set foot on earth, a phenomenon that allowed species to overcome the constraint of 

diffusion (Monahan-Earley et al., 2013). The vascular system forms during development by progenitor 

endothelial cells (ECs) (angioblasts) by a phenomenon termed vasculogenesis, which leads to the formation 

of “blood islands”. The mature vascular bed consists of a hierarchically organized intertwining of veins, 

venules, capillaries, arterioles, and arteries which continuously remodels in order to respond to oxygen and 

nourishment demand (Herbert and Stainier, 2011). Such remodeling process is called angiogenesis. 

Differently from vasculogenesis, which is the de novo formation of blood vessels, angiogenesis (classified in 

sprouting and intussusceptive) is instead the process by which new blood vessels are formed by pre-existing 

ones (Carmeliet, 2003). In sprouting angiogenesis, ECs bud from a parental vessel to form a new branch of 

the network (Adams and Alitalo, 2007; Herbert and Stainier, 2011). To properly exert their physiological 

function, blood vessels need to be stable and quiescent. However, when a sprouting event is needed, this 

process must be tightly regulated, because it requires a strong stimulation that drives differentiation, 

proliferation, and motility of ECs, which destabilize the vessel structure. Hypoxia is the leading stimulus of 

sprouting angiogenesis and triggers the expression and exocytosis of pro-angiogenic molecules by stromal 

cells. The Hypoxia Inducible Factor (HIF) 1 consists of one α and one β subunit and acts as an O2 sensor 

allowing tissues to respond to low oxygen tensions. Indeed, when O2 levels are low, the HIF-1α subunit 

accumulates into the cytosol and subsequently enters the nucleus, where it interacts with the HIF-1β subunit 

thus starting the transcription of numerous pro-angiogenic genes (Zimna and Kurpisz, 2015). One of the 

genes regulated by HIF-1, and probably the strongest inducer of angiogenesis known so far, is the Vascular 

Endothelial Growth Factor A (VEGFA) (Zimna and Kurpisz, 2015). VEGFA, along with other soluble 

factors such as: Fibroblast Growth Factor (FGF) 1, FGF2 and FGF4, angiopoietins (1 and 2) and Platelet 

Derived Growth Factor (PDGF), triggers EC sprouting (Otrock et al., 2007). VEGFA exerts its activity by 

binding the cognate receptor VEGF receptor (VEGFR) 2 expressed on the EC surface. VEGFR2 is a 

transmembrane tyrosine kinase receptor which dimerizes and autophosphorylates upon VEGFA binding, 

thus starting a signaling cascade that culminates in EC proliferation, tube formation and chemotaxis (Herbert 

and Stainier, 2011; Otrock et al., 2007). ECs that experience the VEGFA-VEGFR2 signaling become tip 

cells (TC) and acquire a motile and invasive phenotype (Gerhardt et al., 2003). TCs lose their pericyte 

coverage, degrade the extracellular matrix (ECM) and extend pro-migratory filopodia and lamellipodia, 

which allow them to sprout out the parental vessel and probe the microenvironment, therefore becoming the 

lead of the nascent vessel (De Smet et al., 2009; Herbert and Stainier, 2011). Surrounding cues have a dual 

nature, they are both biochemical and mechanical. Soluble cytokines, such as VEGFA, bind their receptor on 

the TC surface inducing downstream signaling events, in terms of protein post-translational modifications, 

important for TC motility and chemotaxis. On the other hand, mechanical cues due to matrix composition 
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and stiffness are physically sensed by the TC through a paraphernalia of mechanoreceptors among which 

integrin α5β1 and αvβ3 have shown to play crucial roles in EC-ECM interaction during angiogenesis (De 

Smet et al., 2009; Neve et al., 2014). Integrins are connected directly to the actin cytoskeleton by a series of 

adaptor proteins and convert mechanical cues in signaling events that result in either elongation or retraction 

of the TC (Harburger and Calderwood, 2009). A clear example of such signaling dualism is the cooperation 

between integrin αvβ3 and VEGFR2, which is regulated by matrix composition and VEGFR2 stimulation, 

and acts synergistically to promote EC adhesion, migration, and proliferation (Mahabeleshwar et al., 2007; 

Plow et al., 2000; Somanath et al., 2009). Importantly, the activation of the small GTPases, Rac1, RhoA and 

Cdc42, essential for filopodia and lamellipodia formation, is regulated by both the VEGFA and integrin 

signaling triggered upon integrin engagement of the ECM (De Smet et al., 2009; Harburger and Calderwood, 

2009). Moreover, Rac1, RhoA and Cdc42 are critical orchestrators in the establishment of TC shape and 

polarity during the sprouting event (De Smet et al., 2009; Merajver and Usmani, 2005, 2005). While TCs 

lead the sprout, specialized ECs, termed stalk cells (SCs) trail behind them and allow sprout elongation. 

Differently from TCs, SCs do not assume an invasive phenotype, but, instead, proliferate, lay down the ECM 

and form the lumen (De Smet et al., 2009). The balance between TC and SC fate is based on Notch 

signaling. Indeed, VEGFA stimulation of VEGFR2 in the TC induces the expression of Delta-Like-4 

(DLL4), a juxtracrine binding partner of Notch, whose expression is high in SCs (Herbert and Stainier, 

2011). The binding of DLL4 to Notch triggers Notch cleavage and the release of the Notch Intracellular 

Domain (NICD) into the nucleus of SCs where it inhibits VEGFR2 expression and induces the expression of 

VEGFR1, a decoy receptor which sequestrates VEGFA preventing VEGFR2 signaling (De Smet et al., 

2009). To form a new connection, TCs need to switch their motile and explorative phenotype when they 

meet their target, which is usually a TC from another sprout or a capillary. Next, the TC and the target 

establish stable cell to cell junctions at the joining point, stabilizing the new forming vessel. Moreover, the 

release of PDGFB from both TCs and SCs allows the recruitment of pericytes, which express high levels of 

PDGF receptor (PDGFR) β. Pericyte recruitment, together with matrix deposition, promote vessel maturation 

and quiescence (Herbert and Stainier, 2011). Finally, lumen formation occurs in the cytoplasm of SCs by 

fusion of large vacuoles. This allows perfusion of the newborn blood vessel which by itself promotes 

maturation processes such as pericyte attachment, ECM deposition and stabilization of cell junctions (Adams 

and Alitalo, 2007; Herbert and Stainier, 2011).  
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1.2 Angiogenesis in disease  

Beside oxygen transport, blood vessels deliver hormones, growth factors, neurotransmitters and cells of the 

immune system (Filipowska et al., 2017; Pober and Tellides, 2012). Therefore, the vascular network is a 

must in development, growth, endocrine communication, and immunity and it is not surprising that a 

dysfunction in the vascular system may itself cause or exacerbate pathologies. Defects in the angiogenic 

mechanisms that culminate in insufficient angiogenesis or in an exaggerate vessel regression cause 

pathologies in different organs including lungs, kidneys, bones, the nervous system, the gastrointestinal and 

cardiocirculatory apparatus, the skin, and the reproductive system (Carmeliet, 2003). On the other hand, 

when vessel growth is uncontrolled, angiogenesis becomes the cause or contributes to the development of 

numerous diseases (Carmeliet, 2003). In this section, we will focus on the role that angiogenesis plays in 

cancer and in the neovascular stage of age-related macular degeneration (AMD).   

1.2.1 Angiogenesis and cancer 

When the American oncologist Judah Folkman in 1971 reported his observations of how tumor cells 

stimulate EC growth and sprouting, the fact that neovascularization played a role in solid tumors growth was 

already known, yet not fully appreciated (Folkman, 1971). Nowadays, the important role played by blood 

vessels in cancer development is well established. In fact, blood vessels allow solid tumors to grow over a 

certain size and guarantee a highway for either extravasation or co-option of metastatic cancer cells 

facilitating their escape from the site of the primary tumor (Carmeliet and Jain, 2011a; De Palma et al., 2017; 

Reynolds AR, 2019). The intrinsic capacity of tumor cells to proliferate allows them to grow 

indiscriminately. However, after reaching a critical size the tumor bulk undergoes some physical constraints 

among which two major limitations for tumor expansion are oxygen and nourishment supply.  The core of 

the tumor bulk starts becoming strongly hypoxic and low in pH, increases interstitial pressure and produces 

potent pro-angiogenic molecules, which are released in the surroundings (Carmeliet and Jain, 2000). Thus, 

the tumor promotes growth of new blood vessels, which culminates in the disruption of the equilibrium that 

keeps quiescent the vasculature. This scenario has been named ‘’angiogenic switch’’ and allows tumor cells 

to exit dormancy and start a rapid growth, which associates with new blood vessels formation (Baeriswyl and 

Christofori, 2009; Lugano et al., 2020). Tumor cells constantly produce an array of different pro-angiogenic 

molecules such as VEGFA, bFGF, angiopoietins, hepatocyte growth factor (HGF), chemokines, and PDGF, 

inducing a constant stimulation of adjacent ECs. Such persistent stimulation of ECs causes dysregulation of 

quiescent normal vasculature and results in the aberrant morphogenesis typical of tumor blood vessels. 

Indeed, the tumor vasculature appears chaotic, vessels are tortuous and dilated showing an increased 

diameter, and loses its pericyte coverage (Carmeliet and Jain, 2000; Hida et al., 2016; Lugano et al., 2020). 

Ultrastructural analyses have shown that tumor ECs (TECs) are characterized by a discontinuous basement 

membrane, irregular inter-endothelial junctions, and cell projections into the lumen as consequence of the 

altered polarity (De Palma et al., 2017). The structure of the tumor vasculature reflects the peculiar 

phenotype that TECs acquire. The constant angiogenic stimulation in the tumor microenvironment leads 
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TECs to aneuploidy and centrosome abnormalities as well as acquisition of a protein expression profile 

compatible with angiogenic ECs (Hida et al., 2016, 2004). Indeed, the expression pattern of TECs highly 

differs from normal ECs (NECs). TECs express embryonic markers such as PAX2 and high levels of 

EGFR2, secrete themselves VEGFA thus establishing autocrine loops that lead to self-stimulation of pro-

angiogenic signaling pathways (Hida et al., 2016).  

1.2.2 Inhibition of angiogenesis in cancer 

Due to its central role played in angiogenesis, the VEGFR2-VEGFA axis is considered a suitable target to 

inhibit tumor angiogenesis and subsequently the tumor growth. Almost two decades ago, the proof of 

concept that targeting angiogenesis was beneficial to treat cancer came out by a study showing clear survival 

benefits in patients treated with chemotherapeutic agents in combination with bevacizumab, a monoclonal 

antibody targeting VEGFA (Hurwitz et al., 2004). This study set a milestone in the anti-angiogenic 

treatments and nowadays numerous anti-VEGFA and anti-VEGFR2 drugs are Food and Drug 

Administration (FDA) approved and used in the treatment of cancer. Despite the initial beneficial promises, 

the success of anti-angiogenic therapies was only partial. Numerous are the reasons why anti-angiogenic 

therapies did not fulfill the hoped expectations. Due to an extreme heterogeneity of cancer cells, some 

tumors are intrinsically resistant to anti-angiogenic therapies or in alternative they respond initially and 

acquire mechanisms of resistance during the course of the treatment (Lupo et al., 2017). During the 

treatment, sustained blockade of VEGFR2 signaling leads to the formation of highly hypoxic areas within 

the tumor parenchyma, stimulating the overproduction of pro-angiogenic molecules as compensatory 

mechanism and converting tumor angiogenesis in VEGF-independent (Carmeliet and Jain, 2011a). Tumor 

vascularization also relies on the recruitment of bone marrow-derived cells (BMDCs), which start the de 

novo formation of blood vessels, or, alternatively, the tumor co-opts the vessels in a mechanism by which 

cancer cells migrate toward and along the vasculature (Lugano et al., 2020; Reynolds AR, 2019; Seano and 

Jain, 2020). Another mechanism of tumor resistance is the vasculogenic mimicry, by which tumor cells form 

vessel-like structures that allow sufficient tumor perfusion or vessel splitting (Carmeliet and Jain, 2011a). 

The list of FDA approved drugs for the treatment of angiogenesis is not limited to VEGF blockers. Different 

tyrosine kinase inhibitors (TKIs) and monoclonal antibodies against other targets are employed in the 

treatment of different cancer types. However, the therapeutic outcomes are still limited by insufficient 

efficacy and development of resistance. An interesting avenue would be the normalization of the vascular 

rather than the tumor vessel depletion. Vascular normalization has been shown to be beneficial in pre-clinical 

and clinical studies where normalization of vascular abnormalities revealed useful in the treatment of cancer 

and other angiogenic diseases (Carmeliet and Jain, 2011b). Aiming for vascular normalization rather than 

pruning promotes tumor perfusion and therefore drug delivery and immune infiltration. Moreover, correcting 

vessel abnormalities reduces hypoxia in the tumor milieu and prevents the development of more aggressive 

cancer cells (Magnussen and Mills, 2021; Viallard and Larrivée, 2017).  
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1.2.3 Angiogenesis and neovascular AMD 

The age-related macular degeneration (AMD) is a progressive degeneration of the photoreceptor–retinal 

pigment epithelial complex and a major cause of irreversible blindness among the elderly population (Al-

Zamil and Yassin, 2017). AMD develops in a multi-step way. In the early and intermediate phases (non-

exudative AMD) yellowish lipid-rich proteins (known as drusen) accumulate between the retinal pigment 

epithelium (RPE) and the Brunch’s membrane causing an impairment of the retinal photoreceptors function 

(Yerramothu, 2018). As the disease progresses and drusen accumulates, the damaged RPE releases VEGFA 

starting a phenomenon called choroidal neovascularization (CNV) which progressively leads to the more 

severe form of AMD, called neovascular AMD (nAMD) (Ng and Adamis, 2005). As in cancer, in nAMD the 

new blood vessels proliferate abnormally underneath the retina, which may result in the lift of the retina.  

Moreover, abnormal vessels are often leaky and are responsible for oedema and loss of vision (Yerramothu, 

2018). 

1.2.4 Anti-angiogenic therapies for nAMD 

The first therapy against nAMD employed corticosteroids as off-label treatment of nAMD due to their 

angiostatic and anti-inflammatory mechanism of action (Ng and Adamis, 2005). A first trial, based on 

intravitreal injections of corticosteroids, attempted to evaluate their efficacy in nAMD patients, however no 

significant improvement has been associated with corticosteroids injections (Frank Billson, 2003). Ocular-

related complications can occur after treatment with corticosteroids such as increased ocular pressure, 

development of cataract and retinal cytotoxicity (Challa et al., 1998; Jonas et al., 2005; Yeung et al., 2004). 

Due to the central role played by VEGF in regulating angiogenesis, the new era of intervention for nAMD 

patients was the development of VEGF-inhibitors (Ng and Adamis, 2005). To facilitate the drug delivery and 

minimize systemic cytotoxicity, VEGF-inhibitors are directly injected into the vitreous (Lai and Landa, 

2015; Yerramothu, 2018). New and optimized VEGF therapies are currently used in the treatment of nAMD, 

however, despite showing good efficacy in slowing down the disease progression, inhibition of VEGF has 

failed to provide a cure for nAMD patients (Yerramothu, 2018). Repeated administrations of VEGF 

inhibitors are associated with increase of the intra-ocular pressure, hemorrhage, increase in ocular 

inflammation (Day et al., 2011), and with high risk of developing retinal scarring and geographic atrophy  

two to five years after the treatment begins (Daniel et al., 2014; Grunwald et al., 2017). To date the research 

efforts have led to the identification of new targets and experimentations of alternative administration routs 

to intraocular injections, but currently the most potent approved therapeutic strategies available rely on the 

employment of VEGF-inhibitors. 

1.2.5 Concluding remarks 

Angiogenesis represents a target for cancer and nAMD. Nowadays, several anti-angiogenic drugs have been 

approved by the FDA but none of them has revolutionized treatments and researchers are still trying to 

improve drug design and dosage to minimize cytotoxic effects while improving efficacy. Going deep in the 
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molecular mechanisms and characterizing better the TEC phenotype is mandatory for developing more 

efficient therapeutical approaches. Transcriptome profiling of pathological blood vessels has allowed us to 

identify novel and more specific angiogenic markers, which can be targeted for more effective therapeutic 

benefits. 
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1.3 The C-type lectin CD93 is a regulator of EC function and angiogenesis 

In recent years, the member of the group XIV of C-type lectins CD93 has shown to play a crucial role both 

in physiological and in pathological angiogenesis.  

CD93 is a transmembrane protein which from the N-terminus consists of a conserved C-type lectin domain 

(CTLD), a sushi domain, five EGF-like domains, a heavily glycosylated mucin-like region, a 21-aminoacid 

transmembrane domain and a short cytotail (Khan et al., 2019). It is mainly expressed by ECs even though it 

has been reported to be expressed in various cell types of the hematopoietic system including hematopoietic 

stem cells, B cells, NK cells, monocytes, neutrophils, naïve T-cells, platelets, and neurons (Danet et al., 

2002; Ikewaki et al., 2010; Liu et al., 2014; Løvik et al., 2001; Nepomuceno and Tenner, 1998). Initially, 

CD93 was studied in the immune system and it was believed able to bind the complement component C1q, 

hence its alternative name complement component C1q receptor protein (C1qRp) (Steinberger et al., 2002). 

However, the ability of CD93 to bind the C1q fragment was proven wrong by later functional studies 

(McGreal et al., 2002). In macrophages and monocytes, CD93 plays a critical role in promoting efferocytosis 

(clearance of apoptotic cells) both in vitro and in vivo (Norsworthy et al., 2004). Despite being characterized 

in the immune system, CD93 has been mainly studied in the endothelium where it plays an essential role in 

angiogenesis and in controlling EC function (Khan et al., 2019). Early evidences about the importance of 

CD93 in the endothelium came from knockdown experiments in which CD93-deficitent cells showed defects 

in the actin cytoskeleton organization and reduced EC adhesion, migration, proliferation and tube formation 

in different primary ECs (Langenkamp et al., 2015). Such effects were also observed in HUVECs by treating 

cells with a blocking monoclonal antibody (Orlandini et al., 2014). Defects in EC cytoskeletal organization 

were observed by time-lapse live imaging showing that cells lacking CD93 present a high density of stress 

fibers, a phenotype associated with reduced migration velocity and organization of pro-migratory 

lamellipodia (Barbera et al., 2021a). Importantly, the role of CD93 in regulating EC function and 

angiogenesis was shown in a in vivo model of zebrafish, where knockout (KO) of the homologous gene in 

embryos caused defects in the vascular system development (Du et al., 2017). In a mouse retina model, 

despite not causing strong developing defects, the absence of CD93 caused a reduction in the number of TC 

filopodia (Lugano et al., 2018). Studies carried out on HUVECs have shown that CD93 cytoplasmic domain 

is phosphorylated in a Src-dependent manner and that this phosphorylation is required for the binding of the 

adaptor protein Cbl thus promoting EC migration and tube formation (Galvagni et al., 2016). In line with the 

role of pCD93 in migrating cells, phosphorylation of CD93 increases in migrating ECs compared to 

confluent cells. Moreover, during EC adhesion and migration, CD93 promotes phosphorylation Cbl on the 

tyrosine residue 774. CD93 and pY774Cbl bind, associate in lamellipodia and control a signaling axis which 

culminates with regulation of small GTPases Rac1, Cdc42 and RhoA activity in both adhesion and migration 

(Barbera et al., 2021a, 2021b; Galvagni et al., 2016). The extracellular domain comprising the CTLD and the 

sushi domains binds the ECM protein MMRN2 (Galvagni et al., 2017; Khan et al., 2017) and, recently, 

another extracellular binding partner, the insulin-like growth factor binding protein 7 (IGFBP7), which binds 
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CD93 via a domain different from that involved in MMRN2 interaction (Sun et al., 2021). The binding of 

CD93 to MMRN2 promotes EC migration and tube formation (Galvagni et al., 2017; Khan et al., 2017), and 

triggers activation of the β1 integrin via a CD93/MMRN2/active β1 integrin complex formation, which 

promotes extracellular fibronectin deposition and remodeling both in vitro and in vivo (Lugano et al., 2018). 

Importantly, once formed on the plasma membrane, the CD93/MMRN2/active integrin β1 complex are 

endocytosed in Rab5C+ve endosomes that retrieve and recycle back the proteins during EC spreading and 

migration (Barbera et al., 2019). Noteworthy, plasma membrane levels of CD93 are also regulated by its 

intracellular domain that harbors a binding site for the Ezrin/Radixin/Moesin (ERM) protein Moesin, which 

connects CD93 to the actin cytoskeleton (Zhang et al., 2005). In fact, recombinant CD93 lacking the 

cytoplasmic domain failed to efficiently reach the plasma membrane during EC migration (Barbera et al., 

2019). In addition to its function in signal transduction as a matrix receptor, the extracellular domain of 

CD93 can be shed from the plasma membrane and released into the extracellular environment (Tunica et al., 

2009). The soluble form of CD93 (sCD93) has been detected in the HUVEC supernatant as well as in human 

plasma (Greenlee et al., 2009). A functional role of sCD93 was found in ECs where a recombinant CD93 

encompassing the five EGF-like tandem repeats and the mucin-like domain was found to enhance the 

EGFR1 and PI3K activity, to increase proliferation and migration as well as to promote angiogenesis in vivo 

(Kao et al., 2012). Although no sheddase involved in CD93 cleavage has been identified to date, a study 

demonstrated that CD93 proteolytic cleavage is prevented by MMRN2 and that the knockdown of MMRN2 

increased sCD93 levels (Lugano et al., 2018), suggesting that extracellular proteases might play a role. 

Curiously, the antibody used to detect sCD93 in this study targets an epitope spanning from the amino acid 

444 to 581, which comprises the whole mucin like region until the beginning of the transmembrane (Lugano 

et al., 2018). This data, together with the observations that the EGF-like domains and the mucin-like region 

promote EC function suggest that CD93 shedding might liberate the entire extracellular domain.  

1.3.1 CD93 is overexpressed in tumor-associated vessels of numerous cancer types  

A study aimed to characterize transcriptome signatures of glioblastoma tumor vessels gave the first evidence 

that CD93 was highly expressed in tumor-associated vessels while showing a low expression in normal 

tissues (Dieterich et al., 2012). Further analysis confirmed an elevated expression of CD93 in human 

glioblastoma-associated vessels and, importantly, in a glioblastoma mouse model, CD93 KO mice showed a 

better survival and significantly slower tumor progression (Langenkamp et al., 2015). Another study, 

demonstrated high vessel-specific CD93 expression in human nasopharyngeal carcinoma (NPC) tissues, 

which negatively correlated with patient survival (Bao et al., 2016). Interestingly, both CD93 and MMRN2 

were found upregulated in numerous cancer types, including glioblastoma, but not in healthy tissues 

(Galvagni et al., 2017; Khan et al., 2017; Lugano et al., 2018) and blocking CD93/MMRN2 binding has 

shown to impair EC function, suggesting that this interaction could prevent vessel abnormalization and 

cancer progression (Galvagni et al., 2017). Since high expression of CD93 in tumor-associated vessels has 

been shown to promote cancer progression in both human patients and mouse models, CD93 is considered an 



11 
 

appealing target for cancer therapy. Recently, it has been demonstrated in two tumor mouse models (the 

PKC pancreatic ductal adenocarcinoma and the B16 melanoma model) that blockade of CD93 by 

monoclonal antibodies (mAbs) increased the overall survival outcome. More importantly, blocking CD93 led 

to tumor vascular normalization without compromising healthy organs and at the same time promoted 

chemotherapy delivery and anti-PD-L1 immunotherapy as well as enhanced immune cell infiltration in the 

tumor microenvironment (Sun et al., 2021). 

 1.3.2 CD93 in nAMD  

Tumor and choroidal neovascularization have common signatures and show shared signaling pathways 

involved in the formation of new blood vessels. As in tumor-blood vessels, elevated levels of CD93 were 

detected in blood vessels of choroidal neovascular membrane (CNVMs) and high level of sCD93 was found 

in aqueous humor of AMD patients compared to healthy individuals (Tosi et al., 2017). In a laser-induced 

CNV murine model CD93 KO mice showed a decreased vascularization of the lesion area compared to the 

wild-type counterparts. Moreover, employing the choroid sprouting assay (CSA), an ex vivo model of CNV, 

CD93 KO tissues displayed reduced EC sprouting. Importantly, high co-expression of both CD93 and 

MMRN2 occurs in neovascular membranes of AMD patients and the inhibition of the CD93/MMRN2 

interaction with a neutralizing mAb decreased the ability of EC to form sprouts, suggesting that this 

interaction plays a role in the progression of AMD (Tosi et al., 2020). 

