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ABSTRACT OF THE DISSERTATION 
 
 

Role of Endothelial Cell Stiffening in Choroidal Atrophy Associated with  
Dry Age-Related Macular Degeneration  

 
by 
 

Andrea Paulina Cabrera 
 
 

Doctor of Philosophy, Graduate Program in Bioengineering 
University of California, Riverside, September 2018 

Dr. Kaustabh Ghosh, Chairperson 
 

Age-related macular degeneration (AMD) is the leading cause of blindness in the 

aging population. Recent studies have implicated choriocapillaris (CC) dropout and 

choroidal thinning in AMD pathogenesis, potentially mediated by hypoxia-induced 

retinal pigment epithelium dysfunction. However, the precise mechanism underlying 

choroidal atrophy remains unknown. The goal of this research was to address this vital 

gap in our mechanistic understanding of choroidal atrophy associated with dry AMD.  

Since complement activation, a major risk factor for dry AMD, leads to the 

deposition of membrane attack complex (MAC; C5b-9n) on choroidal vessels,it may lead 

to choroidal endothelial cell (EC) atrophy and the observed loss of CC in AMD eyes. 

Interestingly, MAC deposition also occurs in young non-AMD eyes, thus indicating that 

specific age-related factors may contribute to MAC-induced choroidal degeneration in 

AMD eyes. Since aging, a major nonmodifiable risk factor for AMD, has been shown to 

increase stiffness of retinal vessels and enhance pro-inflamatory cues in non-opthalmic 

vessels such as aorta and arteries, the central hypothesis of this research was that aging 



 vii 

increases CC stiffening that, in turn, enhances EC susceptibility to MAC injury.  

Findings from the current research revealed for the first time that aging leads to 

choroidal EC stiffening that in turn, contributes significantly to the increased 

susceptibility to MAC injury. Further, these studies showed that the stiffening of aged 

choroidal ECs is cytoskeletal-mediated. Remarkably, reducing age-induced EC stiffness 

prevented MAC injury. Taken together, these novel findings not only elucidate a key role 

of EC stiffness but also identify potentially new targets (e.g. Rho-mediated cytoskeletal 

stiffening) for more effective therapies in the future.   
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CHAPTER 1 

 

INTRODUCTION 

 

Preface 

 

      This Chapter provides a brief background of the pathogenesis of Age-related Macular 

Degeneration (AMD) and discusses the potential role of age-associated endothelial cell 

(EC) stiffening in complement-mediated choriocapillaris (CC) degeneration. The global 

aim of this doctoral research is to understand the link between age-related choroidal EC 

stiffening, complement activation, and choroidal atrophy associated with dry AMD and 

to identify new classes of therapeutic targets for superior AMD management in the 

future. 
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Background and Significance 

 

Age-related macular degeneration (AMD) is the leading cause of blindness in the 

elderly population, in which aging is regarded as the major non-modifiable risk factor. 

This blinding disease affects approximately 11 million people in the US alone with 

numbers expected to double by the year 2050.1,2 This eye disease manifests as a loss of 

central vision (Fig.1A) resulting from blood vessel multiplication and leakiness, as seen 

by fundus photography (Fig. 1B). Despite the common prevalence of AMD, only 10-15% 

of individuals with advanced ‘wet’ stage AMD benefit from current therapies while no 

therapies exist for the more prevalent early ‘dry’ form.3,4 Since dry AMD is a potential 

risk factor for wet AMD, there is recognition that more effective AMD management can 

be achieved by tackling the disease at the early stage. Thus, there is a critical need to 

better understand the mechanisms underlying dry AMD pathophysiology that may aid in 

the development of treatments for the vast majority of individuals with dry AMD. 

 

 

Conventional View of AMD Pathophysiology  

 

AMD is an inflammatory disease affecting the macula, the central region of the 

eye with the highest density of rods and cones, manifesting as a loss of central vision 

(Fig.1A). This potentially blinding diseases manifest in two forms: the early ‘dry’ stage 

and the more advanced ‘wet’ stage AMD. Dry AMD is clinically diagnosed by the 
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appearance of drusen deposits, composed predominately of apolipoprotein E and 

complement factors, between the phagocytic retinal pigment epithelial (RPE) layer and 

the underlying vasculature called the choriocapillaris (CC; Schematic 1).3 CC is essential 

for maintenance of RPE homeostasis,6 providing the delivery of nutrients and oxygen 

while the RPE supplies CC with vascular endothelial growth factor (VEGF) that is 

necessary for the healthy maintenance of blood vessels. As the number and size of drusen 

deposits increase with AMD progression, molecular diffusion of metabolites and VEGF 

is impaired, thereby disrupting RPE and choroid homeostatic conditions.6,7 This, in turn, 

creates hypoxic conditions in the inner retina, leading to hypoxia-induced VEGF 

overproduction. Since VEGF simultaneously increases endothelial cell (EC) proliferation 

and disrupts cell-cell junctions, excessive VEGF secretion leads to uncontrolled vessel 

multiplication and leakiness, the hallmarks of advanced ‘wet’ stage of AMD.  

 

Risk Factors Associated with AMD 
 
 

Several associations have been made from epidemiological studies that link the 

deficiency of various factors with the incidence of AMD.  

Non-modifiable risk factors: Aging is regarded as the major non-modefiable risk 

factor, with risk increasing from 2% for those aged 50-59, to nearly 30% for those over 

the age of 75.14 Several genetic mutations have been identified implicating various 

pathways such as APOE (apolipoprotein E; chr 19),15,16 CETP (cholesterylester transfer 

protein; chr 16),17 VEGFA (vascular endothelial growth factor A; chr 6),18,19 TIMP3 
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(tissue inhibitor of metalloproteinase 3; chr 22)20 among many more. Further, several 

complement pathway genes such as complement factor H (CFH) gene on 1q32 and the 

ARMS2/HTRA1 locus, in addition to C2, CFB, C3 and CFI genes have been identified as 

potential risk factors.21-23 

Modifiable risk factors: Cigarette smoking is recognized as a strong risk factor. 

Specifically, studies have shown that treatment of RPE cultures with nicotine, the most 

commonly investigated SS toxicant, cause cell thinning/flattening and dissolution of actin 

cytoskeleton, while nicotine-fed mice exhibited damaged photoreceptor-RPE interface.24 

Additionally, there have been studies reporting an increased risk in relation to sun 

exposure as well as low dietary intake of vitamins (A, C, and E), zinc, lutein, and omega-

3 fatty acids.25-28 However, the precise underlying mechanisms remain to be determined. 

 

Current Pharmacological Treatments for AMD 

 

 Current pharmacological therapies targeting wet AMD are limited to anti-VEGF 

intravitreal injections, with various forms of anti-VEGF injections available on the 

market.29-31   

Limitations: Current pharmacological intervention only targets wet AMD. Despite 

the success of anti-VEGF therapies in preventing neovascularization, this treatment is 

invasive, requiring frequent intravitreal injections that could result in infection, increased 

eye pressure, cataracts, or retinal detachment.30-33 Further, success of treatment relies on 
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aggressive, long-term, disease-activity-based therapy. This raises concern for safety with 

prolonged suppression of systemic VEGF levels and the effect they could have on 

vascular function in the body.34 

Due to these limitations and the belief that dry AMD is a potential risk factor for 

wet stage, there is a growing recognition that AMD can be treated more effectively at the 

earlier dry stage.12 Success in this pursuit will, however, depend on our ability to properly 

dissect the mechanisms underlying the dry stage of this degenerative condition. 

 
 

Choriocapillaris (CC) Atrophy as a New Target for Dry AMD 
 

 
AMD has conventionally been regarded as an RPE-centric disease, including my 

previous studies which shown the contribution of RPE to drusen deposition (Appendix). 

However, more recent studies have begun to implicate an important role of CC in this 

condition. Specifically, histological studies of dry AMD eyes have recently shown that 

drusen deposition at the RPE/CC interface is strongly correlated with loss of choroidal 

ECs and CC atrophy.11,12  With the number of drusen deposits increasing as AMD 

progresses, molecular diffusion of metabolites and VEGF is impaired, disrupting RPE 

and choroid homeostatic conditions, further exacerbating hypoxic conditions of the inner 

retina. During the advanced  ‘wet’ stage of AMD, excess production of VEGF by RPE 

results in the local formation of leaky blood vessels, which if uncontrolled, invade the 

various tissue layers, resulting in loss of central vision. This potential mechanism points 
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implicates choroidal vascular atrophy as a key determinant of AMD progression 

(Schematic 2).  

Recent studies have revealed that Dry AMD is associated with subretinal 

inflammation characterized by excessive complement activation and leukocyte 

infiltration in the sub-RPE space.8,9 This sub-retinal inflammatory milieu contributes to 

membrane attack complex (MAC; C5b-9n) deposition on the CC.11,12 Since MAC forms 

pores in cell membrane and causes cell lysis, it may contribute to choroidal endothelial 

loss and CC degeneration associated with dry AMD. Indeed, the degenerating CC in old 

eyes with dry AMD exhibit strong MAC deposition,11 which is consistent with the 

hypothesis of MAC-induced CC degeneration. Interestingly, MAC is also abundant on 

the healthy CC of young eyes.11 Thus, specific age-related factors likely contribute to CC 

degeneration observed in AMD. 

Since dry AMD is more prevalent and a potential risk factor for wet AMD, the 

potential role of CC degeneration in the pathogenesis of dry AMD necessitates 

identification of the factors that contribute to the loss of CC in this condition. 

 

Potential Role of Age-associated Endothelial Cell (EC) Stiffening in  
Complement-mediated CC Degeneration 

 
 

Vascular stiffening has been implicated in many age-associated pathologies. More 

specifically, studies have shown that aging is associated with stiffening of various 

ophthalmic tissues such as retinal vessels and sclera.35,36 Separate studies with non-
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ophthalmic vessels such as aorta and arteries have indicated that age-related vascular 

stiffening enhances vascular sensitivity to proinflammatory cues.37,38 Such aberrant 

stiffness-dependent vascular dysfunction results from altered endothelial cytoskeletal 

tension (contractility) and mechanotransduction, the process by which mechanical cues 

get transduced into intracellular biochemical signaling pathways to produce a global 

cellular response. Importantly, studies by us and others have shown that EC stiffness 

alone can govern EC fate and function.39-45 Since aging has been associated with 

stiffening of retinal vessels and the sclera,35,36 this raises the possibility that choroidal 

vessels and ECs also become stiffer with aging that, in turn, exacerbates complement-

mediated CC degeneration. However, whether aging is associated with increased 

cytoskeleton-mediated choroidal EC stiffening and enhanced CC sensitivity to 

complement deposition remains unknown. 

My recent findings are the first to identify a possible mechanism by which aging 

may contribute to CC loss associated with dry AMD.13 In these studies, cells exhibiting 

replicative senescence, which recapitulates many features of aging, were used to show 

that senescence increases choroidal EC stiffness that, in turn, exacerbates complement-

induced injury. Remarkably, suppression of cell stiffness via pharmacological inhibition 

of Rho/ROCK, the key molecular pathway that controls cell stiffness (contractility), 

prevented these inflammatory effects on senescent ECs. Taken together, these findings 

indicate that increase in senescent EC stiffness contributes to complement-mediated CC 

dysfunction. By uncovering the previously unknown role of micromechanical cues in 

choroidal EC dysfunction, this research has the potential to illuminate a previously 
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unexplored territory in AMD research that can help identify new therapeutic targets for 

potentially effective management of dry AMD. 

 

Hypothesis 
 

Based on these findings, the working hypothesis of this doctoral dissertation is that 

aging causes choriocapillaris stiffening, that in turn increases choroidal endothelial cell 

stiffness, resulting in increased susceptibility to complement injury, culminating in cell 

lysis and eventual CC degeneration (Schematic 3).      
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Adapted from: 

https://web.archive.org/web/20131022195554/http://www.nei.nih.gov/photo/sims/images/amac_l

g.jpg and Bowes Rickman et al. IOVS 2013 

 

Figure 1.1: Clinical manifestation of AMD. (A) AMD is an inflammatory disease 

affecting the macula, the central region of the eye with the highest density of rods and 

cones, manifesting as a loss of central vision. (B) This loss in central vision is due to the 

blood vessel multiplication and leakiness.  
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Adapted from: http://www.scienceofamd.org/learn/  

 

Schematic 1.1: Progression of AMD. Dry AMD is clinically diagnosed by the 

appearance of drusen deposits, composed predominately of apolipoprotein E and 

complement factors, between the phagocytic retinal pigment epithelial (RPE) layer and 

the underlying vasculature, the choriocapillaris (CC). As the number and size of drusen 

deposits increase with AMD progression, molecular diffusion of metabolites and VEGF 

is impaired, thereby disrupting RPE and choroid homeostatic conditions. This, in turn, 

creates hypoxic conditions in the inner retina, leading to hypoxia-induced VEGF 

overproduction. Since VEGF simultaneously increases endothelial cell (EC) proliferation 

and disrupts cell-cell junctions, excessive VEGF secretion leads to uncontrolled vessel 

multiplication and leakiness, the hallmarks of advanced ‘wet’ stage of AMD.  
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Schematic 1.2. Potential mechanism of AMD Progression.  Although AMD has 

conventionally been regarded as an RPE-centric disease, more recent studies have begun 

to implicate an important role of CC in this condition. Studies of dry AMD eyes have 

recently shown that drusen deposition at the RPE/CC interface is strongly correlated with 

loss of choroidal ECs and CC atrophy.  With the number of drusen deposits increasing as 

AMD progresses, molecular diffusion of metabolites and VEGF is impaired, disrupting 

RPE and choroid homeostatic conditions, further exacerbating hypoxic conditions of the 

inner retina. During the advanced  ‘wet’ stage of AMD, excess production of VEGF by 

RPE results in the local formation of leaky blood vessels, which if uncontrolled, invade 

the various tissue layers, resulting in loss of central vision.  
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Schematic 1.3. Working hypothesis of this doctoral proposal is that aging leads to an 

increase in Rho-dependent choroidal endothelial EC stiffness that, in turn, exacerbates 

the degenerative effects of complement activation and causes EC atrophy 
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CHAPTER 2 

 

SENESCENCE INCREASES CHOROIDAL ENDOTHELIAL STIFFNESS AND 

SUSCEPTIBILITY TO COMPLEMENT INJURY: IMPLICATIONS FOR 

CHORIOCAPILLARIS LOSS IN AMD 

 

Preface 

 

      This chapter explores the role of endothelial cell (EC) stiffening in a replicative 

senescence model of aging.  

 

 

 
The text that appears in this chapter, in full, is a reprint of the material as it appears in 

Investigative Ophthalmology & Visual Science entitled “Senescence increases choroidal 

endothelial stiffness and susceptibility to complement injury: Implications for 

choriocapillaris loss in AMD” published in November 2016.  
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Introduction 

 

Age-related macular degeneration (AMD), a progressive disease affecting 

approximately 10 million in the US, is a leading cause of blindness in the aging 

population.1,2 It manifests in two forms: the early-stage ‘‘dry’’ AMD that is clinically 

characterized by retinal pigment epithelium (RPE) atrophy and drusen accumulation 

between the RPE and underlying choriocapillaris (CC), and the late-stage ‘‘wet’’ AMD 

marked by abnormal choroidal neovascularization and leakiness.3 Current therapies 

approved by the US Food and Drug Administration only target 10% to 15% of all AMD 

patients who develop the vision-threatening wet stage3,4 while no therapies exist for the 

more prevalent dry form. Since dry AMD is a potential risk factor for late-stage wet 

AMD, there is a recognition that more effective AMD management can be achieved by 

tackling the disease at the early stage.  

Dry AMD is characterized by significant CC degeneration.5,6 Since the CC is 

essential for maintenance of RPE homeostasis and viability, CC dropout and associated 

loss of perfusion have been implicated in RPE hypoxia and atrophy.3,7,8 This potential 

role of CC degeneration in the pathogenesis of dry AMD necessitates identification of the 

factors that contribute to the loss of CC in this condition.  

Past studies have revealed that dry AMD is marked by complement activation in 

the sub-RPE space,9,10 which leads to the deposition of membrane attack complex (MAC; 

C5b-9) on the CC.5,11 Since MAC forms pores in cell membrane and causes cell lysis, it 

may contribute to choroidal endothelial loss and CC degeneration associated with dry 
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AMD. Indeed, the degenerating CC in old eyes with dry AMD exhibit strong MAC 

deposition,11 which is consistent with the hypothesis of MACinduced CC degeneration. 

Interestingly, MAC is also abundant on the healthy CC of young eyes.11 Thus, it is likely 

that specific age-related factors exacerbate the putative degenerative effects of MAC on 

the CC.  

