

The Role of Prostanoid Signaling in Inflammatory 
Responses Relevant to Diabetic Retinopathy

By

Amy Kathryn Stark


Dissertation
Submitted to the Faculty of the
Graduate School of Vanderbilt University
in partial fulfillment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY
in
Pharmacology


May 9, 2025
Nashville, Tennessee


Approved:
Sean S. Davies, Ph.D. (Chair)
Milam A. Brantley Jr., M.D., Ph.D.
Richard M. Breyer, Ph.D.
Douglas G. McMahon, Ph.D.
John S. Penn, Ph.D. (Mentor)










Copyright © 2025 Amy Kathryn Stark
All Rights Reserved










In loving memory of my father, Bill Stark.

You were my biggest supporter when I started this graduate school journey,
and I know your heavenly support reaches even stronger and more constant now.

I love you so much, Dad.


[bookmark: _Toc189750700]ACKNOWLEDGEMENTS
This work was supported by National Institute of Health grants R01 EY007533 (JSP), R01 EY023397 (JSP), F31 EY034386 (AKS), T32 GM007628 (AKS/Vanderbilt Pharmacology), P30 EY008126 (Vanderbilt Vision Research Center), and P30 DK020593 (Vanderbilt Diabetes Research and Training Center). Additional financial support was provided by five research grants to AKS from the Vanderbilt Institute of Clinical and Translational Research, the Reeves Foundation, the Love Foundation, an unrestricted grant from Research to Prevent Blindness, and research contracts fulfilled by the Vanderbilt Ophthalmic Contract Research Organization (VO-CRO).
The last five and a half years of graduate school have been, truly, one of the most transformative periods for me. I’ve seen the weddings of friends, the births of babies, the funerals of loved ones, and the shocks of the COVID-19 pandemic. I’ve traveled the country and the world for work, pleasure, and sometimes both. I’ve become a scientist. Throughout it all, I have had the immeasurable support of so many, and now I want to thank them. I’ll never be able to fit all of those names in print, but even the small roles you have each played have helped push me to where I am today. Thank you all.
 To Dr. John Penn, thank you for your unwavering support of my scientific training and of my personal wellbeing as well. To spend an hour of devoted time with Dr. Penn is to feel his deep passion for science and his sincere dedication to you. Thank you for believing in me, encouraging my professional development in so many ways, pondering the big and small research questions together, guiding me when I’ve lost my direction, and squeezing the whole lab into your office for countless boxed wine happy hours. It is an absolute honor to be the final graduate student of your career. I would not be the scientist I am today without your unwavering support.
To the many members of the Penn lab and VO-CRO, you are the reasons I found a home in this lab and the reasons I have stayed sane. The vibrancy that comes from this lab can be attributed to nothing but the diverse, exciting, community-oriented personalities of my many lab members throughout these last years. Special thanks are due to Taylor Smith, Rachel Jerrell, Dr. Cayla Ontko, Dr. Meredith Giblin, and Dr. Gary McCollum, who each kept me afloat in their own distinct ways.
So many scientific mentors have shaped me into who I am today. To the members of my PhD committee, thank you for your patience, guidance, curiosity, time, and support through each committee meeting and the communications in between. Finding the time to support a trainee amidst your busy schedules does not go unnoticed. Dr. Ginger Milne, not only did your Eicosanoid Core give me the most important data of my dissertation but you also helped with so much more than that. Your encouragement, advice, scientific knowledge, and personal support makes me lucky to call you a mentor, friend, and role model. Dr. Jeffrey Trimarchi, my undergraduate research mentor at Iowa State University, you are the first reason why I set out on this path toward being a PI myself one day. You took a 19-year-old and taught me the joys and excitement as well as the challenges this career can hold, and you’ve continued to support me in every way since then. 
To the Pharmacology Graduate Program, sometimes I wonder why 2020 Amy chose to be your only student, but more often than anything I am so proud of the training and community you provided to me. Each Pharmacology trainee holds a special place for being a part of this community alongside me, especially the 2021 cohort following me for adopting me as one of their own. Bobbi Stidham and Ashley Haddard, you have held this program together with the strength of giants. Dr. Christine Konradi and Dr. Ege Kavalali, your leadership and listening ears have made this world-class training program one that I am so proud to be a part of. Dr. Alan Brash, I cannot thank you enough because you attended every one of my first-year Zoom lectures to be my sole “classmate.” Pharm, I will forever accept every joke about being the best and the worst of my cohort of one, although today I’m pretty sure I’m the winner.
To my friends, where could I be without you? Both here in Nashville and far away, you have kept me laughing, encouraged me when the science was a losing battle, celebrated my wins, supported me in my hardest days, listened to my complaints or silly stories, and shared your lives with me. I could not be more grateful to have you each in my life.
To my family, you are everything to me. I’m so fortunate to have spent these years so much closer to the Stark side in Huntsville because having you nearby made the South feel more like home. Meanwhile, the Boesen side knew just the right amount to ask about my progress at each holiday party and how to support me beyond that.
To my sister Lauren, you are the big sister I needed to balance out the chaos I promote as the little sister. Thank you for always being just a text or a call away as we navigate this crazy world here…and your editing help is a big perk too! I can’t thank Lauren without also thanking Dino for being the fun and steady counterpart to my sister—the roles you have filled in our family are wide-reaching and so much appreciated. And of course to baby Leo, I love watching you grow, teaching you science and soccer, and laughing with you as you experience this life. Becoming Aunt Amy has been one of the most special roles yet.
To my mom, whose strength and compassion somehow still grows day after day. I admire you so much. You continuously put our family first, and you cheer for me through every win, big or small, even if my science talk sounds like gibberish. I am the person I am today because of the love and support you and Dad gave me all my life.
And finally, to Dr. Andrew Boal, my fiancé, thank you for every ounce of support, adventure, laughter, eyeball knowledge, dedication, and love you have shared with me over these years. Graduate school would have looked so different without you by my side for almost all of it. I am so excited for our next adventures we have coming.
Thank you all from the bottom of my heart. The future is looking so bright.



Table of Contents
Page
ACKNOWLEDGEMENTS	iv
ABBREVIATIONS	xi
LIST OF TABLES	xiv
LIST OF FIGURES	xv
CHAPTER
INTRODUCTION	1
Diabetes	1
Diabetic Retinopathy	2
Diabetic Macular Edema	3
Retinal Physiology	4
Vascular Endothelial Growth Factor and Anti-VEGF Therapies	6
Inflammation in Diabetic Retinopathy	8
Therapeutic Potential of NSAIDs in Diabetic Retinopathy	9
Prostanoid Signaling	11
Prostanoids in Retinal Vascular Diseases	15
Prostanoids in Diabetic Retinopathy	17
METHODOLOGY	24
Human retinal cell culture	24
Treatment of retinal cells	25
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) of secreted prostanoids	28
Prostaglandin ELISAs	29
Proteome Profiler Cytokine Array	29
qRT-PCR	29
Cytokine ELISAs	30
cAMP ELISAs	31
Western blot	31
Static adhesion	32
Electric cell-substrate impedance sensing (ECIS) assays	33
Transwell dextran flux assays	34
Statistical analyses	35
Prostanoid Production in Retinal Cells Under Conditions of Systemic Diabetes	36
Introduction	36
Results	37
hMG produce PGE2 in conditions simulating systemic diabetes	37
hRMEC produce PGF2α in conditions simulating systemic diabetes	40
Discussion	43
Proinflammatory Cytokine Production in Müller Glia via PGE2-EP2 and PGF2α-FP Signaling	45
Introduction	45
Results	46
PGE2 stimulates proinflammatory cytokine expression in hMG	46
PGE2-induced cytokine elevation in hMG is mediated by the EP2 receptor	49
Paracrine-like signaling of PGF2α via the FP receptor promotes proinflammatory cytokine production in hMG	55
Discussion	58
Leukocyte Adhesion to Retinal Microvascular Endothelial Cells via PGF2α-FP Signaling	62
Introduction	62
Results	63
PGF2α, but not PGE2, promotes adhesion of leukocytes to hRMEC	63
Leukocyte adhesion in hRMEC is mediated by the FP receptor of PGF2α	65
Discussion	70
Opposing Barrier Permeability Effects of PGE2 in Retinal Microvascular Endothelial Cells and Retinal Pigment Epithelial Cells	72
Introduction	72
Results	73
PGE2 enhances barrier function of hRMEC monolayers modeling the inner blood-retina barrier	73
Inner blood-retina barrier enhancement is mediated by the EP4 receptor	76
PGE2 increases permeability of RPE monolayers modeling the outer blood-retina barrier	78
Outer blood-retina barrier permeability is mediated by the EP2 receptor	80
Discussion	82
conclusions and future directions	85
Summary and Conclusions	85
Future Directions	103
REFERENCES	113

[bookmark: _Toc189750701]
ABBREVIATIONS
AC			Adenylyl cyclase
AMD			Age-related macular degeneration
ANOVA		Analysis of variance
BSA			Bovine serum albumin
cAMP			Cyclic adenosine monophosphate
COX-1 and -2	Cyclooxygenase-1 and -2
Ct			Cycle threshold
CYP			Cytochrome P450
DAG			Diacylglycerol
DM			Diabetes mellitus
DME			Diabetic macular edema
DMEM		Dulbecco's Modified Eagle Medium
DMEM/F-12		Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12
DMSO		Dimethyl sulfoxide
DPBS			Dulbecco's Phosphate Buffered Saline
DR			Diabetic retinopathy
EBM			Endothelial basal medium
EC50			Half-maximal excitatory constant
ECIS			Electric cell-substrate impedance sensing assay
EET			Epoxyeicosatrienoic acid
ELISA			Enzyme-linked immunosorbent assay
FBS			Fetal bovine serum
FITC			Fluorescein isothiocyanate
GPCR			G protein-coupled receptor
HETE			Hydroxyeicosatetraenoic acid
HGF			Hepatocyte growth factor
hMG			Primary human Müller glia
hRMEC		Primary human retinal microvascular endothelial cell
hRPE			Primary human retinal pigment epithelial cell
IBMX			3-isobutyl-1-methylxanthine
IC50			Half-maximal inhibitory constant
ICAM-1		Intercellular adhesion molecule-1
IL-1β			Interleukin-1β
IL-6			Interleukin-6
IL-8			Interleukin-8
IP3			Inositol triphosphate
Ki			Inhibitory constant; concentration to reduce reaction rate by 50%
LC-MS/MS		Liquid chromatography-tandem mass spectrometry
LCNV			Laser-induced choroidal neovascularization
LOX			Lipoxygenase
LPS			Lipopolysaccharide
mRNA			Messenger ribonucleic acid
NPDR			Nonproliferative diabetic retinopathy
ns			Not significant
NSAID		Nonsteroidal anti-inflammatory drug
OIR			Oxygen-induced retinopathy
PBMC			Peripheral blood mononuclear cell
PDR			Proliferative diabetic retinopathy
PGD2			Prostaglandin D2
PGE2			Prostaglandin E2
PGF2α			Prostaglandin F2α
PGI2			Prostacyclin/prostaglandin I2
PLC			Phosopholipase C
qRT-PCR		Quantitative reverse transcription polymerase chain reaction
RNA			Ribonucleic acid
ROP			Retinopathy of prematurity
RPE			Retinal pigment epithelial cell
SD			Standard deviation
STZ			Streptozotocin
TNFα			Tumor necrosis factor-α
TXA2			Thromboxane A2
VCAM-1		Vascular cell adhesion molecule-1
VEGF			Vascular endothelial growth factor


[bookmark: _Toc189750702]LIST OF TABLES
Page
Table 1: Summary of changes in prostanoid levels in patients with varying stages of diabetic retinopathy	19
Table 2: Summary of the effects of prostanoids in diabetic retinopathy animal and cell culture models	23
Table 3: Treatment reagents used	27
Table 4: qRT-PCR TaqMan probes used	30
Table 5: Western blot antibodies used	32
Table 6: De-identified patient database record counts of DR status and PGF2α analog use in patients with diabetes	99



[bookmark: _Toc189750703]LIST OF FIGURES
Page
Figure 1: Prostanoid metabolism and receptor signaling.	13
Figure 2: Prostanoid production by hMG in conditions simulating systemic diabetes.	39
Figure 3: Validation of time and stimulus selection for LC-MS/MS analyses.	40
Figure 4: Prostanoid production by hRMEC in conditions simulating systemic diabetes.	42
Figure 5: Cytokine array results from PGE2 stimulation of hMG.	47
Figure 6: PGE2 stimulates elevation of proinflammatory cytokine levels in hMG.	48
Figure 7: Timecourse of proinflammatory cytokine gene expression in hMG with PGE2 stimulation.	49
Figure 8: Prostanoid receptor gene expression and protein levels in hMG.	50
Figure 9: PGE2-induced cytokine elevation in hMG is mediated by the EP2 receptor.	52
Figure 10: PGE2-EP2 signaling in hMG promotes cAMP production.	53
Figure 11: Diabetes-relevant stimulation of hMG is partially mitigated by EP2 antagonism.	55
Figure 12: PGF2α stimulates elevation of proinflammatory cytokine levels in hMG.	56
Figure 13: PGF2α-induced cytokine elevation in hMG is mediated by the FP receptor.	58
Figure 14: PGF2α, but not PGE2, promotes leukostasis-relevant activity at gene, protein, and cell behavior levels in hRMEC.	65
Figure 15: Prostanoid receptor gene expression in hRMEC.	65
Figure 16: PGF2α-FP signaling mediates leukocyte adhesion in hRMEC.	67
Figure 17: Diabetes-relevant stimulation of hRMEC is partially mitigated by FP antagonism.	69
Figure 18: PGE2, but not PGF2α, strengthens hRMEC barrier function.	75
Figure 19: PGE2-induced barrier enhancement of hRMEC is mediated by the EP4 receptor.	77
Figure 20: PGE2, but not PGF2α, induces RPE barrier permeability.	79
Figure 21: PGE2-induced barrier permeability of ARPE-19 is mediated in part by the EP2 receptor.	81
Figure 22: Ibuprofen modestly mitigates PGE2-induced cytokine gene expression.	90
Figure 23: PGI2 analog cicaprost induces proinflammatory cytokine gene expression.	91
Figure 24: PGE2 does not signal off-target via the FP receptor in hRPE.	95
Figure 25: Percentages of diabetic patient populations at different DR progression stages with and without PGF2α analog use.	99
Figure 26: Junctional complex protein levels in hRMEC and ARPE-19 stimulated with PGE2.	105

71
71
71

i

CHAPTER I

[bookmark: _Toc189750704]INTRODUCTION
Material in this chapter is adapted from the following publication:
Stark AK, Penn JS. Prostanoid signaling in retinal vascular diseases. Prostaglandins and Other Lipid Mediators. 2024 Jun 30;174:106864. doi: 10.1016/j.prostaglandins.2024.106864. PMID: 38955261.
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Diabetes mellitus is a disease of immense prevalence globally. Analysis from 2021 estimated that 10.5% of the global population faced diabetes, expected to rise to 12.2% by 20451. The failure of the body to produce insulin to regulate blood sugar, as in Type 1 diabetes, or the resistance to insulin that is produced, as in Type 2 diabetes, leads to a systemic dysregulation of metabolic processes due to high circulating glucose levels in the blood, known as hyperglycemia2. Additionally, type 2 diabetes is often associated with a dysregulation of serum lipid levels, known as dyslipidemia, particularly from low HDL cholesterol levels and high triglyceride and LDL cholesterol levels that can worsen cardiovascular risks in these patients3.
Diabetes is associated with complications to many tissues and systems of the body, broadly defined based on the types of blood vessels affected. The major macrovascular complication of diabetes is the elevated risk for cardiovascular disease affecting the larger arteries of the body. This can manifest as atherosclerosis, myocardial infarction, stroke, and cardiomyopathy2, 4. Microvascular complications of the capillaries include retinopathy affecting the eye that can lead to vision loss, nephropathy affecting the kidneys that can result in renal failure, and neuropathy affecting the nervous system (particularly, the peripheral nervous system) that can impair wound healing and elevate risks for lower extremity amputation2, 4.

