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Abstract 

Background:  Glaucoma is a progressive optic neuropathy characterized by a specific pattern of 

optic nerve head and visual field impairment. Damage to the visual system in glaucoma is due to 

the death of the retinal ganglion cells, the axons of which comprise the optic nerve and carry the 

visual impulses from the eye to the brain. The number of people aged 40–80 years with glaucoma 

is expected to increase to 76.0 million by 2020 and 111.8 million by 2040. Primary open-angle 

glaucoma (POAG) is the most common form of the disease and there is currently no 

cure.  Raised intraocular pressure (IOP) is the major risk factor in the development of POAG and 

the reduction of IOP is known to limit disease onset and slow disease progression. The balance 

between Aqueous humour (AH) production by the Non-Pigmented Ciliary Epithelium (NPCE) and 

drainage through the Trabecular Meshwork (TM) maintains IOP, thus any increase in the 

production or impaired drainage of AH can lead to a rise in the IOP. It has previously been 

proposed that a cross-talk communication may exist between inflow tissue and outflow tissues 

through potential modulators in AH. These modulators include neuroproteins, microRNAs, 

hormones and extracellular vesicles (EVs). Among EVs, exosomes are of particular interest 

because of their role in cell-to-cell communication. Exosomes are 30-150 nm nanoparticles that 

are released from most cell types under normal and pathological conditions. Nucleic acids and 

proteins embedded in the exosome membrane are composed of phospholipids. Rich exosomal 

cargos have potential to regulate gene expression, cell death, oxidative stress, cellular 

metabolism and signal transduction pathways. Once released, exosomes can be internalized by 

neighboring or distal cells and equip cells with the ability to influence cellular function. Limited 

data, however, is available regarding the role of exosomes on Wnt signaling in the outflow system 

in ocular physiology and pathology conditions. Numerous studies over the past several years 

indicate that the rich cargo content in the exosomes has the potential to regulate various cellular 

processes including gene transcription, oxidative stress, cell death, differentiation and signal 

transduction. Among the many signaling pathways affected by exosomes, the Wnt signaling has 

emerged as a critical regulator of AH outflow facility.  Wnt signaling and its effector β-catenin 

regulate the expression of genes encoding extracellular matrix (ECM) proteins.  Increase in the 

collagen content of the ECM may lead to TM obstruction and decrease of AH outflow. In addition, 
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β-catenin binds with cadherin proteins to bridge between the cytoplasmic domain of cadherin 

and the cytoskeleton. Thus, modulation of Wnt signaling by exosomes may provide a useful tool 

in the reorganization of cytoskeleton, ECM of TM cells, and regulation of IOP.  Oxidative stress is 

identified to be an important risk factor in the development of glaucoma. Several studies have 

demonstrated the ability of exosomes to regulate the oxidative stress via modulating ROS 

production. ROS promotes stabilization of β-catenin, suggesting a link between oxidative stress 

and canonical Wnt signaling. The role of exosomes released under oxidative stress conditions in 

TM and their effects on Wnt signaling remain unknown. 

PhD Thesis Hypothesis: We assume that there are communication processes taking place 

between the NPCE cells and TM cells via NPCE exosomes affecting Wnt and PI3K/AKT signaling in 

TM cells and causing alterations in the stress response of TM cells. 

The General Goals of This Research are: 

Characterization of exosomes excreted from NPCE cell lines as well as exosomes derived from 

primary NPCE cells. 

Investigation of the effects of the NPCE exosomes on TM cells Wnt pathway-associated genes 

and their protein expression. 

To investigate the biological effect of exosomes released from NPCE cells under oxidative stress 

condition on TM molecular responses to oxidative stress. 

 

Results: In this study, we demonstrated that NPCE cells release EVs that carry classic exosome 

markers including Tsg 101 and Alix on their surface.  EVs comprised a membrane bilayer and had 

a round shape with size range characteristic of exosomes (50-140nm). In the exosome samples 

we identified 584 miRNAs and 182 proteins involved in cell adhesion, cell signaling, cytoskeleton 

regulation and oxidative stress. Using isothermal titration calorimetry technique, NPCE exosomes 

were shown to interact with TM cells. NPCE exosomes internalized and transferred their cargo, 

including microRNAs and proteins, to the TM recipient cells. Moreover, TM exosomes had the 

capacity to selectively accumulate NPCE exosomes as compared to other control cell lines. To 

test whether exosomes derived from NPCE cells influence the Wnt signaling in TM cells, the 



xii 
 

exosomes were co-cultured with TM cells. After 2 hour of exosome incubation we found 

significant decreases in the expression of the Wnt signaling proteins and genes in TM cells 

including β-catenin, p-GSKβ, AXIN2 and LEF1. We showed that NPCE exosome treatment 

downregulated the expression of positive GSKβ regulator – AKT protein but increased the levels 

of GSKβ negative regulator - PP2A protein in TM cells. In addition, we observed a significant 

decrease in the levels of the Collagen3A and Cadherins in TM cells following NPCE exosomes 

exposure, which have been shown to be important in the IOP homeostasis. Finally, the ability of 

exosomes to deliver oxidative stress (OS) signal messages between NPCE and the TM cells was 

studied. TM cells exposed to OS resulted in a significant 25% reduction in viability. When treated 

with exosomes isolated from oxidative stressed NPCE CELLS (Ox-EVs) the viability decrease was 

abolished. Increase in Nrf2 cytosolic and nucleic expression was found following Ox-EVs 

treatment. We revealed that Ox-EVs regulate antioxidant gene expression, as exposure of TM 

cells to Ox-EVs led to a significant increase in SOD2, GPx, HOX1 and NRF2 gene expression, while 

this effect was not observed following normal exosome treatment (N-EVs). In addition, we 

demonstrate that OX-EVs treatment resulted in significantly higher antioxidant capacity vs N-EVs 

or untreated TM cells. The two major antioxidant enzymes, superoxide dismutase and catalase 

activity were significantly higher following Ox-EVs treatment. 

Conclusions: Our findings suggest a pivotal role for exosomes derived from NPCE cells in 

modulating canonical Wnt signaling in TM cells. These findings may have therapeutic relevance 

since canonical Wnt pathway is involved in IOP regulation. Further investigation of NPCE-TM 

communication by NPCE exosomes demonstrates the ability of exosomes to modulate OS 

response in TM cells resulting in a better antioxidant capacity. This phenomenon can be the result 

of exosome cargo modification under OS including proteins and miRNAs or/and oxidized 

proteins, lipid and nucleic acids carried by the exosomes as cargo or on their surface. We suggest 

that controlling antioxidant enzymes activity confers a therapeutic advantage for TM cells in 

glaucoma.  Further understanding of NPCE-derived exosome-responsive signaling pathways may 

reveal new targets for pharmacological intervention within the drainage system as a target for 

glaucoma therapy. 

Keywords: POAG, TM cells, NPCE cells, exosomes, EVs, Wnt signaling, oxidative stress  
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Background 

A. Ocular Anatomy and Function 

 

A.1. Coats of the Eyeball 

The human eye is a sophisticated and vital sense organ that detects light and converts it 

to electro-chemical impulses in neurons. It is a very complicated system consisting of the delicate 

conjunction of some 40 separate components. The globe consists of three layers: outer (fibrous 

coat), middle (vascular coat) and inner (nervous coat). 

1. Sclera, or outer layer, is the fibrous protective layer with the transparent cornea 

anteriorly. 

2. Uvea, or middle layer, having a vascular and nutritive function, contains 

pigmented tissue consisting of the choroid, ciliary body (CB), and iris. 

3.  Retina, or inner layer, containing the essential sensory elements responsible for 

vision.  (Fig. 1). 

Within the three layers are the refractory media – namely, the aqueous humour (AH), the 

crystalline lens and a clear jelly, the vitreous humour 1. 

 

Figure 1. Diagrammatic representation of the human eyeball. Figure adapted from Expression 

and function of angiotensin in the regulation of intraocular pressure - Scientific Figure on 

ResearchGate. 
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A.2. Segments and Chambers of the Eyeball 

 

The AH and vitreous body are contained in the three spaces within the eyeball (Fig. 1). 

1. Posterior segment. It is the largest space that situated between the lens and retina and 

contains the vitreous humour. 

2. Anterior segment. It includes two smaller AH-filled spaces: anterior and posterior 

chambers.  

• Anterior chamber. It is the part of the eye that contains most of the aqueous and 

is the space between the anterior surface of the iris and the internal surface of 

the cornea. 

• Posterior chambers. It is triangular small space containing 0.06 mL of AH 

surrounded by the lens, the iris and the ciliary body. 

A.3. Aqueous Humour Overview  

A.3.1 Composition of the Aqueous Humour 

AH is the optically clear fluid within the anterior and posterior chambers of the eye. The 

AH is analogous to a blood surrogate for avascular structures. The chemical composition of AH 

differs from blood plasma. The most striking difference between the two fluids is the protein and 

ascorbic acid concentrations. AH is virtually free of proteins; essential for optical 

transparency.  The ascorbate in AH may distribute to the surrounding tissues to protect the eye 

from photo-oxidative damage 2. 

A.3.2. Aqueous Humour Functions 

The circulation of AH to the anterior segment of the eye serves several important 

functions 1,2. 

1. AH is a nutritive fluid that supplies nutrients, oxygen, and removes metabolic 

wastes from the avascular tissues such as cornea, lens and trabecular meshwork.  
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2. AH maintains proper intraocular pressure, which is important in early ocular 

development as well in maintaining globe integrity throughout life.  

3. AH serves to deliver a high concentration of ascorbate in the anterior segment 

where it serves as an antioxidative agent by scavenging free radicals.  

4.  Presence of immunoglobulins in the AH indicates a role in immune response to 

defend against invading pathogens. 

A.3.3. Aqueous Humour Turnover 

The main ocular structures related to AH dynamics are the ciliary body (the site of AH 

production), the trabecular meshwork (TM) and the uveoscleral pathway (the principal locations 

of AH outflow) 3. The inner surface of the CB is covered with a double-layered epithelial structure. 

AH is formed by this epithelium 1. AH undergoes a constant turnover. Initially, the fluid secreted 

into the posterior chamber of the eye by the ciliary epithelium (CE) in a process known as AH 

inflow. AH then reaches the anterior chamber by crossing the pupil and exchanges its contents 

with the cornea and lens.  Finally, AH exits the eye principally through the TM tissue and 

Schlemm's canal into the aqueous veins. This is called trabecular or conventional outflow 4 (Fig. 

2). A minor proportion of AH (normally 15%) makes its way directly into the ciliary body and is 

drained by way of the ciliary muscle and the sclera, a process termed uveoscleral or 

unconventional outflow 3.  
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Figure 2. Aqueous humour formation and circulation. Figure adapted from Expression and 

function of angiotensin in the regulation of intraocular pressure - Scientific Figure on 

ResearchGate. 

A.4. Trabecular Meshwork 

The TM is a tissue located in the anterior chamber angle of the eye, and it can be divided 

to three components: uveal meshwork, corneoscleral meshwork, and juxtacanalicular 

meshwork. The closest layer to the anterior chamber is the uveal meshwork. This layer does not 

offer much resistance to AH outflow as the intercellular spaces are large. The next layer, known 

as the corneoscleral meshwork, is comprised of several sheets of connective tissue.  The higher 

organization of the corneoscleral meshwork in relation to the uveal meshwork is responsible for 

the increase in flow resistance. The third layer, which is in direct contact with the inner wall of 

endothelial cells from Schlemm’s canal, is the cribriform meshwork (Fig. 3). It is formed by cells 

embedded in a dense extracellular matrix (ECM), composed of collagen, elastic fibers, 

proteoglycans and other macromolecules. Most of the tissue’s resistance to flow supposedly lies 

in this layer, due to its narrow intercellular spaces. Regulation of the ECM composition appears 

to influence AH outflow resistance. Overexpression of ECM components, laminin and collagen 

type IV by TM reduces cell monolayer permeability 5,6. 

 

 

 

 

 

 

 

 

 

 

Figure 3. The Trabecular Meshwork Structure (A Llobet et al. News Physiol Sci, 2003). 
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A.5. Ciliary epithelium 

AH is secreted by the ciliary epithelium (CE) lining the ciliary processes mainly by active 

ionic transport across the epithelium against a concentration gradient 7. The anatomy of the 

ciliary process is depicted in Fig. 4. The CE is unique in its organization; it consists of two layers of 

cuboidal cells joined at their apices and sandwiched between two basal laminae. The external 

layer rests on the stroma of the CB; its cells are rich in pigmented granules and are therefore 

called pigmented epithelium cells (PE). The internal layer borders the posterior chamber; its cells 

do not contain pigment granules and are called non-pigmented cells (NPCE). Gap junctions are 

abundant at these opposing surfaces between PE and NPCE and are present between adjoining 

cells in each layer (Fig. 4)8. When compared with the PE cells, the NPCE cells have more 

mitochondria and rough endoplasmic reticulum. Moreover, the NPCE has higher Na+, K+-ATPase 

and adenylate cyclase activity, indicating that the NPCE cells are more metabolically active. It has 

been suggested that the NPCE is the only layer necessary for AH formation as it was observed 

that the NPCE layer alone can maintain normal intraocular pressure following selective 

destruction of the PE layer 2.   

 

Figure 4. Anatomy of ciliary process. Figure adapted from Expression and function of 

angiotensin in the regulation of intraocular pressure - Scientific Figure on ResearchGate. 
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A.6. Intraocular Pressure 

In the healthy human eye, the flow of AH against resistance generates an intraocular 

pressure (IOP) of approximately 15 mmHg, which is necessary to maintain the proper shape and 

optical properties of the globe 9. IOP is determined by the homeostatic balance between 

formation and outflow of AH. This pressure can vary between species, individuals and even 

between eyes of the same individual. IOP is affected by factors such as age, species, mean arterial 

pressure, central venous pressure and medications 10. The pathologic disease state associated 

with elevated IOP is called glaucoma. 

B. An Overview of Glaucoma  

 

B.1. Definition 

Glaucoma is a term describing a group of ocular disorders with a multi-factorial etiology. 

It is not a single entity and is sometimes referred to in the plural as the glaucoma. It is defined as 

chronic, degenerative optic neuropathy that can be distinguished from most other forms of 

acquired optic neuropathies by the characteristic appearance of the optic nerve. In glaucoma, 

the neuroretinal rim of the optic nerve, the site where ganglion cell axons exit the eye, becomes 

progressively thinner, thereby enlarging the optic nerve cup. This phenomenon is referred to as 

optic-nerve cupping. It causes the loss of retinal ganglion cells (RGC) axons, along with supporting 

glia and vasculature. Patients with glaucoma typically lose peripheral vision, and without 

treatment glaucoma can cause total permanent blindness 11.  

B.2. Classification of Glaucoma 

Glaucoma are classified by the appearance of the iridocorneal angle (angle formed by the 

iris and cornea). There are open-angle, closed-angle, and developmental categories, which are 

further divided into primary and secondary types12. Primary Open-angle Glaucoma (POAG), is the 

predominant form of glaucoma in Western countries.  

1. POAG is a singular subtype of glaucoma with an open angle, and if the IOP is 

elevated, no cause is found. 
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2. Secondary Open-angle glaucoma (SOAG) refers to a collection of glaucoma 

diseases with an open-angle, the IOP is or has been elevated, and a cause for the 

elevated IOP is clinically evident. 

3. Primary Angle-closure glaucoma (PACG) is a singular subtype of glaucoma with 

anatomical iridotrabecular contact, potentially involving multiple mechanisms; 

the IOP is always elevated at some stage. 

4. Secondary Angle-closure glaucoma (SACG) is a collective subtype of glaucoma with 

iridotrabecular contact not from any form of anatomical predisposition: an 

alternative pathological mechanism is responsible; and the IOP is or has been 

elevated at some stage. 

This work will focus on POAG and from here on POAG and glaucoma will be used interchangeably. 

B.3. Epidemiology of POAG 

After cataracts, glaucoma is the second leading cause of irreversible blindness across the 

world13. The highest prevalence of open-angle glaucoma occurs in African-Americans. Globally, 

there are an estimated 60 million people with POAG and an estimated 8.4 million people who 

are blind as the result of glaucoma. The number of people with glaucoma worldwide will increase 

to 111.8 million in 2040, disproportionally affecting people residing in Asia and Africa 14.  

B.4. Etiology of POAG 

The etiology of acquired simple POAG in human eyes has not been determined 

conclusively although the etiology of acquired PACG has become clearer. There are several risk 

factors associated with POAG, including demographic, familial, systemic and ocular factors. Both 

increased age and ancestry are risk factors identified in transversal and longitudinal studies. The 

presence of a family history of glaucoma, another well-established risk factor for the 

development of POAG, has been described among populations of different ethnicities. The early-

onset form of POAG, called juvenile open-angle glaucoma (JOAG) frequently shows a Mendelian 

pattern of inheritance, whereas the most prevalent sub-form, called adult-onset POAG, is 

inherited as a complex trait in most cases. Systemic factors, including low perfusion pressure of 
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the optic nerve head, have also been reported in various studies. Finally, increased IOP is a strong 

risk factor for POAG. Population-based data have shown a positive association between IOP and 

the incidence of glaucoma15. Elevated IOP is a well-known risk factor for the development of 

glaucoma, but it is not always present, such as in cases of normal-tension glaucoma (NTG). 

Furthermore, an individual with high IOP may not develop glaucoma 16. 

B.5. Pathogenesis of POAG 

There have been two major theories proposed for the initiating mechanisms of POAG: the 

mechanical and the vascular theories 17. The mechanical theory hypothesizes that an elevated 

IOP compresses the structure in and around the optic nerve head, disturbing the axoplasmic 

transport within the nerve fibers. This leads to the death of RGCs and their axons, resulting in the 

thinning of the neuroretinal rim and of optic nerve head. In the vascular theory, glaucomatous 

optic neuropathy is a consequence of insufficient blood supply due to either increased IOP or 

other causes that reduce ocular blood flow. This results in relatively low ocular perfusion 

pressure, which is the difference between systemic blood pressure and IOP.  

B.6. Glaucoma Treatment 

Today, the only well-established treatment of glaucoma involves lowering the IOP18. The 

first approach in the management of POAG is through topical medications 5. An array of drops 

can be used to lower IOP and can be divided into six major classes: prostaglandin 

analogues, beta-blockers, diuretics, cholinergic agonists, and alpha agonists. Monotherapy with 

either prostaglandin analogues or beta-blockers is most often the first line. Prostaglandin 

analogues decrease IOP by reducing outflow resistance, which results in increased AH 

flow through the uveoscleral pathway. Beta-blockers reduce IOP by decreasing AH 

formation. The Rho kinase (ROCK) inhibitors are a new class of drugs under investigation recently 

approved for use in glaucoma. They are thought to increase aqueous outflow by reversing 

structural and functional damage at the TM 19. Indeed, IOP lowering is possible with the use of 

eye drops, laser treatment directed to TM, which causes TM destruction or, trabeculectomy, a 

surgical procedure that allows communication between the anterior chamber and the 

subconjunctival space, reducing the resistance to AH outflow. However, RGC loss and visual field 

https://www.sciencedirect.com/topics/medicine-and-dentistry/prostaglandin-derivative
https://www.sciencedirect.com/topics/medicine-and-dentistry/prostaglandin-derivative
https://www.sciencedirect.com/topics/medicine-and-dentistry/beta-adrenergic-receptor-blocking-agent
https://www.sciencedirect.com/topics/medicine-and-dentistry/diuretic-agent
https://www.sciencedirect.com/topics/medicine-and-dentistry/parasympathomimetic-drug
https://www.sciencedirect.com/topics/medicine-and-dentistry/monotherapy
https://www.sciencedirect.com/topics/medicine-and-dentistry/aqueous-humor-flow
https://www.sciencedirect.com/topics/medicine-and-dentistry/aqueous-humor-flow
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loss continues to progress in a subset of glaucoma patients even when medical and surgical 

treatments successfully lower the IOP. Thus, new treatment modalities aiming towards direct 

prevention of RGC death are required, in addition to regulating IOP, to treat glaucoma 15. 

C. New Role of the Aqueous Humour 

An increasing number of papers describe the presence of many biologically active factors, 

signaling molecules, immune mediators and steroid hormones in the AH 20-22. Large proteomic 

analysis of human AH composition was performed in 2010 23. The researchers identified 676 

proteins including growth factors, protein kinases and phosphatases. An important question 

during the description of the AH proteome is “where are all the proteins found in AH coming 

from?” Although AH is a plasma filtrate, there are considerable differences between plasma and 

AH. Several cells and tissues from the anterior segment may be involved in active secretion of 

ions/proteins into the AH, and these proteins might serve as signaling molecule as suggested by 

Coca-Prados 24. According to this hypothesis, the source of proteins in AH is the CE itself after de 

novo synthesis, processing, and secretion. The peptides released by the CE in the AH can serve 

as messengers to communicate with surrounding tissues in the anterior segment of the eye. In 

particular, the tissues localized in the conventional outflow pathway (i.e., TM) and the 

uveoscleral pathway (i.e., ciliary muscle), are logical targets of the endocrine factors (peptides, 

hormones, growth factors) released by the CE. These factors could communicate between the 

inflow and outflow pathways and regulate functions including contractility of the ciliary muscle 

and outflow resistance of the AH fluid. Changes in these physiological responses are potentially 

important links associated with the pathophysiology of glaucoma 25. 

