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The role of extracellular vesicle-derived lipid mediators in trabecular meshwork cell signaling. 

תפקידם של מתווכים שומניים הנגזרים מאקסוזומים בהעברת אותות לתאי Trabecular Meshwork 

Scientific background 
Glaucoma, a leading cause of irreversible blindness worldwide, is characterized by progressive optic neuropathy often associated with elevated intraocular pressure (IOP)[1]. The trabecular meshwork (TM), a critical component of the eye responsible for regulating aqueous humor outflow and maintaining intraocular pressure (IOP), experiences pathological alterations in glaucoma[2]. Recent evidence suggests that intercellular communication via extracellular vesicles, particularly exosomes, plays a crucial role in the pathophysiology of various ocular diseases, including glaucoma[3]. Non-pigmented ciliary epithelial (NPCE) cells, responsible for aqueous humor production, release extracellular vesicles (EVs) that can significantly influence TM cell function[4, 5]. These EVs carry a complex cargo of proteins, lipids, and nucleic acids, with the potential to modulate TM cell behavior and extracellular matrix (ECM) composition[6]. The lipid-related components of these EVs are of particular interest, specifically the presence and activity of phospholipases (PLA, PLC & PLD) and the abundance of arachidonic acid[7], which may play critical roles in altering TM cell physiology.
Recent studies have shown that EVs can act as intercellular signalosomes and pharmacological effectors[8]. Importantly, EVs have been found to contain not only lipid mediators but also enzymes involved in their biosynthesis and degradation[7, 9]. This suggests that exosomes can participate in the transcellular metabolism of bioactive lipids, potentially amplifying or propagating lipid-mediated signaling between cells. In the context of NPCE-TM cell communication, this could mean that exosomes are not merely passive carriers of lipid mediators but active participants in ongoing lipid signaling processes that influence TM cell function and IOP regulation.
Phospholipases, including phospholipase A (PLA), phospholipase C (PLC), and phospholipase D (PLD), are crucial enzymes in cellular signaling and membrane dynamics[10]. Their presence in NPCE-derived EVs[11] suggests a potential mechanism for modulating TM cell function. Recent studies have mapped interaction domains between various small G proteins and phospholipases, particularly PLD, indicating a complex regulatory network within EVs[12] that could influence TM cell behavior upon EV uptake.
PLD, which hydrolyzes phosphatidylcholine to generate phosphatidic acid (PA), has been shown to regulate vesicle trafficking and signal transduction[13]. PA generated by PLD can act as a lipid second messenger, potentially influencing downstream signaling pathways in the TM, particularly those related to cytoskeletal dynamics and cellular stress responses, which are critical in maintaining proper aqueous humor outflow. Our initial experiments reveal PLD presence and activity in EVs derived from NPCE cells. This novel observation highlights PLD's potential role in modulating EV-TM cell interactions and subsequent signaling events within recipient TM cells. This research proposal aims to further investigate PLD's functional significance in EV-mediated communication between NPCE and TM cells, building on our promising preliminary findings. 
Phospholipase A2 (PLA2), which cleaves the sn-2 fatty acid from glycerophospholipids to release free fatty acids such as arachidonic acid (AA), plays a significant role in EV-mediated signaling[9]. The involvement of PLA2 in NPCE-derived EVs suggests that these vesicles might deliver AA to recipient TM cells, influencing inflammatory and homeostatic mechanisms through AA-derived signaling molecules. This could be particularly relevant under oxidative stress conditions, where elevated PLA2 activity may amplify inflammatory responses within the TM, potentially contributing to the pathogenesis of glaucoma[14].
The potential presence of arachidonic acid in EVs is of particular importance for TM cell function[15], as it serves as a precursor for various eicosanoids, including prostaglandins. EVs have been shown to transport not only arachidonic acid but also prostaglandins and enzymes involved in their biosynthesis, such as cyclooxygenase-1 (COX-1) and COX-2[16]. This suggests a potential role for EVs in the transcellular metabolism of prostanoids within the TM, which could significantly influence inflammatory processes, cellular responses, and potentially, aqueous humor outflow dynamics.
Of particular interest is the process of EV internalization and potential "back-fusion" within the endocytic track of TM cells[17]. This process, which allows the lumen content of EVs to be released into the cytosol, involves a combination of PLA2 and PLD activities[18]. The lipid LBPA, whose biosynthesis involves a cPLA2-type activity, is also crucial for this process[19]. Understanding how these lipid-modifying enzymes facilitate EV content delivery to TM cells could provide insights into novel intercellular communication mechanisms in the glaucoma pathogenesis context.
The ability of exosomes to carry out "long-distance" lipid mediator production[20] could have profound implications for understanding intercellular communication in the eye and approaching therapeutic interventions for glaucoma.
EVs play a crucial role in cellular communication, and their lipid content can significantly impact target cell function. GTP-dependent activation of EV phospholipases, particularly PLA2, has been shown to release bioactive lipid mediators such as AA from membrane phospholipids[21]. These lipid mediators can then activate COX enzymes, producing prostaglandins and other eicosanoids that modulate various cellular processes [22]. In TM cells, which are critical for regulating intraocular pressure, the activation of these pathways may influence cell contractility, ECM production, and outflow facility, potentially impacting glaucoma progression[23].
This research proposal investigates the functional implications of phospholipase activity, particularly Phospholipases A, B, C, and arachidonic acid presence in NPCE-derived EVs, their effects on TM cell physiology, and the potential for therapeutic intervention through EV modulation. By employing a comprehensive approach that integrates various scientific methods and strategies, we aim to characterize the specific mechanisms by which EV-associated phospholipases and arachidonic acid influence TM cell function, elucidate the role of EV "back-fusion" in delivering bioactive lipids to TM cells, explore the potential for transcellular metabolism of lipid mediators, and develop targeted strategies for modulating NPCE EV composition as a novel therapeutic approach for glaucoma. The findings from this study have the potential to significantly advance our understanding of glaucoma pathogenesis, particularly concerning TM cell dysfunction. By targeting the fundamental processes of intercellular communication in the eye, with a specific focus on phospholipase-mediated signaling and arachidonic acid metabolism in TM cells, we may be able to develop more effective and personalized therapies for glaucoma patients. These novel approaches could potentially preserve TM function, regulate IOP more effectively, and ultimately improve the quality of life for millions affected by this debilitating disease