[bookmark: _Toc189750706]Diabetic Retinopathy
Diabetic retinopathy (DR) is a neurovascular complication of diabetes in which conditions of systemic diabetes damage the blood vessels of the retina, a consequence that can result in irreversible blindness. As the global incidence of diabetes continues to climb in both developed and developing countries due to rising obesity and other risk factors, the prevalence of DR is likewise increasing5. DR is a leading cause of irreversible vision loss in working-age adults worldwide6. Up to 90% of patients with type 1 diabetes and up to 60% of patients with type 2 diabetes will face DR within their lifetimes, and this high disease burden is largely attributable to the length of time since diabetes onset7-10.
DR pathogenesis is divided into two primary stages: nonproliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). The earlier stage of disease, NPDR, is characterized by the onset of several clinical pathologies including microaneurysms, vascular leakage, retinal hemorrhages, damage to the nerve fiber layer, basement membrane thickening, and exudative lipid deposits11-13. Additionally, neuronal dysfunction including retinal neuronal apoptosis and impaired synaptic function can occur early in disease alongside these vascular changes12, 14, 15.
PDR, the later stage of disease, is marked by the onset of retinal neovascularization, which poses the greatest risk for irreversible blindness. As a consequence of capillary regression and other damage to the vasculature in NPDR, conditions of retinal ischemia and hypoxia arise as the remaining capillary complement cannot sufficiently oxygenate the tissue11, 12. In the retina, ischemia-induced hypoxia is often followed by new blood vessel growth as the tissue adapts to inadequate oxygen. In response to mounting ischemia and hypoxia, retinal cells elevate production of VEGF, which signals for angiogenic vessel growth within the retina11. Neovascularization, the new growth of blood vessels, is a critical biological process to support growth and development, yet it can also cause severe damage when aberrant vessel growth occurs. Neovascularization may occur in two primary forms: vasculogenesis and angiogenesis. Vasculogenesis is the growth process in which endothelial progenitor cells assemble and differentiate into de novo blood vessels as occurs during organogenesis16. In contrast, angiogenesis is growth from preexisting blood vessels, and it requires endothelial cell mitosis, migration, and remodeling into physiologically patent tubes16. In PDR, the retinal neovascularization occurs via damaging angiogenic growth. The new vessels formed are generally fragile or fragmented, incapable of functionally carrying oxygenated blood to tissue, and may grow aberrantly through the surface of the retina into the vitreous cavity with heightened risk for retinal detachment12, 13.
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As a complication of DR, diabetic macular edema (DME) poses an additional threat of vision impairment in patients with diabetes. DME is the most prevalent cause of vision loss in these individuals17. Even in patients with intensive glycemic control, up to 27% of patients developed some degree of DME within 9 years of monitoring, although only 15% met the classifications for “clinically significant” DME18. This prevalence rose to up to 44% at any stage over 9 years in patients with conventional glycemic control or 27% at clinically significant levels18. The patient’s current age and—even more strongly—the duration since diabetes onset are the greatest predictors of DME risk19, 20. DME can develop in patients at any stage of retinopathy, but it is increasingly common as DR severity rises19, 20. Notably, DME can resolve spontaneously or with treatment, whereas retinal damage from other DR manifestations is generally irreversible17.
DME is defined as the accumulation of fluid and lipids within the layers of the retina particularly in the macula, the region at the center of the retina responsible for central high acuity vision17, 21. Worsening conditions of diabetes and DR in the retina cause breakdown of the blood-retina barriers and imbalances in fluid intake and drainage17, 21, 22. The swelling and thickening of the retina result from fluid accumulation subretinally, intraretinally, or in cyst-like pockets in the retina. Vision impairment from DME can present as diminished central visual acuity, contrast sensitivity, and color perception, and chronic swelling and retinal layer disorganization can cause permanent vision loss22. 
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The retina is composed of a variety of cell types; key categories include neuronal, glial, and vascular cells. When light enters the eye, it penetrates through much of the retina to the photoreceptor rods and cones, neurons at the outer face of the retina. Photoreceptors convert light into electrical signals that are ultimately relayed to retinal ganglion cells, which transmit the signals through the optic nerve to the brain23. 
Retinal microglia, astrocytes, and Müller glia cells—the latter, an eye-specific macroglial cell spanning the nearly the full thickness of the retina—provide support and maintain homeostasis for many neurons and vascular cells23. Of particular note, Müller glia play critical roles in supporting normal functions of other retinal cell types through maintenance of the blood-retina barrier, metabolic control and nutrient supply, and uptake and recycling of ions and neurotransmitters11, 24, 25. Further, Müller glia respond to damaging stimuli in the retina, such as conditions of diabetes, by elevating production of cytokines, chemokines, and growth factors that can stimulate further activation of inflammatory cascades and other pathogenic events in other retinal cells11, 14, 24, 25.
Throughout the retina, blood capillaries interpose the tissue in organized layers to provide oxygen and nutrients that support neuron and glia function. Blood is supplied to the inner retina via the central retinal artery, which enters the back of the eye through the optic nerve23. The central retinal artery, a terminal artery, then branches into three sequential layers: the superficial, intermediate, and deep capillary plexuses26. Together, these capillary beds perfuse blood through the anterior half of the retina. Blood returns to circulation via the central retinal vein23.
Two blood-retina barriers, each composed of distinct cell types and located in different areas of the retina, regulate fluid and ion transportation in the eye. The inner blood-retina barrier is primarily composed of the retinal microvascular endothelial cells that form the luminal walls of capillaries supplying blood to the cells throughout the inner retina. Tight junction and proteins secure this barrier between endothelial cells27, 28. Pericytes strengthen the blood-retina barrier by wrapping around blood vessels to aid in modulating vascular permeability12. Müller glia and astrocytes also interact with the endothelial cells, further supporting barrier function through homeostatic signaling12, 14, 28, 29. Finally, basement membrane, a layer of extracellular matrix material composed primarily of type IV collagen and laminin, is produced by the endothelial cells and pericytes, and it provides additional support for a tight barrier30. Together, the endothelial cells interacting with these other cells and materials form the neurovascular unit of the retina.
The outer blood-retina barrier, in contrast, is composed of the retinal pigment epithelial (RPE) cells and serves as the physical barrier between the photoreceptors and the choroid28, 31. The fenestrated capillary bed of the choroid is the source of oxygen and nutrients to sustain the photoreceptors and RPE cells of the outer retina23, 31. RPE cells form the posterior-most layer of the retina, absorbing remaining light that passes through the photoreceptors and regulating fluid and ion transport from the choroid circulation23. These cells, like endothelial cells of the inner blood-retina barrier, are also interconnected with tight junction proteins to facilitate nutrient and waste transport28, 29, 31, 32. Additionally, Bruch’s membrane, a five-layered acellular lamina positioned between the RPE and the choroid, serves as an extracellular matrix to anchor RPE and provide additional control of permeability32.
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VEGF is the key pro-angiogenic factor leading to advanced pathophysiology of proliferative DR. Ocular levels of VEGF were measured at 3.6 ± 6.3 ng/mL in patients with proliferative DR, compared with only 0.1 ± 0.1 ng/mL in patients with nonproliferative DR33. Early in development, VEGF serves critical roles in the normal, organized growth of vasculature throughout the body. In knockout mouse models, reduction of VEGF by 50% through induction of a heterozygous mutation in one VEGF gene allele proved embryonic lethal34. In children and adults, VEGF can promote beneficial angiogenesis in processes including wound repair.35 
The VEGF family consists of five members in mammals: VEGF-A, -B, -C, -D, and placental growth factor (PlGF). Previously, VEGF-A—the predominant form in the contexts of permeability and angiogenesis36—had been known as vascular permeability factor, and now it is commonly referred to simply as VEGF26. All members of the family are glycoproteins that signal through VEGF receptor tyrosine kinases37.
VEGF-A (subsequently referred to as VEGF) may serve as the ligand for either vascular endothelial growth factor receptor 1 (VEGFR1) or VEGFR2, each reported to promote angiogenic signaling26. Both VEGFR1 and VEGFR2 are expressed primarily on endothelial cells throughout the body38. A third receptor, VEGFR3, binds other VEGF family members and is mainly involved in lymphatogenesis26, 38. After ligand binding, VEGFRs dimerize as either heterodimers or homodimers and trans-phosphorylate the tyrosine residues on the receptors’ intracellular domains27. Phosphorylated tyrosine residues serve as the scaffolds to activate a diversity of downstream signaling pathways.
Antibody-based therapies developed to block VEGF signaling are the current standard of care for DR and DME. Currently two anti-VEGF options, ranibizumab (Lucentis) and aflibercept (Eylea), have received FDA approval for DR to prevent progression of PDR, while other anti-VEGF drugs including bevacizumab (Avastin) are also used off-label39. These biologic agents as well as brolucizumab (Beovu) and faricimab (Vabysmo, which targets both VEGF and angiopoietin-2) have also been approved for treatment of DME39. Notably, anti-VEGF treatment as a preventative strategy does not improve long-term visual acuity in NPDR patients40, and there are no therapies that target pathologies of earlier stages of disease.
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Whereas neovascularization is key to late-stage PDR, one early event in DR pathology is the onset of retinal inflammation in NDPR or even before clinically defined DR ensues11, 29. Specifically, activation of innate immune responses in the retina by systemic conditions of hyperglycemia and dyslipidemia in the diabetic environment can elicit diverse cellular and physiologic inflammatory responses11, 29. Müller glia, microglia, and astrocytes provide the first immune responses in the retina29.
Activation of these glial cells promotes the elevation of a variety of cytokines, chemokines, and growth factors to further propagate inflammation. Key inflammatory cytokines IL-1β, IL-6, IL-8, and TNFα have been measured at elevated levels in the vitreous and/or retinas of patients with DR41-45. Serum cytokine levels have been shown to correlate with DR staging, elevating in NPDR and further elevating in PDR46. VEGF also has roles in driving inflammatory responses in early DR, but its proangiogenic roles for late-stage PDR are more pronounced11, 47, 48. Secreted cytokines and chemokines can then serve as stimuli for inflammatory pathologies in other retinal cell types.
As DR is a microvascular disease, dysfunction of the retinal capillaries defines DR progression. Mounting inflammation in early DR can promote the adhesion of circulating leukocytes—primarily neutrophils and monocytes49, 50—to the capillary endothelium, known as leukostasis. Activated retinal microvascular endothelial cells upregulate adhesion molecule levels to promote this behavior. E-selectin initiates the capture of circulating leukocytes and their rolling along the endothelium surface, while intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) mediate the firm adhesion of these immune cells to the capillary walls51. As leukostasis progresses, adherent leukocytes become activated and secrete high levels of cytokines, chemokines, and growth factors to further amplify proinflammatory signaling pathways52. This may lead to microvascular damage including capillary occlusion and focal retinal ischemia, hallmarks of advancing DR11.
Additionally, the onset of retinal inflammation can damage the inner and outer blood-retina barriers to promote DR and DME progression. The progression of these conditions is best understood from the perspective of inner blood-retina barrier leakage, yet outer blood-retina barrier function may also be compromised and play an important role in these conditions. Dysfunction of either barrier can lead to fluid leakage and edema that further advance DR.
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Nonsteroidal anti-inflammatory drugs (NSAIDs) are well-established medications to reduce pain and inflammation by preventing the activity of cyclooxygenase-1 (COX-1) and COX-2 enzymes53. The potential of COX inhibition to treat DR was first identified in a correlative analysis of patients taking salicylates to manage rheumatoid arthritis, which showed that diabetic patients in the cohort demonstrated slowed progression of DR54. Subsequently, systemic, intravitreal, and topical NSAIDs were investigated as therapeutic strategies for DR management in several clinical trials with varying results55. For example, trials of high doses of systemic aspirin or sulindac showed decreased DR progression over the durations of these studies56, 57. In contrast, another trial with a lower dose of aspirin revealed no benefit for DR58. Further, a trial of systemic celecoxib (COX-2 selective) for DR was terminated early due to risk for severe cardiovascular side effects with no significant retinal benefit observed during the truncated study59. The chronic, systemic use of NSAIDs has been shown to promote severe cardiovascular, cerebrovascular, gastrointestinal, and renal side effects, among others60.
Additional trials have tested intravitreal or topical NSAID drugs for DME, but these therapies similarly did not show consistent effects on disease progression. In a small study of 10 patients with varying types of macular edema including 5 with DME, patients were given a single intravitreal injection of diclofenac. There was no placebo-control arm of this study. Of the 5 DME patients, visual acuity improved in 2, remained the same in 2, and worsened in 1 after 8 weeks; central macular thickness and leakage did not significantly change61. Subsequently, these investigators tested intravitreal diclofenac versus intravitreal bevacizumab, the anti-VEGF standard of care, in a randomized cohort of DME patients. Here, they showed a small, significant improvement in visual acuity after 12 weeks in patients treated with diclofenac, yet neither central macular thickness nor leakage significantly improved in this trial either62. In contrast, another study showed a significant decrease in macular thickness 12 weeks after intravitreal injection of diclofenac but no change in visual acuity in these patients63. In another uncontrolled study testing intravitreal injection of ketorolac showed a 28% improvement in visual acuity versus baseline after 30 days but no change in macular thickness64. Similarly, topical administration of NSAIDs for DME has also been evaluated in clinical trials. A limited number of trials showed benefits of topical NSAIDs in macular edema patients65, 66. In contrast, a well-controlled trial from the Diabetic Retinopathy Clinical Research Network evaluated topical nepafenac 3x daily for 1 year in patients with noncentral DME, excluding patients who had cataract surgery within one year of trial enrollment. They found no change from baseline in retinal volume or visual acuity67. Analysis of this trial argued the other studies showing positive therapeutic benefits may be confounded by patients who had recent cataract surgeries, as NSAIDs have a known beneficial effect in managing edema associated with this surgery67. While NSAIDs alone may not be as efficacious as the standard of care for DME, recent studies have also tested NSAIDs as adjuvant therapies alongside anti-VEGF injections and once again shown positive results in some68 but not in other trials69.
Overall, clinical trials of COX inhibition by NSAIDs to manage DR progression have yielded inconsistent findings with a number showing little or no therapeutic benefit. 

[bookmark: _Toc189750712]Prostanoid Signaling
Arachidonic acid is a 20-carbon ω-6 long chain fatty acid found at high levels in the retina70. It is among the most abundant lipids in the human retina along with palmitic, stearic, oleic, and docosahexaenoic acids71, 72. Arachidonic acid can be metabolized by three major pathways in tissue: the lipoxygenase (LOX) pathway to produce leukotrienes and hydroxyeicosatetraenoic acids (HETEs), the cytochrome P450 (CYP) epoxygenase pathway to produce epoxyeicosatrienoic acids (EETs), and the cyclooxygenase (COX) pathway to produce prostanoids.
The cyclooxygenase enzyme family includes two isoforms, COX-1 and COX-2. Generally considered to be constitutively expressed in tissue, COX-1 is active to support homeostatic production of prostanoids. COX-2 expression is induced by various stimuli including cytokines and growth factors, largely supporting the pain- and inflammation-inducing behaviors of prostanoids73. While arachidonic acid is the primary substrate for COX enzymes, these enzymes can also metabolize other fatty acid substrates including eicosapentaenoic acid and dihomo-γ-linoleic acid to generate other products less commonly74. Metabolism of arachidonic acid is catalyzed by COX, also known as prostaglandin G/H synthase, first to the unstable prostaglandin PGG2, which subsequently undergoes nonenzymatic peroxidation to PGH274, 75. Synthase enzymes specific to each product then form the five prostanoids: prostaglandins PGD2, PGE2, PGF2α, prostacyclin PGI2, and thromboxane TXA2.
In turn, prostanoids signal specifically via their nine G protein-coupled receptors (GPCRs): DP1 and DP2 (also known as Chemoattractant Receptor-homologous molecule expressed on T-Helper type 2 cells [CRTH2]) for PGD2; EP1, EP2, EP3, and EP4 for PGE2; FP for PGF2α; IP for PGI2; and TP for TXA2. Each of these nine GPCRs has a distinct affinity for the Gα subunit to which it preferably couples, thereby modulating the downstream signaling affected by ligand binding to promote discrete cellular responses. DP1, EP2, EP4, and IP are primarily Gαs-coupled, activating adenylyl cyclase (AC) to elevate cAMP production. DP2 and EP3 are primarily Gαi-coupled, inhibiting AC to limit cAMP production. EP1, FP, and TP are primarily Gαq-coupled, activating phospholipase C to elevate inositol triphosphate (IP3), diacylglycerol (DAG), and downstream calcium flux76 (Figure 1). 

[bookmark: _Ref189397084][bookmark: _Toc189750668]Figure 1: Prostanoid metabolism and receptor signaling. 
Arachidonic acid is metabolized via COX-1/2 and specific synthases into five prostanoids: PGD2, PGE2, PGF2α, PGI2, and TXA2. These signal though nine G protein-coupled receptors that are either Gs-coupled, Gi-coupled, or Gq-coupled. Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit arachidonic acid metabolism by COX-1/2. AC = adenylyl cyclase, PLC = phospholipase C. Image created with BioRender.

Several reports collectively indicate that all prostanoid receptors are expressed in the human retina and choroid. Specifically, one study found that mRNAs of all receptors (with the exception of DP2, which had not been identified at the time of publication) were expressed in both the retina and choroid of postmortem human donor eyes, although relative expression levels were not reported77. Early characterization of DP1 via Northern blot showed that it was most highly expressed in the retina compared with 18 other tissues of the human body78. Evidence of expression of DP2, the most recently identified prostanoid receptor, within human retina tissue is limited, but DP2 expression has been shown in the human RPE cell line ARPE-1979. A combination of ligand binding assays and in situ hybridization showed that TP was expressed throughout the retina, particularly in the photoreceptor layer80. Immunolabeling studies of EP and FP receptors showed all receptors were expressed in the retina but were differentially localized. EP1 immunoreactivity appeared strongest in the ganglion cell, inner nuclear, and photoreceptor inner segment layers as well as in the retinal endothelium; EP2 was observed in the ganglion cell and nerve fiber layers, retinal endothelium, and choroid; EP3 was localized to Müller glia and choroid; EP4 was found in the nerve fiber layer and choroid; and FP was seen in all retinal layers and choroid81. Another analysis of other human ocular tissues showed immunolabeling of EP2 “prominently and abundantly” in all retinal layers and the choroid, EP1 and EP4 retinal labeling present but less intense, and low EP3 labeling in any retinal location82. EP1, EP2, and EP4 were also immunolabeled in the retinal blood vessels82. In situ hybridization analyses from the same group additionally revealed EP1 expression in the choroid, photoreceptor, outer nuclear, and inner nuclear layers in addition to the ganglion cell layers, yet FP expression was not observed in any retinal layers or the choroid of human donors83. However, another report showed that FP was expressed at low levels in all retinal layers and RPE by immunofluorescence analysis and further localized this to the photoreceptor, outer nuclear, inner nuclear, and ganglion cell layers by in situ hybridization84. Collectively, studies of prostanoid receptor expression within the retina and choroid are diffusive and inconsistent. Human sample heterogeneity may account for some variability in findings, and thus there is not sufficient evidence at present to disregard any individual prostanoid receptor in the various layers of retinal tissue.

[bookmark: _Toc189750713]Prostanoids in Retinal Vascular Diseases
Due to the abundance of arachidonic acid in the retina, the association of prostanoids with inflammation due to NSAID mechanisms, and the ability to specifically study individual prostanoid receptors with distinct downstream signaling, prostanoid signaling has been studied in several retinal vascular diseases including retinopathy of prematurity, age-related macular degeneration, and diabetic retinopathy.
Retinopathy of prematurity (ROP) is a condition caused by dysregulated retinal vascular development in premature infants with very low birth weights, and it is one of the leading causes of vision loss in children85. ROP is similar to PDR in that its severe stages involve preretinal neovascularization, forming vascular networks that are not physiologically patent and thus do not efficiently perfuse tissue, are leaky and prone to hemorrhage, and have a fibrotic component that can facilitate retinal detachment86.
In rodents, ROP is modeled with oxygen-induced retinopathy (OIR) models, which reproduce preretinal neovascularization87-89. Several studies have shown roles of prostanoid signaling using OIR models. One study found that PGF2α production was elevated in OIR, while both pharmacologic antagonism and genetic depletion of the FP receptor in OIR mice prevented retinal neovascularization90. In another study, retinal PGE2 was 2.48-fold elevated in OIR rats compared with controls91. In isolated mouse Müller glia, PGE2-provoked VEGF production was blocked by the EP4 antagonist L-161,982, and COX-2-null mouse Müller glia increased VEGF production when treated with EP4 agonist PGE1-OH92. L-161,982 also attenuated the severity of OIR in rats92. Finally, a study showed that expression of receptor EP3 was elevated in mouse retinas after OIR and treatment with the EP3 agonist M&B28767 increased neovascularization in rat OIR93.
Age-related macular degeneration (AMD) is a leading cause of irreversible vision loss in older adults. Early-stage AMD known as atrophic or “dry” AMD is associated with damage to the RPE, early neurodegeneration, and drusen deposits in the retina94, 95. More similar to ROP and DR, late-stage AMD known as neovascular or “wet” AMD is characterized by choroidal neovascularization into the subretinal space that poses the greatest risk for irreversible blindness94, 95.
Prostanoid signaling studies directed at dry AMD are limited. In a rabbit model of light-induced retinal degeneration causing disease-relevant damage, PGD2 and PGE2 were transiently elevated 1 day post-illumination before declining, whereas PGF2α levels continuously increased over the 7 days of the study96. Another study using sodium iodate to induce pathologies relevant to dry AMD showed both EP2 antagonist CAY10471-treated and DP2-/- mice had reduced retinal degeneration compared with control mice97.
Wet AMD is modeled in animals using laser-induced choroidal neovascularization (LCNV), wherein a laser creates penetrating lesions to promote subretinal neovascular growth98. Prostanoid signaling relevant to wet AMD has been characterized in several studies. In one study, treatment of mice with either of two DP2 antagonists, CAY10471 or OC000459, decreased LCNV lesion size compared to vehicle-treated controls99. Similarly, LCNV lesion size was diminished, macrophage infiltration was decreased, and VEGF secretion was lower in DP2-/- mice compared to wildtype controls99. Another study found that PGE2 levels were elevated in LCNV mice, while the EP1 antagonist SC-51322 decreased lesion size relative to controls100. Bone marrow-derived macrophages in this study polarized to an M2 macrophage phenotype—recruited in wet AMD and relevant to wound repair—when stimulated with PGE2 or the EP1 agonist 17-PT-PGE2 but not with other EP agonist treatment100. Finally, the EP4 antagonist L-161,982 attenuated the severity of LCNV in rats in another study92.

[bookmark: _Toc189750714]Prostanoids in Diabetic Retinopathy
Multiple studies have measured eicosanoid levels from patients to discriminate differences between nondiabetic patients, diabetic patients without DR, and patients with various stages of DR, summarized in Table 1. In a comparison of measured lipids in vitreous samples, three COX-derived products were significantly elevated in PDR patients compared with healthy nondiabetic control patients. These were 15d-PGJ2, an anti-angiogenic PGD2 metabolite; 12S-HHTrE, a proinflammatory TXA2 metabolite; and 13,14-dihydro-PGF2α, a proinflammatory PGF2α metabolite101. Two additional studies found that circulating 15-keto-dihydro-PGF2α, a proinflammatory PGF2α metabolite, was elevated in patients with type 2 diabetes over nondiabetic controls and was further elevated in PDR patients over both patients with NPDR and diabetic patients with no DR90, 102. In direct contrast, another study found that PGF2α was decreased in plasma samples of NPDR patients compared to diabetic patients with no DR103. 33% lower PGF2α levels as well as 34% lower PGE2 levels were also measured in vitreous samples from PDR patients compared to nondiabetic controls104. Similarly, PGE2 and PGI2 levels were decreased in the vitreous of PDR patients complicated with rhegmatogenous retinal detachment compared to nondiabetic rhegmatogenous retinal detachment patient samples; however, the presence of retinal detachment in both cohorts complicates the comparison as other eyes with no retinal detachment had much lower prostanoid levels than either PDR or nondiabetic retinal detachment groups105. Notably, a separate study found the opposite result for PGE2: vitreous samples taken from patients with PDR had 53% higher PGE2 levels than nondiabetic patients106. These PDR samples also had elevated levels of inflammatory cytokines including IL-6, IL-8, MCP-1, and TNFα as well as VEGF, indicating potential proinflammatory and angiogenic effects of these upregulated prostanoid levels106. Collectively, these studies demonstrate clear inconsistencies, most notably in the findings of PGE2 levels in PDR patient vitreous samples. While we have no certain explanation for these incongruous results, there may be discrete differences in the patient populations or the methods of analysis employed in these studies that resist correlative patterning. Larger, more comprehensive meta-analyses are warranted to rectify these differences in DR patient prostanoid levels.