 

 

 

 

 

 

 

Figure 5. Endocrine communication between inflow and 

outflow. NPCE and PE cells release factors (filled and empty 

squares) to act on cognate receptors expressed at a distance 

like that in the TM cells, either via the AH or via stroma on 

ciliary muscle cells and vascular endothelial cells of blood 

vessels by endocrine/paracrine mechanisms.  

 Coca-Prados, J. Escribano / Progress in Retinal and Eye 

Research 26 (2007) 239–262 
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Further support for communication between the ocular drainage systems came from cell culture 

experiments performed in our laboratory where co-cultured NPCE and TM cells induced 

significant increase in the activity of some phosphatases and matrix, in TM cells 26. Still, it remains 

mechanistically unclear how active molecule proteins and enzymes known to be in the 

intracellular space, could function in the AH which is found in the extracellular milieu. The 

involvement of Extracellular Vesicles (EVs) offers one possible solution. PE cells contain pigment 

granules of melanin synthesized and deposited in membrane-bound organelles, such as 

melanosomes. These dense granules are abundant, ellipsoidal, and concentrate near the apical 

plasma membrane; they can be distinguished morphologically by their relatively large size (41 

µm in diameter) (Fig. 6). In contrast, NPCE cells contain a wide range of secretory vesicles in their 

cytoplasm, ranging from 10 nm to up to 1.5 µm in diameter. Large vesicles (200 nm–1.5 µm in 

diameter) are dense-core vesicles of a circular shape which are enclosed by a membrane and 

scattered throughout the cytoplasm (Fig. 6A). Smaller sized vesicles (10–100 nm in diameter) 

include translucent and dense-core secretory vesicles and they constitute the putative dense 

core granules containing peptides (Fig. 6B). These secretory vesicles either move to the plasma 

membrane, release their content in a regulated manner, or they may be released directly from 

the plasma membrane 24.  

 

 

 

 

 

 

 

Figure 6. Ultrastructure of ciliary epithelium. (A) Electron micrograph of a bovine ciliary process 

showing the cell layers of the ciliary epithelium, the pigmented (PE) and nonpigmented ciliary 

epithelium (NPCE). (B) Small translucent vesicles in NPCE cells. (C) The cytoplasm of PE cells 
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contains many melanin granules. M. Coca-Prados, J. Escribano / Progress in Retinal and Eye 

Research 26 (2007) 239–262. 

D. Extracellular Vesicles 

EVs are heterogeneous populations of naturally occurring nano- to micro-sized 

membrane vesicles. EVs are released in an evolutionally conserved manner by cells ranging from 

prokaryotes to higher eukaryotes and plants that are capable of intercellular communication 27. 

They have emerged as a novel and important player in intercellular communication, mainly 

through their ability to transfer their biological content, consisting of proteins, lipids, and nucleic 

acids, to recipient cells 28. 

D.1. EVs Classifications 

EVs can be classified into three main groups: apoptotic bodies (ABs), microvesicles (MVs) 

and exosomes, each with specific characteristics, including their biogenesis, size, cellular origin, 

protein composition, mRNA and miRNA content, and biological function 27. A common feature in 

all three EV subtypes is a lipid bilayer membrane that surrounds its specific cargo 29.  

D.1.1. Exosomes 

Attracting perhaps the most attention recently have been exosomes (30–150 nm), a 

homogenous population of EVs which are released from cells upon fusion of an intermediate 

endocytic compartment, the multivesicular body (MVB), with the plasma membrane 30. 

Exosomes bear proteins, lipids, and RNAs, mediating intercellular communication between 

different cell types in the body, and thus affecting normal and pathological conditions 31. 

D.1.2. Microvesicles 

 Cells can also produce a more heterogeneous population of EVs up to 1 μm in diameter 

called microvesicles (MVs), which are formed by budding and shedding of the cell membrane, a 

process that involves calcium dependent signaling and enzyme activity 32. The lipid composition 

of EVs is like that of the cell membrane, but they have an increased level of the 

aminophospholipids, phosphatidylserine (PS), and phosphatidylethanolamine, compared to the 
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outer leaflet of the cell membrane 33. MV inner contents are like those of exosomes and mirror 

those of their parent cells 34. 

D.1.3. Apoptotic Bodies 

Apoptotic bodies (ApoBDs) are the largest vesicle type of the 3 major EV classification 

groups, with a size ranging from approximately 50 to 5000 nm.  They are formed as a result of 

membrane blebbing released from cells during the late stage of programed cell death 35. 

Breakage of apoptotic cells into ApoBDs was previously believed to be a random process, until a 

recent discovery revealed that a well-coordinated process is responsible for the formation of 

ApoBDs 36.  EVs produced during apoptosis have important immune regulatory roles, a concept 

relevant across different disease settings including autoimmunity, cancer, and infection 37. 

 

Figure 7. Schematic representation of subtypes of EVs released by a cell. Three subtypes of EVs, 

namely exosomes, shedding micro vesicles and apoptotic bodies, are known to be secreted by a 

cell into the extracellular space. Exosomes are released by exocytosis, whereas shedding micro 

vesicles are secreted by outward budding of the plasma membrane. Apoptotic bodies are 

released by dying cells during the later stages of apoptosis so that cell debris can easily be 

eliminated by neighboring and immune system cells 29. 
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D.2. Exosomes Biogenesis 

Among the three main classes of EVs in this work, a focus will be placed on exosomes. 

Exosome biogenesis occurs when plasma membrane and lipids are endocytosed. Endocytic 

vesicles are delivered to the early endosomes, which fuse with each other, forming late 

endosomes.  When the late endosomal membrane blebs inward, multivasicular bodies (MVBs) 

are formed, which are characterized by the presence of multiple small interluminal vesicles (ILVs). 

When MVBs undergo maturation, the “cargo” within them is sorted, and they then fuse with 

lysosomes for lysosomal degradation, or fuse with the plasma membrane to be released as 

exosomes in the extracellular space (Fig. 8) 27. The sorting process and the generation of ILVs 

require the Endosomal Sorting Complexes Required for Transport (ESCRT) machinery. It has been 

shown that ESCRT family members, including Tsg101, Hrs11, CHMP41, STAM1, VPS4, and VTA1, 

or ESCRT-associated protein ALIX, are involved in the regulation of exosomal biogenesis and 

cargo sorting in metazoan systems. Tsg101, Vps41, and ALIX might also mediate protein or RNA 

loading into exosomes 38. However, depletion of the components of ESCRT reduced the secretion 

of exosomes rather than preventing it altogether, thereby indicating the presence of an ESCRT-

independent pathway in exosome biogenesis and cargo sorting 38,39.  

 

Figure 8. Biogenesis and release of exosomes. Represented diagram depicts a typical exosomes 

biogenesis and release 27. 



14 
 

D.3. Composition of Exosomes 

Proteins, nucleic acids and lipids have all been identified in exosomal cargoes (Fig. 9). The 

RNAs enriched in exosomes include coding mRNAs and non-coding RNAs such as ribosomal RNA 

(rRNA), micro RNAs (miRNAs), long noncoding RNAs (lncRNAs), and recently identified circular 

RNAs (circRNAs) 38. Advances in mass spectrometry have aided the identification of a vast number 

of proteins in exosomes. A wide variety of proteins have been found eg. enzymes, transcription 

factors, cytokines, receptors, and growth factors 40. An increasing number of studies provide 

lipidomic data sets of exosomes from cell lines and biological fluids of multiple species. Although 

differences in the lipid composition of exosomes derived from different sources have already 

been found, exosomes are generally enriched in sphingomyelin, cholesterol, PS and 

glycosphingolipids compared to their parent cells 41. Cargoes are both cell-type and cell-state 

specific. In the past few years, numerous studies have reported changes in exosome composition 

induced by modifications of the culture conditions, which can mimic different extracellular 

environments or different physiological or differentiation states of the secreting cells. For 

example, the mRNA content was found to differ significantly between exosomes derived from 

mast cells grown under oxidative stress and normal conditions 42, 31. 

 

Figure 9: Overall composition of exosomes. Schematic representation of the composition 

(families of proteins, lipids, and nucleic acids) of exosomes 31.  
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D.4. Function of Exosomes 

Exosomes were originally thought to function as a waste disposal system, but extensive 

research during recent years revealed that exosomes participate in many biological processes. 

The reported functions of exosomes include angiogenesis 43, inflammation 44, metastasis 

spreading 45, immune response 46, 47wound healing, morphogenesis 48 and are also postulated to 

play an important role in normal and diseased eye 49. In addition, exosomes were discussed to be 

involved in protecting cells against intracellular stress.  Regarding the ocular system, papers have 

described exosome mediated communication in retinal pigment epithelium cells exposed to 

oxidative stress 50,51. In 1996, Raposo et al. proposed, for the first time, a signaling role of 

exosomes in cell-to-cell communication 52. Currently, interaction of exosomes with target cells 

under physiological conditions is not well understood. Three different models of exosome 

function have been proposed: (1) internalization by target cells, (2) binding to the cell surface 

and triggering a second messenger pathway, and (3) fusing with the cell membrane and releasing 

the components into the extracellular matrix 42.   

E. Canonical Wnt Signaling 

The canonical pathway, also called the Wnt/β-catenin pathway is an evolutionarily 

conserved molecular cascade initiated by interaction between Wnt and Wnt receptor and 

culminating in the accumulation and translocation of the adherent junction associated-protein 

β-catenin into the nucleus. Wnt signaling is best known for its role during development but may 

also play a role in normal physiologic processes in adult life. The canonical pathway was first 

identified and delineated from genetic screens in Drosophila, and intensive studies in the fly, 

worm, frog, fish, and mouse have led to the identification of a basic molecular signaling 

framework (Fig. 10). The name Wnt is resultant from a fusion of the name of the Drosophila 

segment polarity gene wingless and the name of the vertebrate homolog, integrated or int-1 53.  

The canonical Wnt pathway switches between an on/off states. In the off-state, β-catenin 

levels are kept low through ubiquitin-dependent proteasome degradation, a process governed 

by a molecular machine called the β-catenin destruction complex 54. The destruction complex is 

composed of the scaffolding proteins axin and the adenomatous polyposis coli tumor suppressor 
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protein (APC), kinases CK1α and GSK3α/β. In the absence of Wnt proteins, neo-synthesized β-

catenin is constitutively targeted for proteolysis after phosphorylation by GSK-3 and CK1 through 

the ubiquitin pathway; Wnts function by inhibiting this degradation. Wnts are proteins of ∼40 

kDa that are post-translationally modified through palmitoylation and glycosylation 55. Wnt 

proteins bind to cell surface receptors of the Frizzled family, causing the receptors to activate 

assorted family of proteins. This activation inhibits the degradation of β-catenin by the GSK3-

axin-APC complex and increases the amount of β-catenin that reaches the nucleus where β-

catenin interacts with T-cell factor (TCF) family members and activates Wnt target genes 56. 

 

Figure 10. A schematic representation of the canonical Wnt signal transduction cascade. Left, 

in the absence of Wnt ligand, the destruction complex is in the cytosol. β-catenin is dually 

phosphorylated by CK1 and GSK3-β and targeted degradation by the proteasomal machinery 

mediated. Right, with Wnt stimulation, signaling through the Fz receptor and LRP5/6 co-receptor 

complex induces the dual phosphorylation of LRP6 by CK1 and GSK3-β and this allows for the 

translocation of β-catenin into the nucleus where it complexes with Lef/Tcf family members to 

mediate transcriptional induction of target genes 53.                                                     

E.1. Wnt Signaling in POAG 
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Many studies have shown that abnormalities in cell signaling within the TM tissue may 

contribute to the development of IOP 57,58. Wnt signaling has been of particular interest, and 

research findings in recent years suggest that abnormalities in this pathway may underlie the 

pathogenesis of POAG.  While the underling mechanism is still unclear, addition of exogenous 

sFRP1, a specific Wnt/β-catenin signaling inhibitor, to ex vivo perfusion cultured eyes decreased 

outflow facility and increased the IOP. Expression of sFRP1 likewise induced IOP elevation in mice  

59-62.The presence of active Wnt signaling has also been reported at a cellular level in vitro within 

TM cells 61,62. This active Wnt signaling is found to be involved in TM cell mediated ECM 

expression 63 and TM cell stiffening 64. Overall, Wnt signaling appears to be a key player in TM 

regulation, with strong evidence suggesting that abnormal Wnt signaling may promote IOP 59,62. 

E.1.1. Wnt Signaling and MYOCILIN in POAG  

It is now well established that a genetic component may contribute to glaucoma, and 

several glaucoma-associated genes have been identified. The first-identified and the most-

studied gene is MYOCILIN (MYOC), which is highly expressed in and secreted by the TM 65. It has 

been suggested that the intracellular accumulation of myocilin aggregates is deleterious to the 

trabecular meshwork cells, resulting in the deterioration of their function, formation of stress 

fibers in primary cultures of human TM, and subsequent elevation of IOP 65,66. Heung-Sun Kwon 

and colleagues demonstrated that antibodies against myocilin, as well as secreted inhibitors of 

Wnt signaling, secreted Frizzled-related protein 1 (sFRP1) or sFRP3, and β-catenin small 

interfering RNA which blocks the stress fiber-inducing activity of myocilin 65. Myocilin has been 

shown to interact with sFRP1, sFRP3 and other Frizzled receptors. Such direct interactions, along 

with other factors/events, may lead to Wnt activation upon myocilin overexpression 11.  

E.1.2. Wnt Signaling in Steroid-Induced Glaucoma 

There is a uniform consensus amongst researchers that glucocorticoids, used frequently 

as potent anti-inflammatory agents, increase the risk of glaucoma by raising the IOP when 

administered exogenously 67. Approximately 30% to 40% of the normotensive population 

develops elevated IOP when treated with ocular glucocorticoids such as dexamethasone 

(DEX). DEX is known to increase expression of collagen and fibronectin in TM cells, and to change 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kwon%20HS%5BAuthor%5Dcauthor=truecauthor_uid=19188438
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the ECM structural organization 68. The underlying mechanisms for dysregulation of TM 

cytoskeletal dynamics, ECM deposition, and remodeling remain poorly understood. Shen et al. 

showed that Wnt signaling activation by way of myocilin overexpression and application of 

SB216763, a GSK-3β inhibitor able to activate the Wnt/β-catenin signaling pathway in cells, 

resulted in impaired actin expression of TM cells 69. In a recent study, it was demonstrated that 

the inhibition of Wnt signaling prevented Dex-mediated myocilin expression and ECM expression 

of primary human TM cells and when the TM cells were treated with BML-284, a Wnt signaling 

activator, it was found that collagen secretion increased 62. The state of the actin cytoskeleton in 

TM cells is important in determining AH resistance. Increased AH resistance may lead to elevation 

of IOP, which is the main risk factor in glaucoma. Modulation of Wnt signaling may provide a 

useful tool in the reorganization of cytoskeleton of TM cells and regulation of IOP. 

E.1.3. Role of Wnt Signaling and Cadherin in the IOP Regulation  

Experiments in living monkeys or perfusion organ cultures have shown that agents 

including cytochalasins, H-7, and latrunculins which perturb the actin structure, increase the 

outflow facility. The increased flow is believed to result from the separation of cells from their 

neighboring cells and the ECM, and the change in the overall TM geometry through cellular 

relaxation and contraction 69. It is well documented that the cells of the conventional outflow 

pathway possess endothelial-like properties. Permeability of endothelial cells is determined by 

the adhesive properties of the proteins that comprise the tight junctions and adherent junctions 

21. Cadherins play a key role in cell-to-cell adhesion, directing tissue patterning and forming 

neural connections during development 17. Increased cell-to-cell adhesion may contribute to 

biomechanical alterations in TM, and changes in β-catenin levels, and its possible sequestration 

to cell adhesion sites may affect Wnt signaling. However, the effects of Wnt signaling on 

cadherins in the TM are still unclear, and the role of cadherins in IOP regulation is unknown.   

Wecker et al. 70 showed that in human TM cells, N-cadherin and OB-cadherin are up-regulated 

by TGFβ2, as well, show enhanced TM cell-substrate adhesion. However, Hannah et al. 60 showed 

that overexpression of K-cadherin significantly decreased sFRP1-induced IOP.  Hannah et al. 

speculated that TGFβ signaling and Wnt signaling use OB-cadherin and K-cadherin to 

differentially regulate TM cell adhesion, and function due to their opposing effects on IOP 60.  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/signal-transduction
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E.2. Wnt Signaling Regulation 

The Wnt signaling is known to crosstalk with other signaling mechanisms including Notch, 

NF-κB, mTOR, transforming growth factor -β, protein kinase C and PI3K/AKT 11. Among them, 

PI3K/AKT has been shown in several investigations to act upstream of Wnt signaling, resulting in 

β-catenin stabilization either via phosphorylation on Ser 9 of GSK-3β, thereby inhibiting its 

activity, or by direct phosphorylation of β -catenin on Ser 675 to inhibit β –catenin 11.  

E.2.1. Crosstalk Between Wnt/β-catenin and PI3K/Akt Signaling Pathway 

The PI3K/AKT signaling cascade plays a major role in cell survival through direct 

inhibition of pro-apoptotic signals, and mediates numerous additional cellular functions such as 

metabolism, growth, protein synthesis, and transcription.  A study of the most significantly 

altered canonical pathways in POAG revealed a potentially critical role for PI3K/AKT signaling 

pathway in disease pathogenesis 71. Induced IOP elevation in rats has been shown to activate the 

PI3K/Akt pathway 72.  Previous studies have supported a molecular intersection between 

components of the Wnt and PI3K/Akt signaling pathways 73. Among PI3K/Akt many substrates, it 

has long been established that AKT inhibits GSK-3β activity in PI3K-dependent direct 

phosphorylation. Wecker et al. found that TGF-β2 activates Smad-2/3, AKT and ERK signaling, 

and enhances the expression of β-catenin as well as N- and OB-cadherins. TGF-β2 increased 

cadherin-mediated cell-to-cell adhesion and β-catenin expression in human TM cells. This effect 

was blocked by inhibition of MEK or AKT. Increased cell-to-cell adhesion may contribute to 

biomechanical alterations in glaucomatous TM, and changes in β-catenin levels and its possible 

sequestration to cell adhesion sites may affect Wnt signaling 74.  
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Figure 11. Effects of TGF-β2 on Cadherins and β-Catenin in Human Trabecular Meshwork 

Cells.  β-Catenin serves dual roles as a Wnt signaling transcription factor and as an essential 

component of cadherin-mediated cell–to-cell adhesions. The TGF-β activates Smad, MEK-ERK, 

Pi3K-AKT, and RhoA-ROCK signaling, and alters cytoskeletal structures, as well as β-catenin and 

cadherin expression 74. 

E.2.2. Regulation of the Wnt/β-catenin Pathway by PP2A 

Along the cascade of the PI3K/AKT signaling pathway, additional potential elements 

involved in the regulation of WNT pathway is protein phosphatase 2A (PP2A). PP2A was found to 

be significantly higher in AH samples from the POAG group as compared to a cataract group 75. 

After treatment with DEX, TGFβ2 alkaline phosphatases activity was reported to be increased in 

TM cells 76. Alkaline phosphatases activity was also found to be significantly higher in intact TM 

tissues from glaucomatous patients 76. PP2A has been shown to negatively regulate signaling 

networks such as the Wnt pathway. Yokoyama et al. revealed that knockdown of the PP2Ac 

catalytic subunit led to increases in phosphorylated-GSK3β 77. Mitra et al. confirm this finding and 

show that PP2A-mediated dephosphorylation of GSK3β occurs through recruitment of two heat 

shock proteins. This data supports a potential role of PP2A in dephosphorylating, and thereby 

activating, GSK3β with concomitant phosphorylation of β-catenin leading to its destruction 8.  

 

E.2.3. Regulation of the Wnt/β-catenin Pathway by Redox Signaling 

There is an increasing body of evidence suggesting that ROS play a key role in the 

pathogenesis of primary open angle glaucoma (POAG). Izzotti et al. 6 found that oxidative DNA 

damage was significantly increased in the TM of glaucomatous patients compared to control 78. 

Perturbation of the oxidants versus antioxidant balance can lead to increased oxidative damage, 

especially when the first line of antioxidant defense weakens with age 78. ROS, traditionally 

viewed as toxic by-products that cause damage to biomolecules, are now clearly recognized as 

intracellular messengers in a variety of biological processes and pathological states 79.  

It has been previously reported that ROS can modulate signaling by the Wnt/β-catenin 

pathway. Funato and co-workers 22 show that treatment of cells with a low dose of H2O2 induces 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/low-drug-dose
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rapid stabilization of β-catenin and a concomitant increase in the expression of endogenous Wnt 

target genes. Paradoxically, it has been shown that H2O2 can also inhibit Wnt/β-catenin signaling 

80. A difference between these studies is the timeframe of the experiments: H2O2 induces a rapid 

increase in Wnt signaling that peaks around 20 min after stimulation but signaling is reduced 

when cells are analyzed several hours later. The functional significance of this dynamic response 

to ROS is not clear 15. It has been previously reported that TM cells treated with H2O2 (250 µM) 

for 3 h displayed an intense staining of β-catenin compared to control cells. This response of 

H2O2 (250 µM) was reduced in the presence of either DPI (2 µM) or NAC (1 mM), which attenuate 

ROS levels 21. 

F. Oxidative Stress and Exosomes 

The ability of exosomes to carry protective signals following oxidative stress has been 

described 81,82. A recent study showed that co-incubation of exosomes released by cells under 

oxidative stress with cultured granulosa cells could alter the relative abundance of cellular 

oxidative stress response molecules including Nrf2 and antioxidants CAT, PRDX1 and TXN1 83.  NF-

E2-related factor 2 (Nrf2), a major protein of oxidative stress regulating, is sequestered by 

cytoplasmic Keap1. Activation of Nrf2 signaling pathway was shown to play an essential role in 

protecting against oxidative stress in many tissues including lung, liver, and brain, and alleviated 

oxidative damage in many ocular diseases, such as retinal ischemia-reperfusion injury, diabetic 

retinopathy, retinopathy of prematurity, and age-related macular degeneration (AMD)84. 