I. A. Research Objectives 
Our primary focus in this proposed study is to elucidate the complex functional implications of phospholipase activity, COX enzymes, and arachidonic acid presence in NPCE EVs. This knowledge will serve as a foundation for developing novel therapeutic strategies for POAG, advancing the management of this sight-threatening condition. Our central objective is to investigate the intricate mechanisms by which these components influence TM cell function and IOP regulation. We aim to explore not only the direct effects of these EV components but also the multifaceted paracrine and autocrine signaling cascades they may trigger within TM cells. To achieve these objectives, we propose the following Specific Aims:
Aim 1: Characterize the functional implications of phospholipase activity, cyclooxygenase enzymes, and arachidonic acid presence in NPCE EVs.  There is increasing evidence surrounding the roles of these components in EV-mediated signaling. In this Aim, we will investigate the specific phospholipase and COX isoforms present in NPCE-EVs, quantify their activity levels, and analyze their effects on EV stability and fusion properties. We will employ state-of-the-art lipidomic and enzymatic assays to profile arachidonic acid and its metabolites, examining their potential as transcellular biosynthetic precursors.
Aim 2: Broad Investigation of EV Phospholipase Activation and Effects. Elucidate the mechanisms of EV phospholipase and COX activation and their wide-ranging effects on TM cells. Building on Aim 1, we will investigate the GTP-dependent activation of multiple EV phospholipases and explore how these activated enzymes broadly influence TM cell function. We will employ a variety of analytical methods to track the intracellular fate of diverse EV-derived lipid mediators and assess their comprehensive impact on TM cell signaling pathways and general cellular functions
Aim 3: Specific Focus on Arachidonic Acid Metabolism and Its Targeted Effects. Determine the precise fate and specific function of EV-derived arachidonic acid and its metabolites in TM cells. This Aim will focus on meticulously tracking the intracellular distribution and metabolism of EV-derived arachidonic acid in TM cells, with particular emphasis on its conversion to prostaglandins via the COX pathway. We will investigate how these specific metabolites modulate targeted TM cell responses, especially in terms of extracellular matrix remodeling and cellular contractility.
Aim 4: Explore the therapeutic potential of modulating NPCE EV phospholipase activity, COX function, and arachidonic acid content for glaucoma treatment.  In this translational Aim, we will develop methods to selectively modify NPCE EV composition and evaluate the effects of these modified EVs on TM cell function and 

b. Expected Significance
This research project aims to enhance our understanding of glaucoma pathogenesis and develop potential treatment strategies. By investigating the roles of phospholipase activity, COX enzymes, and arachidonic acid in NPCE EVs, we expect to uncover novel mechanisms regulating IOP and TM cell function. Our study will characterize specific phospholipases and COX isoforms in NPCE EVs, providing crucial insights into bioactive lipid generation and their effects on exosome properties.
We will explore the activation mechanisms of EV phospholipases and COX, as well as their impact on TM cells, to elucidate the complex intercellular communication between NPCE and TM cells. This understanding could lead to innovative approaches for modulating TM cell function and aqueous humor outflow. Additionally, we aim to develop methods for selectively modifying NPCE EV composition, which may yield novel therapeutic strategies for glaucoma treatment.
Our investigation into the relationship between phospholipase-mediated signaling and COX-dependent prostaglandin production could provide valuable insights into inflammatory and oxidative stress responses in TM cells. This knowledge may contribute to more targeted and effective treatments for reducing inflammation and oxidative stress in glaucomatous eyes, ultimately improving management and treatment outcomes for glaucoma patients.