[bookmark: _Ref189394027][bookmark: _Toc189750694]Table 1: Summary of changes in prostanoid levels in patients with varying stages of diabetic retinopathy
	Target molecule
	Sample type
	Stage of disease for comparison
	Citation

	
	
	Non-diabetic
	Diabetic, 
no DR
	NPDR
	PDR
	

	15d-PGJ2 (PGD2 metabolite)
	Vitreous
	Baseline
	
	
	Increased
	Zhao T et al. 2022101

	L-PGDS (PGD2 synthase protein)
	Vitreous
	Baseline
	
	
	Increased
	Kim et al. 2006107

	PGE2
	Vitreous
	Baseline
	
	
	Decreased
	Naveh et al. 1990105, Douros et al. 2001104

	
	
	Baseline
	
	
	Increased
	Schoenberger et al. 2012106

	PGF2⍺
	Blood
	Baseline
	
	Decreased
	
	Peng et al.   2018103

	
	Vitreous
	Baseline
	
	
	Decreased
	Douros et al. 2001104

	15-keto-dihydro-PGF2⍺ (PGF2⍺ metabolite)
	Blood
	
	Baseline
	
	Increased
	Zhao Y et al. 202390

	
	
	
	
	Baseline
	Increased
	Zhao Y et al. 202390

	13,14-dihydro-PGF2⍺ (PGF2⍺ metabolite)
	Vitreous
	Baseline
	
	
	Increased
	Zhao T et al. 2022101

	6-keto-PGF1⍺ (PGI2 metabolite)
	Vitreous
	Baseline
	
	
	Decreased
	Naveh et al. 1990105

	12S-HHTrE (TXA2 metabolite)
	Vitreous
	Baseline
	
	
	Increased
	Zhao T et al. 2022101



The roles of prostanoids in DR-relevant angiogenesis, the event that marks the progression of disease from NPDR to more severe PDR and poses the most severe risk of irreversible blindness, has been studied by several groups. Notably, because the OIR model faithfully produces pre-retinal neovascularization reminiscent of PDR pathology and because, to date, diabetic animals with retinopathy have not demonstrated a transition to PDR, much of the research described earlier in the ROP section is also relevant to PDR research. Beyond OIR models for PDR, one study examined PGD2 used a DR-specific model where pericytes are depleted in mouse retinas with administration of an anti-PDGFRβ antibody to study PGD2 signaling108. Pericyte-depleted mice that were genetically deficient in H-PGDS—one of two synthase enzymes that produces PGD2—or DP1 exhibited increased retinal hemorrhaging and pathogenic retinal vessel growth compared to pericyte-depleted wild type mice. These findings support an anti-angiogenic role of PGD2-DP1 signaling by further downstream mechanisms that have not yet been identified108.  Notably, a proteomic analysis found significantly elevated levels of L-PGDS—the other of two enzymes producing PGD2—in vitreous samples from PDR patients compared to nondiabetic controls, indicating a potential for elevated levels of PGD2 in patients107. Given these collective findings, the retinas of PDR patients may elevate PGD2 production as a protective anti-angiogenic mechanism to prevent further damage, supporting investigation of DP1 agonism as a potential therapy for PDR.
Despite research advances in the angiogenic roles of prostanoid signaling in late-stage DR, comparably little is known about the roles of these signaling pathways in the early inflammatory aspects of the disease. By investigating the mechanisms involved in inflammation, an early event in DR progression, therapies may be developed to intervene in the disease before the irreparable damage caused by neovascularization occurs.
In a study to quantify prostanoid levels in diabetic rat retinas, animals were injected with streptozotocin (STZ), a pancreatic β cell toxin, and assessed after 3-4 weeks to model type 1 diabetes109. This short length of time after induction of diabetes with STZ represents a relatively early stages of diabetes, necessary to investigate NPDR and the inflammatory components of DR. 6-keto-PGF1α (PGI2 metabolite) from isolated retinal blood vessels was increased 40% in STZ rats compared to control rats and insulin-treated STZ rats109. Notably, these results counter the finding that 6-keto-PGF1α was decreased in the vitreous of PDR patients105. This difference is likely attributable to a difference in DR staging and to the presence of pathologic angiogenesis. The aforementioned STZ rat study is better representative of NPDR due to the early timepoint in diabetes analyzed and because angiogenesis does not occur in diabetic animal models. The PDR patient study, on the other hand, is representative of patients with noted angiogenesis present. The two disparate results indicate how the stage of DR—and thus the molecular signaling and tissue response that drive the progression at a given time—may be a critical consideration for which prostanoids should be therapeutically targeted.
In the same study of early STZ rats, PGE2 was also increased 69% in the retinal blood vessels109. Subsequently, a study found that PGE2 exacerbates retinal vascular leakage, capillary degeneration, retinal edema and layer disorganization, and leukocyte adhesion in STZ rats110. This study also used the EP2 antagonist AH6809 to demonstrate that PGE2-induced pathology was regulated by activation of EP2 receptor promoting cAMP production, protein kinase A activation, and ultimately NLRP3 inflammasome activation110. While AH6809 did significantly improve all outcomes, the specificity to EP2 cannot be claimed, as AH6809 has comparable affinity to receptors EP1, EP3, and DP1 in addition to EP2111. Further studies using EP2-selective antagonists and/or EP2 genetic deletion are warranted to confirm these findings.
A protective role of PGF2α in retinal pericyte apoptosis, another consequence of inflammation in early DR, has also been characterized in a pair of studies. Finding that PGF2α was decreased in the circulation of NPDR patients, investigators showed decreased migration of primary bovine retinal pericytes when cultured in conditions of elevated glucose; co-stimulation with PGF2α restored pericyte migration to levels observed in normal glucose conditions via FP activation of the RhoA pathway103. In a subsequent study, human retinal pericytes cultured in high glucose conditions had elevated apoptotic protein expression and TUNEL-positive cell counts, and stimulation with PGF2α decreased these markers of apoptosis112. Coincubation with the FP antagonist AL8810 brought the apoptotic markers back up to high glucose-stimulated levels, indicating select activation of the FP receptor pathway in reducing pericyte apoptosis via the PI3K/Akt/GSK3β/β-catenin pathway112. However, any suggestion that manipulation of PGF2α-FP signaling may prove therapeutic against DR progression must consider carefully the temporal sequence of events. While the aforementioned studies suggest that FP signaling is protective against pericyte apoptosis in early-stage NPDR103, 112, FP activation has also been shown to promote pathogenic retinal neovascularization in OIR, potentially relevant to late-stage PDR90. Therefore, the pro-survival, anti-apoptotic roles of PGF2α-FP signaling in different cell types in the retina is a complex consideration for therapeutic development.
The roles of prostanoid signaling in diabetic retinopathy animal models and cell culture experiments are summarized in Table 2. Note that OIR models, not listed here, may also be relevant to the pre-retinal neovascularization that characterizes PDR.

[bookmark: _Ref189393971][bookmark: _Toc189750695]Table 2: Summary of the effects of prostanoids in diabetic retinopathy animal and cell culture models
	Target molecule
	Stage of disease
	Model
	Treatment
	Effect
	Citation

	PGD2
	PDR
	Pericyte-depleted mice
	H-PGDS or DP1 genetic deficiency
	Genetic deficiency of PGD synthase or DP1 promoted angiogenic retinal vessel growth
	Horikami et al. 2023108

	PGE2
	NPDR
	STZ rats
	
	Elevated in retinal blood vessels
	Johnson et al. 1999109

	
	
	
	EP2 antagonist
	PGE2 exacerbated hallmarks of NPDR; EP2 antagonist mitigated these effects
	Wang et al. 2019113

	PGF2α
	NPDR
	Bovine retinal pericytes
	PGF2α
	Decreased glucose-induced pericyte migration
	Peng et al. 2018103

	
	
	Human retinal pericytes
	PGF2α and FP antagonist
	PGF2α prevented glucose-induced pericyte apoptosis; FP antagonist blocked this beneficial effect
	Cheng et al. 2021112

	PGI2
	NPDR
	STZ rats
	
	Metabolite 6-keto- PGF1α elevated in retinal blood vessels
	Johnson et al. 1999109





CHAPTER II

[bookmark: _Toc189750715]METHODOLOGY

[bookmark: _Toc189750716]Human retinal cell culture
Primary human Müller glia (hMG) were isolated from human donor eyes obtained within 24 hours postmortem from the National Disease Research Interchange using a protocol adapted from Hicks and Courtois114. Briefly, the retina was dissected and dissociated in low glucose (1 g/L) Dulbecco's Modified Eagle Medium (DMEM; Gibco; Grand Island, NY) containing trypsin and collagenase to select for Müller glia survival and proliferation. hMG were maintained in DMEM supplemented with 10% fetal bovine serum (FBS; R&D Systems; Minneapolis, MN) and 1% penicillin/streptomycin (Gibco) in a cell culture incubator held at 37C, 5% CO2, and 95% humidity. Passage 5 and 6 cells from multiple human donors were used for all experiments.
Primary human retinal microvascular endothelial cells (hRMEC) were obtained from Cell Systems (Kirkland, WA). Cells were grown in culture dishes coated in Attachment Factor (Cell Systems) and maintained in endothelial basal medium (EBM; Cell Systems) supplemented with 10% FBS and Endothelial Cell Growth Medium SingleQuots (Lonza; Basel, Switzerland) in a cell culture incubator held at 37C, 5% CO2, and 95% humidity. Passage 7 and 8 cells were used for all experiments.
Primary human retinal pigment epithelial cells (hRPE) were obtained from Lonza. Cells were grown on uncoated culture dishes in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; Gibco; Grand Island, NY) supplemented with 10% FBS and 1% penicillin/streptomycin (Gibco). Cells were maintained in incubators held at 37C, 5% CO2, and 95% humidity. Passage 5 cells were used for experiments.
Human RPE cell line ARPE-19 cells were obtained from ATCC (Manassas, VA). Cells were grown in DMEM/F-12 supplemented with 10% FBS and 1% penicillin/streptomycin on uncoated culture dishes for all experiments except for ECIS assays, where wells were coated with Attachment Factor. Cells were maintained in incubators held at 37C, 5% CO2, and 95% humidity. Passage 22-26 cells were used for experiments.

[bookmark: _Toc189750717]Treatment of retinal cells
Treatment of hMG began when cells reached 90% confluence. Media were changed from 10% to 2% FBS DMEM + penicillin/streptomycin for 12 hours prior to the start of treatment. Where applicable, hMG were pretreated with prostanoid receptor antagonists or vehicles (Table 3) for 1 hour in fresh 2% FBS DMEM + penicillin/streptomycin. For treatments, hMG were stimulated with relevant reagents or vehicles (Table 3) in fresh 2% FBS DMEM + penicillin/streptomycin for times specified in each experiment.
Treatment of hRMEC began when cells reached 90% confluence for standard experiments or mature monolayer formation in ECIS assays. For mass spectrometry experiments, media were changed from 10% to 5% FBS EBM + SingleQuots 12 hours prior to the start of treatment, then cells were stimulated with relevant reagents or vehicles (Table 3) in 5% FBS EBM + SingleQuots for 24 hours. For other experiments, where applicable, hRMEC were pretreated with prostanoid receptor antagonists or vehicles (Table 3) in fresh 10% FBS EBM + SingleQuots for 30 minutes-3 hours. For treatments, hRMEC were stimulated with relevant reagents or vehicles (Table 3) in fresh 10% FBS EBM + SingleQuots for times specified in each experiment.
Treatment of hRPE or ARPE-19 began when cells reached mature monolayer formation in ECIS assays. Where applicable, RPE were pretreated with prostanoid receptor antagonists, IBMX, or vehicles (Table 3) in 10% FBS DMEM/F-12 + penicillin/streptomycin for 3 hours. For treatments, cells were stimulated with relevant reagents or vehicles (Table 3) in 10% FBS DMEM/F-12 + penicillin/streptomycin for times specified in each experiment.
[bookmark: _Ref189471793][bookmark: _Toc189750696]Table 3: Treatment reagents used
	Reagent
	Vendor
	Vehicle
	Concentrations

	AL8810
(FP antagonist)
	Cayman Chemical
	DMSO
	100 nM-10 μM

	Butaprost
(EP2 agonist)
	Cayman Chemical
	DMSO
	1 nM-10 μM

	Cicaprost
(PGI2 analog)
	Cayman Chemical
	Ethanol
	100 pM-1 μM

	D-glucose
	Sigma-Aldrich
	Normal media
	24.5 mM

	DG-041
(EP3 antagonist)
	Tocris
	DMSO
	50 nM-1 μM

	Forskolin
	Cayman Chemical
	DMSO
	1 μM

	IBMX
	Cayman Chemical
	DMSO
	300 μM

	Ibuprofen
	Cayman Chemical
	DMSO
	1 μM-10 μM

	IL-1β (human)
	Sino Biological
	Water
	100 pg/mL-1 ng/mL

	L-161,982
(EP4 antagonist)
	Cayman Chemical
	DMSO
	10 pM-10 μM

	L-902,688
(EP4 agonist)
	Cayman Chemical
	DMSO
	1 pM-100 nM

	L-glucose
	Sigma-Aldrich
	Normal media
	24.5 mM

	LPS
	Sigma-Aldrich
	Water
	1 ng/mL

	Palmitic acid
	Sigma-Aldrich
	DPBS w/ 1% BSA
	250 μM

	PF-04418948 
(EP2 antagonist)
	Cayman Chemical
	DMSO
	30 pM-3 μM

	PGD2
	Cayman Chemical
	DMSO
	10 pM-10 μM

	PGE2
	Cayman Chemical
	DMSO
	3 pM-10 μM

	PGF2α
	Cayman Chemical
	DMSO
	3 pM-10 μM

	SC-51322 
(EP1 antagonist)
	Cayman Chemical
	DMSO
	50 nM-1 μM

	TG4-155
(EP2 antagonist)
	Cayman Chemical
	DMSO
	100 nM-10 μM

	TNFα (human)
	Sigma-Aldrich
	Water
	1 ng/mL




[bookmark: _Toc189750718]Liquid chromatography-tandem mass spectrometry (LC-MS/MS) of secreted prostanoids
After treatment, media were harvested for mass spectrometry of secreted prostanoids and total protein from adherent cells was collected in RIPA buffer (Sigma-Aldrich). LC-MS/MS was performed by the Eicosanoid Core Laboratory at Vanderbilt University. Media samples were spiked with a mix of deuterated standards including PGD2, PGE2, PGF2α, 6-keto-PGF1α (stable metabolite of PGI2), and TXB2 (stable metabolite of TXA2) dissolved in 25% methanol in water. Samples were vortexed and centrifuged at 10,000 x g for 10 minutes to pellet protein, then supernatants were extracted on an Oasis MAX uElution plate (Waters Corp.; Milford, MA), washed with methanol followed by 25% methanol in water, and eluted with 50/50 acetonitrile/2-propanol containing 5% formic acid to an elution plate. Samples were run on a Waters Xevo TQ-XS triple quadrupole mass spectrometer connected to a Waters Acquity I-Class UPLC. Analytes were separated with gradient elution using an Acquity PFP column with a mobile phase A of 0.01% formic acid in water and a mobile phase B of acetonitrile. Samples were analyzed using fragmentation of PGD2 and PGE2 (separated chromatographically) at m/z 351, PGF2α at m/z 353, 6-keto-PGF1α at m/z 369, and TXB2 at m/z 369. Prostanoid levels were normalized to total protein measured by Pierce BCA assay (Thermo Fisher Scientific; Waltham, MA) and reported as pg secreted prostanoid/µg total protein.

[bookmark: _Toc189750719]Prostaglandin ELISAs
Following treatment of hMG with glucose, palmitic acid, inflammatory cytokines, or respective vehicles for 2-96 hours, media were collected and analyzed using Prostaglandin E2 or Prostaglandin F2α Monoclonal ELISA Kits (Cayman Chemical) according to the manufacturer’s protocols. Sample concentrations were interpolated from prostaglandin standard curves using GraphPad Prism 10 software (La Jolla, CA) and reported as pg prostanoid/ml media. For the palmitic acid stimulation experiment, data were analyzed using a simple linear regression on GraphPad Prism 10.

[bookmark: _Toc189750720]Proteome Profiler Cytokine Array
hMG were stimulated with 1 μM PGE2 or DMSO vehicle for 6 hours, then conditioned media were assayed with a Proteome Profiler Human XL Cytokine Array Kit (R&D Systems) according to the manufacturer’s protocol. Membrane pairs (vehicle- and PGE2-treated) were imaged simultaneously using an Amersham Imager 600 chemiluminescent reader (GE Healthcare; Chicago, IL). Mean gray values of technical duplicates were recorded using Fiji/ImageJ (National Institutes of Health; Bethesda, MD) for analysis. Background levels were subtracted and mean gray values of image pairs were scaled by ratios of 1:1:3:6 to normalize data and account for differences in chemiluminescent exposure of independent experiments.

[bookmark: _Toc189750721]qRT-PCR
After treatment, cells were lysed, RNA was isolated using the RNeasy Mini Kit (Qiagen; Hilden, Germany), and cDNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems; Waltham, MA). qRT-PCR was performed using a StepOnePlus Real-Time PCR System (Applied Biosystems) with TaqMan Universal PCR Master Mix (Applied Biosystems) and TaqMan probes listed in Table 4. Gene expression fold change was normalized relative to TBP gene expression, which was unchanged in all experimental conditions.
[bookmark: _Ref189471728][bookmark: _Toc189750697]Table 4: qRT-PCR TaqMan probes used
	Gene target
	TaqMan probe

	CXCL8
	Hs00174103_m1

	ICAM1
	Hs00164932_m1

	IL1B
	Hs01555410_m1

	IL6
	Hs00985639_m1

	PTGDR
	Hs00235003_m1

	PTGDR2
	Hs00173717_m1

	PTGER1
	Hs00168752_m1

	PTGER2
	Hs00168754_m1

	PTGER3
	Hs00168755_m1

	PTGER4
	Hs00168761_m1

	PTGFR
	Hs00168763_m1

	PTGIR
	Hs00168765_m1

	SELE
	Hs00174057_m1

	TBP
	Hs00427620_m1

	TXA2R
	Hs00169054_m1

	VCAM1
	Hs01003372_m1




[bookmark: _Toc189750722]Cytokine ELISAs
Following treatment, hMG culture media were assayed using ProQuantum human IL-6, IL-8, and IL-1β Immunoassay ELISA kits (Invitrogen; Carlsbad, CA) according to the manufacturer’s protocol. Sample concentrations were interpolated from cytokine standard curves using GraphPad Prism 10 and reported as pg cytokine/ml media. 
[bookmark: _Toc189750723]cAMP ELISAs
hMG were cultured in 96-well plates to 90% confluence. Cells were pretreated for 1 hour with PF-04418948, L-161,982, or DMSO vehicle where applicable. Cells were stimulated for 15 minutes with 1 nM-10 μM PGE2 or DMSO vehicle to promote cAMP production. cAMP levels were measured from treated samples with a cAMP Assay Colorimetric Competitive ELISA Kit (ab234585; Abcam; Cambridge, United Kingdom) according to the manufacturer’s protocol. Sample concentrations were interpolated from cAMP standard curves using GraphPad Prism 10 and normalized to cAMP levels in vehicle-treated controls.

[bookmark: _Toc189750724]Western blot
After treatment, cells were harvested in RIPA buffer (Sigma-Aldrich) containing cOmplete Mini EDTA-free Protease Inhibitor Cocktail tablets (Roche; Basel, Switzerland). Lysates were centrifuged at 10,000 x g for 10 minutes, then supernatants were isolated for analysis. Total protein concentration was measured by BCA. Equal concentrations of protein were loaded and resolved on 4-20% Mini-PROTEAN TGX polyacrylamide gels (Bio-Rad; Hercules, CA), transferred using nitrocellulose transfer stacks on the iBlot 2 system (Invitrogen), and blocked in Intercept TBS Blocking Buffer (LI-COR; Lincoln, NE). Blots were stained with primary antibodies diluted in Blocking Buffer with 0.2% Tween 20 (Sigma-Aldrich) as described in Table 5. Blots were washed four times in TBS with 0.1% Tween 20 then stained with secondary antibodies diluted in Blocking Buffer with 0.2% Tween 20 (Sigma-Aldrich) described in Table 5. Blots were imaged on a LI-COR Odyssey CLx reader and quantified using Fiji/ImageJ. For quantification, target protein levels were normalized to β-actin and reported as fold-change versus vehicle-treated samples.
[bookmark: _Ref189475176][bookmark: _Toc189750698]Table 5: Western blot antibodies used
	Antibody target
	Antibody type
	Species
	Product #
	Vendor
	Dilution

	EP1
	Primary
	Rabbit
	101740
	Cayman Chemical
	1:250

	EP2
	Primary
	Rabbit
	101750
	Cayman Chemical
	1:250

	EP3
	Primary
	Rabbit
	101760
	Cayman Chemical
	1:250

	EP4 
C-Terminal
	Primary
	Rabbit
	101775
	Cayman Chemical
	1:250

	ICAM-1
	Primary
	Mouse
	sc-8439
	Santa Cruz Biotechnology
	1:1000

	Occludin
	Primary
	Rabbit
	NBP1-87402
	Novus Biologicals
	1:1000

	VCAM-1
	Primary
	Rabbit
	ab134047
	Abcam
	1:1000

	ZO-1
	Primary
	Mouse
	MABT 339
	Millipore
	1:1000

	β-actin
	Primary
	Mouse
	3700
	Cell Signaling Technology
	1:1000-1:4000

	β-actin
	Primary
	Rabbit
	4967
	Cell Signaling Technology
	1:1000-1:4000

	Mouse
	Secondary (680LT)
	Donkey
	926-68022
	LI-COR
	1:10000

	Rabbit
	Secondary (800CW)
	Donkey
	926-32213
	LI-COR
	1:10000





[bookmark: _Toc189750725]Static adhesion
hRMEC were cultured in 24-well plates and treated in relevant conditions. Meanwhile, human peripheral blood mononuclear cells (PBMCs) obtained from Precision for Medicine (Frederick, MD) were stained with NucBlue Hoechst 33342 live cell stain (Invitrogen) for 20 minutes. PBMCs were pelleted and resuspended in fresh 10% FBS EBM. Following hRMEC treatment with prostanoids for 6-10 hours, treatment media were removed and approximately 250,000 PBMCs in 500 μl EBM were added per well. Culture plates were returned to the cell culture incubator for 30 minutes. Following incubation, media were aspirated to remove nonadherent PBMCs, and wells were washed gently three times with warm Dulbecco's Phosphate-Buffered Saline (DPBS; Gibco). hRMEC monolayers with adherent PBMCs were fixed with 4% paraformaldehyde (PFA; Electron Microscopy Sciences; Hatfield, PA) in DPBS for 10 minutes at room temperature and subsequently washed twice with DPBS. Wells were imaged by capturing a 5-field-by-5-field 10x objective stitched image in brightfield (to ensure hRMEC monolayer integrity) and DAPI filter (to quantify adherent PBMCs) on a Nikon Eclipse Ti inverted microscope. DAPI-stained PBMCs were quantified using Fiji/ImageJ. Wells with hRMEC monolayers that were not intact were excluded from quantification. PBMC counts per well were normalized to the average count of PBMCs in vehicle-treated wells. Data from four independent experiments are shown (n = 14-20).