Because Nrf2 plays a key role in the transcriptional induction of various antioxidants, and a vast 

set of antioxidant/detoxification genes that act in synergy to remove ROS is essential for efficient 

detoxification of ROS, identification of molecules that can induce Nrf2 activation has recently 

received considerable attention 25.  
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sisResearch objective &hypothe 

Working Hypothesis 

 

We assume that there are communication processes taking place between the AH 

producing cells - the NPCE cells, and the drainage system of the eye. One way for this 

communication to occur may be through exosome excretion from the NPCE cell to the anterior 

chamber, carrying signals with their cargo possibly directed to TM cells. Along with the hypothesis 

that signaling molecules originating from the ciliary body affect the TM, we will try to shed light 

on the TM Wnt-AKT pathway involvement in such a process. 

Overall Objectives 

Our broad long-term goal is to provide insight into the role of NPCE derived exosomes in 

the ocular drainage system. In addition, we will attempt to clarify possible new interfering sites 

for Primary Open-Angle Glaucoma (POAG) treatment within the ocular drainage system based 

on intervention in the Wnt-AKTsignaling pathway by NPCE derived exosomes.  

Specific Aims 

1. To extract, purify and identify exosomes excreted from NPCE cells. We hypothesize that 

similarly to a large variety of cells, NPCE cells are exosomes releasers.                                                                                                                                                      

2. To analyze NPCE derived exosomes content. We hypothesize that the exosomes content plays 

a role in NPCE –TM communication.  

3. To identify the pathway of ocular NPCE-derived exosomes communication with TM cells. We 

hypothesize that NPCE exosomes can communicate with TM cells through receptor-ligand 

interactions, TM cytoplasmic penetration, or they might target the TM cell's nucleus. 

4. To search for the specific signaling pathways affected/regulated in TM cells by exosomes. 

We hypothesize that the Wnt-AKT signaling pathway in TM cells, previously showed to be 

involved in ECM homeostasis, might be regulated by NPCE derived exosomes.  

5. To investigate the effects of oxidation stress on NPCE exosomes release and content. 

Increased oxidative stress is well identified in POAG drainage system. We hypothesize that NPCE 

reaction to oxidative stress will result in changes in exosomes content and release.  
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Materials and Methods 

A. Materials and Sources 

Table 1: List of materials and sources 

Name Description Producer Catalog 
number 

2X Laemmli sample buffer   Bio-Rad Laboratories 161-0737 

2-β-Mercaptoethanol   Biological Industries 01-055-1A 

4X Laemmli sample buffer   Bio-Rad Laboratories 161-0747 

AAPH 2,2’- azobis (2-
amidinopropane) 
dihydrochloride 

Sigma-Aldrich 44091425G 

Acetic acid glacial   Amresco 0837-500 

Acrylamide solution  30% Acrylamide/Bis 
Solution, 29:1 

Bio-Lab chemicals 4470501 

anti-(HRP)-conjugated 
donkey anti-rabbit  

(1:5,000) GE Healthcare Life Scinces Na934v 

anti-(HRP)-conjugated goat 
anti-mouse 

(1:20,000) Jackson Immunoresearch 
Laboratories 

115035062 

anti-Akt (1:000) Cell Signaling 4691 

anti-Alexa Fluor 488 anti-
mouse IgG  

(1:100-1:500) Jackson Immunoresearch 
Laboratories 

115545146 

anti-COL3A1  (1:1000) Santa 
Cruz Biotechnologies 

sc-271249 

anti-GAPDH  (1:400) Santa Cruz sc-25778 

anti-lamin B (1:1000) Santa Cruz sc-6216 

anti-mTOR (1:10,000) Santa 
Cruz Biotechnologies 

sc-293089 

anti-Nrf2  (1:200) Abcam ab62352 

anti-pan-cadherin     sc1499 

anti-phospho-Akt Ser308  (1:000) Cell Signaling 13038 

anti-phospho-Akt Ser473 (1:000) Cell Signaling  4060 

anti-phospho-c-Raf  (1:000) Cell Signaling 9421 

anti-phospho-GSK3β  (1:1000) Cell Signaling 5B3 

anti-phospho-mTOR (1:10,000) Santa Cruz 
Biotechnologies 

sc-293133 

anti-phospho-PDK1  (1:000) Cell Signaling C49H2 

anti-PP2A  (1:10,000) BD Biosciences 610555 

anti-α-tubulin  (1:200) Biolegend 62901 

anti-β-actin (1:4,000) Sigma-Aldrich A2228 
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anti-β-catenin  (1:1000) Cell Signaling D10A8 

APS Ammonium persulfate Bio-Lab chemicals 04-121-1A 

Bio-Rad protein assay    Bio-Rad Laboratories 5000006 

Black 96-well plates     supplier?   

Bovine catalase   Sigma  9001-05-2 

Bromophenol blue   Biological Industries 03-052-1A 

BSA Bovine serum albumine Bio-Rad Laboratories 161-0156 

Calcium chloride   Bio-Rad Laboratories 161-0700 

Centrifuge tubes 25x89 mm Beckman coulter 344058 

Centrifuge tubes 14x89 mm Beckman coulter 344059 

Coomassie brilliant blue 
G250 

  Fluka Bio Chemika 27815 

Cover glasses  13 mm  Marienfeld 111530 

Cy3-conjugated IgG  rabbit  
Jackson ImmunoResearch 
Laboratories 711-165-152 

DAPI Fluoromount-G   Southern Biotech 10020 

DCFH-DA 2'-7'- 
Dichlorodihydrofluoresc
ein diacetate 

Sigma Aldrich D6883 

DEPC   Biological Industries, Beit 
Haemek 

1852 

DiD 1. 1,1'-Dioctadecyl-
3,3,3',3'-
Tetramethylindodicarbo
cyanine, 4-
Chlorobenzenesulfonate 
Salt 

Biotium 60014 

DMEM Dulbecco’s modified 
eagle’s medium with 
4.5g/ml D-Glucose 
without L-Glutamine  

Biological Industries, Beit 
Haemek 

161-0373 

DMSO Dimethyl sulfoxide  Bio-Rad Laboratories 161-0800 

DTT Dithiothreitol  Bio-Rad Laboratories 161-0719 

EDTA Ethylene diamine tetra-
acetic acid 

Fluka Bio Chemika 48723 

EGTA Ethylene glycol-bis (b-
aminoethylether) N, N, 
N', N' tetra-acetic acid  

Fluka Bio Chemika GA12681 

Ethanol   Bio-Lab chemicals 5252301 

Exo-Check antibody array   System Biosciences EXORAY-4 
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Exo-Red+Exo-Green exo 
cargo 

  System Biosciences SBEXOC300A-1 

EZ-ECL Solution A   Biological Industries, Beit 
Haemek 

20500500A 

EZ-ECL Solution B   Biological Industries, Beit 
Haemek 

20500500B 

EZ-RNA Kit   Biological Industries, Beit 
Haemek 

20410100 

FBS Fetal Bovine Serum Invitrogen D6567 

FeSO4       

Glycerol   Sigma-Aldrich 56815 

Glycine   Sigma-Aldrich B4184 

H2O2 Hydrogen peroxide 30% Merck 7722-84-1   

H2SO4       

HEPES  1 M sterile solution in 
H2O  

Sigma-Aldrich M6250 

High Capacity cDNA RT kit   Applied Biosystems 733-1177 

KSCN       

L-Glutamine Solution 29.2mg/ml in Saline (200 
millimole/liter) 

Sigma-Aldrich ED2P-500G 

L-Methionine   Sigma-Aldrich M9625-25G 

Metanol   Bio-Rad Laboratories 1368052100 

MgCl2 Magnesium chlorid Sigma-Aldrich M8266 

MiRCURY RNA isolation kit   Exiqon EXIQO-300110 

MTT 3-4, 5 dimethylthiazol-
2,5 diphenyl tetrazolium 
bromide 

Sigma-Aldrich P7170 

Na3VO4 Sodium orthovanadate Sigma-Aldrich EC 247-852-1 

NaCl Sodium chloride Bio-Lab chemicals 190305910 

NaF Sodium fluoride Sigma-Aldrich P9416 

NBT  Nitroblue tetrazolium  Sigma-Aldrich   

Nitrocellulose membranes  0.45 mm Bio-Rad Laboratories 1620115 

NP-40 Nonidet P-40  Sigma-Aldrich 9016459 

Paraformaldehyde Paraformaldehyde 
solution 4% in PBS  

Santa cruz biotechnology sc-281692 

PBS Phosphate buffered 
saline  

Sigma-Aldrich P4417-100TAB 

Peniciline/Streptomycin 10000 units / ml 
penicillin G sodium and 
10 mg / ml streptomycin 
sulfate  

Biological Industries, Beit 
Haemek 

03-035-1C 
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Phosphate inhibitor coctail A   Biotool B15001 

Phosphate inhibitor coctail B   Biotool B15002 

Polyethylene glycol (PEG) 
8000 

  Sigma-Aldrich 89510 

Polystyrene beads 114nm   Izon Science CPC100B 

Ponceau solution 0.1% Ponceau S (w/v)  Sigma-Aldrich M2003 

Power SYBR Green Master 
Mix 

  Applied Biosystems 4367659 

Precision Plus protein 
standards 

  Sigma-Aldrich 1610373 

Protease inhibitor mixture   Biotool B14001 

qScript cDNA Synthesis kit   Quanta 95047025 

Riboflavin   Sigma-Aldrich 83885 

RPMI 1640   Biological Industries, Beit 
Haemek 

011041A 

SDS Sodium dodecyl sulfate, 
20% solution 

Sigma-Aldrich 450243 

Skim milk powder   Fluka Bio Chemika 70166 

Sodiujm deoxycholate   Sigma-Aldrich D6750 

Sodium Azide   Sigma-Aldrich P8340 

Sodium fluoride       

Sodium orthovanadate   Sigma-Aldrich 13721-39-6 

Stripping Buffer   Sigma-Aldrich 201154 

Sucrose    Sigma-Aldrich S5016 

SurePrint G3 Human miRNA 
microarrays 

8 X 60k microarrays Agilent Technologies   

TaqMan Fast Advanced 
Master Mix 

  Applied Biosystems 4444557 

TEMED (N,N,N',N'-Tetra-methyl-
ethlenediamine) 

Bio-Rad Laboratories 161-0800 

Tris    Bio-Rad Laboratories 161-0719 

Triton-100 iso-
Octylphenoxypolyethox
yethanol 

Biological Industries 20-500-500 

Trizma buffer pH 7.6 Sigma-Aldrich 93374-250G 

Trypsin 0.05% Trypsin with 
EDTA, with phenol red 

Thermo SCIENTIFIC 21059 

Tween-20   Merck 9005-64-5 

X-ray film 13x18 Fuji  47410 
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B. Instruments 

Table 2: List of instruments 

Instruments Model  Manufacture 

Abbe refractometer  1211 NAR-1T Atago  

Agilent Bioanalyzer  2100 Agilent Technologies 

Bruker esquire 3000plus    Bruker Daltonics 

Cell Centrifuge 4K15 Sigma  

Confocal microscopy system FV-1000 Olympus 

DNA Microarray Scanner    Agilent Technologies 

Film developer Curix 60 film processor AGFA  

Flow cytometer Guava Easy Cyte mini Guava Technologies 

Gradient maker SG30  Hoefer 

Horizontal shaker Titramax 1000 Heidolph 

ImageStream flow cytometer  Mark II Amnis 

Incubator   Tuttnauer 

Light microscopy TS100 Nicon 

Magnetic stirrer Hot plate MH-series M.R.C Ltd 

Microplate reader 680 Bio-rad 

Microplate shaker      

Mini-PROTEAN Tetra Cell   Bio-rad 

MiniTrans- Blot Electrophoretic transfer 
cell    Bio-Rad 

NanoDrop spectrophotometer  2000 Thermo Scientific 

Microcalorimeter NanoITC Low volume  TA Instruments 
NanoSight Nanoparticle Size and 

Concentration Analyzer 
NS500  Malvern Instruments 

Polytron homogenizer  PT 1200 
Kinematica AG, 
Switzerland 

qNano particle analyser qNano Gold Izon Science 

Real time PCR 7500 real time PCR system Applied Biosystem 

Sonicator ultrasonic processor Vibra cell Misonix Inc., USA 

Spectrophotometer NanoDrop2000 Thermo Scientific 

Infinite M-200 Microplate Reader (Tecan) infinite M200 Mannedorf 

Transmission electron microscopy Tecnai 12 TWIN TEM FEI 

Ultra-Centrifuge     
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C. Buffers and Solutions 

C.1. Protein Extraction 

C.1.1. Cytoplasmic Protein Extraction 

Buffer A: 1 mM EGTA, 1 mM EDTA, 10% glycerol, 1 mM Na3VO4, 1 mM MgCl2, 25 mM NaF, 150 

mM NaCl, 20 mM HEPES (pH 7.4). 

C1.2. Nuclear Protein Extraction 

Buffer B: 50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40, and 0.5% deoxycholate. 

C.1.3. Whole Cell Protein Extraction 

20 mM HEPES (pH 7.4),150 mM NaCl, 1mM EGTA, 1 mM EDTA, 10% glycerol,1 mM MgCl2, 1% 

Triton X-100. 

C.2. Western Blot Analysis 

C.2.1. Preparation of Polyacrylamide Gel  

Table 3: Separating and stacking gels for Western Blot analysis 

Buffer/solution Separating gel (10%)  Stacking gel (4%) 

DDW (double distilled water) 5.22ml 3.05ml 

1.5 M Tris HCl, pH 8.8 2.75ml - 

0.5 M Tris HCl, pH 6.8 - 1.25ml 

Acrylamide/Bis (30% stock) 2.72ml 0.65ml 

50% glycerol 100 µl - 

10% (w/v) SDS 100 µl 50µl 

10% AP 100 µl 75µl 

TEMED 10 µl 7.5µl 

 

C.2.2. Protein Running and Separation 

Running Buffer: 25mM Tris HCl, 192mM glycine, 0.1% SDS, pH 8.3. 
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Sample Buffer: Laemmli buffer, 0.1% β-mercaptoethanol. 

C.2.3. Protein Transfer to Nitrocellulose Membrane 

Transfer Buffer: 25mM Tris HCl, 192mM glycine, 20% methanol, pH 8.3. 

Tris buffer saline (TBS) :  4mM, 100mM NaCl, pH 8.0. 

TTBS (TBS-Tween 0.1%):  4mM, 100mM NaCl, pH 8.0, 0.1% Tween 20. 

C.3. Immunohistochemistry and Immunofluorescence Assay 

Paraformaldehyde Fixative Solution: 4% paraformaldehyde in 0.1M PBS. 

Permeability Solution: 0.5% Triton X-100 in PBS.  

Blocking Solution: 3% BSA in PBS.  

Rinsing Solution: 0.05% Tween 20 in PBS.  

C.4. Exosome Extraction 

Precipitation solution: 50% PEG8000, 0.5M NaCl in PBS. 

C.5. MTT Assay 

MTT solution: 0.5 mg/ml MTT reagent in PBS buffer, pH 7.5. 

C.6. Antioxidant Activity 

C.6.1. Catalase Activity 

PBS buffer ×1: 0.136M NaCl, 2.68mM KCl, 1.76mM KH2PO4, 10.1mM Na2HPO4, pH 7.4. 

Reaction mix: 50µg whole cell protein extract was mixed in PBSX1 buffer to final volume of 900µl. 

Initiation of reaction: addition of 1/10 volume of 60mM H2O2 to reaction mix.  

Quenching solution: 0.6N H2SO4: 10mM FeSO (4:1, v/v) 

Color developing solution: 2.5M KSCN. 

C.6.2. SOD1 Activity 

Reaction mix: 4µM Riboflavin, 14mM L-Methionine, 75µM NBT (Nitro-blue 

tetrazolin) diluted in PBS×1.  

PBS buffer ×1: 50mM PBS, 0.1mM EDTA, 0.025% Triton X-100; pH 7.8.   
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C.7. Coomassie Brilliant Blue Staining 

Staining solution: 0.1% Coomassie blue in 10% acetic acid, 50% methanol. 

Destaining solution: 10% acetic acid, 50% methanol. 

C.8. Flow Cytometry 

Fixative Solution: 80% methanol. 

Permeability Solution: 0.1% Tween 20 in PBS.  

Blocking Solution: 3% BSA in PBS.  

D. Experimental Procedures 

Cell Cultures 

Human NTM Cell Line: Human normal trabecular meshwork (NTM) cell line was generously 

donated by Alcon Laboratories, Fort Worth, TX. Cells were maintained in Dulbecco's modified 

Eagle's medium (DMEM) containing 10% fetal calf serum (FCS) (Gibco, Carlsbad, CA, USA), 2 mM 

L-glutamine, 100 μg/ml streptomycin and 100 units/ml penicillin (all from Biological Industries, 

Kibbutz Beit Ha-Emek, Israel) in a humid atmosphere of 95% air and 5% CO2, at 37°C.  

Human NPCE and HCM Cell Lines: Human non-pigmented ciliary epithelial (NPCE) and ciliary 

muscle (HCM) cell lines were kindly supplied by Prof. Miguel Coca-Prados, Yale University. NPCE 

cells were cultured in DMEM depleted of FCS-derived EVs by overnight centrifugation at 110,000 

g. HCM cells were propagated in medium DMEM supplemented with 2 mM L-glutamine, 100 

μg/ml streptomycin and 100 units/ml penicillin and 10% FCS. 

Human Primary TM Cells: Primary TM cells were kindly provided by W. Daniel Stamer, Duke Eye 

Center, Durham, North Carolina, USA.  Primary TM cells were cultured in low glucose DMEM 

containing 10% FBS, glutamine and antibiotics. 

Human Primary NPCE Cells: Primary NPCE cells were purchased from ScienCell Research 

Laboratories (San Diego, CA). Primary NPCE cells were maintained in epithelial cell medium 

(EpiCM; ScienCell Research Laboratories) supplemented with 2% FBS, 1% epithelial cell growth 

supplement (EPiCGS; ScienCell Research Laboratories), and 1% penicillin-streptomycin solution 

(P/S; ScienCell Research Laboratories). 
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Human SKOV-3, cEND, MCF-7 and LANCaP Cell Lines: Human ovarian carcinoma (SKOV-3), brain 

microvascular endothelial (cEND), breast cancer (MCF-7) and prostate adenocarcinoma (LANCaP) 

cell lines were kindly provided by Dr. Ayelet David, Ben-Gurion University. cEND and MCF-7 cells 

were grown in medium DMEM, while SKOV-3 and LNCaP cells were grown in medium RPMI 

(Biological Industries, Kibbutz Beit Ha-Emek, Israel). All media were supplemented with 10% FCS, 

2 mM L-glutamine, 100 μg/ml streptomycin and 100 units/ml penicillin. 

Human RPE Cell Line: Human retinal pigment epithelium (RPE) cell line was a gift from Dr. Zeev 

Dvashi, Kaplan Medical Center, Rehovot, Israel. Cells were cultivated under standard conditions 

in a 1:1 mixture of DMEM and Ham's F12 nutrient mixture (DMEM/F12) containing 10% FCS, 2 

mM L-glutamine, 100 μg/ml streptomycin and 100 units/ml penicillin. All cells were grown in 

controlled environment of 5% CO2 and 95% relative humidity at 37oC. 

Exosome Isolation  

Exosome Extraction by Polyethylene Glycol (PEG) Precipitation: NPCE cells were 

routinely maintained with the same supplements in DMEM medium supplemented with FBS pre-

depleted of EVs by ultracentrifugation of culture medium for 16 h at 110,000 x g overnight at 4oC 

using a SW28 rotor, followed by filtration through a 0.22 µm filter [Millipore Express PLUS (PES) 

membrane]. EVs were isolated from conditioned media (CM) of cultured NPCE cell line or from 

CM of Primary NPCE cells using a polyethylene glycol (PEG) based approach as previously 

described 85,86 . Supernatant was collected from cells that were grown in medium containing EVs 

depleted FBS for 48 h and was subjected to centrifugation steps at 300 x g for 10 min, and 2,000 

x g for 10 min to remove cell debris and larger vesicles. The resulting supernatant was filtered 

using 0.2 µm filter and added to the filtered precipitation solution [50% PEG8000 (Sigma), 0.5M 

NaCl in PBS], to achieve final PEG concentration (8.3% w/v), samples were then mixed by 

repeated inversion and incubated overnight at 4oC.  EVs were precipitated by centrifugation at 

1,500 x g for 30 min and the supernatant was removed. Residual fluid was eliminated by 

centrifugation at 1,500 x g for 5 min and pelleted EVs were re-suspended in PBS for further 

analysis. 
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Isolation of Exosomes by Differential Centrifugation: For Microarrays, ITC and LC-MS 

analyses, exosome purification was performed according to a protocol adapted from Thery et al. 

87. Briefly, EVs were extracted from the supernatant of NPCE cells cultured for 48 h in medium 

containing exosome-depleted FCS. Cell culture supernatants were collected and subjected to 

serial centrifugations, namely 300 g for 10 min, 2,000 g for 10 min, 10,000 g for 30 min, all at 4°C. 

