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Abstract 

 Pathological angiogenesis in the eye remains at the center of a myriad blinding 

diseases, including neovascular age-related macular degeneration (nvAMD). Elucidating 

the mechanisms by which these invasive neovessels proliferate into normally avascular 

regions is of critical importance. The past two decades of research have identified the 

inflammasome, a component of the innate immune system responsible for sensing foreign 

and endogenous danger signals, as a potential mediator of aberrant angiogenesis. However, 

several previous conflicting reports on the role of inflammasome in this context have only 

brought to light a clear gap in knowledge.  

 Here, we expanded the experimental laser-induced choroidal neovascularization 

(CNV) model, considered to be the field standard, to include subretinal administration of 

disease-relevant inflammasome agonists. In doing so, we observed increased CNV volume 

in wild type mice but not mice lacking inflammasome constituents, an effect that was 

mediated by key components of the NLRP3 inflammasome pathway. Additional studies 

identified the role of interleukin-1β (IL-1β) in promoting chemotaxis and macrophage 

ingression to the lesion site.   

 Coincident with our work in expanding the CNV model, we also developed a first-

of-its-kind experimental model to assess how physical activity affects the development of 

CNV lesions in exercise-trained mice. Interestingly, exercise-trained mice exhibited a 

significant reduction in CNV volume and F4/80 immunopositivity that was independent of 

sex and distance traveled. Fluorescent in situ hybridization signals against mRNA of 
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several pro-angiogenic and pro-chemotactic factors were also reduced in the exercise-

trained cohort, suggesting that physical activity may be a low-cost, non-invasive alternative 

therapy for nvAMD.  

 Finally, we discovered that the commercially available and widely used RF/6A cell 

line, described as ‘chorioretinal endothelial’ cells, exhibits no characteristics of endothelial 

cells through anatomical, transcriptional, and functional assays. This study underscores the 

importance of verifying not only the identity of cells used but also the validity of 

experimental models used in the laboratory.  

 Collectively, the work here not only reconciles previously disparate observations 

of the role of inflammasomes in modulating aberrant ocular angiogenesis but also improves 

the investigational repertoire for those who wish to expand their experimental techniques 

in identifying potential causes and treatments for pathological angiogenesis.  
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Chapter 1:  Introduction  

Pathological angiogenesis, the abnormal growth of blood vessels in tissue that is 

normally avascular, is a hallmark characteristic of many diseases with seemingly disparate 

etiology, including cancers1, rheumatoid arthritis2, and diseases of the eye, such as 

neovascular age-related macular degeneration (nvAMD). Recent research efforts have 

focused on the elucidation of a potential central mediator of pathological angiogenesis and 

have identified the dysfunctional activation of the inflammasome, a multimeric complex 

of the innate immune system, as a targetable candidate. However, the precise role of 

inflammasome activation in different vascular beds of the eye has yet to be known. The 

focus of this chapter is to provide a broad overview of the anatomy and physiology of the 

eye, describe the vasculature in both physiologic and pathologic states, examine models of 

studying pathological ocular angiogenesis in a laboratory setting, and compare current 

theories of inflammasome involvement in pathological angiogenesis.    

1.1 Retinal physiology 

The mammalian retina can be stratified into three major layers — the photoreceptors, 

the retinal pigmented epithelium, and the choroid — each of which play a role in the 

maintenance of visual homeostasis, both individually and cooperatively.  

1.1.1 Photoreceptors 

Photoreceptors are specialized, light-sensing neurons in the posterior region of the eye 

that are responsible for phototransduction and visual sensation. Whereas rods are 

predominantly found in the periphery of the retina, cones are almost exclusively positioned 

in the fovea, the central portion of the retina3. The photoreceptor outer segments (POS) 
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contain ordered stacks of disks that greatly increase the surface area of available 

photopigments.  Photons entering the retina convert 11-cis-retinal to all-trans-retinal, but 

photoreceptors lack the necessary enzymatic machinery to restore baseline levels of 11-

cis-retinal; thus, they must rely on another cell type— the retinal pigmented epithelium — 

to accomplish this.  

1.1.2 Retinal pigmented epithelium 

The retinal pigmented epithelium (RPE) cells are highly polarized, terminally 

differentiated epithelial cells that form a single layer between the neurosensory retina and 

the underlying choroidal vasculature (Figure 1.1). Utilizing proteins such as zonula 

occludens-1 (ZO-1), occludin, and claudin, RPE cells form tight junctions that effectively 

establish the outer blood-retina barrier4.  

The apical side of each RPE contacts approximately 30 photoreceptors and is 

responsible for the phagocytosis of the POS through a tightly orchestrated process that 

involves recognition of accumulated phosphatidylserine on the POS by the RPE, as well 

as engagement of MerTK, Gas6, and αVβ5 integrin4–6. Phagocytosis of the POS is just one 

key process by which the RPE function in visual homeostasis. Light-inactive all-trans-

retinal is transported out of the photoreceptors by ATP-binding cassette, sub-family A, 

member 4 and diffuses into the RPE, where the isomerohydrolase RPE65 converts all-

trans-retinal back to 11-cis-retinal, reestablishing the visual cycle7.  

1.1.3 Choroid 

The outer retina is avascular, as depicted in Figure 1.1, due to the outer blood-

retina barrier. The basement membrane of choroidal endothelial cells and the basolateral 
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membrane of the retinal pigmented epithelial cells form the outer and inner layer of Bruch’s 

membrane, respectively, a pentalaminar structure composed of extracellular collagenous 

and fibrous matrices8. Maintenance of the structural integrity of Bruch’s membrane is of 

utmost importance in the preservation of high visual acuity; weakening of Bruch’s 

membrane allows nascent and immature blood vessels to invade the normally avascular 

space, resulting in distortion (and ultimately death) of photoreceptors.  

The capillary network of the choroid, the choriocapillaris, is unique in that these 

capillaries are highly fenestrated and thus are permeable to macromolecules such as 

albumin, glucose, and retinol binding protein (RBP), the carrier protein for retinol (vitamin 

A). Permeability of these three major macromolecules each contribute a specific function 

in maintaining visual homeostasis.  

Diffusion of albumin into the extracellular space contributes to the high oncotic 

pressure of the extravascular stroma, facilitating the movement of fluid from the retina to 

the choroid for drainage9, while glucose permeability establishes a high extraretinal 

concentration gradient, enabling glucose influx into the retina for the metabolically 

demanding photoreceptors10. Finally, RBP permeability is critical for trafficking all-trans-

retinol to the retina, preserving the balance of retinol metabolites used in the visual cycle11.  
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Figure 1.1: Histology of human retina  
(0) Choroid, (1) Retinal pigmented epithelium, (2) lamina of rods and cones, (3) external 
limiting membrane, (4) outer nuclear layer, (5) outer plexiform layer, (6) inner nuclear 
layer, (7) inner plexiform layer, (8) ganglion cell layer, (9) optic nerve fiber layer, (10) 
inner limiting membrane. Adapted from Gartner L. Chapter 22: Special Senses. In: 
Gartner LP, eds. Textbook of Histology. 5th edition. Elsevier; 2021: 545-576.  

0 
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1.2 Age-related macular degeneration  

Age-related macular degeneration (AMD) is a blinding disease that accounts for 

most blindness in industrialized countries, characterized by progressive dysfunction of the 

RPE that ultimately results in loss of visual acuity. The earliest stage of AMD, named 

‘early AMD,’ is typified by the presence of lipoproteinaceous deposits called ‘drusen’ that 

accumulate in the sub-RPE space between Bruch’s membrane and the RPE. In early AMD, 

drusen are medium-sized (>63 µm and ≤125 µm) with no other presenting pigmentary 

abnormalities12. Disease staging is increased to ‘intermediate’ AMD when observable 

drusen measure greater than 125 µm, either with or without concomitant pigmentary 

abnormalities12. Late-stage AMD pathology is further classified into either ‘geographic 

atrophy’ (GA) or ‘neovascular AMD’ (nvAMD), which can occur in two separate eyes or 

even either subsequently or concurrently within the same eye13,14. GA is typified by large 

swaths of hypopigmentation and RPE cell death, whereas nvAMD is characterized by 

immature, leaky vessels of choroidal origin that invade into the normally avascular outer 

retina and cause physical distortion of the photoreceptors (Figure 1.2). Although GA is the 

more prevalent form of late-stage AMD, the majority of patients who experience severe 

vision loss exhibit CNV which, if left untreated, most often causes legal blindness15–17.  
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Figure 1.2: The retina in health and disease 
(A) Healthy retina. The RPE are tightly packed with no thickening of Bruch’s membrane. 
(B) Representation of dry AMD. Drusen deposits are located within the sub-RPE space 
and thickening of Bruch’s membrane is observed. (C) Representation of nvAMD. 
Neovessels from the choroid have traversed Bruch’s membrane and retinal hemorrhaging 
is observed. Figure taken from 18.  
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1.3 Models of pathological ocular angiogenesis  

Animal models of ocular diseases are critical to elucidating molecular mechanisms 

of, and developing therapeutics for, pathological angiogenesis. This section aims to provide 

a general background on the methods of studying pathological angiogenesis in a laboratory 

setting.  

1.3.1 Experimental laser-induced choroidal neovascularization 

First developed by Ryan in 1979 using rhesus macaques19, the experimental laser-

induced choroidal neovascularization model utilizes a krypton or argon laser to induce a 

break in Bruch’s membrane (Figure 1.3). Transitioning away from non-human primates, 

the Campochiaro group developed a murine model in 199820 which takes advantage of the 

relative ease and high-throughput capability in mice and is now considered the field 

standard in investigating CNV.  

 In this model, subretinal blood vessels from the choroid invade through the Bruch’s 

membrane rupture into the normally avascular outer retina, effectively recapitulating the 

disease process observed in patients with nvAMD.20 As in excised human nvAMD lesions, 

vascular endothelial growth factor (VEGF) is upregulated in CNV lesions isolated from 

the mouse choroid21. This model is highly reproducible and has a neatly delineated time 

course of progression. Pro-inflammatory and pro-angiogenic macrophages are recruited to 

the lesion site and are observed one day after laser injury, with the local maximum peaking 

at three days22. Lesion size peaks around day seven and is assessed by either perfusion with 

intravenous fluorescein isothiocyanate-conjugated dextran (FITC-dextran) followed by 
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enucleation, or enucleation and immunolabeling with fluorophore-conjugated lectins and 

imaging by confocal microscopy.   

The experimental laser-induced CNV model has become the standard method for 

studying choroidal neovascularization in mice owing to its relative ease, reproducibility, 

and relatively short time frame. However, it is not without disadvantages. Grossniklaus and 

Green describe laser CNV as a “non-specific response to a specific stimulus”23, 

underscoring the reality that this model does not perfectly recapitulate clinical disease. 

Although it is thought that there must be a defect in Bruch’s membrane for the initiation of 

CNV, loss of integrity in Bruch’s membrane is observed in several diseases of disparate 

etiologies, including nvAMD, myopia24, and pseudoxanthoma elasticum25. The 

shortcomings of the acute nature of this injury model have led to the development of less 

invasive genetic models of CNV that more closely align with the chronic nature of CNV 

as it relates to aging, as discussed below.   
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Figure 1.3: Schematic of experimental laser-induced CNV 
(A) A laser is focused on the posterior region of the eye to induce a break in Bruch’s 
membrane. (B) Neovessels begin to invade the normally avascular outer retina, reaching 
a peak volume at seven days post-laser injury. Monocytes are in purple; macrophages are 
in blue. Adapted from 26.   
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1.3.2 Murine models of spontaneous CNV  

To more thoroughly investigate the onset and progression of CNV with a focus on 

the chronic nature that is seen in patients, our lab and others have used several age-

dependent models of spontaneous CNV in mice.  

1.3.2.1 Dicer1 hypomorph mice  

Downregulation of the RNase DICER1 has been implicated in atrophic AMD, most 

notably that mRNA and protein levels are decreased in donor eyes from patients with the 

disease27–32; thus, our group previously sought to investigate whether Dicer1 

downregulation in mice could serve as a viable experimental model for retinal pathologies. 

The Dicer1d/d mouse strain contains a gene trap insertion that causes a global 80% 

reduction in Dicer1 levels33, and we observed age-dependent RPE dysfunction14. 

Surprisingly, we also observed age-dependent, angiographically active lesions upon 

fluorescein fundus imaging that were susceptible to anti-VEGF treatment, recapitulating 

neovascular disease that is present in humans. Spontaneous CNV was also observed in 

another Dicer1-deficient mouse strain, Dicer1H/H, as well as the JR5558 strain14. The 

spontaneous, age-dependent nature of these neovascular lesions afford the opportunity of 

studying the progressive nature of CNV maturation, rather than the acute nature of the 

laser-induced model. However, it is the same dependency on age that limits the throughput 

of this model.  

1.3.2.2 Vegfa hyper mice 

To elucidate whether increased VEGF in the eye is merely a consequence of disease 

or a potential cause, the Marneros group utilized the VEGF-AlacZKI/WT mouse strain that has 
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reduced susceptibility to miRNA-mediated mRNA translation inhibition34–36; effectively, 

these mice have constitutively elevated levels of VEGF-A. Mice with a lacZ insert driven 

by a RPE-specific promoter did not show any pathology37, whereas the VEGF- AlacZKI/WT 

mice exhibited loss of RPE barrier function, accumulation of sub-RPE deposits, and 

extensive spontaneous CNV38. These studies further our experimental capabilities of 

studying how CNV is initiated and progresses in a more chronic manner, compared to the 

laser injury model.   