[bookmark: _Toc189750726]Electric cell-substrate impedance sensing (ECIS) assays
ECIS assays were performed in an ECIS Z-Theta 96-well array station (Applied BioPhysics; Troy, NY). 96W10idf electrode culture plates (Applied BioPhysics) were incubated with 10 mM L-cysteine (Sigma-Aldrich; St. Louis, MO) for 10 minutes then washed twice with cell culture grade water (Sigma-Aldrich). For all assays, culture plates were then coated with Attachment Factor before plating cells. Assays were run with the ECIS array station incubated at 37C, 5% CO2, and 95% humidity for the duration of the experiment. Media were changed daily until treatment. When cell monolayers reached a stable resistance plateau after 18-72 hours, cells were treated with relevant reagents or vehicles (Table 3). In experiments using receptor antagonists or IBMX, cells were pretreated with inhibitor for 3 hours followed by PGE2 stimulation.
Following treatment, resistance of monolayers at 4000 Hz was analyzed. Resistance measures of each well were normalized to the resistance of that well immediately prior to treatment (time 0). Area under the curve and dose-response curves were calculated using GraphPad Prism 10.

[bookmark: _Toc189750727]Transwell dextran flux assays
Transwell assays were performed using 12 mm or 6.5 mm diameter, 0.4 μm pore size, polyester membrane transwell insert plates (Corning; Kennebunk, ME). For hRMEC assays, the transwell inserts were coated with Attachment Factor prior to plating. Cells were grown to confluence in the top chamber with fresh media in the bottom chamber. Where applicable, cells were pretreated for 3 hours by replacing media in the top and bottom chambers with replacement media containing the EP4 antagonist L-161,982 (1 μM) or DMSO vehicle. For treatment, media in the bottom chambers were replaced with media containing the relevant treatment (10 nM-100 nM PGE2 or DMSO vehicle  antagonist), and media in the top chamber were replaced with relevant treatment + 1 mg/mL FITC-conjugated 70 kDa dextran (Sigma-Aldrich). Fluorescence in the bottom chamber was measured with 492 nm excitation and 518 nM emission with a plate reader after 24 hours of incubation. Cell-free transwells in these conditions yielded 3.22-fold higher fluorescence values compared with vehicle-treated cell-coated transwells (data not shown). Data were normalized to vehicle-treated conditions and reported as fold change in fluorescence vs. vehicle.

[bookmark: _Toc189750728]Statistical analyses
Data analysis was performed using GraphPad Prism 10 software. Data are represented as mean  standard deviation (SD). Normality was assessed using Shapiro-Wilk tests with a significance level of 0.05 before applying parametric analyses. 
Two-way ANOVAs with Šídák post-hoc multiple comparison tests were used for LC-MS/MS experiments with two independent variables (treatment and prostanoid). Multiple ratio paired T tests with Holm-Šídák post-hoc multiple comparison tests were used for the cytokine array experiment. One-way ANOVAs with Dunnett or Tukey post-hoc multiple comparison tests were used for experiments with one independent variable and three or more treatment groups. Dunnett post-hoc tests were used to compare to one relevant treatment group, and Tukey post-hoc tests were used to compare all treatment groups, used as stated in the text. Unpaired T tests were used for transwell dextran flux experiments comparing two treatment groups.
Area under the curve for the average resistance of each treatment group over 12 hours was calculated using GraphPad Prism to analyze ECIS assays. Dose-response curves were fit for relevant experiments using a three-parameter nonlinear regression, and the relative IC50 or EC50 values were determined from these curves. 
The threshold for significance for all assays was P < 0.05.


CHAPTER III

[bookmark: _Toc189750729]Prostanoid Production in Retinal Cells Under Conditions of Systemic Diabetes
Material in this chapter is adapted from the following publication:
Stark AK, Penn JS. Prostanoid signaling in retinal cells elicits inflammatory responses relevant to early-stage diabetic retinopathy. Journal of Neuroinflammation. 2024 Dec 23;21(1):329. doi: 10.1186/s12974-024-03319-w. PMID: 39716241; PMCID: PMC11667846.



[bookmark: _Toc189750730]Introduction
Based on the potential therapeutic benefits for DR patients demonstrated in some—but not all—clinical trials of NSAIDs, we hypothesized that antagonism of individual prostanoid receptors might prove efficacious in limiting inflammation relevant to early-stage DR without the adverse effects caused by broad-spectrum COX inhibition by NSAIDs. 
Within the retina, numerous cell types play distinct roles in the regulation of tissue health and visual function. Of special note are Müller glia and retinal microvascular endothelial cells, two key cell types involved in regulating retinal responses to conditions of diabetes and the consequent inflammatory damage occurring in NPDR. Patients with diabetes experience a variety of systemic changes, most notably hyperglycemia, dyslipidemia, and chronic inflammation. These systemic effects may lead to DR onset and progression, so we aimed to characterize how the production of prostanoids may be altered in these two critical retinal cell types in response to distinct systemic changes occurring in diabetes.
To test this, we employed cell culture models using primary human Müller glia (hMG) and primary human retinal microvascular endothelial cells (hRMEC), each in monoculture. Each cell type was cultured under three conditions that model aspects of systemic diabetes, and the secreted levels of each of the five prostanoids were measured in the culture media by liquid chromatography-tandem mass spectrometry (LC-MS/MS) to determine which prostanoid(s) were altered.

[bookmark: _Toc189750731]Results
[bookmark: _Toc189750732]hMG produce PGE2 in conditions simulating systemic diabetes
We first analyzed the cellular responses to diabetes in primary hMG, cells essential for the initiation and propagation of retinal inflammation in response to disease. hMG were cultured for 24 hours in media supplemented to model conditions of hyperglycemia, dyslipidemia, and chronic inflammation occurring in diabetes, and prostanoid levels were measured by LC-MS/MS. In all three experiments, there was significant variation attributable to the prostanoid target as an independent variable, which indicates differences in the baseline prostanoid levels in addition to any effects of treatment. First, hyperglycemia was modeled by supplementation of normal 5.5 mM D-glucose DMEM media, which represents the upper range of fasting plasma glucose levels of nondiabetic patients115, with an additional 24.5 mM D-glucose, which models fasting plasma glucose levels of severe diabetes, or 24.5 mM L-glucose as an osmotic control. Elevated D-glucose supplementation caused no significant changes in any prostanoid levels when compared to normal media or L-glucose supplemented media (Figure 2A). ELISAs targeted to PGE2 and PGF2α confirmed that glucose supplementation did not affect these levels relative to normal glucose controls for up to 96 hours of treatment (Figure 3A-B), indicating that hyperglycemia is not a major contributor to prostanoid production by hMG. Second, dyslipidemia was modeled by supplementing media with 250 μM palmitic acid—the concentration of this free fatty acid in the bloodstreams of patients with type 2 diabetes116—and compared with vehicle supplementation. Palmitic acid stimulation resulted in a 4.30-fold elevation of PGE2, whereas other prostanoid levels were unchanged (Figure 2B). This elevation of PGE2 exhibited a linear trend over time, beginning with significant elevation after 4 hours and maintained through 48 hours of palmitic acid stimulation (Figure 3C). Third, chronic inflammation resulting from systemic diabetes was modeled by the acute addition of proinflammatory cytokines to media. At equal concentrations of 1 ng/mL, the proinflammatory cytokine IL-1β, which is elevated in the serum and vitreous humor of patients with DR42, 117, promoted the strongest elevation of prostanoid production in human Muller glia compared with TNFα, another cytokine also elevated in DR patient serum and vitreous humor, or lipopolysaccharide (LPS), an endotoxin found in gram-negative bacteria that serves as an inflammatory stimulus not related to diabetes (Figure 3D). Here, IL-1β significantly elevated PGE2 by 25.1-fold and 6-keto-PGF1α, a stable metabolite of PGI2, by 4.36-fold (Figure 2C). Overall, conditions of hyperglycemia did not yield any changes in prostanoid production by hMG, but both dyslipidemia and inflammation resulted in elevated PGE2 levels in these cells.

[bookmark: _Ref188017815][bookmark: _Toc189750669]Figure 2: Prostanoid production by hMG in conditions simulating systemic diabetes.
hMG were stimulated with A) additional 24.5 mM L-glucose or D-glucose, B) 250 μM palmitic acid, or C) 1 ng/mL recombinant IL-1β or relevant controls for 24 hours, then media were collected for LC-MS/MS targeting PGD2, PGE2, PGF2α, 6-keto-PGF1α (PGI2 metabolite) and TXB2 (TXA2 metabolite). Data were normalized as pg prostanoid per μg of total protein from cell lysates (n = 2-6). Data represent mean  SD. Two-way ANOVAs with Šídák post-hoc tests were used. Statistically significant differences are represented as *P < 0.05, ****P < 0.0001, ns (not significant) P > 0.05.

[bookmark: _Ref188017834][bookmark: _Toc189750670]Figure 3: Validation of time and stimulus selection for LC-MS/MS analyses.
A) PGE2 and B) PGF2α measurement from hMG media after treatment with normal glucose, L-glucose, or D-glucose for 24-96 hours (n = 2-4). C) Simple linear regression of PGE2 production from hMG media after stimulation with palmitic acid or vehicle for 2-48 hours (n = 3-6). D) PGE2 measurement from hMG media after stimulation with equal 1 ng/ml concentrations of LPS, TNFα, IL-1β, or vehicle for 24 hours (n = 3). Data represent mean  SD. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ns (not significant) P > 0.05.


[bookmark: _Toc189750733]hRMEC produce PGF2α in conditions simulating systemic diabetes
Because the retina is composed of a wide variety of cell types each with distinct roles, we hypothesized that different cell types may produce and respond to prostanoids in discrete ways; therefore, we also studied the effects of systemic diabetes conditions on prostanoid production in hRMEC. As in hMG, hRMEC were cultured for 24 hours in media supplemented with elevated glucose for hyperglycemia, palmitic acid for dyslipidemia, and IL-1β for chronic inflammation. Subsequently, prostanoid levels were measured by LC-MS/MS. Two-way ANOVAs showed that each independent variable (treatment or prostanoid target) as well as the interaction between them was a source of significant variability for hyperglycemia, dyslipidemia, and inflammation experiments. Unlike hMG, hRMEC responded to hyperglycemic conditions with a 2.74-fold elevation of PGF2α and a 2.46-fold elevation of TXB2, a stable metabolite of TXA2, in high D-glucose conditions relative to unsupplemented media controls (Figure 4A). L-glucose supplementation as an osmotic control showed no significant change in any target versus unsupplemented media, indicating the effects observed by D-glucose stimulation are due to a hyperglycemic effect rather than an osmotic effect. In high palmitic acid conditions modeling dyslipidemia, hRMEC exhibited significant elevations of PGF2α by 4.67-fold, PGD2 by 4.36-fold, and TXB2 by 2.37-fold (Figure 4B). Finally, when treated with IL-1β as a model of chronic inflammation, only elevation of PGF2α by 2.68-fold in hRMEC was observed, whereas other prostanoids were not significantly changed relative to vehicle (Figure 4C). Together, these data show an elevation of PGF2α most consistently in hRMEC cultured under conditions modeling diabetes.

[bookmark: _Ref188017878][bookmark: _Toc189750671]Figure 4: Prostanoid production by hRMEC in conditions simulating systemic diabetes. 
hRMEC were stimulated with A) 24.5 mM L-glucose or D-glucose, B) 250 μM palmitic acid, or C) 1 ng/mL recombinant IL-1β or relevant controls for 24 hours, then media were collected for LC-MS/MS targeting PGD2, PGE2, PGF2α, 6-keto-PGF1α (PGI2 metabolite) and TXB2 (TXA2 metabolite). Data were normalized as pg prostanoid per μg of total protein from cell lysates (n = 2-6). Data represent mean  SD. Two-way ANOVAs with Šídák post-hoc tests were used. Statistically significant differences are represented as ****P < 0.0001, ns (not significant) P > 0.05.
[bookmark: _Toc189750734]Discussion
Previous basic and clinical research has targeted COX-1 and/or COX-2 inhibition by NSAIDs as a therapeutic strategy to limit DR progression due to the noted anti-inflammatory benefits of these drugs. However, the mixed successes observed in these trials prompted our effort to identify more selective targets in the COX/prostanoid signaling pathways. Using experimental approaches of relevance to early DR, our findings suggest that dysregulation of only select prostanoids, rather than all five prostanoids as targeted by NSAIDs, promotes inflammatory retinal pathologies. Therapeutic modulation of single receptors could inhibit pathogenic prostanoid signaling while leaving non-pathogenic prostanoid signaling pathways unaffected. We hypothesize that these other pathways may be important for a variety of other essential tissue responses in normal and disease conditions.
PGE2 was significantly elevated in cultures of hMG under conditions modeling systemic dyslipidemia and inflammation that are experienced by patients with diabetes mellitus but not under conditions modeling hyperglycemia. This result aligns with clinical findings that PGE2 levels were 53% higher in the vitreous humor of patients with PDR compared to nondiabetic control vitreous samples106.
In contrast, PGF2α was the only prostanoid produced at elevated levels in cultures of hRMEC after stimulation with conditions relevant to hyperglycemia, dyslipidemia, and inflammation—all three of the conditions of systemic diabetes tested. This effect is also substantiated by results from patient blood and ocular fluid analyses. One study found the PGF2α metabolite 13,14-dihydro-PGF2α was 178% higher in PDR patient vitreous samples compared to nondiabetic controls101. Similarly, serum levels of the PGF2α metabolite 15-keto-dihydro-PGF2⍺ were significantly higher in PDR patients compared with either NPDR patients or diabetic patients with no DR90.
These clinical findings support our hypothesis that individual prostanoid levels and/or the synthase enzymes driving prostanoid production may be dysregulated in DR, yet their differences also add complexity to the cell-type specific changes observed in our experiments. The different prostanoid production profiles from hMG and hRMEC stimulated to model systemic diabetes may reflect the distinct roles these two retinal cell types play in initiating, propagating, and sustaining retinal inflammation in DR.
After determining that PGE2 and PGF2α were most consistently elevated by conditions relevant to systemic diabetes in hMG and hRMEC, respectively, we investigated downstream events using only these two prostanoids as stimuli for targeted disease-relevant studies. Prostanoid target identification in Chapter III facilitates the focused investigation of prostanoid signaling in cell behaviors relevant to DR, namely cytokine elevation, leukocyte adhesion, and blood-retina barrier breakdown. Chapters IV, V, and VI will address these behaviors.


CHAPTER IV

[bookmark: _Toc189750735]Proinflammatory Cytokine Production in Müller Glia via PGE2-EP2 and PGF2α-FP Signaling
Material in this chapter is adapted from the following publication:
Stark AK, Penn JS. Prostanoid signaling in retinal cells elicits inflammatory responses relevant to early-stage diabetic retinopathy. Journal of Neuroinflammation. 2024 Dec 23;21(1):329. doi: 10.1186/s12974-024-03319-w. PMID: 39716241; PMCID: PMC11667846.



[bookmark: _Toc189750736]Introduction
In the mounting damage that occurs in the retina during the earliest stages of DR, the production of proinflammatory cytokines, chemokines, and growth factors is a consistent marker of inflammation. Production of these molecules by the innate immune system can trigger the inflammatory cascade that promotes further proinflammatory responses and behaviors in the retina11.
All glial cells of the retina—astrocytes, Müller glia, and microglia—respond differently to stimulation by conditions relevant to diabetes25. Of these cells, Müller glia are particularly responsive to diabetes-relevant stimuli and have been demonstrated to play roles in nearly all studied structural and functional alterations in the diabetic retina25. In particular, Müller glia elevate cytokine and chemokine production in response to damage and diabetic conditions, which may be critical to the onset and propagation of retinal inflammation in the earliest stages of DR progression25, 118. Studying the proinflammatory signaling pathways involving Müller glia can facilitate our understanding of DR progression and the potential development of therapeutic interventions to mitigate the sustained inflammation that drives DR.
Based on the most potent and consistent production of PGE2 from hMG in response to conditions of systemic diabetes, we sought to investigate the autocrine effects of this upregulated prostanoid on cytokine production by hMG. Additionally, as retinal cells reside in close proximity in vivo, paracrine signaling through secreted molecules may also critically impact the disease processes within the eye. Therefore, select paracrine signaling effects were similarly modeled in vitro by assaying cytokine production in hMG after stimulation with PGF2α, the highest upregulated prostanoid in hRMEC as measured by LC-MS/MS.

[bookmark: _Toc189750737]Results
[bookmark: _Toc189750738]PGE2 stimulates proinflammatory cytokine expression in hMG
To understand the proinflammatory effects of PGE2 in retinal cells, hMG were stimulated with 1 μM PGE2 or vehicle for 6 hours, and conditioned media were tested in a Proteome Profiler cytokine array of human cytokine and chemokine responses. Arrays suggest upregulation of numerous targets relevant broadly to inflammatory and/or angiogenic responses due to PGE2 stimulation (Figure 5A-C). Five targets were significantly elevated by PGE2 in four independent experiments: CXCL1 (GROα), hepatocyte growth factor (HGF), IL-6, IL-8, and VEGF (Figure 5C). 

[bookmark: _Ref188017902][bookmark: _Toc189750672]Figure 5: Cytokine array results from PGE2 stimulation of hMG. 
Representative cytokine arrays treated with hMG-conditioned media after 6 hours of stimulation with A) vehicle or B) 1 μM PGE2. C) Significantly altered targets averaged from all arrays (n = 4). Data represent mean  SD. Multiple ratio paired T tests with Holm-Šídák post-hoc tests were used for C and adjusted P values are shown.


In studying these responses of hMG to putative autocrine PGE2 signaling further, we validated the effects of elevated PGE2 on gene and protein levels of the DR-relevant targets IL-6 and IL-8, which have been well-characterized in DR pathogenesis42-44, as well as IL-1β, which stimulated strong prostanoid production in Figure 2C and Figure 4C and is also known to drive DR progression42, 117. The effects of PGE2 in promoting proangiogenic VEGF production in mouse Müller glia has been previously published by our laboratory92, so this response was not reinvestigated here. hMG showed an elevation of IL6, CXCL8 (IL-8), and IL1B gene expression when stimulated with increasing concentrations of PGE2 for 6 hours. Target gene expression was normalized to TBP gene expression, which was unchanged in all experiments, (Figure 6A-C). Additionally, cytokine ELISAs showed significantly elevated protein levels of IL-6 and IL-8 in the media of cells after 6 hours of stimulation with PGE2 concentrations (Figure 6D-E). However, despite robust effects of PGE2 on IL1B gene expression, ELISAs yielded extremely low concentrations of IL-1β protein in both control and PGE2-treated samples, not significantly different from each other (Figure 6F).


[bookmark: _Ref188017941][bookmark: _Toc189750673]Figure 6: PGE2 stimulates elevation of proinflammatory cytokine levels in hMG. 
D) IL6, E) CXCL8, and F) IL1B qRT-PCR gene expression changes in hMG stimulated with vehicle or elevating PGE2 concentrations for 6 hours (n = 3-6). G) IL-6, H) IL-8, and I) IL-1β ELISA protein level changes from media of hMG stimulated with vehicle or elevating PGE2 concentrations for 6 hours (n = 2-4). Data represent mean  SD. One-way ANOVAs with Dunnett post-hoc tests were used. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns (not significant) P > 0.05.