EVs were then pelleted at 100,000 g for 70 min, washed with PBS and recovered at 100,000 g for 

70 min.  

Transmission Electron Microscopy at Cryogenic Temperature (cryo-TEM) 

For cryo-TEM analysis, 4 µl of the vesicle suspension was applied to a copper grid coated 

with a perforated lacy carbon 300 mesh (Ted Pella Inc.) and blotted with a filter paper to form a 

thin liquid film of solution. The blotted sample was immediately plunged into liquid ethane at its 

melting point (-183 ºC) in an automatic plunger (Lieca EM GP). The vitrified specimens were 

transferred into liquid nitrogen for storage. Sample analysis was carried out under a FEI Tecnai 

12 G2 TEM, at 120 kV with a Gatan cryo-holder maintained at -180ºC. Images were recorded with 

the Digital Micrograph software package, at low dose conditions, to minimize electron beam 

radiation damage. The measurements were done at the Ilse Katz Institute for Nanoscale Science 

and Technology, Ben-Gurion University of the Negev, Beer Sheva, Israel. 

Tunable Resistive Pulse Sensing (TRPS) 

EVs concentration was determined by a qNano (Izon Science, Christchurch, New Zealand) 

instrument, using the Tunable Resistive Pulse Sensing (TRPS) principle. This principle enables 

reception of signal while a single particle transfers through NP150A membrane with pores of 

150nm. To eliminate contaminating debris, EVs samples were passed through 0.22μm filters. The 

apparatus was operated at a voltage of 0.48 V - 0.64 V and a pressure equivalent to 8 cm of H2O. 

The membrane was stretched to 45-47 mm. Polystyrene beads at a concentration of 1x1013 

beads/ml (114 nm; CPC100 Izon Science) were used to calibrate size and concentration, following 

the manufacturer’s instructions. Samples were diluted 1000-fold with PBS buffer and measured 

over 10 minutes. The movement of the particles through the membrane is identified as change 

in the ionic stream causing voltage changes. The power of the signal is proportional to the particle 
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size. According to the number of particles and their velocity at specific time the qNano 

determines the EVs concentration. 

Nanoparticle Tracking Analysis (NTA) 

The concentration of exosomes measured by TRPS was confirmed by NTA (Nanoparticle 

tracking analysis) using NanoSight NS500 instrument (Malvern Instruments, Ranch Cucamonga, 

CA). Briefly, the exosomal fraction was diluted 1:1000 with PBS at 23°C and size dispersion was 

measured. A video, 30–60 s in duration, was taken with a frame rate of 30 frames /second, and 

particle movement was analyzed by NTA software (version 2.2, NanoSight). Post-acquisition 

settings were optimized and kept constant between samples. Each video was analyzed for mean, 

mode, and median vesicle sizes, together with an estimate of vesicle concentration. 

Sucrose Density Gradients 

Exosome pellet was re-suspended in 2mL HEPES/sucrose (2.5M sucrose in 20mM HEPES) 

and loaded onto a continuous sucrose gradient (0.25–2.0 M in 20mM HEPES, pH 7.2) prepared 

using a Hoefer SG30 gradient maker. The gradients were centrifuged overnight at 210,000 g at 

4°C in a SW-41 swinging bucket rotor. 1 ml fractions were collected from the top to bottom of 

each gradient and 50μl aliquots were used for density determination. The refractive index of each 

fraction was measured at 22°C using an Abbe refractometer (Atago 1211 NAR-1T liquid) and 

converted to density using the conversion table published in the Beckman Coulter 

ultracentrifugation manual. Next, each fraction was washed in 20 mM HEPES, ultra-centrifuged 

at 100,000 g for 1 h, and mixed with lysis buffer prior to analysis by Western blotting. 

Exosome Antibody Arrays 

Exo-Check antibody array (System Biosciences, Mountain View, CA) was used to detect 

known exosome markers. Briefly, exosome protein lysates were prepared by adding 600 μl of 

exosome lysis buffer to 250μg of exosome protein. The antibody membrane array was placed in 

distilled water at room temperature for 2 min. Exosome lysate/binding mixture was added to the 

antibody membrane and then incubated overnight on a shaker at 4oC. After washing with array 
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wash buffer, detection buffer was added to the membrane and incubated at room temperature 

for 2 h. The membrane was washed twice with wash buffer and then the immune-complexes 

were detected with ECL reagent, followed by exposure to Kodak X-ray film for the final signal 

analysis. 

Coomassie Brilliant Blue Staining 

Exosomes were extracted as described above. Isolated EVs were sonicated, solubilized 

with loading buffer and separated by 10% SDS-PAGE. The gels were then stained in the Coomassie 

brilliant blue solution and shaken at room temperature for 1h. The gels were de-stained by 

soaking for 2h in destaining solution and dried between sheets of cellophane (Gel drying frames, 

Sigma). 

Microarrays Analysis 

Isolation and purification of RNA from NPCE cell line EVs was carried out using a miRCURY 

RNA isolation kit (Exiqon, Woburn, MA) according to the recommended procedure.  RNA 

concentration and purity were determined at 260 nm by a NanoDrop2000 spectrophotometer 

(Thermo Scientific). RNA quality was assessed using an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, Calif). miRNA expression analysis was performed at the Life Sciences 

Core Facilities, Israel Weizmann Institute of Science using SurePrint G3 Human miRNA 8 X 60k 

microarrays (Agilent Technologies) according to the manufacturer’s protocol.  Hybridization 

signals were detected with a DNA Microarray Scanner (Agilent Technologies) and the intensity of 

each hybridization signal was evaluated using Agilent Feature Extraction Software. 

Isothermal Titration Calorimetry 

NPCE exosomes were isolated by differential centrifugation as described above and 

resuspended in PBS buffer. A sample of 300 µl of the TM cells (3,000 cells in 300µl PBS) was 

inserted into the Nano ITC low volume calorimeter (TA Instruments, Newcastle, DE). The titrating 

syringe was filled with 50µl of NPCE exosome solution (3x105 in PBS). Following equilibration, 

injection of 2.5µL aliquots was carried out every 250 sec for total of 90 min.   
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Sample Preparation and LC-MS  

For mass spectrometry, initially exosomes were isolated by ultracentrifugation and the 

resulting pellet was resuspended in HPLC-grade water. 100 µg of exosome sample was dried in a 

speedvac, dissolved in 7.2 M urea and 100 mM ammonium bicarbonate. Disulfide bonds were 

reduced by adding 5 µl of 45 mM 1,4-dithiothreitol (DTT) for 15 min at 56ºC and alkylated with 

100 mM iodoacetamide for 15 min at room temperature in the dark. Subsequently, sequencing-

grade trypsin (Promega, Madison, WI) was added for a final 1:50 w/w trypsin-to-protein 

concentration and digestion was performed overnight at 30ºC. Proteolysis was stopped by adding 

10 µl of ultra-pure glacial acetic acid. Resulted peptides were dried in speedvac for evaporation 

of solvent and re-dissolved in 10µl mixture of 5% acetonitrile and 0.1% formic acid. LC/MS 

analysis of digested peptides was performed using an Eksigent nano‐HPLC (model nanoLC-2D, 

Netherlands) connected to the LTQ Orbitrap XL ETD (Thermo Fisher Scientific, Germany USA). 

Reverse‐phase chromatography of peptides was performed using a homemade C‐18 column (15 

cm long, 75 μm ID) packed with Jupiter C18, 300 Å, 5 μm beads (Phenomenex). Peptides were 

separated by a 70‐min linear gradient, starting with 100% solvent A (5% acetonitrile, 0.1% formic 

acid) and ending with 80% solvent B (80% acetonitrile, 0.1% formic acid), at a flow rate of 300 

ml/min. A full scan, acquired at 60,000 resolutions, was followed by CID MS/MS analysis 

performed for the five most abundant peaks, in the data‐dependent mode. Fragmentation (with 

minimum signal trigger threshold set at 500) and detection of fragments were carried out in the 

linear ion trap. Maximum ion fill time settings were 500 ms for the high-resolution full scan in the 

Orbitrap analyzer and 200 ms for MS/MS analysis in the ion trap. The AGC settings were 5x105 

and 1x104 (MS/MS) for Orbitrap and linear ion trap analyzers, respectively. Proteins were 

identified and validated using the SEQUEST and Mascot search engine operated under the 

Proteome Discoverer 1.4 software (Thermo Fisher Scientific) Mass tolerance for precursors and 

fragmentations was set to 10 ppm and 0.8 Da, respectively. Only proteins containing at least two 

peptides of high confidence (Xcore N2 or 2.5 for doubly or triply charged species, 

respectively) were chosen.  
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Exosome Treatment  

TM cells were seeded in DMEM, containing 10% EVs depleted FBS. After 24 h, NPCE 

purified exosomes were re-suspended in fresh DMEM medium supplemented with 10% 

exosome-free FCS and administrated, when indicated, to the TM cells at ratio of 100 exosomes 

per TM cell. Untreated cells or RPE derived exosomes were used as control. 

Exosome Labeling and Confocal Tracing 

To assess the kinetics of exosome internalization, pelleted exosomes were re-suspended 

in 1 mL of PBS containing 5μg/ml DiD (1,1′-dioctadecyl-3,3,3′,3′-tetramethyl-indodi- 

carbocyanine,4-chloro-benzenesulfonate salt Biotium, Hayward, CA) and incubated for 10 min. 

After ultracentrifugation at 100,000 g for 70 min at 4°C, exosome-containing pellet was washed 

in PBS and centrifuged again for 90 min at 150,000 g to remove unincorporated DiD. Labeled 

particles were re-suspended in DMEM supplemented with 10% vesicle-free FCS. DMEM-re-

suspended vesicles were added to TM cells for various periods of time (0.5, 1, 2, 4, 8, 24 and 32 

h). The cells were washed with PBS, fixed with 4% paraformaldehyde, permeabilized with 0.1% 

Triton X-100 and stained with α-tubulin antibody (62901 mouse polyclonal antibodies, Biolegend; 

1:200 dilutions). Cells were then washed and Alexa Fluor 488-conjugated anti-mouse IgG (Jackson 

Immunoresearch Laboratories) was added as secondary antibody for 1 h in the dark at room 

temperature. Samples were washed and mounted on slides in Fluromount-G mounting media 

(Southern Biotech). Images were analyzed with a FV1000-IX81 confocal microscope (Olympus, 

Tokyo, Japan) equipped with 60X objective. Pictured slides (30min / cell type) were analyzed for 

DiD labeled NPCE derived exosomes by ImageJ software. 

Image Stream Analysis 

Cellular uptake of the NPCE RNA and proteins via EVs was analyzed using image stream. 

TM cells (5 x 105) were seeded in 6-well plate in high glucose DMEM, containing 10% EVs-

depleted FBS. After 24 h, TM cells were incubated for 2 h with Exo-Red (EXOC300A-1, SBI, CA, 

USA) or Exo-Green (EXOC300A-1, SBI, CA, USA) stained EVs isolated from NPCE cells. Labeling of 

exosome RNA by Exo-Red and proteins by Exo-Green was performed according to the 
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manufacturer’s protocol. 10 μL of Exo-Red or Exo-Green was added to 20 μg of EVs re-suspended 

in 500 μL 1xPBS.  The EVs suspension was mixed with the stain solution and incubated for 10 

minutes at 37oC.  The labeling reaction was stopped by adding an ExoQuick-TC reagent. Labeled 

EVs were placed on ice for 30 min following centrifugation at 14,000 rpm for 3 minutes. 100μL of 

labeled NPCE EVs were co-cultured with TM cells for two hours, washed and analyzed on the 

ImageStreamX Mark II imaging cytometer equipped with 60X objective. Exo-Green and Exo-Red 

fluorescence were recorded using excitation with a 488 nm and 642 nm lasers, respectively at 3 

mW intensity.  

NPCE Exosomes Targeting Specificity 

Seven different human cell lines (NTM, HCM, RPE, LNCaP, SKOV-3, CEND and MCF7) were 

seeded on cover glasses in a 24-well plate (70,000 cells/well) in growth medium complemented 

with exosome-depleted FCS. 24 h later, the medium was replaced with medium containing NPCE-

derived DiD-labeled EVs. Following 12 h incubation, the medium was removed, the cells were 

fixed with 4% paraformaldehyde, stained with DAPI and α-tubulin antibodies, and examined by 

confocal microscopy. 

Preparation of Protein Extract 

Preparation of Cytoplasmic and Nuclear Extract: The cytoplasmic extract was prepared 

as previously described 88. Briefly, TM cells were rinsed 3 times with PBS buffer on ice, scraped 

into lysis buffer [20 mM HEPES (pH 7.4), 1 mM EGTA, 1 mM EDTA, 10% glycerol, 1 mM Na3VO4, 1 

mM MgCl2, 25 mM NaF, 150 mM NaCl] supplemented with complete protease inhibitor mixture, 

homogenized at 25 000 rpm on a Polytron homogenizer (PT 1200, Kinematica AG, Switzerland) 

for 1 min and centrifuged at 600 g, 15 min, 4oC. The nuclear-free supernatant was further 

centrifuged at 20 000 g for 30 min, 4oC to collect the cytosolic fraction. The nuclear pellet was 

resuspended in 0.25 M sucrose containing 10 mM MgCl2 and protease inhibitor mixture and was 

laid on 0.88 M sucrose containing 0.5 mM MgCl2 and protease inhibitor mixture. The sucrose 

gradient was centrifuged at 2800 g for 10 min, 4oC. The nuclear pellet was re-suspended in RIPA 

buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, protease inhibitors], 
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sonicated for 50 s (Sonicator ultrasonic processor, Misonix Inc., USA) and centrifuged again at 

2800 g for 10 min, 4oC. Protein concentrations were measured using the Bradford assay (Bio-Rad 

Laboratories, Hercules, CA). 

Preparation of Whole Cell Extract:  The cells were washed with ice-cold PBS and after the 

indicated incubation time, cells were lysed with lysis buffer (20 mM HEPES, 150 mM NaCl, 1 mM 

EGTA, 1 mM EDTA, 10% glycerol, 1 mM MgCl 2, 1% Triton X-100) containing a protease inhibitor 

cocktail. Then, cells were incubated on ice for 40 min on microplate shaker at 450 rpm. The cell 

lysates were then sonicated at 40% amplitude for 10 sec in 1.5 ml eppendorf with a Sonics Vibra 

cells sonicator. Following sonication, lysates were centrifuged for 15 min at 4oC at 12000 rpm. 

The supernatant was transferred to a new 1.5 ml tube, dissolved in Laemmli sample buffer 1:3 

containing 0.1% β-mercaptoethanol followed by boiling at 95°C for 5 min and stored at -80o C for 

further analyses. 

SDS-PAGE and Western Blot Analysis 

For SDS-polyacrylamide gel electrophoresis, running and stacking gels were prepared 

according to the protocols described in Table 3. Equal amounts of protein lysates were loaded on 

4% stacking gel and separated on 10% polyacrylamide separating gel (preferably 30 µg 

protein/well). Molecular masses of the desired proteins were determined using protein 

standards (Precision Plus protein standards, Biorad, USA). The gel was subjected to 

electrophoresis at 150 V for approximately 90 min using a Mini-PROTEAN Tetra electrophoresis 

cell (Bio-Rad) connected to a power supply (PowerPac Basic power supply, Bio-Rad).  

After separation of the proteins on the polyacrylamide gel, protein bands were 

transferred electrophoretically (90 min at 100 V (from the gel to a nitrocellulose membrane (0.45 

μm, Trans blot Transfer Medium, Bio-Rad) using a MiniTrans- Blot Electrophoretic transfer cell 

(Bio-Rad). Upon completion of the transfer, membranes were quickly rinsed with DDW and 

protein bands detected with a Ponceau-S stain. After washing twice with DDW, membranes were 

washed with TBS to remove the remaining Ponceau Red on the membrane. 

Identification of the various proteins was carried out as follows: blots were washed for 10 

min at room temperature in Tris buffer saline (TBS) containing 3% Tween-20 and then blocked 
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with 5% bovine serum albumin (BSA) or 5% Skim milk in Tris-buffered saline containing 0.1% 

Tween-20 (TTBS), for 1 hour. After three washes in TTBS for 10 min each, blots were incubated 

overnight at 4°C with primary antibody (phospho-GSK3β 1:1000, β-catenin 1:1000, PP2A 

1:10,000, p-Akt Ser473 1:1000, p-Akt Ser308 1:1000,  p-c-Raf 1:000, p-PDK1 1:1000, p-mTOR 

1:10,000, Akt 1:000, mTOR 1:10,000, COL3A1 Antibody 1:1000, β-actin 1:4,000 or Nrf2 1:200 

antibody).  

The next day, blots were washed twice in TTBS for 10 min each, followed by subsequent 

incubation for 1h at room temperature with the suitable HRP-labeled IgG antibody diluted to the 

desired concentration in TTBS containing 3% BSA or 5% Skim milk. At the end of the incubation, 

blots were washed three times in TTBS for 10 min each, and 10 min with TBS. Antigen-antibody 

complexes were detected using ECL Western blotting detection reagents (Biological Industries, 

Beit Haemek, Israel), followed by exposure to X-ray film (Fuji medical X-ray film, FujiFilm). 

TM cells RNA Extraction and Reverse Transcription  

Isolation and purification of total RNA from TM cells was carried out using EZ-RNA Kit 

(Biological Industries, Israel) according to manufacturer's instructions. RNA quality and quantity 

were assessed by measuring the absorbance of the RNA sample solutions at 260 nm using the 

NanoDrop2000 Spectrophotometer (Thermo Scientific). To evaluate oxidative stress related 

genes (SOD1/2, Nrf2, GPX1, HMOX1) 1 μg of total RNA was used for generation of cDNA with a 

qScript commercial kit (Quanta Biosciences, Gaithersburg, MD) in a 20 μl reaction according to 

the manufacturer’s protocol. To measure expression of mRNA levels for Wnt target 

genes AXIN2 and LEF1 1 μg of total RNA was used for reverse transcription using High Capacity 

cDNA RT kit (Applied Biosystems, Foster City, CA, USA) in 20 μl reaction volume, according to the 

manufacturer's instruction protocol. 

Real-Time Polymerase Chain Reaction (RT-PCR/quantitative PCR) 

Changes in mRNA levels for Wnt target genes AXIN2 and LEF1 were determined by real-

time PCR with an Applied Biosystems Real Time PCR 7500 system (Applied Biosystems) using 

TaqMan Fast Advanced Master Mix according to the manufacturer’s instructions (Applied 

Biosystems). The incubation and thermal cycling conditions were as follows: hold for 20 s at 95°C, 
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denaturation for 3s at 95°C, annealing and extension for 30s at 60°C. The number of amplification 

cycles was set to 40. The threshold cycle was measured as the cycle number at which sample 

fluorescence increases statistically above background and crossing points for each transcript. 

Human GAPDH gene was used as endogenous control. 

SOD1/2, Nrf2, GPX1, HMOX1 were measured using Power SYBR Green Master 

Mix (Applied Biosystems) on the Real Time PCR 7500 system. The thermal cycling conditions used 

in this study were as follows: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, and 60 °C 

for 1 min. The related mRNA levels were normalized to the 18S mRNA level. Results were 

analyzed using 7500 Software v 2.0.4 (Applied Biosystems). The primers utilized in this study are 

listed in Table 4. 

Table 4: The sequence of primers used in qRT-PCR 

Gene  Forward primer Reverse primer 

Sod1 5'-GGTGGGCCAAAGGATGAAGAG-3' 5'-CCACAAGCCAAACGACTTCC-3' 

Sod2 5'-GCTCCGGTTTTGGGGTATCTG-3' 5'-GCGTTGATGTGAGGTTCCAG-3' 

Gpx1 5'-CAGTCGGTGTATGCCTTCTCG-3' 5'-GAGGGACGCCACATTCTCG-3' 

Hmox1 5'-AAGACTGCGTTCCTGCTCAAC-3' 5'-AAAGCCCTACAGCAACTGTCG-3' 

Nrf2 5'-TCAGCGACGGAAAGAGTATGA-3' 5'-CCACTGGTTTCTGACTGGATGT-3' 

18S 5'-ATCCCTGAAAAGTTCCAGCA-3' 5'-CCCTCTTGGTGAGGTCAATG-3' 

Detection of Cadherins Using Flow Cytometry 

TM cells were seeded in 6-well plates at a density of 1x106 per well in 3 mL of the 

appropriate medium. After cell adhesion, the cells were cultured with NPCE-derived exosomes 

for 24 h. The cells were washed twice with cold PBS and detached by trypsinization, followed by 

centrifugation and resuspension in PBS. The samples were fixed with 80% methanol for 5 min 

and permeabilized with 0.1% PBS-Tween for 20 min. For immunostaining, the cells were blocked 

by incubation with 3% BSA in PBS on ice for 30 min. Intracellular staining was performed by 

adding mouse anti-pan cadherin antibody for 30 min at 25°C. Subsequently, the samples were 

washed and incubated with Alexa-488-conjugated anti-mouse antibodies at a dilution 1:500 in 
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the dark for 30 min at 25°C. After washing, the stained cells were re-suspended in PBS and 

fluorescence intensity was determined in a flow cytometer (Guava Easy Cyte mini, Guava 

Technologies). 