1.4 Macrophage modulation of pathological angiogenesis 

The integrity of the blood-retina barrier (BRB) establishes in the eye a degree of 

immune privilege. As reviewed in 39, pigment epithelial-derived immunosuppressive 

factors, coupled with the structural characteristics of the BRB, prevent the ingression of 

systemic-derived macrophages. However, these immune cells are known to be potent 

mediators of angiogenesis through the secretion of both pro-angiogenic factors and 

extracellular matrix-remodeling metalloproteinases40. Through examining postmortem 

eyes from two patients with diagnosed AMD, Grossniklaus and colleagues found a higher 

incidence of macrophages in the vascular regions associated with CNV41. Shortly 

thereafter, two separate groups reported that ablation of macrophages significantly reduces 

experimental laser CNV volume22,42. Additionally, a third group observed reduced CNV 

area in Ccr2–/– mice after laser injury despite the demonstrated angiogenic ability of ocular-

infiltrating macrophages43, strongly supporting the notion that macrophages are important 

mediators of the laser CNV response.  
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1.4.1 Inflammasome activation in macrophages 

In addition to their primary role as phagocytes, macrophages also function as 

integrators of immune stimuli to promote inflammation in other cell types. One mechanism 

by which this is accomplished is through inflammasomes, multimeric protein complexes 

whose activation results in the secretion of proinflammatory cytokines and cell death. The 

basic components of an inflammasome are as follows: 1) a sensor, such as the NLR family 

pyrin domain containing 3 (NLRP3), that detects damage associated molecular patterns 

(DAMPs), such as extracellular ATP; 2) an adaptor, most commonly the apoptosis-

associated speck-like protein containing a caspase activation and recruitment domain 

(ASC); and 3) an effector, such as caspase-1, an enzyme that converts inactive pro-peptides 

into their active form. Inflammasome activation occurs classically through the purinergic 

receptor P2RX7 that forms pores in the cell membrane in response to increased levels of 

extracellular ATP44. P2X7 pore formation increases potassium permeability in the cell, 

resulting in potassium efflux. In response to the potassium efflux, NLRP3 recruits ASC 

and pro-caspase-1, which is in turn autocatalytically cleaved into the p10 and p20 subunits. 

The now catalytically active caspase-1 binds and cleaves pro-cytokines, such as 

interleukin-1 beta (IL-1 beta) and interleukin-18 (IL-18), which are secreted and can 

potentiate the inflammatory response through the recruitment of immune cells45.  

1.5 Current theories of inflammasome involvement in pathological angiogenesis 

While the role of inflammasome activation in the pathogenesis of GA has been 

largely investigated, its role in aberrant angiogenesis is not well defined. In this section we 

will discuss the conflicting studies that propose inflammasome activity either inhibits or 

promotes CNV.   
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1.5.1 Conflicting reports on inflammasome in CNV 

Previous work focusing on the biochemical and immunostimulatory nature of 

drusen in eyes with GA revealed that accumulation of these extracellular, 

lipoproteinaceous aggregates resulted in RPE death by necrosis, a known stimulator of 

NLRP3 inflammasome activation46,47. Doyle and colleagues reported activation of NLRP3 

inflammasome in human peripheral blood mononuclear cells (PBMC) by priming with 

lipopolysaccharide (LPS) and subsequent treatment with drusen isolated from human eyes 

with GA48. In the same study, Nlrp3–/–  and Il18–/– mice were reported to exhibit greater 

CNV volumes compared to wild-type controls, while mice lacking the interleukin-1 

receptor type 1 (Il1r1–/–) did not exhibit increased CNV volume. Furthermore, intravitreous 

administration of IL-18 neutralizing antibodies also significantly increased laser CNV 

volume. The authors posit that IL-18 is protective in the laser CNV model, further reporting 

that treatment of an immortalized human RPE cell line (ARPE-19) and immortalized 

mouse brain endothelial cell line (bEnd.3) with IL-18 reduced the levels of VEGF as 

detected by ELISA.  

In response to this report, a multi-center study spanning five independent 

laboratories found that even with varying laser powers and protocol parameters, 

intravitreous administration of recombinant IL-18 did not affect laser CNV size49. 

Furthermore, genetic ablation, siRNA-mediated gene knockdown, or pharmacologic 

inhibition of the inflammasome constituents Nlrp3, Asc, and caspase-1 did not affect CNV 

size relative to WT controls49. Because the original study compared eyes treated with IL-

18 nAb with eyes that received no injection (rather than the appropriate biological control), 

the response study included administration of an IgG isotype that was diluted in either PBS 
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or the diluent of the IL-18 nAb. As expected, IgG in PBS had no effect on CNV volume. 

Surprisingly, however, IgG diluted in the nAb diluent increased CNV size, an effect that 

was shown to arise from the known pro-angiogenic molecule glycerol50. Thus, the response 

study concluded that the reported angio-inhibitory effect of IL-18 was due to the glycerol 

in the diluent formulation.  

1.5.2 Inflammasome in spontaneous CNV   

As discussed previously, the laser injury model of CNV does not fully recapitulate 

the disease processes seen in human pathology, a limitation that is addressed by the usage 

of spontaneous CNV models that reflect the chronic, age-dependent nature of CNV in 

nvAMD.  

Previous work from our group identified enzymatically active caspase-1 in the outer 

retina of aged Dicer1d/d mice that colocalized with regions of CNV14. To further investigate 

the role of inflammasome in CNV, we then crossed the Dicer1d/d line with mice lacking 

the inflammasome constituents caspase-1/caspase-11 (Dicer1d/d x Casp1–/–;Casp11–/–) and 

Myd88 (Dicer1d/d x Myd88–/–). Whereas almost 80% of eyes from Dicer1d/d mice 

developed neovascularization by 10 months of age, Dicer1d/d mice lacking inflammasome 

constituents were spared14. In a separate study from the Marneros group utilizing the 

VEGF-Ahyper strain, mice developing CNV as a result of VEGF-A overexpression 

demonstrated positive NLRP3 immunostaining in the RPE and VEGF-Ahyper mice lacking 

Nlrp3 developed fewer CNV lesions than VEGF-Ahyper mice alone38. Taken together, these 

two studies demonstrate the critical importance of inflammasome signaling in the 

development of CNV in two separate models.  
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1.6 Dissertation goals and significance 

Previous research on the involvement of inflammasome activation in age-related 

macular degeneration has almost been exclusively in the context of non-neovascular AMD. 

Even so, current literature on the role of inflammasome activation in neovascular AMD, 

mainly utilizing the laser-induced CNV model, is contradictory, thus necessitating a more 

refined approach.  

The gap in knowledge I sought to address in this work was to reconcile the disparate 

observations that inflammasome components are not necessary for the laser CNV response 

but are in fact required for the development of spontaneous CNV lesions in a Dicer-

deficient mouse model.  

 The first chapter after this introduction presents our findings that demonstrate a 

revised laser CNV model in which disease-relevant inflammasome agonists are 

administered at the time of laser CNV injury. Subretinal administration of these 

inflammasome agonists increased laser CNV volume in an inflammasome-dependent 

manner, which we found was specific to myelomonocytic cells. In vitro chemotaxis assays 

revealed the presence of a soluble chemotactic factor, interleukin-1β, responsible for 

driving inflammasome-dependent CNV exacerbation, which was abolished with the 

administration of a neutralizing antibody.  

 The third chapter focuses on work that was performed concurrently with the above 

study, in which we developed a first-of-its-kind experimental model to assess how physical 

exercise affects the development of laser CNV. We found that mice that were allowed to 

voluntarily exercise on a running wheel prior to laser CNV administration developed 
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smaller CNV lesions compared to sedentary mice, which correlated with a decrease in 

macrophage recruitment and chemotactic cytokine mRNA expression.  

 The fourth chapter presents transcriptomic, anatomical, and functional data that 

suggests a commonly used cell line in ophthalmology research, the RF/6A line, does not 

express endothelial characteristics that the source literature claims. Taken together, these 

three chapters constitute a body of work that is grounded in addressing not only specific 

questions, such as how inflammasome activation contributes to pathological angiogenesis, 

but also presents critical analyses of both previously established and recently developed 

methodologies that improve upon both current and future investigations into pathological 

angiogenesis.  

 



 17  

Chapter 2:  Inflammasome agonism aggravates choroidal neovascularization 

This chapter is a modified version of the previously published article: 

Makin RD, Apicella I, Dholkawala R, Fukuda S, Hirahara S, Hirano Y, Kim Y, Nagasaka 
A, Nagasaka Y, Narendran S, Pereira S, Varshney A, Wang S-b, Ambati J, Gelfand BD. 
Inflammasome agonism aggravates choroidal neovascularization. Angiogenesis (2024).  

2.1 Abstract  

Inflammasome activation is implicated in diseases of aberrant angiogenesis such as 

age-related macular degeneration (AMD), though its precise role in choroidal 

neovascularization (CNV), a characteristic pathology of advanced AMD, is ill-defined. 

Reports on inhibition of inflammasome constituents on CNV are variable and the precise 

role of inflammasome in mediating pathological angiogenesis is unclear. Historically, 

subretinal injection of inflammasome agonists alone has been used to investigate retinal 

pigmented epithelium (RPE) degeneration, while the laser photocoagulation model has 

been used to study pathological angiogenesis in a model of CNV. Here, we report that the 

simultaneous introduction of any of several disease-relevant inflammasome agonists (Alu 

or B2 RNA, Alu cDNA, or oligomerized amyloid β (1–40)) exacerbates laser-induced 

CNV. These activities were diminished or abrogated by genetic or pharmacological 

targeting of inflammasome signaling constituents including P2rx7, Nlrp3, caspase-1, 

caspase-11, and Myd88, as well as in myeloid-specific caspase-1 knockout mice. Alu RNA 

treatment induced inflammasome activation in macrophages within the CNV lesion, and 

increased accumulation of macrophages in an inflammasome-dependent manner. Finally, 

IL-1β neutralization prevented inflammasome agonist-induced chemotaxis, macrophage 

trafficking, and angiogenesis. Collectively, these observations support a model wherein 

inflammasome stimulation promotes and exacerbates CNV and may be a therapeutic target 

for diseases of angiogenesis such as neovascular AMD. 
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2.2 Introduction 

Inflammasome activation is implicated in the pathogenesis of a variety of complex 

diseases, including retinal diseases such as age-related macular degeneration (AMD) and 

diabetic retinopathy. In the context of AMD, evidence supports that inflammasome 

activation promotes atrophic retinal degeneration in cell and animal models and geographic 

atrophy1, the advanced form of dry AMD.  

Conversely, neovascular AMD is characterized by aberrant growth of blood vessels 

into the outer retina, which is normally avascular. These pathological neovessels typically 

emerge from the underlying choroid or inner retina. Mice lacking inflammasome 

constituents are protected against spontaneous choroidal neovascularization (CNV) in 

mouse models driven by an excess of VEGFA or DICER1 deficiency14,51. Conversely, the 

role of inflammasome in laser photocoagulation-induced CNV, the benchmark model of 

choroidal angiogenesis which is driven by a thermal injury burn to the pigmented 

epithelium that results in an acute angiogenic and wound healing response, lacks 

consensus. Initial reports suggested that Nlrp3–/– mice exhibit elevated laser-induced 

CNV48, though this finding was challenged by a multinational consortium which found that 

genetic or pharmacologic inhibition of core inflammasome constituents or effectors does 

not increase experimental CNV49. Still others have reported that pharmacologic inhibition 

of caspase-1 suppresses CNV51.  

It is conceivable that laser photocoagulation, an artificial injury stimulus, does not 

consistently stimulate or rely on inflammasome to induce angiogenesis, which may 

contribute to the heterogeneous findings of inflammasome involvement in 
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genetic/spontaneous and injury/acute models of CNV. Therefore, we sought to investigate 

the role of inflammasome activation in CNV by introducing a new model in which 

subretinal administration of disease-relevant inflammasome stimulators is performed with 

laser-induced CNV. Using this novel model, we report that while inflammasome 

constituents are dispensable for the laser CNV response, the addition of inflammasome 

stimulators exacerbates pathologic choroidal angiogenesis, and that in the presence of 

inflammasome agonists, genetic or pharmacologic intervention of inflammasome signaling 

significantly improves CNV outcomes in mice.  
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2.3 Materials and Methods 

2.3.1 Mice 

All experiments involving animals were approved by the University of Virginia 

Animal Care and Use Committee and in accordance with the Association for Research in 

Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Visual 

Research. 

Mice were maintained on a constant 12:12-h light–dark cycle. Water and food were 

provided ad libitum. Mice were euthanized with CO2 gas under constant gas flow. 

C57BL/6J wild-type, P2rx7–/–, Casp1–/–/11–/–, LysM-Cre, and Aim2–/– mice were obtained 

from The Jackson Laboratory. Casp1–/–/11–/–;Casp11Tg mice, described elsewhere52, were 

a generous gift from V. M. Dixit (Genentech, South San Francisco, California). Myd88–/– 

mice were generously provided by S. Akira via T. Hawn and D. T. Golenbock. Casp1f/f 

mice were a generous gift from Dr. Richard Flavell (Yale University). Nlrp3–/– mice have 

been previously described53. For all procedures, anesthesia was achieved by intraperitoneal 

injection of 100 mg/kg ketamine hydrochloride (Ft. Dodge Animal Health, Overland Park, 

Kansas, US) and 10 mg/kg xylazine (Phoenix Scientific, San Marcos, California, US), and 

pupils were dilated with topical 1% tropicamide and 2.5% phenylephrine (Alcon 

Laboratories, Elkridge, Maryland, US).  