II. Detailed Description of the Proposed Research 
[bookmark: _Hlk144385419]Working hypothesis
We hypothesize that NPCE-derived extracellular vesicles (EVs), enriched with active phospholipases and bioactive lipid mediators, are internalized by trabecular meshwork (TM) cells through clathrin-mediated endocytosis. Upon internalization, these EVs activate GTP-dependent phospholipase pathways within both the vesicles and the TM cells, thereby enhancing intracellular signaling, notably through the Rho/ROCK cascade. Furthermore, the sustained lipid signaling—facilitated by the lipid precursors and biosynthetic enzymes within the EVs—prolongs and enhances the signaling effects on TM cells. This process stimulates matrix metalloproteinase activity and reduces extracellular matrix (ECM) components such as fibronectin and collagen type IV, ultimately altering ECM composition, and stiffness, and facilitating aqueous humor outflow. These molecular changes collectively influence intraocular pressure, presenting new therapeutic targets for glaucoma management.

· Research design & methods 
Research plan graphical abstract

Aim 1: Characterize phospholipase activity, cyclooxygenase enzymes, and arachidonic acid in NPCE EVs
a. Determine the specific Phospholipases (PLA, PLC & PLD) and COX (COX-1 and COX-2) isoforms present in NPCE EVs and quantify their activity levels. 
b. Investigate the role of EVs Phospholipases (PLA, PLC & PLD) in generating bioactive lipids (e.g., Lysophosphatidic acids, phosphatidic acid) and second messengers (inositol triphosphate) and their effects on exosome stability and fusion properties. 
c. Analyze the concentration and molecular species of arachidonic acid and its metabolites (e.g., prostaglandins) in NPCE EVs, and examine their potential as transcellular biosynthetic precursors. 
d. Evaluate the interplay between PLD activity and COX-mediated prostaglandin production in NPCE EVs.

Aim 2: Elucidate EVs phospholipase and COX activation mechanisms and their effects on TM cells
a. Investigate the role of EV-associated GTPases (IQGAP1 and Ran-specific GTPase-activating protein) in regulating phospholipase activity in NPCE EVs, and explore potential mechanisms of GTP access for these GTPases.
b. Examine the role of EVs phospholipase activity in facilitating exosome "back-fusion" with TM cell endosomal membranes. 
c. Assess the impact of EV phospholipase-generated lipid mediators and COX-derived prostaglandins on TM cell RhoA/ROCK Pathway signaling pathways and cellular functions (contractility, shape, and stiffness). 
d. Investigate the potential synergistic effects of PLD-generated phosphatidic acid and COX-derived prostaglandins on TM cell function.

Aim 3: Tracing EV-Derived Arachidonic Acid Metabolism and Its Specific Effects on TM Cell Function 
a. Track the intracellular distribution and metabolism of NPCE-EVs-derived AA in TM cells, focusing on its conversion to prostaglandins via the COX pathway.
b. Investigate the role of EVs arachidonic acid and COX-derived prostaglandins in modulating TM cell responses, with particular emphasis on their impact on ECM remodeling and cellular contractility. 
c. Examine the potential for transcellular metabolism of prostanoids between NPCE and TM cells mediated by EVs arachidonic acid and COX enzymes.
d. Evaluate the relationship between Phospholipase-mediated signaling and COX-dependent prostaglandin production in TM cells exposed to NPCE EVs. 

Aim 4: Explore the therapeutic potential of modulating NPCE EVs Phospholipase's activity, COX function, and arachidonic acid content for glaucoma treatment 
a. Develop methods to selectively inhibit or enhance EV phospholipase activity, modulate COX function, and modify arachidonic acid content in NPCE EVs.
b. Investigate the potential of combined phospholipase and COX modulation in NPCE EVs as a novel therapeutic strategy for maintaining TM cell function and evaluating ECM remodeling.
c. Assess the impact of modified NPCE EVs on inflammatory responses and oxidative stress in TM cells, focusing on the interplay between phospholipase-mediated signaling and COX-dependent prostaglandin production. 
d. Evaluate the effects of modified NPCE EVs (with altered phospholipase activity or arachidonic acid content) on TM cell function.



