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RESUMEN  

El epitelio pigmentario de la retina (EPR) juega un papel importante en la fisiología y 

patología de la retina, debido a su localización y a su metabolismo. Está demostrado 

que el daño oxidativo es un mecanismo patogénico en muchas enfermedades 

retinianas, y que, además, las especies reactivas del oxígeno (ERO) son subproductos 

del metabolismo del etanol.  

La autofagía y la secreción de exomas juegan un papel importante en la variabilidad 

fisiológica y en los estados de enfermedades, incluyendo el desarrollo neovascular 

de la degeneración macular asociada a la edad (NV DMAE).  Estudios previos han 

demostrado que estos mecanismos celulares comparten vías comunes de activación. 

Un leve daño oxidativo en ARPE-19, una línea celular de RHE humano, altera tanto la 

autofagia como la biogénesis exosómica. Además, el estrés oxidativo modifica la 

carga proteica y genética de las EVs, lo que posiblemente afecte el destino de las 

células circundantes. Para comprender la conexión entre estos dos mecanismos y su 

impacto sobre la angiogénesis, las células ARPE-19 sometidas a estrés se trataron 

con un SiARN dirigido a Atg7, una proteína clave para la formación de 

autofagosomas. Posteriormente, observamos la formación de cuerpos 

multivesiculares y la liberación de exosomas, que se encontró que disminuyeron en 

número. 

Los exosomas liberados de EPR contenían VEGFR2, fundamental para la formación 

de vasos, como parte de su carga. Este receptor para VEGF, se incrementó en las 

poblaciones de exosomas liberados de las células ARPE-19 bajo estrés oxidativo. 

Éstos exosomas potenciaron la formación de tubos de células endoteliales, sin 

embargo, se volvieron ineficaces después de silenciar VEGFR2 en células ARPE-19 y, 

no pudiendo influir en la angiogénesis. En vista de estos resultados, proponemos 

que el crecimiento anormal de los vasos se correlaciona con la expresión de VEGFR2. 

Palabras clave: exosomas, epitelio pigmentario de la retina, estrés oxidativo, 

autofágia, angiogénesis, receptores VEGF. 
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ABSTRACT 

Retinal pigment epithelium (RPE) has a crucial role in the physiology and 

pathophysiology of the retina due to its location and metabolism. Oxidative damage 

has been demonstrated as a pathogenic mechanism in several retinal diseases, and 

reactive oxygen species (ROS) are certainly important by-products ethanol 

metabolism.  

Autophagy and exosome secretion are known to play important roles in a variety of 

physiological and disease states, including the development of neovascular 

agerelated macular degeneration (NV AMD). Previous studies have demonstrated 

that these cellular mechanisms share common pathways of activation. Low oxidative 

damage in ARPE-19, a humanRPE cell line, alters both autophagy and exosome 

biogenesis. Moreover, oxidative stress modifies the protein and genetic cargo of 

exosomes, possibly affecting the fate of surrounding cells. In order to understand 

the connection between these two mechanisms and their impact on angiogenesis, 

stressed ARPE-19 cells were treated with a siRNA targeting Atg7, a key protein for 

the formation of autophagosomes. Subsequently, we observed the formation of 

multivesicular bodies and the release of exosomes, which were found to be 

decreased in number.  

RPE-released exosomes contained VEGFR2 as part of their cargo. This receptor for 

VEGF - which is critical for the development of new blood vessels in NV AMD - was 

increased in exosome populations released from ARPE-19 cells under oxidative 

stress. While stressed-RPE exosomes enhanced tube formation of endothelial cells, 

exosomes became ineffective after silencing VEGFR2 in ARPE-19 cells and were, as a 

result, unable to influence angiogenesis. Moreover, vessel sprouting in the presence 

of stressed-RPE exosomes seems to follow a VEGF independent pathway. In view of 

these results, we propose that abnormal vessel growth correlates with VEGFR2-

expression.  

Key words: exosomes, retinal pigment epithelium, oxidative stress, autophagy, 

angiogenesis, VEGF receptors.  
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1. INTRODUCTION   

1.1 General Eye Anatomy 
The eye is the most fundamental part of the visual system. It is irregularly spherical, 

and its size varies from one individual to another depending on their ethnicity and 

gender, although the differences are minimal (Fig. 1) (Kolb et al.1991) 

  

   Figure 1. General anatomy of the eye. A drawing of a section through the human eye with a 

schematic enlargement of the retina (Kolb et. Al 1995) 

 

The most important area in the eye is the image-processing organ known as the 

retina. The retina is a thin, multilayered, highly organized structure responsible for 

receiving light stimuli from the outside and turns those into electrical impulses, 

which are send towards the occipital cortex, where images are finally processed. 

1.1.1 Retina  
The retina is placed in the back of the ocular globe, in contact with the vitreous 

humor and the retinal pigment epithelium (RPE). Anteriorly, it limits with the ciliary 

epithelium of the pars plana, in this area the retina forms a circular toothed structure 

known as the ora serrata.  
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The retina contains many types of cells. Among them, there are two types of 

photoreceptors: the cones and the rods, which nuclei form the outer nuclear layer 

(ONL) and their prolongations form the outer plexiform layer (OPL). Cones detect the 

fine shape, the colors and movements of visual objects. They require high light 

intensity and work in photopic conditions (day light). The rods do not discriminate 

colors and are very sensitive to low light intensities. Thus, rod photoreceptor cells 

work in scotopic conditions (night vision).  

The optic nerve (ON), located at the center of the retina, is composed of retinal 

ganglion cell axons on their way to the brain and incoming blood vessels that ramified 

into the retina to nurture the numerous neurons and glia cells ( Kolb et al.,1995).  

The macula lutea is a region of the central retina required for high acuity vision. 

Cones are predominant in this area, whereas a majority of rods are located at the 

periphery. Although, the macula corresponds to less than 10% of the retinal surface, 

half of the retinal ganglion cells (RGCs) – neurons that form the optic nerve – are 

located in this region. The fovea centralis – located at the center of the macula lutea – 

is a depression in the inner retinal surface specialized in maximal visual acuity (Fig.2). 

 

 

Figure 2: Human eye fundus, with macula and fovea near center. 
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1.1.1.1 Histology of retina 

As aforementioned, the retina is formed of several layers of cells (Fig.3). From the 

outer area to inner side we find: the retinal pigment epithelium (RPE), the 

photoreceptor outer segments (POS), the photoreceptor inner segments (IS), the 

external limiting membrane (EML), the outer nuclear layer (ONL), the outer plexiform 

layer (OPL) (formed by synapses between photoreceptors, bipolar, and horizontal 

cells), the inner nuclear layer (INL) (containing bipolar, amacrine and horizontal cells), 

the inner plexiform layer (IPL) (making synaptic contact with the ganglion cells), the 

nerve fiber layer (NFL), and the inner limiting membrane (ILM). 

 The inner layers of the retina, from the POS to the ILM, are often known as the neural 

retina and consist of seven main types of cells: photoreceptors (rod and cones), 

bipolar cells, horizontal cells, amacrine cells, retinal ganglion cells, and Müller cells. 

(Levine et al., 2014) (Fig.3) 
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Figure 3: Structure of the retina. A three-neuron chain—photoreceptor, bipolar cell, and ganglion cell—provides 

the most direct route for transmitting visual information to the brain. Horizontal cells and amacrine cells mediate 

lateral interactions in the outer and inner plexiform layers, respectively. The terms inner and outer designate 

relative distances from the center of the eye (Levine et al., 2014). 

The retinal pigment epithelium (RPE) is a single cell layer firmly anchored to the 

choroid plexus between the Bruch’s membrane and the photoreceptor cell layer (Zhu 

et al., 2012; Cassin and Solomon et al., 2011; Boyer et al., 2000). Choroid plexus is the 

vascular network that supplies with nutrients and oxygen the outer parts of the eye.  

1.1.1.2 Retinal Pigment Epithelium 

The RPE is one of the tissues of the body with higher metabolic activity. The apical 

side of an RPE cell extends forming microvilli that make direct contact with the POS. 

On their lateral walls, RPE cells form tight, adherens gap junctions, while on their 

basal side, the RPE contact the underlying Bruch’s membrane that separates the 

retina from the choroids (Rizzolo et al., 1997; Bharti et al., 2006; Steinberg et al., 

1985). 
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As the name suggests, the RPE contains pigment, particularly melanin, which is 

located in granules in the apical side of the cells. In humans, the pigment is observed 

after 5 weeks of gestation. (Fig. 4) 

     

Figure 4: Retinal pigment epithelium: CC, Choriocapillaris, BM, Bruch´s membrane, ap, apical proceses of the 

RPE enwrapping POS, photoreceptor outer segments, R rods, C, cones. (Strauss et al., 2005) 

Embryologically, it derives from neurosensory retina (Strauss et al., 2005). During 

embryogenesis, RPE cells are involved in the formation of the ciliary body and the iris, 

they control the termination of the optic fissure and influence retinal neurogenesis 

and ganglion cells. Thus, the RPE plays an important role in maintaining the function 

and the integrity of the retina and choroid (Panda-Jonas et al., 1996) 

 

1.1.1.3 Physiology of the Retinal Pigment Epithelium 

The functions of the RPE are diverse and all of them are important. It absorbs light 

and protects against photooxidation (Boulton et al., 2001). RPE is part of the blood-

retinal barrier (BRB), and it regulates the entrance of nutrients into the retina. In fact, 

RPE transports nutrients, ions, water, and metabolic-end products from one side to 

the other (Marmor et al., 1975). RPE is critical for phototransduction – the process of 

transforming a photon into electrical impulses – since it is in charge of the 

reisomerization of all-trans-retinal into 11-cis-retinal, a key element of the visual cycle 

(Steinberg et al., 1985).  
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The RPE is also responsible of phagocyting the tips of POS, which are continuously 

growing by developing new membranous discs (Finnemann et al., 2003). Last but not 

least, the RPE secretes a number of growth factors essential for the structural 

integrity of the retina and the choroid (Streilein et al., 2002; Steele et al., 1993; 

Witmer et al., 2003) (Fig. 5).  

Among these factors secreted by the RPE we find: transforming growth factor-beta, 

insulin-like growth Factor-I, ciliary neurotrophic factor, platelet-derived growth factor, 

vascular endothelial growth factor (VEGF), lens epithelium-derived growth factor, 

members of the interleukin family, pigment epithelium-derived factor (PEDF), and 

metallopeptidase inhibitor (Streilein et al., 2002; Steele et al., 1993; Witmer et al., 

2003). VEGF has been largely studied due to its involvement in the formation of new 

blood vessels (angiogenesis) in various retinal diseases, such as macular degeneration. 

 

 

 

Figure 5: Summary of retinal pigment epithelium (RPE) functions: light absorption, epithelial transport, spatial 

ion buffering, visual cycle, phagocytosis, secretion and immune modulation. (Straous et al., 2005) 
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1.1.2 Retinal vascularization  
Nutrition and oxygenation of the retina comes from two sources (Kur et al., 2012): 

• The outer retina, which corresponds to photoreceptors and RPE cells, is nourished 

by nutrients that arrive through the choriocapillaris layer. 

• Two thirds of the inner retina (from the INL to MLI) receive vascularization of retinal 

capillaries derived from the central retinal artery (CRA, a branch of the ophthalmic 

artery) (Fig. 6). Such vascularization is located in two separate planes: 1). The surface 

capillary network is located in the nerve fiber layer and ganglion cells. 2) The deep 

capillary, denser and more complex than the surface layer, is located in the inner 

nuclear layer.  

To understand the vascularization of the retina, it is important to review the histology 

of the retinal capillaries (Fig.6). Capillaries contain three layers: 

- Endothelial cells (EC): Connected to each other by tight junctions. EC, together with 

the pericytes and astrocytes, secrete cytokines that promote binding between these 

cell types to form the BRB (Toda et al., 2011). 

- Basal membrane (BM): Layer formed by a matrix of collagen type IV, laminin, 

fibronectin, and proteoglycans (mainly heparan sulfate). It covers the outer surface of 

the EC. 

- Pericytes: They are practically cells embedded in glycoproteins of the extracellular 

matrix and placed in the outer side of the BM. They posses multiple pseudopodal 

processes that form gap junctions with EC through fenestrations of the BM. 

Moreover, pericytes possess actin filaments and endothelin receptors, which allow 

them to act as smooth muscle fibers, thus regulating the caliber of the vessels and 

participating in the self-regulation of microvascular circulation (ability of the vessels 

to maintain an adequate flow independently of changes in pressure and metabolic 

needs).  
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Pericytes produce and maintain the glycoprotein matrix and help preserve the BRB. 

They also secrete factors that inhibit the growth of endothelial cells (e.g. TGFb1), 

increase prostaglandin (PGI2) secretion, and protect the retina from oxidative stress 

(OS) (Yamagishu et al., 1993). 

The cellular component (EC and pericytes) and BM should be considered an 

anatomical-functional unit, where modifications that occur in the cellular component 

significantly influence the BM and vice versa. 

   

              Figure 6: Retinal vascularization. Drawing showing vasculature of the retina and choroid (Kur et al., 2012) 

 

1.1.3 Retinal diseases  
Because the visual sense is so important for the reception of information, blindness 

creates social and personal damage. There are several diseases that can lead to loss of 

vision: age-related macular degeneration (AMD), glaucoma, diabetic retinopathy (DR), 

retinitis pigmentosa (RP), and Stargadt disease (SGTD). Among them, AMD is the 

leading cause of irreversible blindness in Western civilization (de Jong et al., 2006). 
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1.1.4 1.4.1 Age-related Macular Degeneration 
AMD affects the macula, affecting central vision and the ability to see fine details.  A 

2014 meta-analysis predicts that 196 million people will have AMD by 2020 increasing 

to 288 million by 2040 (Wong et al., 2014). There are two principal forms of the 

disease: dry and wet AMD. Dry AMD is a degenerative phase, which is associated with 

the development of drusen, subretinal deposits composed primarily of lipids and 

proteins that enlarge with the development of the disease and age (Rickman et al., 

2013).  

Wet, exudative or neovascular AMD occurs when unstable blood vessels grow and 

extend from the choroid in a process called choroidal neovascularization (CNV). These 

new blood vessels are fragile and leaky and therefore their content can extravasate 

an affect vision (Campochiaro et al., 2011). 

Excess of VEGF induces the progression of AMD towards its neovascular form. It 

represents a contributory factor in the initiation of angiogenesis as it directs the 

migration of the “endothelial tip cells”. Tip cells are specialized endothelial cells that 

guide vessels to growth towards hypoxic or inflamed tissue (Gerhardt et al., 2003). 

The “tip” phenotype is controlled by the expression of the Notch ligand DLL4 in 

endothelial cells exposed to a VEGF gradient, triggering Notch activation in adjacent 

cells (Suchting et al., 2007).  

These signaling events further ensure the selection of the initial Notch-inactive cell as 

a single tip cell leading the new blood vesssels, as opposed to the Notch-active tip 

cells forming the base of the sprout (Phng L.K & Gerhardt H et al., 2009). Ultimately, 

the inhibition of VEGF-mediated sprouting by Notch promotes the maturation and 

quiescence of the capillary network (Hellström et al., 2007). 
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1.2 Cellular Communication 
In multicellular organisms, cells communicate by extracellular signaling molecules 

such as nucleotides, lipids, and proteins. These molecules, after being released into 

the extracellular medium, bind to receptors of their neighboring cells, inducing 

intracellular signaling and modifying the physiological state of the recipient cell. In 

addition to the release of these signaling molecules, eukaryotic cells are able to 

release membrane-bound vesicles to the extracellular medium. These vesicles contain 

numerous proteins, lipids, and nucleic acids that might affect the fate of the target 

cells. These vesicles are known as extracellular vesicles (EVs) (Sadallah et al., 2011). 

It has been observed that EVs are involved in cell communication, transporting 

information (proteins, mRNA, miRNAs, and even DNA fragments) between cells (Balaj 

et.al., 2011). Thus, a donor cell produces EVs and another cell is able to incorporate 

and interpret the information that is inside the EV. The information in the form of 

nucleic acids and proteins contained in these vesicles can trigger processes such as 

cell proliferation, differentiation, migration, and apoptosis in the recipient cells. EVs 

are involved in processes such as immune suppression of tumor metastasis and 

angiogenesis (Aliotta et al., 2010; Castellana et al., 2009; Tetta et al., 2011).  

Since it is a relatively new issue, it appears necessary to standardize the nomenclature 

for the different types of EVs. A recent article by Maria Mittelbrunn (Mittelbrunn and 

Sánchez-Madrid, 2012) makes a very convenient classification of the EVs, while 

collecting information on the mechanisms of formation of these vesicles. Based on 

their origin and size, EVs can be classified into three different groups: exosomes, 

ectosomes (microvesicles), and apoptotic bodies (AB) (Fig.7).  

 

Figure 7: Types of Extracellular vesicles. Extracellular membrane vesicles as a mechanism of cell-to-cell         

communication (Turturici et al., 2014). 
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1.2.1 Exosomes 
The term "exosome" was proposed for the first time in the early 1980s to designate 

membranous vesicles secreted during maturation of chicken reticulocytes (Pan et al., 

1983). In this study, it was observed that the absent transferrin receptor in mature 

erythrocytes was previously released in small vesicles of endocytic origin. Thus, 

initially it was thought the main function of exosomes was the elimination of 

unnecessary molecules for the mature cell. After that conclusion, the study of 

exosomes was interrupted for several years. 