1.3.3 Concluding remarks 

Due to its endothelial specific expression and its relevance in promoting angiogenesis, CD93 has 

demonstrated to be an interesting target in the treatment of cancer and AMD. Only recently, the efficacy of 

an anti-CD93 therapy has been shown to be potentially beneficial for the treatment of cancer, even though 

the employment of other models is needed. Importantly, in cancer therapy CD93 blockade might only be 

employed as adjuvant to obtain a vascular normalization rather than a complete inhibition of angiogenesis 

and should be accompanied with further treatments such as chemotherapy or immunotherapy. On the other 

hand, since the choroid microenvironment differs from the tumor, targeting CD93 in nAMD might be 

beneficial per se and lead to a better disease progression. However, despite the promises of an anti-CD93 

therapy in nAMD further evidence is needed to understand the suitability of an anti-CD93 treatment such as 

intraocular administration of anti-CD93 mAb in CNV mouse models.   
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2 AIM OF THE THESIS 

Targeting molecules in a complex microenvironment such as in tumors or nAMD has revealed challenging 

for our generation. The development of novel treatments often is not accompanied by a proper 

characterization of the target functions in its cellular context. In the present work, we focused on 

characterizing the functional role of CD93 in endothelial cells. We studied its intracellular associated 

signaling pathway in the physiological context of EC adhesion and migration. We also investigated how 

CD93 and its partners MMRN2 and the active form of the β1 integrin are retrieved from and recycled to the 

plasma membrane during EC attachment on the substrate and during migration. Part of our study was 

focused on better understand the role of CD93 in nAMD and specifically to investigate the possibility to 

target the CD93/MMRN2 interaction in nAMD by means of a blocking mAb. Finally, for the first time we 

identified a dimeric form of CD93 which predominantly binds the MMRN2 and might affect future 

development of novel anti-CD93 drugs. 
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3 PUBLISHED RESULTS 

3.1 Introduction to articles 1 and 2 

In these papers we started from previous findings that CD93 phosphorylation on two tyrosine residues is of 

fundamental importance for a proper EC migration (Galvagni et al., 2016). Here we demonstrate that CD93 

phosphorylation is enhanced during migration and that the presence of CD93 promotes phosphorylation of 

tyrosine 418 of Src family kinases during adhesion and Cbl on the tyrosine residue 774 during migration as 

well as in the retina blood vessels during mouse development. In our model, CD93 influences the binding of 

Cbl to the adaptor protein Crk as well as their cellular localization. Moreover, CD93 is required for the 

interaction of Crk with the Rac1-GEF DOCK180. We show the importance of the CD93 signaling pathway 

in the activation of the Rho GTPases Rac1, Cdc42 and RhoA. In absence of CD93, indeed, we observed 

downregulation of Rac1 and concomitant upregulation of RhoA in both adhesion and migration while Cdc42 

activity was dependent on CD93 only during EC migration. Together these articles increase the previous 

knowledge of the CD93 signaling and shed light on new CD93-dependent intracellular events that culminate 

in functional EC adhesion and migration. 
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Abstract

Endothelial cell migration is essential to angiogenesis, enabling the outgrowth of new blood vessels both in
physiological and pathological contexts. Migration requires the activation of several signaling pathways, the
elucidation of which expands the opportunity to develop new drugs to be used in antiangiogenic therapy. In
the proliferating endothelium, the interaction between the transmembrane glycoprotein CD93 and the extra-
cellular matrix activates signaling pathways that regulate cell adhesion, migration, and vascular maturation.
Here we identify a pathway, comprising CD93, the adaptor proteins Cbl and Crk, and the small GTPases
Rac1, Cdc42, and RhoA, which we propose acts as a regulator of cytoskeletal movements responsible for
endothelial cell migration. In this framework, phosphorylation of Cbl on tyrosine 774 leads to the interaction
with Crk, which acts as a downstream integrator in the CD93-mediated signaling regulating cell polarity and
migration. Moreover, confocal microscopy analyses of GTPase biosensors show that CD93 drives coordi-
nated activation of Rho-proteins at the cell edge of migratory endothelial cells. In conclusion, together with
the demonstration of the key contribution of CD93 to the migratory process in living cells, these findings sug-
gest that the signaling triggered by CD93 converges to the activation and modulation of the Rho GTPase sig-
naling pathways regulating cell dynamics.

© 2021 Elsevier B.V. All rights reserved.
Introduction

Endothelial cell (EC) migration is an integrated
molecular process that involves coordinated
changes in cell adhesion, signal transduction activa-
tion, and cytoskeletal dynamics. ECs of the vascular
system are normally stable and quiescent, however
when the environment surrounding the endothelium
become hypoxic, inflamed, and rich in cytokines and
growth factors the ECs turn to a proliferative and
motile state leading to the outgrowth of new blood
vessels and the expansion of the vascular bed [1,2].
r B.V. All rights reserved.
The formation of new capillary sprouts requires the
differentiation of ECs into tip cells, which lead the
migration and guide the new sprout towards the che-
motactic stimulus, and stalk cells that follow immedi-
ately behind the tip cells and proliferate to elongate
the sprouts [3]. At the cellular level, the constant
remodeling of the actin cytoskeleton into filopodia,
lamellipodia, and stress fibers is also essential for
EC migration [4]. Stimulated endothelia express
membrane-bound and activated cytoplasmic pro-
teins, such as integrins, cadherins, and Rho
GTPases, which are primarily responsible for
Matrix Biology. (2021) 99, 1�17
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CD93 signaling in migrating endothelial cells2
mediating cell-matrix interactions, cell-cell contacts,
and cytoplasmic remodeling during cell motility [5-7].
Therefore, given its essential role during angiogene-
sis EC migration represents a valuable target for
antiangiogenic therapy. Hence, the discovery of new
molecules crucial for EC migration may lead to the
development of new tools to circumvent drug resis-
tance mechanisms and improve the efficacy of anti-
angiogenic treatments [8�10].
In recent years, the C-type lectin like domain

(CTLD) group 14 member CD93 has been proposed
to be a potential antiangiogenic target [11�13].
CD93 is a single-pass transmembrane glycoprotein
upregulated in the endothelium of different types of
vascularized tumors [14,15]. In hyperproliferative
ECs, CD93 plays a major role promoting cell adhe-
sion and migration through its interaction with Multi-
merin-2 [14], an endothelial-specific extracellular
matrix (ECM) protein belonging to the EDEN glyco-
protein family [16,17]. In the pathological neovascu-
larization of the eye, the binding of CD93 to
Multimerin-2 contributes to the progression of age-
related macular degeneration while in gliomas it pro-
motes the activation of b1 integrin and the fibrillar
organization of fibronectin, increasing the motile
properties of proliferating ECs [15,18]. The key role
played by membrane receptors is to mediate the
transduction of the signals deriving from extracellu-
lar cues, which ultimately results in the activation of
specific cellular responses [19,20]. Consistently, the
short cytoplasmic domain of CD93 interacts with dif-
ferent cytoplasmic proteins. A positively charged
motif located in the juxtamembrane region of the
CD93 cytotail is responsible for harboring Moesin,
an ERM protein that anchors CD93 to F-actin [21].
Deletion of the intracellular domain of CD93 dramati-
cally impairs the endosomal trafficking of CD93, thus
preventing its localization at the leading edge of
migrating ECs [22]. Upon binding of b-dystroglycan
to laminin, the Src kinase phosphorylates the cyto-
plasmic domain of CD93 on two tyrosine residues,
and the mutation of these residues strongly hampers
EC migration and tube-like formation [23]. Further-
more, the phosphorylated tyrosine residues in the
CD93 cytotail generate consensus motifs for the
binding of the adaptor protein c-Cbl, which in turn is
phosphorylated on tyrosine 774 [23], a protein modi-
fication associated with actin remodeling and
enhancement of cell adhesion and migration [24].
However, despite the critical role played by CD93 in
EC migration is quite clear, as well as its ability to
mediate cellular responses to extracellular cues, the
transduction pathway triggered by CD93 during EC
migration has not yet been fully elucidated.
In the present work, we dissect the downstream

signaling pathway activated by CD93 in primary
motile ECs. We show that CD93 phosphorylation,
together with the recruitment of phosphorylated Cbl
at tyrosine 774 and Crk, trigger a signaling pathway
required for the proper localization and activation of
Rho-proteins at the leading edge of migrating cells,
thus promoting establishment of cell polarity and
lamellipodia formation during cell migration.
Results
CD93 as a regulator of EC migration

Both in vitro and in vivo experimental data have
previously identified CD93 as an EC transmem-
brane protein that promotes angiogenesis upon
interaction with the extracellular matrix
[14,15,18,25]. While these findings highlighted the
involvement of CD93 in the process of cell motility,
the molecular mechanisms enabling CD93 to pro-
mote coordinated cell migration were unclear prior
to this investigation. To address this issue, we first
verified the contribution of CD93 to cell motility in pri-
mary human umbilical vein ECs (HUVECs). Cells
were transduced with a lentiviral construct carrying a
CD93 specific shRNA sequence and co-transduced
with lentiviral constructs expressing the peptide Life-
Act, a marker for F-actin visualization [26], conju-
gated to EGFP (sh-unr) or mScarlet (sh-CD93).
Subsequently, cells were let to migrate in all direc-
tions and analyzed by time-lapse confocal micros-
copy. The analyses performed at different tracking
times clearly indicated that the motility of CD93-
silenced cells was severely impaired compared to
the adjacent control-silenced cells (Fig. 1A and Sup-
plementary Video1). In fact, the mean cell velocity
(Fig. 1B), the mean square displacements (Fig. 1C),
which assess the area explored by cells over time,
and the maps of cell trajectories (Fig. 1D), which
illustrate the range of migration in a cell population,
were strongly hampered in CD93-silenced cells, fur-
ther indicating that CD93 is key in modulating EC
motility.

Cbl is recruited to CD93 and phosphorylated on
tyrosine 774 during EC migration

We have previously shown that the CD93-depen-
dent phosphorylation of Cbl on tyrosine 774 is cru-
cial to promote EC adhesion [23], however it was
unclear whether this signaling pathway was also
involved in the regulation of EC motility. To address
this issue, we first set up an in vitro 2-dimensional
migration model, in which confluent HUVECs were
detached from the plate by using a non-enzymatic
solution to prevent CD93 protein breakdown by tryp-
sin treatment (Fig. S1A and S1B) and the reseeded
sparse cells, after an adhesion period assessed as
late spreading phase [27], were analyzed during the
active random migration phase (Fig. S1C) [28]. Con-
sistent with its role played in the activated



Fig. 1. CD93 drives EC migration. HUVECs were transduced with lentiviral particles expressing unrelated or CD93
shRNAs. Control (sh-unr) or CD93-silenced (sh-CD93) cells were further transduced with lentiviral constructs expressing
the peptide LifeAct conjugated to EGFP or mScarlet respectively. Next, cells were detached from culture plates, mixed,
replated, and tracked by confocal microscopy during the migration phase. A: Representative images of control and
CD93-silenced cells close to each other. The right panel shows three boundaries of the same cells as the left panel
tracked over a 90 min time interval. The colored scale represents the image capture time-frames. Scale bar, 30 mm. B:
Plot shows the velocity of control and CD93-knockdown cells measured by using ImageJ and the ADAPT plug-in. Data
were combined from three independent experiments. Each dot represents a single cell (n = 63, sh-unr; n = 61, sh-CD93).
*P < 0.05; Mann-Whitney test. C: Mean square displacement (MSD) was measured by using DiPer software and plotted
on a linear scale. The time interval is 40 minutes. n = 38 and 36 trajectories for sh-unr and sh-CD93 respectively. Error
bars represent standard error of the mean. D: Graphs show the outputs of Plot_At_origin, a DiPer auxillary program,
obtained from control or CD93-silenced cells. Trajectories of the cells are relative to the starting position of each cell
(n = 63, sh-unr; n = 61, sh-CD93).
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endothelium [13], CD93 phosphorylation levels were
enhanced in migrating ECs in comparison to conflu-
ent quiescent cells (Fig. 2A, quantified in 2B). Simi-
larly, under the same experimental conditions, the
phosphorylation levels of Cbl on tyrosine 774 were
also increased (Fig. 2C, quantified in 2D). Of note,
Western blotting analyses of co-immunoprecipitation
experiments using lysates from migrating ECs
showed that CD93 and pY774-Cbl were interacting
partners (Fig. 2E). To explore the possibility that the
interaction between CD93 and pY774-Cbl was
involved in EC migration, we silenced CD93 in



Fig. 2. CD93 binds to pY774-Cbl in migrating ECs. A: Cell lysates from confluent (confl.) or migrating (migr.) ECs were
immunoprecipitated (IP) with anti-phosphotyrosine (pTyr) or unrelated mouse (IgG) antibodies. Immunoprecipitates were
analyzed by immunoblotting (IB) with anti-CD93 antibodies. To confirm equal loading, whole cell extracts (input) were
analyzed by Western blotting with anti-CD93 antibodies. B: Quantification of CD93 phosphorylation levels from indepen-
dent experiments performed as in A. Values, normalized to CD93 protein levels, represent the percentage of CD93 phos-
phorylation relative to confluent cells. *P < 0.05; paired t-test. C: Western blotting analysis of cell extracts from confluent
(conf.) and migrating (migr.) ECs using antibodies against pY774-Cbl, Cbl, and b-actin. An arrowhead indicates pY774-
Cbl. D: Quantitative analysis of pY774-Cbl levels from experiments performed as in C, normalized to total Cbl and b-actin
protein levels and expressed as percentage relative to confluent cells. **P < 0.01; paired t-test. E: Cell extracts from
migrating ECs were immunoprecipitated (IP) with anti-CD93 or unrelated mouse (IgG) antibodies. Immunoprecipitates
were analyzed by Western blotting (IB) with anti-pY774-Cbl and anti-CD93 antibodies. To confirm equal loading, whole
cell lysates were analyzed by Western blotting using anti-CD93 and anti-GAPDH antibodies.

CD93 signaling in migrating endothelial cells4
HUVECs and performed an in vitro scratch assay,
analyzing the subcellular localization of the endoge-
nous proteins by immunofluorescence. In agree-
ment with previous findings [15,22], CD93 was
strongly expressed and localized at the border of
motile ECs. Notably, CD93 colocalized with pY774-
Cbl along the lamellipodium edge (Fig. 3A, sh-unr).
In contrast, the knockdown of CD93 dramatically
impaired the localization of pY774-Cbl along the
migrating front and pY774-Cbl showed a punctate
redistribution at the terminal ends of the actin fila-
ment network as shown in overlapping images using
phalloidin staining (Fig. 3A, sh-CD93). These results
were further substantiated by quantitative analyses
of fluorescent signals along the leading edge of
motile cells (Fig. 3B) and by Western blotting analy-
ses of lysates from random migrating control or
CD93-depleted ECs (Fig. 3C, quantified in 3D).
Interestingly, in the front of migration HUVECs
secreted and deposited Multimerin-2, which has
been shown to be critical in preventing CD93 proteo-
lytic cleavage [15], in spite of the matrix is usually
scraped off in the scratch assay (Fig. S2).

To corroborate the interaction between CD93 and
pY774-Cbl in EC migration, we analyzed the devel-
oping retinal vasculature in postnatal day 6 (P6)
mice by immunofluorescence. In accordance with
previous results on the role of CD93 in the regulation
of filopodia formation and extension of endothelial
sprouts during retinal development [15], we found
that CD93 was expressed in the sprouting front of
the retinal vasculature and colocalized with pY774-
Cbl predominantly in the edges of apical growing
vessel sprouts rather than in internal vessels close
to the retinal plexus (Fig. 4A, wt). These evidences
suggest that the interaction between CD93 and
pY774-Cbl mainly occurs during active migration of
retinal ECs. To verify if CD93 affects pY774-Cbl
localization, we analyzed P6 retinas from wild-type
and Cd93�/- mice by immunofluorescence.



Fig. 3. CD93 drives the localization of pY774-Cbl at the leading edge of migrating ECs. HUVECs were transduced with
lentiviral particles expressing unrelated or CD93 shRNAs. A: Representative images of immunofluorescence analysis of
control (sh-unr) or CD93-silenced (sh-CD93) HUVECs 5 h after production of a double-sided scratch in the cell mono-
layer. Cells were stained using phalloidin, Hoechst solution, and antibodies against CD93 and pY774-Cbl. Arrows indicate
direction of migration. White dot colocalization (wdc) images between pY774-Cbl and CD93 or F-actin are shown. In the
wdc pictures, magnification of the squared areas is shown. Scale bars, 30 mm. B: Quantification of cellular pY774-Cbl in
the migrating front area (5 mm from the cell edge) of HUVECs transduced and treated as in A. Bars represent arbitrary
units (AU) of the fluorescence intensity of the pY774-Cblþve signal per area (n = 7 different areas along the migrating
front). ***P < 0.001; Mann-Whitney test. C: Western blotting analysis of cell extracts from random migrating control (sh-
unr) or CD93-silenced (sh-CD93) ECs using antibodies to CD93, pY774-Cbl, Cbl, and GAPDH to confirm equal loading.
D: Graph displaying pY774-Cbl protein levels from experiments performed as in C, normalized to total Cbl and GAPDH
levels and expressed as percentage relative to control cells. **P < 0.01; paired t-test.
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Strikingly, the localization of pY774-Cbl in the angio-
genic front of the retinal vasculature was significantly
reduced in the Cd93�/� mice (Fig. 4A and B). These
observations were confirmed by quantitative analy-
ses of fluorescence signals of pY774-Cbl normal-
ized against the CD31 signal in vessel sprouts



Fig. 4. CD93 drives pY774-Cbl localization in the sprouting front of mouse retinal vasculature. The sprouting front of P6
developing mouse retinas was analyzed by immunofluorescence. The vasculature is visualized by using anti-CD31 anti-
bodies. Hoechst staining highlights nuclei. A: Wild-type (WT) mouse retina stained with antibodies against pY774-Cbl and
CD93. White dot colocalization (wdc) pictures between pY774-Cbl and CD93 or CD31 are shown. B: Growing retinal ves-
sels of CD93-deficient (CD93�/�) mice stained with antibodies against pY774-Cbl. White dot colocalization (wdc) picture
between pY774-Cbl and CD31 is shown. Magnification of the squared areas is shown. Scale bars, 40 mm. C: Quantifica-
tion of pY774-Cbl in growing retinal vessel sprouts of wild-type (n = 21 vessel sprouts from 3 mice) and CD93�/� (n = 31
vessel sprouts from 4 mice) mice. Bars represent the percentage of pY774-Cbl fluorescence intensity relative to total
CD31þve area. ****P < 0.0001; Mann-Whitney test.
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(Fig. 4C). Taken together, these data indicate that
during angiogenesis phosphorylation of CD93
recruits Cbl, which is in turn phosphorylated on tyro-
sine 774, thus activating a signaling pathway regu-
lating EC migration.

Crk is a signaling integrator in the CD93
transduction pathway

Since Crk-family proteins are important actors in
Cbl-mediated regulation of the actin cytoskeleton
rearrangements during cell adhesion and migration
[24,29], we hypothesized that Crk was a down-
stream modulator of the CD93 signaling pathway.
To verify this hypothesis, we first studied the effects
of CD93 silencing on Crk localization at the leading
edge of motile ECs by means of wound healing
assays. The confocal microscopy analyses indi-
cated that while Crk broadly colocalized with CD93
along the lamellipodium borders of control ECs, the
knockdown of CD93 associated with severe deple-
tion of Crk from the migrating front (Fig. 5A,
quantified in 5B). In fact, under this experimental set-
ting, Crk localized in few spots overlapping with the
actin filaments, similarly to what observed for
pY774-Cbl (compare Fig. 5A to Fig. 3A), suggesting
that pY774-Cbl and Crk could be putative binding
partners. To verify this possibility we analyzed the
localization of these molecules in migrating cells.
The immunofluorescence analyses indicated that
pY774-Cbl and Crk displayed a strong colocalization
along the leading edges of migrating ECs and the
silencing of CD93 associated with a dramatic reduc-
tion of the pY774-Cbl/Crk overlapping signals in this
cell district (Fig. 5C). These observations were fur-
ther strengthened by immunoprecipitation experi-
ments that highlighted not only pY774-Cbl and Crk
interacted during cell migration (Fig. 5D), but also
that the interaction was CD93-dependent, since the
silencing of the receptor associated with a strong
reduction of the pY774-Cbl fraction bound to Crk
(Fig. 5E).

To verify if Crk was a downstram mediator of
CD93 signaling we interfered with Crk function and



Fig. 5. CD93 knockdown impairs the interaction between pY774-Cbl and Crk at the EC migrating front. HUVECs were
transduced with lentiviral particles expressing unrelated or CD93 shRNAs. A: Representative images of immunofluores-
cence analysis of control (sh-unr) or CD93-silenced (sh-CD93) ECs 5 h after production of a double-sided scratch in the
cell monolayer. Cells were stained using phalloidin, Hoechst solution, and antibodies against CD93 and Crk. Arrows indi-
cate direction of migration. White dot colocalization (wdc) images between Crk and CD93 or F-actin are shown. In the
wdc pictures, magnification of the squared areas is shown. Scale bars, 30 mm. B: Quantification of Crk in the migrating
front area (5 mm from the cell edge) of HUVECs transduced and treated as in A. Bars represent arbitrary units (AU) of the
fluorescence intensity of the Crkþve signal per area (n = 7 different areas along the migrating front). ***P < 0.001; Mann-
Whitney test. C: F-actin, nucleus, Crk, and pY774-Cbl were imaged in control (sh-unr) or CD93-silenced (sh-CD93) ECs
by confocal microscopy at 5 h after production of a double-sided scratch in the cell monolayer. Arrows indicate direction
of migration. White dot colocalization (wdc) images between Crk and pY774-Cbl are shown. In the wdc pictures, magnifi-
cation of the squared areas is shown. Scale bars, 30 mm. D: Cell extracts from migrating ECs were immunoprecipitated
(IP) with anti-Crk (Crk) or unrelated mouse (IgG) antibodies. Immunoprecipitates were analyzed by Western blotting (IB)
with antibodies against pY774-Cbl and Crk to confirm equal loading. To check CD93 depletion in sh-CD93 transduced
cells, whole cell lysates were analyzed by Western blotting using anti-CD93 and anti-b-actin antibodies. E: Quantitative
analysis of the pY774-Cbl protein levels respect to Crk levels from experiments performed as in D. Values represent the
percentage of the ratio pY774-Cbl/Crk relative to control cells (sh-unr). ***P < 0.001; paired t-test.
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Fig. 6. Crk silencing affects migration and polarization of human ECs. HUVECs were transfected with scrambled con-
trol siRNA (siCtrl) or siRNA targeting Crk (siCrk-3 or siCrk-5). A: Cell extracts from siRNA expressing HUVECs were ana-
lyzed by Western blotting using anti-Crk and anti-golgin-97 antibodies. Anti-GAPDH antibodies were used to confirm
equal loading. Quantification of Crk protein levels is reported. Values, normalized to GAPDH protein levels, were
expressed as percentage relative to control cells. **P < 0.01 and ***P < 0.001; paired t-test. B: Representative images of
wound closure in siRNA transfected HUVECs. Cells were photographed at 0 and 14 h after the scratch. Scale bar, 100
mm. C: Values represent the percentage of wound closure calculated from images acquired at time 0 and 14 h from the
scratch (n = 3 images per condition pooled from three independent experiments). *P < 0.05; paired t-test. D: F-actin,
nuclei, and golgin-97 were imaged at 5 h after production of a double-sided scratch in the cell monolayer of siRNA-trans-
fected HUVECs. Arrows depict the direction of migration. In the migrating front, polarized (arrowheads) and nonpolarized
(asterisks) cells are indicated. Scale bars, 30 mm. E: Quantitative analysis of polarized siRNA-transfected ECs in the lead-
ing edge of migration. Bars represent the percentage of polarized cells relative to total cells in the migrating front (n = 4
migrating fronts per condition pooled from three independent experiments). ****P < 0.0001 and **P < 0.01; Student t-test.