2.3.2 Laser-induced CNV and subretinal injection 

A schematic of the laser-induced CNV and injection procedure is depicted in Fig 

1a. Experimental CNV was induced by performing a single laser photocoagulation burn 

with an OcuLight GL laser system (532 nm, 180 mW, 100 ms, 75 µm; Iridex Corporation, 
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Mountain View, CA, USA) bilaterally in 6- to 8-week-old mice. Immediately following 

laser CNV, subretinal injection of experimental compounds was performed as described 

previously 54. Briefly, a 5 µl microsyringe was filled with 1-2 µl of reagent and attached to 

a custom 37G needle. The needle was then introduced at a 60º angle until it touched the 

retina and a retinotomy was induced to access the subretinal space. The reagent was then 

slowly dispensed into the subretinal space such that the resulting detachment encompassed 

the area previously treated with the laser. The following reagents were used for subretinal 

injection: PBS (VWR, Radnor, PA, US; 97063-660); in vitro transcribed Alu, B1, and B2 

RNAs as previously described 55; plasmid-encoded Alu RNA and empty plasmid control 

with NeuroPORTER Transfection Reagent (AMSBIO, Cambridge, MA, US; 

AMS.T400150) as previously described 56; amyloid-β as previously described 57. For 

intravitreous injections the following reagents were administered immediately following 

laser thermal injury and subretinal injections: azidothymidine (AZT), 0.5 nmol (Selleck 

Chemicals, Houston, TX, US; S2579); 2-ethyl-AZT, 0.5 nmol (previously described in 57); 

Z-WEHD-FMK (R&D, Minneapolis, MN, US; FMK002) or control peptide Z-FA-FMK 

(R&D; FMKC01); IL-1β neutralizing antibody, 500 ng (R&D, MAB4012) or isotype IgG, 

500 ng (Thermo, 14-4888-81); MyD88 inhibitory peptide or control peptide (Novus, 

Centennial, CO, US; NBP2-29328-1mg).  

2.3.3 RPE/choroid flatmount preparation and CNV volume quantification  

RPE flatmounts were obtained as previously described 54. At the indicated 

timepoint, eyes were enucleated and fixed in 4% paraformaldehyde/PBS for 1 hour at room 

temperature. After removal of the cornea, lens, and neurosensory retina, flatmounts were 

dehydrated and rehydrated through a methanol series, washed in 1x PBS, and incubated in 
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blocking buffer (1% BSA in PBST) for 1 hour at 4 ºC. Flatmounts were then incubated 

with 0.7% FITC-isolectin B4 overnight at 4 ºC. Flatmounts were then washed in 1x PBS-

T and mounted on glass slides with Vectashield antifade mounting medium (Vector 

Biolabs, Newark, CA, US; H-1000-10). CNV volumes were quantified as previously 

described 58.  

2.3.4 F4/80 immunofluorescence and quantification  

 For F4/80 immunofluorescence on flatmounts, eyes were processed as described 

above. Eyes were then incubated in rat anti-mouse F4/80:RPE (Bio-Rad, Hercules, CA, 

US; MCA497PE, clone Cl:A3-1) overnight at 4 ºC. Washing and imaging was also 

performed as described above. Macrophage numbers were manually quantified by a 

masked grader using the FIJI plugin Cell Counter (https://imagej.net/ij/plugins/cell-

counter.html) who was blinded to the experimental conditions. 

2.3.5 Immunofluorescence 

 Fresh, unfixed eyes were embedded in optimal cutting temperature medium 

(Tissue-Tek OCT Compound, VWR; 25608-930) and frozen in liquid nitrogen-cooled 

isopentane. Immunofluorescent analysis was performed by blocking 4% PFA-fixed 

sections with donkey block (2% normal donkey serum; 1% BSA; 0.1% Triton X-100; 

0.05% Tween-20; 0.05% NaN3 in PBS) for 1 hour at 37 ºC followed by overnight 

incubation at 4 ºC with the following antibodies: PE anti-mouse/human CD11b 1:50, clone 

M1/70 (BioLegend, San Diego, CA, US; 101207); anti-cleaved caspase-1 (Asp296) 1:100, 

clone E2G2I (Cell Signaling Technology, Danvers, MA, US; 89332). Anti-cleaved 

caspase-1 antibodies were detected with Alexa Fluor 647-conjugated donkey anti-rabbit 
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secondary antibody (Thermo, A-31573) at a concentration of 1:1000 in donkey block. 

Equivalent amount of rabbit IgG was used for isotype control.  

2.3.6 Fluorescent in situ hybridization 

 Fresh-frozen cryosections prepared as above were probed with the RNAscope 

Multiplex Fluorescent Reagent Kit v2 (ACDBio, Newark, CA) according to 

manufacturer’s instructions using the following probes: Mm-Il1b (# 316891); Mm-

Adgre1-C2 (# 460651-C2); Mm-P2ry12-C3 (# 317601-C3). Probes were detected with the 

following fluorophores diluted 1:1000 in RNAscope TSA buffer: Opal 520 (Akoya 

Biosciences, Marlborough, MA, # FP1487001KT); Opal 570 (Akoya, # FP1488001KT); 

Opal 650 (Akoya, # FP1496001KT). Imaging was performed on a Nikon A1R confocal 

microscope.  

2.3.7 Transwell migration assays 

The chemotactic ability of WT BMDM was assessed using 8.0 µm permeable 

polycarbonate inserts (Celltreat, Pepperell, MA; 230633). Four hours before addition of 

chemotactic agent, 600 µL 2% BMDM media was added to the bottom well of a 24-well 

plate and 60,000 cells in 100 µL 2% BMDM media were seeded into the insert. After four 

hours, media from the bottom well was aspirated and replaced with the chemoattractant 

under study and incubated at 37 ºC/5% CO2 for twelve hours. The following 

chemoattractants were used: recombinant mouse VEGF164 protein, 50 ng/mL (R&D; 493-

MV-005); conditioned media from Alu RNA-transfected WT and Casp1–/– BMDM, diluted 

to 10% in RPMI (ThermoFisher; 12440061). Inserts were then rinsed three times in 1x 

PBS, unmigrated cells on the apical side of the transwell scraped with a cotton-tipped 
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applicator, and fixed in 4% PFA/PBS for one hour. After rinsing three times in 1x PBS, 

membranes were excised with a scalpel and mounted on glass slides in ProLong Gold 

Antifade with DAPI (ThermoFisher, P36935). For each membrane, five fields of view at 

20X were imaged with a Nikon Eclipse Ti2 inverted widefield fluorescence microscope 

and quantified in FIJI (http://fiji.sc/).  

2.3.8 Statistics 

 Using empirical data on the variability of PBS-injected laser CNV lesions (Fig 1c), 

power analysis determined that a minimum of N=5 eyes are needed to detect a 50% change 

in CNV volume with 80% power. Experiments were designed to exceed this to account for 

technical complications. Statistical analyses were performed using GraphPad Prism 

(GraphPad Software, Version 9.1.2, San Diego, CA, US). Unless otherwise stated, results 

are shown as mean ± standard error of mean. P values of less than 0.05 were deemed 

statistically significant by either two-tailed Mann Whitney U test, two-tailed Kruskal-

Wallis test, or one- or two-way ANOVA with multiple comparisons corrections, as stated 

in the figure legends. 
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2.4 Results 

2.4.1 Inflammasome agonists exacerbate experimental CNV 

To test the hypothesis that inflammasome activators promote excess choroidal 

angiogenesis, we adapted the laser photocoagulation model by applying a single laser burn 

to wild-type C57BL/6J mice eyes followed immediately by subretinal injection of PBS or 

Alu RNA, which is an AMD-related inflammasome agonist transcribed from short 

interspersed nuclear element (SINE) retrotransposons31,56 (Figure 2.1A). Seven days later, 

Alu RNA-treated eyes exhibited a dramatic increase in the volume of the CNV lesion 

compared to saline-treated eyes (Figure 2.1B, C). Similarly, subretinal administration of a 

plasmid expressing Alu RNA (pAlu) with transfection reagent resulted in an increased 

CNV response compared to the transfection of an empty plasmid (pNull) (Figure 2.1D).  

Administration of murine SINE B2 RNA, which like Alu RNA is an inflammasome 

agonist31,56, also exacerbated CNV (Figure 2.1E). Interestingly, mouse SINE B1 RNA, 

which is a poorer inflammasome agonist55, did not significantly affect CNV (Figure 2.1E). 

Alu RNA can be reverse transcribed by the LINE-1 reverse transcriptase into a 

complementary DNA (Alu cDNA) which stimulates inflammasome activation, promotes 

RPE death, and is enriched in the retina of human AMD eyes 59,60. Subretinal delivery of 

synthetic Alu cDNA also increased the volume of CNV lesions (Figure 2.1F). To assess 

whether this angiostimulatory property was unique to SINE-derived oligonucleotides, we 

tested amyloid-β, another inflammasome agonist that accumulates in human AMD61–63, 

contributes to spontaneous CNV in a mouse model64 , and promotes inflammasome-

dependent RPE death57,65. Subretinal delivery of oligomerized amyloid-β1-40, but not a 
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control peptide (amyloid-β40-1), likewise aggravated CNV (Figure 2.1F). These findings 

indicate that multiple inflammasome agonists of different compositions can amplify the 

choroidal angiogenic response in the laser injury model. 
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Figure 2.1: Inflammasome agonism immediately following laser injury increases 
CNV volume  
(a) Schematic demonstrating the combined laser CNV and subretinal injection (SRI) 
model. First, a laser burn is applied to rupture Bruch’s membrane. Subretinal injection is 
performed immediately following laser injury at the same site, and neovascularization 
begins to form around day 3. (b) Representative depth-coded 3D projections of laser 
CNV with SRI of PBS (left) or Alu RNA (right). Dimensions: 633.25 µm x 633.25 µm x 
46 µm (c) CNV volumes quantified 7 days after combined laser injury and SRI of Alu 
RNA (P=0.0001, Mann-Whitney test. N = 15 per group). (d) CNV volumes quantified 7 
days after combined laser injury and in vivo transfection of plasmid-encoded Alu via SRI 
(P<0.01, Mann-Whitney test. N = 8 per group). (e) CNV volumes quantified 7 days after 
combined laser injury and SRI of PBS, B1 (P>0.99 vs. PBS), or B2 RNA (P=0.03 vs. 
PBS, Kruskal-Wallis test. N = 6 (B1), N = 7 (B2)). (f) CNV volumes quantified 7 days 
after combined laser injury and SRI of Alu cDNA (P=0.01, Mann-Whitney test. N = 7 
(vehicle), N = 7 (Alu cDNA)). (g) CNV volumes quantified 7 days after combined laser 
injury and SRI of Aβ (P<0.01, Mann-Whitney test. N = 6 (Aβ40-1), N = 7 (Aβ1-40)). 
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2.4.2 The angiostimulatory activity of Alu RNA depends on inflammasome 

As inflammasome agonists may have pleiotropic effects aside from inflammasome 

activation, we next sought to determine whether this angiostimulatory effect was indeed 

dependent on inflammasome activity. To test this, we administered Alu RNA immediately 

following laser injury in mice lacking constituents of the inflammasome pathway, or in 

wild-type mice treated with pharmacologic inflammasome inhibitors.  

The ATP receptor P2X7 is an upstream driver of inflammasome activation and is 

required for Alu RNA-induced RPE degeneration32. In P2rx7–/– mice, Alu RNA did not 

exacerbate laser-induced CNV (Figure 2.2A). Nucleoside reverse transcriptase inhibitors 

(NRTIs) prevent P2X7-dependent inflammasome activation and RPE degeneration 

57,58,66,67. Administering the NRTI zidovudine (AZT) into the vitreous of wild-type mice 

immediately following thermal laser burn and subretinal Alu RNA injection also abrogated 

the angiostimulatory response (Figure 2.2B). In addition to targeting P2X7, NRTIs also 

inhibit reverse transcriptases. A 2-ethoxylated-modified derivative of AZT that does not 

inhibit reverse transcriptase but retains anti-inflammatory activities67 also blunted Alu 

RNA-induced CNV (Figure 2.2B), further supporting that the angiostimulatory activity of 

Alu RNA depends on P2X7.  

Downstream of P2X7 activation, Alu RNA stimulates inflammasome assembly 

consisting of NLRP3, ASC, and the protease caspase-131. As in P2rx7–/– mice, CNV lesions 

in mice lacking NLRP3 (Nlrp3–/–) were also unaffected by Alu RNA (Figure 2.2C). 

Conversely, mice lacking AIM2 (Aim2–/–), an alternative inflammasome receptor that does 
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not mediate Alu RNA-induced RPE death (Figure 2.3), were susceptible to Alu RNA-

induced exacerbation of CNV (Figure 2.2D).  

We next investigated the contribution of caspase-1, the inflammasome effector 

protease. Mice lacking both caspase-1 and the non-canonical inflammasome effector 

caspase-11 (Casp1–/–;Casp11–/–) are resistant to Alu RNA-induced RPE degeneration31. 

Similarly, Casp1–/–/Casp11–/– mice were resistant to the angiostimulatory activity of Alu 

RNA in CNV (Figure 2.2E). In double knockout mice in which caspase-11 expression is 

rescued by a transgene (Casp1–/–; Casp11–/–;Tg+), Alu RNA treatment did not affect CNV 

(Figure 2.2E), supporting that caspase-1 is essential for Alu RNA stimulated CNV. 

Furthermore, administration of Z-WEHD-FMK, a cell-permeable irreversible inhibitor of 

caspase-1, into the vitreous humor of wild-type mice also abrogated the angiostimulatory 

effect of Alu RNA on laser CNV (Figure 2.2F). RPE degeneration by Alu RNA also 

depends on the activity of caspase-1168. Mice lacking just caspase-11 (Casp11–/–) were 

partially protected against Alu RNA-induced CNV exacerbation (Figure 2.2E), indicative 

of some contribution of non-canonical inflammasome activation to this process. 