 Lately, interest in exosomes was renewed thanks partially to the research of Raposo 

and collaborators, who revealed for the first time the relevance of exosomes in 

adaptive immune response (Raposo et al., 1996). 

Exosomes have a size between 40 and 150 nm in diameter and a density of 1.13-1.19 

g/ml in sacarose (Thery et al., 2006). They are rich in proteins derived from the 

plasma membrane of the endocytic pathway and cytosol, but may also contain small 

amounts of proteins from the Golgi, ER, and the nucleus (Fig. 8). 

 

Figure 8: Typical structure and content of exosomes. Exosomes are surrounded by a phospholipid bilayer and 

contain proteins, such as annexins, that are important for transport; tetraspanins for cell targeting; and other 

proteins, such as Alix and TSG101 that are involved in exosomal biogenesis from endosomes (Mathivanan et al., 

2012).  
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1.2.1.1 Physical and chemical properties of exosomes 

Exosomes comprise their content within a lipid bilayer. They contain various proteins 

inserted in the lipid bilayer and enclosed in the lumen it can be found a small portion 

of soluble proteins, mRNAs, microRNAs (miRNAs), and DNA fragments (Janas et al., 

2015). These EVs are characterized – not only by their size, shape, and density – but 

also by their molecular composition. Presence of EVs is evidenced by the expression 

of specific proteins, named "exosomal markers", among which are: CD9, CD81, CD63, 

Alix, and Tsg10116 tetraspanin.  

Purification protocols of exosomes have been developed and optimized based on 

their physical and chemical features. Different techniques have been combined to 

isolate exosomes: differential centrifugation, filtration, concentration, ultrafiltration, 

and inmunocapture (Simons & Raposo et al., 2009). Although there are variations 

depending on the biological source, the classical method for the purification of 

exosomes includes several differential centrifugations. 

 

1.2.1.2 Exosome biogenesis   

During endocytosis, cells incorporate nutrients and other substances in endocytic 

vesicles, which are transported to early endosomes. By acidification processes, 

changes in protein content and increased tendency to fuse with other membranes, 

early endosomes are transformed into late endosomes (LE). 

 These two types of compartments can be distinguished by their shape and cellular 

localization. LE undergo a process of reverse invagination of its limiting membrane, 

accumulating therein a large amount of intraluminal vesicles (ILVs), resulting in the 

formation of multivesicular bodies (MVBs) (Théry et al., 2011). In dendritic cells (DCs), 

the MVBs constitute the storage of major histocompatibility complexes type II (MHC-

II) (Keller et al., 2007). (Fig.9). 
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Figure 9: Exosomes biogenesis. ESCRT machinery, lipids (such as ceramide), and tetraspanins are involved in ILVs 

formation. The MVBs can fuse with lysosome or with Plasmatic Membrane (PM). Several RAB proteins (RAB11, 

RAB27 and RAB35) have been shown to be involved in the transport of MVBs to the PM and in exosome secretion 

(Kowal et al., 2014) 

The MVBs can follow two routes: the degradative and the exocytic. In the degradative 

pathway, the fusion of MVBs with lysosomes (forming the amphisome) induces 

degradation of proteins and lipids present in them, allowing also the removal of 

excessive membrane (Futter et al., 1996; Mullock et al., 1998).  

In the exocytic route, the MVBs fuse with plasma membrane in a process where a 

number of proteins are involved: Rab11, RAB35, and RAB27, just to name a few 

(Bobrie et al., 2011). Figure 7 compares biogenesis of exosomes, ectosomes, and 

apoptotic bodies. Exosomes biogenesis determines the orientation of the membrane, 

so the proteins have the same orientation as in the plasma membrane (Castellana et 

al., 2009; Simons & Raposo et al., 2009). 

Moreover, comparison of exosomes membrane with the plasma membrane of the 

cell from which they derive allow the conclusion that they are not simple fragments of 

it. Unlike other types of microvesicles, exosomes lack certain highly abundant 

proteins of the plasma membrane. For example, it has been observed that dendritic 

cells (DC)-derived exosomes lack FcyRII/III receptor (Denzer et al., 2000), exosomes 

from T cells lack CD28 and CD45 (Théry et al., 2001), and exosomes from B cells lack 

the transferrin receptor (Pan et al., 1983). 
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Today, the complete cellular machinery of the merging mechanism between MVBs 

and plasma membrane is not completely understood. Several studies have shown 

that some proteins, such as soluble NSF (N-ethylmaleimide-sensitive factor) 

attachment protein receptors (SNAREs) or some types of Rab (Rab11 and Rab27), may 

play an important role in the transport and merge with the plasma membrane 

(Blanchard et al., 2002; Andrews & Chakraberti et al., 2005; Stinchcombre & Gifficths 

et al., 2007; Hsu et al., 2010). Moreover, it has been demostated that diacylglycerol 

kinase in T cells, and Big2 protein in endothelial cells are involved in these processes 

(Ostrowoski et al., 2010; Alonso et al., 2005). 

Exosomes are secreted into the extracellular medium of established cell lines, 

including: intestinal (Castellana et al., 2009) and traqueobronquial (Loomis et al., 

2006) epithelial cells, mesenchymal stem cells (Islam et al., 2007), fibroblasts (van Niel 

et al., 2010), reticulocytes (Kesimer et al., 2009), mastocytes (Lai et al., 2010), 

platelets (Zhang et al., 2006), DCs (Johnstone at al., 1987; Laulagnier et al., 2004; 

Cocucci et al., 2009;  ), T cells (Segura et al., 2005), B cells (Segura et al., 2005b), 

keratinocytes (Chaput et al., 2006), glial cells (Turiák et al.,2011) and microglia 

(Vallhov et al., 2011), neurons (Chavez-Muñoz et al., 2008), astrocytes (Fevrier et al., 

2004), and numerous tumoral cell lines (Potolicchio et al., 2005; Fauré et al., 2006; 

Graner et al., 2009). 

 Exosomes have also been described in various biological fluids such as serum 

(Wolfers et al., 2001; Hegmans et al., 2004), bronchoalveolar fluid (Abusamra et al., 

2005), urine (Caby et al., 2005), tumor effusions (Looze et al., 2010), sperm (Admyre 

et al., 2003), amniotic fluid (Conde-Vancells et al., 2010), saliva (André et al., 2002), 

and breast milk (Poliakov et al., 2009) and colostrum (Asea et al., 2008).  

 

1.2.1.3 Secretion 

Exosome release can be either constitutive or regulated by different external stimuli, 

including increased levels of intracellular Ca2+ (Ogawa et al., 2011).  
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Exosomes secretion can also be stimulated exogenously by cellular stress promoters 

(heat shock or UV radiation) (Admyre et al., 2007b; Hata et al., 2010), and drugs, such 

as calcium ionophores (Stoorvogel et al., 2002; Yu et al., 2006), sequestering agents 

(Keller et al., 2007), and inhibitors of cholesterol synthesis (Fauré et al., 2006). 

Once formed the MVB, it should fuse with the plasma membrane in order to release 

its content and secrete the exosomes. A family of proteins involved in the intracellular 

transport is the Rab family. Depending on the cell type, there are different molecules 

involved in the process of EV secretion. In the K562 cell line, it has been shown that 

Rab11 is necessary for releasing calcium-induced exosomes (Krämer-Albers et al., 

2007). In oligodendrocytes, Rab35 plays an important role in the secretion of 

exosomes (Stoeck et al., 2006). Rab27b and Rab27a control various steps of the 

exosome secretion pathway in HeLa cells (Savina et al., 2005).  

The final step of the merge between MVBs and the plasma membrane is probably 

mediated by SNARE proteins, although the cellular machinery is not completely 

understood yet. As aforementioned, exosome release can be enhanced by any 

damage applied to the cell.  

 

Few studies have focused on the interaction of exosomes with the recipient cell. The 

results obtained suggest four possible mechanisms of interaction: (I) receptor-

mediated endocytosis (Hsu et al., 2010), (II) cell surface adhesion (Ostrowski et al., 

2010; Pant et al., 2012; Morelli et al., 2004; Segura et al., 2007), (III) fusion with the 

plasma membrane (Al-Nedawi et al., 2009), and (IV) phagocytosis (Nolte´t et al., 

2009). 

 

1.2.1.4 Mollecular Composition  

The protein composition of exosomes varies depending of the cell type as well as the 

physiological state of the cell (Escrevente et al., 2001; Parolini et al., 2009). Thus, B 

cell-derived exosomes express B cell receptor (BCR) (Feng et al., 2010) and are 

enriched with heat shock proteins after heat stress (Stoorvogel et al., 2002). 
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Moreover, exosomes secreted by DCs express CD11c (Chaput & Théry et al., 2011) 

and, upon activation, are enriched with MHC-II, CD86, and the intercellular adhesion 

molecule 1 (ICAM- 1) (Rialland et al., 2006). 

Regardless of the cell of origin, exosomes share a set of proteins that are considered 

"exosomal markers" (Clayton et al., 2005) (Fig.5). These markers include: proteins 

involved in the biogenesis of MVBs (Alix, clathrin, and Tsg101), tetraspanins (CD9, 

CD63, and CD81), which is one of the most abundant families in exosomes; and heat 

shock proteins (hsp) that are involved in antigen presentation, such as hsp60, hsc70, 

hsp70, and hsp90.  

Other proteins found in exosomes are: ICAM-1; lipid rafts associated proteins, as 

flotillin-1; proteins involved in cellular traffic (annexins, syntaxin, dynamin); metabolic 

enzymes (enolase, aldolase, ATP citrate lyase, fatty acid synthase); proteins involved 

in signal transduction, such as kinases and phosphatases; and cytoskeletal proteins, 

such as actin, tubulin, and vimentin. Other proteins detected in exosomes are 

ATPases, albumin, histones, and transcription factors (TF) (Feng et al.,2010; 

Stoorvogel et al.,2002; Chaput & Théry et al., 2011; Rialland et al., 2006; Clayton et 

al., 2005; Kim et al., 2007). 

The machinery that makes proteins enter the MVBs is not exactly known. Several 

mechanisms appear to be involved, including: the endosomal sorting complex 

required for transport (ESCRT), which recognizes ubiquitination signals, protein 

aggregation into oligomers, and the presence of proteins in lipid rafts (van Niel et al., 

2003; Mathivanan et al., 2010). 

Exosomes present lipid rafts enriched in sphingomyelin, ceramide and cholesterol, 

and exposed to the outer face of the lipid bilayer that is normally found in the 

cytoplasmic face of the plasma membrane, (Vidal et al., 1997; de Gassart et al., 2003; 

Pant et al., 2012; Nolte´t et al., 2009). These lipids can change depending of the origin 

cell or the proteins expressed in the plasma membrane of these cells (Wubbolts et al., 

2003). 
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Some studies have shown the presence of mRNAs and miRNAs in exosomes released 

by mast cells of mouse and human (Laulagnier et al., 2004). These RNAs were 

biologically active, thus conferring new functions to the recipient cells after their 

capture. Later, Skog and collaborators confirmed their presence in exosomes secreted 

by a glioblastoma human cell line (Vidal et al., 1989). This discovery has enhanced 

interest in exosomes in recent years.  

To date, the transcriptome of exosomes from different types of cells , for example, 

pancreatic cells (Valadi et al., 2007), neurons (Skog et al., 2008), monocytes 

(Nazarenko et al., 2010) , B cells (Bellingham et al., 2012), T cells and DCs (Gibbings et 

al., 2009), and from body fluids like  serum (Pegtel et al., 2010) and saliva 

(Mittelbrunn et al., 2011) The data obtained suggest a mechanism for targeting 

exosomes that are enriched with certain RNAs, depending on their cellular origin. 

 The necessity to collect information on the composition of proteins, lipids, and 

genetic material, in exosomes from different sources has led to the creation of the 

database ExoCarta (www.exocarta.org). To date, they have been included in the 

database: 135 articles published in peer-reviewed journals, a total of 4,520 protein 

entries, 194 lipid entries, 1,639 mRNAs entries and 764 miRNAs entries. 

 The fact that the composition of exosomes (proteins, lipids, mRNAs and miRNAs) is a 

reflection of the type of cell and the physiological state of such cell has led to propose 

exosomes as biomarkers for diagnosis of various human diseases (Hsu et al., 2010; 

Feng et al., 2010). 

 

1.2.1.5 Exosome functions 

The first function attributed to exosomes was the ecto-enzymes transport of the 

membrane (Trams et al., 1981). Later this exosomes function was expanded and it 

was proposed that exosomes are sweeping obsolete proteins and excessive cell 

membrane (Hsu et al., 2010). Today, besides being considered as vehicles of different 

types of molecules, it is known that exosomes can be captured by recipient cells 

through specific nonrandom mechanisms (Mathivanan & Simpson, 2009). The content 

of exosomes induces a response in the host cell comparable to conventional systems 



 

37 

 

triggered by cell signaling (Hsu et al., 2010), so they can be considered regulators of 

cell-cell communication. Exosomes are involved in the survival and metastasis of 

tumors by modifying the microenvironment (Hsu et al., 2010). It has been described, 

the role of exosomes in communication between neurons in neurodegenerative 

diseases such as Alzheimer, Parkinson and prion-induced neurodegeneration (Trams 

et al., 1981).  They have also a role in cardiovascular diseases, such as atherosclerosis 

(Rialland et al., 2006), heart hyperplasia, and cardiomyocyte dysfunction (Rana & 

Zoller et al., 2011). Despite the limited studies in the liver, it has been found that 

hepatocytes release and receive exosomes (Corrado et al., 2013). Moreover, 

exosomes have been linked to the pathogenesis of hepatocellular carcinoma (Aguzzi 

& Rajendram et al., 2009), viral hepatitis (Azevedo et al., 2007), and hepatic 

inflammation (Bala et al., 2012). Furthermore, the exosomes isolated from mouse 

hepatocytes contain cytochrome P450, a family of enzymes implicated in drug 

detoxification (Masyuk et al., 2013). 

 

1.2.1.6 Exosomes and the RPE 

It has been recently proved the presence of exosomes in extracellular medium of 

ARPE-19 cells, a commercial RPE cell line. Unlike other tissues, there are only a few 

studies about exosomes from RPE (Miceli et al., 1994). RPE-released exosomes were 

altered when cells were under OS. Biasutto and colleagues described that exosomes 

from ARPE-19 cells varied their protein cargo when they were subjected to low levels 

of stress (Miceli et al., 1194). Other studies showed that mitochondrial DNA damage 

enhanced exosome release when cells were under stress (Tamai et al., 2012). 

Furthermore, exosomes released after stimulation with ciytokines, inhibit T 

cellactivation and induce monocyte death, which does not occur if exosomes are 

derived from unstimulated cells (Taylor et al., 2011). Exosomes also play an important 

role in diseases such as AMD. Recently, it was found that the complement regulatory 

protein (CD59) was increased in regions of the RPE of early AMD patients, but 

decreased in advanced form of AMD (Ebrahimi et al., 2013). The study showed that 

this protein was released within exosomes to the subretinal space (Delcayre & le Pecq 

et al., 2006).  
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It has been lately hypothesized that the release of exosomes and cellular autophagy 

work together to maintain cell homeostasis (Baixauli et al., 2014). Wang and 

collaborators proved recently that an increase of autophagy and the release of 

intracellular proteins via exosomes by the aged RPE may contribute to the formation 

of drusen, hallmarks of dry AMD (Wang et al., 2009).   

1.2.1.7 Stress Stimulates Exosomes Production 

Exosomes production is stimulated by OS generated by the presence of ethanol 

(EtOH). Malik and collaborators showed that EtOH was able to stimulate exosome 

production in cardiac myocytes (Malik et al., 2013). They showed that EtOH-induced 

exosomes appeared to have an increased protein content compared to hypoxia and 

reoxygenation-induced exosomes, based on similar acetylcholine-esterase activity, 

which reflects the amount of membrane present. Furthermore, after two hours of 

EtOH exposure, it was observed a dramatical increase of reactive oxygen species 

(ROS) in cardiac myocytes. Interestingly, after treatment with antioxidants to reduce 

ROS production, it was observed a decreased exosome formation. Malik also found 

that exosomes are quite stable under physiological and pathological conditions. 

Increase of exosomes and their protein content, after a brief EtOH treatment, leads to 

denatured proteins and cellular damage. 

1.2.1.8 Exosomes and rescue therapy 

The use of Exosomes for therapeutic purposes is currently being investigated. 

Vaccines based on the use of exosomes have been proposed for the treatment of 

tumors (Lee et al., 2012), since they could solve the difficulties of immunotherapy 

based on DCs. Exosomes from tumor cells expressing antigens and MHC class I 

molecules can transfer these tumor antigens to the DCs and induce a CD8+ T cell 

dependent antitumor immune response (Klionsky et al., 2007).  