CD93 signaling in migrating endothelial cells8
analyzed CD93-regulated processes such as cell
motility and polarization [12,23]. To this end,
HUVECs were first transfected with two different
siRNA targeting Crk, which reduced Crk protein lev-
els with different efficiency (Fig. 6A). Under this con-
dition we analyzed the migration of HUVECs by
means of scratch assays. Control-transfected
HUVECs completely covered the wounded area
14 hours after the scratch, whereas the down-regu-
lation of Crk expression prevented the healing of the
wound within the same time frame (Fig. 6B, quanti-
fied in 6C), suggesting that the expression of Crk is
required for effective HUVEC cell migration. Since
the orientation of the Golgi apparatus along the
migration front is considered as a marker of proper
cell polarization and migration [30], we asked
whether the silencing of Crk could affect the localiza-
tion of the Golgi apparatus in migrating HUVECs, as
previously shown upon the knockdown of CD93 in
ECs [12]. Control and Crk silenced cells were
stained for the golgin-97 marker, whose expression
at the migrating front was not affected by the knock-
down of Crk (Fig. 6A). We observed that the majority
of control ECs were correctly polarized, whereas
loss of Crk significantly increased the number of
nonpolarized cells, leading to a disorganized
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migrating front (Fig. 6D and E). Of note, the loss of
Crk did not affect expression and localization of
CD93 in the migrating front of ECs (Fig. S3), sug-
gesting that Crk represents a downstream effector
of the CD93-mediated signaling. Importantly, the
suppressive effects of CD93 and Crk silencing on
EC migration were further substantiated comparing
the actin cytoskeleton organization of wild type cells
with CD93 and Crk silenced cells at the front of
migration. Indeed, while in control ECs the actin
cytoskeleton properly organized in broad lammelipo-
dia and pro-migratory stress fibers, both CD93 and
Crk knockdown ECs showed a stationary phenotype
specified by abundant stress fibers and filopodia
(Figs. 3A and 6D).

CD93 drives activation of Rho-proteins at the
leading edge of migration

Altogether, the above results led us to hypothesize
that activation of the CD93 signaling pathway could
represent a novel molecular mechanism to regulate
EC migration. To further dissect this signaling path-
way, we first investigated the putative involvement of
Rac1, crucial regulator of plasma membrane exten-
sion in lamellipodia [31,32], in CD93-driven EC motil-
ity. Confocal microscopy analyses performed on
control HUVECs revealed a sizeable accumulation of
Rac1 along the lamellipodial edge where CD93 and
F-actin also localize. On the contrary, the knockdown
of CD93 associated with a significant reduction of
Rac1 in the migration front of ECs (Fig. 7A, quantified
in 7B). To further evaluate the possible CD93-depen-
dent activation of Rac1 at the leading edge of migrat-
ing cells, control or CD93-silenced ECs were
transduced with a lentivirus construct expressing a
biosensor (Fig. S3), which produces a localized
FRET signal revealing the amount and location of
Rac1 activation [33]. Quantitative FRET analysis on
transduced cells unveiled a statistically significant
decrease of Rac1 activity at the leading edge of
CD93-depleted ECs compared to control cells
(Fig. 7C, quantified in 7D), suggesting that Rac1 is a
downstream effector of the CD93 signaling pathway.
Importantly, this assumption was substantiated by
immunoprecipitation experiments revealing that the
silencing of CD93 prevented the binding between Crk
and DOCK180 (Fig. 7E, quantified in 7F), an
exchange factor for Rac1 which interacts with Crk
and induces lamellipodium extension [34,35], despite
the expression of DOCK180 was not affected.
Besides Rac1, also the GTPases Cdc42 and

RhoA are activated at the front of migrating cells and
act in concert to regulate cell protrusion [36], thus
we asked whether their activation at the leading
edge of migration was regulated by CD93. To this
end, control or CD93-silenced ECs were transduced
with lentiviruses expressing Cdc42 and RhoA bio-
sensors (Fig. S4), and were allowed to migrate
following a wound scratch. In accordance with previ-
ous findings [37,38], FRET analyses revealed that
Cdc42 was strongly activated at the leading edge of
control cells (Fig. 8A), whereas RhoA activity was
concentrated in a sharp band at the edge of the pro-
trusions (Fig. 8B). Notably, in the migrating front the
lack of CD93 associated with a severe impairment
of Cdc42 activation, whereas RhoA activation was
increased compared to control cells (Fig. 8A and 8B,
quantified in 8C and 8D). Altogether, these results
suggest that the transmembrane molecule CD93, by
modulating the activation of Rho GTPases, regu-
lates the actin cytoskeleton dynamics instrumental
for a proficient EC migration.
Discussion

Directional migration of ECs is required in both
physiological and pathological processes, including
embryonic development, tissue repair, and tumor
growth [39]. Hence, understanding the signaling
pathways that drive cell migration during blood ves-
sel formation may help to elucidate the pathophysiol-
ogy of angiogenesis-dependent diseases offering
novel opportunities for therapeutic intervention.
Here, we identify key components that transduce
signals from the transmembrane protein CD93 to
small GTPases of the Rho family to orchestrate the
cytoskeletal movements responsible for EC migra-
tion. By tracking living cells we demonstrate that
CD93 is a key regulator of EC migration, suggesting
that CD93 neutralization may represent a putative
new target for the development of potent and effec-
tive drugs to inhibit neovessel formation. This espe-
cially in light of the fact that, in contrast to quiescent
blood vessels, CD93 expression is upregulated in
sprouting vessels of the activated endothelium in dif-
ferent pathologies [12�14].

Adaptor proteins are essential components of the
signal transduction pathways in all cell types and
link activated receptors to specific downstream sig-
nals [29]. Accordingly, in this study we show that
CD93 associates with the adaptor protein Cbl at the
EC migrating front and that Cbl phosphorylation on
tyrosine 774 is partially dependent on CD93 expres-
sion. Importantly, we demonstrated that during vas-
cularization of the murine retinas, pY774-Cbl is
mainly localized in migratory tip cells of the sprouting
vascular front and its localization is modulated by
the expression levels of CD93. These results, shed
more light on the transduction of migratory signals
triggered by the engagement of CD93, involving the
phosphorylation of the receptor in motile cells and
the consequent interaction with pY774-Cbl. The
phosphorylation of Cbl on tyrosine 774 provides a
docking site for the downstream signaling protein
Crk [40] and the exchange factor DOCK180 was
identified as a partner for Crk and a mediator of Rho



Fig. 7. CD93 signaling activates Rac1 at the leading edge of migration. HUVECs were transduced with lentiviral par-
ticles expressing unrelated or CD93 shRNAs. A: Immunofluorescence staining of control (sh-unr) or CD93-silenced (sh-
CD93) HUVECs migrating out of a wounded monolayer. Cells were stained using phalloidin, Hoechst solution, and anti-
bodies against Rac1 and CD93. Arrows indicate direction of migration. White dot colocalization (wdc) images between
Rac1 and CD93 or F-actin are shown. In the wdc pictures, magnification of the dotted areas is shown. Scale bars, 30 mm.
B: Quantification of cellular Rac1 in the migrating front area (5 mm from the cell edge) of HUVECs transduced and treated
as in A. Bars represent arbitrary units (AU) of the fluorescence intensity of the Rac1þve signal per area (n = 8 different
areas along the migrating front). *P < 0.05; Mann-Whitney test. C: FRET analysis on control (sh-unr) or CD93-silenced
(sh-CD93) HUVECs transduced with a lentiviral construct expressing the Rac1 biosensor 5 h after production of a scratch
in the cell monolayer. Cells were stained using phalloidin and Hoechst solution. Representative confocal images of trans-
duced cells in the migrating front before photobleaching (acceptor pre) are shown. Rectangles indicate the photobleached
cell area and dashed lines the cell edge region used to calculate FRET efficiency. Magnifications of the photobleached
leading edge of migrating biosensor-expressing cells are shown. Arrows indicate direction of migration. The colored scale
represents the color range of FRET efficiency. Scale bars, 30 mm. D: Plot showing the fluorescence increase (% FRET
efficiency) upon photobleaching at the leading edge of migrating ECs (n = 18 cells for sh-unr and n = 15 cells for sh-
CD93). Data are presented as scatter plot. ****P < 0.0001; Student t-test. E: Cell extracts from migrating ECs were immu-
noprecipitated (IP) using anti-Crk (Crk) or unrelated mouse (IgG) antibodies. Immunoprecipitates were analyzed by West-
ern blotting (IB) with antibodies against DOCK180 and Crk to confirm equal loading. To check CD93 depletion and
DOCK180 expression in sh-CD93 transduced cells, whole cell lysates were analyzed by Western blotting using anti-
CD93 and anti-DOCK180 antibodies. Antibodies to GAPDH were used for equal loading control. F: Quantification of
DOCK180 protein levels from experiments performed as in E. Values represent the percentage of the ratio DOCK180/Crk
relative to control cells (sh-unr). **P < 0.01; paired t-test.
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Fig. 8. Cdc42 and RhoA GTPases are modulated by CD93 at the leading edge. FRET analysis on control (sh-unr) or
CD93-silenced (sh-CD93) HUVECs migrating out of a wounded monolayer and transduced with a lentiviral construct
expressing the Cdc42 (A) or the RhoA (B) biosensors. Cells were stained using phalloidin and Hoechst solution. Represen-
tative confocal images of transduced cells in the migrating front before photobleaching (acceptor pre) are shown. Rectangles
indicate the photobleached cell area and dashed lines the cell edge region used to calculate FRET efficiency. Magnifications
of the photobleached leading edge of migrating biosensor-expressing cells are shown. Arrows indicate direction of migra-
tion. The colored scale represents the color range of FRET efficiency. Scale bars, 30 mm. C and D: Graphs showing the fluo-
rescence increase (% FRET efficiency) upon photobleaching at the leading edge of migrating HUVECs transduced with the
Cdc42 biosensor (C) (n = 33 cells for sh-unr and n = 30 cells for sh-CD93) or RhoA biosensor (D) (n = 28 cells for sh-unr
and n = 28 cells for sh-CD93). Data are presented as scatter plots. **P< 0.01; Student t-test.
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protein activation at the cell leading edge for lamelli-
podium formation [34,41]. In line with these findings,
we showed that Crk exerts a crucial role in in modu-
lating EC polarized migration, and that CD93
expression is required to mediate the binding
between pY774-Cbl and Crk and between Crk and
DOCK180 at the leading edge of migrating cells.
These findings suggest that CD93 is a crucial recep-
tor modulating the reorganization of the actin
cytoskeleton by regulating the Rho GTPase activity
via the pY774-Cbl/Crk/DOCK180 signaling axis.

The best studied Rho GTPases, Rac1, Cdc42,
and RhoA, contribute to cell migration in all animal
models [31]. Specific spatiotemporal regulation of
Rho proteins is deeply controlled and is required to
mediate membrane protrusion dynamics at the lead-
ing edge, necessary for directional cell migration
[42]. The use of FRET-based biosensors allowed us
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to investigate the activation of the Rho proteins in
migrating ECs, demonstrating a clear role for CD93
in the modulation of the spatially-regulated activity of
these molecules at the cell migration front. Notably,
we show that the loss of CD93 associates with
decreased Rac1 activation at the leading edge, and
demonstrate that the receptor modulates the interac-
tion between Crk and DOCK180, known to affect
Rac1 activation and to represent strategic molecules
in transducing pro-migratory signals from different
EC receptors [43]. Consistent with a previous study
showing the role of Cdc42 in Rac1 activation [44],
we found that the loss of CD93 results in a
decreased activity of Cdc42 at the cell leading edge,
where Cdc42 is known to contribute to actin remod-
eling necessary for lamellipodium extension [31]. It
has been reported that Rac1 and RhoA are mutually
inhibitory and higher RhoA activity is localized in a
sharp band immediately adjacent to the edge of
migrating fibroblasts [36,45]. Accordingly, we found
that RhoA activity exhibits the same sharp localiza-
tion at the leading edge of control migrating ECs, but
the loss of CD93 associates with a broaden cell area
displaying RhoA activation as well as increased
overall RhoA activity, suggesting that the decreased
Rac1 activity under these conditions results in
increased RhoA activation. Furthermore, we
observed that CD93-silenced cells show abnormal
actin cytoskeleton organization and an extensive
generation and persistence of actin stress fibers,
whose formation and turnover is driven by RhoA
Fig. 9. The CD93 signaling pathway in migrating ECs. The
mechanisms underlying the regulatory role of CD93 in migratin
containing tyrosine 628 and 644 (red) is shown. ECM, extracellu
and its effector ROCK [46]. Importantly, although
RhoA is active at the leading edge of lamellipodia,
high levels of RhoA/ROCK activity induce actomyo-
sin-mediated retraction of lamellipodia and inhibit
this type of migration [47].

In our study, we analyzed the lamellipodium-
based migration both during random migration and
at the migration front during wound closure. It is
known that Cdc42 activity, particularly by controlling
filopodia formation, promotes angiogenesis via cyto-
skeletal regulation in tip cells and that Rac1 is
required for proper angiogenic sprouting [48], sug-
gesting that CD93 promotes angiogenesis by finely
tuning Rho GTPase activation during EC migration.

Integrin-mediated adhesion is considered essen-
tial for lamellipodium-driven migration, in part due to
the fact that integrins’ engagement at the leading
edge stimulates Rac1 activation [45]. Of note, it has
been reported that CD93 promotes b1 integrin acti-
vation and activated integrins regulate Src activation
[15,49], the protein kinase involved in CD93 phos-
phorylation [23]. Hence, we can speculate that upon
engagement by Multimerin-2, the only ECM mole-
cule known to function as a substrate for this recep-
tor, CD93 promotes integrin and Src activation; next
the phosphorylation of CD93 leads to the recruit-
ment of Cbl and activation of the Cbl/Crk/DOCK sig-
naling axis, resulting in actin cytoskeletal
remodeling and cell movement (Fig. 9).

Angiogenesis is largely regulated by a finely-
tuned integration of external cues, which are
schematic representation shows the proposed molecular
g ECs. The human sequence of the CD93 cytoplasmic tail
lar matrix; pY774-Cbl, Cbl phosphorylated on tyrosine 774.
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integrated by ECs and culminate in functional cell
proliferation and migration. Due to context-depen-
dent variability, ECs use different molecules to con-
trol their migratory as well as proliferative behavior.
This study provides additional milestones into the
understanding of the intricate molecular pathways
activated by the microenvironment and translated by
CD93 into actin remodeling and effective EC migra-
tion during angiogenesis.
Experimental procedures
DNA constructs and RNA interference

The following plasmids were purchased from
Addgene (Watertown, MA, USA): pLifeAct-mScarlet-
i-N1 plasmid (#85056) [50]; pLJM1-EGFP vector
(#19319) [51]; lentiviral negative control vector con-
taining scrambled shRNA (#1864, sh-unr) [52]; Rac1
second generation fluorescence resonance energy
transfer (FRET) biosensor for lentivirus production
(#66111, pLenti-Rac1-2G) [53]; FRET-based biosen-
sor reporting on Cdc42 activation (#68813, pLenti-
Cdc42-2G) [54]; RhoA second generation FRET bio-
sensor for lentivirus production (#40179, pLenti-
RhoA-2G) [55]. To obtain the lentiviral vectors
expressing LifeAct-EGFP (vLA-EGFP) and LifeAct-
mScarlet-i-N1 (vLA-Scar), the actin binding sequence
was PCR-amplified from pLifeAct-mScarlet-i-N1 plas-
mid using the following pairs of primers containing
adapters: for1, 5’-TCTATATAAGCAGAGCTGGTT-
TAGTGAACCGTCAGATCCGCTAGCTCCACCATG
GGCGTGGCC-3’ and rev1, 5’-AGCTCCTCGCC
CTTGCTCACCATGGTGGCGACCGGTAGCGCCT
CCTCCTTGCTGATGCTCTCG-3’ (vLA-EGFP); for2
5’-TCTATATAAGCAGAGCTGGTTTAGTGAACCG
TCAGATCCGCTAGCTCCACCATGGGCGTGGCC-
3’ and rev2 5’-TTGTGGATGAATACTGCCATTT
GTCTCGAGGTCGAGAATTCAGTCGCGGCCGCTT
TACTTG-3’ (vLA-Scar). The PCR fragments were
subcloned into the NheI (vLA-EGFP) or NheI/EcoRI
(vLA-Scar) sites of pLJM1-EGFP vector by using the
NEBuilder HiFi DNA assembly cloning kit (New Eng-
land Biolabs, Ipswich, MA, USA), following manufac-
turer’s instructions. All constructs were checked by
sequencing. shRNA-mediated knockdown of CD93
was performed as previously described [11], by using
a pLKO.1 retroviral vector from the Mission shRNA
Library (Merck KGaA), which expresses a shRNA
(clone TRCN0000029085) specific for the silencing
of the human protein. Recombinant lentiviruses were
produced and used for infection experiments as ear-
lier outlined [56].
For Ckr silencing experiments, HUVECs were

incubated with scrambled control siRNA or siRNA to
Crk (Hs_Crk_3 or Hs_CRK_5) (FlexiTube, Qiagen,
Hilden, Germany) at a concentration of 3 nM in a
mixture of 25% Opti-MEM (Thermo Fisher Scientific,
Waltham, MA, USA) in EBM-MV2 medium supple-
mented with 30 mL/mL Lipofectamine RNAiMAX
(Thermo Fisher Scientific) for 16 h, after which the
medium was replaced with fresh medium. Experi-
ments were performed at day 2 after siRNA transfec-
tion.

Cell cultures

HUVECs from single donors were purchased from
PromoCell (Heidelberg, Germany) and grown on
gelatin-coated plates in antibiotic-free Endothelial
Cell Basal Medium (EBM-MV2) with supplements
(PromoCell) as previously described [56]. For lentivi-
rus production, human Lenti-X 293T cells (Takara
Bio Inc, Kusatsu, Japan) were grown in DMEM con-
taining 10% FBS and 1 mM sodium butyrate (Merck
KGaA, Darmstadt, Germany), which increases viral
titer [57]. To detach cells from the culture plate by
non-enzymatic method, growing cells were washed
thrice with PBS, incubated with Cell Dissociation
Solution Non-enzymatic (Merck KGaA) for 5 min at
37°C, collected in M199 medium supplemented with
10% FBS, centrifuged, and resuspended in fresh
culture medium.

Mice

CD93 knockout (CD93�/�) mice on the C57BL/6
background [58] were bred in house. C57BL/6 wild-
type mice were purchased from Taconic Bioscien-
ces (Rensselaer, NY, USA). Animal experiments
were performed according to the gudelines for ani-
mal experimentation and welfare provided by
Uppsala University and approved by the Uppsala
County regional ethics committee (license number:
5.8.18-19429_2019).

Antibodies

The following primary antibodies were used:
mouse monoclonal anti-CD93 (clone 4E1) [11]; rab-
bit anti-CD93 (HPA009300, Atlas Antibodies,
Bromma, Sweden); sheep anti-CD93 (AF1696, R&D
Systems, Minneapolis, MN, USA); mouse anti-
b-actin (A2228) and mouse anti-Cbl (05-440, Merck
KGaA); rabbit anti-GAPDH (ab9485), rabbit anti-Cbl
(ab32027), and mouse anti-phosphotyrosine
(ab10321, Abcam, Cambridge, United Kingdom);
mouse anti-golgin-97 (CDF4), rabbit anti-pY774-Cbl
(8H4L1), rabbit anti-pY774-Cbl (PA5-36734), and
hamster anti-CD31 (MA3015, Thermo Fisher Scien-
tific); mouse anti-Crk (610035), mouse anti-Rac1
(610650) and mouse anti-Rho (610990, BD Trans-
duction Laboratories, Franklin Lakes, NJ, USA);
mouse anti-Cdc42 (ACD03, Cytoskeleton Inc., Den-
ver, CO, USA); mouse anti-DOCK180 (sc-13163)
and normal mouse IgG (sc-2025, Santa Cruz
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Biotechnology, Dallas, TX, USA); rabbit anti-Multi-
merin-2 [59].

Wound healing assay

To capture immunofluorescent images, the
scratch test was performed as previously described
with slight modifications [22]. Briefly, cells were
seeded on gelatin-coated 8-well Nunc Lab-Tek
Chamber slides (Thermo Fisher Scientific) and cul-
tured until they reached confluence. A double-sided
scratch was created in the monolayer using a sterile
pipette tip. The cultures were washed with PBS,
grown in supplemented EBM-MV2 medium for 5 h,
fixed in 4% paraformaldehyde, and subjected to
immunofluorescence analysis.
To test the migratory ability of Crk-silenced

HUVECs, cells were assessed for their capability to
heal a wound in the cell monolayer. Bright-field
images were captured at 14 h from the scratch by
using a DM IL LED inverted microscope equipped
with a digital DFC405 camera (Leica Microsystems,
Wetzlar, Germany). For each condition, images were
acquired at three different positions along the scratch
and a representative field was shown. The cell-free
area was analyzed using ImageJ2 software [60].

Solid-phase binding assay

ELISA-based assay was performed as previously
described with slight modifications [14]. Briefly, 96-
well plates were coated with gelatin or human Multi-
merin-2 (1.5 mg/ml) [59]. 1.5 £ 104 HUVECs were
seeded in gelatin-coated wells, grown in supple-
mented EBM-MV2 medium for 5 h, fixed in 3% para-
formaldehyde, not permeabilized, and subjected to
solid phase analysis using anti-Multimerin-2 antibod-
ies. A microtiter plate reader was used to measure
color development using o-phenylenediamine as
HRP substrate.

Immunoprecipitation and immunoblotting
analyses

Co-immunoprecipitation experiments were carried
out using the Pierce co-immunoprecipitation kit
(Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Cell lysates were immunopreci-
pitated using the primary antibody or normal mouse
IgG as negative control, and analyzed by immuno-
blotting as previously described [61]. To compare
protein levels of different samples, densitometric
analysis was performed using the gel analyzer tool
of ImageJ2.

Immunofluorescent and FRET analyses

Acquisition of fluorescent images, video recording,
and FRET experiments were carried out using a
Leica TCS SP8 AOBS confocal laser-scanning
microscope, following the TCS SP8 and FRET AB
manufacturer’s software. A Leica HC PL APO 63x/
1.40 Oil CS2 objective was used for the acquisition of
migrating cell images, highly detailed videos, and
FRET analyses and a Leica HC PL APO 63x/1.30
Glyc CORR CS2 glycerol objective was used for the
acquisition of retina vasculature images. Diode laser
andWhite Light Laser (WLL) were used to excite fluo-
rochromes and fluorescent molecules at the optimal
wavelength ranging from 405 nm to 647 nm and
images (1024 £ 1024 pixel resolution) were acquired
at a scan speed of 400 Hz image lines/sec. Confocal
scanner configuration was set as follows: pinhole at
1.0 Airy diameter and line averaging function at 4.

For live imaging, 48 h after lentivirus transduction,
control and CD93-silenced HUVECs were selected
with 4 mg/mL of Puromycin for 24 h and then trans-
duced again with lentiviruses expressing LifeAct-
EGFP or LifeAct-mScarlet, respectively. 48 h after
LifeAct transduction, cells were detached from the
plate by a non-enzymatic method, seeded on gelatin-
coated Nunc Glass Bottom Dishes (Thermo Fisher
Scientific), and grown in EBM-MV2 with supplements
during functional migration analyses. Microscopy
fields containing multiple cells per each condition
were recorded using a Leica Fluotar VISIR 25x/0.95
water objective. Frames (1024 £ 1024 pixel resolu-
tion) were recorded at a scan speed of 600 Hz image
lines/sec. The pinhole was set at 2 Airy diameter and
line averaging function at 6. Mean cell velocity was
analyzed using ImageJ and the ADAPT plug-in [62].
Cell trajectories and mean square displacements
were measured using the software DiPer and the Plo-
t_At_Origin auxillary program [63].

For immunofluorescent staining, cells were fixed in
4% paraformaldehyde, and treated as previously
described [15,56]. The secondary appropriate anti-
bodies were conjugated with Alexa Fluor-488 -568 or
-647 (Thermo Fisher Scientific). F-actin staining was
performed with Alexa Fluor-647 phalloidin and
Hoechst 33342 solution was used to stain nuclei (both
from Thermo Fisher Scientific). To show colocalization
events by white dots, images were generated using
ImageJ2 and the Colocalization plug-in. To quantify
protein levels at the migrating front, an area of 5 mm
distance from the leading edge was chosen and a
minimum of 7 images of the migrating front area per
condition were analyzed using ImageJ2.