Inflammasome activation results in maturation of the effector cytokines IL-1β and 

IL-18, whose signal transduction requires the adaptor MyD8869. Mice lacking MyD88 

(Myd88–/–) are protected against Alu RNA-induced RPE degeneration31. In Myd88–/– mice, 

administration of Alu RNA did not affect CNV volume (Figure 2.2G). Additionally, 

whereas Alu RNA induced excess CNV in eyes receiving a cell-permeable control inhibitor 

via intravitreous injection, administration of a MYD88 homodimerization peptide 

inhibitor70 diminished the effect of Alu RNA on laser CNV (Figure 2.2F).  
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Collectively, these findings suggest that in the presence of an inflammasome 

agonist, inflammasome signaling amplifies pathological choroidal angiogenesis.   
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Figure 2.2: Intact NLRP3 inflammasome components are required for 
inflammasome agonism-dependent CNV exacerbation 
(A) CNV volumes quantified 7 days after combined laser injury and SRI of Alu RNA in 
P2rx7–/– mice (P>0.99, Mann-Whitney test. N=7-8). (B) CNV volumes quantified 7 days 
after combined laser injury, SRI of Alu RNA, and intravitreous pretreatment with PBS 
(P<0.01), AZT (P=0.20), or K8 (P=0.50) (two-way ANOVA. N=6 per group). (C) 
Quantification of CNV volume 7 days post Alu RNA SRI in Nlrp3–/– mice (P=0.412, 
Mann-Whitney test. N=11 (PBS), N=9 (Alu RNA)). (D) CNV volumes quantification 7 
days after laser injury and SRI of Alu RNA in Aim2–/– mice (P<0.01, Mann-Whitney test. 
N=6 per group). (E) CNV volumes quantified after combined laser injury and SRI of Alu 
RNA in Casp1/11–/– (P=0.25), Casp11–/– (P=0.25), and Casp1/11–/– x Casp11Tg+ (P>0.99) 
(two-way ANOVA, N≥5 per group). (F) CNV volume quantification 7 days after 
combined laser injury, intravitreous administration of either control peptide Z-FA-FMK 
(P<0.01) or caspase-1 inhibitor Z-WEHD-FMK (P=0.98), and Alu RNA SRI (two-way 
ANOVA, N=6 per group). (G) CNV volumes quantified after 7 days post-laser injury and 
Alu RNA SRI in Myd88–/– mice (P=0.79, Mann-Whitney U test, N≥5 per group). (H) 
CNV volumes quantified 7 days after combined laser injury, intravitreous administration 
of a peptide MyD88 inhibitor (P=0.08) or control peptide (P<0.01), and Alu RNA SRI 
(P=0.08, two-way ANOVA, N≥6 per group)  
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Figure 2.3: Alu RNA does not induce RPE degeneration in Aim2–/– mice. 
Fundus images (top) and RPE flatmounts of immunolabeled ZO-1 (bottom) of Aim2 mice 
subretinally injected with PBS (left) or Alu RNA (right). Scale bars: 20 µm. 
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2.4.3 Inflammasome in myeloid cells is critical for Alu RNA-induced CNV exacerbation 

Laser CNV is a multicellular process involving multiple resident and recruited 

cells. Among these, circulating macrophages and neutrophils are recruited to CNV lesions 

and drive their growth71,72. In Alu RNA-treated CNV lesions, immunofluorescent labeling 

revealed robust inflammasome activation via positive immunolabeling of the p20 subunit 

of caspase-1, which in part co-localized with CD11b+ macrophages (MΦ) (Figure 2.4A). 

In addition, we observed substantial co-labeling of p20 and GFAP in Müller glia overlying 

the CNV lesion, though this p20/GFAP pattern was not as specific to the Alu RNA-treated 

CNV lesion as the p20/CD11b+ (Figure 2.5). Therefore, we chose to assess whether 

inflammasome-dependent CNV expansion depends on inflammasome activation in 

myeloid cells, we generated myelomonocytic cell-specific caspase-1 knockout mice 

(LysM-Cre; Casp1loxP/loxP). We confirmed caspase-1 protein ablation by western blotting 

(Figure 2.6). Alu RNA-stimulated CNV was abrogated in LysM-Cre; Casp1loxP/loxP, but not 

in LysM-Cre-expressing control mice (LysM-Cre; Casp1+/+) (Figure 2.4B), strongly 

suggesting inflammasome activation in myelomonocytic cells is responsible for Alu-RNA 

induced CNV aggravation.  
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Figure 2.4: Inflammasome activation in myelomonocytic cells is crucial to laser 
CNV  
(a) Representative immunofluorescence images of cross-section of mouse retinae treated 
with Alu RNA. Slides were stained with indicated antibodies. Scale bars: 50 µm. CC: 
choriocapillaris; RPE: retinal pigmented epithelium; SRS: subretinal space; ONL: outer 
nuclear layer (b) CNV volume quantification 7 days post laser injury and Alu RNA SRI 
in LysM-Cre (P=0.03, N=5) and Casp1f/f x LysM-Cre (P=0.91, N=6) mice (two-way 
ANOVA).  
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Figure 2.5: Caspase-1 p20/GFAP immunostaining does not colocalize in CNV lesions  
Representative fluorescent micrographs of WT cryosections labeled with anti-caspase-1 
p20 and anti-GFAP antibodies. Scale bar: 50 µm.  
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Figure 2.6: Representative immunoblot of pro-caspase-1 abundance in BMDM 
whole cell lysate. 
Protein was isolated from WT,  LysM-Cre;Casp1+/+, and LysM-Cre;Casp1loxP/loxP  mice. 
Membranes were probed with an anti-α-tubulin antibody as a loading control. 
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2.4.4 Inflammasome-dependent macrophage migration drives CNV exacerbation 

Based on the observation that inflammasome activation in myelomonocytic cells is 

required for inflammasome-induced CNV aggravation, we sought to assess whether 

inflammasome agonists and constituents affect macrophage recruitment in CNV. We 

quantified Mϕ migration in vivo by measuring the number of F4/80+ cells in Alu RNA-

treated CNV lesions of WT and Nlrp3–/– mice. In the absence of an inflammasome agonist, 

CNV lesions from mice lacking Nlrp3 had similar F4/80+ immunolabeling cell count after 

laser injury compared to wild-type mice (Figure 2.7A). Treatment with Alu RNA induced 

a greater number of CNV-associated F4/80+ cells in WT but not in Nlrp3–/– mice. Taken 

together, these findings suggest that inflammasome activation may mediate CNV 

exacerbation through the recruitment of immune cells. 

To assess the contribution of inflammasome in macrophage recruitment, a Boyden 

chamber assay was used in which WT Mϕ were allowed to migrate towards a 

chemoattractant agent through a permeable support. As anticipated, a VEGF gradient 

stimulated robust MΦ migration (Figure 2.7B). Neither DMSO nor Ac-YVAD-cmk, a 

cell-permeable caspase-1 inhibitor, impaired VEGF-induced chemotaxis, confirming that 

inflammasome inhibition did not affect the VEGF-induced chemotactic response (Figure 

2.7B). Next, we assessed whether inflammasome activation stimulates production of 

chemotactic signals. Conditioned media from Alu RNA-transfected wild-type MΦ 

stimulated chemotaxis to a similar degree as VEGF. However, conditioned media from 

Casp1–/–; Casp11–/– MΦ exhibited no detectable chemotactic activity following Alu RNA 

transfection (Figure 2.7C). Similarly, conditioned media from WT MΦ pretreated with the 

caspase-1 inhibitor Ac-YVAD-cmk no longer exhibited Alu RNA-induced chemotactic 
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activity (Figure 2.7D). These findings indicate that inflammasome activation stimulates 

the production of soluble chemotactic factors.   
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Figure 2.7: Inflammasome activation promotes chemotaxis in peripheral BMDM  
(a) Macrophage number quantification after 3 days post laser injury and Alu RNA SRI in 
WT (P=0.03, N=7) and Nlrp3–/– (P=0.85, N=7, two-way ANOVA). (b) Relative 
migration of WT BMDM toward the following chemoattractants: VEGF, VEGF + 
DMSO, VEGF + Ac-YVAD-cmk (P<0.001 compared to untreated cells, N=4, ordinary 
one-way ANOVA with Tukey’s multiple comparisons test). (c) Relative migration 
quantification of Alu RNA-transfected WT BMDM conditioned media (P<0.01, N≥8) and 
Alu RNA-transfected Casp1–/– BMDM (P=0.97, N≥4, ordinary one-way ANOVA with 
Tukey’s multiple comparisons test). (d) Relative migration of WT BMDM with the 
following conditioned media as chemoattractant: Alu RNA-transfected WT BMDM 
(P<0.01); untransfected WT BMDM pretreated with Ac-YVAD-cmk (P=0.24); Ac-
YVAD-cmk pretreated, Alu RNA-transfected WT BMDM (P=0.43, N=4, ordinary one-
way ANOVA with Tukey’s multiple comparisons test).  
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2.4.5 Inflammasome-induced macrophage migration is mediated by interleukin-1 beta 

(IL-1β) 

We sought to identify the inflammasome-dependent chemotactic factor responsible 

for macrophage migration. We focused on IL-1β as transfection of Alu RNA in WT MΦ 

induces its robust secretion55 and it possesses chemotactic activity73. Conditioned media 

from Alu RNA-transfected WT BMDM incubated with an IL-1β neutralizing antibody 

(nAb) significantly inhibited WT BMDM chemotaxis (Figure 2.8A). Consistent with a 

putative role in CNV, we detected robust Il1b mRNA expression that colocalized with 

Adgre1 mRNA (encoding the Mϕ marker F4/80) in CNV lesions of Alu RNA-treated eyes 

(Figure 2.8B). Intravitreous administration of an IL-1β nAb reduced Mϕ accumulation 

(Figure 2.8C) and day three CNV volume (Figure 2.8D) in Alu RNA-treated eyes. We 

sought to determine whether combined administration of nAbs targeting Vegfa and IL-1β 

reduced CNV volumes in an additive manner. Intravitreous administration of nAbs against 

either Vegfa or IL-1β reduced day seven CNV volumes (Figure 2.9). Combined 

administration of low dose Vegfa nAb (1 ng) and IL-1β nAb reduced CNV volume to a 

greater extent than low dose Vegfa nAb alone; interestingly, combined administration of 

high dose Vegfa nAb (5 ng) and IL-1β nAb had no further reductive effect compared to 

high dose Vegfa nAb alone (Figure 2.9). These findings suggest that while the effects of 

Vegfa and IL-1β inhibition appear to overlap, combining these two treatments may result 

in some increased therapeutic effect under specific conditions.   
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Figure 2.8: IL-1β neutralization reduces Alu RNA-induced chemotaxis, macrophage 
accumulation, and laser CNV exacerbation.  
(a) Relative migration of Alu RNA-transfected WT BMDM conditioned media pretreated 
with either IgG (P < 0.01) or IL-1β neutralizing antibody (P < 0.01, N = 4, ordinary one-
way ANOVA with Tukey’s multiple comparisons test). (b) Representative images of Alu 
RNA-treated laser CNV lesions hybridized with probes against Il1b and Adgre1. Scale 
bar: 50 μm. CC: choriocapillaris; RPE: retinal pigmented epithelium; SRS: subretinal 
space; ONL: outer nuclear layer; INL: inner nuclear layer (c) Macrophage number and 
(d) CNV volume quantification after 3 days post laser injury and Alu RNA subretinal 
injection with either 500 ng IgG1 or IL-1β neutralizing antibody (P < 0.001, N = 8–10) 
  



 42  

 
Figure 2.9: Combined administration of high-dose Vegfa nAb and IL-1β nAb does not further reduce 
CNV volume.  
CNV volumes quantified 7 days post-laser injury, Alu RNA subretinal injection, and intravitreous 
administration of Vegfa neutralizing antibody with or without IL-1β neutralizing antibody. 
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Mϕ inflammasome activation and IL-1β production could conceivably promote 

angiogenesis in two non-mutually exclusive ways. First, inflammasome agonists enhance 

Mϕ ingression (Figure 2.7A), which may be sufficient to drive increased angiogenesis. In 

addition, an inflammasome agonist could enhance the angiogenic potential of ingressed 

Mϕ. To test these concepts, an ex vivo choroidal sprouting assay was used as previously 

described74,75. Three days after seeding choroid pieces from WT mice in growth factor-

reduced Matrigel, an equal number of mock- or Alu RNA-transfected BMDM were added 

to each developing sprout and sprout size was quantified on day six. Consistent with 

previous reports75, adding BMDM led to enhanced choroidal sprouting (Figure 2.10). 

However, Alu RNA-transfected BMDM did not further exacerbate sprout growth 

compared to mock-transfected BMDM (Figure 2.10). We interpret this finding to mean 

that inflammasome activation does not enhance the intrinsic angiogenic potential of 

BMDM but rather exacerbates angiogenesis by increasing the extent of Mϕ ingression. 
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Figure 2.10: Representative phase-contrast images of choroid vessel sprouts.  
Sprouts were seeded with either no BMDM (top), mock-transfected (middle) or Alu 
RNA-transfected (bottom) BMDM. (b) Quantification of choroid sprouts from (a). N=10-
11. Scale bar: 500 µm. 
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2.5 Discussion 

We report a new method by which to interrogate the consequences of 

inflammasome activation in pathological neovascularization using experimental laser 

CNV. Immediately following laser thermal injury, subretinal administration of several 

inflammasome agonists exacerbated CNV volume in WT mice. This effect was abrogated 

by genetic deletion and pharmacological inhibition of the inflammasome activator P2X7, 

constituents of the NLRP3 inflammasome, and the adaptor MyD88. To assess the role of 

macrophage inflammasome in CNV, myeloid-specific caspase-1 knockouts underwent Alu 

RNA subretinal injection post-laser injury and demonstrated significantly less lesion 

volume and F4/80+ macrophage recruitment. We also observed inflammasome activation 

that colocalized to F4/80+ macrophages within the lesion site in retinal cryosections. To 

assess the role of inflammasome-mediated cytokine production in macrophage chemotaxis, 

conditioned media from Alu RNA-transfected WT and caspase-1/11–/– BMDM was used 

as the chemoattractant in a transwell migration assay. Conditioned media from transfected 

WT, but not caspase-1 deleted,  BMDM induced chemotaxis in WT BMDM, suggesting a 

soluble factor arising from inflammasome activation to be the mediator of chemotaxis. 

The downstream effects of inflammasome activation in mediating angiogenesis are 

context specific. Whereas the work presented here as well as previous work from our group 

76 and others 77 suggest a pro-angiogenic role of inflammasome activation, NLRP3 

inflammasome activation has been reported to possess anti-angiogenic properties in models 

of hindlimb ischemia78,79 and ocular herpes simplex virus 1 infection80. Inflammasome 
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activation in macrophages was critical to the Alu RNA-exacerbated laser CNV phenotype, 

possibly due to the synergistic role of VEGF and IL-1β in promoting angiogenesis73.  