In addition, exosomes secreted from DCs stimulated with tumor antigens show a 

strong anti-tumor response. Mouse studies show that exosomes isolated from tumor 

cells or from DCs stimulated with tumor antigens carry out an effective immune 

response and also act as a possible vaccine (Mijaljica et al., 2011). 
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The use of exosomes is not limited only to cancer, they are related to infectious 

diseases too. For example, Colino and Snapper demonstrated that administration of 

exosomes from mouse bone marrow treated with diphtheria, induces the production 

of IgG2b and IgG2a in DCs (Colino, J., & Snapper et al., 2016).  

Moreover, previous studies showed that EVs are involved in cell regeneration. 

Exosomes derived from bone marrow stem/progenitor cells have been recognized in 

myocardial protection, stimulation of angiogenesis and modulation of inflammation 

(Sahoo et al., 2014), a recent study by the Marban group shows that exosomes 

secreted by CDCs, a type of cardiac stem/progenitor cells, play critical roles in cardiac 

regeneration triggered by cell therapy. Thus, exosomes may play a fundamental role 

in rescue therapies (Stastna et al., 2010). 
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1.3 Autophagy  
Autophagy is a physiological process of self-digestion that occurs in all eukaryotic 

cells and is mediated by lysosomes that phagocyte aging organelles and proteins to 

maintain cell homeostasis (Klionsky et al., 2007; Levine & Klionsky et al., 2004). To 

date, there are three different types of autophagy described: macroautophagy, 

microautophagy, and chaperone-mediated autophagy (CAM). These three types 

differ in the way the cargo is delivered into the lysosomes (Fig. 10). 

Eukaryotic cells have two protein degradation mechanisms: the proteasome and the 

lysosome. The proteasome is a multicatalytic protease that degrades most 

endogenous proteins, including misfolded or damaged proteins, to maintain normal 

cell function. This mechanism of degradation plays an important role in many 

processes such as cell cycle progression, proliferation, apoptosis, and angiogenesis. 

The second mechanism of degradation, lysosomes, degrades extracellular proteins 

that enter via receptor-mediated endocytosis, pinocytosis, or phagocytosis, and 

intracellular cytoplasmic components originated from chaperone-mediated 

autophagy, microautophagy, and macroautophagy. The difference between 

microautophagy and macroautophagy is that the first involves exposing the 

cytoplasmic contents directly to the surface of lysosomes by invagination, protrusion 

or limiting septation of the lysosome membrane (Mijaljica et al., 2011), while the 

second involves double-membrane vesicle formation, cytoplasm content kidnapping, 

and final degradation (Levine & Klionsky, 2004; Nakatogawa et al., 2009; Tanida et al., 

2004). While the proteasome degrades mainly short proteins (Goldberg et al., 2003), 

catabolic autophagy is the mechanism by which cells degrade longer proteins, other 

macromolecules, and even entire organelles (Mortimore & Poso et al., 1987). 
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Figure 10: Protein degradation 

Both the macro and microautophagy are non-selective degradation pathways in 

which portions of the cytoplasm are sequestered randomly. However, there are 

some cases where autophagy can selectively remove some organelles, such as 

peroxisomes, mitochondria, and endoplasmic reticulum (ER). On the other hand, the 

CAM does not involve vesicle trafficking and is specific for protein degradation. 

(Fig.11) 

   

Figure 11: Types of Autophagy. The different forms of autophagy are depicted here. Mainly 

Macroautophagy, Microautophagy and Chaperone-mediated autophagy (CMA) (Yen & Klionsky, 2008). 

The process takes a series of sequential steps (Fig. 12) that leads to the sequestration 

in vesicles of cytoplasmic components, degradation, and energy production (Reggiori 

& Klionsky, 2005). The first step begins with the “preinitiation” complex (also called 

the ULK complex) which is regulated by upstream kinases. Depending of inhibitory or 

stimulatory signals, it is induced or not by the phosphorylation on ULK1/2 proteins.  
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The preinitiation complex activates the "initiation complex" (also called PI3K Class III 

complex) through the ULK-dependent phosphorylation. 

 Activation of the initiation complex requires interruption of binding between Bcl-2 

and Beclin 1. In this way, initiation complex generates PI3P at the nucleation site of 

the isolation membrane or phagophore, inducing the recruitment of proteins involved 

in the "elongation phase" (ubiquitin-like protein conjugation systems). 

The proteins of “elongation phase” contribute to expansion of the membrane, 

resulting in a double membrane structure vacuole-like known as the 

"autophagosome", which cargo is destinated for degradation. Once the 

autophagosome is formed, it the can fuse with a LE or a MVB forming a hybrid 

organelle known as the amphisome (Stromhaug & Seglen et al., 1993; Berg et al., 

1998; Fengsrud et al., 1995). However, the autophagosome can fuse directly with 

lysosomes, generating an autolysosome. The final step of this process is the 

degradation of the amphisome (or the autophagosome) when the autolysosome is 

formed (Young et al., 2007). Inside the autolysosome, the sequestered contents are 

degraded and released into the cytoplasm for recycling.  

 

Figure 12: Autophagy pathway. Protein involves in autophagy. A “preinitiation” complex (ULK complex) activates 

the “initiation complex” (the Class III PI3K complex). The Class III PI3K complex generates PI3P at the site of 

nucleation of the isolation membrane (also known as the phagophore), which leads the subsequent recruitment of 

proteins involved in the “elongation reaction” (ubiquitin-like protein conjugation systems) to the isolation 

membrane. The autophagosome fuses with a lysosome to form an autolysosome (Hua et al., 2015). 
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1.3.1 Autophagy Proteins 
Autophagy essential proteins are the molecular basis or protective or destructive 

autophagy machinery. The core autophagic machinery is compose by 18 Atg 

proteins, which represent three functional and structural units: (1) Atg9 cycling 

system (Atg9, Atg1 kinase complex [Atg1-Atg3], Atg12, Atg18 and Atg27); (2) the 

phosphatidylinositol 3-Kinase (PIK3) complex (Atg6/Vsp30), Atg14, Vsp15 and Vsp34; 

and (3) the ubiquitin-like protein system (Atg3-5, Atg7, Atg8, Atg10, Atg12 and 

Atg16) (Young et al., 2007). 

1.3.1.1 Atg family 

They form autophagosomes and help them joining the lysosome to degrade its 

contents (Table1). 

1.3.1.1.1 Atg1 

In enriched-nutrient conditions, Atg13 is hyperphosphorylated and its association 

with Atg1 crashes. However, under conditions of nutrient deprivation, Atg13 becomes 

partially dephosphorylated, allowing the interaction between Atg1 and Atg13, and the 

subsequent generation of the autophagosome membrane (Reggiori & Tucker, 2004). 

(Fig.13) 

 

 

Figure 13: Atg1 function. Atg1-Atg13 association, is neccesary to recruitment of other core Atg proteins to the pre-

autophagosomal structure (PAS) to initiate autophagosome formation (Rubinsztein & DiFiglia et al., 2005). 
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Table 1. ATG family: Distribution of ATG proteins and domains 

 

 

1.3.1.1.2 Atg9 

Atg9 is an integral membrane protein present in endosomes and trans-Golgi, but not 

in the mitochondria. Atg9 vesicles are derived from the Golgi apparatus as single-

membrane structures with a diameter of 30-60 nm. It is located in the membrane of 

the forming-autophagosome, but it is not found in mature autophagosomes. Thus 

Atg9 seems necessary for autophagosome formation, since it interacts with Atg12, a 

crucial step in the formation of the organelle (Yorimitsu et al., 2005; Young et al., 

2007). After autophagosome formation, Atg9 is recycled back to cytoplasm. (Fig.14) 
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Figure 14: Atg9 implication in autophagosome formation. Atg9 vesicles are an important membrane source 

during early steps of autophagosome formation (Kiara & Noda et al., 2001). 

 

1.3.1.1.3 Beclin 1/Atg6 Complex 

Beclin 1 is a 60 Kda protein, involved in the control of VSP34-mediated vesicle 

trafficking pathways including autophagy. Expression of Beclin-1 is essential for 

autophagosome biogenesis and maturation (Suzuki et al., 2001), and represents a 

protective role of autophagy in neurodegeneration (Rubinsztein et al., 2005).  

Furthermore, the decrease of amino acids inside the cell, stimulates PI3K-III activity 

associated Beclin-1 (Tassa et al., 2003). 

As shown in figure 15 Atg6/Beclin-1 forms a complex with VSP34 and a 

transmembrane protein Vsp15. This complex is associated with VSp14 to form PIK3-

Complex-I, that regulates autophagy. However, the complex Atg6/Beclin1-Vsp34 can 

fuse with Vsp38 to form complex-II, which regulates vacuole proteins (Kihara et al., 

2001). Thus, the Complex-I contributes to the formation of the autophagosome, 

allowing other proteins localized to the ATG preautofagosomal structure (Kirisako et 

al., 2000). (Fig.15) 

 

Figure 15. PI3K Complex. 
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1.3.1.1.4 Ubiquitine conjugation system 

1.3.1.1.4.1 Atg8/LC3 

This complex is part of the oldest mechanism in autophagy. After synthesis, the 

carboxy-terminal fragment of Atg8/LC3 is processed by a cysteine proteatase, Atg4, 

forming the LC3-I complex in the cytosol. LC3-I is strongly activated by Atg7, and 

after being transferred to the Atg3 protein, it finally binds to the membrane and 

forms LC3-II (Tanida et al., 1999; Tanida et al., 2001; Tanida et al., 2002; Kabeya et 

al., 2000; Klionsky et al., 2007). In addition, the Atg8/LC3 complex controls 

phagophore expiration during autophagosomes formation (Xie et al., 2008).    

 

1.3.1.1.4.2 Atg12 

Atg12 was the first ubiquitin-like protein (Ubl) identified as an essential component 

for autophagy. Atg12, is activated by Atg7 (Mizushima et al., 1998; Tanida et al., 1999) 

and covalently conjugated to Atg5 through the Ubl-conjugation machinery.  

The Atg12–Atg5 complex can further interact with protein Atg16 to form a dimeric 

complex (Park et al., 2012; Scherz-shouval et al., 2007). This complex is essential for 

the formation and elongation of the autophagosome (Tanida et al., 2011). Small 

fractions of the cytosolic ATG12–ATG5–ATG16L complex associate with the outer 

membrane of the phagophore and dissociate from it near completion of the double-

membrane autophagosome (Mizushima et al., 2001; Mizushima et al., 2003). 

 

1.3.1.1.5 Microtubule-associated protein 1A/1B-light chain 3 (LC3) 

LC3 is a soluble protein with a molecular mass of approximately 17 kDa. The 

cytoplasm contains not only LC3-I but also the active form LC3-II. During 

autophagosomal membranes formation, cytosolic LC3 (LC3-I) is transiently conjugated 

to membrane-bound phosphatidylethanolamine (PE) through two consecutive 

ubiquitylation-like reactions by Atg7 and Atg3 to generate LC3-II, which localizes both 

in the cytosolic and in the intraluminal membrane of autophagosome. LC3-II is 

essential in the expansion step of autophagosome formation.  
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During the fusion of the autophagosome with the lysosome, LC3-II is degraded by 

lysosomal hydrolases, and cytosolically-oriented LC3-II is delipidated by hAtg4B and 

finally recycled back to LC3-I (Karim et al., 2007).  (Fig.16) 

 

 

Figure 16: Proteins implicated in autophagosome formation. LC3 is cleaved by ATG4, forming LC3-I. ATG7 

conjugates ATG5 to ATG12 and is involved in conjugating the membrane lipid phosphatidylethanolamine (PE) to 

LC3-I in conversion of LC3-II. LC3-II mediates membrane elongation by associating with the autophagosomal 

membrane. By binding to LC3-II, p62 facilitates autophagy, transporting uniquinated proteins and organelles for 

degradation (Liang et al., 1998).  

 

1.3.1.1.6 Sequestosome 1 or P62 

P62, also called sequestosome 1 (SQSTM1), is involved in protein trafficking and 

protein degradation, both in the macroautophagy pathway and the ubiquitin-

proteasome system (Korolchuk et al., 20010). Its localizated in the autophagosome 

and is continuously degraded by autophagy pathway. When P62 is decreased, it 

indicates that autophagy is enhanced. P62 acts like an ubiquitin protein receptor to 

be degraded in lysosomes (Fig.17). 
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Figure 17. Under normal conditions, p62 is degraded through autophagy. In autophagy-defective cells and 

tissues, the autophagy substrate p62 is not degraded, and so accumulates to high levels (White l., 2012). 

1.3.2 Autophagy regulators  

1.3.2.1 Bcl-2 

Bcl-2 is the first cellular protein identified to function as an oncogene protein, 

blocking apoptotic cell death (Adams et al.,1998) Bcl-2 interacts with Beclin-1, the 

mammalian ortholog of yeast Atg6 (Liang et al., 2006). Both proteins are connected. 

Under nutrient-rich conditions, when autophagy is inhibited, Beclin-1 and Bcl -2 

interact strongly. Nevertheless, when there is a lack of nutrients, the interaction 

between Beclin-1 and Bcl-2 is weak and the complex is dissociating (Fig.18). 

Autophagy is induced via different ways: by release of Beclin-1 from Bcl-2 by pro-

apoptotic BH3 proteins (Adams et al., 2007), Beclin-1 phosphorylation by DAP kinase 

(DAPK) or Bcl-2 phosphorylation by JNK (Wei et al., 2008; Pattingre et al., 2005). 
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Figure 18. Beclin-1 interactions and regulation by r Bcl-XL (Miauri et al., 2007). 

 

1.3.2.2 Atg5 

Atg5 participates in the formation of autophagosomes. However, it not only regulates 

autophagy by conjugation with Atg12, but also increases susceptibility to apoptotic 

stimulation. Thus, when Atg5 is cut into a 24kDa protein by Calpains 1 and 2 it is 

released and translocated from the cytosol to the mitochondria, where it associates 

with BCL-XL, blocking its proapoptotic function and allowing the release of 

cytochrome C. Thus Atg5 is a regulator of signaling between autophagy and apoptosis 

(Yousefi et al., 2006). 

1.3.3 Autophagy Inhibitors 
Given its potential roles in many diseases, various preclinical studies have been 

undertaken to develop therapeutic agents targeting autophagy. Different compounds 

are described in the literature as potential inhibitors of the autophagy process. The 

most commonly used inhibitors are: Chloroquine (CQ), 3- Methyladenine (3MA) and 

Bafilomycin A1 (BAF). All of them inhibit autophagy but through different mechanisms 

(Fig. 19).  
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The CQ penetrates into acid compartments, like the lysosome and the 

autophagolysosome. It is protonated and trapped inside the compartment, leading 

to an alkaline environment. Thus it inhibits lysosomal enzymes and not degraded 

components (Cook et al., 2014).  

3-MA inhibits PIK3III (early stage of autophagy), blocking autophagosome formation 

(Eekels et al., 2012). This inhibitor, blocks the endogenous degradation of proteins 

without affecting the exogenous protein degradation or protein synthesis, 

demonstrating that 3-MA inhibits the autophagy in a specific way without affecting 

other processes (Korolchuk et al., 2009). 

 

BAF has proved to be a specific inhibitor of the enzyme type V ATPase (Bergers & 

Benjamin et al., 2003). BAF prevents autophagosome-lysosome fusion blocking the 

synthesis of autophagolysosome. As a result, autophagy is inhibited in its final stages 

(Yamamoto et al., 1998). 

 

 

Figure 19 Autophagy inhibitors. (Maiuri et al 2007). 

  



 

51 

 

1.4 Angiogenesis  
Angiogenesis is the formation of new blood vessels from existing vasculature in 

response to different stimuli. Two types of angiogenesis are distinguished: 

physiological and pathological. The first one occurs during embryonic vasculature 

growth and continues after birth in early postnatal development. The formation of 

new blood vessels during development is necessary to provide oxygen and required 

nutrients to growing organs. The physiological mechanism of angiogenesis involves a 

chronological organization (Olsson et al., 2006). On the other hand, pathological 

mechanisms are characterized by an uncontrolled and disorderly growth of 

vasculature, and are displayed when an imbalance between the stimulators and 

inhibitors of angiogenesis occurs (Fig. 20). The first description of this process was 

made by Judah Folkman in the 1970s (Shalaby et al., 1995). 

 

 

     

Figure 20: Regulators of angiogenesis: main activators and inhibitors of the angiogenic pathway (Figure modified 

Kalluri et al., 2002). 

Activation of angiogenesis begins with increased vascular permeability of preexisting 

vessels in response to stimulatory factors such as VEGF or angiopoietin-1 (ANG-1). 

This is accompanied by detachment of perivascular cells of mature blood vessels, 

mainly due to the function of angiopoietin 2 (ANG-2) and TIE2 receptor, selectively 

expressed on endothelial cells) (Ford et al., 2011).  
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Abnormal angiogenesis allows the extravasation of plasma proteins, establishing a 

provisional matrix neccesary for the migration of activated endothelial cells. 

Basement membrane and extracellular matrix are degraded locally by 

metalloproteases (MMPs) for extracellular matrix, allowing the underlying endothelial 

cells to migrate following the angiogenic stimulus into the perivascular space (Bergers 

& Benjamin, 2003). 