MTT Assay 

The MTT assay, using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) reagent (Sigma-Aldrich Inc., St Louis, MO) was chosen to determine the appropriate 

concentration of AAPH required to induce moderate oxidative stress in NPCE cells. The cells were 

seeded in 96-well plates at a density of 5 X 103 cells/well at 37 °C in a humidified atmosphere 

with 5% CO2. Next day, the medium was removed and AAPH at different concentrations was 

added (10 and 15 mM) for various periods of time (30, 60 and 90 min). After incubation, cell 

survival was assayed by discarding the medium and adding 100 μl of medium containing 0.5 

mg/ml MTT solution to each well to allow the MTT to be metabolized. After 4 h, 200 μl DMSO 

was added to dissolve formazan crystals. The absorbance of each sample was measured at 570 

nm by a microplate reader (Model 680, Bio-Rad).  

The effect of oxidative stressed exosomes and exosomes released under normal 

conditions on TM cells’ viability following exposure to AAPH compound was further studied. TM 

cells (5 X 104) were seeded in 96-well plates and grown for 24h. The medium was removed, and 

the cells were incubated with DMEM medium in the presence or absence of 15 mM AAPH. One 

and half hours later, the cells were washed with PBS and co-cultured either with EXO-N or EXO-

OS for 24 h at a ratio of 1:100 (TM cells: Exosomes). Thereafter, MTT assay was performed to 

evaluate viability of TM cells. 

Immunofluorescent Analysis of Nrf2 Expression 

For visualization of Nrf2, TM cells were seeded at a density of 3 X 104 cells/well in 24-well 

plates containing coverslips. 24h later, cell medium was aspirated, and the cells were challenged 

for 1.5 h with 15 mM AAPH followed by incubation with EXO-N or EXO-OS for 24 h in DMEM 

medium supplemented with 10% exosomes-free FCS. Control cells were either treated with 15 

mM AAPH (OS TM) or left untreated. The cells were then rinsed using 0.05% PBS/Tween 20, 

permeabilized using 0.5% PBS/Triton X-100 ,fixed for 20 min with 4% paraformaldehyde at room 
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temperature and blocked with 3% BSA for 30 min. Immunocytochemical staining was performed 

for Nrf2 and α-tubulin proteins by anti-human Nrf2 rabbit monoclonal antibody (1:200, ab62352, 

Abcam) and mouse anti-α-tubulin antibody (1:200, 625901, BioLegend). After overnight 

incubation at 40C with primary antibodies, the cells were washed and incubated for 1 h at room 

temperature with appropriate secondary antibodies i.e., Alexa Fluor 488-conjugated anti-mouse 

IgG (1:100) or Cy3-conjugated donkey anti-rabbit IgG (1:500), both from Jackson 

ImmunoResearch Laboratories. Nuclear staining was achieved using mounting medium 

containing DAPI (DapiFluoromount-G, SouthernBiotech). Images were acquired using an 

Olympus FluoView confocal laser scanning microscope. 

Reactive Oxygen Species Measurements 

Intracellular ROS formation and stabilization due to exposure of cells to AAPH was 

detected by measuring the fluorescent intensity of the reagent 2'-7'-dichlorodihydrofluorescein 

diacetate (DCFH-DA) (Sigma, St. Louis, MO, USA). Non-fluorescent DCFH-DA crosses the cell 

membrane and is trapped inside cells by desacetylation by intracellular esterases in DCFH form. 

Intracellular ROS react with DCFH and oxidize it to fluorescent DCF, which is measured 

spectrophotometrically.  

The TM cells were plated in black 96-well plates at a density of 5 X 103 cells/well. After 

overnight incubation, cells were washed with cold PBS buffer and incubated with EXO-N, or EXO-

OS, or remained untreated (control). Twenty-four hours after treatment, cells were further 

incubated with 20 µM DCFDA for 1h at 37oC. The solution was aspirated, and the cells washed 

with PBS. This was followed by the addition of 50 µl PBS and an additional 50 µl of PBS containing 

300 µM AAPH. The fluorescence intensity of DCFDA was determined immediately at 15 min 

intervals over a period of 3h at 37oC. Fluorescence was read by a microplate reader (TECAN 

Infinite, Mannedorf, Switzerland) at an excitation wavelength of 492 nm and emission 

wavelength of 525 nm. 

Antioxidant Enzymatic Activity 

Superoxide Dismutase1 (SOD): TM cells were seeded in 6 mm sterile culture dishes (1 X 

106) for 24 h. Thereafter, the cells were co-incubated with exosomes released by NPCE cells 
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treated with or without 15 mM AAPH.   Twenty-four hours post-treatment, cells were washed x3 

with PBS buffer, scraped with rubber policeman, and pelleted by centrifugation for 5 min at 200 

X g, 4oC. The pellet containing TM cells was re-suspended in 50 mM phosphate buffer, pH 7.8 and 

sonicated on ice at 40% amplitude for 60 sec. The SOD activity of the TM cells was measured 

spectrophotometrically by using nitro blue tetrazolium (NBT) method as previously described 89. 

The reaction mixture contained 50 mM phosphate buffer (pH 7.8), 14 mM methionine, 75 μM 

NBT, 4 μM riboflavin, 0.1 mM EDTA and 10-15 μg extracted TM proteins, was illuminated for 10 

min at 25oC. Photoreduction of NBT (formation of purple formazan) was measured at 560 nm 

using model 680 (Bio-Rad, Hercules, CA, USA). SOD activity was determined using a calibration 

curve from 1.2 to 10 units/ml SOD. 

Catalase: The catalase activity was measured by the modified method of Cohen et al. Fifty 

microliters of extracted proteins (10-15 µg) and 800 µl of phosphate buffer (pH 7.0) were 

combined. The reaction was initiated by the addition of 100 µl of 60 mM H2O2, followed by gentle 

mixing. At 10 minutes, 100 µl aliquots were withdrawn and quenched in solution containing 0.6 

N H2SO4 and 10 mM FeSO4 (4:1, v/v). The color of the products formed was developed by the 

addition 400 µL of 2.5M KSCN, and the absorbance values of the red color of ferrithiocyanate 

product were calorimetrically recorded at 490 nm microplate reader model 680 (Bio-Rad, 

Hercules, CA, USA). The standard curve of known concentrations of pure catalase was used to 

calculate the absolute values of test samples.  

Statistical Analysis 

 Results of the quantitative analysis are the mean of at least 3 independent experiments 

± standard deviation. The statistical analyses were performed using the GraphPad Prism version 

5 software (GraphPad Software, Inc., La Jolla, CA). Significance of the results was determined 

using one-way analysis of variance (ANOVA), followed by post hoc multiple comparison test 

(Tukey—Kramer Multiple Comparison Test) and analysis of Western Blot experiments was carried 

out using a two-way ANOVA followed by Bonferroni post-test. Statistical significance was 

considered at p<0.05.   
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Results 

A. Specific Aim 1: To Extract, Purify and Identify Exosomes Excreted from NPCE Cells.  

A.1. Characterization of Exosomes Isolated from NPCE Cell Line Supernatant 

Initially, exosomes were isolated from the NPCE cell line by differential centrifugation 

technique and characterized by several analytic approaches. Exosomes size was measured using 

NTA system and with the qNano gold instrument. Slight differences in exosome sizes were 

obtained by each method, namely 127.8±7.5, and 114±2.95 nm for NTA, and TRPS, respectively 

(Fig. 12A and 12B). The typical round structure of the exosomes was detected by cryo-TEM. The 

vesicles were heterogeneous in size demonstrating that the population of exosomes produced 

by NPCE cells is not uniform. The characteristically round exosomes were surrounded by a lipid 

bilayer, with a mean diameter 99.88±7.40 nm, yet ranging from 50 to 200 nm (Fig. 12C). 

Exosomes can be characterized according to their density, and accordingly were reported to have 

a density of 1.15 to 1.19 g/ml. Upon refractometer analysis of the separated sucrose density 

gradient, the NPCE-derived exosome-containing layers were isolated and the exosomes were 

purified by ultracentrifugation. Such analysis revealed the NPCE-derived exosomes at a sucrose 

density of 1.118–1.188 g/mL (Fig. 12D). To confirm isolation of exosomes, the protein content of 

isolated samples was separated by SDS-PAGE and classical protein markers for exosomes content 

measured by Western blot analysis. Many exosomes were reported to contain proteins that are 

part of the exosome biogenesis machinery. These included Tsg101, a component of the 

endosomal sorting complex required for transport (ESCRT)-I, and Alix, a protein involved in 

ESCRT-II connections 90-92. The results in Fig. 12D demonstrate that we were able to detect two 

of the classical exosome protein markers. The NPCE-derived exosomes also contained many 

proteins. Coomassie brilliant blue staining of these proteins, separated by SDS-PAGE under 

reducing conditions, revealed a distinct profile that included multiple unique protein bands not 

seen in the NPCE cell lysates (Fig. 12E). Finally, using Exo-Check® kit, three different exosome 

categories trans-membrane or lipid bound extracellular proteins, cytosolic proteins and 

intracellular proteins were found to be positive. The negative results for Golgi marker GM130 

confirmed the lack of impurities (Fig. 12F). 
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Figure 12. Characterization of exosomes isolated from NPCE cell culture supernatants. 

 Size distribution of NPCE cell-derived exosomes as measured by (A) nanoparticle tracking 

analysis, (B) and tunable resistive pulse sensing (TPRS). (C) Cyto-TEM image of purified NPCE-

derived exosomes (arrows). Scale bar: 100 nm. (D) Western blot analysis of exosomes floated on 

a continuous sucrose density gradient. 20 μg of exosomal proteins were loaded onto a continuous 

sucrose density gradient. Fractions collected from the gradient were separated by SDS-PAGE and 

probed for the exosome's markers Alix and TSG101. (E) Coomassie brilliant blue–stained SDS 

polyacrylamide gel after separation of 15 μg of total cell lysates or exosome proteins from NPCE 

cells. (F) Exosomes antibody array marker analysis with Exo-Check®, representative results.   
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A.2. Characterization of Exosomes Isolated from Primary NPCE Cells Supernatant 

We wanted to investigate whether the NPCE primary cells are also capable of producing 

exosomes.  To analyze the isolated exosomes from primary NPCE cells, cryo-TEM and TRPS were 

performed.  Using cryo-TEM approach, we observed that primary NPCE cell line generated typical 

round shape heterogeneous membrane encapsulated vesicles. In Fig. 13A the lipid-bilayer 

structure of the exosomes can be observed. The round or oval shaped primary exosomes are 

consistent with the morphology observation made for NPCE cell line derived exosomes. Exosome 

size range for NPCE exosomes measured by TRPS was 40-200 nm in diameter, like the NPCE cell 

line (50 -200 nm) (Fig. 13B) 

 

 

 

 

 

 

 

 

Figure 13. Identification and characterization of primary NPCE exosomes.  

Condition medium from primary NPCE cells was collected. Exosomes were isolated and 

characterized by cryo-TEM and TPRS analysis. (A) Representative cryo-TEM image of the particles 

(arrows) that compose primary NPCE EVs. The scale bar is 200 nm. (B) Particle size measurement 

of the primary NPCE exosomes detected by TRPS.  

B: Specific Aim 2:  To Analyze NPCE Derived Exosomes Content. 

B.1. Using 2DE-MS to Separate and In-Depth Characterize Exosome Protein Profiling 

We hypothesized that NPCE exosomes play a role in the ocular drainage system and may 

be a key messenger between NPCE and TM cells. In order to identify signaling molecules involved 

in such communication, NPCE exosome cargo proteins were studied using two-dimensional gel 

A B 
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electrophoresis (2DE). We constructed a protein map of the NPCE exosomes by 2DE gel 

electrophoresis (Fig. 14) and then analyzed individual protein spots by mass spectrometry (MS). 

We found it problematic to identify proteins from preparative gels loaded with 100 µg of protein 

by this method. The spots picked contained low concentration of protein to yield confident 

protein identifications by MS and were contaminated with human keratin.  

 

Figure 14. 2DE map of the total NPCE derived exosome proteins.  

Exosome proteins were separated by isoelectric point in the first dimensional and then by 

molecular mass in the second dimension. Proteins were visualized by silver staining, and spots 

(1,2,3,4) were excised individually and then identified by MS. 

 

B.2. Identification of Exosome Proteins by LC-MS/MS Technology  

Due to the challenges in identifying exosome proteins from 2DE gels, an in-solution 

digestion approach was used. Using this technique, the combination of three independent 

exosome preparations resulted in the identification of 182 proteins. The 91 proteins that were 

detected in all three samples are shown in Table 5. This included proteins known to be involved 

in cell adhesion, cytoskeleton regulation, oxidative stress response and others. Several of the 

identified proteins are associated with membrane trafficking and fusion processes. An 

assortment of cytosolic enzymes and various membrane transporters were also present. The list 

of proteins identified in this study is broadly consistent with that of other exosome proteome 

studies, thus further supporting the enrichment of exosomes in samples prepared from NPCE 

supernatants.  
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Table 5. List of Proteins Identified by LC-MS/MS Analysis in NPCE Exosomes. Proteins 

highlighted in bold are proteins that have been previously identified in the aqueous humour. 

Adhesion CD44, CD59, CD9, Integrin α, β, EDIL3 

Antigen presentation  β -2-microglobulin, HLA class I histocompatibility antigen 

Chaperons Hsc70, Hsp71, Hsp90, T-complex protein-1 ε,  

Cytoskeleton Actin α, β, α-actinin, Cofilin, Collagen, Ezrin, Filamin, Keratin, Moesin, 

Myosin-6,9, Prelamin, Profilin, Talin, Tropomyosin α, Tubulin α, β, 

Vimentin, Vinculin 

Enzymes ATPase NA+/K+ transporting, α-enolase, D-3-phosphoglycerate 

dehydrogenase, G6PD, Glyceraldehyde-3-phosphate dehydrogenase, 

Fructose-bisphosphate aldolase, L-lactate dehydrogenase, Malate 

dehydrogenase, Nucleoside diphosphate kinase, Phosphoglycerate 

mutase, Phosphoglycerate kinase, Pyruvate kinase, Peptidylprolyl 

isomerase, Protein disulfide-isomerase, Transitional endoplasmic reticulum 

ATPase, Triosephosphate isomerase, Ubiquitin carboxyl-terminal 

hydrolase isozyme, Valosin-containing protein  

Lectin binding Galectin-1 

Vesicles trafficking 

fusion 

Annexins (1,2,5,6), Clathrin heavy chain, Rab GDI, Rap 1B, WD RCP1 

Others Basigin, BASP1, Calmodulin, Importin, Histons (H1.2, H1.5, H2A, H2B, H4), 

Transgelin, Protein DJ-1, S100 protein 

Oxidative stress 

response 

Glutathione S-transferase, Peroxiredoxin-1, Superoxide dismutase 

Protein synthesis Initiation factor 4A, Elongation factor (1,2), Ribosomal proteins (40 S, 60 S 

subunit) 

RNA/ DNA binding Heterogeneous nuclear ribonucleoprotein, Histidine triad nucleotide-

binding protein 1, Nucleophosmin  

Signal transduction 14-3-3 (ε, η, ζ), Rac (1,2,3), G proteins 

Transporters SLC3A2, Chloride intracellular channel protein 4 
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To test the hypothesis that NPCE exosomes participate in signaling within the drainage 

system, we also identified cellular signal transduction related proteins that were described 

previously as regulators of the Wnt signaling pathway (14-3-3 protein and Histidine Triad 

Nucleotide-Binding Protein 1) 93,94.  In addition, our proteomic analysis revealed the presence of 

CD9 in EVs released by NPCE cells. CD9, a member of the tetraspanin family, previously implicated 

in the inhibition of Wnt/β-catenin signaling through the reduction of the cellular pool of β-catenin 

95. These results suggest that exosomes carry proteins involved in Wnt signaling regulation and 

the presence of these proteins further supports the idea that exosomes may facilitate cross-talk 

between NPCE and TM cells by transferring their contents to target cells.  

B.3. miRNAs Characterization and Analysis of NPCE Exosomes 

In the previous section, proteomics experiments demonstrated the presence of RNA 

related proteins in exosomes isolated from NPCE cells. Therefore, we hypothesized that 

exosomes could contain RNA and that NPCE cells shuttle RNA to TM cells via exosomal transfer. 

Total RNA derived from NPCE exosomes was analyzed using Agilent Bioanalyzer. After filtering 

out signals of low intensity, we detected on average 696 miRNAs per sample. As expected, 

exosome samples contained little quantities of 18S and 28S ribosomal RNA.  In order to identify 

potential miRNAs that regulate genes involved in the regulation of Wnt pathway, the miRNAs 

found in the microarray analysis were matched to previously published data of miRNAs that were 

reported in the AH of cataract patients 96. When comparing our data versus AH data we found 

that over two-thirds of the most overlapped AH miRNAs detected in five studies were also 

presented in the NPCE exosomes. By generating Venn diagram, we found 77 miRNAs which were 

common between NPCE exosomes and AH miRNAs (Fig. 15).  As shown in Fig. 15C, the most 

abundant miRNAs of these 77 miRNAs identified in the NPCE exosomes samples, was miR-21, 

followed by miR-638, let-7a, miR-100 and miR-16. Many of the abundant miRNAs in the 

exosomes isolated from NPCE cells have been reported to regulate Wnt signaling (Table 6) and 

other miRNAs such as miR-29, miR-17, and miR-21 have been related to the modulation of 

collagen synthesis. These results suggest that exosomes carry miRNAs that have regulatory 

functions and perhaps they can generate proteins or perform regulation in the recipient cells. 

Whether exosome miRNAs have such functions needs to be investigated in future experiments.  
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Figure 15. A comparison of miRNAs detected in the NPCE samples to the most overlapping 

miRNAs families in the AH. (A) The Venn diagram adapted from Hari Jayaram et al.96 depicts the 

overlap of human AH miRNAs detected in five studies (B) Venn diagram displays the total number 

of miRNAs detected in the EVs samples isolated from NPCE cell culture medium (n=2) compared 

to the most overlapping AH miRNAs families from the published data 96. (C) Expression levels of 

27 miRNAs identified in EVs derived by NPCE cell line overlapping with those observed in the AH. 

39     77 619 

Human AqH Samples NPCE EVs 

A B 

C 

http://iovs.arvojournals.org/solr/searchresults.aspx?author=Hari+Jayaram
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Table 6. Effect of MiRNAs detected in NPCE cell line derived EVs in the regulation of WNT/β-

catenin signaling pathway. 

miRNA Wnt-signaling target Inhibits/activates Wnt 

signaling pathway 

References 

miR-21 DKK2, TGFβR2, Wnt1 Activates or Inhibits 97-99 

miR-638 FZD7 Inhibits 100 

miR-100 DKK1, ZNRF3 Activates 101 

miR-125 DKK3, ZNRF3, RNF43, APC2 Activates 101 

miR-23a FZD5 Inhibits 102 

miR-29a sFRP-2, DKK1 Activates 103 

miR-15b Axin2 Activates 104 

miR-29b TCF7L2, BCL9L, SNAI1 Inhibits 105 

miR-146a ZNRF3 Activates 106 

miR-20a/19b E2F1, HIPK1 Activates 107 

miR-130a RUNX3 Activates 108 

miR-27a-3p SFRP1 Activates 109 

miR-365b Wnt5a Inhibits 110 

miR-25 β-catenin Inhibits 111 

miR-181a WIF1 Activates 112 

 

C. Specific Aim 3: To Identify the Pathway of Ocular NPCE-Derived Exosomes Communication 

with TM Cells. 

NPCE derived exosomes can communicate with TM cells through receptor-ligand 

interactions, TM cytoplasmic penetration, or they might target the TM cell's nucleus. In order to 

shed light on the way NPCE derived exosomes communicate with TM cells, we examined the 

interaction of exosomes with TM cell culture by immunofluorescence staining or ITC instrument. 
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C.1. NPCE Exosomes are rapidly and preferentially internalized by TM Cells 

To test our hypothesis that exosomes are the mediators of signaling transference 

between the NPCE and the TM cells, we incubated a known amount of DiD-labeled NPCE-derived 

exosomes with TM cells at different time points and examined their internalization by confocal 

microscopy. Representative microscopic fields were counted for labeled vesicles. Exosomes 

uptake was detected after 1h and increased thereafter. Longer incubation times resulted in 

higher accumulation of exosomes inside the cells. A continuous increase in accumulated exosome 

levels in the TM cells was found to be significant at 4 h. A maximal amount was reached by 12 h. 

This level persisted for up to 32 h. Exosomes were found in the TM cytosol, being mainly localized 

in a perinuclear region (Fig. 16A and B). In order to investigate the cell specificity of NPCE-derived 

exosomes, we compared the ability of different cell lines to accumulate DiD-labeled NPCE-

derived exosomes. These included ocular (HCM, RPE), epithelial (MCF7, SKOV-3, LnCap), and 

endothelial (CEND) cells. All the different cell populations were grown to the same density and 

then incubated with the DiD-labeled NPCE-derived exosomes for 12 h, at which point exosome 

accumulation was verified. Exosomes were uptaken easily and preferentially by TM cells 12 h 

post incubation, while in all the other cell lines investigated, except the HCM cell line, only very 

few NPCE-derived exosomes were detected (Fig. 17A and B). These results suggest that NPCE 

exosomes have higher affinity for TM cells and that exosomes seem to move toward the nucleus 

of the cells, indicating that the exosomes can transfer genetic materials like DNA, RNA or proteins 

into the target cells to modulate cell-to-cell communication. Therefore, we wanted to investigate 

whether NPCE EVs can transport RNAs and proteins enclosed within NPCE exosomes to TM cells. 