The findings presented here suggest an experimental approach to help bridge the 

disparate observations that, while inhibition of inflammasome constituents does not affect 

experimental laser CNV development, they significantly contribute to the development of 

CNV in several spontaneous mouse models. By simultaneously inducing CNV and 

administering inflammasome agonists, it is possible to assess how inflammasome 

activation directly contributes to CNV development. This model however is not without 

limitations, as the experimental laser CNV method is an injury-based approach to studying 

pathological ocular neovascularization. The extent to which findings apply to other ocular 

neovascular settings, such as CNV in human AMD or in pathologic myopia requires more 

investigation. Still, these findings along with previous reports on the role of inflammasome 

in spontaneous CNV51,76 support the idea that inflammasome activation promotes 

pathological angiogenesis.  

This study also adds pathological angiogenesis to the catalog of retinal pathologies 

in which inflammasome is implicated, which previously included RPE cell death, retinal 

degeneration, and neurovascular dysfunction in diabetes31,81,82. By implicating 

inflammasome directly in pathological angiogenesis, our findings support further 

investigation into inflammasome as a therapeutic target for pathological angiogenesis in 

retinal diseases such as AMD, diabetic retinopathy, and retinopathy of prematurity, as well 

as in other contexts of pathological angiogenesis such as cornea and solid tumors
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Chapter 3:  Voluntary exercise suppresses choroidal neovascularization in mice 

This chapter is a modified version of the previously published article: 

Makin RD*, Argyle DA*, Hirahara S, Nagasaka Y, Zhang M, Yan Z, Kerur N, Ambati J, 
Gelfand BD. Voluntary exercise suppresses choroidal neovascularization in mice. Invest 
Ophthalmol Vis Sci. 2020;61(5):52. https://doi.org/10.1167/iovs.61.5.52 

3.1 Abstract 

Purpose: To determine the effect of voluntary exercise on choroidal neovascularization 
(CNV) in mice. 

Methods:  Age- and sex-matched wild-type C57BL/6J mice were housed in cages 
equipped with or without running wheels. After four weeks of voluntary running or 
sedentariness, mice were subjected to laser injury to induce CNV. Following surgical 
recovery, mice were placed back in cages with or without exercise wheels for 7 days. CNV 
lesion volumes were measured by confocal microscopy. The effect of wheel running only 
in the 7 days following injury was also evaluated. Macrophage abundance and cytokine 
expression were quantified. 

Results: In the first study, exercise-trained mice exhibited a 45% reduction in CNV volume 
compared to sedentary mice. In the replication study, a 32% reduction in CNV volume in 
exercise-trained mice was observed (P=0.029). Combining these two studies, voluntary 
exercise was found to reduce CNV by 41% (P=0.0005). Exercise-trained male and female 
mice had similar CNV volumes (P=0.76). The daily running distance did not correlate with 
CNV lesion size. Exercise only after the laser injury without a preconditioning period did 
not reduce CNV size (P=0.41). CNV lesions of exercise-trained mice also exhibited 
significantly lower F4/80+ macrophage staining and Vegfa and Ccl2 mRNA expression.  

Conclusions: These findings provide the first experimental evidence that voluntary 
exercise improves CNV outcomes. 
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3.2 Introduction 

Pathological neovascularization underlies dozens of vision-threatening diseases 

including age-related macular degeneration (AMD), corneal neovascularization, glaucoma, 

diabetic retinopathy, and retinopathy of prematurity. Although intraocular anti-VEGFA 

therapies are a clinical success, they are not a panacea. For example, 12-25% of 

neovascular AMD patients, representing hundreds of thousands of individuals in the U.S83, 

have 20/200 vision or worse despite treatment84–86. Prolonged exposure to anti-VEGFA is 

accompanied by loss of initial visual acuity gains87–90, and a significant portion of anti-

VEGFA-exposed eyes develop untreatable central retinal atrophy86,91. Moreover, between 

2013 and 2015, 3.75 million doses of FDA approved anti-VEGFA drugs were administered 

in the U.S., costing patients, taxpayers, insurers, and providers approximately $7.5B84. 

Thus, there is a compelling need for new, inexpensive anti-angiogenic strategies that can 

target the molecular drivers of neovascularization.  

Physical activity is a non-invasive, patient-controlled, and inexpensive intervention 

that improves numerous health outcomes both in healthy people and in those suffering from 

diverse clinical conditions (systematically reviewed in 92,93). In contrast to prevalent 

conditions such as diabetes94, cardiovascular disease95,96, and neurocognitive disease97, the 

relationship between exercise and AMD is far less established. Numerous epidemiological 

studies have attempted to characterize this impact, with the majority reporting a positive 

influence of physical activity on AMD and related outcomes (e.g. large macular drusen)98–

114. A recent systematic meta-analysis of nine studies on exercise and AMD in White 

subjects found that physical activity was associated with modest reduction in early AMD 

(odds ratio 0.92; 95% confidence interval (CI), 0.86-0.98) and a dramatic reduction in late 
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AMD (odds ratio 0.59; CI, 0.49-0.72)115. Together, these findings suggest that physical 

activity may represent a significant modifiable risk factor for AMD.  

Here, we sought to examine the effects of voluntary wheel running, a physiological 

model of endurance exercise in mice, on laser photocoagulation-induced CNV in a rigorous 

and controlled experimental setting.  
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3.3 Materials and Methods 

3.3.1 Mice 

All animal protocols were approved by the Institutional Animal Care and Use 

Committee of the University of Virginia. Animal studies adhered to the ARVO Statement 

for the Use of Animals in Ophthalmic and Vision Research. Male and female C57BL/6J 

mice were housed in temperature-controlled (21°C) cages in a pathogen-free room with a 

12:12-h light-dark cycle and free access to water and normal chow.  

3.3.2 Voluntary running 

Voluntary wheel running has been widely used to induce physiological adaptations 

including muscle fiber transformation, angiogenesis, mitochondrial biogenesis, and 

mitophagy with significantly improved physiological and metabolic functions and 

protection against chronic diseases116–122. A voluntary regimen allows mice to exercise 

during their normal active dark cycle123–125, which would be disrupted by forced exercise 

regimens, such as treadmill running and swimming . Forced exercise is reported to cause 

acute and chronic stress responses that can manifest systemically126–129 and may confound 

results. Finally, perhaps because of these issues, direct comparison of voluntary and forced 

exercises has found voluntary exercise superior in improving other pathological 

phenotypes130–132. Voluntary running was conducted as established previously122. Briefly, 

mice in the exercise group were housed individually in cages equipped with running wheels 

and sedentary mice were housed in cages not equipped with running wheels. Daily running 

was recorded via a computerized monitoring system, as described in previous studies116,118.  
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3.3.3 Laser photocoagulation-induced choroidal neovascularization 

Laser photocoagulation (532 nm, 180 mW, 100 ms, 75 μm) (OcuLight GL; IRIDEX 

Corp., Mountain View, CA, USA) was performed bilaterally (4 spots per eye) on day 0 to 

induce CNV as previously described133. Irrespective of the exercise protocol, mice were 3 

months old at the time of laser injury. 

3.3.4 CNV volume and F4/80 labeling 

Following laser injury, mice were euthanized, eyes were enucleated and fixed with 

4% paraformaldehyde for 30 minutes at 4°C. Eyecups were incubated with 0.7% FITC-

isolectin B4 (Vector Laboratories, Burlingame, CA, USA), and R-phycoerythrin-

conjugated anti-F4/80 (Bio-Rad, Hercules, CA, USA) and the flat mounts of RPE-choroid-

sclera were mounted in antifade medium (Immu-Mount Vectashield Mounting Medium; 

Vector Laboratories). CNV volume was visualized using a scanning laser confocal 

microscope (Nikon AR1, Nikon Instruments). Volumes were quantified using Image J 

software (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes 

of Health, Bethesda, MD, USA) as previously reported133. F4/80 labeling was quantified 

by densitometry of the F4/80 signal in the maximum z-projection of the CNV lesion.   

3.3.5 Fluorescent in situ hybridization 

Enucleated mouse eyes were embedded in optimal cutting temperature (OCT) 

medium (Sakura Finetek USA, Torrance, CA) and snap frozen in liquid nitrogen-

supercooled isopentane.  7 µm-thick sections were hybridized with RNAscope probes for 

Ccl2 (ID: 311791), Il6 (ID: 315891), and Vegfa (ID: 412261) according to manufacturer’s 

instructions (ACDBio, Newark, CA). Sections were mounted in Invitrogen™ ProLong™ 
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Gold Antifade Mountant with DAPI (Thermo Scientific, Waltham, MA) and imaged on a 

Nikon A1R inverted confocal microscope (Nikon Instruments Inc., Melville, NY). 

Quantification of absolute transcripts was performed in ImageJ. The integrated density of 

an individual punctum was measured as the first peak in the intensity histogram of each 8-

bit greyscale image, thresholded to reduce background. Then, the following equation was 

used to calculate the total number of transcripts: 

∑ "#$%&'($%)	)%#+"$,
(-%'(&%	"#$%#+"$,	./	+"#&0%	).$

	𝑥	𝑎𝑟𝑒𝑎	𝑜𝑓	𝑖𝑚𝑎𝑔𝑒	𝑥	𝑠𝑒𝑐𝑡𝑖𝑜𝑛	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠. 
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3.4 Results  

3.4.1 Effect of voluntary exercise on CNV in mice 

The first study design is depicted in Figure 3.1A. Age- and sex-matched wild-type 

C57BL/6J mice were singly housed in cages equipped with or without running wheels 

(N=3 male sedentary, N=3 female sedentary, N=3 male exercise, N=3 female exercise). 

After four weeks of voluntary running, mice were anesthetized and subjected to laser injury 

to induce CNV. Following surgical recovery, mice were placed back in cages with or 

without exercise wheels for seven days, at which time animals were euthanized and CNV 

lesions were analyzed. Seven days after injury was selected as an endpoint because the 

lesion is sufficiently large to measure accurately and the lesion is actively expanding, with 

a peak volume occurring at 14 days134, allowing us to quantify pathology in a state that is 

both established and expanding.  

In total, N=40 CNV lesions from sedentary and N=48 lesions from exercise-trained 

mice were included for analysis in Study 1. One mouse in the sedentary group was excluded 

because the procedure failed, possibly due to its poor health. We observed a 45% reduction 

in CNV volume in exercise-trained mice compared to sedentary mice (P=0.017 by two-

tailed Mann-Whitney U test, Figure 3.1B). Exercise-trained male and female mice had 

similar CNV volumes (P=0.99, Figure 3.1C). We did not find a significant difference in 

body weights of exercise or sedentary mice (25.1 ± 0.8 g vs. 25.5 ± 1.1 g, P=0.76). We 

conducted a replication study of similar design, with the exception that sedentary mice 

were not individually housed, as CNV volumes from individually housed mice were not 

significantly different from group-housed mice as established in prior studies. In the 

replication study, an additional N=25 CNV lesions from sedentary mice and N=19 CNV 



 54  

lesions from exercise-trained mice were analyzed. In this second study, we again observed 

a reduction in CNV volumes in exercise-trained compared to sedentary mice (P=0.029, 

Figure 3.1D). Combining these two studies, voluntary exercise was found to reduce CNV 

by 41% (P=0.0005, Figure 3.1E).  

  



 55  

 
Figure 3.1: Exercise trained mice develop less CNV than sedentary mice, 
independent of sex  
(A) Study design for Studies 1 and 2: C57BL/6J mice were housed with (voluntary wheel 
running) or without (sedentary) an exercise wheel for 28 days. After laser 
photocoagulation on day 29, mice were returned to their respective cages for seven days. 
(B) CNV volume in sedentary and exercise-trained mice in Study 1.  (C) CNV volume in 
exercise-trained male and female mice (P=0.99, Mann-Whitney U test). (D) CNV volume 
in sedentary and exercise-trained mice in Study 2. (E) CNV volumes from Studies 1 and 
2 combined. N=65 sedentary, N=67 exercise. *P<0.05, **P<0.01. 
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3.4.2 Dose effect of wheel running on CNV  

Throughout both studies, mice with exercise wheels traveled an average of 8.2 

km/day, comparable to C57BL/6J in previous studies135,136. Quantifying the relationship 

between running activity and CNV volume in individual mice, the average daily distance 

traveled did not correlate strongly with CNV volume (R=-0.11, P=0.80, Figure 3.2A). 

Daily distance traveled was significantly greater in mice prior to laser photocoagulation 

surgery (P=0.03 by two-tailed paired Student’s t-test). Neither the daily distance traveled 

prior to nor after surgery significantly correlated with CNV volume(Figure 3.2B, C), 

though there was a slight negative relationship between post-surgery run distance and CNV 

volume that did not reach statistical significance (R=-0.21, P=0.64, Figure 3.2C).  
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Figure 3.2: CNV volume is not dependent on distance traveled 
(A) The average CNV volume of each mouse plotted against its average distance traveled 
throughout the duration of the experiment. Arrow on y-axis denotes the average CNV 
volume in sedentary mice. (B) The average CNV volume of each mouse plotted against 
its average distance traveled prior to laser photocoagulation surgery. (C) The average 
CNV volume of each mouse plotted against its average distance traveled after laser 
photocoagulation surgery. 
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3.4.3 Effect of post-injury voluntary exercise on CNV in mice 

We sought to determine whether exercise undertaken concurrent with pathology, 

without pre-injury preconditioning, was sufficient to improve CNV outcomes. To isolate 

the effects of post-injury exercise, a second study design was conducted as depicted in 

Figure 3.3A. Here, mice were allowed a brief three-day acclimation period with the 

exercise wheel, followed by laser injury to induce CNV, and then permitted to exercise 

throughout the recovery period with or without exercise wheels. Once again, a replication 

study of similar design was performed. In the first of two independent post-injury exercise 

trials (Study 3), a total of N=44 CNV lesions from sedentary and N=45 lesions from post-

injury exercise-trained mice were included for analysis. We observed a 21% reduction in 

CNV volume in exercise-trained mice compared to sedentary mice, though this effect did 

not achieve statistical significance (P=1.0 by two-tailed Mann-Whitney U test, Figure 

3.3B). In a replication study of similar design (Study 4), an additional N=54 CNV lesions 

from sedentary mice and N=23 CNV lesions from exercise-trained mice were analyzed. In 

this second study, we again observed a non-significant reduction in CNV volumes in 

exercise-trained compared to sedentary mice (8% reduction, P=0.32, Figure 3.3C). 