Various types of cells are exposed to angiogenic and inflammatory stimuli. Activated 

platelets release numerous growth factors to the microenvironment, including 

platelet-derived growth factor (PDGF), VEGF, transforming growth factor (TGFA and 

TGFB1), the fibroblast growth factor (FGF2), and ANG-1. These factors stimulate 

endothelial proliferation, migration, and tube formation. As a consequence of 

angiogenic stimuli, endothelial cells proliferate forming a migratory column in the 

perivascular space, guided presumably by pericytes, and adhere together to create a 

lumen. Finally, new blood vessels should stabilize and mature. The stabilization 

process is governed by vascular ANG-1 and its receptor TIE2. The binding of ANG-1 to 

TIE2 in activated endothelial cells leads to the production of PDGF and recruitment of 

smooth muscle cells and pericytes lining the new basement membrane. 

 

1.4.1 Family of Vascular endothelial growht factor (VEGF) 
VEGF is a peptide discovered by Napoleone Ferrara in 1989, who described it as a 

potent mitogen for follicular cells from bovine pituitary (Ferrara et al., 1989). Harold 

Dvorak had already isolated VEGF in 1983 baptizing it as vascular permeability factor 

(VPF), because of its great capacity to induce plasma extravasation (Dvorak et al., 

1983). The VEGF family is essential for proliferation and differentiation in 

vasculogenesis, angiogenesis, and lymphangiogenesis (Carmeliet et al., 2000).  
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The VEGF family consists of seven genes that give rise to dimeric glycoproteins 

structurally related (Fig. 21). 

- VEGF-A (VEGF) 

- VEGF-B 

- VEGF-C 

- VEGF-D 

- VEGF-E (orphan virus parapox) 

- VEGF-F (snake venom) 

- PIDF (Placental growth factor) 

 

The gene VEGF-A generates 5 isoforms from alternative splicing resulting in peptides 

with 121, 145, 165, 189, and 206 amino acids. Isoforms 121, 165, and 189 are found 

most frequently (Bates et al., 2002). VEGF synthesis can be stimulated by various 

growth factors (EGF, IGF-1, TNF, TNFa, TNFß, and interleukins such as IL-6, IL-10, and 

IL-33) and hormones like TSH, ACTH, estradiol, and progestins (Yla-Herttuala et al., 

2007) 

 

Figure 21: Ligands and receptors of the VEGF family. The mammalian family of VEGF ligands consists in VEGFA, 

VEGFB, VEGFC, VEGFD and placental growth factor (PlGF). VEGFA binds to both VEGF receptor 1 (VEGFR1) and 

VEGFR2. VEGFB and PlGF bind exclusively to VEGFR1. Heterodimers of VEGFA and PlGF have been identified that 

can bind to and activate VEGFR2. VEGFR3 is a specific receptor for VEGFC and VEGFD (modified by Hicklin & Ellis et 

al., 2005). 
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1.4.1.1  VEGF Receptors and functions  

The VEGF family activates three tyrosine kinase transmembrane receptors (Fig. 22): 

- VEGFR1 or Flt -1. It has affinity for VEGF-A, VEGF-B, and PlGF-1 and -2 factors. This 

receptor is expressed in ECs, smooth muscle cells, and monocytes, among others. 

- VEGFR2, KDR or Flk-1. It has affinity for VEGF-A, VEGF-C VEGF-D, and VEGF-E factors. 

This receptor is expressed predominantly in ECs. 

- VEGF3 or Flt -4. It has high affinity for VEGF-C and VEGF-D factors. This receptor is 

located in the lymph ECs. 

In addition, there are three receivers without tyrosine kinase: 

- SVEGFR1. A soluble form of VEGFR1 might work as a natural scavenger for VEGF as it 

competes by polypeptide binding without an intracellular effect. 

- NP1. It is capable of binding PIGF, VEGF-B, and VEGF-A165 but not VEGF-A121. It 

functions as a synergistic co-receptor in the interaction of VEGF with VEGFR2 and 

VEGFR1, increasing tumor angiogenesis. 

- NP2. It binds to VEGF-A145 and VEGF-A165, PlGF, and BEGF-C and is related to the 

formation of lymphatic vessels (Olsson et al., 2006). 

Most angiogenic promoting signals produced by the VEGF-A are mediated by VEGFR2. 

This receptor consists of an extracellular region of seven domains tyrosine kinase of 

70 amino acids. Besides being expressed in ECs, VEGFR2 is also expressed in neurons, 

osteoblasts (Shalaby et al., 1995), and RPE (Ford et al., 2011). 

Exposure to VEGF in ECs allows flow of substances of different sizes through different 

mechanisms: (1) the formation of fenestrations, allowing a flow of solutes with small 

molecular weight (Roberts & Palade et al., 1995); (2) the induction of invaginations of 

the cell membrane, allowing the flow of small proteins through the cytoplasm; (3) the 

construction of endothelial junctions, allowing transport of high molecular weight 

proteins (Hobbs et al., 1999). The size and number of cell junctions and pores are 

affected by VEGF in a dose-dependent manner. It was suggested that very specific 

concentrations of exogenous VEGF might manipulate the vascular barrier (Monsky et 
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al., 1999). Blocking the communication between adjacent ECs occurs by binding of 

VEGF with receptor 2 through activation of Src kinases and Yes7 and phosphorylation 

of connexin-43 (Fig. 22). 

    

Figure 22: Signaling pathways and interactions between VEGF and VEGFR2 (Weiss & Cheresh et al., 2005 SM). 

Many of the proteins of adherens junctions (VE- cadherin, β-catenin, among others) 

are also phosphorylated by the tyrosine kinase domain of VEGFR2, after activation 

thereof, leading to a weakening of cell-cell junction between ECs in vivo (Esser et al., 

1998). In the absence of VEGF, VEGFR2 activation due to stress is sufficient to induce 

a vascular permeability mediated by integrins causing the reorganization of the 

proteins of adherens junctions (Langille et al., 2001; Chen et al., 1999). 

VEGFR1 is formed by an extracellular domain with seven immunoglobulin-like 

domains, a transmembrane region, and an intracellular tyrosine kinase domain. The 

expression of this receptor is stimulated by different injuries, such as hypoxia or EtOH 

exposure, among others (Neves et al., 2010). Although the domain has a very low 

activity, some scientists suggest that VEGFR1 is critical in angiogenesis (Rakic et al., 

2003). This is evident because VEGFR1 deficient mice die by vascular disorganization, 

so this receptor would function as captor of VEGF-A during embryogenesis, regulating 

VEGFR2 activity by competition with substratum (Yla-Herttuala et al., 2007). 
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1.4.2 Angiogenesis and Exosomes 
The influence of exosomes on developmental tissue has been suggested. They have 

an important role in osteogenesis, both in vitro and in vivo, since they seem to be 

implicated in bone regeneration (Qin et al., 2016). Besides, exosomes from Human-

Induced Pluripotent Stem Cell-Derived Mesenchymal Stem Cells (hiPSC-MSC) can 

stimulate bone regeneration and angiogenesis in critical-sized calvarial defects in 

ovariectomized rats (Qi et al., 2016). 

Exosomes have a strong implication in diseases such as cancer. Recent studies 

demonstrate that the anti-angiogenic effect of the exosome is cell-specific, since 

exosomes derived from bone marrow MSCs showed an opposite effect on the 

expression of VEGF and bFGF in tumor cells (Alcayaga-Miranda et al., 2016).  

Moreover, platelet-derived microvesicles (PMV) – circular fragments from the surface 

membranes of activated platelets – and exosomes released from platelets, could 

contribute to metastatic spread, transferring integrin CD41. Further, a recent report 

showed that the increased level of circulating PMV is a strong predictor of metastasis 

in patients with gastric cancer (Janowska-Wieczorek et al., 2005). In addition, the 

theory that exosomes modulate cancer angiogenic processes hasbeen strengthened 

(Taverna et al., 2012; Mineo et al., 2012). Actually, exosomes btained from plasma of 

glioma patients display pro-angiogenic features, indicating that glioma derived 

exosomes play a role in initiating angiogenesis (Al-Nedawi et al., 2008). Additionally, 

exosomes from LAMA84 chronic myeloid leukemia (CML) cells affect vascular 

remodeling in vitro through an IL-8 mediated activation of VCAM-1(Mineo et al., 

2012). Moreover, exosomes from miR-92a-overexpressing leukemia cells (K562 cells) 

induce migration and tube formation, but did not affect EC proliferation (Umezu et 

al., 2013).  

1.4.3 Angiogenesis and Autophagy 
The relevance of autophagy in cardiovascular physiology is increasingly recognised. 

Autophagy modulates important cell functions, such as nitric oxide production, 

angiogenesis, and haemostasis/thrombosis. This is supported by some data indicating 

that compromised autophagic functions may be important in the development of 

endothelial dysfunctions associated with diabetes and aging (Jiang  et al., 2016). 
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Moreover, angiogenic factor AGGF1 can activate autophagy in ECs in vitro and in 

myocardial infarction mice in vivo (Lu, Qet al., 2016). Nevertheless, when autophagy 

was inhibited by 3-MA, the anti-cancer effects of radiotherapy were markedly 

enhanced by promoting apoptotic cell death and downregulating angiogenesis (Chen 

et al., 2015).   

Moreover, Liu and collaborators studied the interplay between perturbed RPE 

homeostasis and activated macrophages, which influences key features of AMD 

development. Also, they demonstrated that dying RPE cells can activate the 

macrophage inflammasome and promote angiogenesis (Liu et al., 2016). 

In summary, with all this knowledge, we intend to establish a link between autophagy 

and exosome release in RPE cells under OS and how it may affect or regulate the 

angiogenesis. In a physiological environment, there is equilibrium between angiogenic 

activators and inhibitors, resulting in very limited new blood vessel formation. 

Nevertheless, angiogenic stimulators can be modified by the autophagy pathway. Any 

alteration in angiogeic balance can induce changes in  visual conditions, such as AMD 

and diabetic retinopathy (DR). 

 

 

 

 

 

 

 

 

 

 

 



58 

 



 

59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HYPOTHESIS AND OBJECTIVES 



60 

 

2. HYPOTHESIS  

As mentioned in the introduction, the RPE is very resistant to suffer oxidative stress 

insult, specifically due to ROS (Winkler et al., 1999). Recently, it has been observed 

that excessive ROS formation in RPE cells can deregulate other physiological 

mechanisms, such as autophagy (Lu et al., 2006; Flores-Bellver et al., 2014). 

Moreover, autophagy takes place naturally in cells, but can be enhanced in response 

to cellular stress, such as damaged DNA and excessive ROS formation (Yang et al., 

2010). 

Communication between RPE cells, choriocapillary endothelial cells, and 

photoreceptor cells is extremely important for the adequate maintenance of visual 

homeostasis and retinal functions. Exosomes seem essential in cell-to-cell 

communication since their cargo contain genetic material and a number of proteins, 

which may be delivered into neighboring cells, thus influencing their fate (Djavaheri-

Mergny et al., 2010). 

It has been lately hypothesized that exosomes and autophagy work together in 

order to maintain cell homeostasis (Amaya et al., 2015; Kurz et al., 2009).  For 

instance, in a model of AMD, it has been proposed that exosomes released by 

stressed-RPE cells are able to increase autophagy in other cells, and that this can 

contribute to induce angiogenesis and drusen formation, a typical symptom of AMD 

(Kang et al., 2014).  

We believe that, under oxidative conditions, autophagy and exosomes release 

collaborate as a defense and communication strategy, joining forces to establish 

homeostasis in damaged cells. Besides, the regulation of both processes can 

influence angiogenesis, altering the growth of blood vessels. 

Taken into account all these observations, the hypothesis proposed herein is that, 

after EtOH exposure, which generates a direct damage in RPE cells, autophagy and 

exosomes production are enhanced, inducing angiogenesis in neighboring 

endothelial cells. 
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2.1 OBJECTIVES 

The current study aims to produce knowledge concerning mechanisms involved in 

cellular communication via exosomes between RPE and endothelial cells, using 

ARPE-19 cells as in vitro model after EtOH exposure to induce OE.  

The general and specific aims of study were as follows: 

1. To evaluate the cellular effects of EtOH on ARPE-19 cells: 

1.1. To describe ultrastructural changes by transmission electron microscopy 

1.2.  To study the autophagic process analyzing autophagic markers (LC3, LC3-II 

formation, p62) by Western Blot. 

1.3. To monitor cell viability after exposure to different EtOH concentrations 

(Bcl-2, Bax) by Western Blot. 

2. To evaluate the effect of EtOH in exosomes from ARPE-19 cells: 

2.1. To isolate exosomes from ARPE-19 cells (before and after EtOH exposure) by 

ultracentrifugation. 

2.2. To characterize exosomes from ARPE-19 cells (before and after EtOH 

exposure) (CD9) by Flow Cytometry, Nanosight, and Electron Microscopy. 

2.3. To evaluate the proteins levels in exosomes: 

2.3.1. To analyze protein markers of apoptosis in exosomes (before and 

after EtOH exposure) by flow cytometry 

2.3.2. To analyze protein markers of autophagy in exosomes (before and 

after ETOH exposure) by flow cytometry 

2.3.3. To analyze protein markers of angiogenesis in exosomes (before and 

after ETOH exposure) by flow cytometry 

2.4 To analyze mRNA levels of VEGF receptors in exosomes (before and after 

ETOH exposure) by qPCR 

3. To evaluate the relationship between exosomes biogenesis and autophagy 

pathway: 

3.1. To analyze the expression of autophagy markers after silencing Atg7 in 

ARPE-19 cells (before and after the ETOH exposure) by qPCR.  
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3.2. To describe ultrastructural changes by transmission electron microscopy 

after treat with siRNA Atg7. 

3.3. To characterize exosomes from ARPE-19 cells before and after siRNA Atg7 

stimulus (CD9) by Flow Cytometry. 

3.4. To characterize the expression of autophagy marker proteins (Beclin 1 and 

p62) in exosomes from silenced ARPE-19 by Flow cytometry.  

4. To evaluate the effect of exosomes in endothelial cells: 

4.1. To analyze the tube formation capacity after treatment with exosomes 

from ARPE-19 cells before and after ETOH treatment 

4.1.1. To characterize the expression of VEGF receptors after exosomes 

treatment by Western blot, qPCR and Flow Cytometry.  

4.2. To analyze the sprouting capacity after treatment with exosomes from 

ARPE-19 cells  before and after ETOH treatment 

4.3. To analyze the tube formation capacity after treatment with exosomes 

from silenced ARPE-19 cells before and after ETOH treatment 

4.4. To observe the mechanism of exosomes in endothelial cells 

4.4.1. To evaluate the relevance of VEGF after treatment with exosomes in 

endothelial cells using a VEGF trapper.  

4.4.2. To evaluate the relevance of VEGFR2  

4.4.2.1. To observe the implication of exosomes VEGFR2 in endothelial 

cells using HUVEC cells with siRNA VEGFR2 by tube formation 

4.4.2.2. To observe the implication of exosomes VEGFR2 in endothelial 

cells using HUVEC cells with siRNA VEGFR2 by tube formation  

4.4.2.3. To observe the implication of exosomes VEGFR2 in endothelial 

cells using ARPE-19 cells with siRNA VEGFR2 by tube formation  

5.  To analyze the implication of exosomes in AMD disease: 

5.1. Isolate and quantify exosomes from blood patients by flow cytometry. 

5.2. To observe the levels of protein from RPE (RPE65) in exosomes from control 

and AMD patientes by flow cytometry.  
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3. MATERIAL AND METHODS 

 

Cell Culture and Treatments 

Human retinal pigment epithelial cell line ARPE-19 was obtained from American 

Type Culture Collection (ATCC). ARPE-19 cells were cultured in Dulbecco’s modified 

Eagle’s medium/Nutrient mixture F12 (DMEM/F12, Invitrogen) supplemented with 5 

mM HEPES buffer, 7.5% NaHCO3, 10% fetal bovine serum (for exosome: 5% fetal 

bovine serum depleted exosome), 1% penicillin/streptomycin and were maintained 

at 37ºC and 5% CO2. Depending on the technique, cells were cultivated in six-cell 

culture well plates or P-100 at a starting seeding density of 2 x 105 cells/well and 1 x 

106 cells/wells respectively. For cell viability assays, ARPE-19 cells were also seeded 

at 6 × 103 per well in a 96-cell culture well plate and grew to confluence for 24 h. 

After two days, cells were treated for 24 h at different EtOH (Ethanol absolute; 

Biosolve) concentrations: 40, 80, and 600 mM. Same procedure was applied when 

incubating with Atg7 siRNA.  

Human umbilical vein endothelial cells (HUVEC) were isolated as described 

previously (Sobrino et al., 2010) Briefly, umbilical veins were perfused with 1% 

collagenase solution and incubated at 37°C for 15 min. Endothelial cells were 

recovered in specific endothelial growing medium (EGM)-2 (Lonza, Cultek, 

Barcelona, Spain) and incubated at 37°C and 5% CO2.  