Specific Methods 
Cell culture: An immortalized NPCE cell line kindly donated by Professor M. Coca-Prados (Yale University, CT, USA)[24] and a human primary TM cell (hTM) extracted from corneal rim post corneal implantation Helsinki approved (Soroka 0070-24-SOR)[23]. Cells will be grown in DMEM with 10% FBS (Fetal Bovine Serum) EV-depleted serum and 50 μg/ml gentamycin at 37°C in a 5% CO2 incubator. Cells at 80% cells will be used in all studies. 
EV isolation and depleted serum: EVs will be isolated, separated, and characterized following the International Society for Extracellular Vesicles guidelines [25]. An EV-depleted serum will be used for cell growth, and a series of ultracentrifugation steps along with qEV Isolation Columns (IZON NZ) will facilitate EV isolation. Nanoparticle Tracking Analysis (Malvern UK) and Tunable Resistive Pulse Sensing (qNano IZON, NZ) will analyze EV size and concentration. Characteristic markers will be assessed using an Exo-Check™ Antibody Array (SBI, Mountain View, CA).
Phospholipase and COX Analysis and Activity in NPCE EVs: Western blotting will identify specific phospholipase isoforms (PLA, PLC, PLD) and COX (COX-1 and COX-2) after protein extraction with RIPA buffer and separation by SDS-PAGE. Proteins will be transferred to PVDF membranes, probed with isoform-specific antibodies, and visualized using enhanced chemiluminescence. Enzyme activities will be quantified using the EnzChek® Phospholipase A2 Assay Kit (Thermo Fisher Scientific) and the COX Activity Assay Kit (Cayman Chemical) as per the manufacturers' instructions.
EV Lipid and Metabolite Analysis: Lipidomics will focus on NPCE-derived EV lipid profiles, examining phospholipase and COX activities. NPCE cells will be treated with phospholipase and COX inhibitors (FIPI, CAY10594, Indomethacin, celecoxib) and supplemented with phosphatidic acid (PA) and arachidonic acid (AA). Time-course studies will track enzyme activities and lipid mediators. Western blotting and qPCR will quantify protein and gene expression, complemented by lipidomics for detailed lipid changes[9].
EVs stability and fusion assays: EV stability will be evaluated using NTA and Cryo-TEM, while fluorescence anisotropy will measure membrane fluidity (Fluorolog®-3 with FluorEssence™). Controls and inhibitors will help assess phospholipase activity effects. Additionally, the uptake of NPCE-EVs by lysosomes will be analyzed using LysoTracker dye to visualize colocalization with lysosomes over time.
Arachidonic acid and metabolite analysis: Arachidonic acid levels will be quantified using GC-MS. EVs will undergo lipid extraction, derivatization, and analysis on an Agilent 7890B GC system with a 5977A mass spectrometer. Prostaglandin levels will be measured using specific ELISA kits [26].
GTPase Activation Assay: The G-LISA kit (Cytoskeleton Inc.) will detect GTP-bound IQGAP1 and Ran-specific GTPases in TM cells treated with NPCE-derived EVs. Cells will be lysed and processed per the manufacturer’s protocol, with activation levels quantified using a colorimetric readout at 490 nm.
EVs Back-Fusion Assay: NPCE-derived EVs will be dual-labeled with pH-sensitive (pHrodo Red) and membrane-intercalating (DiO) dyes. TM cells will be treated with these EVs, analyzed using live-cell confocal microscopy (Zeiss LSM 880) with a 63x oil immersion objective. Time-lapse imaging will track endosomal localization and membrane fusion events every 5 minutes for 2 hours.
Transcellular biosynthesis studies: NPCE cells will be incubated with 13C-AA for 24 hours, followed by EV isolation and addition to TM cell cultures for 2, 4, 8, and 24 hours. Lipids will be extracted from TM cells at each time point and analyzed by LC-MS/MS to quantify 13C-AA and its metabolites, elucidating intercellular lipid communication[27, 28]
Modulation and Inhibition of Phospholipases and COX in NPCE EVs: The interplay between phospholipases and COX in NPCE EVs will be examined using selective inhibitors and activators. Bromophenol lactone will inhibit PLA, U73122 will inhibit PLC[29] , and phosphatidic acid or 1-propanol will enhance PLD. COX-1 and COX-2 will be modulated with SC-560 and celecoxib[30]. AA-loaded liposomes will be used to raise AA levels[31]. NPCE cells will be pre-treated, EVs isolated[32] , and efficacy analyzed via LC-MS and activity assays[33]. Simultaneous inhibition with FIPI and indomethacin will evaluate combined effects, and co-immunoprecipitation will assess phospholipase-COX interactions [34] [35]. 
Lipid Labeling and Uptake Assay: NPCE EVs will be labeled with a fluorescent AA analog (BODIPY®-AA) and resuspended in PBS. TM cells will incubate with the labeled EVs for up to 24 hours. Fluorescence microscopy and flow cytometry will assess the uptake and distribution of EV-derived AA, while confocal microscopy will evaluate the colocalization of BODIPY®-AA with organelles, using specific markers like DAPI for the nucleus and MitoTracker for mitochondria.
Metabolomic Profiling of Arachidonic Acid Conversion: To investigate the metabolic fate of EV-derived AA in TM cells, liquid chromatography-mass spectrometry (LC-MS) will track AA conversion into metabolites, particularly prostaglandins. TM cells will be incubated with NPCE EVs for 6, 12, and 24 hours. At each time point, cells will be lysed, and lipids extracted using the Folch method[36]. Extracted lipids will undergo LC-MS analysis to quantify levels of AA and its major metabolites (e.g., PGE2, PGD2, PGF2α), enabling analysis of conversion efficiency and identification of bottlenecks in the metabolic pathway.
Extracellular Matrix (ECM) Remodeling Assay: To evaluate the effects of EV-derived AA and COX-derived prostaglandins on ECM remodeling in TM cells, collagen gel contraction assays will be conducted[37]. TM cells will be seeded into 1.5 mg/mL collagen gels and treated with NPCE-derived EVs containing AA. Collagen matrix contraction will be measured over time using image analysis software. TM cells will be pre-treated with COX inhibitors (e.g., indomethacin) to assess the role of prostaglandins. Additionally, ECM-related proteins such as fibronectin, laminin, and MMPs will be quantified by Western blot and real-time PCR.
Cellular Contractility Measurement: Traction force microscopy (TFM) will be used to measure the contractile forces exerted by TM cells on a deformable substrate in response to EV-derived AA and prostaglandins[38]. TM cells will be plated on polyacrylamide gels with fluorescent beads and treated with NPCE EVs. Changes in contractility will be monitored with and without COX inhibitors, and specific prostaglandin signaling pathways will be evaluated using EP receptor antagonists[39].
Transcellular Prostanoids Metabolism in NPCE and TM Cells: A trans well co-culture system will evaluate prostanoids metabolism between NPCE and TM cells. NPCE cells will be in the upper compartment, stimulated with oxidative stress (150 µM AAPH) to enhance EV release and AA metabolism, while TM cells in the lower compartment will be analyzed for changes in prostanoids levels (e.g., PGE2, PGD2) using LC-MS. The role of COX enzymes in prostanoids transfer will be assessed with COX-1 and COX-2-specific inhibitors.
TM Cell Functional Assays: Human TM cells will be exposed to modified NPCE EVs to evaluate contractility(Liang et al., 2017), migration, and ECM deposition. Collagen gel contraction assays will measure contractility, while immunostaining for fibronectin, laminin, and collagen IV[23] will assess ECM deposition. Prostaglandin levels in the culture medium will be measured using enzyme immunoassay kits to correlate COX activity with functional outcomes
TM Cell Contractility and ECM Production TM cell contractility[40] and ECM production will be measured by Western blotting for fibronectin, laminin, and collagen IV, and real-time PCR will be used to quantify mRNA expression of ECM-related genes[41]. The role of specific prostaglandins in mediating these effects will be investigated using COX inhibitors and EP receptor antagonists.