One potential age-related factor is vascular stiffness. Past studies have shown that 

aging is associated with stiffening of retinal vessels and the sclera,12,13 while separate 

studies in nonophthalmic vessels such as aorta and arteries have indicated that age-related 

vascular stiffening enhances vascular sensitivity to proinflammatory cues.14–16 Such 

aberrant stiffness-dependent vascular dysfunction results from altered endothelial 

cytoskeletal tension (contractility) and mechanotransduction, the process by which 

mechanical cues get transduced into intracellular biochemical signaling pathways.17–23 

However, whether aging is associated with increased cytoskeletonmediated choroidal 

endothelial stiffening and enhanced CC sensitivity to MAC remains unknown.  

Using choroidal endothelial senescence as an in vitro model of CC aging, we here 

show that senescence leads to a significant increase in endothelial cell (EC) stiffness, 

which correlates with increased complement injury. Notably, the increased stiffness of 

senescent ECs correlated with greater Rho activity, which is associated with cell tension 

and stiffness. Finally, we demonstrate that pharmacological modulation of Rho-

dependent EC stiffness alone reverses the degenerative effects of complement activation 

on ECs. 
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Materials and Methods 

 

EC Culture. Monkey chorioretinal ECs (RF/6A) were purchased from ATCC 

(Manassas, VA, USA) and grown in Eagle’s minimum essential medium (EMEM, 

ATCC) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc., 

Waltham, MA, USA) and 1x antibiotic-antimycotic mixture (Thermo Fisher Scientific, 

Inc.). The RF/6A EC culture was maintained at 37oC in a humidified atmosphere with 5% 

CO2, with culture medium being replaced every 2 days. For all in vitro studies, culture 

dishes were coated with 0.1% gelatin (Sigma Aldrich Corp., St Louis, MO, USA) to 

facilitate robust RF/6A EC adhesion and spreading during the assays. 

 

Detection of EC Senescence. To achieve replicative senescence, lower passage RF/6A 

ECs were serially expanded by splitting at a 1:3 ratio every 3 days for ≥20 passages. To 

confirm replicative senescence, low and high passage RF/6A ECs were subjected to X-

gal staining, which detects expression of β-galactosidase (β-Gal), a reliable cell 

senescence marker.24,25 Specifically, cells were plated at a low density (20,000 cells/cm2) 

in starvation medium (EMEM containing 0.5% FBS) for 6 hours. Next, ECs were rinsed 

twice with ice-cold PBS and fixed with 0.25% glutaraldehyde (Electron Microscopy 

Sciences, Hatfield, PA, USA) at room temperature (RT) for 10 minutes with gentle 

rocking. Fixed RF/6A ECs were rinsed twice with ice-cold PBS and incubated in freshly 

prepared staining solution containing 1 mg/mL X-Gal (Thermo Fisher Scientific, Inc.), 5 

mM potassium ferricyanide (Sigma-Aldrich Corp.), 5 mM potassium ferrocyanide 
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(Sigma-Aldrich Corp.), and 2 mM MgCl2 (Sigma-Aldrich Corp.) for 6 hours at 37 oC. 

Brightfield images of stained cells (n ≤18 per condition) were acquired using a 

microscope (Nikon Eclipse Ti; Nikon Corp., Tokyo, Japan) fitted with a camera (Nikon 

Digital Sight DSFi1U2; Nikon Corp.) and, following intensity thresholding, the 

percentage of cells stained by X-gal was quantified using ImageJ 

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

Health, Bethesda, MD, USA). 

 

Quantitative RT-PCR. Total RNA was isolated from RF/6A EC monolayers (three 

replicates/condition) using an RNA purification kit (Direct-zol RNA MiniPrep; Zymo 

Research, Irvine, CA, USA), converted to cDNA with high capacity cDNA reverse 

transcription (Thermo Fisher Scientific, Inc.), and amplified with the appropriate TaqMan 

assay for p21 or CD31 primers (Thermo Fisher Scientific, Inc.) on the CFX connect real-

time PCR detection system (BioRad, Hercules, CA, USA). Relative mRNA levels were 

determined by the comparative cycle threshold method with normalization to 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Thermo Fisher Scientific, Inc.). 

 

Complement Activation. To examine the effects of complement activation on RF/6A 

ECs, cells were plated in starvation medium for 6 hours prior to replacement of medium 

with veronal buffered saline (VBS; composed of NaCl 145 mM, sodium barbital 1.8 mM, 

barbituric acid 3 mM, CaCl2 50 uM and 250 uM MgCl2, adjusted to pH 7.4) containing 

10% normal human serum (NHS; Complement Technology, Inc., Tyler, TX, USA) for 2 
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hours at 37oC to promote complement activation. Monkey chorioretinal ECs that were 

NHS-treated were then either detached for flow cytometry analysis of surface MAC 

deposition or subjected to trypan blue exclusion assay for determination of cell lysis. To 

pharmacologically inhibit the senescence-associated effects of cell stiffness, cells were 

incubated with 1, 2.5, or 5 uM of Y27632 (Rho/ Rho-associated kinase [ROCK] 

inhibitor; Sigma- Aldrich Corp.) in VBS containing 10% NHS for 2 hours at 37oC. To 

activate Rho/ROCK–dependent cell stiffness, cells were incubated with 0.025 or 0.05 

U/mL Thrombin (Sigma) in VBS containing 10% NHS for 2 hours at 37oC. 

 

Flow Cytometry. Monkey chorioretinal ECs were detached and labeled with PE-labeled 

mouse anti-human CD146 antibody (BD Biosciences, San Jose, CA, USA) or mouse 

anti-monkey CD59 antibody (AbCam, Cambridge, UK). Next, RF/6A ECs were fixed 

with 1% paraformaldehyde (PFA; Electron Microscopy Sciences), detected with a flow 

cytometer (Cell Lab Quanta SC Beckman Coulter, Brea, CA, USA), and analyzed by 

single cell analysis software (FlowJo; Treestar, Inc., Ashland, OR, USA). For deposition 

studies with MAC, RF/6A ECs treated with 10% NHS were detached and labeled with 

mouse anti-C5b-9 antibody (Abcam), followed by fluorescently labeled anti-mouse IgG 

(BD Biosciences). 

 

Trypan Blue Exclusion Assay. The RF/6A ECs were plated at a low density in 

starvation medium for 6 hours before treatment with 10% NHS for 2 hours at 37oC, 

followed by the addition of 0.1% trypan blue (Thermo Fisher Scientific, Inc.) in PBS for 
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8 minutes at RT. Next, RF/6A ECs were rinsed twice with PBS twice and fixed with 1% 

PFA for 10 minutes. Brightfield images of stained cells (n≤18 per condition) were 

acquired using a microscope (Nikon Corp.) fitted with a Nikon Digital Sight DS-Fi1U2 

camera (Nikon Corp.), and the percentage of cells stained by trypan blue was quantified 

using ImageJ. 

 

Measurement of EC Stiffness. For measurement of EC stiffness, cells were grown to 

confluence on sterile 0.1% gelatin-coated cover slips. Next, the confluent EC monolayers 

were maintained overnight in starvation medium prior to indentation with a biological-

grade atomic force microscope (AFM; Veeco Instruments, Plainview, NY, USA). 

Specifically, cell stiffness was measured in tapping mode using a 5-um spherical glass 

bead attached to the silicon nitride tip of a 140-um long microcantilever (MLCT, Bruker, 

Billerica, MA, USA) with bending spring constant of 0.1 N/m. Force curves were 

obtained and analyzed as per our established protocol.22 In some measurements, 

senescent ECs were treated with Y27632 (5 uM; 2 hours at 37oC in starvation media), a 

pharmacologic inhibitor of Rho/ROCK activity, prior to AFM force indentation. 

 

Rho Activity. Confluent EC monolayers were lysed using RIPA lysis and extraction 

buffer (G-Biosciences, St. Louis, MO, USA) supplemented with protease and 

phosphatase inhibitor cocktails (Boston BioProducts, Ashland, MA, USA). RhoA activity 

was measured from cell lysates using the RhoA G-LISA activation assay kit 

(Cytoskeleton, Inc, Denver, CO, USA), per the manufacturer’s protocol. Results were 
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obtained by measuring absorbance at 490 nm using a plate reader (Victor2; Perkin Elmer, 

MA, USA). 

 

Actin Cytoskeleton Staining. The RF/6A ECs were plated at a low density in regular 

culture medium for 24 hours prior to overnight culture in starvation medium. Next, the 

cells were fixed in 4% PFA for 15 minutes, rinsed with PBS, and permeabilized using 

0.2% Triton X-100 (in 1 mg/mL BSA). To block nonspecific binding, cells were 

incubated in 2% (wt/vol) BSA for 30 minutes at RT. Next, a 1:200 dilution of AlexaFluor 

594 Phalloidin (Thermo Fisher Scientific, Inc.) in 2% BSA was added to cells for 20 

minutes in the dark at RT, followed by mounting of the cells on glass slides for 

fluorescence imaging. For visualization of actin stress fibers, phalloidin-labeled mounted 

EC cultures were imaged using Nikon Eclipse TI microscope fitted with a Nikon DS-

Qi1Mc camera (Nikon Corp.). ImageJ was used to quantify the average number of actin 

stress fibers per cell from three separate regions along the long axis (n ≥ 20 cells per 

condition). 

 

Measurement of Cell Area. To quantify cell area, ECs were plated on plastic culture 

dishes for 24 hours before being subjected to phase contrast imaging using the 

aforementioned microscope (Nikon Corp.). Projected cell area (n=250 cells/condition) 

was measured by tracing the cell perimeter using ImageJ. 

 

Statistics. All data were obtained from multiple cells and multiple replicates/condition 



 25  

(as indicated in each respective section) and expressed as mean ± standard error or 

standard deviation, as indicated. Statistical significance was determined using analysis of 

variance (ANOVA), followed by Tukey’s and Bonferroni post-hoc analysis (Instat; 

GraphPad Software Inc., La Jolla, CA, USA). Results were considered significant if P < 

0.05. 
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Results 

 

Senescence Increases Choroidal EC Susceptibility to Complement Injury 

Cellular senescence recapitulates many features of aging.25,26 Thus, to develop an 

in vitro model of CC aging, RF/6A ECs were cultured to high passages (>P60) to achieve 

replicative senescence and compared with lower passage (<P40) cells for expression 

levels of senescence-associated b-galactosidase (SA β- gal), a well-known senescence 

marker.24 Staining with X-gal, which yields a blue color when cleaved by SA-b-gal, 

revealed a 9-fold greater (P < 0.001) expression of SA-b-gal in higher passage cells than 

in the lower passage counterparts (Fig. 1A). To further confirm the senescent phenotype, 

we compared the expression levels of p21 in the low and high passage cells. p21 is an 

inhibitor of cyclin-dependent kinase that promotes cell growth arrest and, thereby, 

senescence.27 Our qPCR measurements revealed that high passage ECs exhibit 1.7-fold 

higher levels (P < 0.01) of p21 mRNA than low passage ECs (Fig. 1B). Consistent with 

the typical senescence phenotype, we also observed a markedly greater percentage of 

‘‘enlarged’’ cells (projected area >4000 um2) in the high passage ECs than in the lower 

passage cells (Supplementary Fig. S1). The low and high passage cells were subsequently 

termed ‘‘normal’’ and ‘‘senescent’’ ECs, respectively. Notably, the SA-b-gal–expressing 

senescent ECs did not exhibit any loss of endothelial phenotype, as judged by similar 

expression levels of classical endothelial-specific markers CD31 (Fig. 1C) and CD146 

(Fig. 1D) in normal and senescent ECs.  

To test their sensitivity to complement activation associated with dry AMD, we 
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exposed these cells to complement-competent NHS. By activating the alternative 

complement pathway, NHS treatment leads to surface MAC deposition similar to that 

observed in the CC of human dry AMD eyes.28,29 Flow cytometry analysis of NHS-

treated normal and senescent ECs labeled with anti-C5b-9 (anti-MAC) revealed similar 

degrees of surface MAC deposition in these cells (Fig. 2A). However, when compared 

with normal ECs, the senescent cells underwent a 3-fold increase (P < 0.001) in 

complement-induced lysis, as judged by greater trypan blue incorporation within the 

senescent ECs (Fig. 2B, Supplementary Fig. S2). Notably, this increase in complement-

induced lysis of senescent ECs did not result from reduced expression of endogenous 

cell-surface MAC inhibitory factor CD59, whose surface levels were comparable in both 

normal and senescent ECs (Supplementary Fig. S3). Predictably, the lysed (trypan blue-

positive) cells exhibited a rounded morphology (Fig. 2B; inset), which is indicative of 

impaired cell viability and death.30,31 

 

Senescence Is Associated With Increased Choroidal EC Stiffness 

Past studies have shown that aging is associated with stiffening of aorta and 

arteries,32,33 which also exhibit greater sensitivity to proinflammatory cues.14,16 Thus, we 

asked whether the greater sensitivity of senescent RF/6A ECs to complement activation 

was caused, at least in part, by increased EC stiffness. Multiple force indentation 

measurements by a biological-grade AFM revealed that, indeed, senescent ECs are ~30% 

stiffer (P < 0.01) than normal ECs (Fig. 3). 
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Senescent Choroidal ECs Exhibit Higher Rho Activity 

Rho is a key mechanotransduction player that regulates actin cytoskeletal tension 

and, as a consequence, cell stiffness.19,34 Thus, we looked to see whether the increase in 

senescent EC stiffness results from a concomitant increase in Rho activity. Measurement 

of baseline Rho activity in confluent EC monolayers revealed that senescent ECs exhibit 

1.4-fold higher (P < 0.05) Rho activity than normal ECs (Fig. 4A). Further, since Rho 

directly regulates actin cytoskeletal tension, its higher activity in senescent ECs 

predictably correlated with a 35% increase in actin stress fiber density in these cells (Fig. 

4B). 

 

Inhibition of Rho Activity Prevents Complement- Induced Lysis of Senescent ECs 

To determine whether increased Rho-dependent cell tension (stiffness) 

exacerbates complement-induced lysis, we cotreated senescent ECs with NHS and a 

pharmacologic inhibitor (Y27632) of ROCK, the immediate downstream target of Rho 

that controls myosin-dependent actin tension (cell stiffness). Our AFM measurements 

confirmed that Y27632 treatment causes a significant (P < 0.05) reduction in the stiffness 

of senescent ECs (Fig. 5A). More importantly, we found that inhibition of Rho/ROCK–

dependent cell stiffness alone inhibits complement-induced cell lysis in a dose-dependent 

manner (IC50 ~2.5 uM; Fig. 5B), with the lysis observed at the highest Y27632 dose of 5 

uM comparable with that seen in NHS-treated normal ECs. 
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Increasing Rho Activity in Normal ECs Exacerbates 

Complement Injury To confirm the role of cell stiffness in complement injury, 

normal ECs were cotreated with NHS and thrombin, a Rho agonist that enhances actin 

cytoskeletal tension and cell stiffness.35–37 As shown in Figure 6, thrombin treatment of 

normal ECs produced a dose-dependent increase (P < 0.001) in complement-induced cell 

lysis. That thrombin exacerbates complement injury by increasing Rho/ROCK–mediated 

cell tension (stiffness) and not via its ability to activate complement38 was confirmed 

when cotreatment with Rho/ROCK inhibitor Y27632 prevented the increase in cell lysis 

by thrombin (Fig. 6). 
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Discussion 

 

Although CC dropout is implicated in RPE atrophy associated with dry AMD, the 

precise mechanism(s) by which age-related CC degeneration occurs remains elusive. The 

observation that there is significant MAC deposition on the CC of old AMD eyes has led 

to the speculation that complement injury contributes to CC loss in dry AMD.6,39,40 

However, MAC is also found on the CC of young healthy eyes. Thus, here we tested the 

hypothesis that aging increases the susceptibility of choroidal ECs to MAC injury, 

thereby exacerbating EC lysis and CC degeneration. Using replicative senescence as an 

in vitro model of aging, we here show that senescent ECs exhibit greater MAC-induced 

lysis than their normal counterparts. Our studies further reveal that senescence leads to an 

increase in Rho-mediated cell stiffness that, in turn, contributes significantly to the 

increased susceptibility of senescent ECs to MAC injury. To our knowledge, this study is 

the first to identify a possible mechanism by which aging may contribute to CC loss 

associated with early AMD, thereby providing a rationale for performing detailed studies 

that examine Rho and EC stiffness as potentially new therapeutic targets for early AMD.  