To determine the peak timeframe of cytokine gene expression, hMG were stimulated with 1 μM PGE2 or vehicle for 2-24 hours. IL6, CXCL8, and IL1B gene expression profiles illustrate that expression of these cytokines peaked after 2 or 6 hours of stimulation but not later (Figure 7A-C). Stimulation of hMG for longer times did not further elevate gene expression levels.

[bookmark: _Ref188017964][bookmark: _Toc189750674]Figure 7: Timecourse of proinflammatory cytokine gene expression in hMG with PGE2 stimulation.
A) IL6, B) CXCL8, and C) IL1B gene expression in hMG after stimulation with 1 μM PGE2 for 2, 6, 12, or 24 hours. Data are normalized relative to vehicle-treated samples for the respective timepoints (n = 3). Data represent mean  SD.


[bookmark: _Toc189750739]PGE2-induced cytokine elevation in hMG is mediated by the EP2 receptor
PGE2 signals with high affinity via four GPCRs with different downstream Gα subunit coupling. With these distinct downstream signaling pathways, determining the EP receptor(s) by which PGE2 signals to elevate cytokine expression in hMG is important to identify therapeutic targets. hMG express all four EP receptors as determined by raw qRT-PCR cycle threshold (Ct) values for each EP receptor gene in unstimulated cells, where a lower Ct represents a higher baseline expression (Figure 8A). Furthermore, EP1-4 protein levels were also detected by western blot in unstimulated hMG cultures (Figure 8B).

[bookmark: _Ref188017973][bookmark: _Toc189750675]Figure 8: Prostanoid receptor gene expression and protein levels in hMG.
A) qRT-PCR cycle thresholds of prostanoid receptor genes in unstimulated hMG (n = 3). B) Western blots of EP1, EP2, EP3, and EP4 receptor protein in three independent cultures of unstimulated hMG. Data represent mean  SD.

To determine the receptors mediating the effects of PGE2, hMG were pretreated for 1 hour with vehicle or 100 nM-1 μM of a selective antagonist to each EP receptor: SC-51322 for EP1, PF-04418948 for EP2, DG-041 for EP3, or L-161,982 for EP4. Subsequently, 1 μM PGE2 was added to stimulate cytokine production. 
Cytokine gene expression was evaluated after two timepoints of PGE2 stimulation—2 hours and 6 hours—to optimally assess peak expression of individual targets, which could differ from the representative-yet-isolated timepoint assessed in Figure 6. IL6 expression was maximally elevated after 2 hours of PGE2 stimulation, and only the EP2 antagonist PF-04418948 significantly reduced IL6 expression (Figure 9A-C). CXCL8 and IL1B expression were maximally elevated after 6 hours of stimulation; similarly, only PF-04418948 decreased IL1B and CXCL8 expression (Figure 9D-F). A high concentration of the EP4 antagonist L-161,982 also caused a small, yet significant, decrease in CXCL8 expression after 6 hours, likely due to off-target effects (Figure 9E). No other EP receptor antagonist decreased PGE2-induced gene expression, suggesting that these proinflammatory effects are driven by the EP2 receptor.
Secreted cytokine levels of IL-6 and IL-8 were analyzed by ELISA after 6 hours and 10 hours of PGE2 stimulation, optimized for peak timing. After 6 hours, IL-6 was significantly elevated in culture medium by PGE2, and only PF-04418948 treatment inhibited IL-6 production and secretion (Figure 9G-H). After 10 hours, IL-8 was maximally elevated by PGE2 and IL-6 remained elevated, while only PF-04418948 inhibited cytokine production and secretion (Figure 9I-J).

[bookmark: _Ref188014683][bookmark: _Toc189750676]Figure 9: PGE2-induced cytokine elevation in hMG is mediated by the EP2 receptor. 
A) IL6, B) CXCL8, and C) IL1B gene expression in hMG stimulated with vehicle or PGE2  prostanoid receptor antagonist for 2 hours (n = 3-4). D) IL6, E) CXCL8, and F) IL1B gene expression in hMG stimulated with vehicle or PGE2  prostanoid receptor antagonist for 6 hours (n = 3-4). G) IL-6 and H) IL-8 protein levels in culture media from hMG stimulated with vehicle or PGE2  prostanoid receptor antagonist for 6 hours (n = 3-4). I) IL-6 and J) IL-8 protein levels in culture media from hMG stimulated with vehicle or PGE2  prostanoid receptor antagonist for 10 hours (n = 3-4). Data represent mean  SD. One-way ANOVAs with Dunnett post-hoc tests were used. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Downstream GPCR activation was assayed by hMG production of cAMP, the downstream effector of Gs-coupled GPCRs including EP2 and EP4. cAMP levels were dose-dependently elevated in hMG with increasing PGE2 concentrations after 15 minutes of stimulation (Figure 10A).  Additionally, pretreatment with 100 nM or 1 μM of PF-04418948 for 1 hour fully inhibited the elevation of cAMP induced by 1 μM PGE2, whereas 100 nM or 1 μM of the EP4 antagonist L-161,982 had no effect on PGE2-stimulated cAMP levels (Figure 10B). Together, these results support a role for the EP2 receptor in mediating the proinflammatory effects of PGE2 in hMG.


[bookmark: _Ref188018007][bookmark: _Toc189750677]Figure 10: PGE2-EP2 signaling in hMG promotes cAMP production. 
A) cAMP production from hMG stimulated with vehicle or elevating PGE2 concentrations for 15 minutes (n = 6). B) cAMP production from hMG stimulated with vehicle or 1 μM PGE2  EP2 or EP4 antagonists for 15 minutes (n = 6). Data represent mean  SD. One-way ANOVA with Dunnett post-hoc tests was used for A. One-way ANOVA with Tukey post-hoc tests was used for B. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


Finally, the capacity for EP2 antagonism to prevent cytokine elevation by diabetes-relevant conditions was modeled by stimulating hMG with IL-1β or palmitic acid, stimuli that promoted PGE2 production in Figure 2, in the presence or absence of PF-04418948. hMG were pretreated with 100 nM PF-04418948 or vehicle for 1 hour followed by stimulation. At 100 pg/mL, IL-1β significantly elevated IL6, CXCL8, and IL1B gene expression after 6 hours of stimulation, and PF-04418948 significantly inhibited CXCL8 induction by 12.8% and IL1B induction by 18.6% (Figure 11A-C). However, IL6 induction was not significantly inhibited by PF-04418948 in these conditions (Figure 11A). Similarly, 250 μM palmitic acid promoted IL6, CXCL8, and IL1B expression after 24 hours of stimulation, and PF-04418948 significantly inhibited IL1B induction by 35.6% and inhibited IL6 induction by 21.7%, though this was not statistically significant (P = 0.0574) (Figure 11D-F). Here, CXCL8 expression was not inhibited by antagonist treatment (Figure 11E). These experiments link PGE2-EP2 signaling more directly to the inflammatory activation of hMG under conditions modeling aspects of systemic diabetes, yet the partial reductions with antagonist treatment enforce the notion that there are many distinct proinflammatory pathways active in such conditions in addition to the effects of PGE2.


[bookmark: _Ref188018039][bookmark: _Toc189750678]Figure 11: Diabetes-relevant stimulation of hMG is partially mitigated by EP2 antagonism.
A) IL6, B) CXCL8, and C) IL1B gene expression in hMG stimulated with vehicle or 100 pg/mL IL-1β  EP2 antagonist for 6 hours (n = 4). D) IL6, E) CXCL8, and F) IL1B gene expression in hMG stimulated with vehicle or 250 μM palmitic acid  EP2 antagonist for 24 hours (n = 4). Data represent mean  SD. One-way ANOVAs with Tukey post-hoc tests were used. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns (not significant) P > 0.05.


[bookmark: _Toc189750740]Paracrine-like signaling of PGF2α via the FP receptor promotes proinflammatory cytokine production in hMG
Elevated production of PGF2α in hRMEC in response to conditions of systemic diabetes (Figure 4) suggests that PGF2α could be elevated in the retinas of patients with diabetes. This could also stimulate other cells in the complex retinal environment through paracrine signaling mechanisms. To model this paracrine prostanoid signaling using in vitro isolated cell type methods, hMG were stimulated with increasing concentrations of PGF2α for a single representative period of 6 hours as in Figure 6. Gene expression of IL6, CXCL8, and IL1B (Figure 12A-C) and protein levels of IL-6 and IL-8 (Figure 12D-E) were increased by PGF2α dose-dependently, similarly to what was observed for the presumed autocrine signaling of PGE2 in these cells.

[bookmark: _Ref188018092][bookmark: _Toc189750679]Figure 12: PGF2α stimulates elevation of proinflammatory cytokine levels in hMG.
A) IL6, B) CXCL8, and C) IL1B qRT-PCR gene expression changes in hMG stimulated with vehicle or elevating PGF2α concentrations for 6 hours (n = 3). D) IL-6 and E) IL-8 ELISA protein level changes from media of hMG stimulated with vehicle or elevating PGF2α concentrations for 6 hours (n = 4). Data represent mean  SD. One-way ANOVAs with Dunnett post-hoc tests were used. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


PGF2α signals with specificity for a single Gq-coupled receptor, the FP receptor, which is also expressed in hMG (Figure 8A). In order to determine if these effects of PGF2α were specific to this cognate receptor, cytokine gene expression was assayed using the FP receptor antagonist AL8810, which has reported Ki values ranging from 2.6 μM to 5.7 μM in various human ocular cell types119-121. Notably, AL8810 may function as a weak partial agonist of the FP receptor, activating this receptor at approximately 20% efficacy122.
hMG were pretreated with AL8810 for 1 hour followed by stimulation with 10 μM PGF2α for 2 hours or 6 hours, optimized for the time of peak gene expression of the individual gene targets as in Figure 9. After 2 hours of PGF2α stimulation, IL6 gene expression was maximally induced and 10 μM AL8810 significantly inhibited the effects of PGF2α (Figure 13A). Gene expression of CXCL8 and IL1B were also induced at lower levels by PGF2α after 2 hours of stimulation (Figure 13B-C). After 6 hours of PGF2α stimulation, both CXCL8 and IL1B were maximally expressed, significantly inhibited in each case by AL8810 (Figure 13E-F). IL6 expression after PGF2α stimulation was not maximally expressed at this timepoint (Figure 13D). Collectively, these results suggest that PGF2α, which may be derived from retinal microvascular endothelial cells in situ, may elicit a paracrine response from Müller glia by promoting cytokine production via the FP receptor.

[bookmark: _Ref188018141][bookmark: _Toc189750680]Figure 13: PGF2α-induced cytokine elevation in hMG is mediated by the FP receptor.
A) IL6, B) CXCL8, and C) IL1B gene expression in hMG stimulated with vehicle or PGF2α  FP receptor antagonist for 2 hours (n = 3). D) IL6, E) CXCL8, and F) IL1B gene expression in hMG stimulated with vehicle or PGF2α  FP receptor antagonist for 6 hours (n = 3). One-way ANOVA with Tukey post-hoc tests was used. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


[bookmark: _Toc189750741]Discussion
Müller glia are critical regulators of the retina’s response to damaging stimuli, necessary to help maintain homeostasis and promote healthy retinal function24. The wide-ranging roles of these cells in sustaining the retinal environment—including neurotransmitter release, ion buffering, growth factor production, blood flow regulation, and cell metabolism support—indicate that Müller glial function is essential for normal retinal homeostasis14, 24. Activation of these cells by disease-relevant conditions promotes cytokine and chemokine production that is a major driver of early-stage DR11, 14, 24, 118. Here we show that PGE2, which is produced by activated hMG, can initiate and propagate inflammatory cascades in these cells that support sustained DR progression and suggest the importance of autocrine prostanoid signaling. This finding may explain results from the subset of past clinical trials demonstrating that NSAID use slowed DR progression56, 57. NSAIDs, by definition, inhibit COX to reduce global prostanoid production, PGE2 included. Our findings are consistent with the conclusion that inhibiting COX production of proinflammatory PGE2 may partly or wholly explain the retinal benefits observed in these clinical studies. 
While our cytokine array results revealed several cytokines and chemokines elevated by PGE2 stimulation, we limited our subsequent validation of cytokine levels to IL-6, IL-8, and IL-1β due to their known and well characterized roles in DR-related inflammation42-44, 117. Elevation of VEGF levels by PGE2, an effect most relevant to PDR and angiogenesis, has been previously characterized and published by our lab in mouse Müller glia92; therefore, we did not reinvestigate VEGF gene expression or protein levels as readouts in this study. To date, there is limited evidence to support the roles of CXCL1 or HGF in DR pathogenesis. CXCL1, which is in the same chemokine family as IL-8, increased DR-relevant blood-retina barrier permeability in one study123. HGF was measured at elevated levels in the vitreous humor of PDR patients compared to nondiabetic controls in three studies and is thus hypothesized to be pro-angiogenic, yet functional consequences of this elevation are not characterized124-126. One study measured elevated HGF levels in the retinas of mice with STZ-induced diabetes and showed that HGF supplementation improved cultured human placental pericyte survival after TNF stimulation, suggesting potential relevance of HGF in vascular permeability in DR127. Together, CXCL1 and HGF could also be relevant to early-stage DR despite limited studies in this experimental context. Therefore, these additional mediators constitute reasonable targets for future investigation of the propagation of DR-relevant inflammation, particularly in Müller glia. 
Further evidence of potentially distinct roles for each cytokine in the inflammatory cascade of DR pathogenesis may be found in the temporally distinct peaks of cytokine levels in this study. IL-6, IL-8, and IL-1β gene and/or protein levels were measured at maximal levels in hMG after different durations of prostaglandin stimulation: 2 or 6 hours, depending on the target. The functionality of receptor antagonists to inhibit cytokine production and sustain these effects at two timepoints underscores the broad anti-inflammatory benefits that selective EP2 and/or FP receptor antagonists may provide in these cells.
Moreover, by determining that the EP2 receptor mediates proinflammatory effects of PGE2 in hMG, we have identified a single receptor to serve as a highly specific therapeutic target. Work from our laboratory and others has corroborated a central role of PGE2 signaling relevant to DR progression. One group studied the EP2 receptor as a driver of NPDR-relevant retinal endothelial cell inflammation as well as retinal vascular leakage, edema, capillary degeneration, and leukostasis in STZ-induced diabetic rats113. However, this group used an antagonist that is not specific for the EP2 receptor111, prompting our further investigation to confirm that these effects are due to EP2 signaling. Furthermore, PGE2 signaling also has been indicated in PDR-relevant behaviors in vitro and in vivo. Our lab has demonstrated broad roles of EP4 signaling in hRMEC, mouse Müller glia, and mouse OIR models92. Other studies have also shown that EP2 and, to a greater extent, EP3 signaling also promote angiogenesis in rat and mouse retinas93, 128. Collectively, these studies demonstrate a pathogenic role for PGE2 signaling via various EP receptors in multiple stages and pathologies of DR. The modern development of novel, highly selective EP receptor agonists and antagonists will further clarify the differences observed in past studies to advance therapeutic development.
Müller glia and endothelial cells do not exist in isolation in the retina; their immediate proximity in situ suggests that their paracrine lipid signaling is important in healthy and diseased retinas. We modeled paracrine signaling by stimulating hMG with PGF2α, the prostanoid produced most highly by hRMEC. 100nM or 1 μM PGF2α stimulated cytokine production in hMG, and this effect was inhibited by the FP receptor antagonist AL8810. These experiments demonstrate a second pathway by which prostanoids may propagate proinflammatory signaling through Müller glia and provides an initial investigation into the mechanisms by which retinal cells interact through inflammatory prostanoid signaling.


CHAPTER V

[bookmark: _Toc189750742]Leukocyte Adhesion to Retinal Microvascular Endothelial Cells via PGF2α-FP Signaling
Material in this chapter is adapted from the following publication:
Stark AK, Penn JS. Prostanoid signaling in retinal cells elicits inflammatory responses relevant to early-stage diabetic retinopathy. Journal of Neuroinflammation. 2024 Dec 23;21(1):329. doi: 10.1186/s12974-024-03319-w. PMID: 39716241; PMCID: PMC11667846.



[bookmark: _Toc189750743]Introduction
Inflammation occurring in DR can promote dysfunction throughout the retina including leukostasis, the adhesion of circulating leukocytes to the endothelium. Adherent leukocytes become activated and exacerbate proinflammatory mediator secretion, which may lead to progression of DR52. Leukocyte adhesion can also lead to capillary occlusion and focal retina ischemia, which may promote the onset of retinal neovascularization characteristic of the transition to PDR11, 52. 
Leukocyte adhesion can be examined experimentally in hRMEC by measuring the gene and protein levels of key adhesion molecules under diabetes-relevant stress. These include E-selectin, which mediates the initial capture of leukocytes by the endothelium, as well as ICAM-1 and VCAM-1, which promote firm anchoring of leukocytes to the capillary walls51, 52. Additionally, this behavior may be modeled in vitro by static adhesion assays, comparing the adhesion of human peripheral blood mononuclear cells (PBMCs) added to treated or untreated hRMEC monolayers. Due to the polarity of hRMEC monolayers in culture, PBMC adherence to the apical side of the monolayers is analogous to adherence to the luminal walls of retinal capillaries.
The inflammatory cascade that promotes leukostasis may also be driven in part by prostanoid signaling, a question we studied through in vitro methods. Autocrine signaling of hRMEC-derived PGF2α or paracrine signaling of hMG-derived PGE2 were analyzed for their respective roles in promoting leukocyte adhesion to hRMEC monolayers.

[bookmark: _Toc189750744]Results
[bookmark: _Toc189750745]PGF2α, but not PGE2, promotes adhesion of leukocytes to hRMEC
To investigate the putative autocrine and paracrine effects of prostanoids on leukostasis outcomes, we stimulated hRMEC with PGF2α, induced in hRMEC under diabetic conditions to model autocrine signaling, or PGE2, induced in hMG under such conditions to model paracrine signaling. PGF2α promoted an elevation of ICAM1, VCAM1, and SELE (E-selectin) gene expression after 6 hours of stimulation with increasing prostaglandin stimulation (Figure 14A-C). Additionally, PGF2α stimulated ICAM-1 and VCAM-1 protein production in these conditions (Figure 14G-H). Notably, PGE2 only promoted adhesion gene expression at the highest 10 μM concentrations and at levels that were only 49-68% of the effects of PGF2α on these genes (Figure 14D-F). Furthermore, PGE2 failed to induce adhesion protein production at any concentration (Figure 14I-J), suggesting that paracrine PGE2 signaling does not promote leukostasis-relevant behaviors in hRMEC. In static adhesion assays to model leukostasis in vitro, PGF2α dose-dependently promoted PBMC adhesion to hRMEC monolayers at 1 μM and higher concentrations (Figure 14K-M), strengthening our notions about the role of autocrine PGF2α signaling in hRMEC-leukocyte adhesion.
[image: ]
[bookmark: _Ref188018222][bookmark: _Toc189750681]Figure 14: PGF2α, but not PGE2, promotes leukostasis-relevant activity at gene, protein, and cell behavior levels in hRMEC. 
A) ICAM1, B) VCAM1, and C) SELE qRT-PCR gene expression changes in hRMEC stimulated with vehicle or elevating PGF2α concentrations for 6 hours (n = 3). D) ICAM1, E) VCAM1, and F) SELE qRT-PCR gene expression changes in hRMEC stimulated with vehicle or elevating PGE2 concentrations for 6 hours (n = 3). G) ICAM-1 and H) VCAM-1 western blot protein levels and representative images from hRMEC stimulated with vehicle or elevating PGF2α concentrations for 6 hours (n = 4). I) ICAM-1 and J) VCAM-1 protein levels and representative western blots from hRMEC stimulated with vehicle or elevating PGE2 concentrations for 6 hours (n = 4). Representative images of static PBMC adhesion after K) vehicle or L) 10 μM PGF2α stimulation for 6 hours. M) Static adhesion results with vehicle or elevating PGF2α concentrations for 6 hours (n = 14-20). Data represent mean  SD. One-way ANOVAs with Dunnett post-hoc tests were used. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns (not significant) P > 0.05.


[bookmark: _Toc189750746]Leukocyte adhesion in hRMEC is mediated by the FP receptor of PGF2α
PGF2α signaling was analyzed at the primary receptor for this prostanoid, the FP receptor. Receptor expression was evaluated in hRMEC by baseline qRT-PCR cycle threshold values of unstimulated cells (Figure 15). 


[bookmark: _Ref188018260][bookmark: _Toc189750682]Figure 15: Prostanoid receptor gene expression in hRMEC. 
qRT-PCR cycle thresholds of prostanoid receptor genes in unstimulated hRMEC (n = 3). Data represent mean  SD.