Passage and Maintenance of ARPE-19 Cells 

ARPE-19 cells are adherent cells. To subculture them for growth, medium was 

aspirated, cells were rinsed with PBS. Thereafter, trypsin-EDTA was added and cells 

were incubated at 37 ºC for 5 to 10 minutes for cell detachment. Following 

trypsinisation complete medium was added and transferred into T75 flasks. Cells 

were maintained at 37ºC and 5% CO2 and medium was changed every two days.   

Cells were used from 18 to 20 passages.  
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Heat Inactivation of Fetal Bovine Serum  

FBS was heated to 56ºC for 45 min in a water bath and then aliquoted into 50 mL 

aliquots and stored at -20ºC. 

Counting Cells  

Cells were counted using a Neubauer haemacytometer (Fisher). 20 μL of cells was 

mixed with 20 μL of 0.4% Trypan blue solution to make a 1/2 dilution. The cells were 

counted using the grid on the haemocytometer. The mean number of cells was 

calculated and this was multiplied by the dilution factor and then by 104 to scale the 

volume of the haemocytometer (0.1 mm3) to cells/mL.  

Cryogenic Storage of ARPE-19 Cells 

To freeze for future use, cells were detached using as mentioned above 

trypsinEDTA. The detached cells were washed with 9ml of complete medium and 

pelleted by centrifugation at 1200g for 3 min. The supernatant was aspirated and 

cells were resuspended in cryogenic solution (90% (v/v) FCS, 10% (v/v) dimethyl 

sulfoxide). 1ml of the cell stock was transferred into each cryogenic vial (Nunc). They 

were stored at -80ºC for 48hrs, then transferred to liquid nitrogen (-196 ºC) for 

storage. Cells were thawed by defrosting the cells, which were then transferred to 

eppendorfs and centrifuged into a pellet at 400 rpm for 5 min. The freezing medium 

was removed and the cells were resuspended in 10 mL of complete medium, placed 

into a T75 flask and maintained at 37°C, 5% CO2. For adherent cells, medium was 

changed the next day once cells had attached. 

MTT Assay 

The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay (Cell 

Proliferation Kit I; Roche) was used to determine cell proliferation in terms of 

mitochondrial activity. ARPE-19 cells were seeded at 6 × 103 per well in a 96-cell 

culture well plate and grew to confluence for 24h.  
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MTT labeling reagent (0.5 mg/ml) was added to each well and incubated for 4 h at 

37ºC in 5% CO2. Then, solubilization solution was added and incubated overnight at 

37ºC in 5% CO2. Absorbance was readed at 550nm by microplate reader (Victor 3; 

Perkin Elmer). Each treatment condition was repeated 10 times. 

 

XTT Assay 

The sodium 3´-[1-phenylaminocarbonyl- 3, 4-tetrazolium]-bis (4-methoxy-6-nitro) 

benzene sulfonic acid hydrate, (XTT), Cell Proliferation Kit II (Roche) was used to 

determine cell viability by observing mitochondrial activity. ARPE-19 cells were 

seeded at 6 × 103 per well in a 96-cell culture well plate and grew to confluence for 

24 h. Mix XTT labeling reagent with electron coupling reagent, final XTT 

concentration 0.3 mg/ml was added to each well and incubated for 8 h at 37°C in 5% 

CO2. Then, absorbance was readed at 550 nm by microplate reader (Victor, Perkin 

Elmer). 

Culture Human umbilical vein endothelial cells (HUVEC) 

HUVEC were isolated as described previously (Sobrino et al., 2010). Briefly, umbilical 

veins were perfused with 1% collagenase solution and incubated at 37°C for 15 min. 

Endothelial cells were recovered in specific endothelial growth medium (ENDOPAN) 

(Lonza, Cultek, Barcelona, Spain) and incubated at 37°C and 5% CO2. For all 

experiments, HUVEC growth in 2% FBS growth factor-free Endopan medium. 

Exosome isolation and size distribution 

First, culture supernatant was centrifugated at 700 g for 30 min (18-20°C). The pellet 

was removed and the supernatant centrifugated again at 14,000 g for 30 min (18-

20°C). Then the supernatant was centrifugated at 40,000 g for 30 min. Subsequently, 

the supernatant was centrifugated at 120,000 g for 90 min (18-20°C).  

 

 

 



 

67 

 

Finally the supernatant was removed and the pellet stored at 4°C until further 

processing in PBS solution.  

For exosome isolation from blood patients, the blood was centrifugated 160g during 

20 minutes. Then the plasma was collected and centrifugated 700 g for 30 min (18-

20°C). The pellet was removed and the supernatant centrifugated again at 14,000 g 

for 30 min (18-20°C). Then the supernatant was centrifugated at 40,000 9 g for 30 

min. Subsequently, the supernatant was centrifugated at 120,000 g for 90 min (18-

20°C). Finally the supernatant was removed and the pellet stored at 4°C until further 

processing in PBS solution.  

Exosome identity was confirmed by nanoparticle tracking system NanoSight NS300 

following manufacturer protocols (Malvern Instruments, Malvern, UK).  

 

Protein Extraction  

For protein extraction, the cells were treated with trypsin and lysed with RIPA buffer 

and protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and sonicated 3 

cycles of 3 pulses (amplitude 30%). Then the samples were centrifugated at 8000 xg 

during 5 minutes. The supernatant was collected and stored at -20ºC until further 

processing. Total protein concentration was analyzed with BCA Protein Assay Kit 

(Thermo Fisher Scientific, Waltham, MA USA).   

For the microvesicle protein extraction, the pellet was sonicated – using a UP200S 

sonicator (Hielscher Ultrasonics, Teltow, Germany) – 6 cycles of 6 pulses (amplitude 

75%), vortexed for 10 sec., and rotated by wheel at 4°C overnight. Subsequently, it 

was sonicated again 6 cycles of 6 pulses (amplitude 75%), vortexed for 10 sec., and 

stored at 4°C until further processing. 

Western Blot Analysis 

Cells were subsequently scraped with ice-cold PBS and lysed with RIPA buffer 

(Sigma-Aldrich) containing 50 mM Tris-HCl, pH 8.0, 150 mM sodium chloride, 1% 

Igepal CA-630 (NP-40), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate and 

Protease Inhibitor Cocktail (Sigma-Aldrich).  
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Equal amount of protein from each sample (35 mg) was measured by SDS-PAGE on 

4–12% gels and electroblotted onto polyvinylidene difluoride membranes 

(Millipore). 

 Membranes were incubated overnight at 4ºC with a rabbit polyclonal antibody 

against caspase-3 (1:500; Santa Cruz Biotechnology), Bax (1:250; Santa Cruz 

Biotechnology), Bcl-2 (1:500; Santa Cruz Biotechnology), LC3 (1:1000; Sigma-

Aldrich), mouse monoclonal antibody against b-actin (1:500; Santa Cruz 

Biotechnology), GAPDH (1:1000; Santa Cruz Biotechnology), p62 (1:1000; Cell 

Signaling), VEGF (1:500 Santa Cruz), VEGFR1 (1:500 Abcam), VEGFR2 (1:500 Abcam) 

and Atg12 (1:50, Abcam). Subsequently, membranes were incubated 2 h at room 

temperature in horseradish peroxidase-conjugated anti-mouse and anti-rabbit IgG 

(1:10000; Santa Cruz Biotechnology). Bands were visualized with ECL (Pierce, 

Thermo Scientific) and detected with Image Quant LAS-4000 mini (GE Healthcare). 

Protein levels were quantified by densitometry using ImageJ software (National 

Institutes of Health). Protein expression intensity was normalized to b-actin or 

GAPDH. 

 

Flow Cytometric Analysis 

Using V-FITC and PI staining. ARPE-19 cells were resuspended in 200 ml Annexin 

binding buffer at 200 x 105 cells/ml, V-FITC and PI solution were added. Then, 

samples were diluted with 400 ml binding buffer and analyzed with a FACScan flow 

cytometer (FACScan; Beckman Coulter). Ten thousand events were collected for 

each sample. Results were analyzed with BD FAC Suite software (Fullerton, CA, USA).  

For exosomes characterization. Exosomes were scrutinized by application of an 

antibody specific for exosomes (CD9, Abcam) using also a FACScan flow cytometer. 

Five hundred thousand events were collected for each sample. Results were 

analyzed with BD FAC Suite software. 

 

 



 

69 

 

Electron microscopy 

ARPE-19 cells were seeded at a density of 3×104 cells/well in 8-well Lab-Tek chamber 

slides (Nalge Nunc Int., Roskilde, Denmark) and fixed in 3.5% glutaraldehyde for 1 h 

at 37°C. Then, cells were postfixed in 2% OsO4 for 1 h at RT and stained with 2% 

uranyl acetate in the dark for 2 h at 4°C. Finally, cells were rinsed in 0.1 M PBS, 

dehydrated in EtOH, and infiltrated overnight with Araldite (Durcupan, Fluka, 

Heidelberg, Germany).  

Following polymerization, embedded cultures were detached from the chamber 

slide and glued to araldite blocks. Serial semithin (1.5 µm) sections were cut with an 

Ultracut UC-6 microtome (Leica Microsystems, Wetzlar, Germany), mounted onto 

slides, and stained with 1% toluidine blue (optical microscopy). Selected sections 

were glued (Super Glue, Loctite, Westlake, OH, USA) to araldite blocks and detached 

from the glass slide by repeated freezing (in liquid nitrogen) and thawing. Ultrathin 

(0.06–0.09 µm) sections were prepared on the Ultracut microtome and stained with 

lead citrate. 

Exosome pellets were resuspended in PBS and ultracentrifuged at 120,000 g for 70 

min. at 4°C. After that, approximately 10 µg of the sample was resuspended in PBS 

on parafilm. The sample was fixed by depositing a drop of 2% PFA on the parafilm 

and placing the grid on top of the drop for 10 min. Exosomes were identified under 

the microscope solely based on size and morphology. Photomicrographs were 

obtained using a transmission electron microscope (FEI Tecnai G2 Spirit Biotwin, 

Hillsboro, OR, USA) coupled to an Olympus digital camera (Olympus, Tokyo, Japan). 

Electron microscopy experiments were performed in triplicate and the analysis of 

the samples carried out in a blind manner. 

 

 RT-PCR and Quantitative RT-PCR 

 Following the stress treatment and rest period, cells were incubated in RNA Protect 

(Qiagen) to attenuate endogenous RNAse activity and mRNA synthesis and scraped 

off the plate into a 1.5 ml tube.  
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Cells were centrifuged at 5,000 rpm for 10 minutes and the pellet was resuspended 

in buffer RLT plus (Qiagen RNeasy Plus Micro/Mini Kits) with 2-mercaptoethanol 

(1:100 Sigma-Aldrich). RNA was harvested from the cells according to the protocol in 

the Qiagen RNeasy Micro/Mini Kits. RNA from a pool of human donor eyes was a gift 

from L. Gomez de Manuel (FOM). The RNA samples were placed on to a 

Thermoscientific Nanodrop machine which had been blanked with RNA-free water 

(Fisher Scientific). The quantified samples were diluted so that the range of RNA was 

between 50 and 200 ng/mL.  

Reverse transcription-polymerase chain reactions (RT-PCR) were performed with 

SuperScript III First-Strand Synthesis System (Life Technologies, Thermo Fisher) and 

subsequent PCR products were run on 2% agarose gels. Gene-specific primers were 

obtained from published sequences (Maroutti et al., 2012; Sing et al., 2013; 

Synnergen et al., 2007) and PrimerBank (http://pga.mgh.harvard.edu/primerbank/): 

B-Actin (F: CAT GTA CGT TGC TAT CCA GGC; R: CTC CTT AAT GTC ACG CAC GAT), LC3-

B and P62.  

For quantitative real-time PCRs (qRT-PCR), reactions were performed with Sybr 

Green Supermix (Applied Biosystems, Carlsbad, CA, USA) and a LightCycler 480 II 

(Roche).  

RT-PCR reactions were run at 35 cycles, and all qRT-PCRs reactions were run at 40 

cycles. For exosomes, total RNA was obtained from ARPE-19 cells and from derived 

exosomes using RNeasy Micro/Mini Kits (Qiagen, Hilden, Germany) according to 

manufacturer’s instructions. 

 After extraction, total RNA was reversely transcribed (cDNA synthesis) using GoTaq 

PCR master mix (Promega, Fitchburg, WI, USA) under the following reaction 

conditions: 65°C for 5 min., 42°C for 60 min. and 70°C for Quantitative PCR samples 

were run in triplicate. 
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Agarose Gel Electrophoresis 

The amplified PCR products were electrophoresed on 1% (v/v) agarose gel stained 

with Real Safe in 0.5x TAE buffer (20mM Tris acetate, 0.5mM EDTA, pH8.0) at 90V 

for 35min. Following electrophoresis, the agarose gel was exposed to UV light to 

visualize DNA.  

ATG7 silencing   

Silencing mix was prepared with 500 µl and 2.5 μl of RNAiMAX (Thermo Fisher 

Scientific) per well. Subsequently, 0.75 μl of a small interfering RNA (siRNA) for Atg7 

20 μM was added. Meanwhile, 150,000 ARPE-19 cells per well were plated in a six 

well plate, and 500 μl of the silencing mix were added to the wells. After that, 1 ml 

of medium without penicillin/streptomycin was added. After 24 h medium was 

changed to a normal growth medium. After 48 and 72 h, cells and medium were 

collected.  

VEGFR2 Silencing  

SiRNA transfection of HUVEC was preformed with Oligofectamine Reagent 

(Invitrogen) following manufacturer’s instructions. Briefly, 110.000 HUVECs per well 

of a 6-well plate, in normal growth medium, were cultured. After 24 hours, the cells 

were transfected with a final siRNA concentration of 200 nM, per well. Human 

VEGFR2 siRNA (5’-3’se-GUCCCUCAGUGAUGUAGAA, as-UUCUACAUCACUGAGGGAC) 

and MISSION siRNA universal negative control were obtained from Sigma-Aldrich.  

After 4 h of incubation at 37ºC, the medium was changed for 2 ml of normal growth 

medium and cells were used 48 h post-transfection.  For silencing VEGFR2 in ARPE-

19 cells the protocol was the same, but 1x106 cells were seeded in a P100 well plate 

until confluent. 48 h after the silencing process, the supernatant was collected and 

ultracentrifuged to isolate the exosomes. 
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PKH-26  

We added 1 mL of Diluent C (Catalog Number G8278) to the exosome pellet and 

resuspended with gentle pipetting to ensure complete dispersion (do not vortex and 

do not let cells stand in Diluent C for long periods of time). Immediately prior to 

staining, added 4 µL of the PKH26 (Catalog Number P9691) to 1 mL of Diluent C in a 

polypropylene centrifuge tube and mix well to disperse and incubated in dark 

condition during 1hour.  Stop the staining by adding an equal volume (2 mL) of 

serum or other suitable protein solution (e.g., 1% BSA) and incubate for 1 minute to 

allow binding of excess marker. Centrifuge the exosomes at 120.000g for 1 hour at 

15 °C and carefully remove the supernatant, being sure not to remove exosomes. 

Resuspend exosomes pellet in 1 mL of complete medium, transfer to a fresh sterile 

conical poly-propylene tube.  

Confocal Microscopy  

ARPE-19 cells were seeded at a density of 3×104 cells/well in 8-well Lab-Tek chamber 

slides (Nalge Nunc Int., Roskilde, Denmark) and treated with exosomes labeled with 

PKH26 during different times (0, 30min, 1h, 3, 6h, 12h) fixed with 4% of PFA during 

10 minutes. 

Tube formation assay  

The day before seeding the cells, the growth factor-reduced Matrigel (BD 

Biosciences) was placed on ice in the refrigerator at 4ºC and cultured HUVEC were 

starved overnight. After the following day, 10 µl of gel were applied to each inner 

well of a µ-slide Angiogenesis (Ibidi, Martinsried, Germany). The whole assembly 

was placed into the incubator for polymerization (30-60 min). 

 In the meantime, the cell suspension of HUVEC was prepared (PromoCell, C-12200, 

C-12203); 10.000 cells per well with starvation medium were arranged and 5 

exosomes/cell were added to the corresponding wells. After 4 hours pictures were 

taken in a bright field microscope (Zeiss Axiovert 200M with 5x/0,16 Plan-NEOFLUAR 

objective). The total length was quantified by Image J software.  
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 When stated, 1µg/ml recombinant Flt1/Fc (R&D Systems, 471-F1) was added to the 

cell suspension to trap VEGF. 1 hour after, 5 exosomes/cell or VEGF were added to 

corresponding wells and incubated at 37ºC. After 4 hours pictures were taken in the 

mentioned bright field microscope.  

Sprouting assay   

Fibrin gel bead sprouting assay was performed as previously described (Nakatsu et 

al., 2007). Briefly, Cytodex®3 microcarrier beads (GE Healthcare) were coated with 

siRNA transfected HUVECs (at ratio of 200.000cells per 1.000 beads) and embedded 

in fibrin gels in a 24-well plate. 2mg/mL fibrinogen (Calbiochem) was mixed in PBS, 

together with 0.15 Units/mL aprotinin (Sigma-Aldrich). 0.625 Units/mL of thrombin 

(SigmaAldrich) were used to form the gels. HUVEC-coated beads were cultured in 

2%FBS growth factor-free Endopan medium for 24h. Then, 5 exosomes per cell were 

added to corresponding wells and incubated for 4 more hours. Wells in presence or 

absence of 50ng/ml VEGF were used as positive or negative control, respectively. 