To analyze and quantify the retinal vasculature,
retinas from wild-type and CD93�/- mice were col-
lected at postnatal day 6 (P6), fixed in 4% parafor-
maldehyde, and stained using primary and
conjugated-secondary antibodies. pY774-Cbl levels
in mouse retinal sprouts were calculated as follows:
first, multiple regions of interest (ROI), each contain-
ing an apical sprout, were isolated from acquired
images and white dot colocalization (wdc) images
between pY774-Cbl and CD31 were generated.
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Next, wdc image splitting allowed the isolation of the
pY774-Cbl signal overlapping the CD31-positive
vessel area. Finally, the isolated pY774-Cbl signal
was quantified and plotted against the total CD31þve

signal in the ROI. A number of at least 5 randomly
selected images per retina and 3 mice for each
genotype were used to perform the analysis.
FRET acceptor photobleaching (apFRET) analy-

ses were carried out on control or CD93-silenced
HUVECs transduced with genetically encoded bio-
sensors expressing RhoGTPases Rac1 (pLenti-
Rac1-2G), Cdc42 (pLenti-Cdc42-2G), or RhoA
(pLenti-RhoA-2G). Confluent cells were double-side
scratched, fixed at 5 h from the wound, stained to
visualize F-actin and nuclei, and finally analyzed.
Acquisition parameters were modified only in the
pinhole diameter at 1.40 Airy units. Argon laser lines
476 nm and 514 nm were used to excite mTFP1 and
mVenus fluorophores, which represent the donor
and the acceptor, respectively. For proper image
recording, hybrid detectors HyD were employed by
gating a spectral acquisition window of 486-502 nm
for the donor and 524-600 nm for the acceptor. In
the photobleaching procedure, cells were bleached
using the 514 nm argon laser beam at 100% inten-
sity until the acceptor was photobleached down to
about 10% of its initial value. FRET analysis was
performed using ImageJ2 and the FRETcalc plug-in
and FRET efficiency was calculated as previously
described [64,65].
Statistical analysis

Data analyses were performed using Prism 6 sta-
tistical software (GraphPad, San Diego, CA, USA)
and the values represent the mean § SD obtained
from at least three independent experiments. Nor-
mality test was performed using D’Agostino & Pear-
son normality test. The statistical significance of the
differences between two groups was determined
using the two-tailed Student t-test for normally dis-
tributed values, or the Mann-Whitney U test when
the values were not normally distributed. All P val-
ues reported were two-tailed and P < 0.05 was con-
sidered statistically significant.
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Abstract: During angiogenesis, cell adhesion molecules expressed on the endothelial cell surface
promote the growth and survival of newly forming vessels. Hence, elucidation of the signaling
pathways activated by cell-to-matrix adhesion may assist in the discovery of new targets to be used in
antiangiogenic therapy. In proliferating endothelial cells, the single-pass transmembrane glycoprotein
CD93 has recently emerged as an important endothelial cell adhesion molecule regulating vascular
maturation. In this study, we unveil a signaling pathway triggered by CD93 that regulates actin
cytoskeletal dynamics responsible of endothelial cell adhesion. We show that the Src-dependent
phosphorylation of CD93 and the adaptor protein Cbl leads to the recruitment of Crk, which works
as a downstream integrator in the CD93-mediated signaling. Moreover, confocal microscopy analysis
of FRET-based biosensors shows that CD93 drives the coordinated activation of Rac1 and RhoA
at the cell edge of spreading cells, thus promoting the establishment of cell polarity and adhesion
required for cell motility.

Keywords: Src; Cbl; Crk; Rac1; Cdc42; RhoA

1. Introduction

Migration of endothelial cells (ECs) is essential for the outgrowth of new blood vessels
both in physiological and pathological conditions. ECs of the vascular bed are usually
stable and quiescent; however, when the environment surrounding the endothelium
becomes hypoxic, the ECs switch to a proliferative and migratory state, leading to vascular
remodeling [1]. In migrating cells, the integration of several cues, largely provided by
adhesion to the substrate, is critical to activate intracellular signals that bias cytoskeletal
remodeling, cell shape, and polarity [2]. Therefore, uncovering the molecular mechanisms
that underpin the regulation of EC adhesion could allow a better understanding of both
physiological and pathological angiogenesis.

In addition to integrins, stimulated endothelia express alternative adhesive proteins
that can bind extracellular matrix (ECM) components and activate signaling pathways
during cell motility [3]. Among these proteins, the C-type lectin transmembrane protein
CD93, predominantly expressed in ECs, has been extensively proven to play important
roles in vascular biology [4–6]. CD93 is upregulated in the endothelium of different
types of vascularized tumors where it promotes its proangiogenic activities regulating
cell adhesion and migration through interaction with different proteins [7,8]. Indeed,
CD93 interacts with β-dystroglycan, which is a laminin-binding protein found to be
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upregulated in ECs of growing blood vessels within malignant tumors [9,10]. Moreover,
the binding of CD93 to Multimerin-2, an endothelial-specific ECM protein [11], contributes
to progression of the neovascular form of age-related macular degeneration, while in
gliomas, it promotes β1 integrin activation and the fibrillar organization of fibronectin,
increasing the motility of proliferating ECs [7,8,12]. Furthermore, the pathway activated by
the interaction between CD93 and insulin-like growth factor binding protein 7 (IGFBP7),
an ECM protein upregulated in tumor blood vessels, contributes to abnormal tumor
vasculature [13]. As a membrane receptor, CD93 mediates the transduction of signals from
the extracellular milieu into the cell. Consistently, the cytoplasmic domain of CD93 interacts
with different proteins and is essential for the endosomal trafficking of CD93 to the leading
edge of migrating ECs [14,15]. In spreading cells, the Src kinase phosphorylates the cytotail
of CD93 on two tyrosine residues, which generate consensus motifs for the binding of the
adaptor protein c-Cbl that drives the regulation of in vitro angiogenesis [9]. In migrating
cells, the phosphorylation of Cbl on tyrosine 774 triggers a signaling cascade that leads to
the activation of Rho-proteins and remodeling of the cytoskeleton [16]. However, although
the critical role played by CD93 in mediating cellular responses to extracellular cues is
quite clear, the transduction pathway triggered by CD93 during EC adhesion has not yet
been fully elucidated.

In the present work, we analyze the downstream signaling pathway regulated by
CD93 in primary spreading ECs. We show that CD93-dependent Src activation, together
with the recruitment of phosphorylated Cbl on tyrosine 774, triggers the activation of small
GTPases at the cell edge of spreading cells, thus promoting cytoskeletal reorganization
required for proper EC adhesion.

2. Results
2.1. CD93 Modulates Activation and Localization of Src Kinase

We have previously shown that in ECs adhering to the substrate, Src-dependent
phosphorylation of the CD93 cytotail on tyrosines 628 and 644 generates two consensus
sequences for the binding of the adaptor protein Cbl [9]. While these findings outlined
the involvement of CD93 in the activation of a signaling pathway regulating cell adhesion,
CD93-dependent regulation of Src activity was unclear prior to this investigation. To
address this issue, human umbilical vein ECs (HUVECs) were transduced with a lentiviral
construct carrying a CD93 specific shRNA sequence, detached from the plate, and the
reseeded sparse cells, after an adhesion period assessed as early spreading phase [17],
were analyzed by immunoblotting. Analyses of cell lysates from early spreading HUVECs
showed decreased levels of Src phosphorylated at tyrosine 418, which is a protein modifi-
cation that is closely correlated with kinase activity, in CD93-silenced cells compared to
control ECs (Figure 1a, quantified in Figure 1b). These observations were further substan-
tiated by immunofluorescence analyses showing that active Src was strongly decreased
at the cell border of CD93-silenced ECs compared to ECs transduced with a lentivirus
expressing an unrelated shRNA (Figure 1c). Furthermore, immunofluorescence analysis,
showing the colocalization of F-actin with active Src in early adhering ECs, highlighted
that the activation of Src was significantly decreased at the cell edge of CD93-depleted ECs
in comparison to control cells (Figure 1d, quantified in Figure 1e). These data, together
with previous findings showing that CD93 silencing strongly affected adhesion and actin
cytoskeletal organization of ECs [5,7], suggest that CD93 drives Src activation and its
recruitment to the cell edge to allow proper EC adhesion.



Int. J. Mol. Sci. 2021, 22, 12417 3 of 11

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 11 
 

 

 
Figure 1. CD93 regulates the activation of Src in adhering ECs. HUVECs were transduced with 
lentiviral particles expressing unrelated (sh-unr) or CD93 (sh-CD93) shRNAs. (a) Total cell extracts 
from early spreading transduced HUVECs were analyzed by Western blotting with antibodies 
against pY418-Src, Src, and CD93. Anti-β-actin antibodies were used to confirm equal loading. (b) 
Quantitative analysis of pY418-Src levels from independent experiments performed as in (a). Val-
ues, normalized to total Src and β-actin protein levels, represent the percentage of Src phosphory-
lation in CD93-silenced cells (sh-CD93) relative to control (sh-unr). *** p < 0.001; paired t-test. (c) 
Transduced HUVECs were detached from the plate by a non-enzymatic method, resuspended in 
complete medium, mixed, reseeded, and fixed at the early phases of spreading. Cells were stained 
using antibodies against pY418-Src and CD93. White dashed lines indicate cell boundaries. Scale 
bar, 20 μm. (d) Representative images of immunofluorescence analysis of transduced ECs in the 
early phase of adhesion. Cells were stained using phalloidin and antibodies against pY418-Src. 
White dot colocalization (wdc) images between pY418-Src and F-actin are shown. Scale bar, 10 μm. 
(e) Quantification of cellular pY418-Src in the spreading border area (5 μm from the cell edge) of 
control cells (n = 17, sh-unr) and CD93-silenced cells (n = 12, sh-CD93). Data are presented as a 
scatter plot, and the fluorescence intensity of the pY418-Src+ve signal per area is reported as arbi-
trary units (AU). **** p < 0.0001; Mann–Whitney test. 

2.2. CD93 Controls Phosphorylation and Cellular Localization of Cbl 
We have previously shown that the CD93-dependent phosphorylation of Cbl on 

tyrosine 774 is an important event in promoting EC adhesion [9]; however, it was unclear 
whether this regulation was also dependent on Src activation. To explore this possibility, 
we investigated the effect of PP2, a selective Src family kinase (SFK) inhibitor, on Cbl 
phosphorylation. Western blot analysis of cell lysates from spreading HUVECs revealed 
that the treatment with PP2 strongly impaired the activation of Src kinase and im-
portantly the phosphorylation of Cbl on tyrosine 774, suggesting that this specific adap-
tor modification is SFK-dependent in ECs flattening out on the surface (Figure 2a, quan-
tified in Figure 2b). Since in the migration front of ECs, the binding of pY774-Cbl to CD93 
triggers a signaling cascade regulating cell dynamics [16], we asked whether this signal-
ing pathway was also activated during cell spreading. To address this issue, we silenced 
CD93 in HUVECs and analyzed by immunofluorescence the subcellular localization of 
previously identified CD93-dependent signaling players [16]. Consistent with our pre-
vious results on EC migration [16], while CD93 colocalized with pY774-Cbl and the 
downstream modulator Crk at the cell edge (Figure 2c,d, sh-unr), the knockdown of 
CD93 dramatically impaired the localization of pY774-Cbl and Crk along the cell edge of 

Figure 1. CD93 regulates the activation of Src in adhering ECs. HUVECs were transduced with
lentiviral particles expressing unrelated (sh-unr) or CD93 (sh-CD93) shRNAs. (a) Total cell extracts
from early spreading transduced HUVECs were analyzed by Western blotting with antibodies
against pY418-Src, Src, and CD93. Anti-β-actin antibodies were used to confirm equal loading.
(b) Quantitative analysis of pY418-Src levels from independent experiments performed as in (a).
Values, normalized to total Src and β-actin protein levels, represent the percentage of Src phospho-
rylation in CD93-silenced cells (sh-CD93) relative to control (sh-unr). *** p < 0.001; paired t-test.
(c) Transduced HUVECs were detached from the plate by a non-enzymatic method, resuspended in
complete medium, mixed, reseeded, and fixed at the early phases of spreading. Cells were stained
using antibodies against pY418-Src and CD93. White dashed lines indicate cell boundaries. Scale
bar, 20 µm. (d) Representative images of immunofluorescence analysis of transduced ECs in the
early phase of adhesion. Cells were stained using phalloidin and antibodies against pY418-Src.
White dot colocalization (wdc) images between pY418-Src and F-actin are shown. Scale bar, 10 µm.
(e) Quantification of cellular pY418-Src in the spreading border area (5 µm from the cell edge) of
control cells (n = 17, sh-unr) and CD93-silenced cells (n = 12, sh-CD93). Data are presented as a scatter
plot, and the fluorescence intensity of the pY418-Src+ve signal per area is reported as arbitrary units
(AU). **** p < 0.0001; Mann–Whitney test.

2.2. CD93 Controls Phosphorylation and Cellular Localization of Cbl

We have previously shown that the CD93-dependent phosphorylation of Cbl on ty-
rosine 774 is an important event in promoting EC adhesion [9]; however, it was unclear
whether this regulation was also dependent on Src activation. To explore this possibility,
we investigated the effect of PP2, a selective Src family kinase (SFK) inhibitor, on Cbl
phosphorylation. Western blot analysis of cell lysates from spreading HUVECs revealed
that the treatment with PP2 strongly impaired the activation of Src kinase and importantly
the phosphorylation of Cbl on tyrosine 774, suggesting that this specific adaptor modi-
fication is SFK-dependent in ECs flattening out on the surface (Figure 2a, quantified in
Figure 2b). Since in the migration front of ECs, the binding of pY774-Cbl to CD93 triggers
a signaling cascade regulating cell dynamics [16], we asked whether this signaling path-
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way was also activated during cell spreading. To address this issue, we silenced CD93 in
HUVECs and analyzed by immunofluorescence the subcellular localization of previously
identified CD93-dependent signaling players [16]. Consistent with our previous results on
EC migration [16], while CD93 colocalized with pY774-Cbl and the downstream modulator
Crk at the cell edge (Figure 2c,d, sh-unr), the knockdown of CD93 dramatically impaired
the localization of pY774-Cbl and Crk along the cell edge of ECs adhering to the substrate
(Figure 2c,d, sh-CD93). These findings were further corroborated by quantitative analyses
of pY774-Cbl and Crk at the cell edge of spreading cells (Figure 2e,f), providing further
evidence of the key role played by CD93 in the regulation of the signaling pathway that
controls EC adhesion and migration.
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Since in motile ECs, the signaling triggered by CD93 converges to the activation and 

modulation of the Rho GTPase signaling pathways [16], we questioned whether the 
Rho-proteins Rac1, RhoA, and Cdc42 were CD93-dependent regulators of plasma mem-
brane dynamics also during the early events of EC adhesion to the ECM. To address this 
possibility, control or CD93-silenced ECs were transduced with lentivirus constructs ex-
pressing biosensors that produce localized FRET signals, revealing the amount and loca-
tion of Rac1, Cdc42, or RhoA activity [18–20]. Quantitative FRET analysis on the early 
spreading cells unveiled a statistically significant decrease in Rac1 activity at the cell edge 

Figure 2. CD93 triggers the pY774-Cbl-dependent signaling pathway in spreading ECs. (a) Cell
lysates from early spreading HUVECs pretreated for 30 min with vehicle alone (DMSO) or 10 µM PP2
were analyzed by Western blotting using antibodies against pY774-Cbl and pY418-Src to confirm PP2
activity. Equal loading was confirmed by using anti-Cbl and anti-Src antibodies. (b) Quantification
of pY774-Cbl phosphorylation levels from independent experiments performed as in (a). Values,
normalized to Cbl protein levels, represent the percentage of pY774-Cbl levels relative to vehicle-
treated cells (DMSO). *** p < 0.001; paired t-test. (c,d) HUVECs were transduced with lentiviral
particles expressing unrelated (sh-unr) or CD93 shRNA (sh-CD93). Cells were detached from the
plate, resuspended in complete growth medium, plated on the substrate, and fixed at early phases of
spreading. Cells were analyzed by immunofluorescence using phalloidin, anti-CD93 antibody, and
antibodies against pY774-Cbl (c) and Crk (d). White dot colocalization (wdc) images are shown as
indicated. In the wdc pictures, magnification of the squared areas is shown (2.5×). Scale bars, 20 µm.
(e,f) Quantification of cellular pY774-Cbl (e) and Crk (f) in the spreading border area (5 µm from the
cell edge) of HUVECs transduced and treated as in (c) (n = 14 cells for sh-unr and n = 16 cells for
sh-CD93) and (d) (n = 15 cells for sh-unr and n = 14 cells for sh-CD93). Data are presented as scatter
plots and the fluorescence intensity of the pY774-Cbl+ve and Crk+ve signals per area is reported as
arbitrary units (AU). * p < 0.05; Student t-test (e). *** p < 0.001; Mann–Whitney test (f).
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2.3. CD93 Regulates Activity of Rho-Proteins along the Cell Edge of Spreading ECs

Since in motile ECs, the signaling triggered by CD93 converges to the activation
and modulation of the Rho GTPase signaling pathways [16], we questioned whether
the Rho-proteins Rac1, RhoA, and Cdc42 were CD93-dependent regulators of plasma
membrane dynamics also during the early events of EC adhesion to the ECM. To address
this possibility, control or CD93-silenced ECs were transduced with lentivirus constructs
expressing biosensors that produce localized FRET signals, revealing the amount and
location of Rac1, Cdc42, or RhoA activity [18–20]. Quantitative FRET analysis on the
early spreading cells unveiled a statistically significant decrease in Rac1 activity at the cell
edge of CD93-silenced ECs compared to control cells (Figure 3a, quantified in Figure 3b),
suggesting that Rac1 is a downstream effector of the CD93 signaling pathway.
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Figure 3. CD93 signaling activates Rac1 at the cell edge of spreading cells. (a) FRET analysis on control
(sh-unr) or CD93-silenced (sh-CD93) HUVECs transduced with a lentiviral construct expressing
the Rac1 biosensor. Cells were fixed at the early phase of adhesion to the ECM. Representative
confocal images of transduced cells before photobleaching (acceptor pre) are shown. Rectangles
indicate the photobleached cell area. Magnifications of the photobleached area are shown (2.5×). The
colored scale represents the color range of FRET efficiency. Scale bars, 20 µm. (b) Plot showing the
fluorescence increase (% FRET efficiency) upon photobleaching at the cell edge of early spreading
ECs (n = 10 cells for sh-unr and n = 9 cells for sh-CD93). Data are presented as scatter plot. ** p < 0.01;
Student t-test.

Consistent with its role played in the establishment of epithelial apicobasal polar-
ity [21], Cdc42 was strongly activated at the cell edge of control spreading cells (Figure 4a,
sh-unr); however, in contrast to Rac1 regulation, Cdc42 activation did not decrease in
ECs lacking CD93 (Figure 4a, quantified in Figure 4b), suggesting that in the early phase
of EC adhesion, the signaling pathway activated by CD93 does not affect Cdc42 activity.
Importantly and in accordance with previous data on mouse fibroblasts [22], RhoA activity
was concentrated in a narrow band at the cell edge of control cells (Figure 5a, sh-unr),
whereas the lack of CD93 induced a statistically significant increase in RhoA activation
at the cell edge of spreading ECs (Figure 5a, quantified in Figure 5b). Collectively, these
results suggest that CD93, by modulating the activation of Rac1 and RhoA, controls the
actin cytoskeleton dynamics necessary for a coordinated adhesion of ECs to the ECM.
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Figure 4. Cdc42 is not modulated by CD93 at the cell edge of adhering ECs. (a) FRET analysis
on control (sh-unr) or CD93-silenced (sh-CD93) HUVECs transduced with a lentiviral construct
expressing the Cdc42 biosensor. Cells were fixed at the early phase of adhesion to the ECM. Rep-
resentative confocal images of transduced cells before photobleaching (acceptor pre) are shown.
Rectangles indicate the photobleached cell area. Magnifications of the photobleached area are shown
(1.6× sh-unr; 2.5× sh-CD93). The colored scale represents the color range of FRET efficiency. Scale
bars, 10 µm. (b) Graph showing the fluorescence increase (% FRET efficiency) upon photobleaching
at the cell edge of early spreading ECs (n = 15 cells for sh-unr and n = 15 cells for sh-CD93). Data are
presented as scatter plot. n.s., not significant; Student t-test.
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Figure 5. CD93 modulates RhoA activation at the cell edge of spreading ECs. (a) FRET analysis
on control (sh-unr) or CD93-silenced (sh-CD93) HUVECs transduced with a lentiviral construct
expressing the RhoA biosensor. Cells were fixed at the early phase of adhesion to the ECM. Rep-
resentative confocal images of transduced cells before photobleaching (acceptor pre) are shown.
Rectangles indicate the photobleached cell area. Magnifications of the photobleached area are shown
(1.8× sh-unr; 1.5× sh-CD93). The colored scale represents the color range of FRET efficiency. Scale
bars, 10 µm. (b) Plot showing the fluorescence increase (% FRET efficiency) upon photobleaching at
the cell edge of early spreading ECs (n = 16 cells for sh-unr and n = 12 cells for sh-CD93). Data are
presented as scatter plot. ** p < 0.01; Student t-test.
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3. Discussion

The adhesion of ECs to the ECM plays a critical role in modulating essential cellular
functions such as migration, proliferation, and survival, via the activation of a complex net-
work of intracellular signaling pathways. Hence, elucidating the signaling pathways that
manage EC adhesion to the ECM may help to understand the physiology of angiogenesis-
dependent diseases, offering the opportunity to unveil novel antiangiogenic targets. In the
present work, we show that, similarly to what has been observed in migrating ECs [16],
the transmembrane protein CD93 activates a signaling cascade involving Rac1 and RhoA
small GTPases to control cytoskeletal movements responsible for EC spreading. This
appears particularly interesting in view of the fact that, differently from quiescent blood
vessels, CD93 is mainly expressed in ECs of growing new blood vessels in different types
of neovascular pathologies [5,7,23].

Integrins are transmembrane proteins essential in mediating cellular responses down-
stream of ECM engagement [24]. Importantly, it has been shown that the binding of
CD93 to the ECM promotes β1 integrin activation and activated integrins regulate Src
activation [8,25], which is the protein kinase involved in the phosphorylation of the CD93
cytotail [9]. Consistent with these observations, we demonstrate that in spreading ECs,
the activation and localization of Src on the cell edge depends on CD93 expression, sug-
gesting that CD93 itself promotes the phosphorylation of its cytoplasmic domain via an
integrin/Src signaling axis, which generates consensus sequences for the binding of the
adaptor protein Cbl [9]. Of note, we show that the phosphorylation of Cbl on tyrosine
774 is also dependent on SFK activity, suggesting that the activation of Rho GTPases in
adhesion signaling involves extensive crosstalk between integrins and Src kinases [26].

Adaptor proteins are crucial components of the signaling pathways and link activated
receptors to specific downstream signals. We have previously shown that the CD93-
dependent phosphorylation of Cbl on tyrosine 774, a protein modification associated
with actin remodeling and enhancement of cell adhesion [27], is essential to promote
EC ahesion [9]. Accordingly, we show that CD93 drives the reorganization of the actin
cytoskeleton by controlling the proper localization of pY774-Cbl and its binding partner
Crk on the cell edge of spreading ECs and by transducing intracellular signals similar
to those observed in motile ECs [16], thus reinforcing the notion that cell adhesion and
migration are tightly connected processes [28].

Rac1 activation and RhoA inhibition are specific characteristics of the early cell adhe-
sion phase [17]. The use of FRET-based biosensors allowed us to investigate the activation
of the Rho proteins in early spreading ECs, demonstrating a clear role for CD93 in the
regulation of the spatially modulated activity of these molecules. It has been shown that
Rac1 and RhoA are mutually inhibitory, and higher RhoA activity is localized in a narrow
band at the cell border of migrating cells [16,22]. Consistent with these requirements, we
show that RhoA activity exhibits the same sharp localization at the cell edge of control
spreading ECs, but the loss of CD93 associates with a broadened cell area with increased
RhoA activity and a consequent decreased of Rac1 activation at the cell edge, suggesting
that the crosstalk between Rac1 and RhoA is crucial for the regulation of early adhesion
events in ECs. Interestingly, elevated RhoA activity may suppress Rac1 activity and lamel-
lipodium formation both via the activation of FilGAP, which is a Rac GTPase-activating
protein, and via the restriction of the interaction between Rac1 and its guanine nucleotide
exchange factor (GEF) β-Pix [29,30]. However, since the fine balance that exists between
the opposing activities of Rac1 and RhoA is dictated by the spatiotemporal activation of
several specific GAPs and GEFs, more work is required to understand how Rho-proteins
signal to control specific phases of adhesion and spreading in ECs [17].

Angiogenesis is largely regulated by a finely tuned integration of external cues, which
are integrated by ECs. Although speculative, we propose a molecular mechanism of
how ECs attach and spread on ECM. When cells adhere on the substrate, they derive
spatial cues from integrin signaling, which induces Src activation. At the same time, CD93
interacts with the ECM and promotes integrin activation, which leads to Src-dependent
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phosphorylation of the CD93 cytoplasmic domain. Phosphorylated CD93 recruits Cbl,
which in turn undergoes SFK-dependent phosphorylation at tyrosine 774, generating a
binding site for Crk and a signaling cascade for the reorganization of the actin cytoskeleton
by modulating the Rho GTPases activity. In conclusion, this study sheds light into the
understanding of the intricate molecular pathways activated by the microenvironment and
translated by CD93 into actin dynamics during the adhesion process.