Preliminary results 
General- Our previous research, which has been published, has made significant strides in characterizing NPCE-derived EVs and their interactions with TM cells. We have successfully isolated and characterized NPCE EVs using electron microscopy, NTA, and size distribution analysis. Proteomic analyses have revealed the presence of lipid-related proteins and specific lipid mediators in these EVs[42]. Using fluorescence microscopy with pH-sensitive dyes, we observed NPCE EV uptake by TM cells. Colocalization with clathrin and early endosome markers, coupled with inhibitor studies, strongly suggests clathrin-mediated endocytosis as the primary internalization mechanism[5]. Our studies have shown that exposure to NPCE EVs activates intracellular signaling cascades in TM cells, including the Rho/ROCK pathway[43]. Furthermore, we have obtained initial data indicating changes in matrix metalloproteinase activity and alterations in extracellular matrix protein levels in TM cell cultures treated with NPCE EVs[6]. While these findings lay a promising groundwork, they also underscore the need for further investigation to fully elucidate the complex mechanisms and potential therapeutic implications of EV-mediated communication in the ocular drainage system
NPCE-EV lipidomic analysis
[image: ]Our preliminary lipidomic analysis of NPCE-derived EVs revealed a complex and diverse lipid profile, providing insight into their potential roles in ocular physiology. Specifically, we identified 12 species of Cholesteryl Esters, underscoring the significant presence of this lipid class. Diacylglycerols were also detected, with the 16:0 species showing the highest abundance, while 16:1 was present at lower levels. In contrast, the triacylglycerols profile exhibited an interesting distribution, with no detection of the 16:0 species, but a marked presence of 16:1, 18:0, and 18:1. This lipid composition hints at a unique molecular signature of NPCE-EVs, which may influence their functional properties in intercellular communication and signaling within the eye. The analysis was conducted in collaboration with Christina Ferreira, employing a multiple reaction monitoring profiling approach as outlined in the methodology provided by the linked study [44]. 
NPCE-EV profile analysis
[image: ]The preliminary analysis of NPCE-EVs has revealed a diverse lipid profile, including both non-oxidized and oxidized phospholipids. Notably, several lysophospholipids containing arachidonic acid (20:4) were identified, such as LPC(20:4), LPE(O-20:4), and LPG(20:4). Additionally, oxidized forms of these lipids were detected, including LPC(O-20:4)OOH and LPC(20:4)OOH. This lipid composition suggests that NPCE-EVs could serve as direct sources of substrates for phospholipases, potentially leading to the production of arachidonic acid both within the vesicles and upon interaction with trabecular meshwork cells. This finding may have significant implications for understanding the role of NPCE-EVs in ocular physiology and pathology, particularly concerning inflammatory processes and intraocular pressure regulation. 
[image: ]NPCE EV PLA2 & PLDD presence 
Our initial investigations have yielded promising results regarding the presence and activity of PLA2 and PLD in EVs derived from NPCE. Nanoparticle Tracking Analysis confirmed the isolation of EVs from both NPCE and NTM cells, with sizes ranging from 70 to 200 nm and concentrations of 2.1-5 x10^11^/mL. Western blot analysis demonstrated the presence of PLD2 in both NPCE and NTM cells, as well as in their derived EVs. The maternal cells accordingly were used as controls.