After the 4 hours, the cells were fixed with 4%PFA for 15min, blocked and 

permeabilized in 1%BSA, 0.2% TritonX-100-PBS and stained with 1µg/mL Phalloidin-

fluo (Sigma-Aldrich) for 1h. Images were obtained with a Zeiss LSM 510 META 

confocal microscope (10x) and quantification was done with ImageJ.  

Trap Soluble VEGF 

Apply 10.000 cells/well in a 96 multiwell plate with starvation medium and add 

1µl/ml of FC-VEGF in each well. 1 hour after, add 5 exosomes/cell or VEGF to the 

corresponding well. After 4hour take picture in a Brightfield Microscopy.  

Statistical Analysis 

Statistical analysis was done using SPSS 15 software (IBM). Lipid peroxidation, ROS, 

MTT, XTT, immunocytochemistry, qPCRs, western blots, autophagic vacuole density, 

mitochondrial fragmentation and distance measures to autophagic vacuoles analysis 

comparisons were performed using one- and two-way ANOVA, Bonferroni analysis 

and Student’s two-tailed unpaired t-test. Statistical differences were set at  
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4. RESULTS 

 

4.1 Cellular effects of EtOH on ARPE-19 cells 
ARPE-19 is a spontaneously RPE cell line derived in 1986 from Amy Aotaki-Keen from 

the normal eyes of a 19-year-old male. These cells form stable monolayers which 

exhibit morphological characteristics typical of RPE cells and functional polarity. 

ARPE-19 cells express RPE-specific markers such as cellular retinaldehyde-binding 

protein (CRALBP) and retinal pigment epithelium-specific 65 kDA (RPE-65). It is 

known that ARPE-19 cells are very resistant to OS (Kurz et al., 2009). It was 

previously observed, by our group that only when ARPE-19 cells were treated with 

high concentrations of EtOH, (600 mM, equivalent to 3.5% EtOH in blood) cellular 

viability was threatened (Flores-Bellver et al., 2014).   

Formation of MVBs and amphisomes was detected in controlled (untreated) and 

stressed (treated with EtOH) ARPE-19 cells under the electron microscope (Fig. 23A). 

Low stressed RPE cells (treated with 80 mM EtOH) presented a higher number of 

MVBs than control cells, whereas the level of amphisomes was similar to those 

observed in untreated cells. When cells were stressed with higher concentrations of 

EtOH (600 mM), MVBs were at control levels, but the formation of amphisomes 

increased more than fourfold (Fig. 23B).  
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Figure 23. Ultraestructural changes, apoptosis and autophagy in stressed ARPE-19 cells. Photographs of control 

and treated ARPE-19 cells were taken under the electron microscope. MVBs (arrows) and amphisomes 

(arrowheads) were observed in every case (A). Relative quantification of MVBs and amphisomes in the 

aforementioned culture types (B). Values are expressed as mean ± SEM (N≥3). Significance levels: (ETOH when 

compared to control) P<0.05 (*), P<0.01 (**), and P<0.001 (***); (when compared to treated with 80 mM ETOH 

group)  

4.1.2 Apoptotic and autophagy markers in ARPE-19 cells treated with different 
concentrations of Ethanol  

ARPE-19 cells are known to be very resistant to OS (Kurz et al., 2009). To analyzed if 

ETOH induce autophagy and apoptosis pathways, we analyzed p62 and Atg12 by WB 

after treatment during 24 h with 80 mM and 600 mM of EtOH. After the WB 

analysis, we observed that protein P62 was significantly decreased when cells were 

treated with 600 mM of EtOH l, indicating that P62 is being degraded by the 

autophagosome. Both protein expression (Bax and p62) in control and stressed cells 

were studied (Fig. 24A). P62 was significantly reduced in high-stressed cells, but the 

difference was not significant at low concentrations of treatment. 

 When ARPE-19 cells are exposed to stress, they express a higher amount of Bax in a 

concentration-dependent manner. Expression of Atg12 was examined and the 

outcome was that the level of Atg12 also increased in a concentration-dependent 

manner (Fig. 24B).  
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Figure 24. Autophagy and Apoptosis markers in ARPE-19 cells. Relative expression levels of p62 and Bax in 

ARPE-19 cells untreated, treated with low (80 mM) and high (600 mM) concentrations of EtOH (A). Relative 

expression levels of Atg12 in ARPE-19 cells untreated and treated with low and high EtOH concentrations (B). 

Values are expressed as mean ± SEM (N≥3). Significance levels: (when compared to control) P<0.05 (*), P<0.01 

(**); (when compared to treated with 80 mM ETOH group). 

 

4.2 Oxidative damage induces exosomes production in ARPE-19 cells  
After isolation, exosome identity was confirmed by electron microscopy (Fig.25A, B).  

Exosome size was confirmed by the Nanosight tracking system after 24 hours of 

isolation (Fig.25D) and one month later (Fig.25E) the result is practically the same 

(indicating proper isolation and suitable storage at 4ºC).  For exosome counting, we 

used flow cytometry and an anti-CD9 antibody bound to a fluorescent antibody 

(APC).  

EtOH-treated ARPE-19 cells released a higher amount of exosomes into the 

extracellular medium than non-treated ones (Fig.25C). Apparently, at low 

concentrations of EtOH, the number of released exosomes increased. 

 A peak of exosomes was observed when cells were treated with 80 mM EtOH for 24 

hours (fig. 25C). At higher concentrations (200, 600, and 800 mM), the release of 

exosomes was attenuated. This data justifies the use of low concentrations of EtOH 

in the rest of the study. It is also known that ARPE-19 cells treated with 600 mM and 

above become apoptotic (Flores-Bellver et al., 2014). Moreover, it was also 

observed that 80 mM EtOH-induced exosomes presented an increased number of 

total protein content compared to control (Fig. 25F). 



 

79 

 

 

Figure 25. Exosome biogenesis. Exosomes released from ARPE-19 cells exhibit the classical morphology and size 

(50–150 nm). They were detected in extracellular medium from untreated cells (A) and from 80 mM ethanol-

treated cells (B). Flow cytometry exosome detection was performed targeting CD9 (C). Size-distribution analysis 

of exosomes was performed by Nanosight (D, E). Protein content was analyzed at exosomes from low stress 

conditions (F). Values are expressed as mean ± SEM (N≥3). Significance levels: (when compared to control) 

P<0.05 (*), P<0.01 (**), and P<0.001 (***); (when compared to treated with 80 mM ETOH group). 

 

4.2.2 Autophagy and Apoptotic Markers in Exosomes 
Exosome release is stimulated by different mechanisms such as OS. EtOH 

significantly increased EV release in HepG2 cells (Verma et al., 2016), and it 

demonstrated that the EtOH treatment does not affect exosome stability but alters 

the protein content (Malik et al., 2013). 

The number of positive exosomes per ml for Bax – a protein involved in the 

apoptotic pathway – seems to be higher in EVs released from stressed cells (Fig. 

26A). This might be due to the higher amount of EVs released by RPE cells when 

confronting oxidative damage (as mentioned above). Nevertheless, the fraction of 

positive exosomes (ratio Bax/CD9) was lower when RPE cells were stressed with low 

EtOH concentration and significantly higher when cells were treated at higher 

concentrations (Fig.26B).  

Anti-apoptotic protein Bcl-2 seemed to be slightly enhanced in stressed conditions 

when total EVs per ml were studied (Fig.26A). Moreover, when low stress is applied 
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(80 mM), the Bcl-2 fraction is significantly lower (Fig.26B). At high stress conditions, 

the fraction of Bcl-2-positive exosomes did not differ from the control set (Fig. 26).  

Additionally, proteins necessary for the formation of the autophagosome – Atg12, 

P62 – were studied. The total amount of exosomes expressing Atg12 was increased 

a threefold in culture medium of low-stressed ARPE-19 cells, and a twofold in 

medium of high-stressed cells (Fig 26A). The ratio Atg12/CD9 also increased under 

low and high-stress conditions (Fig 26B). We observed that both apoptotic and 

autophagic proteins were present in the exosomal cargo. Quantification was 

performed by flow cytometry using a double positive count for CD9 and for Bax, Bcl-

2 and Atg12, respectively.  
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Figure 26. Autophagy and Apoptosis markers in EVs. Total number (left panel) and relative levels (right panel) of 

exosomes expressing Bax, Bcl-2and Atg12 in ARPE-19 cells untreated and treated with low and high EtOH 

concentration (A and B). Values are expressed as mean ± SEM (N≥3). Significance levels: (when compared to 

control) P<0.05 (*), P<0.01 (**), and P<0.001 (***); (when compared to treated with 80 mM Ethanol group). 

 

4.3 Uptake of EVs by ARPE-19 cells 
ARPE-19 cells have high phagocytic capacity (Finnemann et al., 2003), and the 

exosomes can internalize directly and indirectly into recipient cells (Valadi et al., 

2007). This process had occurred through membrane fusion at the plasma 

membrane or by uptake through other pathways followed by fusion with the 

endosomal membrane (Montecalvo et al., 2012). 

 



82 

 

Exosome uptake can also be visualized directly by different methods. The most 

common involves the use of fluorescent lipid membrane dyes to stain exosomes. 

Examples of such dyes include PKH26 (Fitzner et al., 2011; Franzen et al., 2014). 

Therefore, we labeled exosomes with PKH26 during different times (0, 30 min, 1h, 

3h, 6h and 12h) and observed the results by confocal microscopy. We noticed that 

just 30 minutes of incubation were necessary for ARPE-19 cells to start uptaking 

exosomes. 

The staining increased over incubation time as did the distribution of the fluorescent 

flurophore. The first was homogenous and it was then aggregated around the 

reticles (Fig 27 A, B). To detect if the cells were really uptaking the exosomes, we 

collected the cells after 3 and 12 hours of incubation of labeled-exosomes- PKH26 

and we analyzed by Flow Cytometry. At 3 hours of incubation, more than 50% of 

cells were fluorescent red in control condition and more than 80% in EtOH 

conditions. After 12 hours, all cells were fluorescent (Fig 27C). 
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Figure 27. Exosome uptake. Exosomes labeled with PKH26 were added to ARPE-19 cells and uptake was 

analyzed by time course by confocal microscopy (A, B). To confirme the uptake, ARPE-19 cells were analyzed by 

Flow Cytometry after 3h and 12h of treatment (C). Values are expressed as mean ± SEM (N≥3).  

 

4.3.2 Cells treated with stressed-RPE exosomes showed enhanced autophagy and 
cell death markers 

We analyzed the effect of RPE-derived exosomes (with or without treatment) in 

neighboring RPE cells. For that, we treated ARPE-19 cells with exosomes from every 

experimental condition (control, 80mM, and 600 mM EtOH) and subsequently, we 

studied the expression of proteins related to apoptosis and autophagy. Our results 

showed an increase of apoptosis after treatment with exosomes released from cells 

treated with 600 mM EtOH. Furthermore, the levels of apoptotic and autophagy-

related proteins were analyzed before and after treatment.  
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The results showed an increase in the expression of such proteins after the 

treatment with “stressed” exosomes (Fig.28). We think that the state of the origin 

cell will affect the protein cargo of exosomes.  

Moreover, this cargo will affect target cells by activating different pathways. 

 

Figure 28. Exosomes content affect neighboring cells. Bax and P62 levels in ARPE-19 cells were analyzed by Flow 

Cytometry after treatment with 5 exsomes per cell (A, B) or 10 exosomes per cell (C, D). Values are expressed as 

mean ± SEM (N≥3). Significance levels: (when compared to control) P<0.05 (*), P<0.01 (**); (when compared to 

treated with 80 mM ETOH group). 

In addition, when ARPE-19 cells were treated with just 5 exosomes/cell (collected 

from 600 mM EtOH treated cells), we observed that there is an enhancement of cell 

death (Fig.29A). This increase was more dramatic when we added 10 exosomes/cell. 

This could be due to the large amount of Bax contained in these stressed exosomes 

(Fig.29B) 
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Figure 29. “Toxic exosomes” induce apoptosis in neighboring cells. Apoptosis pathway was analyzed by Flow 

Cytometry after adding 5 exosomes per cell (A) or 10 exosomes per cell (B). Values are expressed as mean ± SEM 

(N≥3).  

 

4.4 ATG7-siRNA in ARPE-19 cells  
Less MVBs were observed in control and low-stressed cells and the formation of 

amphisomes increased significantly in both cases (Fig. 30A and 30B).  

Protein levels of p62 were reduced when siRNA-Atg7 was applied to non-treated 

cells, and when stressed cells were compared to untreated, but the level increased 

in damaged cells when siRNA-Atg7 was added (Fig. 30C, blots and first bar chart). 

Levels of LC3-I remained stable in all cases (Fig. 30C, blots and second bar chart). 

Nevertheless, LC3-II – which is present in autophagosomes and thus a marker of 

autophagy – decreased in both cases when the siRNA is applied (Fig. 30C, blots and 

bottom panel). Successful inhibition of autophagy was observed at 72 hours after 

treating with siRNA-Atg7 (Fig. 30D).  
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Figure 30. Effect of Atg7-siRNA in ARPE-19 cells. Photographs of control and treated ARPE-19 cells were taken 

under the electron microscope (A). Atg7 siRNA was applied to control and stressed ARPE-19 cultures. MVBs 

(arrows) and amphisomes (arrowheads) were observed in every case (B). Relative quantification of MVBs and 

amphisomes in the aforementioned culture types. Relative expression levels of p62, LC3-I, and LC3-II in ARPE-19 

cells control, low-stressed, and after applying Atg7-siRNA (C). Atg7-siRNA trial: relative mRNA levels of LC3-II and 

p62 before and after applying Atg7-siRNA (for 48 and 72 h) (E). Scale bars: 10 µm (upper panels), 500 nm (center 

and bottom panels). Values are expressed as mean ± SEM (N≥3). Significance levels: (when compared to control) 

P<0.05 (*), P<0.01 (**), and P<0.001 (***); (when compared to treated with 80 mM group) P<0.05 (#) and 

P<0.001 (###). 

 

4.4.2 Autophagy markers in exosomes from Atg7-silenced ARPE-19 cells  
After the silencing and subsequent treatment with EtOH, the supernatant was 

collected and ultracentrifuged to isolate exosomes. We observed that after silencing 

Atg7, the number of exosomes was lower than when we treated only with EtOH 

(Fig.31A). In fact, exosome release was decreased in stressed and non-stressed 

ARPE-19 cells (Fig. 28A).  Surprisingly, the fraction of P62-positive released-

exosomes increased dramatically after Atg7 interference in control and stressed RPE 

cells (Fig. 31B). However, the Beclin-1/CD9 ratio was drastically reduced after 

treatment with siRNA-Atg7 whether the cells were stressed or not (Fig. 31C).  
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Figure 31: Exosomes released from silenced ATG7-ARPE-19 cells. Relative quantification of exosomes released 

from ARPE-19 cells (control and stressed) after applying Atg7 siRNA (A).  Relative levels of exosomes expressing 

p62 (B) and Beclin-1 (C) before and after applying Atg7 siRNA into control and stressed ARPE-19 cell cultures.  

Values are expressed as mean ± SEM (N≥3). Significance levels: (when compared to control) P<0.05 (*), P<0.01 

(**), and P<0.001 (***); (when compared to treated with 80 mM group) P<0.01 (##) and P<0.001 (###). 

 

4.5 Angiogenesis markers in ARPE-19 cells and exosomes from ARPE-19 
A number of different cells are known to release VEGF into the extracellular 

medium, and RPE cells are among them. Control ARPE-19 cells released baseline 

levels of VEGF (Fig. 32A). After adding a low concentration of EtOH, ARPE-19 cells 

were noted to release higher amounts of VEGF. A significant fourfold increase in the 

release of VEGF was observed in cells treated with only 40 mM EtOH (Fig. 32A). 

Moreover, VEGF released after oxidative insult by EtOH increased a six fold in 80 

mM treatment when compared to untreated ARPE-19 cells (Fig. 32A). 
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It is well established that following a low stress insult, some cells can release an 

increased amount of VEGF receptors (VEGFR- 1 and -2). In this study, it was essential 

to verify whether the release of VEGF receptors following stress was a direct one or 

required the assistance of another mechanism such as exosome secretion. 

Therefore, expression of VEGFR-1 was studied in both ARPE-19 cells and exosomes 

secreted by them. When VEGFR-1 expression was tested in ARPE-19 cells, no 

significant difference was noted between untreated and treated cells, either with 40 

or 80 mM EtOH (Fig. 32B). Expression of VEGFR-2 was below detectable levels by 

WB. 

 

 

  

 

 

 

Figure 32.  VEGF and VEGFR-1 from ARPE-19 cells. ARPE-19 cells were incubated for 24 hrs in the absence 

(control) or presence of ethanol, and the result was analysed by Western blot. Non-treated cells secreted a 

baseline amount of VEGF into the medium (first band in A), whereas ethanol-treated cells secreted a significantly 

higher concentration of VEGF. Those observations were made using 40 mM ethanol (second band in A) and 80 

mM ethanol (third band in A). Conversely, VEGFR-1 did not show a significant change in release when cells were 

exposed to ethanol damage (B). All experiments were normalized to the loading control (B-actin or a-tubulin). 