Aging is a major non-modifiable risk factor for AMD. Yet, precisely how it 

contributes to AMD pathogenesis remains poorly understood. To study the effects of 

aging on the CC, we established an in vitro model of CC aging by culturing choroidal 

ECs to high passages, which leads to replicative senescence. Since cellular senescence is 

implicated in many age-related degenerative phenotypes,25,41 we reasoned that senescent 

choroidal ECs will likely recapitulate the phenotype of aging CC in AMD eyes. We 
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confirmed the induction of cellular senescence by staining for β-gal, measuring p21 

mRNA expression and projected cell area, widely used phenotypic markers of cellular 

senescence. Conceptually, our observation that a cell line (RF/6A) deemed to be 

immortal exhibits markers of senescence at high passages appears paradoxical. However, 

in support of our observations, we would like to point out that RF/6A ECs have 

conventionally been used between passages 18 through 6042–44 while the studies that used 

these higher passage cells never assessed the markers of senescence. Thus, to our 

knowledge, we are the first to use RF/6A ECs past the conventional passage number and 

measure expression of senescence markers. Consistent with our observations, 

nonendothelial cell lines transformed with SV40 have been demonstrated to exhibit lack 

of telomerase activity,45 an independent marker of senescence.  

Dry AMD is associated with subretinal inflammation, which is characterized by 

complement activation and inflammatory cell infiltration into the sub-RPE space. The 

infiltrating inflammatory cells are thought to further enhance complement activation 

either directly by undergoing activation46,47 or indirectly by stimulating higher expression 

of complement factors by the RPE.48 This subretinal inflammatory milieu leads to MAC 

deposition on the CC. Consistent with these observations, we show that treatment of 

choroidal ECs with complement-competent serum leads to surface MAC deposition. 

Intriguingly, however, we found that although MAC deposition was comparable on 

normal and senescent ECs, the latter underwent significantly greater MAC-induced lysis. 

In other words, normal cells were found to exhibit lower susceptibility to complement 

injury. This finding may explain the recent observation that the CC of young eyes remain 
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healthy despite significant MAC deposition.11 Furthermore, our observation that cells 

pre-incubated with lower doses of FBS do not exhibit greater sensitivity to complement 

attack likely rules out any potential contribution of (FBS starvation-induced) autophagy 

in complement-mediated cell lysis seen in our assays. 

To understand how senescent ECs become more susceptible to complement 

injury, we looked at the potential role of EC stiffness. This is because (1) aging has been 

associated with stiffening of retinal vessels and the sclera,12,13 thus raising the possibility 

that choroidal ECs/vessels also become stiffer with aging/senescence; (2) nonophthalmic 

vessels such as aorta and arteries that become stiffer with age32,33 also exhibit greater 

sensitivity to proinflammatory cues such as low density lipoporotein14,16; and (3) 

senescence has recently been shown to correlate with increased cytoskeletal tension (a 

measure of stiffness) in umbilical vein-derived ECs.49 To determine whether senescence 

leads to choroidal EC stiffening, we performed force indentation measurements using a 

biologicalgrade AFM. Atomic force microscope offers a precise, reliable, and analytical 

technique that we and others have used widely to determine the stiffness of soft 

biological samples including living cells, extracellular matrices, and soft tissues.22,50–52 

These AFM measurements confirmed our hypothesis that senescent choroidal ECs are 

significantly stiffer than their normal counterparts.  

Mechanistically, cell stiffness is regulated by Rho that, via its downstream target 

ROCK (Rho-associated Kinase), modulates both actin/myosin-based cytoskeletal tension 

(contractility) and cortical actin network formation.19,34 Specifically, past studies by us 

and others have shown that stiffer, more contractile ECs with dense actin cytoskeletal 
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filaments exhibit high Rho/ROCK activity while inhibition of Rho/ROCK suppresses 

these effects.17,20 Consistent with these findings, we here show that the stiffer senescent 

choroidal ECs exhibit significantly higher Rho activity, which correlates strongly with a 

concomitant increase in actin microfilament density. That treatment of senescent ECs 

with ROCK inhibitor Y27632 significantly inhibited cell stiffness confirms the role of 

Rho in senescent choroidal EC stiffening. 

Importantly, we show that this Rho/ROCK-dependent stiffening of senescent 

choroidal ECs contributes actively to their increased susceptibility to complement injury 

because pharmacological inhibition of Rho/ROCK significantly inhibited MAC-induced 

lysis of these cells. Although these findings are the first to implicate Rho-associated cell 

stiffness in complement injury, they are generally consistent with the proinflammatory 

effects of increased Rho/ROCK activity and EC stiffness.34 Furthermore, if increased cell 

stiffness indeed plays an important causative role in MAC susceptibility, then increasing 

the stiffness of normal ECs should increase their MAC-induced lysis. Indeed, we found 

that pharmacologic activation of Rho/ROCK in normal ECs alone leads to a significant 

increase in complement injury.  

To our knowledge, the current findings are the first to implicate a specific 

age/senescence-related factor (i.e., Rho-mediated choroidal EC stiffening) in CC atrophy 

associated with dry AMD.6 To determine their translational potential, however, these new 

findings will need to be validated in appropriate animal models of dry AMD, such as the 

rhesus macaque monkeys that share the same AMD susceptibility genes ARMS2 and 

HTRA1 with humans, and undergo drusen accumulation as seen in humans.53,54 Further, 



 34  

although our findings offer new mechanistic insight into choroidal EC loss and CC 

degeneration associated with dry AMD, they do not yet explain precisely how cell 

stiffness increases EC sensitivity to complement injury. In this regard, it must be noted 

that host tissue cells protect themselves from incessant MAC attack, resulting from the 

continuously activated alternative complement pathway, by expressing surface inhibitors 

of MAC pore formation.55,56 Intriguingly, we show that both normal and senescent ECs 

express similar levels of surface CD59, an endogenous membrane-bound regulator of the 

complement system that specifically blocks the assembly and formation of 

transmembrane MAC pores (C5b-9n) by interacting with the terminal complement 

proteins C8 and C9, thus preventing C9 polymerization. Given the similarity in CD59 

‘‘expression’’ levels, it is possible that the greater sensitivity of senescent ECs to 

complement attack results from Rho (tension)-mediated alteration in CD59 conformation, 

and thereby its ‘‘activity’’; however, this remains to be carefully examined in a separate 

study. 
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Conclusion 

 

Using a replicative senescence model of in vitro for aging, my findings reveal that 

senescent ECs are significantly stiffer than their normal counterparts, which correlates 

with higher cytoskeletal Rho activity in these cells and their greater susceptibility to 

complement (MAC) injury. Importantly, inhibition of Rho activity in senescent ECs 

significantly reduced cell stiffness and MAC-induced lysis. By revealing an important 

role of senescence-associated choroidal EC stiffening in complement injury, these 

findings implicate CC stiffening as an important determinant of age-related CC atrophy 

seen in dry AMD.  

AMD is a multifactorial disease that is also regulated by dietary and genetic 

factors. How these risk factors contribute to the age-related mechanical control of CC 

susceptibility to complement injury also remains to be determined. A detailed 

examination of the molecular pathways underlying this mechanical control of choroidal 

EC dysfunction may lead to the identification of new therapeutic targets for CC atrophy 

and AMD progression. 
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FIGURE 2.1. Senescent ECs exhibit high β-Gal expression. (A) Monkey chorioretinal 

ECs at low (<P40) and high (>P60) passages were subjected to X-gal staining, which 

stains β-gal (a senescence marker) blue. Representative brightfield images and net 

intensity measurements (bar graph) from multiple (n > 1500) cells reveal significantly 

greater β-gal expression in higher passage (‘‘senescent’’) RF/6A ECs than in lower 

passage (‘‘normal’’) cells. *** P < 0.001. Bars indicate average ± standard error of mean. 

Scale bar: 50 um. (B) Quantitative RT-PCR analysis from multiple replicates (n = 3) 

shows that, when compared with low passage ECs, the high passage cells exhibit 

significantly higher p21 mRNA expression. ** P < 0.01. Levels of p21 mRNA were 

normalized with respect to GAPDH. Bars indicate average 6 standard error of mean. (C) 

Quantitative RT-PCR analysis from multiple replicates (n=3) shows that normal and 

senescent ECs exhibit similar levels of CD31 mRNA expression. Levels of CD31 mRNA 

were normalized with respect to GAPDH. Bars indicate average ± standard error of 
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mean. (D) Normal and senescent ECs were labeled with anti-CD146 or isotype-matched 

control antibody (solid gray histogram), and subjected to flow cytometry. Histograms of 

cell counts versus fluorescence indicate that both normal and senescent cells exhibit 

similar expression levels of cell surface CD146. ns, no significance. 
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FIGURE 2.2. Senescence increases choroidal EC susceptibility to complement 

injury. (A) The RF/6A ECs were treated with complement-competent normal human 

serum (NHS, 10% vol/vol; 2 hours), labeled with anti-MAC (C5b-9) or isotype-matched 

control antibody (solid gray histogram), and subjected to flow cytometry to detect surface 

MAC deposition. Histograms of cell counts versus fluorescence indicate that both normal 

and senescent cells exhibit similar surface MAC deposition. (B) Lysis of NHS treated-

cells was detected by trypan blue exclusion assay. Representative brightfield images and 

counting of trypan blue-loaded cells (bar graph; n ≥ 200 cells) reveals significantly 

greater lysis of senescent RF/6A ECs than that of normal cells. *** P < 0.001. Bars 

indicate average ± standard deviation. Scale bar: 100 um. 
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FIGURE 2.3. Senescent ECs exhibit increased stiffness. Schematic: EC stiffness was 

measured by indentation with a biological-grade AFM fitted with a silicon nitride 

cantilever tip containing a ~5 um-diameter glass bead. Bar graph: Quantitative analysis of 

multiple (n ≥ 30) force indentation measurements reveal a ~30% increase in the stiffness 

of senescent RF/6A ECs when compared with that of normal cells. *** P < 0.001. Bars 

indicate average ± standard error of mean. 
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FIGURE 2.4. Rho activity is higher in senescent ECs. (A) Baseline RhoA activity in 

normal and senescent RF/6A ECs was measured using RhoA G-LISA activation assay. 

Absorbance measurements show a ~40% increase in Rho activity in senescent RF/6A 

ECs when compared with normal cells. * P < 0.05. Bars indicate average ± standard error 

of mean. (B) We stained RF/6A ECs with fluorescently labeled phalloidin to visualize 

actin cytoskeletal filaments. Representative fluorescent images and quantitative analysis 

of actin filament density (bar graph; n ‡ 30) revealed a 35% increase in actin filament 

density in senescent cells. *** P < 0.001. Bars indicate average ± standard error of mean. 

Scale bar: 50 um. 
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FIGURE 2.5. Inhibition of Rho activity prevents MAC-induced lysis of senescent 

ECs. (A) Stiffness of ECs was measured by AFM. Quantitative analysis of multiple (n ≥ 

30) force indentation measurements revealed a ~30% decrease in the stiffness of 

senescent ECs treated with Y27632 (5 uM), a pharmacological Rho/ROCK inhibitor. * P 

< 0.05. Bars indicate average ± standard error of mean. (B) Senescent RF/6A ECs were 

cotreated with NHS and different doses of Y27632 prior to addition of trypan blue. 

Representative brightfield images and counting of trypan blue-loaded cells (bar graph; n 

≥ 200 cells) indicate a progressive decrease in complement-induced lysis of senescent 

cells with increasing dose of Y27632. *** P < 0.001. Bars indicate average ± standard 

error of mean. Scale bar: 100 um. 
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FIGURE 2.6. Increasing Rho-mediated tension promotes complement-induced EC 

lysis. Normal RF/6A ECs were cotreated with NHS and different doses of thrombin, a 

Rho agonist, prior to addition of trypan blue. Representative images and counting of 

trypan blue–loaded cells (bar graph; n ≥ 150 cells) indicate a progressive increase in 

complement-induced lysis of normal RF/6A ECs with increasing thrombin dose. 

However, cotreatment of thrombin with pharmacologic Rho/ROCK inhibitor Y27632 (5 

uM) significantly prevented cell lysis. *** P < 0.001. Bars indicate average ± standard 

deviation. Scale bar: 100 um. 
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SUPPLEMENTAL FIGURE S2.1. Senescence leads to an increase in cell area. 

Representative phase contrast images and measurement of projected cell area (histogram; 

n=250 cells) together indicate that senescent ECs are markedly larger than their normal 

counterparts. Scale bar: 50 um. 



 44  

 
SUPPLEMENTAL FIGURE S2.2. Effect of FBS pre-incubation on susceptibility to 

complement injury. RF/6A ECs were plated in medium containing different 

concentrations of FBS (0.5, 2.5, and 10% v/v) for 6h prior to NHS treatment. Lysis of 

NHS treated-cells was detected by trypan blue exclusion assay. Counting of trypan blue-

loaded cells (bar graph; n≥200 cells) reveals that there is no difference in the degree of 

lysis between ECs preincubated with the three FBS doses (ns, no significance). Bars 

indicate average ± standard error of mean. 
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SUPPLEMENTAL FIGURE S2.3. CD59 expression. Normal and senescent ECs were 

labeled with anti-CD59 or isotype-matched control antibody (solid gray histogram), and 

subjected to flow cytometry. Histograms of cell counts vs fluorescence indicate that both 

normal and senescent cells exhibit similar expression levels of cell surface CD59. 
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 CHAPTER 3 

 

AGE-RELATED ENDOTHELIAL CELL STIFFENING CONTRIBUTES TO 

COMPLEMENT-MEDIATED CHOROIDAL ATROPHY  

ASSOCIATED WITH DRY AMD 

 

 

Preface 

 

Using a unique in vitro model derived from a non-human primate pre-clinical 

model of dry AMD, this chapter shows for the first time that aging increases the 

susceptibility to complement injury and offers a possible mechanism by which aging may 

contribute choroidal degeneration. 
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Introduction 

 

Age-related macular degeneration (AMD) is the leading cause of vision loss in the 

elderly population, affecting approximately 11 million people in the US.1, 2 AMD 

manifests in two forms: the early-stage ‘‘dry’’ AMD, clinically characterized by retinal 

pigment epithelium (RPE) atrophy and drusen accumulation between the RPE and 

underlying choriocapillaris (CC), and the late-stage ‘‘wet’’ AMD marked by abnormal 

choroidal neovascularization and leakiness.3 Despite the common prevalence of this 

potentially blinding disease, only 10-15% of individuals with advanced wet stage AMD 

benefit from current therapies while no therapies exist for the more prevalent early dry 

form.3,4  Since dry AMD is a potential risk factor for wet AMD, there is recognition that 

more effective AMD management can be achieved by treating the disease at the early 

stage. With prevalence projected to double by the year 2050, there is a critical need to 

understand the mechanisms underlying dry AMD pathophysiology that can aid in the 

development of treatments for the vast majority of individuals with this disease. 

There is substantial evidence of RPE degeneration to play a key role in early 

AMD, with research focusing on the underlying mechanisms of RPE atrophy.5-7 

However, more recent studies have begun to implicate an important role of the 

underlying vasculature (CC and larger choroidal vessels) in this condition.8-13 

Importantly, histological studies of dry AMD eyes have shown that drusen deposition at 

the RPE/CC interface is strongly correlated with loss of choroidal endothelial cells (EC) 

and CC atrophy.9 Further, studies have also shown that choroidal thinning is associated 
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with dry AMD.10, 12 Indeed, many studies have shown that the loss of vascular support 

leads to hypoxia-induced RPE dysfunction.14,15 During the advanced ‘wet’ stage of 

AMD, excess production of VEGF by hypoxic RPE results in the local formation of 

leaky blood vessels, which if uncontrolled, invade the various tissue layers, resulting in 

loss of central vision. This potential mechanism implicates choroidal vascular atrophy as 

an early determinant of AMD progression. However, how choroidal vessels undergo 

atrophy is poorly understood.  

Dry AMD is associated with complement activation in the sub-RPE space, with 

the membrane attack complex (MAC; C5b-9n) specifically localizing on the CC.8-10 

Since MAC can lead to pore formation on the cell membrane,18 it is possible that 

choroidal ECs are a direct target of MAC. ECs incapable of combating pore formation 

could potentially result in cell lysis, contributing to choroidal degeneration associated 

with dry AMD. Indeed, studies have shown that the degenerating CC in old eyes with dry 

AMD exhibit strong MAC deposition,10 which is consistent with the hypothesis of MAC-

induced choroidal degeneration. Interestingly, MAC is also abundant on the healthy CC 

of young eyes. Thus, specific age-related factors likely contribute to CC degeneration and 

choroidal thinning observed in AMD. 

Indeed, our earlier studies showed that senescence, a hallmark of aging, causes 

increased susceptibility to complement injury.19 However, whether this phenomena, 

which was shown using an in vitro replicative senescence model to mimic aging, also 

occurs in a pre-clinical model of biological aging and dry AMD remains unknown. 