Combining these two studies, post-injury exercise did not significantly reduce CNV 

(P=0.41, Figure 3.3D).  
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Figure 3.3: Post-injury exercise does not affect CNV development 
(A) Study design for Studies 3 and 4: C57BL/6J mice were housed with or without an 
exercise wheel for 3 days to acclimate. Then, mice were subjected to laser 
photocoagulation surgery and returned to their respective cages for seven (Study 3) or six 
days (Study 4). (B) CNV volume in sedentary and post-injury, exercise-trained mice in 
Study 3. N=44 sedentary, N=45 post-injury, exercise-trained, P=1.0 by Mann-Whitney U 
test. (C) CNV volume in sedentary and post-injury, exercise-trained mice in Study 4. 
N=54 sedentary, N=23 post-injury, exercise-trained. P=0.32 by Mann-Whitney U test. 
(D) CNV volumes from Studies 3 and 4 combined. P=0.41 by Mann-Whitney U test. 
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3.4.4 Reduced F4/80+ cells and cytokine transcription in CNV in exercise-trained mice 

Immune cells, including macrophages (Mϕ), are prevalent in human CNV137–140 

and critically contribute to experimental CNV42,141,142. We quantified the effect of exercise 

training on immune cell infiltration in CNV seven days after injury by measuring F4/80 

immunolabeling in RPE/CNV whole mounts. In mice undergoing pre- and post-injury 

exercise, we observed a dramatic 72% reduction in F4/80 positive staining in the CNV 

lesions of exercise-trained mice compared with sedentary mice (P=0.037, Figure 3.4A). 

Additionally, we utilized in situ hybridization to quantify the absolute number of transcripts 

of angiogenic cytokines in CNV lesions of exercise-trained and sedentary mice. In exercise 

trained eyes, we observed a 38% reduction in Vegfa mRNA (P=0.012 by two tailed t-test) 

and 71% reduction in Ccl2 mRNA (P=0.021) in CNV lesions of exercise-trained eyes 

compared to lesions from sedentary mice (Figure 3.4B). We also observed a 32% reduction 

in Il6 mRNA in lesions of exercise-trained eyes, though this was not statistically significant 

(P=0.18). 
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Figure 3.4: Voluntary exercised-trained mice and macrophage infiltration in CNV 
(A) Fluorescent micrographs of choroid-RPE sclera flat mounts from sedentary (top) and 
exercise-trained (bottom) mice seven days after laser injury. Isolectin-B4 depicted in 
green in overlay and F4/80 depicted in red in overlay. Quantification of F4/80+ staining 
depicted at right. N=14 lesions from sedentary and N=15 from exercise-trained mice 
(following the protocol in Figure 1A). (B) Representative images (top) and quantification 
(bottom) of in situ hybridization of mRNA in retina of sedentary and exercise-trained 
mice (following the protocol in Figure 1A) seven days after laser injury. N=3 lesions per 
condition. *P<0.05 by two-tailed student’s t-test. 
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3.5 Discussion 

This study provides the first experimental evidence on the influence of physical 

activity on CNV, supporting the findings of epidemiologic studies reporting beneficial 

effects of exercise on AMD-related pathologies. The dose effect of exercise was modest 

and did not achieve statistical significance. We interpret these findings to mean that the 

amount of exercise undertaken in this experimental design exceeded the threshold to 

achieve the maximal effect. Limiting exercise training to the CNV lesion growth period 

did not significantly reduce lesion size. We interpret this finding to mean that exercise 

preconditioning prior to the initiation of CNV is necessary to achieve a salutary effect.  

In contrast to CNV, prior studies in mice report that exercise promotes angiogenesis 

and vascularity in skeletal muscle112, brain138, and subcutaneous adipose tissue139. It 

appears that the mechanisms by which exercise affects blood vessel homeostasis in these 

tissues may differ from CNV. We observed that lesions of exercise-trained mice exhibited 

reduced F4/80+ labeling and cytokine expression, suggesting that exercise may impart 

immunomodulatory effects. Indeed, exercise has been shown to ameliorate macrophage 

mobilization in a murine aging model143 and in high-fat diet-induced inflammation144–146. 

Whether reduced immune cell recruitment is a driver of the beneficial effects of voluntary 

exercise on CNV is an important avenue of future study, as is identifying molecular 

intermediates of this effect.  

Voluntary exercise induces a variety of systemic changes that may modulate CNV 

size, including food consumption and plasma cholesterol. Interestingly, short-term 

voluntary exercise is reported to induce an anorexic effect in mice, with reduced food 
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consumption145,147 while prolonged voluntary wheel running increases food 

consumption148,149. Voluntary exercise is reported to lower plasma triglycerides in 

humans150 and triglycerides and cholesterol turnover in mice151.  

Prior studies have found that voluntary exercise does not affect fasting blood 

glucose levels in normal, non-diabetic mice152,153. We found no significant difference in 

body weights of exercise and sedentary mice. Therefore, we find it unlikely that blood 

glucose or body weight per se are responsible for the effect of exercise on CNV we 

observed. The extent to which these exercise-modifiable biomarkers correlate with CNV 

lesion size is an important avenue of future study.  

Apart from our findings in CNV, exercise has also been reported to prevent retinal 

degeneration in normal aged mice154,155, in light-induced retinal degeneration156, and in a 

light injury model of retinitis pigmentosa157. Thus, the beneficial effects of exercise on the 

retina may extend beyond suppressing pathological angiogenesis.  

A recent study found that Korean men, but not women, self-reporting five or more 

sessions of vigorous exercise per week were significantly more likely to develop 

neovascular AMD (hazard ratio, 1.54; CI, 1.15-2.06)158. However, limitations in the 

methodology of this study include survival bias of the low physical activity cohort (‘left 

truncation’), and potential disproportionate underreporting of neovascular AMD in the 

non-active group159. Other studies have also reported marginal positive associations 

between physical activity and risk of developing AMD160,161. It should also be noted that 

the definitions of “adequate”, “moderate”, “strenuous” and “vigorous” physical activity are 

non-uniform between studies. In general, it is challenging to draw conclusions from 
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epidemiologic studies of this nature due to the potential unreliability of questionnaire-based 

data162 and the confounding effects that vision loss may have on the amount and type of 

exercise an individual undertakes163. Thus, the continued study of exercise on AMD-

relevant phenotypes in experimental models may provide clarity as to the nature of the 

effect and mechanistic drivers of physical activity in this condition.  

Physical activity may be a low-cost, effective, and non-invasive treatment option 

in the prevention with several eye diseases, including AMD. Identifying the molecular 

mediators that couple physical activity and CNV is an important avenue of research to 

understand the relationship between this complex modifiable risk factor and retinal disease. 

This study presents an experimental platform from which such investigations may be 

undertaken in future studies. The translational relevance of this study must be considered 

in the context of the limitations of mouse voluntary wheel running as a model for human 

exercise and laser photocoagulation as a model of CNV in human patients. Ultimately, the 

extent to which exercise proves beneficial for humans suffering with or at risk of 

developing CNV must be tested in the context of controlled, prospective clinical trials.
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Chapter 4:  RF/6A chorioretinal cells do not display key endothelial phenotypes 

This chapter is a modified version of the previously published article: 

Makin RD, Apicella I, Nagasaka Y, Kaneko H, Turner SD, Kerur N, Ambati J, Gelfand 
BD. RF/6A chorioretinal endothelial cells do not display key endothelial phenotypes. 
Invest Ophthalmol Vis Sci. 2018;59:5795-5802.  

4.1 Abstract  

Purpose: The misuse of inauthentic cell lines is widely recognized as a major threat to the 
integrity of biomedical science. Whereas the majority of efforts to address this have 
focused on DNA profiling, we sought to anatomically, transcriptionally, and functionally 
authenticate the RF/6A chorioretinal cell line, which is widely used as an endothelial cell 
line to model retinal and choroidal angiogenesis. 

Methods: Multiple vials of RF/6A cells obtained from different commercial distributors 
were studied to validate their genetic, transcriptomic, anatomic, and functional fidelity to 
bona fide endothelial cells.  

Results: Transcriptomic profiles of RF/6A cells obtained either de novo or from a public 
data repository did not correspond to endothelial gene expression signatures. Expression 
of established endothelial markers were very low or undetectable in RF/6A compared to 
primary human endothelial cells. Importantly, RF/6A cells also did not display functional 
characteristics of endothelial cells such as uptake of acetylated LDL, expression of E-
selectin in response to TNF-α exposure, alignment in the direction of shear stress, and AKT 
and ERK1/ 2 phosphorylation following VEGFA stimulation.  

Conclusions: Multiple independent sources of RF/6A do not exhibit key endothelial cell 
phenotypes. Therefore, these cells appear unsuitable as surrogates for choroidal or retinal 
endothelial cells. Further, cell line authentication methods should extend beyond genomic 
profiling to include anatomic, transcriptional, and functional assessments.
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4.2 Introduction 

The vessels of the choroid and retina nourish the outer and inner retina respectively. 

Dysfunction, aberrant growth, and involution of the endothelial cells lining these vessels 

are of critical importance to diverse ophthalmic conditions, including the most common 

causes of untreatable blindness, namely choroidal neovascularization in neovascular age-

related macular degeneration (AMD)39, choroidal involution in atrophic AMD164, and 

retinal vessel proliferation in proliferative diabetic retinopathy and leakage in diabetic 

macular edema (DME)165. Collectively, chorioretinal vascular instability affects the vision 

of over 56 million people worldwide166,167. As evidence of the broad recognition of their 

role in human vision diseases, numerous cell-based models have been adopted to further 

understanding of the physiology and pathophysiology of choroidal and retinal endothelial 

cells. 

RF/6A cells, described in the literature as “chorioretinal endothelial cells”, are 

among the most prevalent in vitro choroidal and retinal endothelial cell model employed 

in the literature. Originally isolated in 1968 from a crude choroid-retina preparation of a 

rhesus macaque fetus in mid-gestation, these spontaneously transformed cells were 

established as endothelial cells by virtue of their cobblestone morphology, positivity for 

VWF, and presence of Weibel-Palade bodies (WPB), an endothelial-specific organelle168. 

The investigators that established this cell line reported that after over 500 passages, VWF 

expression was reduced or absent, but that these cells retained WPB and morphological 

characteristics of endothelial cells. Since that time, RF/6A have been widely adopted to 

model angiogenesis, cell differentiation, and responses to various drug and environmental 

treatments in the choroid and retina. 
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Despite their widespread use, a rigorous and contemporary characterization of the 

endothelial cell properties of RF/6A cells has not been reported. Here, we report that 

commercially distributed RF/6A cells lack essentially all classic endothelial cell markers 

and numerous functional behaviors. These findings assume broad importance for the 

research community that utilizes RF/6A cells to model the vascular biology and pathology 

of the choroid and retina. 
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4.3 Materials and Methods 

4.3.1 Cells and reagents 

All cells were maintained in a sterile humidified incubator at 37°C in 5% 

atmospheric CO2. We used RF/6A purchased on four separate occasions ( 
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Table 4.1). RF/6A-1 and -3 were cultivated in Dulbecco’s Modified Eagle Media, 

as in169. RF/6A-2 were cultivated in Eagle’s Modified Essential Media, as recommended 

by ATCC. RF/6A-4 were cultivated in RPMI 1640 as recommended by RIKEN BRC. All 

basal media formulations were supplemented with 10% heat-inactivated fetal bovine serum 

and 100 U/mL penicillin and 100 U/mL streptomycin. Human umbilical vein endothelial 

cells (HUVEC) and primary mouse microvascular retinal endothelial cells (mREC, isolated 

from C57BL/6) were purchased from Lonza and Cell Biologics, respectively, and grown 

on gelatin coated plastic dishes in Vascular Cell Basal Medium supplemented with the 

Endothelial Cell Growth Kit-VEGF (EGM, ATCC). Primary human microvascular retinal 

endothelial cells (HREC) were purchased from Cell Systems, grown on plastic dishes 

coated with Attachment Factor in Complete Classic Medium Kit with Serum as 

recommended by the manufacturer. Primary cells were used at or below passage 7. Cells 

were stimulated with recombinant human TNF-α (Peprotech), and recombinant human 

VEGFA-165 (R&D Systems). 
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Table 4.1: Details of RF/6A cells used in this study 
 

Purchased From Purchase Date Lot# 
Deposit 
Year 

Passage at 
Deposition 

-1 ATCC August 2017 700791 2016 34 
-2 ATCC April 2018 700791 2016 34 
-3 ATCC May 2015 60281248 2011 33 
-4 RIKEN BRC April 2018 3 1999 9 

 

4.3.2 RNA isolation, library construction, and sequencing 

Total RNA was isolated from RF/6A using the RNeasy Micro Kit (Thermo Fisher) 

according to the manufacturer’s specifications. RNA quality was confirmed by Agilent 

Bioanalyzer (Agilent Technologies). Library construction and sequencing (50 bp single-

end) were performed by BGI on a BGISEQ-500 sequencing platform. Raw sequencing 

data is available in the Gene Expression Omnibus at accession GSE113674. Reads were 

assessed for quality using FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/). Transcript 

abundance was quantified using Salmon170 followed by importing and summarizing 

transcript abundances to the gene level as previously described171. The DESeq2 

Bioconductor package172 in the R statistical computing environment173 was used for 

normalizing count data, performing exploratory data analysis including principal 

components analysis clustering, estimating dispersion, and fitting a negative binomial 

model for each gene to assess genes for differential expression. After obtaining a list of 

differentially expressed genes, log fold changes, and p-values, the Benjamini-Hochberg 

False Discovery Rate procedure was used to correct p-values for multiple testing. 
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4.3.3 Real-time quantitative PCR analysis 

For HUVEC, HREC, RF/6A-1, -2, and -3, total RNA was collected using the 

RNeasy Micro kit (Qiagen) and DNase treated and reverse transcribed using QuantiTect 

(Qiagen). For RF/6A-4, RNA was isolated using RNeasy Mini kit (Qiagen), and reverse 

transcribed using ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO). 