For this purpose, TM cells were exposed to EVs stained with Exo-Red dye (for RNAs) or Exo-Green 

dye (for proteins).  Images obtained from the Image Stream Flow Cytometry revealed 

accumulation of Exo-Red (Fig. 18A) and Exo-Green (Fig. 18B) stained exosomes after 2 h of 

incubation. These results suggest that NPCE exosomes were internalized via TM cells and 

delivered their cargo into the TM cytosol. 
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Figure 16. Kinetics of NPCE-secreted exosomes uptake by TM recipient cultured cells within 32 

h. (A) Representative confocal images of NPCE-derived exosomes internalized by NTM cells.  

Purified exosomes were labeled with the dye DiD and added to cells of the NTM cell line. After 

incubation with exosomes for the indicated time points (0.5, 1, 2, 4, 8, 24, 32 h), TM cells were 

fixed and visualized by confocal microscopy. Data is representative of three independent 

experiments.  (B) The graph presents analysis of TM cells by spot count of internalized labeled 

NPCE exosomes for the indicated time points. A minimum of 350 cells were analyzed for each 

sample. 
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Figure 17. Cellular uptake of DiD-labeled exosomes by different cell lines. (A) DiD-labeled NPCE-

derived exosomes were incubated for 12 h with NTM, HCM, RPE, SKOV-3, LANCaP, CEND and 

MCF-7 cells. After incubation, the cells were washed, fixed and labeled using Alexa Fluor 488-

labeled anti-α-tubulin antibodies to mark the cytoskeleton and mounted in mounting medium 

containing DAPI. Images were acquired using a confocal microscope. Scale bar: 30 µm (B) 

Fluorescence intensity analysis of DiD-labeled NPCE-derived exosomes entry into each cell type 

after a 12 h incubation, by Easy-Quant. The results are mean±SEM, n=3, significance: one-way 

ANOVA with post Tukey’s test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 18. TM cells uptake of NPCE exosomes. NPCE exosomes in which either RNAs were labeled 

with Exo-Red or proteins were labeled with Exo-Green dyes co-incubated for 2 h with TM cell 

line. Exosomes fluorescence was captured and photographed using an ImageStreamTM high-

resolution imaging flow cytometer (A) Representative ImageStreamTM images showing Exo-Red 

labeled NPCE exosomes or (B) Exo-Green labeled NPCE exosomes uptake by TM cells. 

C.2. Calorimetric Observation of NPCE Exosome Interaction with TM Cells.  

Communication specificity is mainly achieved via ligand-receptor interaction between 

vesicles and target cells 113. Therefore, we investigated the possibility that exosomes may activate 

intracellular signaling in NPCE cells by ligand-receptor interaction.  Isothermal titration 

calorimetry (ITC) is a label-free technique that allows the direct determination of the heat 

absorbed or released during a biological macromolecular interaction, including protein-ligand 

binding, protein-protein binding, etc. 114. The ITC instrument contains two identical coin-shaped 

cells, that is, the sample and reference cells, which are enclosed in an adiabatic shield. It also 

contains an injection syringe that sits inside the sample cell and acts as a stirring device. Each 

injection of the syringe solution triggers the binding reaction, and if an interaction takes place, 

then a certain amount of complex is formed. Complex formation is accompanied by the release 

(exothermic reaction) or the absorption (endothermic reaction) of heat that causes a difference 

in temperature between the two cells. Then, a feedback system either lowers or raises the 

thermal power applied to compensate such temperature imbalance. After each injection, the 

system reaches equilibrium, and the temperature balance is restored. Therefore, the recorded 

signal shows a typical deflection pattern in the form of a peak 114. The ITC results in Fig. 19 provide 

evidence for the significant interactions between NPCE exosomes and TM cells. In the ITC 

experiments, exosomes were titrated into solutions of the live TM cells and the reaction heats 

were measured. In three independent experiments, the interactions were exothermal 

throughout the titration. Clear peaks are evident, indicating heat release upon complex 

formation between the NPCE exosomes and TM cells. These peaks are reduced upon successive 

injections (Fig. 19A). In contrast, in the control experiments, in which buffer instead of exosomes 
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is titrated into the TM cells the peaks are very small and uniform, indicating a lack of reaction 

(Fig. 19B). The results suggest that NPCE-TM communication can occur theoretically via 

exosomes by classic ligand-receptor interaction.  
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Figure 19. Interactions of NPCE exosomes with TM cells. (A) NPCE exosomes titrated into a 

solution of TM cells. (B) PBS buffer titrated into a solution of TM cells. Experiments were repeated 

three times (n=3). 

D. Specific Aim 4: To Search for the Specific Signaling Pathways Affected/Regulated in TM 

Cells by Exosomes. 

In the previous section we demonstrated the presence of Wnt regulating proteins and 

miRNAs in NPCE exosomes. Reports suggest that Wnt/β-catenin in the TM is required for 

maintaining normal IOP, although the mechanism behind this is unknown 61,115-117. Therefore, we 

examined the possibility that treatments of TM cells with exosomes will modulate Wnt genes and 

protein expression in these cells and may affect downstream proteins contributing to ECM 

stiffness.  

D.1. Effect of NPCE Exosomes Treatment on Wnt Signaling Protein Expression in TM cells 

Changes in Wnt proteins levels in TM cells induced by NPCE-derived exosomes were 

evaluated by Western blot analysis. Decreased phosphorylation of GKS3β and a decrease in β-

catenin cytosolic levels were detected in NPCE derived exosome treatment along the different 

time points (1, 2, 4, 6, 8, 24 h) while no reduction was found in the RPE control derived exosome 

treatment. We used two-way ANOVA analyses in order to study the possible influence of 

treatment and length of exosome exposure mutual effects. Phosphorylated GSK3β mean 

treatment (exosomes derived from NPCE, RPE or control) was significantly different (p≤0.003) 

while interaction (p≤0.978) and exosome exposure length (p≤0.959) were not. For pGSKβ3, the 

control non-treated TM cells (1.13±0.11) and the TM cells treated with RPE derived exosome 

(1.38±0.17) were significantly higher than NPCE derived exosomes treated TM cells (0.72±0.11) 

but did not differ significantly from each other (Fig. 20A). β-catenin mean exosome exposure 

length (p≤0.002) and treatment (p≤0.001) were highly significant, while interactions (p≤0.672) 

were not significant. For β-catenin, the control non-treated TM cells (1.07±0.11) and the TM cells 

treated with RPE derived exosome (1.33±0.17) were significantly higher than NPCE derived 

exosomes treated TM cells (0.71±0.11), but did not differ significantly from each other (Fig. 20 

A1, A2, B, B1, B2).  

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0171153#pone-0171153-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0171153#pone-0171153-g005


59 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

NTM only NTM+NPCE
exosome

NTM+RPE
exosome

NTM only NTM+NPCE
exosome

NTM+RPE
exosome

A
ri

b
it

ra
ry

 u
n

it
s

pGSK3b b-Catenin

***

***

***

***

B

0

20

40

60

80

100

120

140

1h 2h 4h 6h 8h 24h

R
e

la
ti

ve
 p

G
SK

3
β

e
xp

re
ss

io
n

 (
%

)

B1 NTM only
NTM + NPCE exosome
NTM + RPE exosome

0

20

40

60

80

100

120

140

1h 2h 4h 6h 8h 24h

R
e

la
ti

ve
 β

-C
at

e
n

in
e

xp
re

ss
io

n
 (

%
)

NTM only
NTM + NPCE exosome
NTM + RPE exosome

B2



60 
 

Figure 20. Effect of NPCE-derived exosome treatment on the Wnt proteins expression in TM 

cells. Lysates from TM cells untreated or exposed to NPCE-derived exosomes or RPE derived 

exosomes were subjected to immunoblot analysis to detect cytosolic β-catenin or phospho-

GSK3β. β-actin was used as a loading control.  Data represent means ± S.D from minimum three 

independent experiments. (A) A representative Western blot showing expression of β-catenin 

(A1) and phospho-GSK3β (A2) at various time points. B1 & B2 inserts are time and treatment 

histogram charts of the relative expression of phospho-GSK3β and β-catenin.  (B) Histograms 

presenting mean interaction of the phospho-GSK3β and β-catenin expression, (***P<0.001).  

D.2. Effect of NPCE Exosomes Treatment on the Selected mRNA Expression in TM Cell Line 

Endogenous expression of Wnt-regulated genes following NPCE derived exosome 

exposure was analyzed for possible regulation at various time points. AXIN2 and LEF1 genes are 

often regulated by the β-catenin and used as markers for canonical Wnt/β-catenin pathway 

activation 118,119. In the present experiment, we examined the expression of β-

catenin, AXIN2 and LEF1 genes expression. qPCR studies revealed that treatment of TM cells with 

NPCE derived exosomes for two hours significantly reduced AXIN2 and LEF1  expression versus 

their untreated controls (Fig. 21A, B, p ≤0.05, n = 6). Beta catenin mRNA levels showed a trend of 

mRNA reduction that did not reach significance (Fig. 21C). At all the other time points of TM cells 

exposed to NPCE derived exosomes, no significant changes in mRNA levels were found versus 

untreated TM cells (data not shown). 

  

 

 

 

 

 

 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0171153#pone-0171153-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0171153#pone-0171153-g006
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Figure 21. NPCE treatments decreased Wnt genes mRNA expression levels.  TM cells were 

treated with NPCE exosomes for 2 hours. Real-time qRT-PCR was performed to examine the 

mRNA expression levels of canonical Wnt/β-catenin signaling components, including (A) Wnt 

transducers AXIN2, (B) Wnt transcription factors LEF1 and (C) β-catenin. Data were normalized 

to the average mRNA level of GADPH. The results are mean±SD of n=6 different experiments, 

*P < 0.05.  

D.3. Effect of NPCE Exosomes Treatment on Wnt Signaling Protein Expression in Primary TM 

Cells 

Based on the findings that NPCE and TM cell lines establish an exosomes-mediated 

crosstalk leading to an inhibition of Wnt signaling in TM cells, we expected that primary NPCE 

exosomes would also suppress Wnt signaling pathway in primary TM cells. To test whether this 

trend is observed in primary cells, primary TM cells were co-cultured with either exosomes 

secreted by primary NPCE cells or exosomes secreted by the NPCE cell line, and the expression 

level of specific Wnt signaling proteins was determined by Western blotting. Consistent with the 

results in the TM cell line, exosomes released by both primary NPCE cells and the NPCE cell line 

showed diminished pGSK3β phosphorylation and decreased cytosolic levels of β-catenin in 

primary TM cells. We observed a 2-fold decrease in total β-catenin protein levels after 2 h of 

primary NPCE or cell line exosome treatment (p≤0.01, p≤0.05) (Fig. 22A and B) and significantly 

lower protein levels of pGSK3β after 1-2 hours of treatment with either NPCE primary or cell line 

released exosomes (p≤0.01, p≤0.05) (Fig. 22C and D). No significant changes in these protein 

levels were seen after more than 2 h incubation, compared to untreated TM control cells. 
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Figure 22. Effect of exosomes isolated from primary NPCE cells and NPCE cell line on β-catenin 

and GSK3β protein expression in primary TM cells.  Primary TM cells were treated with NPCE 

primary or cell line-derived exosomes and the effect of exosomes on protein level of β-catenin 

and pGSK3β in TM cells was detected by Western blotting at the indicated time points. (A) 

Representative Western blots showing the levels of β-catenin or (C) pGSK3β protein, 
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phosphorylated at Ser9 in primary TM cells following exosomes treatment. (B) The graph shows 

the densitometry quantification for the expression of β-catenin or (D) the expression of pGSK3β 

in primary TM cells. Data presented as mean ± SEM of three independent experiments. Asterisks 

indicate statistically significant differences from untreated control (*P<0.05, **P<0.01 in two-

way ANOVA with Bonferroni’s test). 

D.4. Effect of NPCE Exosomes on PDK1/Akt/mTOR Signaling Pathway in TM Cell Line. 

Inhibitory serine-phosphorylation is the most frequently examined mechanism that 

regulates the activity of GSK3 120. It is well established that AKT (also called protein kinase B; PKB) 

inhibits GSK3 kinase activity via phosphorylation of Ser-9 in GSK3β 121. A possible mechanism by 

which the NPCE exosomes can mediate the inhibition of Wnt signaling pathway in TM cells is by 

decreasing the protein level of phosphorylated Akt protein. Akt has been shown to phosphorylate 

and inactivate GSK3β, which is required for the deactivation of β-catenin. Therefore, AKT protein 

level was measured in protein extracts derived from the TM samples using Western blot analysis 

with anti-AKT monoclonal antibody and anti-β-actin as a control. Since the full deactivation of 

Akt requires de-phosphorylation at both Thr308 and Ser473 122, we examined two-site 

phosphorylation in TM cells following NPCE exosomes treatment at different time points (1,2,4 

h). As controls, we used untreated TM cells and TM cells that were exposed to RPE exosomes, 

which, we had previously shown, are unable to reduce β-catenin levels in TM cells. When the TM 

cells were treated with NPCE exosomes for 2h, we observed greater than 3-fold decrease 

(p≤0.05) of Akt phosphorylated at Ser473 compared to untreated cells (Fig. 23A and B). A trend 

of lower Akt phosphorylation levels at Thr308 was observed upon NPCE exposure, without 

reaching significance (Fig. 23C and D). No differences were detected in the expression levels of 

Akt phosphorylation at both the Ser473 and Thr308 positions upon RPE EVs exposure, as 

compared to untreated control. To better define the molecular mechanism underlying the ability 

of exosomes to modulate Akt protein, we further investigated the phosphorylation state of 

proteins that lies upstream (PDK1) and downstream (mTORC1) of Akt in TM cells following 

exosomes treatment. In response to a 2 h treatment with NPCE exosomes, TM cells exhibited 

2.5-fold (p≤0.05) decreased phosphorylation of PDK1 but pre-treatment of TM cells with RPE 

exosomes had no effect on the amount of phosphorylated PDK1 at the respective time point (Fig. 
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23E and F). Next, we examined how the presence or absence of NPCE derived exosomes affect 

mTORC1 phosphorylation. Results revealed that no significant differences were detected 

following NPCE and RPE exosomes treatment regarding their effects on the phosphorylation of 

mTORC1 at Ser2448 (Fig. 23G and H).  Collectively, these results suggest that NPCE exosomes 

seem likely to play some role in the phosphorylation of Akt and PDK1 proteins. However, since 

exosomes were unable to inhibit mTORC1 phosphorylation by Akt protein, and Akt was partially 

activated by phosphorylation of T308, Akt protein in our system cannot account for the reduced 

phosphorylation of p-GSK3β in TM cells. 
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Figure 23. Effect of exosomes isolated from primary NPCE cells and NPCE cell line on β-catenin 

and GSK3β protein expression in primary TM cells.  Primary TM cells were treated with NPCE 

primary or cell line-derived exosomes and the effect of exosomes on protein level of β-catenin 

and pGSK3β in TM cells was detected by Western blotting at the indicated time points. (A) 

Representative Western blots showing the levels of β-catenin or (C) pGSK3β protein, 

phosphorylated at Ser9 in primary TM cells following exosomes treatment. (b) The graph shows 

the densitometry quantification for the expression of β-catenin or (d) the expression of pGSK3β 

in primary TM cells. Data presented as mean ± SEM of three independent experiments. Asterisks 

indicate statistically significant differences from untreated control (*P<0.05, **P<0.01 in two-

way ANOVA with Bonferroni’s test). 

D.5. Effect of NPCE Exosomes on PP2A Protein Levels in TM Cell Line. 

Previous reports have established that protein phosphatase 2A (PP2A) catalyzes 

dephosphorylation of Akt at Ser473 to partially deactivate it and dephosphorylates GSK3β at Ser9 

to activate it 120,123. Because NPCE exosomes induced deactivation of Akt kinase at Ser473 

position only and activated GSK3β by lowering its phosphorylation at Ser9 we next tested 

whether NPCE exosomes regulate PP2A activity in TM cells. To investigate the effect of exosomes 

on PP2A levels in TM cells, the cells were grown in media with either NPCE exosomes or RPE 

exosomes. Untreated cells served as control. Proteins lysates were extracted and PP2A 

expression was detected by Western blot. Results revealed that pretreated TM cells with NPCE 

exosomes resulted in a greater than 2-fold (p≤0.001) increase in the PP2A protein levels as 

compared to control cells (Fig. 24A and B). There are several potential mechanisms that could 

mediate the increase in PP2A levels in TM cells pre-treated with NPCE exosomes. As shown in 

Fig. 18 NPCE exosomes can transfer their cargo to target TM cells. We therefore investigated 

whether the NPCE exosomes are positive for PP2A protein. Western blot analysis of density 

gradient fractions confirmed the presence of PP2A in NPCE exosomes (Fig. 24C). Using a 

continuous sucrose gradient, we observed that most of the PP2A was recovered in fractions 4 to 

6, ranging from densities of 1.18-1.188 g/mL, corresponding to the density range classically 

assigned to exosomes 124. These results suggest that NPCE cells secrete exosomes containing 

PP2A protein and thus they may be responsible for the elevated levels of PP2A protein in TM cells 
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and the downregulation of Wnt signaling by PP2A protein delivery and activation of GSK3β in 

recipient cells.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Expression of PP2A in TM cells and NPCE exosomes. Western blot showing increased 

PP2A protein levels in the TM cells after NPCE exosomes exposure. (A) Western blot 

representative images. (B) Quantification of PP2A in TM cells exposed to NPCE or RPE exosomes 

or untreated cells. Results are representative of three independent experiments (*p<0.05; 

***p<0.001 in two‐way ANOVA with Bonferroni’s test). (C)  NPCE exosomes were floated into a 

linear sucrose gradient (0.25-2.5 M) and then subjected to overnight centrifugation. Gradient 

fractions were collected and analyzed by Western blot analysis using PP2A antibody.   
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D.6. Expression of Cadherins at the Surface of TM Cells Following NPCE Exosomes Exposure 

Recent research has revealed that Wnt/β-catenin signaling regulates IOP via β-catenin’s 

effects on cadherin functions 60. This work showed that Wnt/β-catenin signaling activation 

increased the expression of cadherins in TM cells, contributing to TM cell adhesion, and that the 

inhibition of Wnt/β-catenin signaling compromised cadherin expression as well as TM cell 

adhesion and mechano-transduction, thereby inducing ocular hypertension. To elucidate 

whether NPCE exosomes can induce changes in adhesion protein levels, we studied the 

expression of membrane cadherin by flow cytometry following 4,6,12, 24 h incubation with NPCE 

derived exosomes. The selected antibody could detect the intracellular domain of the membrane 

anchored cadherins.  Flow cytometry analysis revealed that NPCE-derived exosomes induced a 

significant (p≤0.001) decrease in pan-cadherin expression, suggesting a link between the NPCE 

derived exosomes and the trabecular meshwork adhesion molecules (Fig. 25 A and B).  
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Figure 25. Flow cytometry analysis of pan-cadherin expression in the presence or absence of 

NPCE-derived exosomes. Isolated exosomes were added to TM cells for 4, 6, 12 and 24 h. Cells 

were collected permeabilized and stained with monoclonal antibodies against the intracellular 

membrane domain of pan-cadherin. Acquisition of >5,000 events was performed. A 

representative experiment is shown in A. Results (mean ± SE) of three independent experiments 

are shown in B (*P<0.05, **P<0.01). 

D.7. NPCE Exosomes Effect on Collagen Protein Levels in TM Cells.  

TM tissue consists of various extracellular matrix (ECM) proteins, 

including collagen (types I, III, IV, and V), proteoglycans and laminin 125.  Changes in ECM are 

thought to have a role in the increased outflow resistance of the TM in POAG126. Activation of the 

Wnt signaling pathway in humans has been shown to promote fibrosis of various organs 127.  We 

hypothesized that downregulation of Wnt/β-catenin signaling pathway by NPCE exosomes would 

reduce collagen protein expression in TM cells. The effect of NPCE derived exosomes on the levels 

of collagen IIIA (Col3A) in TM cells was investigated by Western blotting analysis with anti-Col3a 

monoclonal Ab. As shown in Fig. 26A and B, treatment with NPCE exosomes clearly decreased 
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the collagen III expression in TM cells following a 24 h incubation of these cells with NPCE 

exosomes. When normalized to the loading control, expression of collagen in TM cells were 

approximately 3-fold (p≤ 0.01) lower than untreated control or RPE exosomes treated cells.   

 

 

 

 

 

 

 

 

 

Figure 26. Expression of type III collagen in TM cells following exposure to NPCE cell line derived 

exosomes. (A) Representative Western blot showing collagen 3A1 expression in TM cells exposed 

to NPCE or RPE exosomes or untreated cells (B) Quantitative analysis of collagen levels relative 

to β-actin in response to NPCE and RPE exosomes. Results are representative of three 

independent experiments. (**P< 0.01 in one-way ANOVA with post Tukey's test). 

 

E. Specific Aim 5: To Investigate the Effect of Oxidative Stress on NPCE Exosomes Release and 

Content.  

Elevated pressure and increased oxidative stress are well identified in the POAG drainage system. 

We hypothesize that NPCE reaction to oxidative stress will result in changes in exosomes content 

and release. 
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E.1. Cell Viability of AAPH-Treated NPCE Cells.  

NPCE cells were exposed to oxidative stress in order to find the conditions where NPCE 

cells viability is reduced significantly but only to a moderate degree so processes related to the 

production and release of exosomes are not be significantly affected. AAPH, a superoxide 

generator was used to induce oxidative stress in NPCE cells. These cells were treated with two 

concentrations (10 mM and 15 mM) of AAPH at different incubation times, and the medium was 

replaced 24 h thereafter. Cytotoxicity was measured by MTT assay. The results depicted in Figure 

16 demonstrate a time-dependent reduction in cell survival. 15 mM AAPH for 90 min, which 

resulted in a significant 20% viability reduction (p≤0.001), was chosen for the follow-up 

experiments (Fig. 27B).  