Further, separate studies with non-ophthalmic vessels such as aorta and arteries have 
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indicated that age-related vascular stiffening enhances vascular sensitivity to 

proinflammatory cues.20, 21 Such aberrant stiffness-dependent vascular dysfunction results 

from altered endothelial cytoskeletal tension (contractility) and mechanotransduction, the 

process by which mechanical cues get transduced into intracellular biochemical signaling 

pathways to produce a global cellular response.22-24 Importantly, studies by us and others 

have shown that EC stiffness alone can govern EC fate and function.25-28 Since aging has 

been associated with stiffening of retinal vessels and the sclera,29,30 this raises the 

possibility that choroidal vessels and ECs also become stiffer with aging that, in turn, 

exacerbates complement-mediated CC degeneration. However, whether aging is 

associated with increased cytoskeleton-mediated choroidal EC stiffening and enhanced 

choroidal sensitivity to complement deposition remains unknown. 

As more studies emerge and the role of choroidal atrophy associated with dry 

AMD is implicated, the need for clinically relevant models is imperative. Thus, to further 

explore the role of age-induced mechanical cues in complement-mediated EC atrophy 

associated with AMD, we have isolated choroidal endothelial cells from the macular 

region of rhesus macaques (Macaca mulatta) with and without dry AMD. Rhesus 

monkeys provide a robust model for dry AMD because their retina is anatomically 

similar to that of humans, they share the same AMD susceptibility genes ARMS2 and 

HTRA1 with humans, and undergo macular drusen accumulation as seen in humans.31,32 

Further, this monkey model undergoes MAC localization at the level of the CC, also 

observed in humans.  

Using this novel in vitro model of dry AMD we show for the first time that aging 
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is associated with choroidal endothelial cell stiffening. Importantly, this age-associated 

EC stiffening correlates with increased susceptibility to complement-induced injury. 

Further, by decreasing cell stiffness alone via pharmacological inhibition of Rho, the key 

molecular pathway that controls cytoskeletal tension and contractility and thereby cell 

stiffness, these complement-induced effects on stiffer ECs can be prevented.  By 

uncovering the previously unknown role of micromechanical cues in choroidal EC 

dysfunction, this research has the potential to illuminate a previously unexplored territory 

in AMD research that can help identify new therapeutic targets for early management of 

dry AMD. 
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Materials and Methods 

 

Cell Isolation. Rhesus monkey endothelial cells from the macular region of the choroid 

were isolated from three different young normal, old normal, and old monkeys with 

severe drusen. For this study, one young normal (6 years old; YN), old normal (20 years 

old; ON) and old monkey with severe drusen (19 years old; OD) was selected for this 

study. Specifically, choroidal vessels from inner choroid and choriocapillaris / Bruch’s 

membrane complex obtained from 8mm biopsy punches. Any adherent tissue was 

brushed off and intact vessels were cut into 1mm pieces and washed three times with 

isolation buffer (MCDB131 basal medium containing 30 mM HEPES, 1x antibiotic-

antimycotic). Tissue was incubated in 0.1% collagenase I in MCDB131 medium for 2h at 

37oC with frequent agitation followed by neutralization of collagenase with MCDB131 

medium containing 10% FBS. The mixture was then filtered through a sterile 70um mesh 

prior to centrifugation and washing three times in isolation buffer. Cells were then 

resuspended in enriched endothelial growth medium composed of MCDB131 medium 

supplemented with 15% FBS, 1x Glutamax, VEGF (1 ng/ml), EGF (5 ng/ml), bFGF (8 

ng/ml), Heparin (100 µg/ml), Ascorbic acid (50 µg/ml), 1x Antibiotic-Antimycotic prior 

to seeding onto fibronectin-coated (1 µg/cm2) dishes. Four hours after cell plating, cells 

were rinsed with PBS to remove all non-adherent cells and supplemented with fresh 

enriched endothelial growth medium. Cells were grown on fibronectin-coated dishes and 

supplemented with enriched medium for the first two passages with medium replaced 

every two days until cultured reached 70-80% confluence. 
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Rhesus monkey fibroblasts from an abdomen skin biopsy were isolated from 

young (15 years old). Specifically, tissue was cut into 1mm pieces and washed three 

times with isolation buffer (DMEM basal medium containing 30 mM HEPES, 1x 

antibiotic-antimycotic). Tissue was incubated in 0.1% collagenase I in DMEM medium 

for 2h at 37oC with frequent agitation followed by neutralization of collagenase with 

DMEM medium containing 10% FBS. The mixture was then filtered through a sterile 

70um mesh prior to centrifugation and washing three times in isolation buffer. Cells were 

then resuspended in fibroblast growth medium composed of DMEM containing 10% 

FBS, 1x Glutamax, sodium pyruvate, and 1x Pen-Strep.  

Rhesus RPE cells were isolated from a young normal monkey. Specifically, RPE 

was scraped off and immediately stored in RNAlater storage reagent (Applied 

Biosytems) to stabilize and protect RNA for later use.  

 

Cell Culture. Rhesus monkey ECs were grown on 0.5% gelatin coated dishes in MCDB 

131 basal medium (Corning) supplemented with 10% fetal bovine serum (FBS; HyClone 

GE), 10 mM L-glutamine (Life Technologies), 10 ng/mL epidermal growth factor 

(Sigma), 4 ng/mL basic fibroblast growth factor (Life Technologies), 1 mg/mL 

hydrocortisone (Sigma), and 1x antibiotic/antimycotic supplement (Life Technologies). 

EC culture was maintained at 37oC in a humidified atmosphere with 5% CO2, with cells 

being seeded at 10,000 cells/cm-sq and passaged every two days. For all in vitro studies, 

cells were seeded at 40,000 cells/cm-sq. in starvation medium (MCDB 131 basal medium 

supplemented with 2.5% FBS and 1x antibiotic-antimycotic) for six hours prior to assays.  
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Fibroblast culture were grown on tissue culture plastic in DMEM containing 10% 

FBS, 1x Glutamax, sodium pyruvate, and 1x Pen-Strep. Fibroblast culture was 

maintained at 37oC in a humidified atmosphere with 5% CO2, with cells being seeded at 

20,000 cells/cm-sq and passaged every four days after reaching 85% confluence. 

Rhesus monkey iPSC-derived RPE was used as previously reported.33, 34 Briefly, 

RPE were grown on tissue culture plastic in Miller medium35 supplemented with 5% fetal 

bovine serum (FBS; HyClone, Logan, UT) at 37 °C and 5% CO2 in a humidified 

incubator. After culturing for 10 days, the cells acquired pigmentation.  

 

Complement Activation. To examine the effects of complement activation on rhesus 

monkey choroidal ECs, cells were treated with 5% normal human serum (NHS; 

Complement Technology, Inc., Tyler, TX, USA) in veronal buffered saline (VBS; NaCl 

[145 mM], sodium barbital [1.8 mM], barbituric acid [3 mM], CaCl2 [50 uM], and 

MgCl2 [25uM], adjusted to pH 7.4) for 3 hours at 37oC to promote  complement protein 

deposition on the cell surface. To confirm the role of complement deposition and 

subsequent injury, cells were co-treated with complement inhibitor as previously 

reported.36  Briefly, complement inhibitor (RSI-compstatin-PEG analog; 2uM) was pre-

mixed with 5% NHS on a rocker for 30 min at room temperature prior to addition to EC 

cultures for 3 hours at 37oC.  

To prevent the effects of age-associated cell stiffening, cells were co-treated with 

NSC23776, a pharmacological Rac1 inhibitor (1000uM) or Y27632, a pharmacological 

inhibitor of Rho/ Rho-associated kinase (ROCK; 100uM) in 5% NHS for 3 hours at 37oC. 
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Quantitative RT-PCR. Total RNA was isolated from cell monolayers using an RNA 

purification kit (Direct-zol RNA MiniPrep; Zymo Research, Irvine, CA, USA). All 

samples were treated with DNAse to ensure no contaminant DNA was present. RNA was 

converted to cDNA with high capacity cDNA reverse transcription kit (Applied 

Biosystems), and amplified with the appropriate TaqMan PCR primers for VE-cadherin, 

VEGFR2, or RPE65 (Thermo Fisher Scientific, Inc.) on the CFX connect real-time PCR 

detection system (BioRad, Hercules, CA, USA). Amplification was performed so that 

there was linear accumulation of PCR products. Relative mRNA levels were determined 

by the comparative cycle threshold method with normalization to glyceraldehyde 3-

phosphate dehydrogenase (GAPDH; Thermo Fisher Scientific, Inc.). 

 

Flow Cytometry. Monkey choroidal ECs were cultured for 48h prior to detachment with 

accutase.  ECs were labeled with PE-conjugated anti-CD146 antibody (BD Biosciences, 

San Jose, CA, USA) for 20 min at 4°C in FACS buffer (0.5% BSA and 2mM EDTA). R-

Phycoerythrin IgG was used as Isotype control. Acquisition of >25,000 events were 

performed on an NovoCyte flow cytometer (ACEA Biosciences, San Diego, CA) 

followed by single cell analysis  (FlowJo; Treestar, Inc., Ashland, OR, USA).  

 

Immunofluorescence Labeling. Monkey choroidal ECs were plated onto 

gluteraldehyde-crosslinked gelatin cover slips. Upon completion of assay, cells were 

fixed in 4% PFA for 15 minutes and rinsed with PBS. Next, cells were incubated with 

BSA (2% wt/vol, 30 minutes, RT following) to prevent non-specific binging prior to 
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primary antibody incubation with anti-C5b-9 (2 hours, RT). ECs were rinsed and labeled 

with secondary antibody (1 hour, RT). For visualization of actin cytoskeleton, ECs were 

permeabilized (0.2% Triton X-100 in 1 mg/mL BSA) prior to incubation with AlexaFluor 

594 Phalloidin (20 minutes, RT), followed by mounting of the cells on glass slides for 

fluorescence imaging with Zeiss 880 Airyscan confocal or Nikon Eclipse TI 

epifluorescent microscope. ImageJ was used to quantify the fluoerescence intensity signal 

and percent cells with damaged actin stress fibers (n ≥ 60 cells per condition). 

 

Atomic Force Microscopy. For measurement of EC stiffness, cells were grown to 

confluence on gluteraldehyde-crosslinked gelatin cover slips.  EC monolayers in calcium 

buffer (NaCl [136 mM], KCl [4.6 mM], MgSO4[1.2 mM], CaCl2 [1.1 mM] KHPO4 [1.2 

mM], NaHCO3 [5 mM], Glucose [5.5 mM], and HEPES [20 mM]) were indented using a 

biological-grade atomic force microscope (AFM; Asylum Research). Specifically, cell 

stiffness was measured in contact mode using a silicon nitride cantilever (0.1 N/m spring 

constant) modified with a 5µm spherical borosilicate glass bead (Novascan). EC 

monolayers were indented on a minimum of 20 different spots, each indented a three 

times using a 2.5 nN indentation force. In some measurements, OD ECs were treated 

with Y27632 (100 uM; 1 hour, 37oC) prior to indentation. 

 

Rho Activity. RhoA activity was measured from cell lysates using the RhoA G-LISA 

activation assay kit (Cytoskeleton, Inc, Denver, CO, USA), per the manufacturer’s 

protocol. Briefly, Confluent EC monolayers were lysed over ice. Supernatant was 
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collected and maintained. Equal amounts of protein was loaded into assay wells.  Results 

were obtained by measuring absorbance at 490 nm using a plate reader (Victor2; Perkin 

Elmer, MA, USA). 

 

Western Blot. Expression of endothelial phosphorylated and total myosin light chain 

(MLC) were determined by Western blot. Briefly, confluent EC monolayers were lysed 

in RIPA buffer containing protease and phosphatase inhibitors, and the lysates were 

centrifuged to obtain protein supernatant. An equal amount of protein was loaded in 10% 

SDS-polyacrylamide gel and the separated proteins transferred onto a nitrocellulose 

membrane for detection with polyclonal rabbit anti-Phospho-Myosin Light Chain 2 

(Ser19) antibody (Cell Signaling Technologies) or monoclonal rabbit anti- Myosin Light 

Chain 2 (D18E2) antibody (Cell Signaling Technologies) followed by detection with goat 

Anti-rabbit IgG horseradish peroxidase (HRP)-conjugated secondary antibody (Cell 

Signaling Technologies). GAPDH (Sigma) was used as the loading control. Protein bands 

were visualized using a chemiluminescent detection kit (Thermo Scientific) coupled with 

a camera-based imaging system (Biospectrum AC ImagingSystem) while the 

densitometric analysis was performed by ImageJ software. 

 

Measurement of Cell Area. To quantify cell area, ECs were plated on plastic culture 

dishes for 6 hours before being subjected to phase contrast imaging using the 

aforementioned microscope (Nikon Corp.). Projected cell area (n = 50 cells/condition) 

was measured by tracing the cell perimeter using ImageJ. 
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Statistics. All data were obtained from multiple cells and multiple replicates/condition 

(as indicated in each respective section) and expressed as mean ± standard error or 

standard deviation, as indicated. Statistical significance was determined using analysis of 

variance (ANOVA), followed by Tukey’s and Bonferroni post-hoc analysis (Instat; 

GraphPad Software Inc., La Jolla, CA, USA). Results were considered significant if P < 

0.05. 
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Results 

 
Rhesus Monkey Model of Dry AMD 

To study the mechanisms underlying CC atrophy associated with dry AMD, 

choroidal endothelial cells (ECs) were isolated from the macular region of young normal 

(6 years old; YN), old normal (20 years old; ON) and old monkeys with severe drusen 

(19 years old; OD). Monkeys were selected based on AMD diagnosis made by 

identification of drusen deposits in corresponding fundus photographs (Figure 3.1A).  

Monkey retinal sections immunolabeled for anti-C5b-9 revealed MAC deposition 

localized to the CC, similar to the pattern seen in humans (Fig 3.1B).10 Thus, we 

rationalized that this model was ideal for in vitro study of CC aging atrophy associated 

with dry AMD.  

 

Phenotypic Characterization of Monkey Choroidal ECs 

To confirm the viability of these isolated cells, we first seeded and confirmed that 

the cells grew well in culture. Isolated ECs were grown in endothelial-selective culture 

medium where cobblestone colonies (Fig. 3.2A), characteristic of endothelial cells, 

emerged soon after seeding and at confluence became contact-inhibited, a characteristic 

of ECs. To confirm endothelial phenotype, we looked for positive VE-Cadherin mRNA 

expression, using fibroblasts as a negative control (Fig 3.2B). To further validate EC 

phenotype, we looked for mRNA expression of endothelial-specific VEGFR2 and CD146 

surface protein expression by flow cytomery (Fig 3.2C, 2D). Using RPE65 as a marker 
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for retinal pigment epithelial cells (RPE) together with pigmentation and cell 

morphology, we show that our cultures do not contain any RPE contaminants (Suppl. Fig. 

S3.1). 

 

Choroidal ECs From Drusen Eyes Exhibit Increased Susceptibility To Complement 

Injury  

To determine whether there is any difference in sensitivity to complement 

activation associated with dry AMD, ECs were treated with NHS to activate the 

complement pathway. Our measurements of phalloidin-labeled actin cytoskeleton 

revealed that old ECs isolated from AMD eyes, exhibit significantly greater susceptibility 

(P<0.001) to complement injury, as measured by the damage to actin cytoskeleton (Fig 

3.3A). Interestingly, this preferential complement injury, was not due to differential 

levels of complement deposition across the three different cells as confirmed by similar 

fluorescence intensity of C5b-9-immunoreactivity (Fig 3.3B). Further, co-treatment with 

complement-inhibitory peptide revealed that susceptibility to complement injury of OD 

ECs could be prevented; thereby confirming complement-induced injury did indeed result 

from complement deposition (Suppl. Fig. S3.2).  

 

Choroidal ECs from Drusen Eyes have Increased Stiffness 

Our	previous	studies	using	replicative	senescence	 to	mimic	biological	aging	

have	 shown	 that	 senescence	 increases	 chorioretinal	 EC	 stiffness,19	 which	 is	

consistent	with	 the	 role	 of	 vascular	 stiffening	 in	many	 aging	models	 of	 aorta	 and	
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arteries.21	Further,	 studies have shown that aging is associated with stiffening of both 

retinal and non-retinal vessels.20,30 Thus to determine whether the increased in 

complement injury susceptibility was caused by this age-induced EC stiffening, force 

indentation measurements were obtained using a biological-grade AFM. Our 

measurements revealed that cells from old drusen-laden eyes are significantly stiffer 

(P<0.05) than their young counterparts (Fig 3.4). 	