4. Materials and Methods
4.1. DNA Constructs and RNA Interference

The following plasmids were purchased from Addgene (Watertown, MA, USA): a
lentiviral negative control vector containing scrambled shRNA (#1864, sh-unr) [31]; Rac1
generation fluorescence resonance energy transfer (FRET) biosensor for lentivirus produc-
tion (#66111, pLenti-Rac1-2G) [32]; FRET-based biosensor reporting on Cdc42 activation
(#68813, pLenti-Cdc42-2G) [33]; RhoA second-generation FRET biosensor for lentivirus
production (#40179, pLenti-RhoA-2G) [34].

shRNA-mediated knockdown of CD93 was performed as previously outlined [4]
by using a pLKO.1 retroviral vector from the Mission shRNA Library (Merck KGaA,
Darmstadt, Germany), which expresses a shRNA (clone TRCN0000029085) specific for the
silencing of the human protein. Recombinant lentiviral particles were produced and used
for infection experiments as earlier described [35].

4.2. Cell Culture

HUVECs from single donors were purchased from PromoCell (Heidelberg, Germany)
and grown on gelatin-coated plates in Endothelial Cell Basal Medium (EBM-MV2) with
supplements (PromoCell) as previously described [35]. For lentivirus production, human
Lenti-X 293T cells (Takara Bio Inc, Kusatsu, Japan) were grown in DMEM containing 10%
FBS and 1 mM sodium butyrate (Merck KGaA), which increases the viral titer [36]. To de-
tach cells from the culture plate by the non-enzymatic method, growing cells were washed
thrice with PBS, incubated with Cell Dissociation Solution Non-enzymatic (Merck KGaA)
for 5 min at 37 ◦C, collected in M199 medium supplemented with 10% FBS, centrifuged,
and resuspended in fresh culture medium.

4.3. Antibodies and Reagents

The following primary antibodies were used: mouse monoclonal anti-CD93 (clone
4E1) [4]; rabbit anti-phospho-Cbl(Tyr774) (04-334) and mouse anti-β-actin (A2228, Merck
KGaA); mouse anti-Cbl (sc-1651) and normal mouse IgG (sc-2025, Santa Cruz Biotechnology,
Dallas, TX, USA); rabbit anti-Src (32G6) and rabbit anti-phospho-Src(Tyr416) (D49G4, Cell
Signaling Technology, Danvers, MA, USA).

The Src family tyrosine kinase inhibitor PP2 was purchased from Merck KGaA.

4.4. Western Blotting Analyses

Immunoblotting experiments were performed as previously described [37]. To com-
pare protein levels of different samples, densitometric analysis was performed using the
gel analyzer tool of ImageJ2.

4.5. Immunofluorescent and FRET Analyses

Acquisition of fluorescent images and FRET experiments were carried out using a
Leica TCS SP5 AOBS confocal laser-scanning microscope, following the TCS SP5 and FRET
AB manufacturer’s software. A Leica HC PL APO 63x/1.40 Oil CS2 objective was used for
the acquisition of cell images and FRET analyses. A diode laser and argon laser were used
to excite fluorochromes and fluorescent molecules at the optimal wavelength ranging from
405 to 647 nm, and images (1024 × 1024 pixel resolution) were acquired at a scan speed
of 400 Hz image lines/sec. Confocal scanner configuration was set as follows: pinhole at
1.0 Airy diameter and line averaging function at 4.
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For immunofluorescent staining, cells were fixed in 3% paraformaldehyde and treated
as previously described [35]. The secondary appropriate antibodies were conjugated
with Alexa Fluor-488 or -568 (Thermo Fisher Scientific, Waltham, MA, USA). F-actin
staining was performed with Alexa Fluor-647 phalloidin (Thermo Fisher Scientific). To
show colocalization events by white dots, images were generated using ImageJ2 and the
Colocalization plug-in. To quantify protein levels at the cell border, an area of 5 µm distance
from the cell edge was chosen, and images were analyzed using ImageJ2.

FRET acceptor photobleaching (apFRET) analyses were carried out on control or CD93-
silenced HUVECs transduced with genetically encoded biosensors expressing RhoGTPases
Rac1 (pLenti-Rac1-2G), Cdc42 (pLenti-Cdc42-2G), or RhoA (pLenti-RhoA-2G). Transduced
cells were detached from the plate, resuspended in complete growth medium, plated on the
substrate, fixed at early phases of spreading (from 30 to 40 min), and analyzed. Acquisition
parameters were modified only in the pinhole diameter at 2.0 Airy units. Argon laser lines
458 nm and 514 nm were used to excite mTFP1 and mVenus fluorophores, which represent
the donor and the acceptor, respectively. For proper image recording, hybrid detectors
HyD were employed by gating a spectral acquisition window of 468–502 nm for the donor
and 524–600 nm for the acceptor. In the photobleaching procedure, cells were bleached
using the 514 nm argon laser beam at 100% intensity until the acceptor was photobleached
down to about 10% of its initial value. FRET analysis was performed using ImageJ2, and
the FRETcalc plug-in and FRET efficiency was calculated as previously described [38,39].

4.6. Statistical Analysis

Data analyses were performed using Prism statistical software (GraphPad, San Diego,
CA, USA), and the values represent the mean ± SD obtained from at least three independent
experiments. A normality test was performed using the D’Agostino & Pearson normality
test. The statistical significance of the differences between two groups was determined
using the two-tailed Student t-test for normally distributed values or the Mann–Whitney
U test when the values were irregularly distributed. All p-values shown were two-tailed,
and p < 0.05 was considered statistically significant.
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3.2 Introduction to article 3 

In this article, we highlighted the importance of Rab5C in regulating the retrieving and recycling of CD93 

and its interacting partners MMRN2 and the active form of integrin β1. Rab5C-depleted cells had reduced 

surface levels of both CD93 and active β1 integrin and showed less migratory capabilities compared to wild-

type cells. Moreover, accordingly to the importance of the positively charged RKRR motif in the 

juxtamembrane region of CD93 important for Moesin binging and therefore connection with the actin 

cytoskeleton (Zhang et al., 2005), recombinant CD93 lacking the cytoplasmic tail failed to properly localize 

in the apical bud during cell spreading and at the plasma membrane in migrating ECs.  
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The small GTPase Rab5c is a key regulator
of trafficking of the CD93/Multimerin-2/β1
integrin complex in endothelial cell
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Abstract

Background: In the endothelium, the single-pass membrane protein CD93, through its interaction with the
extracellular matrix protein Multimerin-2, activates signaling pathways that are critical for vascular development and
angiogenesis. Trafficking of adhesion molecules through endosomal compartments modulates their signaling
output. However, the mechanistic basis coordinating CD93 recycling and its implications for endothelial cell (EC)
function remain elusive.

Methods: Human umbilical vein ECs (HUVECs) and human dermal blood ECs (HDBEC) were used in this study.
Fluorescence confocal microscopy was employed to follow CD93 retrieval, recycling, and protein colocalization in
spreading cells. To better define CD93 trafficking, drug treatments and transfected chimeric wild type and mutant
CD93 proteins were used. The scratch assay was used to evaluate cell migration. Gene silencing strategies, flow
citometry, and quantification of migratory capability were used to determine the role of Rab5c during CD93
recycling to the cell surface.

Results: Here, we identify the recycling pathway of CD93 following EC adhesion and migration. We show that the
cytoplasmic domain of CD93, by its interaction with Moesin and F-actin, is instrumental for CD93 retrieval in
adhering and migrating cells and that aberrant endosomal trafficking of CD93 prevents its localization at the
leading edge of migration. Moreover, the small GTPase Rab5c turns out to be a key component of the molecular
machinery that is able to drive CD93 recycling to the EC surface. Finally, in the Rab5c endosomal compartment
CD93 forms a complex with Multimerin-2 and active β1 integrin, which is recycled back to the basolaterally-
polarized cell surface by clathrin-independent endocytosis.

Conclusions: Our findings, focusing on the pro-angiogenic receptor CD93, unveil the mechanisms of its polarized
trafficking during EC adhesion and migration, opening novel therapeutic opportunities for angiogenic diseases.
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Background
Physiological processes such as development, wound
healing, and growth are strictly dependent on vascula-
ture dynamics and require angiogenesis, the branching
of new blood vessels from pre-existing ones [1]. As a re-
sult, dysregulation of vessel growth has a strong impact
on health and contributes to the etiopathogenesis of sev-
eral disorders, including cancer progression, psoriasis,
atherosclerosis, blindness, and infectious disease [2, 3].
Despite several promising drugs have been developed
against the main molecules involved in angiogenesis,
conventional anti-angiogenic therapies still need to re-
solve issues such as efficacy, resistance, and toxicity to
give long-term meaningful outcomes [4]. Therefore, a
better understanding of the mechanisms underlying
angiogenesis is mandatory to intervene in pathological
processes. Numerous efforts have been made to identify
new biomarkers for anti-angiogenic therapy [5].
Recently, molecules belonging to the group XIV family
of C-type lectin-like domain (CTLD)-containing proteins
have been identified as potential anti-angiogenic targets
[6, 7].
CD93 is a single-pass transmembrane protein, which,

from the N- to C-terminus, consists of a CTLD domain,
five EGF-like repeats, a mucin-like domain, a transmem-
brane domain, and a cytoplasmic domain. In the juxta-
membrane region, CD93 contains a positively charged
motif (RKRR), shared with other adhesion molecules,
which harbors a binding site for the FERM domain of
Moesin, a member of the Ezrin/Radixin/Moesin (ERM)
family, involved in the regulation of membrane-cortex
interactions and signaling [8, 9]. Since ERM proteins link
membrane proteins to actin filaments [10], the inter-
action between CD93 and Moesin contributes to the
reorganization of cytoskeleton, which is essential during
cell adhesion and migration [11].
CD93 is predominantly expressed in endothelial cells

(ECs) and several data are consistent with a role for
CD93 as pro-angiogenic molecule in the vascular endo-
thelium [6, 12–14]. Importantly, CD93 is highly
expressed in hyperproliferative ECs of blood vessels
within different cancer types and choroidal neovascular
membranes of age-related macular degeneration patients
[13, 15, 16]. In the activated endothelium, CD93 plays a
dual role both operating as adhesion molecule and sol-
uble growth factor [17]. As adhesion molecule, CD93
contributes to EC adhesion and migration through
its interaction with Multimerin-2 (MMRN2), an
endothelial-specific member of the EDEN family, con-
sistently deposited in the extracellular environment of
tumor vasculature [7, 16, 18]. Notably, in tumor angio-
genesis the CD93-MMRN2 interaction is required for
activation of β1 integrin and formation of a fibrillar fi-
bronectin network [18], which is essential to promote

angiogenesis through its continuous turn over and re-
modeling [19].
Adhesion receptors are endocytosed and recycled

through the endosomal pathway and this can fine-tune
their spatiotemporal signaling outputs [20]. Moreover,
cell adhesion molecule turnover and sorting play a key
role during dynamic processes such as cytokinesis, mi-
gration, angiogenesis and invasion [21–23] . Within such
a framework, Rab GTPases are the major coordinators
of endosomal trafficking and regulate vesicle budding,
motility, and their tethering to the target compartment,
also conferring transport specificity and organelle iden-
tity [24, 25]. Here, we investigate the trafficking of CD93
in dynamically active primary ECs to unveil its conse-
quences in angiogenesis regulation. We show the re-
trieval and recycling of CD93 during EC spreading and
migration, identify the cytoplasmic domain of CD93 as a
key domain in the endosomal trafficking of CD93 and
demonstrate the major role of Rab5c isoform in driving
CD93 and β1 integrin delivering to the cell surface to
support EC migration.

Methods
Cell culture and transfection
Human umbilical vein ECs (HUVECs) and human der-
mal blood ECs (HDBECs) were purchased from Promo-
Cell (Heidelberg, Germany). Cells were grown on
gelatin-coated plates as previously described [18, 26].
For spreading analyses, cells were detached from the cul-
ture plate by using enzyme-free cell dissociation buffer
(Thermo Fisher Scientific, Waltham, MA, USA), plated
on gelatin-coated coverslips, and allowed to spread for
different times. Cells at specific phases of spreading were
fixed, labeled, and imaged by microscopy. Transient
transfection experiments were performed by electropor-
ation as previously described [12].

DNA constructs
The chimeric construct expressing human CD93 fused to
YFP was previously described [12]. The deletion mutant
CD93ΔC (covering the amino acid residues from 1 to 604
of the human CD93 sequence) fused to YFP was obtained
by PCR amplification of a cDNA clone corresponding to
the human CD93 gene, using the following oligonucleo-
tides: 5′-GAGAATTCATGGCCACCTCCATGGG-3′ and
5′-GAGGATCCACCAGTAGCCCCAGAGCC-3′. PCR
fragments were cloned into pEYFP-N1 vector (Clontech
Labs, Fremont, CA, USA). The construct was confirmed
by sequencing.

Reagents and antibodies
Latrunculin B (Calbiochem-Novabiochem Corp., San
Diego, CA, USA) and nocodazole (Sigma-Aldrich, Saint
Louis, MO, USA) were used as previously described to
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disrupt actin and microtubule cytoskeleton integrity, re-
spectively [27]. Cycloheximide (Sigma-Aldrich) was used
to inhibit protein synthesis in HUVECs at the concen-
tration of 50 μg/mL.
The following primary antibodies were used: mouse

monoclonal anti-CD93 (mAb 4E1) [6], rabbit anti-
MMRN2 (generously provided by M. Mongiat), rabbit
anti-CD93 (HPA009300, Atlas Antibodies, Bromma,
Sweden), mouse anti-CD93 (MBL International Cor-
poration, Woburn, MA, USA), rabbit anti-Giantin,
mouse anti-β1 integrin (12G10), and mouse anti-Rab7
(Abcam, Cambridge, UK), rabbit anti-Moesin (Cell
Signaling Technology, Danvers, MA, USA), mouse
anti-Rab5 (BD Biosciences, Franklin Lakes, NJ, USA),
mouse anti-β-actin (Sigma-Aldrich), rabbit anti-CD93
(H-190), mouse anti-COPD (E-12), mouse anti-
Sec31A (H-2), mouse anti-β-Adaptin (A-5), mouse
anti-Rab5a (E-11), mouse anti-Rab5b (F-9), mouse
anti-Rab5c (H-3), mouse anti-β1 integrin (4B7R),
mouse anti-Rab11a (D-3), rabbit anti-caveolin-1 (N-
20), and mouse anti-MMRN2 (H572) (Santa Cruz
Biotechnology, Dallas, TX, USA). Alexa Fluor-488 and
-647 phalloidin (Thermo Fisher Scientic) were used
for F-actin labeling.

Immunofluorescence microscopy
Cells were seeded onto gelatin-coated glass coverslips,
fixed in 3% paraformaldehyde, and treated as previ-
ously described [18, 28]. The secondary antibodies
used were conjugated with Alexa Fluor-488 and Alexa
Fluor-568 (Thermo Fisher Scientific). Fluorescent im-
ages were captured using a Leica TCS SP2 AOBS
confocal laser-scanning microscope and overlaid im-
ages were produced. A Leica HCX PL APO lbd.BL
63x/1.40 oil objective was used. Fluorochromes and
fluorescent proteins were excited at the optimal wave-
length ranging from 458 nm to 633 nm and images
(512 × 512 resolution) acquired at a scan speed of
400 Hz image lines/sec. Confocal scanner configur-
ation was set as follows: pinhole at 1.0 Airy diameter
and line averaging function at 4. To better dissect the
labeled cellular structure, some cells were shown as
lateral views, corresponding to single xz planes. These
images were processed as previously described [27].
Cell distribution of exogenous CD93 proteins and
protein localization at the migrating front were mea-
sured using NIS-Elements image analysis software
(Nikon Instruments, Melville, NY, USA). For protein
quantification at the migrating front, an area of
20 μm distance from the leading edge was chosen,
and a minimum of 5 images of the migrating front
area per condition were used. Similarly, exogenous
CD93 was quantified in the migrating front area of
single transfected cells. The quantitative colocalization

analyses were performed pre-processing the images
and using ImageJ 2.0 and the JACoP plug-in to determine
Manders coefficients and Costes randomization values as
previously described [29]. Costes P values ≥95% were con-
sidered as a colocalization signal. To show colocalization
events by white dots, images were generated using ImageJ
and the Colocalization plug-in.

RNA interference, immunoblotting analysis, and flow
cytometry
Silencing experiments were performed using pLKO.1
retroviral vectors from the MISSION shRNA Library
(Sigma-Aldrich) expressing specific shRNAs for human
Rab5c (SHCLNG-NM_004583, clone TCRN0000380031,
referred to as 31; clone TCRN0000072933, referred to as
33) and human CD93 (clone TRCN0000029085) [6]. Re-
combinant lentiviruses were produced and used for in-
fection experiments as previously described [28].
Immunoblotting experiments were performed as previ-
ously described [30]. Flow cytometry analysis was per-
formed as previously described with slight modifications
[31]. Briefly, living cells were detached from the culture
plate using enzyme-free cell dissociation buffer, incu-
bated with an anti-CD93 (mAb 4E1) antibody followed
by an anti-mouse Alexa Fluor 488-conjugated secondary
antibody, and analyzed on GUAVA flow cytometer
(Merck Millipore, Burlington, MA, USA).

Wound healing assay
The scratch test was performed as previously described
with slight modifications [16]. Briefly, transfected or
lentivirus transduced HUVECs were seeded on glass
coverslips in a 24-well plate and cultured until they
reached confluency. A straight scratch was created in
the monolayer using a sterile pipette tip. The cultures
were washed with PBS and grown in complete medium.
Bright-field images were captured using an inverted
microscope equipped with a digital camera. For each
condition, images were acquired at three different posi-
tions along the scratch and a representative field was
shown. For immunofluorescence analysis, after the
scratch cells were washed with PBS, grown in complete
medium for 5 h, fixed in 3% paraformaldehyde, and sub-
jected to immunofluorescence analysis.

Statistical analysis
In this study, the data analysis was performed using
Prism 6 software (Graphpad Software, La Jolla, CA,
USA). Differences between samples were estimated using
the two-tailed student’s t-test or 2-way ANOVA followed
by Dunnett’s test. Values were expressed as the mean ±
SD and P < 0.05 was considered statistically significant.
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Results
In early spreading ECs, CD93 is channeled to the actin-
rich apical bud
During the early phases of EC adhesion, the cooperation
between F-actin and Moesin leads to the assembly of an
actin-rich apical domain (also known as apical bud or
apical membrane insertion site) that drives apical-
basolateral polarization [27, 32]. Since Moesin orches-
trates cytoskeletal remodeling and links transmembrane
CD93 to the actin cytoskeleton [11], we questioned
whether the localization of CD93 was polarized during
spreading of human primary ECs. To address this issue,
exponentially growing HUVECs were detached from the
plate, allowed to adhere on the substrate, and analyzed
by immunofluorescence. Interestingly, at early degrees of
cell spreading CD93 showed a pattern of localization
similar to Moesin, being mainly confined into the apical
bud and colocalizing with F-actin (Fig. 1, upper panels).
Moreover, CD93 was also localized in small vesicles
clustered directly beneath the apical bud (Fig. 1, upper
panels), which in turn colocalized with caveolin-1
(Additional file 1: Figure S1), a key player in promoting
EC polarization [33]. To assess whether such distribution
depended on F-actin, ECs were let to settle on the substrate
in the presence of latrunculin B, which disrupts microfila-
ment organization. Consistent with our previous findings
[27], disruption of the F-actin cytoskeleton resulted in the
impairment of apical bud structure, thus hampering cell
polarity and eliciting a random distribution of CD93
throughout the adhering cell (Fig. 1, lower panels).
Next, to better explore the trafficking of CD93 in

spreading cells, HUVECs were transfected with an ex-
pression vector encoding wild type CD93 fused with YFP
at its C-terminus [12]. Fluorescent confocal microscopy
was employed to analyze cells fixed at different stages of

cell flattening against the substrate. The tagged wild type
protein behaved as the endogenous CD93 and it resulted
localized to the apical bud (Fig. 2a, 5 min). Importantly,
confocal microscopy analysis at increasing times of cell
spreading showed that small vesicles containing CD93-
YFP moved from the apical bud towards the middle of
the cell (Fig. 2a, 10 min, 15 min, and 20 min, quantified
in Fig. 2b). This localization was further corroborated by
confocal xz scans that created a cross-sectional view
through a spreading cell (Fig. 2c). Since the cytoplasmic
domain of CD93 interacts with the FERM domain of
Moesin [11], we questioned whether the cytoplasmic do-
main was involved in the apical bud localization of
CD93. To address this possibility, we generated a YFP-
tagged CD93 deletion mutant (CD93ΔC-YFP) lacking
the cytoplasmic tail and transfected it into HUVECs
(Fig. 2d). Imaging of cells fixed at early attachment
stages showed that CD93ΔC-YFP was diffusely
distributed throughout the cytoplasm and the small vesi-
cles containing the deletion mutant were not polarized
(Fig. 2e). These observations were further substantiated
by quantitative analysis of exogenous CD93 and
CD93ΔC levels in the apical bud and cytoplasm of early
spreading cells (Fig. 2f ). Taken together, these findings
indicate that in ECs undergoing early spreading, the
cytoplasmic domain of CD93 through interaction with
Moesin and F-actin drives the localization of CD93 to
the polarizing apical bud and its endocytic movements
towards the middle of the cell.