Pharmacologic inhibition assays were performed using the FP-selective antagonist AL8810. Here, hRMEC were pretreated with vehicle or AL8810 at 100 nM-10 μM for 30 minutes, then 10 μM PGF2α was added to stimulate adhesion. After stimulation for 6 hours, SELE, ICAM1, and VCAM1 gene expression levels in hRMEC were decreased dose-dependently by AL8810 pretreatment down to vehicle-treated levels (Figure 16A-C). Further, AL8810 pretreatment decreased ICAM-1 and VCAM-1 protein levels in hRMEC to vehicle-treated levels after 10 hours of PGF2α or vehicle stimulation (Figure 16D-E). Finally, AL8810 dose-dependently prevented PBMC adhesion to hRMEC in a static adhesion assay under stimulation by PGF2α for 10 hours (Figure 16F-I).

[bookmark: _Ref188018279][bookmark: _Toc189750683]Figure 16: PGF2α-FP signaling mediates leukocyte adhesion in hRMEC. 
A) ICAM1, B) VCAM1, and C) SELE gene expression in hRMEC stimulated with vehicle or PGF2α  FP receptor antagonist for 6 hours (n = 3). D) ICAM-1 and E) VCAM-1 western blot protein levels and representative blots from hRMEC stimulated with vehicle or PGF2α  FP receptor antagonist for 10 hours (n = 4). F) Static adhesion results with vehicle or PGF2α  FP receptor antagonist for 10 hours (n = 15-18). Representative images of static PBMC adhesion after G) vehicle, H) 10 μM PGF2α, or I) 10 μM PGF2α + 10 μM FP receptor antagonist treatment. Data represent mean  SD. One-way ANOVAs with Tukey post-hoc tests were used. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
To evaluate the extent to which PGF2α-FP signaling may be responsible for the induction of leukocyte adhesion in hRMEC, cells were stimulated in the diabetes-relevant conditions modeling hyperglycemia, dyslipidemia, and chronic inflammation, each of which elevated PGF2α production in Figure 4, in the presence or absence of AL8810. hRMEC were pretreated with 10 μM AL8810 or vehicle for 30 minutes followed by stimulation. After 6 hours of stimulation with 100 pg\mL IL-1β, expression of ICAM1, VCAM1, and SELE were each significantly elevated, and AL8810 significantly inhibited expression by 13.8%, 33.5%, and 33.3%, respectively (Figure 17A-C). Stimulation with 250 μM palmitic acid for 24 hours also significantly promoted expression of all three targets, but AL8810 failed to reduce their expression (Figure 17D-F). Lastly, culturing cells with elevated D-glucose only modestly elevated target gene expression, significant only for ICAM1, and the difference with AL8810 treatment was not significant for any target (Figure 17G-I). Together, these results, like the collateral experiments for PGE2-EP2 in hMG in Figure 11, provide a partial link between PGF2α-FP signaling and direct inflammatory activation of hRMEC in conditions modeling aspects of diabetes. However, the differential efficacy of AL8810 against these three stimuli underscores the complex, multifactorial inflammatory processes involved in these cells. 

[bookmark: _Ref188018327][bookmark: _Toc189750684]Figure 17: Diabetes-relevant stimulation of hRMEC is partially mitigated by FP antagonism.
K) ICAM1, L) VCAM1, and M) SELE gene expression in hRMEC stimulated with vehicle or 100 pg/mL IL-1β  FP antagonist for 6 hours (n = 4). K) ICAM1, L) VCAM1, and M) SELE gene expression in hRMEC stimulated with vehicle or 250 μM palmitic acid  FP antagonist for 24 hours (n = 4). K) ICAM1, L) VCAM1, and M) SELE gene expression in hRMEC cultured in media with normal glucose, additional 24.5 mM L-glucose, or additional 24.5 mM D-glucose  FP antagonist for 24 hours (n = 4). One-way ANOVAs with Tukey post-hoc tests were used. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns (not significant) P > 0.05 shown where relevant.

[bookmark: _Toc189750747]Discussion
The retinal vasculature is the primary site of DR pathology, so retinal microvascular endothelial cell dysfunction caused by treatment with diabetes-relevant stimuli can model certain aspects of DR in the cell culture setting. After observing the elevation of PGF2α in hRMEC—different from PGE2 elevation in hMG—we concluded that these two cell types have distinct signaling mechanisms, which reflects the discrete roles of each cell type in the complex retinal architecture and in their responses to disease conditions. PGF2α has been studied in relation to DR in multiple cell types and behaviors. Interestingly, both beneficial and detrimental effects have been ascribed to PGF2α signaling. In one experimental context, PGF2α signaling via the FP receptor prevented glucose-induced apoptosis of cultured human retinal pericytes, a complication indicative of early-stage DR, thereby suggesting a protective role of PGF2α against DR progression112. In contrast, PGF2α-FP signaling promoted proliferation, migration, and tube formation of hRMEC as well as exacerbated retinal angiogenesis in oxygen-induced retinopathy mice, together indicating a pathological role of this prostanoid in late-stage proliferative DR90. Our results show that the roles of PGF2α in hRMEC leukostasis endpoints, relevant to early-stage DR, align with the second study mentioned here to drive DR progression. Both the inflammatory readouts described here and the proangiogenic behaviors described by Zhao et al.90 of PGF2α-FP signaling in retinal endothelial cells, in contrast to the protection from apoptosis in pericytes112, provide further evidence that prostanoid signaling in the retina may have complex, cell type-specific roles that demand precise targeting for therapeutic benefit.
Similar to our experiments using PGF2α to stimulate cytokine production in hMG, we modeled paracrine signaling in hRMEC by stimulating these cells with PGE2—produced and secreted highly by hMG—and assayed the effects on leukocyte adhesion measures. Interestingly, PGE2 did not stimulate adhesion molecule expression in hRMEC. These results modeling paracrine signaling show additional complexity of retinal lipid signaling, as PGF2α had bioactivity in the behaviors of two retinal cell types yet PGE2 affected only one cell type. This further underscores the need for receptor-specific and cell type-specific therapeutic targeting of prostanoid signaling in DR.


CHAPTER VI

[bookmark: _Toc189750748]Opposing Barrier Permeability Effects of PGE2 in Retinal Microvascular Endothelial Cells and Retinal Pigment Epithelial Cells

[bookmark: _Toc189750749]Introduction
Our final goal was to study prostanoid signaling in blood-retina barrier dysfunction, important in early DR particularly for its role in promoting the DR complication of DME. Retinal vascular hyperpermeability is linked to retinal edema (as in DME) and consequent visual disfunction in patients with diabetes, so we aimed to characterize the role of prostanoid signaling in both the inner and outer blood-retina barriers.
Work from Nakamura et al. similarly studied this question from a perspective of clinical utility129. Latanoprost, the gold standard for glaucoma treatment to facilitate uveoscleral outflow and lower intraocular pressure, is an analog of PGF2α. Similarly, the newer drug omidenepag isopropyl, which was approved for glaucoma treatment in Japan in 2018 and in the United States in 2022, is a PGE2-EP2 receptor agonist. The retinal inflammatory effects of these two drugs were evaluated by Nakamura and colleagues in hRMEC and ARPE-19 cells, representing the cells that regulate the inner and outer blood-retina barriers, respectively. Co-stimulation with both latanoprost and omidenepag, but not either drug alone, increased proinflammatory cytokine levels in each cell type. Notably, co-stimulation also enhanced barrier function of hRMEC yet, conversely, it decreased barrier function of ARPE-19.
Here, we sought to fully characterize the pharmacology of prostanoid signaling in the inner and outer blood-retina barriers using in vitro techniques. We observed changes in the cell barrier permeability of both hRMEC and RPE cultures treated with PGE2 but not when treated with PGF2α. Interestingly, the PGE2 effects were observed in opposite directions: PGE2 strengthened hRMEC barrier resistance via the EP4 receptor, but it reduced ARPE-19 resistance via the EP2 receptor. Direct cAMP elevation using forskolin in each cell type stimulated the same respective effects as PGE2 in each cell type, increasing resistance of hRMEC and decreasing resistance of ARPE-19. Together, these new results show cell-type specific responses to DR-relevant prostanoid signaling with implications for the management of DME.

[bookmark: _Toc189750750]Results
[bookmark: _Toc189750751]PGE2 enhances barrier function of hRMEC monolayers modeling the inner blood-retina barrier
To evaluate the effects of prostanoid stimulation on inner blood-retina barrier function, hRMEC were cultured in ECIS assays. Cells were grown in ECIS plates to a steady-state resistance characteristic of mature monolayers before prostanoid or vehicle stimulation. Here, 100 nM PGF2α did not promote any change in resistance over 24 hours, whereas 100 nM PGE2 rapidly increased hRMEC monolayer resistance, sustained for the full 12-hour assay period (Figure 18A). These effects were further characterized across a wide range of prostanoid concentrations. Area under the curve measurements from the dose-response of hRMEC stimulated with PGE2 for 12 hours indicates an EC50 of 491.2 pM for PGE2 (Figure 18B). In contrast, the dose-response curve for PGF2α was flat over the physiologic range, only showing a change in resistance with 3 μM or 10 μM, high concentrations that are unlikely to be specific to the FP receptor of PGF2α (Figure 18C). As further confirmation of the effects of PGE2, transwell dextran flux assays also were performed. 100 nM PGE2 reduced FITC-conjugated 70 kDa dextran flux across hRMEC monolayers by 27.94% after 24 hours, validating the barrier enhancement observed in ECIS experiments (Figure 18D).



[bookmark: _Ref188544840][bookmark: _Toc189750685]Figure 18: PGE2, but not PGF2α, strengthens hRMEC barrier function. 
A) Normalized resistance ECIS results of hRMEC stimulated with 100 nM PGE2, 100 nM PGF2α, or vehicle over 12 hours (n = 8-16). B) Dose-response curve of hRMEC stimulation with 3 pM-10 μM PGE2 or vehicle over 12 hours (n = 6-12). C) Dose-response curve of hRMEC stimulation with 3 pM-10 μM PGF2α or vehicle over 12 hours (n = 6-8). D) Transwell dextran flux across hRMEC stimulated with 100 nM PGE2 or vehicle after 24 hours (n = 3). All data represent mean  SD. B-C were analyzed using three-parameter nonlinear regression models with the 95% confidence intervals shown. D was analyzed using an unpaired T test with the P-value shown.

[bookmark: _Toc189750752]Inner blood-retina barrier enhancement is mediated by the EP4 receptor
PGE2 signals via four GPCRs with distinct downstream signaling. Antagonists selective for each receptor were employed to determine through which receptor(s) PGE2 promotes the enhancement of hRMEC barrier function. Antagonists tested were SC-51322 for EP1, PF-04418948 for EP2, DG-041 for EP3, and L-161,982 for EP4. hRMEC were pretreated with vehicle or an antagonist for 3 hours followed by stimulation with 10 nM PGE2. The EP1 receptor antagonist SC-51322 at 500 nM had modest effects in inhibiting PGE2-induced elevation of ECIS resistance in hRMEC, but the EP4 receptor antagonist L-161,982 at 500 nM completely inhibited these effects of PGE2 on barrier function (Figure 19A-E). Lower concentrations of each antagonist were tested but not shown in Figure 19A-D due to lesser or lack of efficacy. The EP4 antagonism was confirmed within a range of L-161,982 concentrations, and an IC50 of 229.6 nM was determined from the dose-response curve (Figure 19F). In complimentary transwell dextran flux assays, pretreatment of 1 μM L-161,982 for 1 hour fully inhibited the decrease in permeability observed by stimulation with 100 nM PGE2 (Figure 19G). Additionally, the EP4 agonist L-902,688 promoted barrier enhancement in ECIS with an EC50 of 613.5 pM, mimicking the full effects of PGE2 in hRMEC (Figure 19H). Finally, downstream signaling of the EP4 receptor, a Gαs-coupled receptor that promotes AC activation and cAMP production, was examined by comparing the effects of PGE2 stimulation to the effects of the direct AC activator forskolin in an ECIS assay. 1 μM forskolin promoted a comparable elevation of barrier resistance to that caused by 10 nM PGE2 stimulation, suggesting that the PGE2-induced change in resistance is cAMP-dependent (Figure 19I).

[bookmark: _Ref188545296][bookmark: _Toc189750686]Figure 19: PGE2-induced barrier enhancement of hRMEC is mediated by the EP4 receptor. 
Normalized resistance ECIS results of hRMEC pretreated with A) 500 nM SC-51322, B) 500 nM PF-04418948, C) 500 nM DG-041, D) 500 nM L-161,982, or vehicle for 3 hours followed by stimulation with 10 nM PGE2 or vehicle over 12 hours (n = 4-8). E) Area under the curve of ECIS results over 12 hours from treatment of hRMEC with 50 nM-500 nM of EP antagonists + 10 nM PGE2 or vehicle (n = 6-7). F) Dose-response curve of hRMEC pretreated with 10 pM-10 μM L-161,982 or vehicle for 3 hours followed by 10 nM PGE2 or vehicle stimulation over 12 hours (n = 3-8). G) Transwell dextran flux across hRMEC pretreated with 1 μM L-161,982 or vehicle followed by 100 nM PGE2 or vehicle stimulation after 24 hours (n = 3). H) Dose-response curve of hRMEC stimulation with 1 pM-100 nM L-902,688, 20 nM PGE2, or vehicle over 12 hours (n = 4-6). I) Normalized resistance ECIS results of hRMEC stimulated with 1 μM forskolin, 10 nM PGE2, or vehicle over 12 hours (n = 5-6). All data represent mean  SD. E was analyzed using a one-way ANOVA and Tukey’s multiple comparisons test with P-values shown for comparisons to 500 nM EP4 antagonist treatment. F and H were analyzed using three-parameter nonlinear regression models with the 95% confidence intervals shown. G was analyzed using a one-way ANOVA and Tukey’s multiple comparisons test with P-values shown.

[bookmark: _Toc189750753]PGE2 increases permeability of RPE monolayers modeling the outer blood-retina barrier
Because of the complex differences between the inner and outer blood-retina barriers, the effects of prostanoid signaling on outer blood-retina barrier function was also investigated using RPE cell culture models in ECIS assays. Primary human RPE cells (hRPE) were cultured in ECIS plates to a steady-state resistance characteristic of mature monolayers, then cells were stimulated with prostanoids or vehicle for 24 hours. Similar to hRMEC, hRPE resistance was unaffected by 100 nM PGF2α stimulation. However, 100 nM PGE2 had an opposite effect in hRPE to that observed in hRMEC: it promoted a transient decrease in ECIS resistance, indicating an increase in barrier permeability, that recovered to vehicle levels after 24 hours (Figure 20A). 
Stimulation of hRPE with a range of PGE2 concentrations yielded a complete dose-response curve with a calculated EC50 of 5.672 nM as measured by area under the curve of ECIS results over 12 hours (Figure 20B). However, due to limitations with the culture conditions, barrier forming properties, and cell morphology, we continued these assays using the well-characterized immortalized human RPE cell line, ARPE-19 cells. The parallel dose-response assay in ARPE-19 generated an EC50 of 8.135 nM for PGE2, indicating comparable barrier function in the two RPE cell culture models (Figure 20C). In comparison, stimulation with either PGF2α or PGD2 up to 10 μM showed no change on ARPE-19 barrier resistance, suggesting some PGE2 specificity of this permeability effect (Figure 20D-E). However, stimulation of ARPE-19 cells with PGE2 up to 100 nM in transwell dextran flux assays did not yield a significant difference in permeability after 24 hours (Figure 20F).


[bookmark: _Ref188545374][bookmark: _Toc189750687]Figure 20: PGE2, but not PGF2α, induces RPE barrier permeability.
A) Normalized resistance ECIS results of hRPE stimulated with 100 nM PGE2, 100 nM PGF2α, or vehicle over 12 hours (n = 6). B) Dose-response curve of hRPE stimulation with 3 pM-10 μM PGE2 or vehicle over 12 hours (n = 6-9). C) Dose-response curve of ARPE-19 stimulation with 3 pM-10 μM PGE2 or vehicle over 12 hours (n = 5-11). D) Dose-response curve of ARPE-19 stimulation with 3 pM-10 μM PGF2α or vehicle over 12 hours (n = 6-9). E) Dose-response curve of ARPE-19 stimulation with 3 pM-10 μM PGD2 or vehicle over 12 hours (n = 4-6). F) Transwell dextran flux across hRMEC stimulated with 100 nM PGE2 or vehicle after 24 hours (n = 8). All data represent mean  SD. B-E were analyzed using three-parameter nonlinear regression models with the 95% confidence intervals shown. F was analyzed using a one-way ANOVA and Tukey’s multiple comparisons test with P-values shown.



[bookmark: _Toc189750754]Outer blood-retina barrier permeability is mediated by the EP2 receptor
The receptor(s) mediating the effects of PGE2 on ARPE-19 barrier permeability were probed using selective antagonists, as analyzed in hRMEC. Here, ARPE-19 were pretreated with vehicle or an antagonist for 3 hours, then cells were stimulated with 100 nM PGE2. In these assays, only the EP2 receptor antagonist PF-04418948 at 500 nM inhibited PGE2-induced permeability (Figure 21A-E). Lower antagonist concentrations were tested but not shown in Figure 21A-D due to absence of efficacy. However, dose-response curves generated from a range of PF-04418948 concentrations revealed that the maximal effects of this antagonist partially prevented the effects of PGE2, up to 44.7% recovery with a relative IC50 of 36.7 nM (Figure 21F). These partial effects were also confirmed using a second EP2-selective antagonist, TG4-155 (Figure 21G). Therefore, PGE2 may also signal via, as yet, unidentified non-EP receptor(s) in ARPE-19. Stimulation with the EP2 selective agonist butaprost did model the compete effects of PGE2 to promote barrier permeability with an EC50 of 256.4 nM (Figure 21H). Lastly, as EP2, like EP4, is a Gαs-coupled receptor, the effects of PGE2 were also compared to forskolin stimulation to determine if these effects were mimicked by cAMP elevation. Indeed, 1 μM forskolin induced permeability to a similar extent as 100 nM PGE2 with a 3-hour pretreatment of 300 μM IBMX, a phosphodiesterase inhibitor to prevent cAMP degradation, suggesting cAMP dependence in this cell behavior (Figure 21I).

[bookmark: _Ref188545548][bookmark: _Toc189750688]Figure 21: PGE2-induced barrier permeability of ARPE-19 is mediated in part by the EP2 receptor. 
Normalized resistance ECIS results of ARPE-19 pretreated with A) 500 nM SC-51322, B) 500 nM PF-04418948, C) 500 nM DG-041, D) 500 nM L-161,982, or vehicle for 3 hours followed by stimulation with 100 nM PGE2 or vehicle over 12 hours (n = 4-6). E) Area under the curve of ECIS results over 12 hours from treatment of ARPE-19 with 50 nM-500 nM of EP antagonists + 100 nM PGE2 or vehicle (n = 4-6). F) Dose-response curve of ARPE-19 pretreated with 30 pM-3 μM PF-04418948 or vehicle for 3 hours followed by 100 nM PGE2 or vehicle stimulation over 12 hours (n = 3-6). G) Normalized resistance ECIS results of ARPE-19 pretreated with 100 nM-10 μM TG4-155 or vehicle for 3 hours followed by stimulation with 100 nM PGE2 over 12 hours (n = 5-8). H) Dose-response curve of ARPE-19 stimulation with 1 nM-10 μM butaprost, 100 nM PGE2, or vehicle over 12 hours (n = 6-10). I) Normalized resistance ECIS results of hRMEC pretreated with 300 μM IBMX or vehicle for 3 hours followed by stimulation with 1 μM forskolin, 100 nM PGE2, or vehicle over 12 hours (n = 5-6). All data represent mean  SD. E was analyzed using a one-way ANOVA and Tukey’s multiple comparisons test with P-values shown for comparisons to 500 nM EP2 antagonist treatment. F and H were analyzed using three-parameter nonlinear regression models with the 95% confidence intervals shown.