 

Choroidal ECs from Drusen Eyes Exhibit Decreased Rho Activity 

Rho is a key mechanotransduction player that regulates actin cytoskeletal tension 

and, as a consequence, cell stiffness.24,37 Thus, we looked to see whether the increase in 

OD EC stiffness is a direct result from an increase in Rho activity. Measurement of 

baseline Rho activity in confluent EC monolayers revealed that OD ECs exhibit lower (P 

< 0.05) Rho activity than YN ECs (Fig. 3.5A). Since activated Rho kinase inhibits 

myosin light chain (MLC) phosphatase by phosphorylating its myosin binding subunit, 

we confirmed this counterintuitive finding by looking at MLC phosphorylation (pMLC). 

Consistent with studies showing that Rho regulates MLC phosphorylation,38,39 our 

findings revealed that stiffer OD ECs with low Rho activity also have lower (P< 0.001) 

MLC phosphorylation (Fig. 3.5B). Thus, to understand how OD ECs are becoming 

stiffer, we looked at the actin cytoskeleton because previous studies by us and others 

have shown that stiffer, more contractile ECs have dense actin cytoskeletal filaments.  

Interestingly, our findings reveal that stiffer OD ECs exhibit a robust cortical actin 

arrangement while YN and ON ECs have a cytoskeleton composed of stress actin fibers 
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(Fig. 3.5C). 

 

Decreasing Rho-mediated Cell Stiffening Prevents Complement Injury In Choroidal 

ECs From Drusen Eyes  

To confirm whether cell stiffness alone contributes to greater susceptibility to 

complement-induced injury, we used the pharmacological Rac1 inhibitor (NSC23776) to 

mediate cell stiffness. Rac1 is a member of the Rho family that that regulates cortical 

actin cytoskeletal arrangement, which has been shown to contribute to cell stiffness.40,41  

Thus, we depolymerized Rac-mediated cortical actin in OD ECs (Supp. Fig. S3.3). Our 

AFM measurements confirm that that Rac inhibition decreases cell stiffness (Fig. 3.6A). 

Importantly, reducing cell stiffness alone significantly prevented complement-induced 

injury in OD ECs as measured by damage to actin cytoskeleton (Fig 6B). To further 

confirm cytoskeletal contribution to cell stiffness, ROCK inhibitor (Y27632) was used to 

depolymerizing actin fibers. ROCK is a downstream effector of Rho, a key 

mechanotransduction player that regulates cell stiffness by increasing myosin light chain 

phosphorylation. Thus, Y27632 also caused depolymerization of cortical actin in OD ECs 

(Supp. Fig. S3.4). Our AFM measurements confirm that that ROCK inhibition decreases 

cell stiffness (Fig. 7A). Importantly, reducing cell stiffness alone significantly prevented 

complement-induced injury in OD ECs as measured by damage to actin cytoskeleton (Fig 

3.7B).  
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Rho-Mediated Cytoskeletal Retraction Prevents Complement Injury In Young ECs  

Cytoskeletal structure plays a role in cell response to various mechanical and 

biochemical cues. Thus, to determine whether stress fiber cytoskeletal arrangement 

observed in YN ECs may contribute to prevention of complement injury, we looked at 

the effect of complement activation on cell morphology. Interestingly, YN ECs undergo 

significant retraction while OD ECs remain fixed as judged by cell area and aspect ratio 

measurements (Fig. 3.8). Rho-mediated stress fibers are known to generate a centripetal 

(inward) tension and could thus play a role in the retraction observed.42 Thus, to confirm 

the role of actin stress fiber-mediated retraction in complement injury, YN ECs were 

treated with Y27632, a pharmacological Rho/ROCK inhibitor that depolymerizes actin 

(Supp. Fig. S3.5). As shown in Figure 3.8, stress fiber depolymerization exacerbated (P < 

0.001) complement injury of YN ECs (Fig. 9). Our observations that Rac inhibition 

prevented complement injury may be a result of increased cell retraction because 

decreasing Rac activity indeed caused OD EC retraction (Suppl. Fig. S3.3). 
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Discussion 

 

Although aging is considered the major risk factor for AMD, its precise role in 

disease initiation and progression remains poorly understood. To explain the mechanistic 

basis of the clinical observation of RPE degeneration, new studies are beginning to 

implicate a potential role of CC and choroidal atrophy that correlates remarkably with 

drusen density.9 However, the mechanisms underlying choroidal degeneration have yet to 

be elucidated. Interestingly, C5b-9 deposition is found around the CC of both AMD (old) 

and non-AMD (young) eyes, yet only old eyes develop this potentially blinding disease.10 

This observation led us to consider that aging is increasing the susceptibility of ECs to 

complement-mediated injury and subsequent lysis, which could explain choroidal atrophy 

associated with dry AMD. Using a unique in vitro model derived from a non-human 

primate pre-clinical model of dry AMD, we confirmed this hypothesis while further 

showing that age-associated EC stiffening is a key contributor to complement-mediated 

injury. To our knowledge, this study is the first to identify a possible mechanism by 

which aging may contribute choroidal degeneration. 

Aging is a major nonmodifiable risk factor for AMD. However, precisely how it 

contributes to AMD pathogenesis remains poorly understood. To study the effects of 

aging on choroidal atrophy associated with dry AMD, choroidal ECs were isolated from 

the macular region of young, old, and old drusen-laden rhesus monkey eyes.  Currently 

there is a lack of in vivo and in vitro models for the study of choroidal atrophy associated 

with dry AMD. While there are in vivo models of induced choroidal atrophy, the majority 
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of studies focus on the role of choroidal neovascularization (CNV) in wet AMD. These 

models have been essential in providing means to test new therapies. However, since dry 

AMD is a risk factor for wet AMD, the need to have models specifically for the study of 

dry AMD is imperative. Current in vitro models of dry AMD have been limited to use of 

transformed cell lines.43 Our previous work using a replicative senescence model to 

mimic biological aging was useful in identifying a potential role of age-associated CC 

degeneration in the pathogenesis of dry AMD.19 However, these findings remained to be 

validated in an appropriate aging model. Thus, here we aimed to establish a clinically 

relevant in vitro model to study the effects of aging on choroidal atrophy associated with 

dry AMD.  

This in vitro model derived from rhesus monkeys is distinct because unlike other 

animal models, these monkeys recapitulate many of the features of human dry AMD. 

Importantly, rhesus monkeys have been found to share the same genetic polymorphisms 

in ARMS2 (LOC387715) and HTRA1 associated with human AMD,32 though this was 

not independently verified for the monkeys used in this study. Further, unlike other 

animal models such as the Ccl2-/-, and double knockout Ccl2-/-  Ccr2-/-, and Ccl2-/- 

Cx3cr1-/- mice which exhibit several hallmarks of AMD such as subretinal drusen-like 

accumulations (composed of accumulations of subretinal lipid laden microglia), 

thickening of Bruch’s membrane, increase in autofluorescence and lipofuscin granules, 

photoreceptor malfunction, and the occurrence of CNV, rhesus monkeys share the unique 

structure of the human macula and spontaneously develop macular drusen, the clinical 

hallmark of dry AMD.44-46 Further, consistent with past observations from human retinal 
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sections of dry AMD eyes,10 monkey retinal sections revealed strong immunoreactivity 

for anti-C5b-9 (MAC) around the CC.  Thus, the use of macular choroidal ECs derived 

from this monkey model of dry AMD greatly strengthens the clinical implications of our 

findings. 

 Previous studies have shown that drusen density correlates with CC dropout.9 

However, the mechanisms underlying CC atrophy still remain poorly understood. The 

observations of increased C5b-9 (MAC) deposition around the CC points towards a 

potential role of complement activation in CC degeneration. Indeed, treatment of 

choroidal ECs with complement-competent serum revealed that OD ECs isolated from 

drusen-laden eyes undergo significantly greater complement-induced atrophy. 

Interestingly, this preferential complement injury was not due to differential levels of 

complement deposition across the three different ECs as confirmed by similar levels of 

C5b-9-immunoreactivity on the cell surface. Consistent with human eye sections that 

show increased C5b-9 deposition in AMD eyes,11 our findings in monkey retinal sections 

of increased C5b-9 deposition on the CC increasing with age may appear paradoxical. 

However, in support of our observations, we would like to emphasize that the effects we 

see in differences in complement injury response in vitro is not due to the rate of MAC 

deposition. In vivo, CC of aged monkeys has been exposed to complement activation for 

a longer length of time due to old age of monkeys compared to their young counterparts 

and thus could explain the differences in C5b-9 deposition observed in tissue. 

Additionally, by using a complement-inhibiting peptide we confirmed this atrophic effect 

was indeed a result from complement injury. 
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To understand how ECs from aging eyes become more susceptible to complement 

injury, we examined the potential role of EC stiffness. This is because previous studies by 

us and others have shown that increased EC stiffening increases sensitivity to 

proinflamatory cues. 19-21 Our AFM indentation measurements reveal for the first time 

that aged choroidal ECs are significantly stiffer than their younger counterparts. 

Mechanistically, cell stiffness is regulated by Rho that, via its downstream target ROCK 

(Rho-associated Kinase), modulates both actin/myosin-based cytoskeletal tension and 

contractility.24 Remarkably, stiffer choroidal OD ECs exhibit significantly lower Rho 

activity than YN ECs, which was consistent with lower myosin light chain 

phosphorylation. To understand this counterintuitive trend, we looked at the actin 

cytoskeleton because previous studies by us and others have shown that stiffer, more 

contractile ECs have dense actin cytoskeletal filaments. 19,22,25 Interestingly, our findings 

revealed that stiffer OD ECs exhibit a robust cortical actin arrangement in contrast to YN 

and ON ECs, which have stress actin fibers. This observation is consistent with past 

studies that have demonstrated an active role of cortical actin in aortic EC stiffening.   

To elucidate the mechanism underlying the distinct organization of actin 

cytoskeleton and assess the role of cortical actin in age-associated OD EC stiffening, we 

focused on Rac, a member of the Rho family of proteins that is known to stabilize 

cortical actin.40 Pharmacological inhibition of Rac in OD ECs resulted in marked 

disruption of cortical actin, which correlated with significant reduction of cell stiffness 

and increased protection against complement injury. Precisely how cortical actin-

dependent cell stiffness alters susceptibility to complement injury is not clear. It is 
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possible that the activity of surface-bound transmembrane complement regulators that 

prevent MAC pore formation (e.g. factor H, CD59, and decay accelerating factor), may 

be altered by cell/membrane stiffness imparted by cortical actin. This idea is supported by 

studies that have revealed an important role of cortical actin arrangement/activity in the 

dynamics and spatial organization of cell membrane proteins. 47-49 Whether this 

mechanism is applicable in choroidal ECs is yet to be investigated.  

Previous studies have shown that the establishment of actin cytoskeleton and 

associated mechanotransduction and cell behavior relies greatly on two key members of 

the Rho family of GTPases viz. Rac RhoA and Rac.50,51,55 Since each protein has a 

distinct role, a fine balance in their activities is essential for proper regulation of cell 

function. Rac in particular has been shown to participate in cortical actin polymerization 

known to play a key role in forming cell-matrix adhesion while Rho induces formation of 

stress fibers and generation of inward-directed contractile forces (cytoskeletal 

tension).40,42 Thus, it is intuitive that in response to membrane-disrupting conditions, cells 

with high Rho and stress fiber density will undergo greater retraction to minimize 

membrane damage than those with robust cortical actin. Indeed, the lower susceptibility 

of YN ECs to complement activation, which results in the membrane deposition of 

cytolytic MAC pores, correlated with its higher Rho-associated stress fiber density and 

greater retraction. In contrast, the robust cortical actin and reduced stress fiber density of 

OD ECs impaired their ability to retract and minimize membrane damage. Together, 

these findings indicate that Rho-associated stress fibers protect YN ECs from the 

detrimental effects of complement activation. If so, then decreasing Rho-mediated 
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contractility should increase complement injury. Indeed, we found that pharmacological 

Rho/ROCK inhibition in YN ECs alone leads to a significant increase in complement 

injury.   

To our knowledge, these findings are the first to implicate a specific age-

associated factor in CC atrophy associated with dry AMD. Although our findings offer 

new mechanistic insight into choroidal EC loss and CC degeneration associated with dry 

AMD, they do not yet explain precisely how age-induced cell stiffness increases EC 

sensitivity to complement injury. In this regard, it must be noted that cells are armed with 

a host of protective mechanisms to survive complement attack. This study does not look 

at the role of complement regulatory factors on the EC surface such as MAC-inhibitory 

protein (MAC-IP; CD59), Decay accelerating factor (DAF), membrane cofactor protein 

(MCP; CD46), and complement receptor type 1 (CR1; CD35). Further, whether activity 

of these proteins regulated by cell stiffness remains to be studied. Additionally, how Rac 

inhibition prevents complement injury in OD ECs remains to be further elucidated. It is 

possible that cortical actin disassembly is necessary for lysosomal-dependant 

spontaneous repair of damaged cell membranes, thus it is possible that greater sensitivity 

of stiffer OD ECs to complement injury results from impaired Rho-mediated lysosomal 

trafficking.  However, this remains to be carefully examined in a separate study. 

           Further, AMD is a multifactorial disease that is also regulated by dietary and 

genetic factors.31,32,53,54  How these risk factors contribute to the age-related mechanical 

control of choroidal susceptibility to complement injury also remains to be determined. 

Additionally, it should be pointed out that though we have isolated choroidal cells from 
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three monkeys corresponding to young normal, old nomal, and old with drusen, our study 

is limited by the use of only one monkey per group.  Further studies examining the 

phenomenon of EC stiffness leading to increased susceptibility are necessary with a 

larger cohort. Although our novel findings present a paradigm shift in the mechanistic 

understanding of dry AMD pathogenesis, many questions still remained to be addressed. 

For example, the present study does not explain whether and how choroidal atrophy can 

lead to RPE atrophy, the clinical manifestation of AMD. Further, can choroidal atrophy 

contribute to drusen formation through RPE loss? Additionally, we show that EC 

stiffening alone is a key determinant of increased susceptibility complement injury. 

Interestingly, Bruchs membrane stiffening has also been shown to occur in aging eyes. 

Could this mechanical alteration in contribute to altered RPE VEGF expression that could 

then affect choroidal viability? One potential way of addressing these questions can be 

the use of co-culture assays that could be set-up to study the crosstalk between the RPE 

and choroid. 
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Conclusion 

 

In summary, in the present study we performed in vitro characterization of a 

unique model for the study of choroidal atrophy associated with dry AMD. Previous 

studies have shown that MAC deposition alone is not sufficient for choroidal dropout. 

However, our findings demonstrate that age-induced EC stiffening alone exacerbates 

complement injury necessary for disease progression.  Importantly, this model will help 

further examine the link between age-associated choroidal EC stiffening, complement 

activation, and choroidal atrophy associated with dry AMD.  By uncovering the 

previously unknown role of micromechanical cues in choroidal EC dysfunction, this 

research has the potential to illuminate a previously unexplored territory in AMD 

research that can help identify new therapeutic targets for potentially effective 

management of dry AMD. 
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FIGURE 3.1: Isolation of Choroidal ECs From Macular Region of Rhesus Monkey 

Eyes. (A) Choroidal endothelial cells were selectively isolated from the macular region 

of rhesus monkey eyes based on fundus photograph screening for dry AMD. Images 

show fundus of of young normal (6 years old; YN), old normal (20 years old; ON) and 

old eyes with severe drusen (19 years old; OD). Bottom panel shows magnified macular 

region identifying drusen deposits, indicated by arrows. (B) Eye sections of young 

normal (7 years old; YN), old normal (21 years old; ON) and old monkeys with severe 

drusen (30 years old; OD) were dual-labeled with anti-C5b-9 MAC antibody (yellow) 
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and anti-Collagen IV (green) antibodies. C5b-9 immunoreactivity was specific to Bruch’s 

membrane and choriocapillaris. Notably, C5b-9 labeling was not found on RPE or outer 

choroid. C5b-9 was present on all sections with highest intensity of labeling in CC of old 

eyes with severe drusen. Scale bar 50um. RPE, Retinal pigment epitheliuml; CC, 

choriocapillaris.  
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FIGURE 3.2: Phenotypic Characterization of Monkey Choroidal ECs. (A) Monkey 

choroidal ECs isolated from the macular region young normal (6 years old; YN), old 

normal (20 years old; ON) and old monkeys with severe drusen (19 years old; OD) form 

cobblestone colonies characteristic of endothelial cells, indicated by arrows. Scale bar: 
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100 um. (B) Quantitative PCR analysis from multiple replicates (n=3) shows positive 

VE-cadherin mRNA expression. Monkey fibroblasts were used as a negative control. 