Values are expressed as mean S.E.M. (N = 3). Significance levels: P < 0.01 (**). 

 

4.5.2 VEGFR1 and VEGFR2 expression in exosomes from ARPE-19 after ETOH 
treatment 

Presence of VEGFR-1 and -2 in exosomes was studied by means of flow cytometry 

and western blot. A portion of the exosomes released from untreated ARPE-19 cells 

presented VEGFR-1 in their membranes (Fig. 33A, first bar).   

The number of VEGFR-1-positive exosomes showed a non-significant increase when 

cells were treated with 40 mM EtOH (Fig. 33A, second bar).  
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However, the number of VEGFR-1-positive exosomes increased significantly in the 

medium when cells were treated with 80 mM EtOH (Fig. 33A, third bar).  

A similar effect was noted when the expression of VEGFR-2 was studied in 

exosomes. In untreated cells, the population that expressed VEGFR-2 barely reached 

700 exosomes per mL (Fig. 33B, first bar); when cells were exposed to 40 mM EtOH, 

VEGFR-2-positive exosomes doubled their number (Fig. 33B, second bar).  

Again, the population of VEGFR-2-positive exosomes seems to increase in a 

concentration-dependent manner as cells treated with 80 mM ethanol exhibited 

more than 3000 positive exosomes per mL (Fig. 33B, third bar).  

We evaluated mRNA levels of VEGF receptors in exosomes derived from ARPE-19 

control cells and cells treated with various concentrations of EtOH. VEGFR-1 and 

VEGFR-2 mRNA levels were found to be markedly increased in the exosomes from 

treated cells, when compared with the control group. In the case of VEGFR-1, mRNA 

levels in the exosomes were increased more than 10-fold when cells where treated 

with 80 mM EtOH (Fig. 33C). Also, VEGFR-2 mRNA levels were increased when cells 

were treated with 40 mM and 80 mM of EtOH (Fig. 33D). Thus, exosomes from 

damaged retinal cells contain a higher level of VEGFR-1 and VEGFR-2 mRNA. 
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Figure 33. Effects of ethanol in exosomal VEGFRs content. ARPE-19 cells were incubated for 24 hrs in the 

absence (control) or presence of different ethanol concentrations. Released exosomes were scrutinized by flow 

cytometry and Western blot. VEGFR-1 protein was detected in control and ethanol groups, being significantly 

different at 80 mM of ethanol (A). VEGFR-2 protein was also found in exosomes released from untreated cells, 

and its levels significantly rose in an ethanol concentration-dependent manner (at 40 and 80 mM) (B). Values are 

expressed as mean S.E.M. (N = 3). Significance levels: P < 0.05 (*) and P < 0.01 (**). 

4.6 Exosomes induce angiogenesis in cultured endothelial cells 
The formation of tubes by endothelial cells occurred without external influence. 

However, components in the culture medium are able to accelerate or inhibit the 

process. We treated endothelial HUVEC cells with different concentration of 

exosomes to pick the best concentration for inducing angiogenesis. After analyzing 

the total tube length, we observed that just five exosomes/cell were enough to have 

the best results (Fig.34A).  

Subsequently to the treatment of exosomes in HUVECs during four hours, we 

analyzed the tube formation process. Surprisingly, damaged RPE exosomes had a 

completely different influence than control exosomes. Actually, the exosomes from 

ARPE-19 treated with 80 mM EtOH appeared to influence HUVEC cells, accelerating 

tube formation (Fig. 34B).  Nevertheless, exosomes from cells treated with 200 and 

600 mM EtOH did not have the same effect. Those results were quantified by 

observing the total length of the tubes (Fig. 34B).  
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To induce angiogenesis, HUVECs need VEGFR2. In order to be activated, VEGFR2 

must be phosphorylated, and therefore HUVECs were collected after treatment with 

exosomes. The experiment suggests that treatment with 80 mM exosomes 

significantly increased p-VEGFR2, which would explain the increase of tube 

formation (Fig. 34C).  

Sprouting angiogenesis is a fundamental and general mechanism of vessel growth. It 

is known that low stress conditions increase sprouts formation in endothelial cells 

(Camaré et al., 2016). After four hours of treatment with exosomes in HUVEC 

cultures, sprouts analysis, by confocal microscopy, showed that exosomes from cells 

treated with 80 mM EtOH increased the ability to form sprouts compared to 200 

mM and 600 mM treated group, which equal the control group (Fig. 34D).  

 

Figure 34. Exosomes from low stress condition cells induce angiogenesis. Concentration course of exosomes 

(A). Tube formation in HUVEC cultures after adding exosomes from ARPE-19 cells (control and stressed). 

Quantification of the total length of the tubes is shown in the bar chart (B). Blots show expression of p-VEGFR2 

in HUVEC control, treated with exosomes from healthy RPE, and treated with exosomes released from stressed-

RPE. The bar chart represents the relative levels of VEGFR2 expression when compared to control (C).  Sprouting 

capacity of HUVEC after 4 hours of treatment with exosomes released from ARPE-19 cells (control and stressed) 

(D). Quantification of the total length of the sprouts is shown in the bar chart. Values are expressed as mean ± 

SEM (N≥3). Significance levels: (when compared to control) P<0.05 (*), P<0.01 (**). 
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4.6.2 Autophagy inhibition arrests exosome biogenesis. 
Autophagy inhibition by siRNA-Atg7 decreased the expression of VEGFR2 in low-

stressed RPE cells (Fig. 35A). 

The analysis of the VEGFR2 content in exosomes showed that there is a peak of 

VEGFR2-expressing exosomes when cells were treated with 80 mM EtOH (Fig. 35B, 

upper panel). Moreover, when the ratio VEGFR2/CD9 is studied, we observed that 

the fraction of VEGFR2-positive exosomes was significantly enhanced at 40, 80, and 

200 mM (Fig. 35B, lower panel).  

When Atg7 siRNA was applied in control and stressed cells, there were fewer 

VEGFR2-positive exosomes per ml and the percentage of exosomes carrying the 

protein was also considerably lower (Fig. 35C).  
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Figure 35. Autophagy inhibition reduced VEGFR2 positive fraction in EVs. Relative quantification of VEGFR2 

expression in ARPE-19 cells (control and stressed) was studied before and after Atg7 siRNA treatment (A). Total 

number (upper panel) and relative levels of exosomes expressing VEGFR2 in cultures of control and stressed (40, 

80, 200, and 600 mM) ARPE-19 cells (B). Total number (upper panel) and relative levels of exosomes expressing 

VEGFR2 in cultures of control and stressed ARPE-19 cells, before and after applying Atg7 siRNA (C). Values are 

expressed as mean ± SEM (N≥3). Significance levels: (when compared to control) P<0.05 (*), P<0.01 (**), and 

P<0.001 (***); (when compared to treated with 80 mM group) P<0.05 (#) and P<0.01 (##). 

 

4.6.3 Autophagy and angiogenesis 
Atg7 was silenced in ARPE-19 cells, blocking the generation of autophagosomes, and 

exosomes released to the medium were collected. These vesicles were added to 

HUVEC 3D cultures, which happened to reduce drastically their capability of forming 

new tubes (Fig. 36A). When Atg7 siRNA was combined with a low-stress insult (80 

mM EtOH) released exosomes did not increase tube formation (Fig. 36A).  
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 Sprouting assay was analyzed after four hours of treatment with exosomes in 

HUVEC cultures. Confocal microscopy showed that exosomes from cells with siRNA-

Atg7 applied, decreased their ability to form sprouts compared to the group treated 

only with low concentrations of EtOH, equaling the control group (Fig. 36B). To 

demonstrate the relationship between autophagy and angiogenesis, we treated 

endothelial cells with exosomes from silencing experiments (ct, 80 mM EtOH, 

ct+siRNA and 80 mM EtOH + siRNA) for four hours and then quantified the tube 

formation capacity of ECs. Surprisingly, we observed that HUVECs treated with 

exosomes from silenced cells had less capacity to form tubes and generate sprouts. 

This was consistent with the analysis of VEGFR2 content in silenced ARPE-19 cells, 

since they contained a lower cargo of this receptor. 

 

Figure 36. Inhibition of autophagy in RPE reduces EV-related neovascularization in endothelial cells. Tube 

formation in HUVEC cultures after adding exosomes from ARPE-19 cells (control and stressed) that were treated 

or not with Atg7 siRNA. Quantification of the total length of the tubes is shown in the bar chart (A).  Sprouting 

capacity of HUVEC after 4 hours of treatment with exosomes released from ARPE-19 cells (control and stressed), 

treated or not with Atg7 siRNA (B). Quantification of the total length of the sprouts is shown in the bar chart. 

Values are expressed as mean ± SEM (N≥3). Significance levels: (when compared to control) P<0.05 (*), P<0.01 

(**), and P<0.001 (***); (when compared to treated with 80 mM group) P<0.05 (#) and P<0.01 (##).  
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4.7 Angiogenesis of HUVEC is VEGFR2 dependent  
Recombinant soluble Flt1-Fc, commonly used to trap VEGF, was added to HUVEC 

cultures together with RPE-derived exosomes. FC-VEGF efficiency was proved in 

every case since each experiment was performed with and without the trapper. 

When RPE-derived exosomes, from healthy and low-stressed RPE cells were added 

to HUVEC cultures, the total length of the tubes increased. However, when FC was 

added to the medium – arresting VEGF – the total length of the tubes did not 

decrease as would be expected if it were VEGF dependent (Fig. 37A).  

To eliminate the possibility that the problem is from the receptor, we inhibited 

VEGR-2 expression in HUVEC cells (Fig. 37B).  

When new blood vessel formation experiments were performed, results showed 

that these endothelial cells treated only with vehicle showed normal growth (Fig. 

37C, left panel). Contrarily, those HUVEC cultures treated with the siRNA-VEGFR2 

showed an arrested development of blood vessels (Fig. 37C, right panel). 
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Figure 37: Angiogenesis of HUVEC is dependent of VEGFR2. (A) Blots show expression of p-VEGFR2 in HUVEC 

control, treated with exosomes from healthy RPE, and treated with exosomes released from stressed-RPE. The 

bar chart represents the relative levels of VEGFR2 expression when compared to control. (B) When adding the 

VEGF trapper sFlt1, angiogenesis goes back to control levels, but when exosomes from stressed cells are used, 

sFlt1 does not arrest tube formation. (C) Blots show expression of VEGFR2 in endothelial cells with or without 

VEGFR2 siRNA. The bar chart represents the relative levels of VEGFR2 expression when compared to control. (D) 

When RPE-released exosomes were added to endothelial cells, those where VEGFR2 siRNA was applied did show 

a significant decrease in tube length. Values are expressed as mean ± SEM (N≥3). Significance levels: P<0.05 (*), 

P<0.01 (**), and P<0.001 (***). 

 

4.7.2 Angiogenesis is enhanced by VEGFR2 from RPE-derived exosomes 
RPE cells – control, low-stressed, and high-stressed – were treated with VEGFR2 

siRNA, thus silencing the receptor (Fig. 38A). Subsequently, exosomes were isolated 

and quantified by means of flow cytometry. It was observed that the fraction of 

exosomes expressing VEGFR2 was dramatically reduced in each case (Fig. 38B).  

These EVs were then added to HUVEC cultures and the formation of new blood 

vessels was studied afterwards. HUVEC treated with control RPE-derived exosomes, 
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treated and untreated with siRNA-VEGFR2, presented no differences in tube 

formation (Fig. 38C, left panels; quantification in Fig 38D). Low-stressed RPE-derived 

exosomes were added to HUVEC cultures. When these exosomes came from RPE 

cells where VEGFR-2 had been silenced, growth of new blood vessels was 

significantly lower than those HUVEC non-treated with VEGFR2 siRNA (Fig. 38C, 

center panels; quantification in Fig 38D). High-stressed RPE-derived exosomes 

applied to HUVEC cells had the same influence in tube formation both when siRNA-

VGFR2 was applied and when it was not (Fig. 38C, right panels; quantification in Fig 

38D). 
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Figure 38: Angiogenesis depends on VEGFR2 from RPE-released exosomes. (A) Blots show expression of 

VEGFR2 before and after VEGFR2 siRNA was applied to ARPE-19 cells. The bar chart represents the relative levels 

of VEGFR2 expression when compared to control. (B) When VEGFR2 siRNA was applied in ARPE-19 cultures, the 

set of exosomes expressing VEGFR2 was reduced significantly in every situation. (C) HUVEC treated with 

exosomes from RPE cells treated differently form tubes. (D) Total length after applying exosomes into HUVEC 

cultures. When exosomes from low-stressed RPE cells treated with VEGFR2 siRNA were added to HUVEC 

cultures, total tube length was significantly reduced. Values are expressed as mean ± SEM (N≥3). Significance 

levels: P<0.01 (**) and P<0.001 (***).  
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4.8 Isolation and characterization of exosomes from DMAE-blood patients. 
A preliminary study with exosomes from AMD patients was carried out.  We isolated 

plasma exosomes from patients with AMD and control to analyze and compare the 

presence of RPE65, RPE specific protein involved in the visual cycle. The results 

showed a higher number of exosomes in plasma from AMD patients compared to 

control.  

The results of RPE65 content in exosomes were inconclusive as there was not a 

significant difference between patients and control individually (Fig. 39A). It appears 

that there is a slight decline in the expression of this protein in patients but this 

result is not generalized. (Fig.39B) 

 

 

Figure 39: Exosomes from AMD patients content RPE65. Flow cytometry exosome detection was performed 

targeting CD9 (A). RPE65 in exosomes was analyzed in control and AMD patients by Flow Cytometry. Values are 

expressed as mean ± SEM (N≥3).  

 

4.8.2 Can exosomes from DMAE patients induce angiogenesis?  
To evaluate the capacity of exosomes from patients and control to induce 

angiogenesis, we treated HUVEC cells in a starvation medium with exosomes from 

both groups and analyzed tube formation capacity. Total length was higher than 

negative control (HUVEC with starvation medium) but still not significant. (Fig. 40A) 

 



100 

 

 

Figure 40. Effect of exosomes from Control and AMD patients in HUVECs. Total length after applying exosomes 

into HUVEC cultures. When exosomes from control patients were added to HUVEC cultures, total tube length 

was significantly reduced (A) compare with the effect of exosomes from AMD patients (B). Values are expressed 

as mean ± SEM (N≥3). Significance levels: P<0.05 (*), P<0.01 (**), and P<0.001 (***). 
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Conversely, when we carried out the same experiments with exosomes from AMD 

patients, we saw that all treatments were significantly positive except for patient 

number five (Fig. 40B).  This indicates that exosomes could play an important role in 

the development of the disease as mediators of cellular communication.  
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5 DISCUSSION  

RPE is a monolayer of pigmented cells located between the neural retina and the 

choroid. The RPE and Bruch's membrane form the external blood-retinal barrier. The 

presence of tight junctions between RPE and vascular endothelial cells is essential 

for the strict control of the transport of liquids and solutes through the blood-retinal 

barrier, as well as to prevent the entry of toxic molecules and plasma components 

into the retina.  

Previous data indicate that ARPE-19 cells, a human RPE cell line, when exposed to 

low-medium stress conditions, promote OS (Atienzar-Aroca et al., 2016). 

Overproduction of ROS activates cellular self-defense mechanisms, but when such 

production is excessively high, cell death eventually occurs. There are a number of 

well-known products that produce OS in the RPE; such is the case of H2O2 and 

rotenone. Lastly, the malignant influence of EtOH in several tissues, including the 

RPE has been observed (Flores-Bellver et al., 2014; Bonet-Ponce et al., 2015; 

Martinez-Gil et al., 2015). EtOH toxic effects include morphological and physiological 

changes attributed mostly to the presence of ROS.  

ROS are highly reactive free oxygen radicals, such as the hydroxyl radical (·OH) or the 

superoxide anion (O2
-), and non-radical oxidants, like hydrogen peroxide (H2O2) 

(Yousefi et al., 2006). During normal metabolism of oxygen, ROS are produced inside 

the mitocondrial matrix. Basal levels of ROS are regulators of cell differentation and 

maturation in homeostasis (Gough & Cotter et al., 2011).  

 If ROS increase, the cell undergoes a state of OS, which specially targets 

mitochondria and increase, among other things, the activation of autophagy. 

Autophagy may act as a protective and survival mechanism or as a mechanism of 

cell death, initiating mitocondria-mediated apoptosis (Hamano et al., 2008). For 

example, nerve growth factor (NGF) deprived rat sympathetic neurons which 

increased production of mitochondrial-derived reactive oxygen species and 

activation of autophagic cell death (Kirkland et al., 2007). The relationship between 

autophagy and apoptosis is complex and poorly understood. Apoptosis is implicated 

in organism development, homeostasis and metabolic balance.  
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There are two apoptotic signaling pathways: the extrinsic and the intrinsic pathway. 