 

 

 

 

 

 

 

 

Figure 27. Cell viability of AAPH-treated NPCE cells. Cell viability was measured by MTT assay in 

NPCE cells at 30, 60, 90 min after AAPH treatment with (A) 10 mM and (B) 15 mM doses. Data 

are expressed as percent viability and represented by mean ± SEM. Multiple group comparisons 

were performed using one-way ANOVA followed by the post hoc Tukey's test, and any difference 

in comparison with untreated NPCE cells was considered significant when *P<0.05, **P<0.01 or 

***P<0.001. 
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E.2. TM Cells Viability after Co-Culture with NPCE Exosomes.  

It was previously demonstrated that human cells exposed to oxidative stress conditions 

respond to stress by activating antioxidant molecules which can be released through exosomes 

that provide recipient cells with a resistance against oxidative stress 81,83. Based on these findings, 

we determined whether treatment of TM cells with NPCE exosomes provides protection from 

apoptosis induced by oxidative stress. TM cells were directly exposed to oxidative stress by 15 

mM AAPH for 90 min and afterwards TM cells were co-cultured with exosomes derived from 

oxidative stressed NPCE cells (EVs-OS) or from NPCE cells without stress (EVs-N). Untreated cells 

or cells treated with 15 mM AAPH only without exosomes exposure (NT TM) served as controls. 

TM cells’ viability following exosomes treatment was determined by MTT assay. As can be seen 

in Fig. 28, in OS TM cells a significant reduction in the cell viability was observed (p≤0.001) relative 

to untreated control cells. Control NPCE exosomes (EVs-N) derived from unstressed NPCE could 

not avoid TM cell viability reduction induced by AAPH treatment. When EVs-OS were added to 

OS TM, the TM cell viability remained like that of untreated TM cells. These results indicate that 

EVs-OS protect TM cells from oxidative stress-induced death.  

 

Figure 28. AAPH-treated TM cells viability after co-culture with NPCE exosomes.  TM cells were 

pretreated with AAPH (15mM) for 1.5 h at 37 oC. Afterwards, the medium was removed and 
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either unstressed NPCE exosomes or stressed NPCE exosomes were added to the TM culture, and 

the cells were cultured for 24 h. Effect of NPCE exosomes on the TM cells damage induced by 

AAPH was determined by MTT assay and compared to the TM cells under normal or oxidative 

stress conditions.   Data from three independent experiments are represented by means ± SEM. 

Multiple group comparisons were performed using one-way ANOVA followed by the post hoc 

Tukey's test, where **P<0.01, ***P<0.001. 

E.3. Effect of NPCE Derived Exosomes on NRF2 Levels in TM Cells 

Nrf2-Keap1-ARM signaling plays a significant role in cell protection from exogenous and 

endogenous stresses. In general, the transcription factor NRF2 is bound to Keap1 in the 

cytoplasm allowing basal expression of Nrf2 regulated gene. Upon cell exposure to different 

stressors producing oxidative stress, Nrf2 Keap1 bond breaks allowing Nrf2 to translocate to the 

nucleus and activate the expression of cyto-protective genes 128. We tested the ability of NPCE 

exosomes to modulate Nrf2 expression in TM cells using immunohistochemistry and Western 

blot analysis. Results showed that treatment with EVs-OS clearly increased the Nrf2 staining in 

the TM cytoplasm and nucleus. An increase in Nrf2 expression was detected when TM cells were 

directly exposed to AAPH and when control NPCE exosomes were added (Fig. 29a and b). 

Western blot results showed significant increase in the levels of cytoplasmic Nrf2 in TM cells co-

cultured with EVs-OS and cells treated with 15 mM AAPH only, compared to untreated control 

cells or OS TM cells exposed to EVs-N (Fig. 30a and b). While in the nuclear fraction we observed 

higher expression of Nrf2 protein in TM cells co-cultured with either EVs-OS or EVs-N under 

oxidative stress conditions (Fig. 30a and c). In summary, Western blot and immunohistochemistry 

data demonstrated that the pretreatment with EVs-OS was capable of significantly increasing 

Nrf2 levels in both cytoplasmic and nuclear fractions, thus indicating that EVs-OS did not trigger 

Nrf2 nuclear translocation from the cytosol but rather Nrf2 protein or miRNAs were transferred 

from NPCE cells to TM cells via exosomes. Some increase in the level of nuclear Nrf2 has been 

noted for EVs-N, however EVs-OS seems to be more effective than EVs-N and 15 mM AAPH in 

increasing Nrf2 protein expression. 
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Figure 29. Immunocytochemical detection of Nrf2 in TM cells under normal or stress conditions 

following exposure to NPCE derived exosomes. (a) Representative confocal images of Nrf2 

staining in untreated TM cells or TM cells co-incubated with NPCE exosomes released under 

normal or oxidative stress conditions, or TM subjected to oxidative stress with 15 mM AAPH for 

1.5 h. TM cells were co-stained with antibody against the cytoskeleton marker α-tubulin (green) 

and nuclei were stained with DAPI (blue) (b) Quantification of Nrf2 expression level. Results are 

displayed as mean ± SEM of fluorescent intensity/number of cells, where **P<0.01 in one-way 

ANOVA with post Tukey's test.  
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Figure 30. Western blot analysis of Nrf2 expression in TM cells in response to NPCE exosomes 

under basal or oxidative stress conditions. (a) Representative Immunoblots of Nrf2 in nucleus 

and cytosol of either untreated TM cells or TM cells treated with 15 mM AAPH for 1.5 h or TM 

cells co-incubated for 8 or 24 h with NPCE exosomes released under normal or stressed 

conditions. Cytosolic and nuclear proteins were separated by centrifugation procedure, resolved 

by SDS-PAGE and blotted onto PVDF membrane. Nrf2 was visualized with polyclonal antibody. 

Lamin and β-actin were used as loading controls (b) Densitometry analyses of cytosolic Nrf2 and 

(c) Nuclear Nrf2. Data are presented as the mean ± SEM, where *P<0.05, **P<0.01, ***P<0.001 

in two-way ANOVA with post Bonferroni test. 

E.4. Effect of NPCE Derived Exosomes on Wnt Proteins Levels under Stress Conditions 

In the previous section, we demonstrated the ability of NPCE derived exosomes to 

attenuate Wnt signaling pathway in TM cells. Two key proteins affected were pGSK3β and β-

catenin. Here we examined these protein expressions in TM cell under direct oxidative stress and 

following exposure to exosomes derived from NPCE cells exposed to oxidative stress. The results 

depicted in Figure 31 show that expression levels of pGSK3β and β-catenin were reduced in the 

TM cells co-cultured either with EVs-OS or EVs-N as compared to untreated TM and Oxidative 

stressed TM at 8h. However, the treatment with the EVs-OS more effectively attenuated the 

expression of Wnt proteins compared to the treatment with normal NPCE derived exosomes 

(EVs-N).  
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Figure 31. Protein expression levels of β-catenin and p-gsk3β in TM cells under the treatment 

of NPCE exosomes. (a) Representative Western blots showing protein expression of β-catenin 

and p-GSK3β in cell lysates from TM cells treated with NPCE stressed or normal exosomes for 8, 

24 h and/or 15 mM AAPH for 1.5 h. Quantification of (b) β-catenin and (c) p-GSK3β protein levels 

from three independent experiments. β-actin was used as internal loading control. Data are 

presented as the mean ± SEM, where *P<0.05, **P<0.01, ***P<0.001 in two-way ANOVA with 

post Bonferroni test. 

E.5. Effect of the NPCE Exosomes Released Under Normal or Oxidative Stress Conditions on 

the Expression of Anti-Oxidative Genes in TM Cells.  

Changes in Nrf2 expression and increased nucleus translocation are expected to increase 

cell survival response partially through anti-oxidative genes expression.  Following TM oxidative 

stress and TM incubation with NPCE exosomes and oxidative stressed NPCE derived exosome, 

TM Nrf2 and its downstream antioxidant genes expressions were analyzed by qRT-PCR. As shown 

in Figure 32, the expression levels of all five examined anti-oxidative genes (SOD1, SODd2, Gpx1, 

Hmox1 and Nrf2) were significantly upregulated in the TM cells co-cultured with EVs-OS 

compared to untreated TM or TM exposed either to EVs-N or to direct oxidative stress with15 

mM. 
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Figure 32. Assessment of oxidative stress-related genes in TM cells. Total RNA was isolated from 

untreated TM cells or TM cells treated for 1.5 h with 15 mM AAPH, or TM co-incubated with 

either stressed or normal NPCE exosomes, and quantitative real-time PCR was performed to 

measure the level of (a) SOD1, (b) SOD2, (c) Gpx1, (d) Hmox1 and (e) Nrf2. The results were 

normalized to 18s RNA. Bars represent mean ± SEM of three independent experiments, where 

*P<0.05, **P<0.01, ***P<0.001 in one-way ANOVA with post Tukey's test. 

E.6. NPCE Exosome Protective Effect from the AAPH- Induced Oxidative Stress 

We next examined the effects of NPCE exosomes on ROS formation using DCF-DA 

reagent. Our results revealed that both EVs-N and EVs-OS reduced the accumulation of 15 mM 

AAPH-triggered ROS in TM cells.  However, TM incubated with EVs-OS showed a more marked 
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effect on ROS reduction compared to EVs-N treatment (Fig. 33). TM cells-only fluorescence levels 

were unchanged through the experiments. These results suggest that EVs-OS have a protective 

effect against AAPH-induced oxidative damage.  

 

 

 

 

 

 

 

  

 

 

 

Figure 33. Kinetic estimation of AAPH-induced ROS generation in TM cells following incubation 

with normal or stressed NPCE exosomes. TM cells were pretreated with normal or stressed NPCE 

exosomes for 24 h, and then rinsed with PBS. Subsequently, the pretreated cells were incubated 

with DCFDA for another 1 h at 37oC. This was followed by the washing step and addition of either 

PBS or AAPH (150 µM).  ROS amounts in TM cells were quantified with or without NPCE exosomes 

pretreatments and results are presented as mean fluorescence intensity ± SEM from three 

independent experiments. Fluorescence was determined at 15 min intervals over a period of 3 

h. The asterisks indicate significant differences between the untreated TM cells and TM treated 

with NPCE stressed exosomes.  *P<0.05, **P<0.01, in one-way ANOVA with post Tukey's test.  
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E.7. NPCE Effect on the antioxidant enzymes Under Normal or Oxidative Stress Conditions.  

Catalase (CAT) is one of the most important antioxidant enzymes, present in almost all 

aerobically respiring organisms. The main function of CAT is decomposition of hydrogen peroxide 

into water and molecular oxygen. The TM is a metabolically active tissue that has been found to 

contain key enzymes involved in protecting against oxidative stress 129. Increased CAT activity 

following NRF2-Keap1 induction was reported in many papers/reports 130. In our model, NPCE 

cells exposed to oxidative stress released exosomes with the ability to significantly induce CAT 

activity in TM cells. From the results shown in Figure 34A it was clear that CAT activity was higher 

by 50% in TM cells co-cultured with EVs-OS relative to catalase activity measured following 

exposure of TM cells to direct oxidative stress (p≤0.001) or exposure of TM cells to EVs-N (p≤0.01) 

or untreated TM cells (p≤0.01). Superoxide dismutase (SOD) is one of the most important defense 

enzymes, present in the TM and has been shown to decline in an age-dependent way in normal 

human TM 131.  As clearly shown in Fig. 34B, treatment of TM cells with NPCE exosomes produced 

a significant increase of 20% in SOD activity compared to untreated TM (p≤0.01), oxidative 

stressed TM (p≤0.01) and TM exposed to normal NPCE exosomes (p≤0.01). These results 

demonstrate the ability of NPCE EVs-OS to regulate the activity of CAT and SOD in TM cells. 

 

 

 

 

 

 

 

Figure 34. Effects of pretreatments with NPCE exosomes on SOD and CAT enzyme activities in 

TM cells. Quantification of the antioxidant activity of (a) SOD and (b) CAT in TM cells.  Significance 

tested by one-way ANOVA and Tukey’s post hoc analysis (*P<0.05, **P<0.01, ***P<0.001). 
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Discussion 

Glaucoma is becoming an increasing cause of blindness, as the world’s population ages 

and it is estimated to be the second most prevalent cause of blindness in the world 132-134. While 

the increased acceptance of selective laser trabeculoplasty and the introduction of minimally 

invasive glaucoma surgery devices have started to change the face of glaucoma management, 

IOP lowering eye drops remain the foundation of treatment 135. Conventional therapy suffers 

from poor compliance, low bioavailability, and the lack of causative treatment options 136. In 

addition, the preservatives and active agents in most topical glaucoma medication are implicated 

in the prevalence of ocular surface discomfort 137. 

Exosome therapy is considered a promising therapeutic strategy for the treatment of 

several diseases such as cardiomyopathies 138-140, cancer 141-143neurodegeneration diseases 144-146 

and eye diseases 147,148.  Exosomes are ideal therapeutic candidates since: 1. Exosomes carry 

unique, sequestered cargoes between adjacent cells and organs, facilitating cell-to-cell 

communication 2. Exosomes do not endogenously replicate, as cells would, and thus cannot 

become metastatic. 3. Exosomes can contain a manufactured cargo and, consequently, can be 

bioengineered for quality control and scaled up for dose. 4. They are non-toxic, non-

immunogenic with a long-life span in circulation and they can cross biological barriers 149,150. 

In the present study, we considered the idea that exosomes play a role in the ocular 

drainage tissue communication process. Understanding the role of exosomes in the 

communication between TM and NPCE cells requires evidence that NPCE cells do release 

exosomes, and that these NPCE-derived exosomes contain elements that can alter the biology of 

TM cells. Currently there is no information regarding the production of exosomes by NPCE cells 

and a description of the NPCE- derived exosomes content has never been performed. We show 

here for the first time that NPCE cells produce nano-vesicles that qualify as exosomes. The 

characterization of NPCE-derived exosomes conducted here demonstrated the presence of 

established ALIX, ICAM, TSG101 markers and lack the GM130 non-exosome marker. NPCE 

exosomes are within the conventional 40-150 nm range and possess the characteristic lipid 
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bilayer membrane. We also visualized the characteristic morphology exhibited by NPCE 

exosomes by electron microscopy.  

Exosomes have been shown to contain a wide variety of proteins, lipids and coding and 

non-coding RNAs. The content of exosomes may be influenced by growth factor receptors 

activation 151, oxidative stress exposure 152, ionization radiation 153 and probably other stimuli. 

AH contains a vesicle population with a size characteristic of exosomes to which most nucleic 

acids, lipids and proteins identified in AH, were most likely exosome-associated 49,154. Many 

tissues can contribute to the AH exosomes content including the cornea, iris, vitreous humor, 

trabecular meshwork, ciliary epithelium, and even the retina. Still, which tissue releases these 

exosomes and what their specific target remains open questions. We examined and 

characterized the content of NPCE- derived exosomes. Proteomic exploration of the NPCE 

exosomes revealed that many previously identified AH proteins were found to be enriched in 

NPCE exosome samples, including proteins related to adhesion (CD44, CD59), antigen 

presentation (β-2-microglobulin), cytoskeleton (actin, actinin, tropomyosin α), oxidative stress 

response (glutathione s-transferase, peroxiredoxin-1, SOD), protein synthesis regulation, signal 

transduction proteins and enzymes presented in bold in Table 5 155-157. Thus, suggesting that 

NPCE exosomes may be a potential source of the proteins identified in AH.  

Recent studies have shown that miRNAs are present in eye tissues and hundreds of 

miRNAs have been found in human AH, both in solution associated with RNA-binding proteins 

and contained within exosomes 154,158-161. It is now clear that miRNAs are associated with the 

development of many ocular diseases, such as retinoblastoma 162, autoimmune uveoretinitis 163 

and familial keratoconus 164.  Nevertheless, studies of miRNA in glaucoma are still in the primary 

stage 165.  So far, limited studies are available regarding the role of NPCE derived exosomes and 

exosome miRNAs cargo. The resulting miRNAs profiles of NPCE-derived exosomes demonstrated 

the presence of numerous miRNAs, which were previously shown to be involved in regulation of 

TM cellular processes. For example, in TM cells, introduction of mir-29 resulted in 

downregulation of multiple ECM components, including collagens (COL1A1, COL1A2, COL3A1) 

and genes involved in ECM deposition 166. We found that members of 29-miRNA family (miR-29a-

3p, miR-29b-3p, miR-29c-3p) were abundant in NPCE exosome samples and that treatment of 
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TM cells with NPCE exosomes significantly decreased the expression of COL3A1, suggesting that 

miR-29b can be responsible for decreased levels of collagen protein. Researches have shown that 

miRNA-29, which was detected in NPCE exosome samples, negatively regulates TGF-β in TM, and 

that overexpression of miRNA-29 could downregulate the expression of TGF-β and antagonize 

TGF-β-induced expression of ECM 167. However, further studies are needed to clarify how 

exosome miRNA-29 is involved in the regulation of ECM synthesis in TM cells.  

We carried a comparison of NPCE cell line derived exosome miRNAs with five 

independent studies of human AH derived exosome miRNAs and found that among the common 

116 miRNAs previously identified by researchers in AH, 77 were present in NPCE exosome 

samples. The presence of 89% identified AH miRNAs in NPCE exosomes suggests that NPCE tissue 

could be the critical source of miRNAs found in AH. The exosome miRNAs may target genes in 

cells adjacent to the NPCE cells or be delivered to distant tissues of the anterior chamber. Among 

the top 27 most abundant miRNAs detected in NPCE exosome samples and AH, most have 

important functions in Wnt signaling pathway regulation. For example, NPCE-derived exosomes 

contain significant amounts of miR-638, which was linked to the down-regulation of the Wnt/β-

catenin signaling pathway 168. In addition, miR-21 was detected in NPCE cells derived exosomes 

at high concentration compared to other miRNAs detected. miR-21 is indeed involved in the 

Wnt/β-catenin signaling pathway through its upstream target genes and positive regulation of 

Wnt, thereby activating the Wnt/β-catenin signaling pathway and causing β-catenin expression 

to increase 169. miR-21 could negatively modulate the activity of Wnt/β-catenin signaling via 

targeting Wnt-1, which likely accounts for the Wnt/β-catenin cascade activation 170. Furthermore, 

miR-21, was shown to target TIMP3, a tissue inhibitor of MMPs, promoting MMP activity, leading 

to the degradation of ECM 171. Another recent study on human tissues suggests that miR-21 

promotes ECM degradation through inhibiting autophagy via the PTEN/Akt/mTOR signaling 

pathway 172. In this study, we addressed the question of whether NPCE exosomes affect the 

mTOR and Akt pathway in TM cells. The Western Blot data indicated that, despite the abundance 

of miR-21 in exosomes, the levels of phosphorylated mTOR protein in TM cells remained 

unchanged following NPCE exosome exposure (Fig 23H). The involvement of exosomes in AKT 

regulation is discussed below.    
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The contribution of exosomes to signaling between neighboring tissues and even 

between relatively distant tissues during tissue development, cancer disease, and upon 

activation of the immune and other systems was demonstrated 173. In the limited numbers of 

papers on exosomes derived from human primary TM cells 174,175 and AH 154,158, the focus was on 

the involvement of exosomes as myocilin carriers or stimulants of myocilin release. To the best 

of our knowledge, the use of exosomes as signal carriers between the two main tissues involved 

in AH production and release has not yet been previously addressed. The biologically active cargo 

carried by NPCE exosomes has the potential to alter the phenotype and the biology of recipient 

TM cells. The exact mechanism responsible for the signaling transfer between TM and NPCE cells 

needs further verification. Several hypotheses can describe the mechanism of interaction 

between exosomes and cells. Exosomes can deliver their signaling cargo in different manners, for 

instance, in a juxtracrine fashion 176. In this case, exosome membrane proteins interact with 

receptors in a target cell and activate intracellular signaling. Alternatively, proteases present in 

the extracellular space could cleave exosome membrane proteins, with the freed proteins then 

acting as soluble ligands that could bind to target cell surface receptors177. This would, in turn, 

activate the signaling cascade within the target cell. Finally, exosome uptake by fusion or 

endocytosis with the target cell membrane and subsequent release of exosome contents into the 

recipient target cell in a non-selective manner is also conceivable178. When incubating NPCE-

derived exosomes with TM cells in the current study, the data collected suggests that a significant 

number of exosomes were internalized by the TM target cells. Using fluorescent dyes for 

exosome membrane, proteins or nucleic acids labeling, we were able to detect exosomes within 

the TM cytosol suggesting endocytosis or membrane fusion. The kinetics of NPCE-derived 

exosome internalization by TM cells suggests that about two hours are needed for significant 

exosome entry to have occurred. However, these results do not rule out other mechanisms of 

signal transfer by exosomes.   

Whether exosomes contain specific targeting molecules in situ that favor a particular 

tissue or cell type is an interesting and important question. In several studies, exosomes were 

shown to specifically target recipient cells where they would exchange proteins and lipids or to 

trigger downstream signaling events and deliver specific nucleic acid cargo 179,180. Furthermore, 
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the recent use of exosomes as engineered nucleic acid carriers for different diseases was 

suggested181-183. However, this promising delivery method requires over-expression of specific 

proteins on the exosome surface to achieve reasonable cargo delivery 184,185. Quantification of 

the fluorescence intensity from confocal experiments revealed that, of the seven examined cell 

lines, NPCE exosomes were preferentially internalized by TM cells. The high affinity of NPCE 

exosomes to TM cells may be based on protein receptor-ligand interaction. However, the 

mechanism underlying NPCE exosomes-TM cells specific interaction is still unclear.   