Levels of VE-Cadherin mRNA were normalized with respect to GAPDH. Bars indicate 

average ± standard error of mean. (C) Quantitative RT-PCR analysis from multiple 

replicates (n=3) shows that isolated monkey choroidal cells exhibit similar levels of 

VEGFR2 mRNA expression. Levels of VEGFR2 mRNA were normalized with respect to 

GAPDH. Bars indicate average ± standard error of mean. (D) Monkey choroidal cells 

were labeled with anti-CD146 or isotype-matched control antibody (solid gray 

histogram), and subjected to flow cytometry analysis. Histograms of cell counts versus 

fluorescence indicate that cells exhibit similar expression levels of cell surface CD146.  
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FIGURE 3.3: Choroidal ECs from Drusen Eyes Exhibit Increased Susceptibility to 

Complement injury. (A) Choroidal ECs were treated with complement-competent 

normal human serum (NHS, 5% vol/vol; 3h, 37oC). Phalloidin-labeled F-actin fibers 

reveal significantly greater damage to cytoskeleton in OD ECs compared to YN and ON 

ECs (P < 0.001). Scale bar: 25 um.  (B) Immunolabeling of anti-MAC (C5b-9) was used 

to detect surface MAC deposition. Representative images and fluorescence intensity 

measurements (bar graph; n ≥ 75 cells) reveal that YN, ON, and OD ECs exhibit similar 

surface MAC deposition.  
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FIGURE 3.4: Choroidal ECs from Drusen Eyes Have Increased Stiffness. EC 

stiffness was measured using a biological-grade AFM fitted with a silicon nitride 

cantilever tip modified with a 5 µm-diameter glass bead. Quantitative analysis of multiple 

(n≥45) force indentation measurements revealed that mean stiffness of ECs isolated from 

old drusen-laden eyes was 2-fold higher compared to ECs isolated from young normal  

eyes (P < 0.05).   
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FIGURE 3.5: Choroidal ECs from Drusen Eyes Have Low Rho Activity. (A) 

Baseline RhoA activity of choroidal ECs was measured using RhoA G-LISA activation 

assay. Absorbance measurements show a ~60% decrease in Rho activity in OD ECs 

when compared with YN ECs (P < 0.05). Bars indicate average ± standard error of mean. 

(B) ECs monolayers were subjected to Western blotting for detection of phosphorylated 
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myosin light chain (MLC) expression. Representative protein bands (18 kDa) and their 

densitometric analysis (mean ± std. dev.) normalized to total MLC (loading control) 

shows that MLC phosphorylation is decreased in OD ECs (P < 0.001). (C) Choroidal ECs 

were stained with fluorescently labeled phalloidin to visualize actin cytoskeletal 

filaments. Representative fluorescent image revealed robust stress actin fiber in YN and 

ON ECs and a cortical actin cytoskeletal arrangement in OD ECs. Scale bar: 50 um. 
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FIGURE 3.6: Decreasing Rac-Mediated Cell Stiffening Prevents Complement 

Injury In Choroidal ECs From Drusen Eyes. (A) EC stiffness was measured by AFM. 

Average force indentation measurements (n > 50) of OD ECs treated with 

pharmacological Rac1 inhibitor (NSC23776; 1000uM) revealed a ~2-fold decrease in 

stiffness (P> 0.001). (B) OD ECs were co-treated with NHS and NSC23776. 

Representative images and counting of damaged phalloidin-labeled actin cytoskeleton 

fibers (box plot; n > 100) reveal an average ~2.5-fold decrease of complement-induced 

injury in OD ECs (P < 0.001). Scale bar: 25 um.  
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FIGURE 3.7: Decreasing Rho/ROCK Mediated Cell Stiffening Prevents 

Complement Injury In Choroidal Ecs From Drusen Eyes. (A) EC stiffness was 

measured by AFM. Average force indentation measurements (n > 40) of OD ECs treated 

with pharmacological ROCK inhibitor (Y27632; 100uM) revealed a ~1.9-fold decrease 

in stiffness (P> 0.001). (B) OD ECs were co-treated with NHS and Y27632. 

Representative images and counting of damaged phalloidin-labeled actin cytoskeleton 

fibers (box plot; n > 100) reveal an average ~3.5-fold decrease of complement-induced 

injury in OD ECs (P < 0.001). Scale bar: 25 um.  
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FIGURE 3.8: Complement Injury Causes YN EC Retraction. Representative phase 

contrast images and measurement of projected cell area together with aspect ratio (box 

plot; n=250 cells) indicate that only YN ECs undergo significant retraction compared to 

OD ECs. Scale bar: 10 µm. 
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FIGURE 3.9: Inhibition Of Rho-Mediated Retraction Exacerbates Complement 

Injury In YN ECs. YN ECs were co-treated with NHS and Y27632. Representative 

images and counting of damaged phalloidin-labeled actin cytoskeleton fibers (box plot; 

n>100) reveal an average ~40% increases of complement-induced injury in YN ECs 

(P<0.001). Scale bar: 25 um.  
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SUPPLEMENTAL FIGURE S3.1. ECs do not express RPE65. (A) Quantitative RT-

PCR analysis from multiple replicates (n=3) shows that isolated monkey choroidal 

endothelial cells do not express RPE65 mRNA expression, a RPE phenotypic marker. 

Levels of RPE65 mRNA were normalized with respect to GAPDH. Representative phase 

contrast and brightfield images of 10 day RPE and ECs cultures show that ECs lack 

pigmentation, a characteristic of RPE. Scale bar: 10 um 
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SUPPLEMENTAL FIGURE S3.2. Compstatin prevents complement injury. To 

confirm the role of complement deposition and subsequent injury, cells were co-treated 

with complement inhibitor (RSI-compstatin-PEG analog; 2uM) and 5% NHS. Analysis 

of representative images of phalloidin labeled actin cytoskeleton revealed that ECs 

treated with complement inhibitor underwent significantly less complement-induced 

damaged as judged by the disruption of the actin cytoskeleton. Scale bar: 25 um.  
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SUPPLEMENTAL FIGURE S3.3. Pharmacological Rac inhibition disrupts cortical 

actin in OD ECs. OD ECs were treated with Rac inhibitor NSC23776. Representative 

images of phalloidin-labeled cytoskeleton revealed disruption of the cortical actin 

together with cell retraction. Scale bar: 25 um 
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SUPPLEMENTAL FIGURE S3.4. Pharmacological Rho/ROCK inhibition disrupts 

cortical actin in OD ECs. OD ECs were treated with Y27632. Representative images of 

phalloidin-labeled cytoskeleton revealed disruption of the robust cortical actin 

arrangement. Scale bar: 25 um. 
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SUPPLEMENTAL FIGURE S3.5. Pharmacological Rho/ROCK inhibition disrupts 

actin stress fibers in YN ECs. YN ECs were treated with Y27632. Representative 

images of phalloidin-labeled cytoskeleton revealed disruption of the actin stress fibers. 

Scale bar: 25 um 
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CHAPTER 4 

 

ROLE OF RHO-MEDIATED LYSOSOME TRAFFICKING IN  

COMPLEMENT-INDUCED INJURY ASSOCIATED WITH DRY AMD 

 

Preface 

 

Studies performed in Chapter 3 demonstrated that aging increases choroidal EC 

stiffening that contributes to increased susceptibility to complement mediated injury. 

These findings are the first to identify a possible mechanism by which aging may 

contribute to choroidal atrophy associated with dry AMD. However, they do not yet 

explain precisely how age-associated cell stiffness increases EC sensitivity to 

complement injury. Thus, this chapter aims to understand how age-associated cell 

stiffness increases EC sensitivity to complement injury by examining the role of rho-

mediated lysosome trafficking for the repair of damaged cell membranes.  

 

 

Figures 4.1-4.3 were obtained in collaboration with Prof. Hyle Park, University of 

California, Riverside.  
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Introduction 

 

Dry AMD is characterized by choroidal atrophy, observed as CC dropout and 

choroidal thinning.1-6 Importantly, the severity of CC dropout increases with the density 

of drusen deposits.2 Despite these important findings, the mechanisms underlying 

choroidal atrophy still remain poorly understood. Abundant evidence implicates 

complement activation in the pathogenesis dry AMD.7-9 Further, studies have shown that 

the terminal factor of the compliment activation pathway, membrane attack complex 

(MAC; C5b-9n), specifically localizes on the CC.3 Interestingly, MAC is found on the 

CC of both young and old eyes yet only old eyes develop dry AMD. Since assembly of 

MAC on the cell membrane can lead to pore formation,10 it is possible that this can lead 

to cell lysis and contribute to choroidal atrophy associated with dry AMD. Using an in 

vitro pre-clinical model of dry AMD, studies performed in Chapter 3 demonstrated that 

(a) aging increases in susceptibility to complement-induced injury, (b) aging increases 

choroidal EC stiffness, and (c) decreasing cell stiffness prevents complement-induced 

injury. These findings offer new mechanistic insight into choroidal EC loss and CC 

degeneration associated with dry AMD. However, they do not yet explain precisely how 

cell stiffness increases EC susceptibility to complement injury.  

  There are several mechanisms in place to eliminate MAC from the cell membrane 

and restore membrane integrity.11-13 Exocytosis by lysosomes is known to play an 

important role in membrane resealing after injury.14-19 Specifically, lysosomes move 

bidirectionally along microtubules (propelled by dynein and kinesins), and eventually 
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fuse and integrate with the cell membane.20,21 Since vesicle fusion kinetics is strongly 

dependent on membrane bending properties,22 it is possible that age-induced choroidal 

EC stiffening, which results, at least in part, from cytoskeletal tension, alters the 

efficiency of lysosomal exocytosis. Indeed, many studies implicate the actin cytoskeleton 

as a key player in regulating exocytosis. Specifically, studies have shown that the 

cytoskeleton plays various roles during exocytosis. For instance, the cytoskeleton has 

been shown to create a physical/functional barrier whose removal is necessary during 

exocytosis to allow secretory vesicles to access the cell membrane.24-26 Conversely, 

others have shown that the cytoskeleton plays a more active role by directing lysosomal 

vesicles to the membrane fusion sites and providing the driving force to complete 

fusion.27-29 Thus, it is plausible that EC stiffening, which is mediated by the tension in the 

cytoskeleton, can affect lysosomal exocytosis.  However, whether lysosome trafficking is 

impaired in stiffer choroidal ECs and whether it contributes complement injury 

associated with dry AMD remains unknown. Together, findings from our and others 

studies’ have led us to hypothesize that the greater degree of complement-mediated injury 

in stiffer OD ECs results from impaired lysosomal trafficking. 
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Material and Methods 

 

Cell Culture. Rhesus monkey ECs from the macular region of the choroid isolated from 

young normal (6 years old; YN) and old monkeys with severe drusen (19 years old; OD) 

were grown on 0.5% gelatin coated dishes in MCDB 131 basal medium (Corning) 

supplemented with 10% fetal bovine serum (FBS; HyClone GE), 10 mM L-glutamine 

(Life Technologies), 10 ng/mL epidermal growth factor (Sigma), 4 ng/mL basic 

fibroblast growth factor (Life Technologies), 1 mg/mL hydrocortisone (Sigma), and 1x 

antibiotic/antimycotic supplement (Life Technologies). EC culture was maintained at 

37oC in a humidified atmosphere with 5% CO2, with cells being seeded at 10,000 

cells/cm-sq and passaged every two days.  

 

GFP-LAMP1 Transfection. YN and OD ECs were plated at 6k cells/cm2 in complete 

medium for six hours to ensure maximal spreading. ECs were then transfected with Cell 

Light Lysosomes-GFP-LAMP1 (Lysosome Associated Membrane Protein 1, a key 

lysosomal protein found of the lysosome membrane) BacMam 2.0 transfection reagent as 

per manufacturer’s protocol (100 ppm; ThermoFisher). GFP-LAMP1 labeled ECs 

remained in transfection reagent-containing complete culture medium for 72h, to ensure 

maximum GFP-LAMP1 transfection. 

 

Complement Activation. To examine the effects of complement activation on rhesus 

monkey choroidal ECs, cells were treated with 5% normal human serum (NHS; 
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Complement Technology, Inc., Tyler, TX, USA) in veronal buffered saline (VBS; NaCl 

[145 mM], sodium barbital [1.8 mM], barbituric acid [3 mM], CaCl2 [50 uM], and 

MgCl2 [25uM], adjusted to pH 7.4) for 30 minutes at 37oC to promote complement 

protein deposition on the cell surface.  

 

To inhibit the effects of age-associated cell stiffening, cells were co-treated with Y27632, 

a pharmacological inhibitor of Rho/ Rho-associated kinase (ROCK; 100uM) in 5% NHS 

for 3 hours at 37oC. 

 

Imaging of Lysosome Trafficking. YN and OD ECs were plated at 40k cells/cm2 onto 

gluteraldehyde-crosslinked gelatin coated glass-bottom dishes in phenol-red free 

starvation medium (MCDB 131 basal medium supplemented with 2.5% FBS and 1x 

antibiotic-antimycotic). Cells were in culture for six hours to ensure maximal spreading 

prior to time-lapse imaging with Keyence BZ-710 epifluorescent microscope. Images 

were captured at 15-second intervals for duration of 10 minutes.  

 

Analysis of Lysosome Trafficking. Images were aligned using Matlab to ensure proper 

alignment of field of view. Images were then converted to gray scale and background was 

subtracted from each frame leaving only GFP-labeled lysosomes in field of view. Using 

the image processing toolbox in Matlab, images were binarized based on thresholding to 

select particles that could easily be identified for analysis. Coordinates of particle 
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centroids were obtained and analyzed frame by frame to obtain particle trajectories. 

Coordinates were then traced and lysosome velocity was determined.  
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Results 

 

Decreased rate of lysosome trafficking correlates with aging 

To determine the effect of aging on lysosome trafficking in choroidal ECs, we 

first measured the baseline lysosome trafficking rates in YN and stiffer OD ECs. Time-

lapse images revealed that YN ECs exhibit higher lysosome trafficking rates compared to 

stiffer OD ECs (Fig 4.1). 

 

Complement activation impairs lysosome trafficking in choroidal ECs 

To determine whether lysosomal trafficking contributes to increased susceptibility 

to complement injury associated with dry AMD, lysosome trafficking rates in 

complement activated YN and OD ECs were observed. Time-lapse imaging revealed that 

complement activation significantly decreases lysosomal trafficking in YN and OD ECs 

(Fig 4.2).  

 

Increased cell stiffening inhibits lysosome trafficking 

Studies have shown that actin cytoskeleton has many roles in lysosomal 

exocytosis. Thus, to determine whether my previous findings showing age-induced EC 

stiffening can contribute to the increased susceptibility to complement injury, we 

pharmacologically inhibited Rho/ROCK. Time-lapse images confirmed that 

pharmacological inhibition of Rho/ROCK causes a significant increase of lysosomal 

trafficking of choroidal OD ECs (Fig 4.3). 
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Discussion 

 

Previous studies (Chapters 2 and 3) revealed that aging increases the susceptibility 

to complement injury of choroidal ECs. To understand how stiffer ECs from aging eyes 

become more susceptible to complement injury, I explored the potential role of lysosomal 

exocytosis. Time-lapse images of GFP-LAMP1-transfetcted ECs revealed that aged 

choroidal ECs have a significantly slower rate of lysosome trafficking when compared 

with their younger counterparts. Since my previous studies show that complement 

deposition occurs at the same rate in young (YN) and old (OD) choroidal ECs, this 

observation of slower baseline trafficking rates may explain why OD ECs undergo a 

greater degree of complement injury. Interestingly, we further show that complement 

activation severely decreases lysosome trafficking in choroidal ECs. Thus, it is likely that 

the already slow baseline trafficking rates in OD ECs simply cannot meet membrane 

resealing rate required for the maintenance of the membrane integrity and become 

extensively damaged by the simultaneous and compounding effect of ongoing 

complement injury.  

Since studies in Chapter 3 revealed that the actin cytoskeleton contributes to EC 

stiffening and the cytoskeleton has been shown to contribute in various ways to 

lysosomal exocytosis, here the role of cytoskeleton in lysosomal trafficking was explored.  

Our time-lapse images revealed that decreasing cell stiffness with a pharmacological 

Rho/ROCK inhibitor causes an increase in baseline lysosomal trafficking in OD ECs. 

However, whether this increase in baseline lysosomal trafficking in aged choroidal ECs 
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can indeed contribute to membrane repair and thus prevent the extensive damage of 

complement deposition remains to be carefully examined in the future.  