NPCE EV PLDD Activity 
[image: ]Notably, a colorimetric activity assay revealed significant PLD activity in both NPCE and NTM-derived EVs, comparable to that observed in their parental cells. These findings suggest a potential role for EV-associated PLD in lipid-mediated signaling within the ocular drainage system, which may have implications for glaucoma pathophysiology and treatment. This preliminary data lays the groundwork for further exploration of how NPCE-EV lipids contribute to their release by NPCE cells and uptake by NTM cells, potentially opening new avenues for therapeutic interventions in glaucoma management. 
NPCE EV Arachidonic Acid presence 
Our lipidomic analysis of NPCE-EVs revealed the presence of several lipid species that suggest the availability of arachidonic acid precursors within these vesicles. The identified lipids include both non-oxidized and oxidized forms, primarily lysophospholipids containing arachidonic acid (20:4) moieties. The detection of these lipid species strongly indicates that NPCE-EVs carry arachidonic acid precursors. This finding is significant as arachidonic acid is a key intermediate in the biosynthesis of various bioactive lipid mediators, including prostaglandins and leukotrienes. 
Direct AA analysis by LC-M To be added
GTP-dependent activation of EVs Phospholipases 
Our proteomic analysis of NPCE-EVs[4, 42] has unveiled an intriguing cohort of GTP-related proteins, suggesting a novel mechanism for GTP-dependent activation of phospholipases within these EVs. Our key finding is the identification of GTP-related proteins in [image: ]NPCE-EVs: Ras GTPase-activating-like protein IQGAP1, CDC42, RHOC, RAC1-2-3, and Ran-specific GTPase-activating protein. We propose GTP-dependent activation of EV phospholipases
That potentially regulates EV function.

[bookmark: _Hlk178580669]Expected Results and Pitfalls 
Expected Results: We anticipate that NPCE-derived EVs will exhibit diverse phospholipase and COX activities, contributing to a dynamic lipid profile including arachidonic acid and its metabolites. These EVs are expected to influence TM cell function through lipid-mediated signaling pathways. We predict observable "back-fusion" events between EVs and TM cells, facilitating the transfer of bioactive lipids. The interplay between phospholipase-generated lipids and COX-derived prostaglandins is likely to modulate TM cell contractility, ECM production, and potentially impact intraocular pressure regulation. Through selective EV modifications, we expect to identify key components responsible for these effects, potentially revealing novel therapeutic targets for glaucoma treatment. Challenges in detection sensitivity and pathway specificity will be addressed using advanced techniques like nanoLC-MS/MS and isotope labeling, ensuring robust and translatable findings.

Potential Limitations 
Potential Pitfalls and Alternative Approaches
Potential Pitfalls: The research on NPCE EVs and their interactions with TM cells faces several key challenges, including the detection of low-concentration biomolecules, isolating specific EV effects, maintaining EV integrity during manipulation, and deciphering complex cellular pathways. 
Alternative Approaches: To address these, innovative alternatives have been proposed for each aim:
Aim 1: For lowJustification for requested Personnel:
 enzyme concentrations (1a), using nanoLC-MS/MS proteomics instead of Western blotting could enhance phospholipase and COX identification. To distinguish EV-generated lipids from pre-existing ones (1b), stable isotope labeling of precursor lipids in NPCE cells before EV isolation could track newly generated bioactive lipids.
Aim 2: To overcome challenges in observing "back-fusion" events (2b), FRET-based assays with lipid probes could complement the dual-labeling approach, increasing sensitivity in detecting membrane fusion. For isolating the effects of specific mediators (2c), generating EVs from NPCE cells with enzyme knockdowns could create EVs lacking individual phospholipases or COX enzymes.
Aim 3: To distinguish EV-derived AA from endogenous AA in TM cells (3a), using deuterium-labeled AA in NPCE cells before EV isolation could allow tracking its metabolism in TM cells via LC-MS/MS.
Aim 4: Addressing challenges in achieving selective modification of EVs (4a), click chemistry could modify specific EV surface proteins or lipids, allowing precise alterations without disrupting the overall EV structure. To assess potential immune responses to modified EVs (4c), preliminary studies using similarly modified TM cell-derived EVs could determine if modifications themselves trigger immune responses.
Practical Implications
The anticipated outcomes of this research hold significant practical implications for the understanding and treatment of glaucoma. By elucidating the diverse activities of NPCE-derived EVs and their impact on TM cell function, this study aims to enhance our comprehension of the lipid-mediated signaling pathways that influence intraocular pressure regulation. The identification of key bioactive lipids and their roles in modulating TM cell contractility and extracellular matrix (ECM) production could pave the way for novel therapeutic targets. Specifically, targeting the interplay between phospholipase-generated lipids and COX-derived prostaglandins may lead to innovative strategies for glaucoma management, potentially offering new avenues for pharmacological intervention, this research could contribute to the development of more effective therapies for glaucoma, improving patient outcomes and quality of life.
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Ph.D. Student:
· In the first year, this Ph.D. student will be responsible for the characterization of phospholipase activity, COX enzymes, and arachidonic acid in NPCE EVs (Aim 1a, 1b). This foundational work will involve identifying the specific isoforms of enzymes present and their activity levels, as well as analyzing bioactive lipids.
· During the second year, the Ph.D. student will investigate the impact of EV-derived phospholipase-generated lipid mediators and COX-derived prostaglandins on the RhoA/ROCK pathway signaling in TM cells (Aim 2c).
· In the third year, they will focus on the potential for transcellular metabolism of prostanoids between NPCE and TM cells mediated by EV-derived AA and COX enzymes (Aim 3c).
· In the final year, this student will contribute to evaluating the effects of combined phospholipase and COX modulation in NPCE EVs on TM cell ECM remodeling and function (Aim 4b).
Post-Doctoral Researcher:
· The Post-Doc will lead the investigation into the activation mechanisms of phospholipases and COX enzymes in NPCE EVs and their role in TM cell membrane fusion (Aim 2a, 2b). This includes exploring GTPase regulation and EV fusion mechanisms.
· In the second and third years, the Post-Doc will focus on tracing the metabolism of NPCE-EV-derived AA in TM cells and studying its conversion to prostaglandins (Aim 3a, 3b).
· The Post-Doc will also explore methods for selectively inhibiting or enhancing phospholipase activity and modulating COX function in NPCE EVs to assess their therapeutic potential for glaucoma treatment (Aim 4a).
M.Sc. Student 1:
· In the first two years, this M.Sc. student will assist in the analysis of the concentration and molecular species of arachidonic acid and its metabolites in NPCE EVs (Aim 1c) and evaluate the interplay between PLD activity and COX-mediated prostaglandin production (Aim 1d).
M.Sc. Student 2:
Starting in the second year, this student will focus on assessing the synergistic effects of PLD-generated phosphatidic acid and COX-derived prostaglandins on TM cell function (Aim 2d), examining how these molecules influence cellular contractility and ECM production (Aim 3d).                                        
· .
M.Sc. Student 3:
· In the third and fourth years, this student will evaluate the impact of NPCE EVs with altered phospholipase activity or arachidonic acid content on TM cell function and ECM remodeling (Aim 4c, 4d).
This allocation ensures that each researcher is tasked with appropriate responsibilities, providing continuity in the progression of the research throughout the 4-year project.
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	1st year
	2nd year
	3rd year
	4th year