Diluted cDNA was amplified by quantitative real-time PCR (qPCR) (Applied Biosystems) 

with Power SYBR Green Master Mix (Thermo Fisher). The qPCR cycling conditions were 

50°C for 2 minutes, 95°C for 10 minutes, followed by 40 cycles of a two-step amplification 

program (95°C for 15 seconds and 58°C for 1 minute). Relative expression of target genes 

was determined by the 2−ΔΔCt method. cDNA from unstimulated HUVEC was used to 

calculate PCR efficiency for CDH5 and VWF primers, and cDNA from TNF-α-stimulated 

HUVEC and RF/6A were used to calculate PCR efficiency of E-selectin and d primer sets. 

Oligonucleotide primers sequences are described in Table 4.2
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Table 4.2: qPCR primer sequences used in this study 
Species Target Forward (5’®3’) Reverse (3’®5’) 
Hs & 
Mm 

PECAM1 GCCTGCAGTCTTCACTCTCA TCTTCCCATTTTGCACCGTC 

Hs & 
Mm 

PECAM1 TGCAGTCTTCACTCTCAGGA  CCATTTTGCACCGTCCAGTC 

Hs & 
Mm 

CDH5 CTCATCAGCCTTGGGATAGC  GGGAGCCAGAGGAAGTCTTT 

Hs & 
Mm 

VWF AGGGAAAATCCTGGATGAGC  GCCTGCTGCAGTAGAAATCG 

H. 
sapiens 

SELE GCTCCCACTGAGTCCAACAT TTCCCCAGATGCACCTGTTT 

M. 
mulatta 

SELE CCCACTGAGTCCAACACTCC CTCTAGTTCCCCAGACGCAC 

H. 
sapiens 

B2M CCAACATCAACATCTTGGTCAG ACCACAACCATGCCTTACTTTAT 

M. 
mulatta 

B2M TTTGAGGTATCTGGGCAGCT  CAAGCTTCGAGTGCAAGAGA 

 

4.3.4 Western blotting 

Cells were homogenized in either RIPA buffer (Pierce) supplemented with protease 

inhibitor mixture (Pierce), or directly in 1x Laemmli buffer (Bio-Rad) supplemented with 

β-mercaptoethanol (Sigma). Protein concentrations of RIPA lysates were determined using 

a BCA assay kit (Thermo) with BSA as a standard. Proteins (20-40 μg) were separated on 

a run on 4-20% polyacrylamide Tris-glycine gels (Thermo Fisher) and transferred to PVDF 

membranes. The transferred membranes were blocked for 1 h at room temperature in 

Odyssey Blocking Buffer (LI-COR) and incubated at 4 °C overnight with primary 

antibodies against: human and rhesus PECAM1 (1:500; Abcam JC/70A), human and 

mouse VE-cadherin (1:200, Santa Cruz C-19), phospho-AKT (Ser473) (1:1,000, Cell 

Signaling, 12694S), phospho-ERK1/2 (Thr202/Tyr204) (1:1,000, Cell Signaling, 4370), α-

tubulin (1:5,000, Abcam, ab89984), vinculin (1:1,000, Sigma, V4139), and β-actin 

(1:1,000, Abcam, ab13822). The signals were visualized with an Odyssey imaging system. 
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4.3.5 Immunofluorescent cell labeling 

Cells plated on gelatin-coated glass slides (Nunc Lab-Tek II Chamber Slide 

System) were allowed to attach overnight. Cells were fixed for 20 minutes in 4% PFA 

(Electron Microscopy Sciences), then incubated in blocking solution consisting of 2% 

normal donkey serum, 1% BSA, 0.1% Triton X-100, 0.05% Tween 20, 0.05% sodium 

azide in 1X PBS (w/o Ca2+/Mg2+), pH 7.2 for 30 min, followed by 30 min blocking in 

Protein Block, Serum-free (Dako) + 0.1% Triton X-100. Sheep anti-Rab27a (Thermo 

Fisher) or an equivalent concentration of sheep IgG (Thermo Fisher) was diluted 1:40 in 

donkey serum blocking solution for 1 h at room temperature, followed by Alexa Fluor 488-

conjugated donkey anti-sheep IgG (Thermo). Cells were mounted in ProLong Gold 

Antifade with DAPI (Thermo Fisher) and visualized on an inverted Nikon A1R fluorescent 

microscope. Identical imaging parameters (objective, light intensity, gain, exposure) were 

used between slides and samples. 

4.3.6 Immunohistochemistry 

5 μm paraffin sections from formalin fixed eyes of Macaca fascicularis were 

deparaffinized, hydrated, and subjected to antigen retrieval by trypsin digestion. Sections 

were incubated overnight at 4 °C with anti-PECAM1 (Abcam, JC/70A) diluted 1:50 in 

Antibody Diluent (Dako). Antibody staining was visualized using a streptavidin 

conjugated anti-mouse, VECTASTAIN ABC-AP Kit, and VECTOR Blue Alkaline 

Phosphatase Substrate Kit (all from Vector Labs). 
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4.3.7 Acetylated LDL-uptake 

After an overnight incubation in serum-free medium, 10 μg/mL DiI Acetylated 

LDL (Thermo Fisher, L3484) was added to the culture medium for 4-16 h. Live cells were 

washed in PBS and visualized using a Nikon A1R fluorescent microscope. 

4.3.8 Shear stress stimulation and nuclear alignment analysis 

Cells were seeded into tissue culture-treated 0.4 mm height flow chambers (Ibidi) 

and allowed to reach confluence for three days. Cells were stimulated with shear stress (5 

dyne/cm2) for 48 h at 37 °C, 5% CO2 by perfusing complete cell culture media with a 

peristaltic pump and an inline pulse dampener. Control cells were maintained in static (no 

flow) conditions. Following stimulation, cells were gently washed in PBS, fixed in 4% 

PFA, incubated with Acti-stain 488 phalloidin (Cytoskeleton, Inc.). Slides were filled with 

ProLong Gold Antifade with DAPI (Thermo Fisher) and visualized on an inverted Nikon 

A1R fluorescent microscope. Binarized nuclear images were analyzed using the ImageJ 

ellipse function to quantify the orientation of the nuclear long axis relative to the flow 

direction. A total of 3,500-5,600 nuclei were analyzed per condition. 
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4.4 Results 

4.4.1 Transcriptomic Profiling of RF/6A cells 

Using FastQ screening of high-throughput RNA sequencing, we confirmed that 

RF/6A-1 cells were of M. mulatta origin, with >95% of reads mapping to the rhesus 

macaque genome, of which 22.15% mapped uniquely to the M. mulatta genome, compared 

to human (0.29%), rat, mouse, drosophila, chicken, E. coli, PhiX (all 0%). Next, we sought 

to determine whether the RF/6A transcriptome was consistent with that of endothelial cells. 

As a positive control for bona fide endothelial cell transcriptomes, we analyzed publicly 

deposited RNAseq libraries of human umbilical vein endothelial cells (HUVEC) from a 

separate laboratory and study174. As additional positive controls, we analyzed two separate 

publicly deposited RNAseq libraries of human microvascular retinal endothelial cells 

(HREC)175,176. In addition to our own RNAseq study, we also analyzed transcriptomic 

libraries of unstimulated RF/6A cells deposited into a public database by a separate 

laboratory from an independent study169. 

We also evaluated abundance of individual genes that are established as being 

enriched in endothelial cells (CDH5, ENG, ICAM2, KDR, MCAM, PECAM1, TEK, and 

VWF). As assessed by fragments per kilobase of exon model (FPKM) rank, abundance of 

these transcripts was enriched to a far greater extent in HUVEC174 (mean 99%ile) and 

HREC175,176 (mean 98%ile and 99%ile respectively) than in the RF/6A-1 cells of our study 

(39%ile) or in RF/6A from an independent study169 (44%ile) (Figure 4.1A). 

To confirm these RNAseq findings, we designed two primer pairs that amplify 

sequences of PECAM1 mRNA that share perfect homology between human and rhesus 
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macaque. PECAM1 mRNA abundance was 1,988-120,323-fold lower in RF/6A from four 

sources compared to HUVEC and 11,326-685,439-fold lower compared to HREC (Figure 

4.1B). We next used an antibody that recognizes PECAM1 of both human and non-human 

primate origin (Abcam, JC/70A). Western blotting of HUVEC lysates exhibited strong 

expression of PECAM1 (Figure 4.1C). Conversely, no band was detected in RF/6A lysates 

from any of four sources (Figure 4.1C). We confirmed that nonhuman primate 

endothelium of the choroid and retina express PECAM1 by immunolabeling sections from 

Macaca fascicularis (which shares 100% homology with M. mulatta) with the same 

antibody (Figure 4.1D).  

We also investigated the expression of vascular endothelial cadherin (VE-cadherin, 

encoded by the gene CDH5), which is robustly expressed in normal human choroidal 

endothelium177. In consonance with RNA-seq data, qPCR using a primer pair that 

recognizes a conserved region of human and macaque CDH5, which encodes vascular 

endothelial cadherin (VE-Cad), resulted in undetectable or and at least 590-fold lower 

CDH5 mRNA in RF/6A cells than in HUVEC and 1,424-fold lower than HREC (Figure 

4.1E). Consistent with the lack of robust CDH5 mRNA expression, VE-Cad protein was 

undetectable by immunoblotting in any of four RF/6A cell lines (Figure 4.1F). We 

confirmed that the antibody (Santa Cruz, sc-6458, C-19) was capable of detecting 

evolutionarily conserved portions of the VE-Cad protein by immunoblotting human and 

mouse endothelial cells (Figure 4.1G). Collectively, we interpret these findings to indicate 

that RF/6A do not resemble choroidal and retinal endothelial cells with respect to 

expression of endothelial-specific genes.  
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Figure 4.1: RF/6A cells do not express key endothelial transcripts or proteins 
(A) Average percentile rank of common endothelial cell-enriched genes. 1.00 refers to 
genes expressed approaching the 100th percentile compared to all mapped genes in the 
sample. (B) PECAM1 mRNA abundance by qPCR using two independent primer sets 
that amplify homologous regions of human and rhesus mRNAs. Normalized to B2M. (C) 
Immunoblotting for PECAM1 in HUVEC and RF/6A. Low (left) and high (right) 
exposures shown. (D) Immunohistochemistry of M. fascicularis eye with the JC/70A 
PECAM1 antibody. Reaction product is blue. INL = inner nuclear layer, OPL = outer 
plexiform layer, RPE = retinal pigmented epithelium, CC = choriocapillaris, Sattler = 
Sattler’s layer, Haller = Haller’s layer. (E) Abundance of CDH5 mRNA, which encodes 
for VE-Cadherin (VE-Cad), by qPCR using primers that amplify a homologous region of 
human and rhesus mRNAs. Normalized to B2M. (F) Immunoblotting of VE-Cad in 
HUVEC and RF/6A. Low (left) and high (right) exposures shown. (G) VE-Cad 
immunoblotting of HUVEC, RF/6A-1, and mREC. 
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4.4.2  Weibel-Palade Bodies in RF/6A Cells 

When first described, the endothelial cell origin of RF/6A was ascribed to the 

presence of Weibel-Palade bodies (WPB), an endothelial cell-specific regulated secretory 

organelle that functions in the storage and secretion of von Willebrand factor (VWF), P-

selectin178, tissue plasminogen activator179, and interleukin-8180. Ultrastructural analysis of 

developing181 and pathological182 choroidal vessels demonstrate WPB present within the 

choroidal endothelium of humans. In rhesus monkeys, WPB are reported in retinal 

vessels183 and in choroidal vessels in experimental laser-induced choroidal 

neovascularization184. Primary and immortalized human choroidal endothelial cells are 

also reported to be VWF positive185,186. Thus, bona fide choroidal and retinal endothelial 

cells would be expected to contain WPB. 

VWF is both necessary and sufficient for formation of WPB. Indeed, the 

microstructure of WPB is composed of VWF helices and tubules187. In the original 

description of these cells168, RF/6A cells were reported to retain WPB even at later passages 

despite losing VWF expression. qPCR analysis of VWF mRNA confirmed RNA-seq data 

that expression in RF/6A cells was relatively low (Figure 4.2A). In RF/6A-1-3, VWF 

mRNA was 572-7,441-fold lower than HUVEC and 16,257-211,382-fold lower than 

HREC. Interestingly, VWF mRNA was relatively higher in RF/6A-4, but still ~34-fold 

lower than HUVEC and 971-fold lower than HREC. We next performed transmission 

electron microscopy to visualize WPB. Whereas WPB were readily detected in HUVEC 

and mREC, these structures were absent in RF/6A-1 cells (Figure 4.2B). As a 

complementary approach to visualizing WPB, we performed immunofluorescent labeling 

of the GTPase Rab27a, which localizes to mature WPB188–190, using an antibody that 
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recognizes human, mouse, and rat homologs (Thermo Fisher PA5-47907). Small, rod-

shaped, Rab27a-positive organelles consistent with WPB were readily observed in 

HUVEC (Figure 4.2C). Conversely, WBP-like structures were undetectable in both 

RF/6A-1 and -2 cells, where Rab27a staining was diffuse, consistent with staining observed 

in non-endothelial cells in other studies188. In RF/6A-3 cells, approximately 25% of cells 

exhibited Rab27a staining consistent with WPB, suggesting that the complete loss of this 

endothelial cell-specific characteristic may have occurred relatively recently. Collectively, 

we interpret these findings to indicate that commercially distributed RF/6A cells do not 

robustly express VWF and are not identifiable as endothelial cells based on the presence 

of WPB. 