Chapter 4 shows, for the first time, that there is a decrease in the velocity of Rho-

mediated lysosome trafficking in OD ECs.  Further, this decrease in velocity of lysosome 

trafficking is associated with aging.  Remarkably, inhibiting EC stiffening reverses the 

effect of reduced lysosome trafficking.  Importantly, these studies are the first to show 

that (i) aging decreases lysosome trafficking in choroidal ECs,  (ii) complement injury 

contributes to impaired lysosome trafficking, and (iii) modulation of EC stiffening can 

reverse impaired rho-mediated lysosome trafficking of stiffer ECs. Together, these 

findings identify a crucial role of impaired Rho-mediated lysosome trafficking and its 

contributions to complement injury and further implicate EC stiffness, as a novel 

therapeutic target for choroidal atrophy associated with dry AMD. 
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Conclusion 

 

Studies performed using an in vitro pre-clinical model of dry AMD revealed that 

aging lead to choroidal EC stiffening that correlates with an increase in susceptibility to 

complement injury.  To determine the role of EC stiffening in increased susceptibility to 

complement injury, the role of lysosomal was explored. Our studies revealed that age-

associated cell stiffening leads to significant decrease in lysosome trafficking in choroidal 

ECs. Further, by activating the complement system we revealed that lysosomal 

trafficking is inhibited in the stiffer OD ECs. Finally, we show that pharmacological 

modulation of Rho/ROCK activity reverses the effects of EC stiffness on lysosome 

trafficking. Collectively, these findings reveal a novel and crucial role of rho-mediated 

lysosomal trafficking in membrane resealing and its contribution to complement-

mediated choroidal atrophy associated with dry AMD.  
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 Fig. 4.1. Aging causes decreased lysosome trafficking rates. Mean velocity vs. 

time plots reveal that OD cells on average have decreased velocity compared to their YN 

counterparts. Each line graph indicates the average velocities of lysosomes within one 

cell. 
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Fig. 4.2. Complement injury decreases lysosome trafficking rate. Mean velocity vs. 

time plots reveal that treatment with complement-competent serum (5% NHS; 30 min) 

significantly decreases lysosome trafficking rates. Further, the trafficking rates in OD 

cells on average are slower than their YN counterparts. Each line graph indicates the 

average velocities of lysosomes within one cell. 
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Fig. 4.3. Increased EC stiffening correlates with decreased lysosome trafficking rate. 

Mean velocity vs. time plots reveal that treatment with pharmacological Rho/ROCK 

inhibitor (Y23632; 100uM, 30 min) significantly increases lysosome trafficking rates of 

stiffer ECs. Each line graph indicates the average velocities of lysosomes within one cell. 
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CHAPTER 5 

 

CONCLUSION 

 

      The goal of this research was to understand the role of age-related EC stiffening in 

choroidal atrophy associated with Dry AMD and to identify new therapeutic targets for 

the slowdown or prevention of AMD progression. Studies in Chapter 2 show that 

senescence, a hallmark of aging, increases the susceptibility of choroidal ECs to 

complement injury and subsequent EC lysis. This increase in susceptibility to 

complement injury correlates with increased rho-mediated EC stiffness. Importantly, 

pharmacological inhibition of Rho/ROCK activity reduced EC stiffness and prevented the 

effect of EC lysis. These findings were the first to implicate Rho-mediated choroidal EC 

stiffening as a specific age/senescence-related factor in choroidal atrophy associated with 

dry AMD. However, the phenomenon observed here needed to be validated in an 

appropriate animal model of dry AMD.  

In Chapter 3, we establish a unique in vitro model derived from a non-human 

primate pre-clinical model of dry AMD. Using this model, we show for the first time that 

aging causes choroidal EC stiffening. This age-associated EC stiffening correlates with 

increased susceptibility to complement-induced injury. Remarkably, by decreasing cell 

stiffness alone via pharmacological inhibition of Rho, these complement-induced effects 

on stiffer ECs can be prevented. Importantly, we show the protective effect of rho-

mediated EC contractility in preventing complement injury.  
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Finally, Chapter 4 aims to explain a possible mechanism by which age-induced 

cell stiffness increases EC susceptibility to complement injury by exploring the role of 

lysosome trafficking for the repair of MAC-induced cell membrane injury. Collectively, 

these findings reveal a novel and crucial role of Rho-mediated cytoskeletal EC stiffening 

in choroidal atrophy associated with dry AMD. 

 

 

 
Working Model 

 
The findings from my studies indicate a key and crucial role of age-induced cell 

stiffening in choroidal atrophy associated with dry AMD (Schematic 5.1). Specifically, I 

show that aging leads to increased susceptibility to complement injury. This increase in 

susceptibility to complement injury correlates with EC stiffening. Counterintuitively, Rho 

activity, which is associated with cell tension and stiffness, decreases in stiffer choroidal 

ECs, which correlates with a reduction in actin stress fiber density. Instead, the OD ECs 

exhibit a robust cortical actin arrangement that contributes to its higher stiffness and 

greater susceptibility to complement injury. Notably, the stiffer choroidal ECs fail to 

retract during complement activation while their younger counterparts, which have a 

higher density of Rho-associated actin stress fibers, undergo significant retraction in 

response to membrane-damaging complement activation. These findings indicate that 

Rho-associated stress fibers impart cells with the ability to retract in response to 

membrane MAC deposition, thus serving as a protective mechanism against complement 

injury.  
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Future Directions 

 

Though these findings offer new mechanistic insight into choroidal EC atrophy 

and choroidal degeneration associated with dry AMD, they do not yet explain precisely 

how age-induced cell stiffness increases EC sensitivity to complement injury. AMD is a 

multifactorial disease that is also regulated by dietary, genetic, biochemical, and 

molecular factors.1-4 Thus, to begin to fully understand AMD pathogenesis, different 

aspects of this disease will need to be explored.  

Complement activation is a hallmark of AMD with C5b-9 deposition localizing 

on the CC.5-7 Since host ECs are equipped with an array of protective mechanisms to 

survive complement attack,8-10 the expression levels of various surface-bound 

complement regulators should be assessed. Further, since cytoskeletal organization has 

been shown to play a key role in the dynamics and spatial assembly of proteins on the 

cell membrane,11-13 it is possible that cytoskeleton-mediated EC stiffening alters the 

activity of transmembrane complement regulators, especially CD46 that is physically 

anchored to the cytoskeleton.14 This is another aspect that should be further examined in 

aging and AMD CC and choroid. 

Additionally, the role of endothelial glycocalyx (GCX), a complex network of 

various proteoglycans and glycoproteins that is physically anchored to the cell 

membrane, in choroidal complement injury should be carefully investigated.15-17 This is 

because heparan sulfate proteoglycan (HSPG), a major GCX component, binds factor H 

(CFH), a crucial soluble-phase complement regulator that blocks MAC formation.18 
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Indeed,  recent studies have implicated age-induced GCX shedding in various pathologies 

associated with complement activation.19,20 Thus, it is plausible that the loss of HSPG 

from CC endothelial membrane reduces surface binding of CFH in aging eyes, thereby 

increasing the susceptibility for membrane MAC deposition and, ultimately, lysis. 

Additionally, since GCX is anchored to the membrane via transmembrane 

proteoglycans,21 cell stiffness could play a role in GCX spatial organization  and/or 

integrity.  

Studies in chapter 3 show the role of cortical actin in cell stiffening. Further, 

depolymerization of the robust cortical actin ring of stiffer OD ECs prevented 

complement associated injury. Since cortical actin is physically anchored to the cell 

membrane by various adaptor proteins such as talin, tensin, filamin and α–actinin,22 

which play a key role in stabilizing the cytoskeleton, these proteins may contribute to the 

stiffening-dependent EC susceptibility to complement injury. One potential candidate is 

α–actinin, whose expression is known to correlate directly with the density of cortical 

actin ring.23 Since cortical actin creates a physical scaffold underlying the cell 

membrane,24-26 it is possible that α-actinin-mediated cortical actin stabilization may 

prevent the disassembly of cortical actin, which has been shown to be necessary for 

lysosome-mediated membrane repair.  

Further, since cortical actin polymerization is regulated by Rac, the activity levels 

of this GTPase should be analyzed. If stiffer cells are indeed found to have significantly 

higher Rac, the GDP-GTP exchange factors (GEFs) and GTPase-activating proteins 

(GAPs), which regulate Rho and Rac can be investigated. GEFs and GAPs regulate the 
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nucleotide (GDP or GTP) bound to Rho or Rac, thus determining the activity of Rho and 

Rac and the interactions of these with their downstream targets.27,28 Thus, it is possible 

that if Rac levels are significantly elevated, GEFs and/or GAPs may be dysregulated. 

Further, studies in chapter 3 revealed that stiffer ECs isolated from AMD eyes have lower 

Rho activity levels compared to their young counterparts. Since studies have shown that 

Rac and Rho are antagonistic,29,30 with the two proteins suppressing each other’s 

activities, Rac and Rho the interplay in choroidal ECs should be examined.  

  
Studies reported in this dissertation demonstrated how age-associated cell 

stiffening leads to increased complement-mediated choroidal EC atrophy. Since the 

choroid is essential for maintenance of retinal pigment epithelial (RPE) homeostasis,31 

the crosstalk between these two cell types should be explored. Co-culture studies may 

provide insight to whether choroidal atrophy leads to RPE degeneration, or visa versa. 

Additionally, very little is known regarding whether aging ECs secrete factors that can 

lead to RPE dysfunction.  

Successful completion of these follow up studies has the potential to not only 

implicate Rho-mediated choroidal EC stiffening and mechanotransduction as new 

therapeutic targets for dry AMD but also identify other previously unknown mechanisms 

by which aging contributes to choroidal loss and dry AMD progression. 
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Schematic 5.1: Working model of endothelial mechanotransduction mediating the effect 

of endothelial cell (EC) stiffness on EC atrophy.  
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APPENDIX 
 

The text of the Appendix, in full, is a reprint of the material as it appears in: 

Mohan RR, Cabrera AP, Harrison RES, Gorham RD Jr, Johnson LV, Ghosh K, Morikis 

D (2016) Peptide Redesign for Inhibition of the complement system: Targeting age-

related macular degeneration, Molecular Vision 22:1280-1290. 

 

The co-author contribution is as follows: 

Rohith R Mohan, performed molecular-level research and computational modeling 

Andrea Cabrera, performed cellular-level research 

Ronald D Gorham Jr, designed peptides 

Reed ES Harrison and Lincoln V Johnson, provided expertise with molecular-level and 

cellular-level assays, respectively. 

Kaustabh Ghosh, directed and supervised cellular-level research 

Dimitrios Morikis, designed peptides and directed and supervised molecular-level and 

computational modeling research. 
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PEPTIDE REDESIGN FOR INHIBITION OF THE COMPLEMENT SYSTEM: 

TARGETING AGE-RELATED MACULAR DEGENERATION 

 

The complement system has been implicated as a major factor in the development 

and progression of age-related macular degeneration (AMD) [1,2]. Genome-wide associ-

ated studies (GWASs) have shown that single nucleotide polymorphisms (SNPs) in 

complement regulators Factor H and Factor I and complement proteins C3, C2, and 

Factor B are genetic risk factors for AMD [2-4]. An important GWAS finding is the 

Y402H SNP of Factor H, in which a tyrosine in position 402 is replaced by a histidine, 

resulting in the H402 risk variant [5-8]. It has been hypothesized that in the presence of 

the risk variant the complement system is under-regulated, thus contributing to 

inflammation when activated locally in association with drusen deposits at the RPE-

Bruch’s membrane interface [4,9]. Although drusen formation, a characteristic 

accumulation of protein and membranous debris in AMD tissues, may not be initiated by 

the complement system, an over-activated (under-regulated) complement system has 

been shown to contribute to drusen accumulation and exacerbation of AMD pathology 

[4,10]. Therefore, inhibition of the complement system is a promising strategy to slow the 

progression of AMD pathogenesis. 

Currently, AMD is treated using monoclonal antibody–based therapies targeting 

vascular endothelial growth factor (VEGF), which stimulates choroidal 

neovascularization and induces vascular leakage [11]. However, such therapies are 

effective in the wet (neovascular) form of AMD, associated with vessel rupture and local 



 128 

bleeding, but not in dry (atrophic) form of AMD that is characterized by the accu-

mulation of drusen deposits and RPE atrophy. Compstatin family peptides were initially 

developed as inhibitors of complement-mediated autoimmune and inflammatory diseases, 

using phage display, functional, structural, computational studies (see review [12], and 

references therein). They became attractive low-molecular mass complement inhibitors 

for the treatment of AMD soon after the 2005 genomics studies implicated complement 

in AMD (see review [13], and references therein). Compstatin family peptides function 

by binding to complement protein C3 and sterically inhibiting the cleavage of C3 to C3a 

and C3b by convertase, thus impeding the formation of the chemotactic fragment C3a, 

the opsoninizing fragment C3b, and the propagation of the complement system through 

the common pathway that ultimately results in the assembly of C5b-9n (also known as the 

membrane attack complex, MAC), a protein complex that forms pores on cell 

membranes. 

One compstatin analog underwent clinical trials for AMD, and although the 

analog did not raise safety concerns, it did not show therapeutic efficacy. It is postulated 

that was likely the effects of molecular aggregation that resulted in the formation of gel-

like structures [14,15] and an associated loss of functionality. This analog had been 

optimized over several years to have higher binding affinity than the original compstatin 

analogs by introducing a replacement of valine at position 4 with an aromatic amino acid, 

tyrosine [16,17] or tryptophan [18], and subsequently with methylated tryptophan [19]. 

The latter modification also increased the hydrophobic character of the peptide and 

presumably contributed to its aggregation in the aqueous ocular environment. Additional 
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compstatin analogs are currently in clinical trials for various complement-mediated 

diseases [20]. 

Recent studies have focused on increasing the solubility of compstatin peptides, 

using structure-based rational design, computational modeling, and optimization [21,22]. 

These studies have identified several analogs with N-terminal extensions that have 

inhibitory activities similar to those of the most potent analogs and have higher aqueous 

solubilities. Increased solubility was made possible by introducing two polar amino acid 

extensions at the N-terminus. In one analog, arginine contributed to solubility but was 

also shown by molecular dynamics simulations to form a salt bridge with a glutamic acid 

in C3, thus contributing to binding affinity as well [21,22]. In this study, we used a potent 

analog with arginine at position –1 and serine at position 0 [22], Peptide 1 here (or 

Peptide 9 in [22]), as a template to further increase solubility by incorporating two polar 

amino acid extensions and polyethylene glycol (PEG) blocks at the C-terminus. We 

demonstrate the high potency and high solubility of the new analog, using in vitro 

functional and solubility assays. We also demonstrate the efficacy of this peptide to 

inhibit complement activation in a human RPE cell–based assay that mimics AMD patho-

physiology. We show that this PEGylated compstatin analog has significant promise as a 

therapeutic for AMD. 
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Materials and Methods 
 

Peptide synthesis: Compstatin Peptides 1 and 2 (Table 1) were synthesized by WuXi 

AppTec (Shanghai, China). Peptide 2 has eight PEG blocks attached at the backbone of 

the C-terminal amino acid. Both peptides were cyclized by a disulfide bridge between the 

two cysteine amino acids, and they were acetylated at the N-terminus and amidated at the 

C-terminus. The peptides had >95% purity, as determined with high-performance liquid 

chromatography (HPLC) and mass spectrometry (MS). 

 

Hemolytic assay: Rabbit erythrocytes (Complement Technology, Inc., Tyler, TX) were 

washed with PBS (1X; 3.8 mM monobasic NaH2PO4, 16.2 mM dibasic Na2HPO4, 150 

mM NaCl, pH 7.4) and then resuspended in a veronal-buffered saline solution (VBS 1X; 

72.8 mM NaCl, 0.9 mM sodium barbital, 1.5 mM barbituric acid, pH 7.4) containing 5 

mM MgCl2 and 10 mM EGTA (VBS-MgEGTA). Twofold serial dilutions of the 

compstatin analogs were performed in round-bottom 96-well plates and then further 

diluted in VBS-MgEGTA. Normal human serum (NHS; Complement Technology, Inc.) 

diluted in VBS-MgEGTA was added to each well followed by incubation at room 

temperature for 15 min. Subsequently, 30 ul of rabbit erythrocytes at a concentration of 

1.25 × 108 cells/ml were added to each well. Positive controls for lysis consisted of 

erythrocytes in deionized water and erythrocytes in NHS diluted with VBS-MgEGTA. 