[bookmark: _Toc189750755]Discussion
In this study, we analyzed the effects of prostanoid stimulation of cells that regulate retinal barrier function as a potential component of DME disease onset and progression. The elevated levels of PGE2 and PGF2α produced by hMG and hRMEC, respectively, in conditions modeling systemic diabetes informed our selection of stimuli for investigation relevant to retinal barrier function here.
PGF2α has pronounced roles in the anterior chamber of the eye, yet its role in DME is less characterized. The PGF2α analogs latanoprost, bimatoprost, travoprost, and tafluprost, formulated as topical eyedrops used once daily, serve as the standard-of-care therapy for glaucoma130. These drugs act by increasing uveoscleral outflow of aqueous humor from the anterior segment of the eye to thereby decrease intraocular pressure131. Despite recognition of its pronounced roles in glaucoma, roles of PGF2α in DR pathologies are less studied and understood. There are no prior reports of involvement of PGF2α signaling in either inner or outer blood-retina barrier function in vitro.
In contrast, one study did show that PGE2 stimulated in vivo vascular leakage in STZ rats113. The EP2 agonist butaprost mimicked these effects, and AH6809 inhibited them113; however, AH6809 is a prostaglandin antagonist with comparable affinity to the EP1, EP2, EP3, and DP1 receptors111, and the specificity of its effects to one receptor were not evaluated in that study113. In this study using well-characterized antagonists, each with selectivity for a single EP receptor, we determined that PGE2 strengthens barrier function in hRMEC via the EP4 receptor and decreases barrier function in ARPE-19 in part via the EP2 receptor, results that are partially aligned with this previous study.
The effects of PGE2 on barrier function have been documented in other systems with similarly distinct effects in endothelial or epithelial cell types. Directly compared with our findings in hRMEC, lung microvascular endothelial cells have similarly strengthened barrier function via PGE2-EP4 signaling in ECIS and other transendothelial resistance assays132-134. Still, not all endothelial cell types respond in this manner. In human brain microvessel endothelial cells, PGE2 caused an increase in dextran flux across monolayers in transwell chambers, and this effect was attenuated by either EP3 or EP4 antagonists135. In modeling the colon epithelium with T84 human colonic cells, PGE2 stimulated a decrease in transepithelial resistance via the EP4 receptor, a similar effect to our RPE results albeit via a different Gαs-coupled EP receptor136. Further, signaling of PGE2 through both EP1 and EP4 promoted barrier dysfunction in Caco-2 cells, which also model the colon epithelium137, 138. Nonetheless, there is limited research comparing the RPE barrier to other epithelial barriers throughout the body, such as the colon epithelium.
Our findings fully support a role of EP4 in mediating the barrier-enhancing effects of PGE2 in hRMEC, yet EP2 antagonists only partially prevented PGE2-induced permeability in ARPE-19. No other EP receptor antagonists affected monolayer resistance up to 500 nM concentrations. The remaining effects could be mediated by another non-EP prostanoid receptor, as all prostanoids share a core structural similarity of a cyclopentane ring with two side chains76. Although prostanoids have a high degree of specificity for their respective receptors, structural similarities permit a degree of off-target signaling. Neither PGD2 nor PGF2α had any effect on ARPE-19 barrier function, though we did not investigate PGI2 or TXA2 signaling.
Our discovery that PGE2 causes opposing effects on barrier resistance in hRMEC versus ARPE-19 aligns with the results of Nakamura et al.129, yet our respective findings regarding which prostanoid(s) are responsible for these behaviors differ somewhat. While Nakamura et al. found that only co-stimulation with latanoprost and omidenepag elicited changes in barrier permeability, we instead detail that PGE2 alone, not PGF2α, drives the effects with high potency. The evaluation of latanoprost and omidenepag in barrier function assays both alone and in combination informs important drug safety and clinical relevance, yet we hypothesize that the effects on barrier function elicited by Nakamura’s combination approach may be due to the higher cumulative concentration of the drugs as they activate EP receptors. This would suggest off-target signaling for latanoprost, mirroring the effects of very high PGF2α concentrations in our assays.


CHAPTER VII

[bookmark: _Toc189750756]conclusions and future directions

[bookmark: _Toc189750757]Summary and Conclusions
The work described in this dissertation investigates a novel therapeutic strategy to manage inflammation in the early stages of DR through the selective regulation of prostanoid receptor signaling. Chapter I establishes the disease context, retinal physiology involved in disease, past clinical trials to manage inflammation using NSAIDs, and the potential of targeting prostanoids to manage inflammation in early DR. Chapter II details the methodology used to complete the aims of the project. Chapter III identifies the specific prostanoids most highly and consistently elevated by primary human Müller glia and primary human retinal microvascular endothelial cells cultured in conditions modeling systemic diabetes. Chapter IV explains that PGE2-EP2 and PGF2α-FP signaling drive proinflammatory cytokine production in hMG. Chapter V describes that PGF2α-FP signaling promotes leukocyte adhesion to hRMEC. Chapter VI compares the differential effects of PGE2 signaling via EP2 in RPE cultures or via EP4 in hRMEC to induce permeability or strengthen barrier function, respectively, in these different models of blood-retina barriers. In sum, this work builds a foundation for future studies on the management of prostanoid-induced inflammation as a driver of early-stage DR using cell type-specific prostanoid receptor agonist and antagonist therapies.
The ω-6 fatty acid arachidonic acid is found at high levels within the retina, and its metabolic products mediated by COX, LOX, and CYP enzymes have broad implications in DR progression70, 71, 139-144. Our laboratory previously characterized the role of COX-derived prostanoids, particularly PGE2, in in vitro and in vivo models of angiogenesis relevant to late-stage PDR, ROP, and wet AMD. Mouse Müller glia cultured in conditions of hypoxia to model ROP expressed higher levels of COX-2, VEGF, and PGE2 compared with cells in normoxia. Other prostanoid levels were not significantly elevated in these experiments. Meanwhile, Müller glia isolated from COX-2-null mice produced lower levels of VEGF in response to hypoxia compared to the wild-type cells, and their prostanoid production levels did not change in hypoxia. Finally, stimulation of wild-type cells with PGE2 alone was sufficient to elevate VEGF levels, together indicating that PGE2 signaling promotes VEGF production in Müller glia in response to hypoxia145. Similarly, PGE2 and VEGF levels were elevated in parallel in the retinas of OIR rats91. These effects were attributed to PGE2 signaling via the EP4 receptor. The EP4 antagonist L-161,982 reduced PGE2-induced VEGF production in mouse Müller glia, VEGF-induced proliferation of hRMEC, tube formation of unstimulated hRMEC, and neovascular area in both OIR and LCNV rat models92. However, the precise proinflammatory roles of these signaling pathways are not well characterized to date.
The results described in this dissertation bridge this previous area of research in our lab with a new focus on the early inflammatory stages of NPDR. This work began with the hypothesis that only select prostanoids were driving the positive results observed in the previous clinical trials of NSAIDs for the management of DR progression. NSAIDs diminish production of all five prostanoids; we hypothesized that only select prostanoids promote DR, whereas other prostanoids are important for the homeostatic regulation of the retina and the rest of the body’s functions. Disrupting all prostanoid production with NSAID treatment would, therefore, be the cause of the adverse effects in these trials by causing dysregulation of the prostanoids necessary for maintaining homeostasis. 
To circumvent the indiscriminate inhibition of COX-1/2 and target individual prostanoids, we initiated experiments described in Chapter III to evaluate which of the five prostanoids were dysregulated in retinal cells under conditions modeling the hyperglycemia, dyslipidemia, and chronic inflammation prevalent systemically in patients with diabetes. As each cell type of the retina has a specialized role in supporting the tissue and facilitating visual transduction, we chose to analyze primary human cell cultures of isolated retinal cell types with some of the most critical roles in DR pathology: the Müller glia that support overall retinal health and are first-responders to damage or disease, and the retinal microvascular endothelial cells that form the inner retina blood vessels and whose dysfunction causes the vision-threatening complications of DR. Each cell type in isolation was stimulated with elevated D-glucose, palmitic acid, or IL-1β with relevant controls to model distinct facets of systemic diabetes: hyperglycemia, dyslipidemia, and chronic inflammation, respectively. Then using sensitive LC-MS/MS methods to measure secreted prostanoid levels from each culture, we determined that individual prostanoids indeed are elevated to different extents under diabetic conditions. 
hMG cultures elevated only PGE2 production in dyslipidemic conditions, whereas they produced elevated PGE2 and 6-keto-PGF1α (stable metabolite of PGI2) in conditions of inflammation (Figure 2). Of these two prostanoids, PGE2 was more highly elevated than 6-keto-PGF1α (2411% vs. 336% increase, respectively), indicating that the major prostanoid product of Müller glia under diabetic conditions is PGE2. Multiple previous studies showed that PGE2 is involved in diverse PDR- and NPDR-relevant pathologies, whereas PGI2 studies are minimal146. Consequently, PGE2 became the primary focus of our research in hMG. Interestingly, we observed no significant change in prostanoid production from hMG cultured under hyperglycemic conditions (Figure 2A). While hyperglycemia is a noted contributor to DR progression, previous data from our laboratory has indicated that hMG do not respond strongly to glucose stimulation alone when an appropriate control (i.e. L-glucose) is included for its osmotic effects25, 147. Therefore, in line with past results, we concluded that hyperglycemia is not a major contributor to prostanoid production in Müller glia.
In contrast, hRMEC cultures showed distinct and more widespread prostanoid production profiles compared with hMG. In hRMEC, no conditions elevated PGE2 or 6-keto-PGF1α levels. Instead, PGD2 was elevated in dyslipidemia; TXB2 (stable metabolite of TXA2) was elevated in dyslipidemia and hyperglycemia; and PGF2α was elevated in all three diabetic conditions of dyslipidemia, hyperglycemia, and inflammation (Figure 4). Of these three prostanoids, only PGF2α has been shown to play a role in NPDR-relevant pathologies in previous studies103, 112, 146. As with hMG, we focused further analyses on the prostanoid that was most consistently elevated across different diabetes-relevant stimuli, here being PGF2α.
After target identification in Chapter III, the effects of the elevated prostanoid levels were evaluated in three cellular behaviors relevant to early-stage DR: cytokine production in hMG (Chapter IV), leukocyte adhesion to hRMEC (Chapter V), and blood-retina barrier function in hRMEC and RPE cultures (Chapter VI). In each cell type and behavior, the prostanoid-driven effects were isolated to individual receptors to serve as potential therapeutic targets using receptor-specific agonists or antagonists.
Alteration of cytokine and chemokine levels within the retina is key to the early stages of DR. As Müller glia are major producers of these proinflammatory mediators, we analyzed the effects of prostanoid signaling on cytokine and chemokine production in hMG. PGE2 stimulation of hMG, modeling autocrine signaling, promoted the elevation of several cytokines with both well-studied and minimally-studied roles in DR pathology (Figure 5). It also dose-dependently elicited elevation of gene expression and protein levels of IL-6, IL-8, and IL-1β (gene expression only), three proinflammatory cytokines with well-characterized roles in early DR progression (Figure 6). With the use of highly selective receptor antagonists, these effects were specifically isolated to actions of the EP2 receptor of PGE2 (Figure 9), which drives elevation of cAMP levels to stimulate further downstream signaling (Figure 10). Interestingly, EP2 receptor antagonism was able to significantly decrease IL-1β- or palmitic acid-induced cytokine gene expression of some, but not all, targeted cytokines by 12.8-35.6% (Figure 11). This is evidence of the multifactorial inflammatory processes that drive relevant cell behaviors related to early-stage DR. 
While we herein determined one signaling pathway that stimulated cytokine production in hMG, it is also clear that many processes beyond prostanoid signaling are also critical regulators of pathology. Notably, we assayed if PGE2 may be promoting a feedback loop through COX-1/2 activation. In this experiment, treatment of hMG with 1 μM or 10 μM ibuprofen partially reduced gene expression of IL1B and CXCL8 after stimulation with 1 μM PGE2 (Figure 22). However, these reductions were modest, suggesting that PGE2 primarily activates inflammatory signaling cascades through EP receptor signaling with only minor feedback roles to activate COX-1 and/or COX-2. Furthermore, the limited efficacy of the NSAID ibuprofen serves as additional evidence that earlier clinical trials of DR management using NSAIDs did not target the relevant signaling with enough specificity.


[bookmark: _Ref188624938][bookmark: _Toc189750689]Figure 22: Ibuprofen modestly mitigates PGE2-induced cytokine gene expression. 
A) IL1B and B) CXCL8 gene expression in hMG pretreated with 1 μM-10 μM ibuprofen or vehicle for 1 hour followed by stimulation with 1 μM PGE2 or vehicle for 6 hours (n = 3). Data represent mean ± SD. One-way ANOVAs with Tukey post-hoc tests were used. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ****P < 0.0001, ns (not significant) P > 0.05.

PGF2α stimulation of hMG to model paracrine signaling from hRMEC also caused dose-dependent increases in target cytokine gene expression and protein levels (Figure 12). Similarly, use of a selective antagonist determined that this signaling occurred via the FP receptor of PGF2α (Figure 13). This additional stimulation-antagonism profile illustrates the broad responsiveness of Müller glia to different conditions. hMG express all nine prostanoid receptors at relatively high levels (Figure 8), so these cells may be capable of mounting an inflammatory response from stimulation with other prostanoids. While PGE2 was the prostanoid produced most prominently in hMG under diabetes-relevant conditions, the PGI2 stable metabolite 6-keto-PGF1α was also elevated in conditions of inflammation. A set of experiments indicated that cicaprost, a PGI2 analog, could also induce gene expression of IL1B, IL6, and CXCL8 at concentrations of 1 nM or higher (Figure 23). Thus, it is possible that hMG may respond to stimulation by several or even all prostanoids produced locally by other cells or circulating systemically. Further characterization of the signaling pathways involved may reveal additional roles of prostanoid signaling in hMG and additional targets with therapeutic potential.


[bookmark: _Ref188608577][bookmark: _Toc189750690]Figure 23: PGI2 analog cicaprost induces proinflammatory cytokine gene expression. 
A) IL1B, B) IL6, and C) CXCL8 gene expression in hMG stimulated with 100 pM-1 μM cicaprost for 6 hours (n = 3). Data represent mean ± SD. One-way ANOVAs with Dunnett post-hoc tests were used. Statistically significant differences are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns (not significant) P > 0.05.
Due to their central roles in DR, retinal microvascular endothelial cells and their dysfunction in disease were analyzed from two perspectives. First, leukocyte adhesion was assessed in hRMEC through evaluation of adhesion molecule gene expression and protein levels as well as functional adhesion of PBMCs to hRMEC monolayers. Both autocrine signaling with PGF2α and paracrine hMG signaling with PGE2 were modeled in vitro, yet unlike the widespread responsiveness observed by hMG, adhesion molecule levels were dose-dependently elevated by only PGF2α (Figure 14A-C, G-H). Only at very high concentrations did PGE2 stimulate an increase in gene expression of ICAM1, VCAM1, and SELE, while no PGE2 concentration up to 10 μM elevated ICAM-1 or VCAM-1 protein levels (Figure 14D-F, I-J). This suggests a more selective response of hRMEC to only select prostanoids—PGF2α in the case of leukocyte adhesion. Functionally, the dose-dependent effects of PGF2α stimulation were also observed in static adhesion experiments in hRMEC (Figure 14K-M). Furthermore, PGF2α signaling was specific to the FP receptor, as the selective antagonist to this receptor fully blocked all measured responses in hRMEC at the gene, protein, and in vitro behavior levels (Figure 16). In parallel to hMG in Figure 11, we studied the capacity for FP receptor antagonism to mitigate leukocyte adhesion molecule gene expression induced by conditions modeling systemic diabetes. The FP receptor antagonist significantly inhibited gene expression by 13.8-33.5% only in IL-1β-stimulated hRMEC, not in glucose- or palmitic acid-stimulated cells (Figure 17). This indicates that PGF2α-FP signaling is one important component of complex, multifaceted inflammatory signaling networks involved in DR-relevant leukocyte adhesion.
Interestingly, whereas leukocyte adhesion in hRMEC was elevated by only PGF2α in Chapter V, only PGE2 elicited changes to hRMEC monolayer resistance as a measure of retinal barrier function. Contrary to the proinflammatory roles of PGE2 characterized in Chapter IV, hRMEC monolayers modeling the inner blood-retina barrier responded to PGE2 stimulation by enhancing monolayer resistance and decreasing permeability in ECIS and transwell assays (Figure 18). In contrast, PGF2α had no effect on hRMEC monolayer resistance (Figure 18C). Using receptor-specific agonists and antagonists, we found the barrier strengthening was mediated by the EP4 receptor (Figure 19A-H). EP4 activation canonically promotes cAMP production, and stimulation with the AC activator forskolin elicited an elevation in hRMEC resistance directly comparable to stimulation with PGE2 (Figure 19I). 
This finding of augmented hRMEC monolayer resistance modeling barrier function was surprising because increased permeability and breakdown of the inner blood-retina barrier is a well-described feature of early DR. In other analyzes of hRMEC barrier function by our lab, permeability of hRMEC monolayers was increased by inflammatory stimuli such as IL-1β148, TNFα149, VEGF150, and IL-6 + soluble IL-6 receptor (unpublished results). Because PGE2 elevated proinflammatory cytokine levels in hMG as described in Chapter IV, we hypothesized that it may also induce DR-relevant damage to hRMEC barrier function either directly or indirectly through elevated retinal cytokine levels. Conversely, PGE2-EP4 signaling may stimulate pathways independent of proinflammatory outcomes.
Still more unexpected, monolayers of primary human hRPE and the ARPE-19 cell line modeling the outer blood-retina barrier responded to prostanoid signaling divergently from hRMEC. While there was similarly no response to PGF2α stimulation, permeability of the cell monolayers increased transiently for 12-24 hours with PGE2 stimulation (Figure 20A-C). This effect occurred via EP2 receptor activation at least in part, and no other EP receptor antagonist up to 500 nM concentrations had an effect on RPE permeability (Figure 21A-E). Stimulation with the EP2 agonist butaprost elicited the same complete effects as PGE2, yet neither of two different EP2 antagonists completely blocked the monolayer permeability induced by PGE2 (Figure 21F-H). Finally, we determined that the increase in permeability is attributable to the effects of elevated cAMP, which would be the case for EP2 activation, as forskolin stimulation showed effects comparable to PGE2 in the presence of the phosphodiesterase inhibitor IBMX (Figure 21I). In this comparison, IBMX treatment with PGE2, thereby limiting cAMP hydrolysis, elucidated why the barrier-disrupting effects observed in RPE assays were transient. 
Two hypotheses could address the partial effects of EP2 antagonists to inhibit permeability. First, PGE2 may signal via another non-EP prostanoid receptor. All prostanoids have a shared cyclopentane ring structure with two side chains, so there is the possibility of off-target signaling through multiple lipid-binding receptors76. This could be tested using an array of antagonists to DP1, DP2, FP, IP, and TP receptors, all of which are commercially available. However, neither PGD2 nor PGF2α up to 10 μM concentrations had any effect on ARPE-19 barrier resistance (Figure 20D-E), and one pilot experiment showed that 10 μM of the FP antagonist AL8810 did not block the permeability induced by 100 nM PGE2 in hRPE (Figure 24). Second, PGE2 may initiate a proinflammatory cascade in the RPE cultures (comparable to the elevated cytokine and chemokine production in hMG shown in Chapter IV), and this proinflammatory secretome may then stimulate additional barrier permeability independent of any additional prostanoid signaling. Under these circumstances, inhibiting EP receptors alone would not be sufficient to prevent the broader inflammatory effects of elevated cytokines on RPE. This second hypothesis could be tested by measuring proinflammatory cytokine and chemokine production in RPE cultures after PGE2 stimulation as in Chapter IV. Then, upregulated cytokines and chemokines could be assayed individually at relevant concentrations to determine the relative extent of their roles in RPE barrier permeability.


[bookmark: _Ref188953328][bookmark: _Toc189750691]Figure 24: PGE2 does not signal off-target via the FP receptor in hRPE. 
Normalized resistance ECIS results of hRPE pretreated for 3 hours with 10 μM FP antagonist AL8810 or vehicle followed by stimulation with 100 nM PGE2 or vehicle over 12 hours (n = 6). All data represent mean  SD.