 81  

 
Figure 4.2: RF/6A cells do not exhibit the endothelial structural protein von 
Willebrand factor  
(A) qPCR analysis of VWF mRNA in HUVEC, HREC, and RF/6A using primers that 
amplify homologous regions of human and rhesus mRNAs. (B) Transmission electron 
micrographs of HUVEC, mREC, and RF/6A-1. Weibel-Palade bodies are long rod-like 
structures, denoted by “W”. Scale bar = 2 μm. (C) Low (top) and high (bottom) 
magnification images of immunofluorescent staining for Rab27a in HUVEC, and RF/6A 
cells. Note rod-like structures corresponding to WPB in HUVEC, which are absent in 
RF/6A-1 and -2, and sporadic in RF/6A-3 . Scale bar in low magnification = 50 μm, in 
high magnification = 10 μm. 
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4.4.3 Functional Endothelial Cell Assays in RF/6A Cells 

We sought to determine whether RF/6A cells exhibited characteristic endothelial 

cell behaviors. Recruitment and trafficking of leukocytes to areas of inflammation are 

critical functions of the endothelium, which is accomplished by expression of a cadre of 

surface receptors. We analyzed the relative expression of the endothelial-specific protein 

E-selectin (encoded by SELE) both basally and in response to TNF-α stimulation in 

comparison to HUVEC. Under basal conditions, RF/6A-1, -2, and -3 expressed 507-, 

1,697, and 748-fold less SELE respectively compared to HUVEC and 336-, 1,125-, and 

496-fold less than HREC (Figure 4.3A). Following stimulation with recombinant human 

TNF-α (50 ng/mL, 4 h), which is biologically active in human and non-human primate, 

SELE expression was 7,130-57,994-fold greater in HUVEC and 107-870-fold greater in 

HREC than in RF/6A cells. TNF-α-stimulation of RF/6A cells resulted in less SELE than 

the levels measured in unstimulated HUVEC and HREC. We interpret these findings to 

mean that RF/6A cells are not a suitable model to study TNF-α-stimulated endothelial 

inflammation. 

Another long established functional behavior of endothelial cells, including an 

immortalized human choroidal endothelial cell line186, is uptake and metabolism of 

acetylated low density lipoprotein (ac-LDL)191. Primary HUVEC and HREC exhibited 

robust ac-LDL uptake. Conversely, RF/6A-1 and -2 cells failed to accumulate ac-LDL in 

detectable levels (Figure 4.3B). We interpret this finding to mean that RF/6A also lack this 

characteristic endothelial cell behavior. 
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Alignment in the direction of blood flow is another widely conserved property of 

endothelial cells. Like most of the vascular tree, human choroidal endothelium aligns 

parallel to the direction of shear stress in situ (Figure 4.3C). Shear stress-induced cell 

alignment is governed by a mechanosensory complex consisting of PECAM1, VE-

cadherin, and VEGF-R2, none of which is robustly expressed in RF/6A (Figure 4.1B). 

Consistent with the lack of mechanosensory constituents, shear stress stimulation did not 

induce RF/6A-1 alignment in the direction of shear stress. Rather, we observed a modest 

but statistically significant realignment of cells perpendicular to the direction of shear 

stress (Figure 4.3D), a phenotype reported in vascular smooth muscle cells192,193, and 

fibroblasts194,195. We interpret this finding to mean that RF/6A are not a suitable model to 

study endothelial-specific responses to fluid shear stress. 

Finally, we next sought to clarify the extent to which RF/6A responded to VEGF 

stimulation by investigating signaling intermediates that are activated by VEGF in 

endothelial cells. Whereas treatment with recombinant human VEGFA-165, which shares 

100% identity with M. mulatta VEGFA, induced rapid and robust phosphorylation of AKT 

and ERK1/2 in HUVEC, RF/6A-1, -2, and -3 cells exhibited delayed and diminished 

phosphorylation of these signaling constituents (Figure 4.3E). The relative biochemical 

insensitivity of RF/6A cells to VEGF-A is consistent with the relatively low expression of 

canonical VEGFA receptors (VEGF-R1, R2, NRP1, and NRP2) observed in RF/6A by 

RNAseq. We interpret these findings to mean that RF/6A cells are not a robust model in 

which to assess VEGFA stimulation of endothelial cells. 
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Figure 4.3: RF/6A do not exhibit functional activities normally seen by endothelial 
cells 
(A) qPCR analysis of SELE mRNA 4 h after treatment with human TNF-α at 50 ng/mL. 
SELE primers amplify a region conserved between human and macaque. Normalized to 
B2M. (B) Representative phase (top) and DiI (bottom) images of HUVEC, HREC, and 
RF/6A after treatment with DiI-labeled acetylated LDL. (C) Arteriole/venule pair in 
Sattler’s layer of a normal human eye labeled with PECAM1 to outline cell junctions. 
Arrows indicate flow direction. (D) Fluorescent micrographs of RF/6A under static (no 
flow) and shear stress conditions labeled with phalloidin and DAPI. Nuclear orientation 
was quantified with respect to the flow direction. (E) Immunoblotting of AKT and 
ERK1/2 phosphorylation in HUVEC, HREC, and RF/6A cells after VEGF-A stimulation 
for indicated durations.  
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4.5 Discussion  

This study provides the first rigorous analysis of the endothelial cell characteristics 

of the RF/6A cell line. One metric by which the suitability of an experimental tool can be 

judged is whether it possesses “face validity”, or similarity to the condition it seeks to 

model. The RF/6A line does not express an identifiable endothelial cell transcriptome, 

express established endothelial cell markers or possess morphological characteristics of 

choroidal and retinal endothelial cells. Given the recognized heterogeneity of endothelial 

cells throughout the vascular tree (reviewed in196), it bears mentioning that choroidal and 

retinal endothelial cells in culture or in situ possess each of these traits as demonstrated 

either in the literature or by the experiments herein. Thus, it is not simply the case that 

RF/6A cells do not exhibit these features because they reflect unique properties of 

“chorioretinal” endothelial cells. 

A second criterion upon which to judge a model is “target validity”, or the ability 

to reproduce the effects of targets of inquiry or stimuli in the real system. RF/6A cells do 

not respond to diverse stimuli - shear stress, TNF-α, or VEGFA - in a manner consistent 

with endothelial cells. VEGFA-induced effects on choroidal and retinal endothelial cells 

underlie blinding conditions in millions of individuals. Therefore, it is particularly damning 

that RF/6A cells lack robust expression of canonical VEGF receptors at levels near that of 

bona fide endothelial cells, and that RF/6A cells are relatively insensitive to this stimulus. 

Thus, the RF/6A cell line also fails the target validity criteria.  

Aside from VWF positivity, no quantitative characterization of this cell line has 

been published with respect to endothelial gene expression and characteristic behaviors. 
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Presumably, these features were present in the founding cell(s) and have been lost over 

successive passages. Although the causes and kinetics of this loss of endothelial 

characteristics are unclear, one potential cause of loss of VWF reactivity is that VWF 

antagonizes endothelial proliferation197. Over time, the RF/6A line may have drifted 

towards low VWF, rapidly dividing cells. These findings do not exclude the possibility that 

under certain culturing conditions such as confluency, media composition, and exogenous 

extracellular matrix, RF/6A may adopt EC characteristics. However, we interpret the data 

acquired from RF/6A cells from four batches, two suppliers, cultured in three distinct 

media formulations to suggest that the lack of endothelial characteristics in contemporary 

commercially available RF/6A is robust. 

Numerous studies have employed RF/6A in capillary tube formation assays to 

assess the angiogenic potential of experimental compounds, drugs, and signaling 

intermediates. Importantly, capillary tube formation is not an endothelial cell-specific 

property; multiple non-endothelial cell types exhibit the capacity to form capillary like 

networks when plated on 3-D basement membrane, including primary human 

fibroblasts198, breast198–200, prostate198, melanoma200,201, glioblastoma198,200,202, and bladder 

cancer cell lines203, and macrophages from multiple myeloma patients204. Thus, findings 

from tube formation assays of RF/6A cells to glean insights into the behavior of actual 

endothelial cells should be interpreted with caution. 

Cell line misidentification and contamination are widely considered major threats 

to scientific rigor and confidence205,206. In response, publishing and grant administering 

institutions have established new guidelines and requirements to safeguard against these 
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errors. Cell line authentication best practices focus on establishing the species and genetic 

homogeneity of the line. In 1999, Dirks and colleagues used DNA fingerprinting to 

establish that ECV304, a widely used “endothelial” cell line, was in fact a subclone of T24 

bladder carcinoma cells203. This finding was made in the context of a cell line that was 

known at the time to deviate from fundamental endothelial cell characteristics, including 

the absence of expression of PECAM1 and VWF, and inability to stimulate E-selectin 

expression207. Regrettably, the now 19-year-old revelation that ECV304 line is not 

endothelial has not eradicated its use in the literature as a model of endothelium in 2018. 

Unlike ECV304/T24 cells, the RF/6A line would likely pass muster if the best 

practices recommended of cell line providers (ATCC), journal editors, and the NIH were 

followed – the species of origin was uniquely identified as being of rhesus macaque origin, 

free from human or mouse cell line contaminants. The present findings in RF/6A cells 

suggest that confirming the genetic identity of a cell line is a necessary but not a sufficient 

step towards establishing the identity and utility of a cellular model. We strongly encourage 

investigators to quantify the validity of cell lines by transcriptional profiling and in relevant 

functional assays. 

The use of better-characterized choroidal and retinal endothelial cells should 

supplant the use of RF/6A cells in the future. We caution laboratories against the use of 

RF/6A cells as an experimental model of endothelial cells. 
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Chapter 5:  Conclusion 

5.1 Summary of results 

Throughout this dissertation, we have focused on thematically related aspects of 

various models for studying pathological angiogenesis in the eye. In light of previous and 

contradictory reports, we first reconciled the demonstrated role of inflammasome 

constituents in spontaneous CNV with the observations that laser CNV is not affected by 

inflammasome constituent inhibition. By adapting the laser CNV model to include 

inflammasome agonists, we now know the consequences of inflammasome activation in 

this model, as well as highlighting the critical role of macrophage-derived IL-1β.  

Considering the high fiscal and social burden wrought by monthly visits to the 

ophthalmologist for intravitreous injections, we sought to investigate whether exercise, a 

non-invasive and low-cost intervention, could have potential therapeutic implications for 

nvAMD. By developing a novel training regime, we demonstrated that voluntary exercise 

before laser CNV administration in mice was sufficient to reduce vessel growth and 

inflammatory cell ingression.  

Our studies on the anatomical, transcriptional, and functional characteristics of the 

RF/6A cell line, which at the time of manuscript publication was one of the most used cell 

lines in labs studying chorioretinal diseases, highlights the need for more cautionary 

profiling of widely used cell lines and thorough evaluation of the models utilized in one’s 

field.  

Taken together, the work presented here resolves previously outstanding 

contradictions in the field, provides both new and improved methods for investigating 
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choroidal neovascularization, and advances our understanding of the precise role of 

inflammasome activation in the pathogenesis of CNV.  

5.2 Future directions 

The studies presented here are by no means all inclusive. To determine the precise 

mechanism by which subretinally injected inflammasome agonists effect a proangiogenic 

phenotype, we must consider which cell types are most likely to be affected first in situ. 

While we now know that inflammasome activation and macrophage-derived IL-1β does 

indeed lead to laser CNV exacerbation, further work is needed to define both the 

intramolecular and intercellular effects of inflammasome activation as it pertains to laser 

CNV.  

One proposed method by which to address this is to subretinally inject 

inflammasome agonists into mice lacking Nlrp3 specifically in RPE or myelomonocytic 

cells, or both. This would add to the results we observed in our 2024 Angiogenesis 

manuscript, where we performed subretinal injection of Alu RNA in mice lacking caspase-

1 in myelomonocytic cells. If mice lacking Nlrp3 in RPE and myelomonocytic cells exhibit 

a greater reduction in CNV volume compared to Nlrp3–/– in RPE or myelomonocytic cells, 

this suggests a potential paracrine relationship in which these cells potentiate each other’s 

response to inflammasome activation.  

As previously mentioned, the precise cells that are directly responsible for the Alu 

RNA-induced inflammasome agonism is not clearly delineated. The findings presented 

here suggest that inflammasome activation in myelomonocytic cells is crucial to the 

exacerbation of laser CNV in the presence of an inflammasome agonist, but we must 
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consider other pertinent cell types. Future experiments should address the potential role of 

inflammasome activation in RPE and microglia in mediating inflammasome-driven CNV 

exacerbation. For example, Figure 2.7 demonstrates how conditioned media from Alu 

RNA-transfected BMDM stimulates chemotaxis in WT BMDM in an IL-1β-dependent 

manner. Additional studies utilizing conditioned media from Alu RNA-transfected RPE 

would improve on the overall model of inflammasome-mediated chemotaxis and CNV 

exacerbation. Likewise, subretinal administration of inflammasome agonists in microglia-

specific inflammasome knockout mice, utilizing Cx3cr1-Cre or P2ry12-Cre, would 

provide further insight into the cell-specific role of the CNV exacerbation we observe.  

Regarding our exercise studies, previous research has shown that superoxide 

dismutase 3 (SOD3) is upregulated in exercised individuals within the context of type 2 

diabetes mellitus208. In this study, extracellular vesicle-associated SOD3 through exercise 

training was shown to improve angiogenic potential and wound healing. Albeit this may 

seem to be contradictory to our observations that exercise decreases laser CNV responses, 

the effect of SOD3 on angiogenesis and wound healing could potentially be varied 

throughout different vascular beds. Therefore, it is plausible that exercise might increase 

angiogenesis in one organ system and inhibit it in another; to this end, an interesting 

approach would be to transfuse blood from exercised mice into sedentary mice which are 

then subjected to the laser CNV protocol to determine if the angioinhibitory effect of 

exercise is recapitulated in the sedentary mice. This would allow us to determine if the 

angioinhibitory agents are secreted into the blood and therefore systemically derived; if 

there is no inhibition in response to laser CNV, this result would suggest exercise has some 

eye-specific, local effect that results in reduces angiogenesis.  
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