F-actin is involved in the endocytic trafficking of CD93
As EC flattening against the substrate increased, we ob-
served the appearance of numerous, large and round-
shape CD93-positive (CD93+ve) vesicles arranged in the
perinuclear region (Fig. 3a). Of note, also in spreading

Fig. 1 During the initial phases of spreading, CD93 is sorted towards the actin-rich apical bud. HUVECs were pretreated or not for 30 min with
latrunculin B, then they were detached from the plate, resuspended in complete growth medium, and plated on the substrate in the presence or
not of latrunculin B. 5 min after plating, cells were fixed and analyzed by immunofluorescence using phalloidin, anti-Moesin, and anti-CD93
antibodies. The apical bud is delimited by a dotted line. Arrowheads indicate small vesicles beneath the apical bud. Differential interference
contrast (DIC) images of stained cells are shown. Scale bars represent 5 μm
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Fig. 2 Retrieval of CD93 is regulated through its cytoplasmic domain. a: Time course image analysis of CD93 localization during cell spreading. CD93-YFP
was transiently transfected into HUVECs. Cells were detached from the plate, resuspended in complete growth medium, plated on the substrate, and fixed
at different spreading times as indicated. Exogenous CD93 was imaged as yellow. Scale bars, 10 μm. b: Quantification of exogenous CD93 levels in the
apical bud and cytoplasm of ECs treated as in a. Bars represent the percentage of total fluorescence intensity/area. Data are presented as the mean/cell ±
SD of three independent experiments (n = 3 cells per group). **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. 5min; 2-way ANOVA with Dunnett’s post-test. c:
Periodic z-series of cells treated as in a were acquired at 10min after plating to generate a vertical section (lateral xz, 90 z-sections of 115 nm each). The
corresponding cell boundary is indicated by a dotted line. An arrowhead indicates the point of view of the lateral xz image. Scale bar, 15 μm. d: The
schematic diagram illustrates CD93 wild type (CD93-YFP) and the deletion mutant (CD93ΔC-YFP) lacking the cytoplasmic domain fused with YFP. The
deleted amino acid residues are indicated. CTLD, C-type lectin-like domain; EGF-like, Epidermal Growth Factor repeats; Mucin, Mucin-like domain; TM,
transmembrane domain; Cy, cytoplasmic domain. e: CD93ΔC-YFP deletion mutant was transiently transfected into HUVECs. Cells were detached from the
plate, resuspended in complete growth medium, plated on the substrate, and fixed at early phases of spreading (from 5 to 10min). Exogenous CD93ΔC-
YFP was imaged as yellow. Scale bars, 8 μm. Merged and DIC images are shown. f: Quantification of exogenous wild type and mutant CD93 levels in the
apical bud and cytoplasm of transfected cells as in a and e. Bars represent the percentage of total fluorescence intensity/area. Data are presented as the
mean/cell ± SD of three independent experiments (n= 15 cells per group). ****P< 0.0001; unpaired t-test

Barbera et al. Cell Communication and Signaling           (2019) 17:55 Page 5 of 15



HDBECs and with the use of different antibodies against
CD93, confocal microscopy analysis revealed the appear-
ance of large round-shape CD93+ve vesicles (Fig. 3b),

suggesting that the formation of large CD93+ve recycling
vesicles is a typical trait in spreading primary ECs.
HUVECs treated with cycloheximide showed regular

A B

C

D

E

Fig. 3 CD93 is recycled via large vesicles moving along F-actin cables. a: Exponentially growing HUVECs were detached from the plate,
resuspended in complete growth medium, plated on the substrate, and fixed at late phases of spreading (from 30 to 50 min). Cells were analyzed
by immunofluorescence using phalloidin and an anti-CD93 (4E1) antibody. Scale bar, 11 μm. b: Exponentially growing HDBECs were treated as in
a. Cells were analyzed by immunofluorescence using phalloidin and two different anti-CD93 antibodies as indicated. Arrowheads indicate
CD93+ve vesicles. Images were acquired using a Leica SP8 confocal microscope equipped with Leica White Light Laser, notch filters (488 nm, 568
nm, and 647 nm) and a HC PL APO CS2 63x/1.40 oil objective. Images were taken in 1024 × 1024 format, speed 400 Hz, and pinhole set at 1.0
Airy diameter. Scale bars, 20 μm. c: HUVECs were pretreated for 4 h with 50 μg/mL cycloheximide, then they were detached from the plate,
resuspended in complete growth medium, and plated on the substrate in the presence of cycloheximide. Cells were analyzed by
immunofluorescence at late phases of spreading using anti-CD93 antibodies. DIC image of stained cells is shown. The dotted line indicates
nucleus boundary. Scale bar, 8 μm. d: Periodic z-series of ECs treated as in a were acquired at 50 min after plating to generate a color-coded
projection such that the basal cell surface, which adheres to the substrate is red and the apical cell surface is violet. A vertical section (lateral xz,
47 z-sections of 115 nm each) obtained from the same images is shown. A dotted ring containing an asterisk indicates apical bud boundary. In
the xz view, a dotted line indicates the cell boundary and an arrowhead the point of view of the image. Scale bar, 8 μm. e: Details of late
spreading HUVECs. Cells treated as in a were stained for F-actin and CD93. Overlay of stained cells and white dot colocalization (wdc) images are
shown. Arrowheads indicate colocalization between CD93+ve vesicles and actin cables. Manders and Costes quantitative analyses of CD93
colocalization with F-actin and vice versa are shown (n = 8 cells). Scale bars are 4 μm
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formation of CD93+ve vesicles during the late spreading
phases (Fig. 3c), suggesting that these vesicles contain a
recycled pool of pre-existing CD93 and their origin is
not due to new protein synthesis. Furthermore, confocal
color-coded xz sectioning localized the smaller CD93+ve

vesicles near and around the apical bud and the largest
ones close to the basolateral membrane (Fig. 3d), sug-
gesting that the CD93+ve vesicles move from the apical
bud towards the cell-substrate interface. Importantly,
high-resolution fluorescence confocal microscopy ana-
lysis of CD93+ve vesicles showed their alignment with
the actin cables (Fig. 3e). Since actin dynamics ensure ef-
ficient endocytosis and direct the trafficking of vesicles
to the cell surface [34], we hypothesized a role for F-
actin in the transport of CD93+ve vesicles. To explore
this hypothesis, ECs were let to spread in the presence
of latrunculin B. Accordingly, addition of this drug to
the culture medium impaired the formation of CD93+ve

vesicles and CD93 resulted mislocalized in several cyto-
solic regions (Additional file 1: Figure S2). By contrast,
when the microtubule cytoskeleton was disrupted by
nocodazole, no effects were observed on the formation
and localization of CD93+ve vesicles (Additional file 1:
Figure S3). Since recent studies have demonstrated that
internalized adhesion molecules may transit through the
trans-Golgi network (TGN) before being delivered to
the cell surface [19], we asked whether also CD93 could
be involved in the route from or to the Golgi apparatus.
To address this possibility, we performed immunofluor-
escence analyses on early and late spreading HUVECs by
staining coatomers involved in the secretory pathway,
such as COPI, COPII, and clathrin. However, protein in-
volved in the secretory pathway did not show significant
colocalization with CD93 (Additional file 1: Figure S4).
Altogether, these data indicate that in spreading ECs,
endocytosed CD93 is directly recycled back to the cell-
substrate interface via vesicles moving along F-actin
cables.

MMRN2 and β1 integrin are recycled together with CD93
Several adhesion molecules are often internalized to-
gether with their ligands and other associated proteins
in functional domains on the membrane surface. Such
associations allow the coordination of ligand-receptor
recycling and degradation thus controlling their bioavail-
ability and function [35]. Hence, we sought to investigate
whether endocytosed CD93 was associated with its lig-
and MMRN2 in internalized vesicles. To this end, en-
dogenous CD93 and transfected CD93-YFP were
analyzed by fluorescence confocal microscopy at differ-
ent degrees of cell adhesion. Interestingly, both endogen-
ous and exogenous CD93 were colocalized with
MMRN2 at early and late spreading phases (Fig. 4). Such
colocalization was also observed in early and late

spreading HDBECs (Additional file 1: Figure S5). Since
CD93 and MMRN2 cooperate to stabilize α5β1 integrin
and β integrin subunits are mainly associated with regu-
latory and signal transducing proteins [18, 36], we asked
whether β1 integrin was also internalized in association
with the CD93-MMRN2 complex during cell spreading.
Notably, both endogenous and exogenous CD93 were
colocalized with β1 integrin, which followed the same
endocytic route of CD93 during early and late cell
spreading (Fig. 5a-d). Moreover, internalized β1 integrin
resulted partly bound to ECM, as assessed by immuno-
fluorescent staining using an antibody that specifically
recognizes the active conformation of β1 integrin (Fig.
5e and f). Taken together, these findings indicate that
during EC adhesion, endocytosed CD93 forms an active
complex with MMRN2 and β1 integrin and the whole
complex is retrieved and recycled directly back to the
plasma membrane.

Rab5c promotes CD93 recycling
To investigate the nature of CD93 recycling in spreading
ECs, we focused on Rab GTPases, which have been
demonstrated to regulate endocytic trafficking and con-
tribute to the structural and functional identity of intra-
cellular organelles [25]. To this end, HUVECs were
transfected or not with CD93-YFP, fixed, and stained for
Rab5, Rab7, and Rab11 at different degrees of attach-
ment to the substrate. CD93+ve vesicles formed during
early and late spreading showed a strong colocalization
of endogenous and exogenous CD93 with the early
endosomal marker Rab5 (Fig. 6), but not with Rab7 and
only slightly with Rab11 in the large vesicles (Additional
file 1: Figure S6), suggesting that Rab11 contributes to
the transition of CD93+ve vesicles from early to recyc-
ling endosomes [37]. We hence infer that Rab5 is in-
volved in the regulation of CD93 recycling. Since
Rab5 has three isoforms (Rab5a, b, c) that cooperate
in the regulation of endocytosis in eukaryotic cells
[38], we first investigated whether all isoforms were
expressed in HUVECs. Interestingly, only a strong
Rab5c signal was detected by both immunofluores-
cence and immunoblotting analyses (Additional file 1:
Figure S7). Next, to directly explore the role of Rab5c
in CD93 recycling, we sought to impair Rab5c expres-
sion in HUVECs by lentiviral constructs expressing
two independent shRNAs (clones 31 and 33). ECs
transduced with lentiviruses expressing both Rab5c
shRNAs showed a strong decrease in Rab5c protein
levels as compared to ECs transduced with a
lentivirus expressing an unrelated shRNA (Fig. 7a).
Importantly, the silencing of Rab5c did not increase
the expression pattern of the other Rab5 isoforms
(Fig. 7a), suggesting that in HUVECs Rab5 isoforms
do not undergo evident genetic compensation in
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response to gene knockdown [39]. Moreover, confocal
microscopy analysis on Rab5c-silenced HUVECs
showed that in early spreading cells, CD93 was regu-
larly distributed in small vesicles beneath the apical
bud (Fig. 7b, upper panels). By contrast, in late
spreading ECs, confocal microscopy and quantitative
analyses showed that Rab5c downregulation resulted in a
remarkable disappearance of large CD93+ve vesicles (Fig.
7b lower panels, and 7c), suggesting that Rab5c is involved
in the intracellular trafficking and size increase of CD93+ve

vesicles but not in the internalization of CD93 from the
apical bud. To evaluate further the involvement of Rab5c
in the regulation of CD93 recycling, we analyzed plasma
membrane and total cellular levels of CD93 in control and

Rab5c-silenced ECs by flow cytometry and Western blot-
ting. Notably, we observed that, although the total CD93
cellular levels remained unchanged, less CD93 protein
was exposed on the plasma surface of Rab5c-silenced cells
in comparison to control (Fig. 7d).
Next, to assess the role of Rab5c in the trafficking

of CD93 during EC migration, we employed an in
vitro wound healing assay and used confocal micros-
copy to detect the subcellular localization of CD93 in
the leading edge of migrating cells. Similarly to what
has been previously reported for HDBECs [18], CD93
was strongly localized in the migrating edge of
HUVECs transduced with a lentivirus expressing an
unrelated shRNA (Fig. 7e, upper panels). On the

A B

C D

Fig. 4 CD93 colocalizes with MMRN2 in endocytic vesicles. The CD93-YFP construct was transfected or not into HUVECs. Cells were detached
from the plate, resuspended in complete growth medium, plated, fixed at different times after plating, and analyzed by confocal microscopy. a,
b: Untransfected ECs at early and late phases of spreading were stained using phalloidin, anti-CD93, and anti-MMRN2 antibodies. Merged, DIC,
and wdc images between CD93 and MMRN2 are shown. Scale bars, 7 μm. In b, the wdc picture shows a high magnification of the CD93+ve

vesicles displayed into the dashed square. Scale bar, 4 μm. c, d: Transfected early and late spreading cells were stained for MMRN2. Exogenous
CD93 was imaged as green. Overlay of stained cells and wdc images are shown. Scale bars, 7 μm. For each condition, Manders and Costes
quantitative analyses of MMRN2 colocalization with CD93 and vice versa are reported (n = 5–7 cells)
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contrary, Rab5c silencing dramatically impaired the
localization of CD93 in the extending lamellipodia of
the migrating front (Fig. 7e lower panels, quantified
in Fig. 7g). These findings were further substantiated
by internalization assays on migrating control and
Rab5c-silenced ECs (Additional file 1: Figure S8). Im-
portantly, in line with the role of CD93 in modulating
β1 integrin activation during cell migration [18],
Rab5c silencing strongly reduced the amount of β1

integrin as well as its active form at the leading edge of
migration (Additional file 1: Figure S9 and Fig. 7f, quanti-
fied in Fig. 7g). In keeping with the above results,
knocking down Rab5c reduced the ability of HUVECs
to migrate in wound closure assays (Fig. 7h and i), in-
dicating that in ECs the Rab5c isoform orchestrates
the recycling of endocytosed CD93 involved in the
regulation of β1 integrin activation during cell
migration.

A B

C D

E F

Fig. 5 The CD93-MMRN2 complex is recycled in association with β1 integrin. The CD93-YFP construct was transfected or not into HUVECs. Cells
were detached from the plate, resuspended in complete growth medium, plated, fixed at different times after plating, and imaged by
immunofluorescence. a, b: Untransfected cells at early and late phases of spreading were stained using phalloidin, anti-CD93 and anti-β1 integrin
antibodies. Merged, DIC, and wdc images between CD93 and β1 integrin are shown. In b, the wdc picture shows a high magnification of the
CD93+ve vesicles visible into the dotted square. Scale bars, 6 μm (a), 4 μm (b). c, d: Transfected early and late spreading ECs were stained for β1
integrin. Exogenous CD93 was imaged as green. Overlay of stained cells and wdc images are shown. Scale bars, 8 μm (c) and 7 μm (d). e, f:
Immunofluorescent staining of CD93 and active β1 integrin (12G10) in untransfected cells at early and late phases of attachment to the substrate.
Merged and wdc images are shown. In f, dotted lines indicate cell boundary. Scale bars, 8 μm (e) and 13 μm (f). For each condition, Manders and
Costes quantitative analyses of β1 integrin colocalization with CD93 and vice versa are reported (n = 4–8 cells)
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In adhering and migrating ECs, the cytoplasmic domain
of CD93 is critical for CD93 recycling
Since the cytoplasmic tail of CD93 drives the move-
ments of CD93 towards the polarizing apical bud (Fig.
2d), we hypothesized its involvement also in the trans-
port of CD93 to the cell-substrate interface. To explore
this hypothesis, HUVECs were transfected with CD93-
YFP or CD93ΔC-YFP constructs and the distribution of
the chimeric proteins was compared by immunofluores-
cence analyses at late degrees of cell adhesion. As shown
in Fig. 8a (left panel), exogenous CD93 was specifically
localized in large vesicles such as the endogenous pro-
tein. On the other hand, the CD93ΔC tagged protein
showed a diffuse and punctate pattern throughout the
cytoplasm and the CD93+ve vesicles showed a strong re-
duction in size (Fig. 8a, right panel). These observations
were sustained by quantitative analysis of CD93+ve

vesicle number, highlighting its statistically significant
decrease in cells transfected with the deletion mutant in
comparison to cells transfected with wild type CD93
(Fig. 8b). Of note, neither the presence of CD93ΔC nor

the downregulation of CD93 impaired the formation of
large Rab5c+ve vesicles (Fig. 8c and Additional file 1: Fig-
ure S10), suggesting that the cytoplasmic random distri-
bution of CD93ΔC is not due to destruction of
subcellular structures.
To investigate the role of the cytoplasmic tail in the

recycling of CD93 during EC migration, we transfected
HUVECs with CD93-YFP or CD93ΔC-YFP constructs,
used an in vitro wound healing assay and assessed the
subcellular localization of exogenous proteins by con-
focal microscopy and quantitative analysis of protein
localization at the migrating front. While exogenous wild
type CD93 was localized in the leading edge of migra-
tion, where ECs extended lamellipodia, only low levels
of CD93ΔC were observed in the extending lamellipodia
of the migrating front, being mainly accumulated in the
perinuclear region (Fig. 8d, quantified in Fig. 8e).
Altogether, these results suggest that the C-terminus of
CD93 controls its retrieval and recycling to the cell sur-
face, and as a result, it regulates cell adhesion and move-
ments of migrating ECs.

A B

Fig. 6 CD93 colocalizes with the small GTPase Rab5. HUVECs were transfected or not with CD93-YFP, then they were detached from the
plate, resuspended in complete growth medium, plated on the substrate, fixed at early (a) and late (b) degrees of cell spreading, and
subjected to immunofluorescence analysis. a: Untransfected cells (CD93) were stained with phalloidin, anti-Rab5, and anti-CD93 antibodies.
Transfected cells (CD93-YFP) were stained with phalloidin and anti-Rab5 antibodies. Scale bars, 7 μm. b: Untransfected cells (CD93) were
stained with anti-CD93 and anti-Rab5 antibodies. Transfected cells (CD93-YFP) were stained for Rab5. A dotted line indicates nucleus
boundary. Scale bars, 7 μm. In transfected cells, exogenous CD93 was imaged as green. Merged, DIC, and wdc images between CD93 and
Rab5 are shown. For each condition, Manders and Costes quantitative analyses of Rab5 colocalization with CD93 and vice versa are
reported (n = 5–8 cells)
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Discussion
In developing blood vessels, ECs exhibit polarity in several
axes and polarization of endothelia is essential for

morphogenesis of the vascular tree [40]. The establishment
of polarity is regulated by the spatiotemporal coordination
of different signaling pathways that modulates cytoskeletal

A B E

C

D

G

H

F

I

Fig. 7 Rab5c modulates CD93-mediated EC motility. HUVECs were transduced with lentiviral particles expressing unrelated (unr) or Rab5c
shRNAs (clone 31 and 33). a: Cell lysates from shRNA expressing ECs were analyzed by Western blotting using antibodies against Rab5a,
Rab5b, or Rab5c. Anti-β-actin antibodies were used to confirm equal loading. b: Representative images of control (shRNA unr) and Rab5c-
silenced (shRNA Rab5c, clone 33) HUVECs at early and late phases of spreading. Cells were analyzed by confocal microscopy using anti-
CD93 and anti-Rab5c antibodies. Overlay of stained cells is shown. Dashed lines indicate cell boundaries. Scale bars, 6 μm. c: Quantitative
analysis of CD93+ve vesicles per cell from late spreading ECs treated as in b. The vesicle numbers represent the mean ± SD of three
independent experiments (n = 20 cells). ****P < 0.0001; unpaired t-test. d: Flow cytometry analysis of CD93 plasma membrane levels in
control (unr) and Rab5c-silenced (clones 31 and 33) HUVECs. Cells stained only with the secondary antibody are shown (ctr). The mean
fluorescence intensity (MFI) is reported. Total cell extracts from the same shRNA expressing cells were analyzed by Western blotting using
anti-CD93 and anti-Rab5c antibodies. Anti-β-actin antibodies were used to confirm equal loading. e, f: Representative images of the
confocal microscopy analyses of control (shRNA unr) and Rab5c-silenced (shRNA Rab5c, clone 33) HUVECs at 5 h after production of a
double-sided scratch in the cell monolayer. Phalloidin and anti-CD93 (e) or anti-β1 integrin (12G10) (f) antibodies were used to image
cells. Arrows indicate direction of migration and dotted lines indicate the migrating front. Overlay of stained cells is shown. Scale bars,
40 μm. Magnifications of the squared areas are shown as wdc images. In wdc images, scale bars are 15 μm. In b, e, and f, same results
were obtained when using the clone 31 for Rab5c knockdown. g: Quantification of CD93 and active β1 integrin along the migrating
front areas indicated by dotted lines in e and f. Bars represent the percentage of fluorescence intensity of the control. Data are
presented as the mean ± SD of three independent experiments (n = 5 different areas along the migrating edge). **P < 0.01; unpaired t-test.
h: Representative images of wound closure in HUVECs transduced with lentiviral particles expressing control (unr) or Rab5c shRNAs. Cells
were photographed at 0 and 8 h. Scale bar, 100 μm. i: The percentage of scratch area was calculated from images acquired at time 0
and 8 h following the wound. Analyses were performed using ImageJ. The graph represents the means ± SD, n = 6 images per condition
pooled from two independent experiments. *P < 0.05; unpaired t-test

Barbera et al. Cell Communication and Signaling           (2019) 17:55 Page 11 of 15



remodeling and vesicle trafficking to specify membrane
domains [1]. Understanding the underlying mechanisms
of EC polarity may help to elucidate the pathophysiology
of angiogenic diseases and to improve their treatment
[20]. Hence, in this study we investigated the polarized
trafficking of CD93, an EC adhesion molecule recently
identified as a key regulator of neo-vascularization pro-
cesses [6, 13, 15].
During cell spreading, a process strictly connected to

migration and mitosis, ECs undergo apical-basolateral
polarization [41]. We found that at onset of EC spread-
ing CD93 is completely localized to the apical bud, a
membrane Moesin-rich domain branching out linear
actin cables and able to mediate polarized trafficking
[27, 32]. Accordingly, both drug disruption of the actin
cytoskeleton and deletion of the CD93 cytoplasmic do-
main containing the binding site to Moesin severely im-
pair CD93 localization to the apical bud, indicating that
hampering the interaction with F-actin prevents a
proper CD93 redistribution in the early phases of cell at-
tachment to the substrate. Indeed, it has been shown
that Moesin, acting as a bridge between actin microfila-
ments and plasma membrane, alters cell morphology,
motility, and cell polarity [9, 42]. Moesin is maintained
in a quiescent state by a masked closed conformation
and it is activated following threonine phosphorylation
in its C-terminal domain. This phosphorylation is closely
associated with cytoskeletal rearrangement and there is
now evidence that Moesin phosphorylation can also
contribute to enhanced angiogenesis [42, 43]. Of note, in
the apical bud, most of Moesin is phosphorylated [27],

A B

C

D

E

Fig. 8 During EC adhesion and migration, CD93 is recycled through its
intracellular domain. YFP-tagged CD93 or CD93ΔC deletion mutant
were transfected into HUVECs. a: Cells were detached from the plate,
resuspended in complete growth medium, plated on the substrate,
fixed at late phases of spreading, and analyzed by confocal
microscopy. Exogenous proteins were imaged as yellow. Dotted lines
indicate nucleus boundary. Scale bars are 7 μm. b: Quantitative analysis
of CD93+ve vesicles per cell from ECs treated as in a. The vesicle
numbers represent the mean ± SD of three independent experiments
(n = 20 cells). ****P < 0.0001; unpaired t-test. c: Representative images
of transfected HUVECs fixed at late phases of spreading. Cells were
analyzed by confocal microscopy using anti-Rab5c antibodies.
Exogenous CD93ΔC was imaged as green. A dashed line indicates
nucleus boundary. A wdc image between CD93ΔC and Rab5c is
shown. Scale bar, 15 μm. d: F-actin and wild type or mutant CD93
were imaged at 5 h after production of a double-sided scratch in the
cell monolayer. Arrows indicate direction of migration and dotted lines
indicate the migrating front. Overlay of stained cells is shown. Scale
bar, 40 μm. High-magnification pictures of ECs in the migrating front
within the squared area are shown as wdc images. In wdc images,
scale bars are 15 μm. e: Quantification of CD93 and CD93ΔC along the
migrating front of transfected cells. Bars represent the percentage of
fluorescence intensity of the control. Data are presented as the mean
± SD of three independent experiments (n = 7 transfected cells along
the migrating edge). **P < 0.01; unpaired t-test
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suggesting that, in early spreading ECs, activated Moesin
and F-actin act synergistically to localize CD93 to the
apical bud.
Polarized membrane transport assists continuous

reorganization of the cell membrane and it is involved
in maintaining polarity and recycling of essential
components in spreading and motile cells [20, 44].
Consistent with this, as soon as EC spreading pro-
ceeds, we first observed CD93 in cytoplasmic vesicles
clustered directly beneath the apical bud and coloca-
lizing with caveolin-1 but not with β-Adaptin, a com-
ponent of the AP1 and AP2 adapter complexes,
indicating that clathrin-independent endocytosis gen-
erates CD93+ve vesicles. Of note, clathrin-independent
endocytosis, mediated by caveolae, has been linked to
cellular spreading, cell polarization, and modulation
of intercellular signaling [45]. Next, departing from
the apical bud, these CD93+ve vesicles grow in size
and, in tight association with F-actin, move towards
the cell-substrate interface where they release their
cargo. Upon endocytosis, apical and basolateral car-
goes enter spatially distinct early or basolateral endo-
somes, which typically carry Rab5, a small GTPase
also involved in the process of homotypic fusion be-
tween early endosomes [46, 47]. In line with these
findings, we showed that endocytic CD93+ve vesicles
strongly colocalize with Rab5c and depletion of Rab5c
causes their decrease in size. Importantly, despite bi-
directional ER-Golgi transport has emerged as a key
regulator of apical transport and lumen morphogen-
esis [48], CD93 recycling does not transit through the
TGN and thus is not tethered to the secretory path-
way as previously shown for other adhesion molecules
[19]. Furthermore, we found that endocytic CD93+ve

vesicles carry MMRN2 and active β1 integrin, sug-
gesting that following cell attachment to the substrate,
the internalized CD93/MMRN2/β1 integrin active
complex is directly recycled back to the polarized cell
surface. Consistently with this assumption, in ECs the
reciprocal interaction between CD93, MMRN2 and β1
integrin is essential for activation of β1 integrin [18],
an adhesion molecule emerged also as a regulator of
EC polarity and lumen formation in the developing
vasculature [49]. In this respect, for some cargo the
choice of a direct or indirect sorting pathway to the
cell surface depends on the degree to which polarity
has been established [47]. Here, we showed how in
spreading ECs CD93 is retrieved and recycled directly
back to the plasma membrane together with MMRN2
and consequently active β1 integrin. This endocytic
pathway of CD93, also sustained by previous studies
showing that integrins and their ligands exhibit a high
traffic-dependent turnover within adhesion sites and
that Rab5 controls β1 integrin internalization [50]

[51], represents an ideal strategy for enabling cells to
sense and rapidly respond to chemical cues from the
surrounding extracellular environment.
Since Rab5 is a signaling protein involved in actin re-

modeling triggered by receptor tyrosine kinases [52],
identification of Rab-mediated steps in the CD93 endo-
cytic route argues for a network of interactions that im-
pact on vascular features such as migration. Rab5 is a
master regulator of early endosome biogenesis [53].
However, Rab5 has three isoforms, Rab5a, b, c, that have
overlapping yet distinct functions [25]. Interestingly, we
found that Rab5c is the preferentially expressed isoform
in HUVECs and that its depletion causes EC defective
migration towards open wound space in a scratch assay
by preventing the delivering of CD93 and active β1 in-
tegrin to the extending lamellipodia of the migrating
front. Intriguingly, recent reports indicate that in HeLa
cells Rab5c selectively regulates cell motility and cyto-
skeletal dynamics and that Rab5c operates semi-
independently from the other isoforms by promoting
AMAP1-PRKD2 complex formation to enhance a
growth factor-stimulated β1 integrin recycling pathway
that regulates cancer cell invasion [54, 55].
Several experiments of membrane trafficking inhib-

ition in different cell types reduce cell migration. How-
ever, the molecular mechanisms and pathways involved
are still elusive [44]. In this study, we identified the
CD93 cytotail as an essential domain for the spatiotem-
poral trafficking of CD93 during EC spreading and mi-
gration. Indeed, as happens upon Rab5c function
depletion, we observed in a wound-healing assay that
CD93 lacking of its cytotail is localized to the peri-
nuclear region and not to the leading edge of migrating
cells where F-actin is in active polymerization to form
lamellipodia. These results are interesting not only be-
cause at the migrating front CD93 interacting with
MMRN2 modulates β1 integrin activation, but also be-
cause the cytoplasmic domain of CD93 contains a con-
sensus motif for the binding of Cbl, an adapter protein
implicated in cell adhesion, organization of the actin
cytoskeleton, and migration [12]. However, future work
will determine if, by interacting with signaling protein(s),
the CD93 cytotail triggers additional biochemical sig-
nal(s) promoting cell spreading and migration.