	General lab tools, plasticware, glassware, and consumables including blotting, Western Blotting Supplies qNano membranes EVs purification column, ultracentrifuge tubes
	50000
	50000
	50000
	50000

	Chemicals, fluorescent dyes, solvents and reagents, cell lines, media, antibiotics, and sera for tissue culture, SDS-PAGE supplies, antibodies, specific Inhibitors, assay kits for Phospholipases, AA GTPase, and prostanoids levels & activity, LC-MS/MS standarss
	70000
	110000
	110000
	110000
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Justification for requested Supplies & Materials:
General Lab Supplies and Reagent
Plasticware, Glassware, and Consumables: These items are essential for everyday lab operations, including sample preparation, storage, and experiments. Sufficient funding ensures a seamless workflow, minimizing disruptions and frequent restocking.
Cell Culture Materials: Immortalized NPCE and primary hTM cells, along with cell culture media, EV-depleted FBS, and gentamicin, are essential for maintaining and expanding cell lines central to this project. These materials ensure that the cells used are in optimal condition for all experiments, supporting reliable and reproducible data.
EV Isolation Kits and Ultracentrifugation Supplies: qEV isolation columns and ultracentrifugation tools are critical for the precise isolation and purification of EVs, which are a key focus of this study. Sufficient funding ensures that EVs are isolated effectively for downstream analysis, leading to high-quality data.
Protein Analysis Supplies: RIPA buffer, SDS-PAGE materials, and Western blotting kits are necessary for studying protein profiles, particularly phospholipase and COX isoforms in EVs. Proper reagents and antibodies are essential for accurate detection and quantification of protein expression, which is vital for achieving the project's aims.
Lipidomics and Metabolomics Materials: Specialized reagents for lipid extraction, along with GC-MS and LC-MS systems, are indispensable for analyzing lipid profiles and metabolic pathways. These tools will enable the precise detection of arachidonic acid, prostaglandins, and other metabolites crucial to understanding cell signaling.
Fluorescence Microscopy Dyes and Confocal Imaging Supplies: pHrodo Red, DiO dyes, and confocal microscopy equipment are fundamental for visualizing EV uptake and fusion assays. These assays provide essential insights into the interactions between NPCE-derived EVs and TM cells.
Inhibitors, Activators, and Assay Kits: Inhibitors for phospholipase and COX, along with various enzyme activity and GTPase assays, are essential for modulating and measuring cellular responses. These materials allow for the investigation of signaling pathways and functional outcomes in the study.
Extracellular Matrix and Contractility Assays: Collagen gels and traction force microscopy materials are necessary for evaluating ECM remodeling and TM cell contractility in response to EV exposure. These assays are vital for understanding how EVs influence cellular mechanics and matrix production.

In summary, the requested supplies and materials are indispensable for ensuring that this project is conducted with precision and efficiency. Adequate funding for these items will directly contribute to the reliability of experimental outcomes and the overall success of the research project.