Next, we addressed the question whether NPCE exosome-mediated cell-to-cell 

communication via receptor-ligand interaction. ITC is one of the main techniques to measure 

strengths of interaction between any biochemical compound such as proteins, nucleic acids, 

lipids, carbohydrates, and other organic compounds. A major advantage of ITC is that the binding 

is measured under a label-free in-solution condition and can detect any heat changes as a result 

of the biochemical reaction process 186. ITC has widespread applications in many scientific 

disciplines that include antibody studies, cell metabolism, drug receptor interactions, enzyme 

interactions, and inhibitors 187.  Although ITC can also be applied in the study of plant materials, 

and mammalian cells and tissues, to our knowledge ITC analysis of exosomes interaction with 

cells has never been conducted.  In this study, we applied ITC to investigate the interaction 

between exosomes and TM cells, and exosome suspension was injected into the cell's solution. 

The ITC data presented here do not provide a conclusive answer to the above question, however 

based on these results we propose a possible ligand-receptor interaction between NPCE 

exosomes and TM cells. 

As far as we know, no previous research has investigated the effect of NPCE exosomes on 

the Wnt signaling in TM cells. In the present study we were able to show that exosomes derived 

from the NPCE cell line can modulate the Wnt signaling in the TM cell line, having the same trend 

and power as primary NPCE cells exosomes. When we treated primary TM cells with NPCE 

exosomes (from primary or cell line) a similar Wnt signaling attenuation was found. These results 

suggest that the NPCE cell line and primary derived exosomes resulted in the attenuation of Wnt 

signaling pathway in TM cells. In addition, and importantly, these results provide evidence that 

the cell lines used have relevance to their matched primary cells.  
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 It has been reported that β-catenin binds with E-cadherin to bridge between the 

cytoplasmic domain of cadherin and the actin cytoskeleton, thus realizing a connection between 

cells and affecting the adhesion and motility of cells 188. The treatment of cultured TM cells with 

dexamethasone is a classical model to simulate the state of TM cells in glucocorticoid-induced 

glaucoma. A recent study showed increased expression of β-catenin in TM cells treated with 

dexamethasone through Yap and Taz signaling 189. This study also revealed that the treatment of 

TM cells with dexamethasone was demonstrated to markedly increase the expression levels of 

fibronectin, laminin and collagen IV in the ECM, induce the restructuring of actin microfilaments, 

and promote the formation of classical cross-linked actin networks. These changes are likely to 

result in increased TM stiffness, restructuring of the TM and dynamic changes in the 

microenvironment and elevated IOP 189. Our findings revealed that NPCE-secreted exosomes 

induced mild but significant reduction of pan-cadherins. We assume that measuring a specific 

cadherin instead of total cadherins might result in a larger difference between NPCE exosome-

treated and non-treated TM cells. The integrity of adherent junctions in cells of the AH drainage 

pathway may influence IOP 190.  

The inhibition of GSK3-mediated β-catenin phosphorylation is known to be the key event 

in Wnt/β-catenin signaling. GSK3β activity is inhibited by phosphorylation of serine 9, which is 

regulated in turn by the upstream signaling molecules, protein phosphatase 2A (PP2A) and 

protein kinase B (also called AKT) 191-193. The exact mechanism that underlies the inhibition of 

GSK-3 phosphorylation following NPCE exosome treatment in TM cells remains partially 

understood.  TM cells treated with the NPCE exosomes displayed decreased Akt473 

phosphorylation with no apparent change at Thr308. Full activation requires both sites to be 

phosphorylated, whereas singly phosphorylated Akt is partially active, suggesting that NPCE 

exosomes may regulate the GSK3β serine 9 phosphorylation site by PP2A phosphatase. 

Consistent with this possibility, we have found that NPCE exosomes increase PP2A expression in 

TM cells. Furthermore, the data presented in this study demonstrate that NPCE exosomes carry 

PP2A phosphatase. Therefore, we propose that NPCE exosomes may regulate Wnt signaling in 

TM tissue through transfer of PP2A phosphatase to TM cells.  
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Next, we examined how exosomes isolated from NPCE cells challenged with oxidative 

stress affect Wnt signaling, genes expression, and proteins associated with oxidative stress. The 

understanding of pathological processes in POAG has deepened in recent years so that the 

involvement of oxidative stress in the processes is now well known. The ocular drainage system 

is continuously exposed to oxidative stress 194 and the AH and the TM were found to have an 

antioxidant defense system composed of low molecular weight antioxidants and enzymes 195. 

When a greater amount of oxidizing species is produced or the tissue neutralizing capacity 

decreases, they may consequently cause molecular damage and, over time, TM cell 

dysfunction and elevation in outflow resistance, ultimately increasing the risk of the disease 196.  

Limited publications have addressed the role of exosomes as oxidative stress signal 

mediators. Lotval J. showed that exosomes, released from mast cells exposed to oxidative stress, 

have the capacity to communicate a protective signal to recipient cells exposed to oxidative 

stress, observed as an attenuated loss of cell viability and changes in RNA content of exosomes 

derived from oxidative stressed cells 197.  Exosome cargo variation was reported under different 

stresses and included miRNA, mRNA and protein modification 198. Recently, horizontal transfer 

of defense molecules from exosomes to granulosa cells was demonstrated in-vitro using bovine 

granulosa cells. The cells exposed to oxidative stress released exosomes enriched with Nrf2 

mRNA and candidate antioxidants. Subsequent co-incubation of these exosomes with cultured 

cells could alter their cellular oxidative stress response 199. In addition, damage to RNA from 

ultraviolet light or oxidation can result in chemical modifications to nucleotide as well as RNA-

RNA and RNA-protein crosslinking. In our hands, exosomes as a communication mediator 

between cells in-vitro suggest a protected delivery mechanism for either nucleotide-based 

message or proteins-based message to be transferred. The changes in exosomes cargo under 

changing physiological condition allow dynamic responses depending upon the circumstances. 

In the present study, oxidatively stressed NPCE derived exosomes incubated with their 

target, the TM cells, resulted in significant Nrf2 induction and downstream response which is 

expressed by increased antioxidant genes and protein expression, including increased CAT and 

SOD activity. When TM cells were treated with normal NPCE derived exosomes none of these 

changes were found. Namely, Nrf2 expression did not change, and no nucleic translocation of 
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Nrf2 was found. Oxidative gene expression was not affected as CAT and SOD activity did not 

change as compared to control TM. Altogether, this data suggests that the exposure of the NPCE 

cells to oxidative stress probably turns on machinery in the NPCE MVB that results in modified 

NPCE exosomes carrying a protective message to the TM cells. In order to determine the specific 

changes that occurred in the proteins and mRNA of the exosomes, further research is required. 

We showed specificity of the NPCE derived exosomes toward the TM cells, as manifested by 

higher NPCE derived exosome uptake by TM cells. It would be interesting to repeat this specificity 

assay using exosomes derived from oxidatively stressed NPCE and see if it is kept or can alert 

many cells about the oxidative stress. 

The NRF2-Keap1 pathway activation by oxidatively stressed NPCE-derived exosomes 

suggests a new way by which IOP might be regulated. We propose that under oxidative stress, 

like what happens in POAG patients, the general homeostasis regulation of the TM resistance to 

AH drainage by NPCE exosomes is altered. Changes occurring in the NPCE cells exposed to 

oxidative stress are translated to their exosome's cargo and even to surface protein expression. 

As a result, modified NPCE exosomes convey alert signals to TM cells. We can speculate that, as 

happens in inflammation processes while acute inflammatory response has beneficial effects, the 

development of a chronic situation can eventually cause a physiological problem. Analogically, 

the modifications in exosomes’ cargo of oxidative exposed NPCE cells aim to deliver a protecting 

message to TM cells. However, continuous exposure to oxidative stress signals might result in 

exosome mediated messages that either do not supply enough protection, or even turn into 

harmful messages.  

In conclusion, in this study we show for the first time, that NPCE cells release exosome-

like vesicles and that these nanoparticles affect canonical Wnt signaling. These findings may have 

therapeutic relevance since canonical Wnt pathway is involved in IOP pressure regulation. The 

exact mechanism by which NPCE exosomes affects the Wnt signaling remains to be clarified. In 

addition, we show that exposure to NPCE exosomes alters the expression levels of the 

extracellular matrix and cell-to-cell adhesion proteins in TM cells. These proteins are crucial to 

the maintenance of the barrier function and permeability of cell layers. In the case of glaucoma, 

the alteration of the expression and organization of these proteins may lead to a decrease in AH 
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outflow and increase in IOP.  Finally, our in vitro experiments demonstrated that NPCE exosomes 

treatment conferred protective effects against oxidative stress in TM cells. Oxidative stress has 

been implicated to cause TM degeneration and thus, an effective approach for regulation of 

redox balance may be the ultimate target for protecting TM from oxidative stress in patients with 

glaucoma. 

The findings of this study should be seen considering some limitations. First, most of the 

work has been done using a cell line model. Cell lines can’t fully reflect the physiology and 

pathology of normal primary cells. Despite this reservation, we have shown that primary NPCE 

cells can produce exosomes consistent with the appearance and size of NPCE cell line derived 

exosomes, and a similar observation of Wnt protein attenuation in primary TM cells has been 

carried out upon primary NPCE EVs treatment. However, other key experiments performed with 

cell lines should also be replicated in primary cells.  Second, limited data is available regarding 

the in-vivo human AH extracellular vesicles’ concentrations and large differences were reported, 

8.6 to 62.3 × 108 particles/ml in a single report by Dismuke et al. 154. Moreover, exosomal 

concentration might change along circadian rhythm, disease condition, and stress 200. In this 

study, the ratio between exosomes and TM cells was 1 to 100. Additional investigation is needed 

to determine the potential effect of different times and concentrations of exosome on TM cells. 

 Although many questions remain unanswered, the data presented in this study indicates 

that NPCE exosomes may locally affect the behavior of target TM cells. These findings may inspire 

further studies to elucidate the biological functions of NPCE exosomes, to understand the 

molecular mechanisms involved in the interaction of TM cells with exosomes, and to determine 

whether NPCE exosomes may be the goal of glaucoma treatment.  
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 תקציר

גלאוקומה היא מחלה עצבית ניוונית הדרגתית של עצב הראייה, הבאה לידי הביטוי בפגמים אופייניים בעצב   רקע: 

תאי הגנגליון שברשתית והשלוחות  ובהפרעות שונות בשדה הראייה. שדה הראייה נפגע כתוצאה ממוות של

שלהם אקסונים, אשר מרכיבים את עצב הראייה, ולאורכם עובר המידע על הגירוי הראייתי אל המוח. בעולם 

המערבי הגלאוקומה הינה הסיבה השנייה בשכיחותה לעיוורון והגורם הראשון בשכיחותו לעיוורון בלתי הפיך. 

מיליון.  111.8- כ 2040-, וב80-40ליון חולי הגלאוקומה בגילאי מי 76.0-יהיו בעולם למעלה מ 2020בשנת 

וכיום היא חשוכת מרפא. לחץ תוך   של גלאוקומה גלאוקומה ראשונית פתוחת זווית היא הצורה הנפוצה ביותר

מאיטה ואף עוצרת את   IOP( גבוה מהווה גורם סיכון המשמעותי ביותר בהתפתחות המחלה והורדת  (IOPעיני

, IOP-בגוף העטרה וניקוזו דרך מערכת הטרבקולום קובעים את ה(  AH)התקדמות המחלה. ייצור הנוזל התוך  עיני  

רכו בעבר הציעו כי מתקיימת . מחקרים שנעIOP - או כל הפרעה לניקוזו יגרמו לעלייה ב AHלכן שינויים בייצור 

המצויים בנוזל  (modulatorsבאמצעות אפננים ) IOP  -תקשורת בין רקמתית במערכת האחראית על ויסות ה

אחד מסוגי , הורמונים וחלקיקים חוץ תאיים. רנ''א-מיקרוהעין. האפננים הללו כוללים את נוירופפטידים, 

בשל תפקידם בתקשורת בין תאית. אקסוזומים הינם בועיות ן רב  החלקיקים נקרא "אקסוזומים", והם מעוררים עניי

.  פתוגניים ננומטר שמופרשות על ידי רוב סוגי התאים בתנאים נורמליים או  100עד  30זעירות בקוטר של 

עשויה שומנים, ובתוכם מצוי מידע בצורת חלבונים וחומצות גרעין. הבועית  המעטפת הבועתית של האקסזוומים 

שמופרשת על ידי תא אחד נקלטת  בתאים שכנים או מרוחקים ומציידת אותם בתכונות שמסוגלות לחולל בהם 

אים שינויים גנטיים ולהשפיע על תפקודם. עם זאת, קיים מידע מוגבל לגבי תפקידם בפיזיולוגיה של הראייה ובתנ 

פתולוגיים. מחקרים רבים שנערכו בשנים האחרונות מצביעים על כך שבמטען העשיר המצוי באקסוזומים גלום 

פוטנציאל לווסת תהליכים תאיים שונים, כולל תיעתוק של גנים, עקה חמצונית, מוות של תאים ומסלולי מעבר 

שהתגלה כווסת קריטי  Wnt-מסלול האותות.  בין מסלולי האותות הרבים, אקסוזומים הינם בעלי השפעה על 

. מסלול IOPושיבוש המתעורר במסלול זה ברקמת מערכת ניקוז של העין עלול לגרום להעלאת    AHבתהליך ניקוז  

מבקרים את הביטוי של הגנים המקודדים לחלבוני משתית חוץ   β-cateninוהאפקטור שלו    Wntהעברת האותות  

ולהפרעה   TMמרכיבי המשתית כמו קולגן עלולה לגרום לחסימת רקמת (. עליה בextra cellular matrixתאית )

נקשר לחלבונים הקדהרינים על מנת לחבר בין אתר ציטוזולי של הקדהרין לשלד  β-catenin. בנוסף, AHבזרימת 

דרך אקסוזומים ניתן להשפיע על הארגון של שלד תאי   Wnt-התא.  לפיכך, על ידי השראת מודולציה של מסלול ה

TM,  מבנה משתית חוץ תאית וויסותIOP עקה חימצונית מהווה גורם סיכון משמעותי בהתפתחות מחלת .

הגלאוקומה. מספר מחקרים הראו כי אקסוזומים מעורבים בתהליכי יצירת רדיקלים חופשיים ועקה חמצנית. 

.  Wnt-למסלול ה, דבר המצביע על קשר בין עקה חימצונית β-cateninרדיקלים חופשיים מייצבים את חלבון 



 
 

אינם   Wntתפקידם של אקסוזומים המופרשים בתנאי עקה חימצונית במחלת הגלאוקומה והשפעתם על מסלול 

 ידועים.

 (NPCEאנו משערים כי מתקיימת תקשורת בין תאי גוף העטרה חסרי צבען  ) השערת המחקר של הדוקטורט: 

  NPCE( בתיווך של אקסוזומים שמקורם מתאי  TM -Trabecular Meshworkלתאי מערכת לוחיות הכברה  )

לעקה  TMוגורמים לשינויים בתגובתם של תאי  PI3K/AKT -ו Wntהמשפיעים על מסלולי איתות תוך תאיים 

 חימצונית. 

  .NPCEושל שורת תאי   NPCE לאפיין אקסוזומים ממקור תרבית ראשונית של תאי    המטרות העיקריות במחקר הן:

.  TMבתאי  Wnt-על ביטוי הגנים והחלבונים הקשורים למסלול ה NPCEסוזומים מתאי לבחון את האפקט של אק

תחת תנאי עקה חימצונית על תגובה  NPCEלבדוק את ההשפעה הביולוגית של אקסוזומים המשוחררים מתאי 

 לעקה חימצונית.  TMמולקולרית של תאי 

מפרישים בועיות חוץ תאיות הנושאות על פני שטחן סמנים  NPCEמדגימים שתאי  במחקר זה אנותוצאות: 

שכבתית, בעלות סימטריה -בועיות הללו מוקפות בממברנה דו. Alix-ו Tsg  101קלאסיים לאקסוזומים ביניהם  

סוגים שונים של  584(. בדוגמאות של אקסוזומים זיהינו 140nm-50עגולה וטווח גודלם אופייני לאקסוזומים )

חלבונים המעורבים בהצמדות תאית, מעבר אותות, בקרת שלד התא ועקה חימצונית.  182-ו רנ''א -מיקרו

לתאי   NPCEבאמצעות שיטת טיטרצית קלורימטריה איזוטרמית הראינו כי קיימת אינטרקציה בין אקסוזומים מתאי  

TM אקסוזומים שהופקו מתאי .NPCE  נקלטים בתאיTM רנ''א  -וומעבירים אליהם את תכולתם, כולל מיקר

בהשוואה לתאים  TMוחלבונים. יתר על כן, נמצא כי אקסוזומים אלו בעלי יכולת להצטבר באופן סלקטיבי בתאי 

, אקסוזומים הנגזרים TMבתאי    Wntשונים שנבדקו. על מנת לבחון את השפעת האקסוזומים על מסלול האותות  

הייתה   TMטיפול באקסוזומים בתאי  . גילינו שלאחר שעתיים של TMהודגרו בצלחת עם תאי  NPCEמתאי 

 catenin, -β-, כולל ירידה בWntהפחתה משמעותית ברמות הביטוי של גנים וחלבונים הקשורים במסלול איתות  

AXIN, 2βGSK-p  ו-LEF1 בעקבות הטיפול באקסוזמים בתאי .TM  נצפתה ירידה משמעותית בזירחון חלבוןAKT 

. כמו כן, כתוצאה מחשיפה  βGSKבקר חיובי של  – PP2A, והעלאת ביטוי של  חלבון βGSKבקר שלילי של  –

. IOPנצפתה ירידה משמעותית ברמות  קולגן וקדהרינים, החשובים בהומאוסטזיס של  TMלאקסוזומים, בתאי 

באמצעות  NPCE-ל TMלבסוף בחנו את היכולת העברת מסרים הפועלים בהשראת עקה חימצונית בין תאי 

לעומת הביקורות.   25%בשיעור של    TMסוזומים. בעקבות חשיפה לעקה חימצונית נצפתה ירידה בחיות תאי  האק

( מנע את הירידה  EVs-Oxלאחר חשיפתם לעקה חימצונית )   NPCEעם זאת, הטיפול עם אקסוזומים שבודדו מתאי  

  EVs-Ox-גרעין. גילינו שבציטופלסמה וב Nrf2גרם לעליה ברמות חלבון  EVs-Oxטיפול עם . TMבחיות תאי 

הובילה לעליה משמעותית   EVs-Ox- ל TMכאשר חשיפת תאי  ,מבקרים את ביטויים של הגנים נוגדי החימצון 



 
 

בתנאים נורמליים  NPCEבעוד שטיפול עם אקסוזומים שהופקו מתאי  SOD2,- ו GPx ,HOX1,NRF2בביטוי של 

EVs)-(N  ראים כי הדגרת תאי עם לא השפיע על ביטוי גנים אלה. בנוסף, אנו מEVs-Ox  נוגדת  פעילות מעלה את

חלה עליה משמעותית בפעילותם של     EVs-Oxללא טיפול. בעקבות    TMאו תאי    EVs-Nלעומת    TMחמצון בתאי  

 וקטלאז.  סופראוקסיד דיסמוטאזשני אנזימים נוגדי חמצון עיקריים 

  Wntבוויסות מסלול איתות    NPCEהממצאים שלנו מציעים תפקיד חשוב של אקסוזומים הנגזרים מתאי    מסקנות:

. בנוסף, אנו IOPמעורב בבקרת    Wnt-. הממצאים עשויים להיות בעלי השלכות קליניות היות ומסלול הTMבתאי  

עקב שינוי בתכולת  מגן מפני עקה חימצונית. תופעה זו יכולה להתרחש EVs-Ox -ב TMמראים שטיפול תאי 

האקסוזומים בתנאי עקה חימצונית. אנחנו סבורים כי יכולת בקרה על ביטוי ופעילות  של האנזימים הנוגדי חימצון 

במחלת הברקית. הבנה מעמיקה יותר של מסלולי איתות תוך תאיים  TMיכולה להעניק תועלת תרפויטית לתאי 

במערכת ניקוז של העין תאפשר לזהות יעדים חדשים  NPCEהמפוקחים על ידי אקסוזומים שמקורם מתאי 

 להתערבות פרמקולוגית במחלת הברקית ולפתח גישות תרפויטיות חדשניות.

 

, עקה  Wnt, מסלול EVs, אקסוזומים, NPCE, תאי TMגלאוקומה ראשונית פתוחת זווית, תאי  מילות מפתח:

 חימצונית

 

 

 

 

 



הצהרת תלמיד המחקר עם הגשת עבודת הדוקטור לשיפוט

אני החתום מטה מצהיר/ה בזאת: (אנא סמן):

___  חיברתי את חיבורי בעצמי, להוציא עזרת ההדרכה שקיבלתי מאת מנחה/ים.

___  החומר המדעי הנכלל בעבודה זו הינו פרי מחקרי מתקופת היותי תלמיד/ת מחקר.

___  בעבודה נכלל חומר מחקרי שהוא פרי שיתוף עם אחרים, למעט עזרה טכנית

הנהוגה בעבודה ניסיונית. לפי כך מצורפת בזאת הצהרה על תרומתי ותרומת שותפי   

למחקר, שאושרה על ידם ומוגשת בהסכמתם.
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