Conclusions
In conclusion, our data, together with the fact that in
the plasma membrane CD93 requires ongoing recycling
and maintenance of an appropriate diffusional environ-
ment for its activity [56, 57], help to clarify the retrieval
and recycling pathway of the CD93/MMRN2/β1 integrin
complex during cell adhesion and migration, opening up
new possibilities to modulate vascular physiology in hu-
man health and disease.
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Additional file 1: Figure S1. Small vesicles containing CD93 colocalize
with caveolin-1 in early spreading ECs. Figure S2. Disruption of the actin
cytoskeleton impairs CD93 intracellular trafficking. Figure S3. Microtubule
cytoskeleton disruption has no effects on CD93 intracellular trafficking.
Figure S4. CD93 trafficking does not depend on transport from or to the
Golgi complex. Figure S5. CD93 is colocalized with MMRN2 in spreading
HDBECs. Figure S6. CD93 colocalizes strongly with Rab5 and slightly with
Rab11, but not with Rab7. Figure S7. Rab5c is the predominant isoform
in HUVECs. Figure S8. Rab5c regulates CD93 recycling to the cell surface.
Figure S9. β1 integrin protein levels decrease at the leading edge of
migrating Rab5c-silenced ECs. Figure S10. In CD93 silenced ECs, large
Rab5c+ve vesicles form regularly. (PDF 2570 kb)
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3.3 Introduction to article 4 

In the following work, we sought to investigate the importance of CD93 in AMD using two CNV models 

and explored the possibility of targeting the CD93/MMRN2 interaction in nAMD. We demonstrated in the 

rodent laser trauma model of CNV that CD93 is highly expressed in blood vessels, suggesting a pivotal role 

of CD93 in driving CNV. Indeed, in CD93-deficient mice, the laser-induced neovascularization of choroidal 

tissues is impaired and damaged areas have a low vascular density compared to choroidal tissues of wild-

type mice. Moreover, we showed that absence of CD93 inhibits EC sprouting in an ex vivo model of choroid 

sprouting assay. Finally, CD93 and MMRN2 were both overexpressed in nAMD patient-derived specimens 

and inhibiting their binding via a mAb impaired EC sprouting ex vivo. 
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PURPOSE. The purpose of this study was to investigate the involvement of CD93 and
Multimerin-2 in three choroidal neovascularization (CNV) models and to evaluate their
contribution in the neovascular progression of age-related macular degeneration (AMD).

METHODS. Choroidal neovascular membranes collected during surgery from AMD patients
were analyzed by microscopy methods. Laser-induced CNV mouse models and choroid
sprouting assays (CSAs) were carried out using the CD93 knockout mouse model. An
original ex vivo CSA of vascular angiogenesis, employing choroid tissues isolated from
human donors, was developed.

RESULTS. In contrast to healthy choroid endothelium, hyperproliferative choroidal
endothelial cells (ECs) of AMD patients expressed high levels of CD93, and Multimerin-
2 was abundantly deposited along the choroidal neovasculature. CD93 knockout mice
showed a significant reduced neovascularization after laser photocoagulation, and their
choroidal ECs displayed a decreased ability to produce sprouts in ex vivo angiogenesis
assays. Moreover, the presence of an antibody able to hamper the CD93/Multimerin-2
interaction reduced vascular sprouting in the human CSA.

CONCLUSIONS. Our results demonstrate that CD93 and its interaction with Multimerin-2
play an important role in pathological vascularization of the choroid, disclosing new
possibilities for therapeutic intervention to neovascular AMD.

Keywords: choriocapillaris, age-related macular degeneration, angiogenesis, neovascu-
larization, retinal degeneration

Age-related macular degeneration (AMD) is the third
leading cause (among the elderly, the major cause)

of vision loss in industrialized countries.1 As a result of
the global aging of the human population, a significant
increase in the number of AMD patients is expected over
the next few years.2 AMD is a heterogeneous disorder
and is designated, according to progression and symptoms,
as early, intermediate, or advanced disease.3 Severe vision
loss can be mainly attributed to the advanced neovascu-
lar form of AMD (nAMD), which occurs when choriocap-
illaris, the vasculature located posterior to the outer retina,
grows and penetrates Bruch’s membrane, resulting in vascu-
lar leakage, hemorrhage, and, over time, the development
of fibrosis.4 Thus, massive efforts have been dedicated to
the development of antineovascular treatments for nAMD.
Currently, nAMD is treated by routine intraocular injections

of anti-VEGF drugs.5 Nevertheless, although this therapy has
revolutionized the treatment of nAMD providing significant
visual benefits, it does not induce a persistent regression of
the neovascularization, and frequent intravitreal injections
are necessary to limit recurrence of the disorder.5 There-
fore, targeting different nAMD-associated factors represents
a novel approach to developing combinatorial therapies that
may provide enduring clinical benefits, avoiding the need for
multiple treatments for nAMD patients.

The human CD93 is a single-pass transmembrane glyco-
protein that belongs to group 14 in the C-type lectin domain
(CTLD) superfamily of proteins involved in vascular biol-
ogy.6 CD93 expression is upregulated in the hyperprolifera-
tive endothelial cells (ECs) of blood vessels in different types
of cancer.7–9 In the activated endothelium, CD93 exhibits
proangiogenic activities mainly regulating cell adhesion and
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migration. Indeed, CD93 silencing impairs EC prolifera-
tion, adhesion, migration, and sprout formation,10 and the
cooperation between CD93 and dystroglycan, an adhesion
molecule interacting with the extracellular matrix (ECM)
protein laminin, promotes EC migration and tube forma-
tion.11 Moreover, the cytoplasmic interaction between CD93
and moesin, which anchors CD93 to the actin cytoskeleton,
is crucial for stabilizing cell adhesion and CD93 recycling,
both necessary for proper EC migration.12–14

CD93 contributes to cell adhesion and migration through
its interaction with Multimerin-2, an ECM endothelial-
specific member of the EDEN family consistently deposited
along the blood vessels of tumor vasculature.9,15–17 In tumor
angiogenesis, the CD93/Multimerin-2 interaction stabilizes
the cell surface expression of CD93 and promotes β1 inte-
grin activation and the fibrillar organization of fibronectin,
leading to filopodia formation during the angiogenic
process.18 Therefore, CD93 neutralization may represent a
new target for neovascularization inhibition in pathological
contexts. In fact, we have formerly reported that an anti-
CD93 monoclonal antibody (clone 4E1) was able to inhibit
the formation of new blood vessels in both in vitro and in
vivo experiments without affecting EC survival.10

Previously, we have shown that CD93 is overexpressed in
ECs within choroidal neovascular membranes and that the
aqueous humor of nAMD patients displays a high concentra-
tion of soluble CD93.8 Here, we investigate the involvement
of CD93 and Multimerin-2 in the neovascular progression of
AMD. We show that the choriocapillaris of nAMD patients,
in addition to expressing high levels of CD93, also exhibits
strong Multimerin-2 deposition in the extracellular environ-
ment. Using both animal and ex vivo models, we demon-
strate the important role of CD93 in the formation of new
blood vessels in the choroid and highlight the relevance
to hampering the CD93/Multimerin-2 interaction to block
AMD-associated neoangiogenesis.

METHODS

Subjects

The described research adhered to the tenets of the
Declaration of Helsinki and received Institutional Review
Board/Ethics Committee approval. The included patients
presented with active choroidal neovascularization (CNV)
secondary to AMD. As they could not benefit from anti-
VEGF therapy, they were offered autologous retinal pigment
epithelium–choroid graft transplantation. CNV membranes
were collected during submacular surgery as previously
described.8 Patients were treated after being informed of the
nature of the treatment being offered and the potential risks,
benefits, adverse effects, and possible treatment outcomes.
All patients signed consent forms. Demographics and clinical
characteristics of patients are reported (see Supplementary
Table S1).

Animals

C57BL/6 wild-type mice were purchased from Envigo (Indi-
anapolis, IN, USA). CD93 knockout (CD93–/–) mice on the
C57BL/6 background19 were housed in a pathogen-free
animal facility at the Nuovi Istituti Biologici di San Mini-
ato, University of Siena, Italy, in accordance with the Insti-
tutional Animal Welfare Guidelines, Italian legislation, and
the ARVO Statement for the Use of Animals in Ophthalmic

and Vision Research. The animal experiments conformed
with the Guiding Principles for Research Involving Animals
and Human Beings20 and were approved by the Local Ethics
Committee of the University of Siena and the Italian Ministry
of Health.

Immunofluorescent and Immunohistochemical
Staining

CNV membranes were collected from neovascular AMD
patients during submacular surgery. Healthy choroid tissues
were obtained from two retinoblastoma female patients
during surgery and a whole eye from the corpse of a male
who died in a car accident. Samples were processed as
previously described.8,21 Immunofluorescent staining was
performed with antibodies against human Multimerin-222

and human CD34 (QBEnd/10; Ventana Medical Systems,
Inc., Oro Valley, AZ, USA). Mouse laser-injured choroids
were flatmounted and stained with anti-C1qR1/CD93 (R&D
Systems, Minneapolis, MN, USA) and anti-Pecam-1 (H-3;
Santa Cruz Biotechnology, Dallas, TX, USA) antibodies.
Primary antibodies were identified with Alexa Fluor 488
or 568 secondary antibodies (Thermo Fisher Scientific,
Waltham,MA, USA). Fluorescent images were captured using
a Leica TCS SP2 AOBS (Wetzlar, Germany) confocal laser-
scanning microscope, and overlaid images were produced.
To show colocalization events by white dots, images were
processed using ImageJ software (National Institutes of
Health, Bethesda, MD, USA) and the ImageJ Colocalization
plug-in (threshold channel green and red 90%; ratio setting
value 50%). Immunohistochemical staining was performed
as previously described.8 The primary antibodies used were
against human Multimerin-2, CD34, or CD93 (monoclonal
antibody 4E1).10 Samples were counterstained with hema-
toxylin and images obtained with a Zeiss microscope (Carl
Zeiss Meditec, Jena, Germany).

Laser-Induced CNV and Choroidal Flatmount
Analyses

CNV was induced by laser photocoagulation with rupture
of the Bruch’s membrane as previously described.23 Briefly,
mice 8 to 10 weeks old were anesthetized by intraperi-
toneal injection of 2,2,2-tribromoethanol (Avertin; Sigma-
Aldrich, St. Louis, MO, USA), and their pupils were dilated
with 1% tropicamide. Photocoagulation lesions (100-μm spot
size, 100-ms duration, 200-mW power) were delivered by the
PurePoint ophthalmic diode laser system (Alcon, Irvine, CA,
USA), wavelength 532 nm, coupled to a slit lamp. A cover-
slip was placed on the cornea as a contact lens to view the
retina, and each eye received four burns centered around the
optic nerve at the 3, 6, 9, and 12 o’clock positions located
equidistance from the optic disk and between the major reti-
nal vessels. The morphologic end point of the laser injury
was the appearance of a bubble, which confirmed disruption
of the Bruch’s membrane.23,24 Lesions in which bubbles were
not observed and eyes showing hemorrhage were excluded
from the study.

Seven days after laser injury, the CNV lesions were charac-
terized using immunofluorescent staining or size measured
using FITC-dextran staining in choroidal flatmounts. Briefly,
mice were anesthetized and euthanized either directly for
characterization or 5 minutes after a 50-μL injection of FITC-
conjugated dextran (2 × 106 average molecular weight;
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Sigma-Aldrich), dissolved in water at a concentration of 50
mg/mL, into the mouse’s orbital venous sinus using a 30-
gauge needle attached to a 0.3-mL syringe.25,26 Eyes were
enucleated and fixed in paraformaldehyde (3% solution) for
2 hours. The anterior segment and retina were removed
from the eyecup. The remaining retinal pigment epithe-
lium (RPE)–choroid–sclera complex was either processed
for confocal immunofluorescent analysis or flatmounted in
Mowiol 4-88 (Calbiochem, San Diego, CA, USA) and exam-
ined by fluorescence microscopy using an Eclipse E600
microscope equipped with a DS-Fi1c digital camera (Nikon
Instruments, Melville, NY, USA). The total area of CNV associ-
ated with each rupture site was measured using Nikon NIS-
Elements image analysis software. A default and constant
threshold in pixels was used to quantify CNV. An oper-
ator masked to the identity of the experimental groups
performed the analysis.

Mouse and Human Choroid Sprouting Assays

Dissection and culture preparation of mouse tissue were
performed as previously described.27 Briefly, 5- to 6-week-
old C57BL/6J and CD93–/– mice were sacrificed and their
eyes immediately enucleated. The RPE–choroid–sclera was
separated from the retina, cut into pieces, and embed-
ded with 30 μL of growth factor-reduced Matrigel (BD
Biosciences, San Jose, CA, USA) in 24-well plates. For human
assay, choroid–sclera was obtained from the nasal scleral
edge of eyes from the corpses of males 59, 69, and 55 years
old who died of natural causes (car crash for one, heart
attack for the other two). Choroids were quickly dissected,
within 6 hours from the death of the individuals, and stored
in M199 without supplements at 4°C until their use in the
choroid sprouting assay (CSA) experiments, which were
usually performed within 12 hours from collection. The
choroid was cut into small pieces and embedded into 40
μL of growth factor-reduced Matrigel, in which was incor-
porated the monoclonal antibody 4E1 or unrelated antibod-
ies (Mouse IgG Isotype Control, cat. no. 10400C; Thermo
Fisher Scientific) at the concentration of 500 nM. Mouse
and human choroidal explants were kept in a cell culture
incubator (37°C and 5% CO2) in the presence of Endothe-
lial Cell Growth Medium 2 with supplements (PromoCell,
Heidelberg, Germany). The culture medium was changed
every 3 days, and on days 7 to 8 phase-contrast photographs
of individual explants were captured. For immunofluores-
cence analysis, mouse and human choroidal explants were
fixed with paraformaldehyde (3% solution) for 30 minutes
and processed as previously described,28 the only modi-
fication being that sample washes were performed on a
rocker. Quantification analyses were performed in blind
and measured the area of sprouting (subtracted from the
explanted area) and the maximal extension of angiogenesis
(from the choroid tissue edge) using the NIS-Elements image
analysis software.

Statistics

Data analyses were performed with Prism 6 software
(GraphPad Software, Inc., San Diego, CA, USA), and the
values represent the mean ± SD obtained from at least three
measurements on randomized samples. The statistical signif-
icance of the differences was determined by Student’s t-test
and the nonparametric Mann–Whitney U test for compar-

isons between two groups. All P values reported were two-
tailed, and P < 0.05 was considered statistically significant.

RESULTS

Blood Vessels of Human CNV Membranes Display
Increased CD93 and Multimerin-2 Expression

It has been shown that the vascular expression of CD93,
as well as its binding partner, Multimerin-2, are upreg-
ulated in several human tumor samples.8,9,17,29–32 Simi-
lar to tumor blood vessels, choroidal neovessels from
AMD patients show strong upregulation of CD93.8 We
thus wondered if Multimerin-2, the only known extracel-
lular binding partner for CD93, was also highly deposited
along the choriocapillaris of AMD patients. To address
this issue, sections of CNV membranes from AMD patients
already known to exhibit upregulation of vascular CD938

were processed for immunofluorescence analyses. Inter-
estingly, compared to normal choroidal tissue, the chori-
ocapillaris of AMD patients displayed a stronger expres-
sion of Multimerin-2, which overlapped that of CD34,
used as a vascular marker (Figs. 1A, 1B). The differential
expression of Multimerin-2 between normal and neovascu-
lar choroidal vessels and the strong CD93 expression in the
choroidal neovasculature of AMD patients were confirmed
by immunohistochemical analyses (Figs. 1C, 1D), indicat-
ing that Multimerin-2 is strongly deposited along blood
vessels of the CNV membranes, which are characterized
by the presence of proliferating ECs expressing high levels
of CD93.

In Mice, the Ablation of CD93 Hinders Choroidal
Angiogenesis

Because CD93 displays proangiogenic activities and its
depletion impairs migration, adhesion, tube formation, and
cytoskeletal organization of proliferating ECs,7,10 we asked
whether it also played a key role during the pathological
vascularization of the choroid. To address this question,
we exploited the CD93–/– murine model in two different
assays of choroidal neovascularization. First, we used the
laser-induced CNV (LI-CNV) mouse model, which led to the
formation of vascular complexes that recapitulate the main
features of the exudative form of human AMD.23 After laser
photocoagulation, quantitative analysis of FITC–dextran-
stained choroidal flatmounts revealed a significantly reduced
neovascularization in CD93–/– mice compared to wild-type
animals (Figs. 2A, 2B). Of note, fluorescence microscopy
analyses showed that, in the laser-injured regions, blood
vessels from wild-type mice displayed strong CD93 staining
(Fig. 2C). Strikingly, in CD93–/– mice, no CD93 signal was
observed in the laser-damaged areas, despite these regions
being highly vascularized, as indicated by Pecam-1 staining
(Fig. 2D). Next, to test whether the effect of CD93 knock-
down on choroidal angiogenesis was a phenomenon limited
to LI-CNV or could be reproduced in a different model, we
employed the ex vivo choroid sprouting assay, which has
been shown to be a reproducible model of choroidal angio-
genesis27 (Fig. 3A). Interestingly, the ability of the choroidal
tissues to form sprouts was significantly reduced in explants
from CD93–/– mice compared to tissues explanted from
control mice (Fig. 3B), as measured by a significant reduc-
tion in the area of choroid sprouting (Fig. 3C) and also in
the longest vessel growth (Fig. 3D).
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FIGURE 1. In contrast to normal choroidal tissue, CD93 and
Multimerin-2 are highly expressed in blood vessels within CNV
membranes. (A) CNV membrane sections obtained from AMD
patients were analyzed by confocal imaging using antibodies to
Multimerin-2 and the endothelial marker CD34. White dot colocal-
ization (wdc) images are shown. Arrowheads indicate blood vessels.
An arrow indicates the autofluorescent retinal pigment epithelium.
Scale bars: 20 μm. (B) Multimerin-2 quantification in choriocapillaris
from healthy (n = 7) and AMD (n = 9) patients. Values, measured
using ImageJ software, represent mean ± SD expressed as arbi-

Blockage of the CD93/Multimerin-2 Interaction
Prevents Endothelial Sprouting in Human
Choroids

Because the binding of CD93 to Multimerin-2 has recently
been demonstrated to play a pivotal role in the activation of
the quiescent endothelium,9,18 we wondered if this interac-
tion could also promote the formation of new blood vessels
in the human choroid. To address this possibility, we sought

trary units (AUs) of Multimerin-2+ve area normalized by CD34+ve

area. **P < 0.01; unpaired t-test. (C) Serial CNV membrane sections
were analyzed by immunohistochemistry using anti-CD93 and anti-
Multimerin-2 antibodies. High magnifications of stained sections
displayed in the red dashed rectangles are shown beneath each
section. An asterisk indicates the most likely position of the retinal
pigment epithelium, based on the presence of its small fragments.
Scale bars: 250 μm; 100 μm for magnifications. (D) Serial paraffin-
embedded sections from human normal choroids were analyzed by
immunohistochemical staining using anti-CD93, anti-Multimerin-2,
and anti-CD34 antibodies. In the left panels, arrowheads indicate
choroidal blood vessels beneath the retinal pigment epithelium.
Right panels show entire eye sections, and a red rectangle indicates
the magnification area shown in the left panels. Scale bars: 250 μm.

FIGURE 2. CD93 deficiency in mice associates with reduced LI-
CNV. (A) Two representative fluorescent images of LI-CNV lesions
from control (C57BL/6J) and CD93–/– mice, captured 7 days after
laser exposure. In flatmounted choroids, red dashed lines show
the extent of the LI-CNV lesions fluorescently labeled with FITC–
dextran. Scale bar: 150 μm. (B) Quantification of FITC–dextran+ve

area in choroidal flatmounts of control (C57BL/6J, n = 60 impacts
from 16 mice) and CD93–/– (n = 79 impacts from 21 mice) mice
on day 7 after laser photocoagulation. Data are presented as box-
and-whiskers plots and scatterplots displaying median, lower, and
upper quartiles (boxes) and minimum–maximum (whiskers) for
each lesion. ****P < 0.0001; unpaired t-test. (C) Choroid flatmount
preparations from 7-day laser-injured regions of C57BL/6 mice were
analyzed by immunofluorescence using an anti-CD93 antibody. A
representative image of laser-injured areas (11 in total) from three
eyes of different mice is shown. A red dotted line marks the LI-CNV
lesion. High magnification of the stained region displayed into the
white dashed square is shown in the right panel. Scale bars: 150 μm;
75 μm for the magnification. (D) Seven days after laser exposure,
flatmounted choroids from CD93–/– mice were fluorescently labeled
with anti-CD93 and anti-Pecam-1 antibodies and analyzed by confo-
cal microscopy. Representative images of CD93-stained (seven from
two eyes of two different mice) and Pecam-1-stained (eight from
the remaining two eyes of the same mice) laser-injured areas are
shown. The fluorescent staining in the CD93 panel represents back-
ground noise due to secondary antibodies. Red dotted lines indicate
the laser-injured areas. Scale bar: 150 μm.
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FIGURE 3. Choroidal tissue explanted from CD93–/– mice displays
reduced EC sprouting. (A) Immunofluorescence analysis of
choroidal sprouts from C57BL/6 mouse tissue, stained with an
anti-Pecam-1 antibody and 4′,6-diamidino-2-phenylindole (DAPI)
for nuclei labeling. A dotted line highlights the implant boundary.
Images were captured using a fluorescent microscope. Details of
choroidal sprouts are shown in the right panel. Scale bars: 50 μm.
(B) Representative images of sprouts elicited from RPE–choroid–
sclera of control (C57BL/6J) and CD93–/– mice. A dashed line indi-
cates explant edge. Scale bar: 50 μm. (C, D) Quantitative analy-
ses of sprouting area and maximal extension of angiogenesis from
the mouse choroidal tissue edge. Data are presented as box-and-
whiskers plots and scatterplots (n = 37 explants from four control
mice; n = 46 explants from four CD93–/– mice). ****P < 0.0001;
unpaired t-test.

to block the binding between CD93 and Multimerin-2 in an
ex vivo choroid sprouting model using the anti-CD93 mono-
clonal antibody 4E1, which, as we previously showed, is
able to interfere with this interaction (Fig. 4A).9 To perform
the experiment, we set up a novel assay employing human
tissues obtained from healthy cornea donors. Because in
different mouse strains the CSA may vary significantly,27 we
compared the choroid sprouting response of human tissues
with that obtained using choroids explanted from wild-
type C57BL/6J mice. As observed in the mouse model, the
use of the EC marker Pecam-1 highlighted the presence of
vascular sprouting emerging from human explants (Fig. 4B).
However, the vessel areas and vessel lengths developed from
human choroids were smaller compared to those developed
from the murine choroids in the same time frame (compare
quantifications in Figs. 3 and 4), suggesting that both the
different species and aging may be factors to slow down
vascular growth we observed in human choroid. Impor-
tantly, human endothelial sprouts displayed typical tip cell
features on the extending growth cones, which resemble
vascular tube formation in vivo (Fig. 4C).33 Next, to verify

FIGURE 4. The CD93/Multimerin-2 interaction regulates human
choroidal vessel sprouting. (A) Schematic representation of the
CD93/Multimerin-2 interaction inhibition by the monoclonal anti-
body 4E1. The CD93 CTLD and sushi domains involved in the bind-
ing to Multimerin-2 are indicated. (B) Immunofluorescence staining
of choroidal sprouts from human tissue, stained with an anti-Pecam-
1 antibody and DAPI for nuclei labeling. A dotted line highlights the
implant edge. Images were captured using a fluorescent microscope.
Details of choroidal sprouts are shown in the lower panel. Scale
bars: 50 μm. (C) Human sprouts from CSAs analyzed by confocal
immunofluorescence using an anti-Pecam-1 antibody. Differential
interference contrast (DIC) and overlaid images are shown. Scale
bar: 18 μm. (D) Representative images of sprouts elicited from
human choroids embedded into Matrigel containing the neutraliz-
ing anti-CD93 (4E1) or unrelated (unr) antibodies (500 nM). White
dashed lines highlight the edge of choroid explants. Scale bars:
50 μm. (E, F) Quantification of sprouting area and maximal exten-
sion of endothelial sprouts from the human choroidal tissue edge.
Data are presented as box-and-whiskers plots and scatterplots (n =
21 untreated and n = 24 4E1-treated choroid explants from three
cornea donors). ****P < 0.0001; unpaired t-test.
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the possible role of the CD93/Multimerin-2 interaction in
this context, we employed the antibody 4E1 to interfere with
this interaction. Importantly, and in contrast to the use of an
unrelated control antibody, the presence of 4E1 significantly
inhibited the ability of the choroidal tissues to form endothe-
lial sprouts, in terms of both reduced sprouting areas and
vessel length (Figs. 4D–4F).