Services
	Item
	Requested sums (in NIS)

	
	1st year
	2nd year
	3rd year
	4th year

	NTA and Cryo-TEM, fluorescence microscopy and confocal imaging, LC-MS/MS, Fluorescence Anisotropy 
	30000
	40000
	40000
	40000

	qNano maintenance & repair
	40000
	
	
	

	
	70000
	40000
	40000
	40000



Justification for requested Services:
To ensure the success of our research, we will engage specialized services for high-precision analyses. NTA and Cryo-TEM will be essential for characterizing extracellular vesicle (EV) size, concentration, and structural integrity. These services will be contracted through the Electron Microscopy and Nanoparticle Core Facility, providing us with the advanced resolution and accuracy needed for robust EV profiling.
Fluorescence microscopy and confocal imaging are crucial for tracking the uptake, localization, and intracellular trafficking of EVs within TM cells. These imaging services, available through the Life Sciences Imaging Core, will enable precise visualization of EV-cell interactions over time, providing key insights into cellular processes such as back-fusion and exosome stability.
We will also rely on LC-MS/MS for comprehensive lipidomics and metabolomics analyses, focusing on the identification of lipid mediators, phospholipase activity, and arachidonic acid metabolites. This high-sensitivity analysis will be outsourced to ensure the precision required for tracing lipid pathways in NPCE and TM cells.
Additionally, Fluorescence Anisotropy will be employed to assess membrane fluidity and stability of EVs, a critical factor in understanding the effects of phospholipase activity on EV membrane dynamics. This service will be contracted through the Biophysics Core Facility to guarantee optimal accuracy.
These requested services are indispensable for achieving the high-quality, reproducible data needed to support our experimental goals and advance the project’s objectives. The budget allocation will cover the costs associated with these advanced analytical techniques, enabling us to maintain rigorous scientific standards throughout the study.

Justification for 40,000 NIS for qNano Maintenance:
Our qNano instrument has been a cornerstone of our laboratory's research for over a decade, and its continued reliability is vital for ongoing EVs analysis. The requested funds are essential to support this crucial instrument's maintenance, ensuring its longevity and consistent performance. This investment not only safeguards our research quality but also maintains the invaluable asset that has been integral to our work for over 10 years.

Other Expenses
	Item
	Requested sums (in NIS)

	
	1st year
	2nd year
	3rd year
	4th year

	Students allocated to the project travel expenses for scientific meetings abroad or in Israel
	6000
	6000
	6000
	6000

	
	6000
	6000
	6000
	6000


Justification for requested Other Expenses:

A segment of the requested budget is earmarked for covering the travel expenses of our graduate students. This funding will facilitate their engagement in data presentations and lectures at scientific gatherings, with a preference for their attendance at prestigious international conferences such as the ARVO Meeting, the International Symposium on Ocular Pharmacology and Therapeutics abroad, as well as local conferences hosted by the ISREV (Israel Society for Extracellular Vesicle) and the ISVER (Israeli Society for Vision and Eye Research). This opportunity for our students to share and gain knowledge on a global stage is a significant investment in their academic and professional growth.

Computers
	Item
	Requested sums (in NIS)

	
	1st year
	2nd year
	3rd year
	4th year

	[bookmark: _Hlk150431141]Personal computer for the researcher
	8000
	
	
	

	Personal computer for the lab technician/students
	10000
	
	
	

	Software
	1000
	1000
	1000
	1000

	Computer peripherals
	1500
	1500
	1500
	1500

	
	20500
	2500
	2500
	2500


Justification for requested Computers:
Upgrading two older lab computers will streamline the tasks of both the technician and the students engaged in the research project.
We kindly request the replacement of the researcher's laptop computer to enhance the efficiency of the Principal Investigator's research work.
To efficiently handle and manage PDF files for reporting, an annual Adobe Acrobat Reader license is essential.
Computer peripherals will be used for printers, scanners, screens, cables, external hard disks, Surge Protector 

Miscellaneous
	Item
	Requested sums (in NIS)

	
	1st year
	2nd year
	3rd year
	4th year

	Photocopies and office supplies
	1000
	1000
	1000
	1000

	Publication charges in scientific journals (including editing and translation)
	6000
	18000
	18000
	18000

	Memberships in scientific associations
	1500
	1500
	1500
	1500

	
	8500
	20500
	20500
	20500



Justification for requested Miscellaneous:
The main expense will be dedicated to covering publication fees associated with sharing our research findings.  The sum requested also includes scientific associations' annual membership fees, photocopies, and office supplies.

Equipment
	Item
	Price (in NIS)

	
	

	Total Price (NIS)
	

	Other expenses (including shipping, installation, customs and taxes):
	

	Total 
	

	Funds requested from ISF:
	

	
	

	
	


Justification for requested equipment:
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Key Observations
Diverse lipid profile including non-oxidized and oxidized phospholipids

Presence of lysophospholipids containingarachidonicacid (20:4)
Detection of oxidized forms of lipids

 Potential Implications

NPCE-EVs as direct sources of substrates for phospholipases
Potential production of arachidonicacid within vesicles and upon
interaction with trabecular meshwork cells

Possible role in inflammatory processes

. Potentialimpact on intraocular pressure regulation
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