Different from the unexpected barrier enhancement in hRMEC monolayers, the permeability-inducing effect of PGE2 in RPE cultures aligns with the proinflammatory roles of PGE2 in hMG. This thereby supports the hypothesis that PGE2 is a driver of early-stage DR pathologies. The role of outer blood-retina barrier permeability in DR progression, however, is not always considered in the progression of DR. Most commonly, consideration of the blood-retina barrier breakdown associated with DR is restricted solely to the inner blood-retina barrier, whereas the outer blood-retina barrier’s role in DR is understudied151. However, the RPE and outer barrier may have profound roles in DR151. One study analyzing FITC-dextran leakage from both the inner and outer blood-retina barriers in STZ-induced diabetic mice showed a relative ratio of leakage of 1:2.48 from the outer versus inner barriers, showing that a significant portion of dextran leakage occurred via the outer blood-retina barrier152. This high degree of vascular leakage attributable to the outer barrier warrants further study of this barrier in the context of DR and DME.
An interesting complication in the dichotomous effects of PGE2 on monolayer resistance is that, although these effects occur via different receptors, both EP2 and EP4 are primarily Gαs-coupled GPCRs. Thus, activation of either receptor would activate AC to elevate intracellular cAMP levels. Direct activation of AC using forskolin in either cell type modeled the same respective effects as PGE2 stimulation (Figure 19I and Figure 21I). These opposing cell behaviors in response to elevated cAMP levels have been observed previously. Enhancement of multiple types of microvascular endothelial barriers by cAMP signaling is well-characterized153, 154. AC activation at the plasma membrane, elevating the membrane-localized cAMP concentration, promotes this endothelial barrier strengthening155. Specific to retinal microvascular endothelial cells, several studies have shown that barrier function is preserved and/or restored by cAMP activation of the Epac1-Rap1 signaling pathway156-159. The barrier-altering effects of cAMP in RPE are less characterized, but published results are consistent with its ability to decrease permeability in cell culture and animal models160-162. These opposing effects in studies modeling the inner and outer blood-retina barriers may be indicative of differential junctional complex regulation and/or distinct downstream signaling pathways activated by cAMP signaling in hRMEC or RPE cultures.
Our results in Chapters IV and V showing that PGF2α induces proinflammatory cytokine production and markers of leukocyte adhesion via the FP receptor in our cell culture models may be particularly clinically relevant. The topical PGF2α analogs latanoprost, bimatoprost, travoprost, and other drugs of this class are first-line therapies for the management of intraocular pressure in glaucoma through the activation of FP signaling129. However, clinical benefits of this drug class in promoting uveoscleral outflow in glaucoma directly contrast the proinflammatory effects of PGF2α-FP signaling in hMG cytokine production and hRMEC leukocyte adhesion detailed in Chapters IV and V. If these topically-applied PGF2α analogs can reach the retina, it is possible that these drugs could promote DR-relevant damage via FP activation in the retinal cells we investigated. While we could not identify studies that measured the levels of latanoprost or other PGF2α analogs in the retina after application, other topically-applied glaucoma medications have been measured in the retinas of various animal models163.
DR and glaucoma are distinct conditions, but there are patients that face both conditions. Using the Record Counter feature of the de-identified Synthetic Derivative patient database accessed through the Vanderbilt Institute for Clinical and Translational Research, we asked if there may be any difference in DR onset or progression in patients with diabetes who were concomitantly using topical PGF2α analog(s) (latanoprost, bimatoprost, or travoprost) for glaucoma management versus patients with diabetes but not using these drugs. We generated raw counts of diabetic patients based on DR staging, with or without PGF2α analog prescriptions. In total, the database displayed 7626 patients with diabetes characterized with PDR, NPDR, or no DR. Of these, 694 patients used topical PGF2α analog(s) (Table 6 and Figure 25). Chi-square test results show there is a significant relationship between PGF2α analog use and DR progression, X2 (2, N = 7626) = 19.54, p = 0.000057. Subsequent analyses revealed this is because there is a significant increase in the proportion of eyedrop-using patients in the PDR category only. While these pilot data require extensive further verification of the population statistics (ex: ensuring billing codes properly reflect PDR and not neovascular glaucoma) as well as larger sample sizes, our preliminary findings suggest that PGF2α analog eyedrops used to manage glaucoma in patients who also have diabetes may drive progression of DR to its most damaging, vision-threatening stage. If validated, this finding could hold significant clinical importance.
[bookmark: _Ref189079214][bookmark: _Toc189750699]Table 6: De-identified patient database record counts of DR status and PGF2α analog use in patients with diabetes
	Disease
condition
	Not Using 
PGF2⍺ Analog
	Using
PGF2⍺ Analog
	Total

	DM, no DR
	5370
	526
	5896

	NPDR
	1117
	94
	1211

	PDR
	445
	74
	519

	Total
	6932
	694
	7626




[bookmark: _Ref189216227][bookmark: _Toc189750692]Figure 25: Percentages of diabetic patient populations at different DR progression stages with and without PGF2α analog use. 
A higher percentage of diabetic patients using a PGF2α analog have PDR (11%) compared with diabetic patients not using a PGF2α analog (6%). DM = diabetes mellitus, No DR = no observed diabetic retinopathy, NPDR = nonproliferative diabetic retinopathy, PDR = proliferative diabetic retinopathy.

While the experiments conducted in this dissertation have used rigorous methods to evaluate the roles of prostanoid signaling in complex retinal cell behaviors relevant to early-stage DR, these experiments still carry various limitations. The greatest limitation to the translational utility of the studies completed here is the reliance on cultured cell types in isolation. Employing this method, we discerned highly specific behaviors elicited in each cell type and the discrete signaling that regulates these behaviors. Nevertheless and as mentioned previously, cells do not act in isolation within the retina; they form complex networks that operate within environments influenced by autocrine and paracrine stimuli to both maintain homeostasis and respond to any disease conditions. While we used primary human cell types (with one exception, the ARPE-19 cell line) to maximize relevance to human tissue, any monoculture experiments still have imperfect physiologic relevance. The monoculture experiments detailed throughout this dissertation identified EP2, EP4, and FP receptors as targets that should be validated in extensive multi-cell in vitro as well as in vivo diabetic animal models, described below as future directions.
Our mass spectrometry analyses of prostanoid production elicited by conditions of systemic diabetes in Chapter III were focused on only two cell types: hMG and hRMEC. Limitations of experimental complexity, time, and cost prompted the prioritization of what we believe are the two most relevant cell types for these studies. Further owing to the complexity of the retinal environment, it is possible that another retinal cell type would produce different prostanoids in response to the same diabetic conditions. Therefore, the cells we analyzed and others of the retina each may produce and respond to more prostanoids other than PGE2 and PGF2α. One particularly relevant experiment would be characterizing prostanoid production in RPE cultures under conditions of systemic diabetes. Given that PGE2 induced permeability of RPE monolayers yet not knowing if these cells produce PGE2 reveals an important knowledge gap in these studies. A single previous study showed that PGE2 and PGF2α levels were both elevated in primary hRPE after TNFα and, more significantly, IL-1β stimulation164. To our knowledge, comprehensive prostanoid analyses in these or other diabetes-relevant conditions have not been performed.
Another important limitation of our approach is the high concentrations of prostaglandin stimulus used in some experiments. Our LC-MS/MS results in Chapter III translate to physiologic concentrations of up to 28.2 nM for PGE2 in hMG and 6.71 nM for PGF2α in hRMEC. These concentrations are within the ranges eliciting physiological effects in Chapter VI, yet they are lower than those utilized in Chapters IV and V. In PDR patients, PGE2 levels were measured at 25.11 ± 11 pg/mL in the vitreous humor, compared with 16.40 ± 7 pg/mL in nondiabetic patients106. Similarly, 13,14-dihydro-PGF2α, a metabolite of PGF2α, was measured with a mean of 31.09 pg/mL in PDR patient vitreous humor versus 11.19 pg/mL in nondiabetic eyes101. Due to limitations of our cell culture models, we chose to optimize short-term (2-12 hour) stimulation of retinal cell types in vitro employing relatively high concentrations of prostaglandin necessary to elicit inflammatory responses. In the diabetic patient, endogenous prostanoids are elevated at lower concentrations for years or decades over the period disease progression. It is certainly reasonable to ask if these two circumstances hold reasonable pathophysiological homology, but we believe that valuable information is yielded by our approach, nonetheless. As for our prostanoid receptor-focused experiments, we used prostanoid receptor antagonists at or slightly above their reported Ki values to avoid off-target effects and found that, even at physiologic levels, EP2, EP4, or FP receptor antagonists blocked stimulation by elevated PGE2 or PGF2α, respectively.
Throughout Chapter VI, we relied heavily on ECIS assays to evaluate prostanoid signaling in hRMEC and RPE barrier function. While powerful and high-throughput, ECIS experiments also have limitations. Rather than measuring physical leakage or solute flux across cell monolayers, ECIS assays are based on measures of electrical resistance, which is a valuable yet imperfect measure of permeability. We also conducted transwell dextran flux experiments, which do assay physical leakage, in attempts to validate ECIS results. These assays used a 70 kDa dextran, and this size was selected to preferentially analyze paracellular transport across monolayers. Additionally, the frequency of alternating current used in ECIS to analyze barrier permeability must be selected to balance transcellular and paracellular transport across cell monolayers. In these assays, high frequency currents demonstrate transcellular transport through the cell, whereas low frequencies exhibit paracellular transport under and between adjacent cells (information provided by Applied BioPhysics). We hypothesized that paracellular transport would be more critical to retinal barrier function and DME, so we conducted all ECIS experiments using a frequency of 4000 Hz. This is at the upper end of the low-frequency range, which should prioritize paracellular transport yet still evaluate some transcellular transport as well. We could more rigorously evaluate these two transport methods by comparing results from very low (250 Hz) and very high (64000 Hz) frequency currents in ECIS. Furthermore, assays of hRMEC, hRPE, and ARPE-19 all used this 4000 Hz frequency, yet the intrinsic barrier properties of these cells could differ. Analysis with a wider range of frequencies could further validate differences in monolayer permeability and barrier function.
In summary, the work described in this dissertation provides a profile of the cellular and molecular mechanisms of prostanoid signaling relevant to early inflammatory stages of DR. PGE2 was highly elevated in hMG after diabetes-relevant stimulation, and it subsequently stimulated proinflammatory cytokine production in hMG via EP2, decreased barrier function in RPE via EP2, and enhanced barrier function in hRMEC via EP4. PGF2α was most consistently elevated in hRMEC in diabetes-relevant stimulation, and this in turn promoted proinflammatory cytokine production in hMG and leukocyte adhesion in hRMEC via FP. Preliminary work based on de-identified patient information also indicated the importance of monitoring complex drug and disease interactions for diabetic patients who concurrently use topical PGF2α analogs such as latanoprost to manage glaucoma, as these drugs may promote DR progression to vision-threatening PDR. Still, several experimental limitations should be addressed by the future studies described below. Together, our results reveal multiple cell type-specific, receptor-specific targets that may lead to improvements on previous clinical studies utilizing nonspecific NSAIDs to manage early DR. We hope to have established a landscape for future studies aimed at clinical development of prostanoid receptor agonists and antagonists for DR.

[bookmark: _Toc189750758]Future Directions
While the work described herein adds to our understanding of inflammatory prostanoid signaling in the retina relevant to early-stage DR, there are several additional experimental directions that could advance our knowledge further.
In our in vitro studies of inner and outer blood-retina barrier described in Chapter VI, the protein-level alterations that modulated the two distinct monolayer permeability behaviors remain to be characterized at a mechanistic level. We hypothesize this change may be due to the dysregulation and disorganization of junctional complex proteins. ZO-1, occludin, and claudin family proteins (particularly claudin-5 in endothelial cells or claudin-19 in RPE cells) are primary regulators of retinal barrier function28, 165-168. Experiments analyzing ZO-1 and occludin by western blot showed no significant change in total protein level in either hRMEC or ARPE-19 stimulated with PGE2 for 1 hour (data not shown) or 6 hours (Figure 26). Thus, because total protein levels were unchanged, the phosphorylation, protein interactions, and/or spatial organization of these proteins may contribute to changes in barrier function. Changes in the phosphorylation of tight junction proteins can promote vascular leakage in cultured cells and animal models relevant to DR and DME165, 166, 169-172. Future mechanistic studies can fully characterize the effects of PGE2 on the relevant junctional complex protein expression, phosphorylation, interactions, and organization that maintain the blood-retina barriers. 

[bookmark: _Ref189160294][bookmark: _Toc189750693]Figure 26: Junctional complex protein levels in hRMEC and ARPE-19 stimulated with PGE2. 
Western blot protein levels of A) occludin in hRMEC, B) ZO-1 in hRMEC, C) occludin in ARPE-19, and D) ZO-1 in ARPE-19 each stimulated with 10 nM-100 nM PGE2 or vehicle for 6 hours (n = 3-4). Representative blots are shown. All data represent mean  SD.

The functional consequences and physiologic relevance in the intact retina of the opposing effects of PGE2 via EP2 or EP4 receptors in inner versus outer blood-retina barriers has also not been characterized in the work of this dissertation. In the future, this could be addressed by two alternative hypotheses. On one hand, the different receptor engagement in the respective cell types may illustrate functionally distinct and targetable therapeutic options: simultaneously activating EP4 in retinal microvascular endothelial cells while antagonizing EP2 in RPE to protect and strengthen barrier function. On the other hand, it is possible that the opposing responses are a natural homeostatic mechanism to maintain proper fluid balance within the retina. The observed enhancement of hRMEC barrier resistance may not, in fact, be a functional benefit but rather a reflex to damaging stimuli. Altering either cell behavior may disrupt this fluid balance to exacerbate DR and DME progression, and these complex interactions cannot be adequately assessed with the in vitro methods used in this dissertation. These alternative hypotheses could be addressed using in vivo methods including cell-targeted agonist and antagonist delivery or genetic EP4 overexpression in retinal microvascular endothelial cells combined with EP2 knockout in RPE, discussed further below.
Furthermore, additional cell types and vascular complications of early DR that were not analyzed in this dissertation may also be affected by prostanoid signaling. In particular, apoptosis of retinal pericytes and endothelial cells can result from inflammation in DR, and each can cause further disease progression173. Retinal pericytes are a key component of the neurovascular unit of the inner retina, wrapping around pericytes to regulate vascular tone173. The death of these cells, also called pericyte dropout, can therefore amplify inner blood-retina barrier dysfunction and promote vascular permeability173, 174. Endothelial cell death, or capillary dropout, occurs secondary to pericyte death174, 175. This results in vasoregression and residual acellular capillaries incapable of facilitating blood flow, further amplifying the progression of DR pathologies175. Using bovine or human retinal pericytes in vitro, one previously cited group found that PGF2α-FP signaling promotes pericyte migration and protects against pericyte apoptosis103, 112. This group also demonstrated that intraperitoneal latanoprost injection to activate the FP receptor restored retinal capillary degeneration caused by STZ in mice103. Both pericyte and endothelial cell apoptosis can be assayed in vitro using primary human cell culture methods. Caspase activation and TUNEL staining for cell death can be evaluated in cells stimulated with PGE2, PGF2α, or other relevant conditions to determine if these cellular features of DR are similarly impacted by prostanoid signaling.
Additionally, while Müller glia are the most well-characterized of glial cells to respond to DR-relevant conditions, retinal microglia and astrocytes also play critical roles in DR and inflammation25. These cells may also respond to conditions of diabetes and propagate diverse prostanoid production, as evaluated in Chapter III, or they may also respond to prostanoid stimulation via distinct pathways to promote proinflammatory cytokine and chemokine production, as tested in Chapter IV. Extension of our studies to include microglia and astrocytes may uncover novel inflammatory mechanisms of prostanoid signaling that could provide further therapeutic opportunity.
The perspective from which we analyzed leukostasis-relevant behaviors in Chapter V was exclusive to changes in hRMEC; however, it is possible that the circulating leukocytes that adhere to the endothelium also may be affected by prostanoid signaling. Whereas endothelial cells upregulate levels of adhesion molecules including E-selectin during inflammation, leukocytes can elevate expression of adhesion molecules such as L-selectin to promote their capture and rolling in the leukocyte adhesion pathways51. Additionally, the integrin proteins LFA-1 and VLA-4 on leukocytes bind endothelial ICAM-1 and VCAM-1, respectively51. The levels of these proteins and/or their affinity for the corresponding endothelial cell adhesion molecules can increase in activated leukocytes51. DR-relevant prostanoid signaling in leukocytes could be evaluated in vitro using our established models. Human PBMCs could be treated in conditions modeling systemic diabetes to measure prostanoid production by LC-MS/MS. Additionally, their L-selectin, LFA-1, and VLA-4 levels as well as their static adhesion to hRMEC monolayers could be evaluated after the PBMCs were stimulated with relevant prostanoids. These assays could facilitate an understanding of the impact of diabetes on circulating immune cells and how these cells may in turn contribute to DR progression.
In Chapters IV, V, and VI as initial efforts to advance our results beyond individual isolated cell type studies, we probed the putative paracrine effects of prostanoid signaling in a reciprocal manner by stimulating hMG with PGF2α (elevated most in hRMEC) or hRMEC and RPE with PGE2 (elevated most in hMG). These experimental contexts—based upon our earlier findings to guide logical target exploration—remain narrowly focused and may only characterize a portion of prostanoid signaling in the retina. The disease relevance of studies of isolated cell types could be further advanced through experiments using conditioned media from other retinal cell types to better model paracrine signaling mechanisms. Co-culturing multiple retinal cell types is challenging due to distinct media and growth supplement requirements for the different cells. However, controlled short-term experiments using conditioned media from one cell type to stimulate another could bridge a gap in understanding the interactions of various retinal cells for in vitro experiments.
In particular, conditioned media experiments could benefit our understanding of the unexpected rise in hRMEC barrier resistance after PGE2 direct stimulation. It is possible that hRMEC may respond direct stimulation with PGE2 in manners distinct from how they would respond to the proinflammatory secretome from PGE2-stimulated hMG. For example, hRMEC monolayer permeability may be induced by the IL-6, IL-8, VEGF, or other cytokines that were produced by hMG stimulated by PGE2 in Chapter IV. This would serve as further evidence of paracrine signaling in the retina. We could experimentally address this through conditioned media experiments in which we stimulate hMG with PGE2 to elevate cytokine production, collect hMG-conditioned media, and treat hRMEC in ECIS or transwell assays with the hMG-conditioned media. 
In vivo analyses of prostanoid signaling could be used to address the complex retinal cell interactions in experiments with greater clinical relevance than cell culture approaches. Previous studies in STZ rats provide a baseline to understand the in vivo application of the findings from our in vitro approaches. In one study, elevated levels of PGE2 and 6-keto-PGF1α (PGI2 metabolite) were measured in isolated retinal blood vessels of short-timeframe STZ rats compared with non-diabetic rats109. These findings partially align with ours: the hMG mass spectrometry results in Chapter III showed both of these prostanoids were elevated significantly after inflammatory stimulation by IL-1β (Figure 2), although hRMEC would better model the isolated retinal blood vessels used in this study. Furthermore, the study by Wang et al. investigating the ability for PGE2 to exacerbate STZ-induced retinal pathologies in rats also supports our results in part113. Their findings that vascular leakage and edema were mediated by EP2 signaling align with our permeability results in RPE cells—but not in hRMEC—in Chapter VI. However, their group demonstrated EP2-mediated leukostasis, whereas we found no effect of PGE2 on leukostasis-relevant adhesion molecule gene and protein levels in hRMEC in Chapter V. Notably, these experiments from Wang et al. clearly demonstrate that in vivo approaches can be applied to test our in vitro findings in a native system with diabetes as the pathogenic stimulus and with all cells of the retina interacting.
My proposed in vivo analyses of prostanoid signaling relevant to early-stage DR align with the four results chapters of this document. 1) As in Chapter III, we would measure the prostanoids produced in the retinas of STZ-induced and high fat diet-induced diabetic mice compared with control animals to determine if these measures align with the elevated PGE2 and PGF2α from isolated cell cultures under conditions of systemic diabetes. 2) As in Chapter IV, we would measure proinflammatory cytokine gene and protein expression in the retinal tissue of mice intravitreally injected with PGE2 +/- EP2 antagonist or PGF2α +/- FP antagonist and subsequently in STZ mice +/- EP2 or FP antagonists. 3) As in Chapter V, we would perform leukostasis assays of mice intravitreally injected with PGF2α +/- FP antagonist and subsequently in STZ mice +/- FP antagonist using methods typical to the field and to our lab140, 148, 176, 177. 4) As in Chapter VI, we would assay differential vascular leakage across the inner and outer blood-retina barriers in mice intravitreally injected with PGE2 +/- EP2 or EP4 antagonists and subsequently in STZ mice +/- EP2 or EP4 antagonists using FITC-dextran measurements in retinal transverse sections as established by Xu and Le152. 
Importantly, this pharmacologic strategy of injecting a prostanoid +/- antagonist would be valuable to test these signaling pathways mechanistically over a short timeframe, yet the clinical utility of intravitreal injection of these molecules is limited by their pharmacokinetic properties. Clearance across either the inner or outer blood-retina barriers occurs readily for molecules with dimensions smaller than 2 nm178. The EP2 antagonist PF-04418948, for example, has a molecular weight of 0.4094 kDa, which would have an estimated radius of 0.05 nm179. This would clear the retina rapidly. Drug delivery would need to be optimized using nanoparticles or other carriers to sustain therapeutic concentrations in the retina for clinical utility.
Preferrable for longer-term applicability studies yet more time- and resource-intensive, each of these experiments could also be evaluated in genetic mouse models. With this strategy, EP2, EP4, or FP would be selectively deleted or overexpressed in Müller glia, retinal microvascular endothelial cells, or RPE in the relevant conditions, with or without STZ-induced diabetes, for experiments with the endpoints described. As mentioned, EP4 overexpression in endothelial cells and EP2 knockout in RPE would be especially useful for the study of the opposing effects of PGE2 on inner and outer blood-retina barrier function, as cell-targeted agonist or antagonist delivery could be prohibitively complex at this stage. Studies in overexpression/knockout mouse models such as these would permit more longitudinal analyses of DR-relevant pathologies, which could aid in the translatability of the targeted prostanoid signaling therapeutic strategy.
The findings described in this dissertation are important initial characterizations of the inflammatory effects of prostanoid signaling pathways in single cell type behaviors that contribute to early DR progression. Subsequently, the additional in vitro and in vivo future directions recommended here would amplify the value of these initial findings. Modulation of targeted prostanoid receptor signaling pathways via selective agonists and/or antagonists may provide a valuable therapeutic strategy for the management of retinal inflammation occurring at the earliest stages of DR. Successful implementation of this strategy through successive preclinical and clinical trials could offer a therapeutic option very early in DR progression, preventing irreversible retinal damage and severe vision loss.
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