DISCUSSION

Following the identification of VEGF as an important regula-
tor of nAMD, the development of anti-VEGF drugs has revo-
lutionized the field of AMD treatment.34 However, despite
the initial therapeutic benefits, most patients develop refrac-
tory disease characterized by resumed neovascularization,
eliciting the need to develop new therapeutic strategies.35

As such, the use of combinatorial antineovascular drugs
could prevent escape mechanisms and provide more effec-
tive, long-term disease control.36

CD93 has recently emerged as a potential target for
antineovascular therapy.16,18 Of note, CD93, along with its
only currently known binding partner, Multimerin-2, were
included as important components of a tumor angiogen-
esis signature and were found highly expressed in blood
vessels within several tumor tissues of different origin.9,37

Consistent with the aforementioned data on pathological
neovascularization, we showed that CD93 and Multimerin-2
were also strongly coexpressed in blood vessels within CNV
membranes of AMD patients, indicating that, during patho-
logical vascularization of the choroid, CD93 and Multimerin-
2 contribute to blood vessel growth. Importantly, CD93 and
Multimerin-2 were faintly expressed in quiescent vessels
of the healthy choroid. Along with our findings, a large
amount of evidence suggests that the engagement of CD93
by Multimerin-2 plays a role in proliferative rather than in
quiescent ECs.9,16,18 In light of these results, low-affinity
and high-avidity therapeutic agents that preferentially bind
to highly target-expressing ECs could be successfully used
to impair proliferative but not quiescent ECs, as has been
applied to breast cancer treatment through the design of
efficient, highly selective anticancer agents able to minimize
toxicity.38

The rodent laser trauma model has contributed greatly
to the present knowledge of nAMD pathogenesis, and the
reproducibility of its response has encouraged studies in
novel pharmacological treatments of CNV.24 Accordingly,
using the LI-CNV model in wild-type and CD93–/– mice,
we observed not only that the CD93 knockdown impaired
the formation of new blood vessels in injured areas but
also that ECs strongly expressed CD93 in wild-type laser-
damaged regions, suggesting the pivotal role of CD93 during
the growth of blood vessels in the process of CNV.

The relevance of Multimerin-2 in angiogenesis has been
previously described, stressing its dual role as an angiostatic
or a proangiogenic molecule.16,18,22,31 These conflicting roles
could be context dependent, as recently suggested by a
study using the Multimerin-2 knockout model, which high-
lights its role in maintaining proper blood vessel homeosta-
sis and stabilization.17 Therefore, through the engagement
of CD93, Multimerin-2 expression may be required for vessel
development in specific steps of the angiogenic process.9,18

Accordingly, inhibiting the CD93/Multimerin-2 interaction
may disrupt vascular integrity, thus retarding angiogenesis
and tumor growth. In fact, the use of a Multimerin-2 recom-
binant peptide containing the CD93 binding site decreased

tumor growth in mouse models.16 Also, the antiangiogenic
antibody 4E1 binds between the CTLD and sushi domains,
the CD93 region involved in the interaction with Multimerin-
2 (Fig. 4A).9,10 Current rodent models of CNV are still limited
by the anatomical lack of a macula and by the inability
to recapitulate the complex chain of events from early to
late AMD.24 In light of these observations, the possibility of
inhibiting CD93/Multimerin-2 binding on human choroidal
proliferative endothelium could provide important informa-
tion regarding the role of this interaction in human CNV.
To this end, we set up a novel experimental model based
on CSA, employing human eye tissue from postmortem
donors and, as a consequence, primary and not immortalized
human choroidal ECs.39 In order to maximally reduce the
postmortem deterioration, human choroids were processed
as quickly as possible. In all cases, despite the different
ages and causes of death, in our experimental settings we
observed the emergence of endothelial sprouts. Of note,
blockage of the CD93/Multimerin-2 interaction by the anti-
body 4E1 impaired the ability of human choroidal tissues
to form endothelial sprouts, reinforcing the hypothesis that
hampering the CD93/Multimerin-2 interaction in the neovas-
cularized choroid may be of potential benefit in the treat-
ment of nAMD patients.

In conclusion, we demonstrated that choroidal human
tissues obtained from healthy cornea donors might be
exploited in choroid sprouting assays as effectively as the
employment of rodent tissues for microvascular disease
research.27 It is currently unknown whether or not rodent
models are an appropriate choice for testing humanized anti-
bodies, and it is difficult in a preclinical setting to evalu-
ate the toxicity and safety of potentially effective drugs for
the treatment of human patients.24,40 However, the novel
experimental approach based on choroidal sprouting from
postmortem eyes proposed in this study may represent a
platform for appropriate testing of new pharmacological
compounds for AMD treatment.
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4 UNPUBLISHED RESULTS: The characterization of the CD93 dimeric form in ECs. 

4.1 Introduction 

With the aim to gain insights into the molecular structure of a recombinant form of CD93 comprising the 

CTLD and the sushi domain, which together form the protein fragment named D1L, implicated in the 

CD93/MMRN2 interaction (Galvagni et al., 2017), we characterized the formation and analyzed the 

functional meaning of the CD93 dimerization. 

First, we expressed and purified the recombinant D1L protein in E. coli and assessed the correct protein 

folding by means of both an anti-CD93 monoclonal antibody that recognizes a conformational epitope and 

the binding to MMRN2. 

Previous work on the CD93 CTLD domain has revealed the formation of CD93’s CTLD dimers in E. coli 

(Nativel et al., 2016). Therefore, we characterized the dimer formation in HUVECs and expressed the longer 

recombinant form of CD93 spanning from the CTLD to the Mucin like domain in HEK 293 cells. We 

showed the formation of the CD93 dimer and observed its sensitivity to reducing agents suggesting that 

dimerization might occur via swapping of two monomeric CTLDs as it happens for other CTLD-containing 

proteins (Liu and Eisenberg, 2002). Finally, we demonstrated that in immunoprecipitation experiments the 

CD93 dimers strongly bind to MMRN2 in comparison to monomers. 

To complete these preliminary results, we are currently working to obtain the crystal structure of the 

monomeric CD93 known as D1L, which is critical in mediating CD93 functions through MMRN2 binding. 

Next, by means of more accurate techniques that analyze the interaction of endogenous proteins in ECs, we 

will better characterize the binding of the dimer to MMRN2 and calculate the affinity of both the monomer 

and the dimer for the MMRN2.  
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4.2 Results 

Expression and purification of recombinant CD93 in E. coli 

Due to the presence of four disulfide bonds in the CD93 CTLD that are instrumental for the proper protein 

folding and the highly reducing environment of E.coli cytoplasm, we co-expressed the pTIFA vector 

encoding the Erv1p and DsbC enzymes together with the pET28a-His-TEV-CD93-D1L in BL21 cells 

(Nativel et al., 2016). Coomassie staining confirmed soluble expression of the recombinant protein (Figure 

1A). Proper protein folding was validated by immunoblotting experiments that compared D1L expression in 

HEK 293 cells using a monoclonal antibody able to bind a conformational epitope (Figure 1B). Interestingly, 

we observed formation of protein dimers in both eukaryotic and prokaryotic cell extracts (Figure 1B).  

 

Figure 1. Expression of recombinant D1L in E. Coli.  

A) Soluble and insoluble fractions of cell lysates from non-induced and induced with 0.1 or 1mM IPTG BL21 

cells were analyzed by non-reducing SDS-PAGE and stained using Coomassie dye. B) Non-reducing 

immunoblotting analysis of prokaryotic and eukaryotic D1L. Proteins were detected using the anti-CD93 

monoclonal antibody 4E1. 

In conclusion, these experimental procedures allowed us to obtain a soluble bacterial recombinant protein, 

which reflects key features of its eukaryotic counterpart. We therefore carried out its purification for further 

analyses (Figure 2). 
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Figure 2. Purification of recombinant D1L.  

A) Fractions of post affinity purification from E. coli cell extracts were stained with Coomassie dye. 

Numbers indicate the relative fraction showed in B. B) Chromatogram of affinity purification. The y-axis on 

the left indicates percentage of 0.5M imidazole-containing solution relative to the binding solution. The y-

axis on the right indicates U.V. reading expressed in arbitrary units (mAU). The x-axis indicates elution 

fractions. C) Protein fractions were cleaved using His6-tagged TEV enzyme, subjected to affinity purification 

and stained with Coomassie staining, numbers indicate the relative fraction showed in D. D) Chromatogram 

of affinity purification. The y-axis on the left indicates percentage of 0.5M imidazole-containing solution 

relative to the binding solution. The y-axis on the right indicates U.V. reading expressed in arbitrary units 

(mAU). The x-axis indicates elution fractions. 
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CD93 dimers in HUVECs 

To better characterize the formation of CD93 dimers, we employed the soluble CD93 mutant spanning from 

the CTLD to the Mucin-like domain (named D1D3), expressed it in HEK 293 cells, and performed 

immunoblotting analyses under reducing, non-reducing and native conditions (Figure 3A). Importantly, in 

the presence of 10mM DTT the dimer band disappeared suggesting that sulfur bridges play a role in the 

dimer formation and stabilization. Hence, to evaluate whether CD93 dimerization occurred in HUVECs, we 

performed immunoblotting analyses of HUVEC lysates in the absence or presence of 10mM DTT and 

blotted with different anti-CD93 antibodies. As shown in Figure 3B, every antibody was able to recognize 

monomeric and dimeric CD93 under non-reducing conditions, while two of them failed to recognize the 

proteins when 10mM DTT was added to the lysate. Finally, to corroborate the CD93 dimer formation in 

HUVECs we used a lentiviral construct to overexpress a membrane bound Myc-tagged D1L (D1L-TM) and 

performed co-immunoprecipitation experiments. Surprisingly, the D1L-TM mutant was able to interact with 

endogenous CD93 in HUVECs (Figure 3C), suggesting that in human ECs CD93 forms a dimer stabilized by 

sulfur bridges.  
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Figure 3. Characterization of CD93 dimers in HUVECs. 

A) Immunoblotting analysis of soluble D1D3 CD93 mutants in reducing, non-reducing and native conditions 

using anti-Myc tag antibodies. B) HUVEC extracts were treated (reducing) or not (not reducing) with 10mM 

DTT and subjected to immunoblotting analysis using different anti-CD93 specific antibodies, red 

arrowheads indicate CD93 dimers. To confirm equal loading, cell extracts were analyzed using anti-

GAPDH antibodies. C) Cell extracts of HUVECs transduced with the D1L-TM mutant were 

immunoprecipitated using anti-Myc antibodies. Immunoprecipitates were analyzed by immunoblotting using 

anti-CD93 specific antibodies.  
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The CD93 dimer binds to MMRN2 

To gain functional insights of the dimeric form of CD93, we tested whether CD93 dimers could bind to 

MMRN2. We exogenously expressed MMRN2 in HEK 293 cells, incubated the supernatant of MMRN2-

transfected cells with either bacterial or mammalian-expressed D1L, and performed co-immunoprecipitation 

experiments. Both the prokaryotic and the eukaryotic proteins were able to interact with the MMRN2, 

however, D1L dimers showed higher affinity to MMRN2 compared to the monomeric forms (Figure 4A, 

quantified in 4B). 

 

Figure 4. CD93 dimers bind to MMRN2. 

A) E. coli cell extracts (pr-D1L) or D1L-containing supernatants of transfected HEK 293 cells (eu-D1L) 

were mixed with supernatants of MMRN2-expressing HEK 293 or mock, and immunoprecipitated using anti-

MMRN2 antibodies. Immunoprecipitates were analyzed by immunoblotting using anti-CD93 antibodies. Red 

arrowheads indicate bands corresponding to D1L monomers or dimers. B). Quantitative analysis of the D1L 

protein levels bound to MMRN2 from experiments performed as in A. Values represent the percentage of the 

ratio between D1L monomer or dimer levels in the IP over their respective input levels. *P < 0.05 and **P 

< 0.01; Ordinary one-way ANOVA. 
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4.3 Materials and methods 

DNA constructs and cloning 

pET28a-His-TEV-CD93-D1L was purchased by Genscript (Piscataway, NJ, USA). The pTIFA vector, 

encoding the Erv1p and DsbC enzymes necessary for the proper formation of sulphur bridges and protein 

folding in the E. coli cytoplasm, was a generous gift from Dr. W. Viranaicken (UMR PIMIT, France). 

MMRN2-expressing plasmid was a generous gift from Dr. M. Mongiat (CRO IRCCS, Italy). To obtain His6-

tagged D1L for eukaryotic expression the His6 tag was introduced by PCR and the CD93 sequence was 

amplified using the following primers: For1 5’-GAGAGGATCCGACACGGAGGCGGTGGTCTG and 

Rev1 5’-GAGAGAATTCTCAGTGGTGATGGTGATGATGACAGAGGGGGCCCGAG. PCR fragments 

were then digested using BamHI and EcoRI and subcloned into a pCS2 vector containing the CD93 leader 

sequence as previously described (Galvagni et al., 2017). The lentiviral vector containing the Myc-tagged 

D1L-TM sequence was obtained by amplification with the following primers: For2 5’- 

GAGATCTAGAGCCACCATGGCCACCTCCATGGGC and Rev2 5’-

GAGATCTAGAGGCTCGAGAGGCCTTG. Fragments were digested using the XbaI restriction enzyme 

and subcloned into an EF1a-CD93TM-P2A-GFP lentiviral vector containing the CD93 transmembrane 

domain. All plasmids were checked by sequencing. 

Cell cultures and transfection 

HUVECs from single donors were purchased from PromoCell (Heidelberg, Germany) and grown on gelatin-

coated plates in antibiotic-free Endothelial Cell Basal Medium (EBM-MV2) with supplements (PromoCell) 

as previously described (Orlandini et al., 2008). For lentiviral particles production, human Lenti-X 293T 

cells (Takara Bio Inc, Kusatsu, Japan) were grown in DMEM containing 2% FBS and 1 mM sodium butyrate 

(Merck KGaA, Darmstadt, Germany), which increases viral titer (Cribbs et al., 2013). Transient transfection 

of Lenti-X 293T cells was obtained by using Transporter 5 transfection reagent (Polysciences, Warrington, 

PA, USA). 

Protein expression and purification 

BL21 (DE3) (Novagen) were co-transformed with pET28a-His-TEV-CD93-D1L and pTIFA as previously 

described (Nativel et al., 2016), and grown in Luria-Bertani (LB) 1.5% agar plates containing 25µg/ml 

Kanamycin and 35µg/ml Chloramphenicol. Single colonies were pre-inoculated in 20ml LB containing 

25ug/ml Kanamycin and 35ug/ml Chloramphenicol and let grow overnight. 20 mL of bacterial cells were 

inoculated in 1L of LB medium without antibiotics and protein expression was induced at 0.4 OD600 using 

0.25mM isopropyl-b-D-thiogalactoside (IPTG) for 24h at 18°C in continuous shaking. Bacterial pellets were 

obtained by centrifugation at 4000g and resuspended in PBS containing 25mM imidazole. Bacterial lysis was 

performed by adding 0.5mg/ml lysozyme (Thermo Fisher Scientific, Waltham, MA, USA) followed by 

sonication. Lysates were centrifuged 11000g for 60min at 8°C to obtain supernatants and pellets. Samples of 
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total cell lysates, supernatants and pellets were subsequently analyzed by non-reducing SDS-PAGE and 

stained with Simplyblue (Thermo Fisher Scientific) coomassie solution to check recombinant protein 

expression. 

Protein purification was obtained using a fast protein liquid chromatograph (FPLC) Akta purifier system 

endowed of a UV-900 Detector and a Frac-900 fraction collector (Amersham Pharmacia Biotech Inc, 

Piscataway, NJ, USA). Cell supernatants were loaded into a Cytiva 5ml His Trap FF Crude (Thermo Fisher 

Scietific) nickel affinity chromatography column, washed with 10 volumes of PBS containing 25mM 

imidazole, then eluted with a solution of 125mM imidazole in PBS. Aliquots were analyzed by non-reducing 

SDS-PAGE analysis and pure fractions were pooled and dialyzed once against 100 volumes of PBS 

overnight using a 10 kDa cutoff Spectra/Por dialysis membrane (Thermo Fisher Scientific). To achieve His-

tag cleavage, we added directly to the dialysis membrane an in-house produced His6-tagged TEV protease 

(HT-TEV) at a ratio of 0.05mg TEV per mg of target protein at 4°C. Complete cleavage was obtained after 

overnight incubation and the resulting protein sample was applied to a 5ml His Trap FF Crude nickel affinity 

chromatography column to separate the mature D1L (eluted with a solution of PBS containing 50mM 

imidazole) from the His6-tagged TEV (eluted at a concentration of 250mM imidazole in PBS). Next, 

fractions containing D1L protein were subjected to a second round of dialysis as described above. Finally, 

protein concentration was calculated using the bicinchoninic acid assay (BCA) (Thermo Fisher Scientific). 

Antibodies 

The following primary antibodies were used: rabbit anti-CD93 (HPA009300, Atlas Antibodies, Bromma, 

Sweden); mouse anti-CD93 (D198-3, MBL International Corporation, Ottawa, IL, USA); mouse monoclonal 

anti-CD93 (clone 4E1) (Orlandini et al., 2014) rabbit anti-GAPDH (ab9485), rabbit anti-Myc tag (ab9106, 

Abcam, Cambridge, United Kingdom); rabbit anti-Multimerin-2 (Lorenzon et al., 2012). 

Immunoprecipitation and Immunoblotting analyses 

Co-immunoprecipitation experiments were carried out using the protein A conjugated dynabeads (Thermo 

Fisher Scientific) according to the manufacturer’s instructions. Cell lysates were immunoprecipitated using 

the primary antibody, and analyzed by immunoblotting as previously described (Galvagni et al., 2007). 

Densitometric analyses were performed using the gel analyzer tool of ImageJ2. 

Statistical analysis 

Data analyses were performed using Prism 6 statistical software (GraphPad, San Diego, CA, USA) and the 

values represent the mean +/- SD obtained from at least three independent experiments. The statistical 

significance of the differences between two groups was determined using the two-tailed Student t-test. All P 

values reported were two-tailed and P < 0.05 was considered statistically significant.  
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5 DISCUSSION 

EC cell migration represents a critical step of sprouting angiogenesis and therefore is an appealing target for 

vascular growth inhibition. CD93 regulates EC migration in different ways. First, the binding to MMRN2 

activates β1 integrin which, in turn, regulates matrix composition through the deposition of fibronectin fibrils 

(Lugano et al., 2018). Second, upon Src family kinases-dependent phosphorylation of two tyrosine residues 

(Galvagni et al., 2016), CD93 triggers a signaling pathway that controls actin cytoskeleton dynamics via the 

Cbl/Crk/DOCK180 signaling pathway that culminates in the modulation of Rho GTPases (Barbera et al., 

2021a, 2021b). Indeed, live imaging and immunofluorescence analyses of CD93-depleted cells show high 

stress fiber content and slow actin dynamics accounting for the reduced EC migratory capability. These 

studies suggest that CD93 might redundantly regulate EC migration by convergent mechanisms. On one 

hand, following MMRN2 binding, mediates the activation of β1 integrin, with consequent FAK activation, 

and, on the other, by regulating the phosphorylation of Cbl on the tyrosine residue 774. Interestingly, the 

cooperation of FAK and Cbl is known to promote focal adhesion turnover and actin remodeling in pro-

migratory stress fibers and lamellipodia (Rafiq et al., 2012; Wozniak et al., 2004), leading to the speculation 

that, in ECs, CD93 might be a point of connection between the FAK- and Cbl-mediated signaling pathways. 

In migrating cells the establishment of apical-basal cell polarity allows to functionally orchestrate protein 

distribution (Ebnet et al., 2018; Polo and Di Fiore, 2006). We demonstrated that CD93 polarized distribution 

is regulated by its cytoplasmic domain and interaction with filamentous actin (F-actin). Although a direct 

connection between CD93 and the F-actin occurs via Moesin (Zhang et al., 2005) and accounts for CD93 

distribution, plasma membrane regions containing CD93 are transported across the cell by Rab5C+ve 

endosomes and recycled on strategic cell areas where pro-migratory proteins are needed. Importantly, in 

these endosomal compartments, CD93 remains associated with both MMRN2 and β1 integrin suggesting 

that the complex is shuttled to specific regions of the plasma membrane subjected to specific cues (Barbera 

et al., 2019).  

Due to its ability to regulate EC migration, the CD93/MMRN2 interaction is considered an appealing target 

to prevent neovascularization (Galvagni et al., 2017; Khan et al., 2017). Using in vivo and ex vivo CNV 

mouse models we showed that CD93 itself guides the progression of vascularization in injured choroids. 

Importantly, since rodent models of CNV present anatomical differences with the human counterparts, we 

employed ex vivo CSA of human tissues to evaluate the effects of blocking the CD93/MMRN2 interaction 

by the 4E1 mAb, which competes with MMRN2 for CD93 binding (Galvagni et al., 2017), showing that 

blocking this interaction reduces EC sprouting (Tosi et al., 2020). These results open for interesting 

therapeutic avenues of targeting the CD93/MMRN2 interaction to prevent choroidal neovascularization, 

although other in vivo models are still needed to better define the effects of targeting CD93 in nAMD. 
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CD93 has always been considered a monomeric protein. Our preliminary biochemical studies have shown 

that CD93 can form a dimer via interaction of the CTLD domain of two monomers. Although other groups 

have shown that recombinant CD93’s CTLD can form monomers in E. coli (Nativel et al., 2016), a better 

characterization of CD93 dimers has never been attempted in more physiological contexts such as in ECs. 

We showed that CD93 forms a dimer in eukaryotic cells and more specifically in HUVECs. Interestingly, the 

dimeric form of CD93 mutants comprising the CTLD and sushi domains showed a higher affinity for the 

MMRN2 compared to their monomeric counterpart. These findings need to be corroborated in more accurate 

models as they might have important repercussion on the development of inhibitory molecules that aim to 

block the CD93 activity. Indeed, due to its multifaceted functions in ECs, aiming for the solely 

CD93/MMRN2 blockade can take advantage on developing molecules that selectively inhibit the dimeric 

form of CD93 thus reducing unpredictable effects. On the other hand, inhibiting the solely CD93 monomers 

can be challenging due to the fact that CD93 dimers seem to be formed by the entire domains of two 

monomers. To gain insights on how CD93 dimers form, our research is also pointing to define the crystal 

structure of recombinant CD93 monomers and dimers. These findings not only will increase our 

understanding of CD93’s biochemical properties, but also will clarify the nature of CD93 dimerization in 

light of developing selective inhibitors. 

Neovascularization is implicated in several pathologies such as cancer and nAMD. In the last decades, the 

scientific community has pointed towards vascular remodeling for cancer treatment in the attempt to 

normalize the tumor vasculature. Conceptually, instead of starving the tumor by vascular pruning, a 

normalized vasculature reacquires physiological features that improve tumor perfusion, facilitating drug 

delivery and providing a less hostile environment for immune cell infiltration and function. However, if for 

cancer vascular normalization seems to be the road to follow, in nAMD the strategy could be to aim for 

vessel pruning to prevent exudation and halt the progression of the disease. Therefore, the approach of 

targeting the vasculature must be different and dependent on the pathological context. In this scenario, CD93 

represents an ideal target. Being expressed mainly in the activated endothelium and being a regulator of EC 

migration, CD93 blockade should minimize unwanted side effects on other tissues and has already shown the 

potential of being suitable for both anti-angiogenic therapy and vascular normalization (Tosi et al., 2020; Sun 

et al., 2021).   
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