In the first type, cell death occurs by the activation of death receptors in cellular 

surface. The second type is mediated by mitochondria in response to stimuli (Zhang 

et al., 2012; Vermeulen et al., 2005). Under stress conditions, prosurvival and 

prodeath processes are activated and the final outcome depends of the complex 

cross-talk between autophagy and apoptosis (Pagliarini et al., 2012). Both pathways 

can exert control to each other, but OS can affect them differently, in mutual 

balancing (Vlahos et al., 1994).   

There are two autophagy proteins at the crossing of autophagy-apoptosis 

interactions: P62 and Beclin-1. P62 interact directly with caspase-8, an apoptotic 

pathway protein. P62 is importante for caspase-8 activation, it cleaves in response 

to a death receptor activation (Norman et al., 2010). Furthermore, caspase-8 has 

recently been shown to be degraded by autophagy via P62 (Hou et al., 2010). So 

autophagy alters the apoptosis and apoptosis alters the autophagic degradation of 

P62.Beclin-1 can directly interact with anti-apoptotic Bcl-2 (Chipuk et al., 2010; 

Djavaheri-Mergny et al., 2010). When Bcl-2 and Beclin-1 are bound, Beclin-1 is 

incapable of activating autophagy. Contrarily, overexpression of Bcl-2 can inhibit 

autophagy (Erlich et al., 2007; Levine et al., 2008). Moreover, apoptosis can inhibit 

autophagy through caspase-3 cleavage of Beclin-1 to produce a truncated protein 

that is unable to induce autophagy (Luo & Rubinsztein et al., 2010).  

Enhanced autophagy flux in RPE cells contributes to proper RPE function, therefore 

allowing the functioning of the rest of the retina (Boya et al., 2016). This 

exceptionally high physiological autophagy activity in RPE cells is mainly due to POS 

phagocytosis (Ferguson et al., 2014). Autophagy activity in RPE cells increases after 

EtOH induced ROS damage, encouraging formation of more autophagosomes and 

subsequent autolysosomes. 

This effect was observed in RPE cells of ageing mice and AMD patients (Wang et al., 

2009). As in any physiological process, in angiogenesis there are agents who 

collaborate in carrying out the generation of new blood vessels from existing ones.  
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Some of these agents act as inducing factors, such as VEGF, and others as inhibitory 

agents, as PEDF.Furthermore, moderate levels of EtOH have been observed to 

enhance angiogenesis by promoting VEGF release (Kannan et al., 2006).  Moderate 

levels of EtOH are also known to induce VEGF expression in breast cancer cells (Lu et 

al., 2014) and RPE cells (Locke et al., 2014).  

Recent studies have shown that a number of cell types, including RPE cells, can 

influence neighboring cells by the release of exosomes (Fitzner et al., 2011; Franzen 

et al., 2014). It has been previously declared that EVs, especially exosomes, play a 

key role in the proliferation, migration, and tube formation of endothelial cells in 

different biological systems – in both physiological and pathological scenarios – by 

either increasing (Mineo et al., 2012; Zhang et al., 2015) or reducing angiogenesis 

(Lee et al., 2013). 

Many studies suggest the relevance of exosomes in cellular communication (Yellon 

& Davidson, 2014). It has also been recently reported that cardiomyocyte-derived 

exosomes can regulate glucose transport in endothelial cells (Garcia et al., 2016). 

Other studies observed that astrocyte-derived exosomes play a role in 

neuroprotection (Frühbeis et al., 2012) and promote neurite outgrowth and 

neuronal survival (Wang et al., 2011). 

Furthermore, exosomes released from the RPE seem to cross the Bruch’s membrane 

and target choroidal endothelial cells, influencing their fate.  Besides, exosomes 

from retinal astrocytes seem to reduce vessel leakage in a model of AMD, whereas 

RPE-originating exosomes do not stop the newvessels from leaking (Hajrasouliha et 

al., 2013). Moreover, it has been proposed in another AMD model that exosomes 

released by ageing RPE cells are able to increase autophagy in neighboring cells, and 

that this can contribute to drusen formation (Wang et al., 2009). In parallel, another 

group demonstrated that exosomes derived from mesenchymal stem cells inhibited 

neovascularization by down-regulating VEGF expression (Lee et al., 2013).  
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It is therefore well established already that both processes, autophagy and exosome 

biogenesis are in some ways related. It was also observed that OS in ARPE-19 cells, 

at low EtOH concentrations, does not kill them, but rather it enhances autophagy 

(Flores-Bellver et al., 2014), VEGF release (Kannan et al., 2006), and exosome 

liberation (Atienzar-Aroca et al., 2016). 

Some authors described the link between autophagy and exosome biogenesis in 

disease. Bhattacharya and collaborators described how GAIP interacting protein C 

terminus (GIPC) regulates both mechanisms in pancreatic tumor cells (Bhattacharya 

et al., 2014). Wang described how autophagy and RPE-exosomes work together for 

the generation of drusen in AMD (Wang et al., 2009). Therefore, there is a close 

relationship between autophagy and angiogenesis. An increase in autophagy 

enhances tube formation and endothelial cells migration. Moreover, if the 

autophagy was inhibited with 3-Methyladenine (3-MA) and small interfering RNA 

(siRNA) against ATG5, cell migration and tube formation were reduced (Du et al., 

2012). 

To determine the role of exosomes in cellular communication within the BRB, as the 

implication in autophagic and angiogenic pathways, we proceeded to study the 

exosomes derived from cells of the RPE. For this purpose, EtOH was used as the 

causative agent of OS in ARPE-19 cells and the supernatant was isolated to obtain 

the exosomes by serial ultracentrifugation.  

We analyzed Bcl-2 and Bax in order to foresee the cellular fate in our experimental 

conditions; in autophagy, Atg12 and P62 regulate the pathway in different steps. 

P62 is free in the cytosol and when the autophagy is activated, it is degraded inside 

the autophagosome and Atg12 acts upstream inducing the formation of the 

autophagosome. Both are indicators of the activation of autophagy. 

Cell death can be classified, according to cell morphological appearance, in necrosis, 

apoptosis and autophagy. Only apoptosis and autophagy are programmed cell death 

(PCD) pathways.   

Both control the turnover of organelles and proteins within cells, and many stress 

pathways sequentially elicit autophagy and apoptosis within the same cell. 
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Generally, autophagy blocks the induction of apoptosis, and apoptosis-associated 

caspase activation shuts off the autophagic process. However, in special cases, 

autophagy or autophagy-relevant proteins may help to induce apoptosis, and 

autophagy has been shown to degrade the cytoplasm excessively, leading to 

‘autophagic cell death’.  

Many proteins are involved in both processes: in apoptosis some evidence suggests 

that Bax, a proapoptotic member of the Bcl-2 family of cell death-regulating genes, 

is involved in p53-induced apoptosis. A set of molecules that appear to be 

modulated by the presence of Bax are the caspases. The ratio between Bax and Bcl-

2 will regulate apoptosis, since Bcl-2 is a cell survival protein, while Bax is a protein 

implicated in cell death (Gulmann et al., 2005).  

We analyzed Bcl-2 and Bax in order to foresee the cellular fate in our experimental 

conditions; in autophagy, Atg12 and P62 regulate the pathway in different steps. 

P62 is free in the cytosol and when the autophagy is activated, it is degraded inside 

the autophagosome and Atg12 acts upstream inducing the formation of the 

autophagosome. Both are indicators of the activation of autophagy. 

Results show that EtOH treatment with in RPE cells produce an increase of MVBs, 

especially when at 80 mM EtOH. These data correspond to a peak of exosome 

release at such concentration. Moreover, there is an increase of autophagosomes 

which depends on the concentration of EtOH, which is in concordance with an 

increase in the expression of proteins like Apg12, Lc3-II, and Bax, as well as the 

decrease of Bcl-2 and P62.  

The cargo of the “stressed” exosomes in proteins related to autophagy and 

apoptosis were increased. In addition, when we treated healthy ARPE-19 cells with 

control and “stressed” exosomes, we observed an increment of autophagy markers 

in “stressed” exosomes, compared with those from the control group.  

As previously remarked, once OS – low or high – is induced, RPE cells release 

numerous exosomes that contain a different cargo from the original, healthy RPE-

derived exosomes. This new shipment contained, among other proteins, VEGF  
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receptors that are able to speed up the generation of new blood vessels (Niu et al., 

2010).  

Choroidal neovascularization is observed in the proliferative forms of AMD and DR. 

VEGF can be released by different retinal cells, such as RPE cells (Miller et al., 1997), 

Müller cells (Robinson et al., 1997) and choroid endothelial cells (Aiello et al., 1995).  

The receptors, VEGFR1 and 2 can be expressed in neural, glial and vascular cells 

(Penn et al., 2008). When the receptors of VEGF factors were analyzed in cells and in 

exosomes, we observed an increment in VEGFR1 and -2 receptors. However, when 

those cells were treated with EtOH, they secreted a high number of exosomes, many 

of which contained membrane-bound VEGFR1 and -2. Interestingly, when RT-PCR 

and qPCR experiments were performed, higher amounts of VEGFR1 and 2 mRNA 

were observed within the vesicles. Therefore, when RPE cells are exposed to low 

amounts of EtOH, they release a high quantity of exosomes containing VEGF 

receptors in their membrane, and VEGFR1 and 2 mRNA within the exosome.  

When RPE-derived exosomes interact with neighboring endothelial cells, there 

would be an increased potential for membrane fusion and, thereby, incorporation of 

VEGF receptors in the new cell membrane (Penn et al., 2008). Exosomes may also 

release genetic cargo into the cytosol of the second cell ensuring the delivery of 

mRNA to its genetic machinery (Stoorvogel et al., 2002), making an augmentation in 

the expression of VEGF receptors possible.  

Moreover, many studies suggest the relevance of exosomes in cellular 

communication (Yellon & Davidson, 2014). It has also been recently reported that 

cardiomyocyte-derived exosomes can regulate glucose transport in endothelial cells 

(Garcia et al., 2016). Other studies observed that astrocyte-derived exosomes play a 

role in neuroprotection (Frühbeis et al., 2012) and promote neurite outgrowth and 

neuronal survival (Wang et al., 2011). HUVECs in culture tend to build tubes by 

themselves (Bueno‐Beti et al., 2013).  

Surprisingly, a significant delay in blood vessel formation was noticed when healthy 

RPE exosomes were added to the medium. Stressing this fact, levels of VEGFR2 were 

reduced in the membrane of HUVEC cells after the treatment.  
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On the contrary, when HUVEC cells were influenced by damaged RPE exosomes, 

tube formation occurred more effectively. Furthermore, HUVEC cells influenced by 

stressed exosomes showed higher levels of VEGF receptors, both protein and mRNA.  

These facts indicate that healthy RPE exosomes (physiological conditions) may 

inhibit choroidal tube formation, whereas those released from stressed ARPE-19 

cells promote vasculogenesis/angiogenesis. In fact, it has been observed that 

exosomes secreted from hypoxic cells promote angiogenesis (Umezu et al., 2014). 

This angiogenic effect might be due to the extra cargo of proteins and mRNA 

contained in the exosomes, as RPE-derived exosomes do not contain detectable 

levels of VEGF. In conclusion, RPE-exosomes maintain certain control over tube 

formation, and this somehow depends on the homoeostatic state of the releasing 

cell. 

Some scientists postulate that there is a close relationship between autophagy and 

other pathways like exosome biogenesis (Sahu et al., 2011; Fader and Colombo, 

2006) and angiogenesis. Autophagy is a complex process with many proteins 

involved in it. An example is Atg7, a non-canonical, homodimeric E1 enzyme that 

mediates the conjugation of other proteins during autophagy, such as Atg3 and 

Atg8, which has a number of counterparts in mammals, including LC3 (Taherbhoy et 

al., 2011).  

Moreover, increasing evidences indicates that impaired autophagy is associated 

with angiogenesis, both in the development of the chicken embryo (Lu et al., 2016), 

where Atg7 plays an important role, as in RF/6A cells, from choroid, where hypoxia-

induced autophagy stimulated endothelial growth (Li et al., 2016). To determine if 

this relationship exists or not and how it affects the exosomal cargo, Atg7 was 

silenced on ARPE-19 cells for 48 or 72 hours.   

After Atg7 silencing in ARPE-19 cells, the expression of VEGFR2 was analyzed both in 

cells and in exosomes obtained from the medium. It is already known that the stress 

caused by EtOH at low concentrations induced autophagy (Flores-Bellver et al., 

2014; Bonet-Ponce et al., 2015) and increased the expression of VEGFR2 (Atienzar-

Aroca et al., 2016 and fig. 3A). 
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When ARPE-19 cells are cultured with a specific siRNA targeting Atg7 (siRNA-Atg7), 

the autophagosome cannot be formed and the autophagy is repressed. In such 

experiments, we might expect a higher number of MVBs ready to fuse with the cell 

membrane and liberate their content, thus releasing exosomes. However, we 

observed that the number of exosomes was reduced when autophagy was silenced. 

Nevertheless, it is true that lysosomes are active and therefore can still degrade 

MVBs by forming amphisomes. In every case, when autophagy was inhibited, EVs 

release was subsequently reduced.  

Since autophagy influences exosome formation, its reduction in stressful conditions 

might also reduce angiogenesis. It is well established that VEGFR2 mediates 

migration of endothelial cells during angiogenesis (Uchida et al., 2009), which can be 

activated by Heat shock protein 20 (Hsp20) (Zhang et al., 2012). 

Even though physiological development and maintenance of the choriocapillaris 

requires RPE-derived VEGF (Penn et al., 2008), our observations show that 

endothelial cells were still forming tubes when VEGF-A and -C were blocked using a 

trapper, thus indicating that the pathological mechanism might occur in a VEGF 

independent manner.  

New blood vessels formed during AMD or DR, like tumor vessels, are abnormal, and 

it has been previously postulated that their growth might occur via alternative VEGF-

A and -C pathways (Ferrara et al., 2010). In fact, VEGFR2 is activated during 

abnormal angiogenesis and RPE-released exosomes are contributing with their own 

cargo of receptors. When VEGFR2 was inhibited in HUVEC– by means of a siRNA-

VEGFR2 – tube growth was arrested (as seen in figure 37C). Subsequently, VEGFR2 

expression was inhibited in RPE cells, and the released exosomes were added to 

HUVEC cultures. We observed that tube formation was significantly reduced.  

This last outcome indicates that even endogenous endothelial VEGFR2 is critical for 

the growth of abnormal blood vessels, External input of RPE-derived exosomes are 

also decisive for the characteristic angiogenesis observed in neovascular eye 

diseases, such as AMD and DR. 
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AMD is a neurodegenerative disease it accounts for the majority of blindness around 

the world (Ferris et al., 1984). Is a progressive ocular neurodegenerative disorder 

that leads to the loss of central vision. The disease is characterized by drusen and 

RPE abnormalities (Chew et al., 2013).  

In neovascular AMD, damage to the outer retinal RPE cells activates a cascade of 

inflammatory and angiogenic responses that lead to neovascularization under the 

macula. In this process, VEGF is the most specific and crucial regulator. The diagnosis 

of the disease is quite standardized and the treatment based on intravitreal 

injections of anti-VEGF is quite aggressive. Exosomes were isolated from both 

control patients and AMD patients to analyze proteins involved in the disease and to 

observe possible alterations that would indicate a future development of the 

disease.  

After preliminary study of RPE65 protein in exosomes by flow cytometry, the result 

was not definitive, although small changes could be observed when comparing 

groups. When analyzing the effect of the exosomes of both groups on endothelial 

cells, it was detected that the exosomes from a group of patients induced tube 

formation in comparison with the exosomes from the control group. However, these 

studies are preliminary and therefore inconclusive because of their sample size.  

In summary, exosomes derived from EtOH-treated ARPE-19 cells differ from 

exosomes derived from control cells, since different pathways are activated when 

the cell undergoes OS. Moreover, the results presented here suggest that VEGFR2 is 

activated during abnormal angiogenesis and that RPE-released exosomes are 

contributing with their own cargo of receptors. Further investigation of this 

mechanism is necessary to better understand the cellular communications of retinal 

cells and to develop a protocol for the early diagnosis of the disease. 
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6 CONCLUSSIONS  

 

1. MIld stress conditions, induced by Ethanol, promote autophagy and 

apoptosis activation in ARPE-19 cells. 

 

2. Treatment with 80 mM of EtOH induces MVB formation and exosomes 

biogenesis.  

 

3. Exosomes derived ARPE-19 cells treated with Ethanol, contain high levels of 

autophagy and apoptosis proteins compared to exosomes from control cells.  

 

4. Exosomes derived from 80 mM treated ARPE-19 cells induce tube formation 

and sprouting in HUVECs.  

 

5. Exosomes internalize into neighboring cells and release their cargo.  

 

6. The Atg7, autophagy protein, when silenced in ARPE-19 cells, decrease MVB 

formation and exosomes biogenesis. 

 

7. Exosomes derived from Atg7 silenced cells reduce tube formation and 

sprouting capacity in HUVECs.  

 

8. VEGFR2 silenced ARPE-19 cells released exosomes contain fewer VEGF 

receptors on their surface. 

 

9. Exosomes derived from VEGFR2 silenced cells, decrease angiogenic capacity 

in HUVECs cells.  
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