Negative controls for lysis consisted of erythrocytes in VBS-MgEGTA and erythrocytes 

in NHS diluted in VBS-EDTA (20 mM EDTA). Next, plates were incubated at 37 °C for 
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20 min, and then ice-cold VBS containing 50 mM EDTA was added to each well to 

quench hemolytic reactions. The plates were centrifuged at 1000 ×g for 5 min, and the 

supernatant was diluted 1:1 with deionized water in flat-bottom 96-well plates. 

Absorbance was measured spectrophotometrically at 405 nm to quantify lysis. 

 

Apparent solubility measurements: Compstatin analogs were dissolved in PBS at pH 

7.4 to concentrations of 10, 7.5, and 5 mg/ml. At each concentration point, the peptide 

solutions were shaken on a vortex mixer for 30 s and then centrifuged at 13,000 ×g for 5 

min. The supernatant was collected and measured 5 times spectrophotometrically at 280 

nm. Optical densities were converted into concentrations according to the Beer-Lambert 

law. An extinction coefficient of 11,125 M−1cm−1was used for each compstatin analog as 

each peptide contains two tryptophan amino acids (tryptophan extinction coefficient 

being 5562.5 M−1cm−1). 

 

RPE cell culture: The in vitro model of drusen biogenesis was used as previously 

reported [23] and used in assessing the efficacy of compstatin peptides [21,22]. Briefly, 

RPE cells from human fetal eyes, obtained as previously described [24], were used within 

the second passage were grown on laminin-coated porous inserts (Millipore, Billerica, 

MA) in Miller medium [25] supplemented with 5% fetal bovine serum (FBS; HyClone, 

Logan, UT) at 37 °C and 5% CO2 in a humidified incubator. After culturing for 2–3 

months, the cells were rinsed with PBS and treated with Miller medium containing either 

5% FBS (negative control) or 10% NHS without or with the inhibitory peptides (2 uM). 
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The choise of the 2 µM dose for this assay was based on the intent to use double the IC50 

concentration, which was determined to be about 1 µM. All inhibitory peptides were 

premixed with NHS on a rocker at room temperature for 30 min and then warmed to 37 

°C before being added to the RPE cell cultures for 24 h. Next, the cells were rinsed with 

PBS, fixed in 4% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA) 

for 20 min, and stored in 0.4% PFA until use in the immunofluorescence assays. 

 
Immunofluorescence of sub-RPE deposits: Basal deposits formed by the RPE cultures 

were visualized with immunofluorescence, as previously described [21,23]. Briefly, 

porous inserts were excised with a scalpel, cut into approximate 4 mm2 pieces, and rinsed 

several times with PBS. Next, one half of all RPE culture inserts were embedded in 10% 

(w/v) agarose (Fisher, Waltham, MS) and sections at 100um using a vibratome, while the 

other half was subjected to decellularization (to remove the RPE monolayer) using our 

previously reported protocol [26,27]. Briefly, to obtain decellularized inserts, confluent 

RPE monolayers were incubated in Ca2+, Mg2+-free PBS for 30 min before treatment with 

a mild detergent composed of 1% Triton X-100 and 80 mM ammonium hydroxide for 5 

min. The decellularized inserts were next rinsed in PBS three times before fixation with 

4% PFA (20 min). Next, the vibratome sections and decellularized inserts were blocked 

with 5% donkey serum in PBS containing 0.5% BSA and 0.1% Triton X-100 (overnight 

at 4 °C) and labeled with mouse anti-C5b-9 (AbCam, Cambridge, MA; overnight at 4 °C 

or 2 h at room temperature), followed by labeling (2 h at room temperature) with Alexa 

Fluor 488-labeled anti-mouse immunoglobulin G (IgG; Life Technologies, Carlsbad, 

CA). The immunolabeled decellularized inserts were directly mounted in Fluoromount 
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(Sigma, St. Louis, MO) while the sections were counterstained with 4',6-diamidino-2-

phenylindole (DAPI), a nuclear stain, before mounting. 

 
Confocal imaging and analysis: Immunolabeled RPE sections and decellularized 

culture inserts were imaged using a Leica (Leica Microsystems, Buffalo Grove, IL) SP5 

confocal microscope. Single-plane images from multiple non-overlapping areas were 

acquired using a 63× objective, and C5b-9n (MAC) immunofluorescence signals were 

quantified using ImageJ (National Institute of Health, Bethesda, MD), as we have 

previously reported [21]. Briefly, the color thresholding tool of ImageJ was used to 

analyze the intensity of C5b-9n associated fluorescence. Here, the upper intensity 

threshold was set such that the entire deposit area was selected for fluorescence intensity 

measurement while the lower intensity threshold was set to eliminate any background 

fluorescence. For statistical analysis, fluorescence intensity measurements of C5b-9n 

were averaged from multiple images and normalized with respect to the number of RPE 

nuclei per image (for vibratome sections) or the total image area (for decellularized 

whole mount samples) and then expressed as a percentage of the corresponding 

fluorescence intensities from samples exposed to NHS in the absence of any inhibitory 

peptide (positive control). All data were obtained from multiple images (n≥9) of fhRPE 

cells from the same donor and expressed as mean ± standard error of the mean (SEM). 

Statistical significance was determined using ANOVA (ANOVA), followed by Tukey’s 

post-hoc analysis (Instat GraphPad Software Inc., La Jolla, CA). A p value of less than 

0.05 was considered statistically significant. 
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Structural modeling: A structural model of the eight-linked PEG blocks was generated 

using MOLDRAW [28] and then attached to a structural model of Peptide 1 using 

structure editing tools in Chimera [29], to generate a structural model of Peptide 2. The 

structural model of Peptide 1 was derived from molecular dynamics simulations, based 

on the crystal structure of bound compstatin [30]. CHARMM parameters and topologies 

[31] were used and modified to incorporate the peptide-like bond between PEG8 and 

Peptide 1. Modifications were rationally chosen based on existing amino acid parameters 

and topologies. Angles and dihedral angles that did not have a counterpart in existing 

CHARMM parameters and topologies were generated using SwissParam [32]. 

 

Molecular dynamics simulation: An explicit-solvent molecular dynamics simulation 

was performed, for 90 ns, using as the initial structure the modeled Peptide 2 structure. 

The explicit-solvent environment consisted of a water box and counterions to represent 

the solvated environment of the biomolecular system. The peptide was solvated in a 

TIP3P water box with dimensions of 75 × 57 × 67 Å, and charges were neutralized with 

sodium and chloride counterions at 150 mM. The TIP3P water model is a standard 3-site 

water model used in explicit solvent MD simulations that describes the configuration of 

the water molecules (rigidity/flexibility), polarization, and interactions in the simulation. 

Preparation steps (minimization, heating, and equilibration) were carried out to remove 

strain in the system, to heat the system to the desired temperature, and to relax the system 

prior to the production simulation dynamics, as described in a previous study [33]. 

Following 25,000 steps of conjugate gradient energy minimization, the system was 
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heated from 0 to 300 K in 62 ps with protein atoms constrained to post-minimization 

positions. Subsequently, the system was equilibrated through five stages for 50 ps per 

stage. Force constants of 41.83, 20.92, 8.368, and 4.184 kJ/mol/Å2 were applied during 

the first four stages, respectively, to harmonically constrain all protein atoms to their 

post-minimization positions. During the fifth stage of equilibration, only the backbone 

atoms were harmonically constrained using a force constant of 4.184 kJ/mol/Å2. 

Following equilibration, a production run was performed for 90 ns with periodic 

boundary conditions, SHAKE algorithm, 2 fs time steps, Langevin pressure and 

temperature controls, and particle-mesh Ewald electrostatics. The molecular dynamics 

trajectory (9,000 frames) was clustered using the root-mean-square deviation (RMSD) of 

the backbone or alpha carbon atoms of Peptide 2, and a representative structure from the 

highest-populated clusters was identified and depicted for molecular graphics 

visualization. 
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Results 
 

 
The objective of this study is to optimize the aqueous solubility while maintaining 

the binding affinity of Peptide 1 (Table A1), our compstatin peptide that previously had 

the most promise to become a therapeutic for AMD. Our previous studies [21,22] focused 

on improving the solubility of the peptide that underwent clinical studies for AMD, with 

sequence Ac-I[CV(meW)QDWGAHRC]T-NH2 [13]. This peptide had high aggregation 

propensity in aqueous solution, attributed to the peptide’s reduced solubility compared to 

other less potent compstatin analogs [21]. It was first shown that adding polar dipeptides 

at the N-terminus (positions −1 and 0) improved solubility while maintaining potency, 

with the peptide Ac-RSI[CV(meW)QDWGAHRC]T-NH2 was the most efficacious in the 

human RPE cell–based assay described in Methods (Peptide VI in [21]). In a subsequent 

study, it was deemed necessary to eliminate the methyl group from tryptophan at position 

4 to further improve solubility, without compromising potency, resulting in the sequence 

of Peptide 1 (Peptide 9 in [22]). 

To achieve our objective, we redesigned Peptide 1 by adding PEG block 

extensions at the C-terminus (Peptide 2; Table A1). The choice of the extension at the C-

terminus of Peptide 2 was guided by the results of molecular dynamics simulations, 

which had shown that the C-terminus of compstatin points away from the C3-binding site 

toward the solvent [21,34]. Thus, we reasoned that such extensions would not interfere 

with the binding interface between the compstatin analog and C3. Peptide 2 contains 

eight PEG blocks attached at the peptide backbone in the C-terminus. The choice of PEG 

blocks was guided by earlier surface plasmon resonance (SPR) and enzyme-linked 
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immunosorbent assay (ELISA) data, which had shown that PEGylated compstatin 

peptides had higher solubility compared to non-PEGylated peptides with the same 

sequence [35]. The addition of a spacer of eight PEG blocks to compstatin analogs was 

deemed necessary for the SPR binding experiments to increase the space between the 

peptides and attachment to the streptavidin sensor chip via lysine–biotin binding. This 

spacer aimed to increase the mobility of the peptides, enhance their accessibility to C3, 

and decrease non-specific interactions, thus emulating unbound ligand states as closely as 

possible within the experimental constraints. The inhibitory activities of peptides with the 

same sequences, but without the PEG blocks, were tested using ELISAs in the same 

study [35]. PEGylation is an established procedure in drug design and delivery, as this 

procedure has been shown to increase aqueous solubility and bioavailability, including 

enhanced structural and chemical stability and circulation lifespan, and reduced renal 

clearance [36]. In addition, PEGylation has a shielding effect on drugs, typically reducing 

drug immunogenicity, antigenicity, and toxicity [36]. Currently, there are several 

PEGylated drugs in the clinic, including pegaptanib, which has been used for the 

treatment of age-related macular degeneration [37]. PEGylation has also been used in a 

compstatin variant with modified backbone, but in that case, a large (40 kDa) Y-shaped 

PEG structure was attached either at the N- or C-terminus [38], compared to the small 

(423 Da) linear 8-PEG block structure attached at the C-terminus in our study. 

Figure 1 shows the dose–response curves of the complement hemolytic assay for 

the PEGylated Peptide 2 and the parent Peptide 1 (positive control). Peptides 1 and 2 

have similar IC50 values within the confidence intervals from four replicate experiments, 
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and therefore similar potencies (Table 2). 

We then tested our solubility objective. Figure A2A shows the difference between the 

calculated and spectrophotometrically measured (observed) concentrations in the range of 

5–10 mg/ml. The concentration was experimentally measured using absorption 

spectroscopy at 280 nm and calculated using the weight per volume values of the dilution 

series, as described in Methods. Peptide 2 is much more soluble than Peptide 1 at 5 

mg/ml, as the concentration difference is close to zero, the expected difference for nearly 

perfect solubility. In addition, Peptide 2 remains soluble up to 10 mg/ml with a slight 

deviation from the difference of zero, whereas the difference of Peptide 1 significantly 

deviates from zero and from constancy as the concentration increases. Figure 2B shows a 

different presentation of the same data in the form of a correlation plot between the 

observed and calculated peptide concentrations in millimolar. The data for Peptide 2 

show much higher correlation than those for Peptide 1. In addition, the fitted straight line 

of the data for Peptide 2 is closer to a straight line with slope 1 that passes through the 

origin (Figure A2B). A straight line with slope 1 represents perfect correlation, denoting 

the highest solubility and the lowest aggregation. These data demonstrate that Peptide 2 

has significantly higher apparent solubility, or significantly lower tendency to aggregate, 

than the parent Peptide 1. 

We continued our study by testing the efficacy of Peptides 1 and 2 in a human RPE 

cell–based assay [23], which was used in previous optimizations of compstatin family 

peptides [21,22]. This assay is based on a human RPE cell culture that mimics the 

pathophysiology of AMD and can be used to interrogate the effects of complement 
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activation in AMD pathogenesis. The assay is useful for quantification of the effects of 

inhibitors on complement activation mediated by sub-RPE drusen-like deposits, typical 

of those present in early AMD. Figure A3 shows the deposition of deposit-associated 

C5b-9n following the addition of NHS as a complement source [21,23]. Exposure of cell-

free inserts to NHS did not show any evidence of C5b-9n immunoreactivity (Supplemental 

Figure A1), indicating that the baseline level of alternative pathway activation in NHS 

does not likely contribute to this increased accumulation of sub-C5b-9n. Confocal 

imaging of immunolabeled RPE culture sections (Figure A3) and (decellularized) whole 

mounts (Supplemental figure A2) revealed that deposit-associated sub-RPE C5b-9n 

deposition is inhibited by both compstatin peptides. More specifically, quantification of 

anti-C5b-9 immunofluorescence from whole mounts revealed that Peptide 2 causes a 

remarkable 80% inhibition (p<0.001) of complement activation (Figure A4). The 

inhibitory effect of Peptide 2 was significantly greater (p<0.001) than that achieved by 

Peptide 1, which reduced C5b-9n deposition to a lesser degree (50%; p<0.001). 

In combination, the hemolytic assay, apparent solubility, and human RPE cell–

based assay data indicate that Peptide 2 is a more promising compstatin analog for further 

optimization and potential clinical translation, compared to Peptide 1. The parent Peptide 

1 had emerged to be the best analog until now in previous studies, in terms of solubility 

and affinity balance and efficacy of complement inhibition in the human RPE cell–based 

assay (see [21,22] and references therein for earlier optimization studies). 

To gain insight into the molecular features that contribute to the structural 

stability and solubility of Peptide 2, we performed an extended molecular dynamics 
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simulation. Figure A5A shows representative conformations from the top (highest 

occupancy) five structural clusters derived from the molecular dynamics trajectory, using 

backbone atom RMSD-based clustering. These five clusters represent 79% of the 

conformations spanned by the peptide. The PEG8 C-terminal extension demonstrates high 

local flexibility and global mobility, in essence forming a dynamic polar shell around 

Peptide 2. Flexibility and mobility of the PEG8 extension are expected, given its polar 

character and interactions with water molecules of the solvent. This dynamic polar shell 

perhaps functions as a shield from self-association and aggregation of Peptide 2 owed to 

peptide’s inherent hydrophobic features, thus contributing to the solubility of the peptide. 

Figure A5B shows the conformation of the representative peptide from the 

structural cluster with highest occupancy, depicting key amino acid side chains for the 

optimization of compstatin from research in the past 20 years. These amino acids are 

Arg(-1), Val3, Trp4, Trp7, Ala9, and the disulfide bridge Cys2-Cys12. The Arg(-1) 

addition corresponds to the Arg(-1)/Ser0 extension of Peptide 1 [22], the parent analog of 

Peptide 2. Our latest addition in this work is the PEG8-NH2 (Figure A5D) extension at the 

C-terminus (Figure A5A–C), which results in Peptide 2, our most promising, in terms of 

affinity and solubility properties, lead peptide of the compstatin family until now. 
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Discussion 
 

We report the design of a new compstatin peptide that has superior aqueous 

solubility and comparable complement inhibitory activity characteristics, compared to 

previously known peptides of the compstatin family. The new peptide, Peptide 2 (Table 

A1), is a PEGylated form of our previously most promising peptide in terms of inhibitory 

activity and aqueous solubility, Peptide 1 (Table A1) [22]. Peptide 2 has eight PEG 

blocks attached to the backbone C-terminus, accounting for an additional molecular mass 

of 423 Da compared to Peptide 1 (Table A1). Since the original discovery of compstatin 

using a phage-displayed random peptide library [39], there have been many benchmarks 

in the optimization of the sequence of compstatin. Initial structure-activity studies had 

derived a sequence template with seven amino acids being indispensable for inhibitory 

activity and six amino acids being optimizable [17,40]. Figure A5B shows the side chains 

of essential amino acids for the optimal binding and inhibitory activity of compstatin, 

including benchmark residue-specific optimization steps over the period of several years. 

Initial NMR, alanine scan, and inhibitory activity studies indicated that Val3 and Trp7 are 

important for binding to C3 and inhibition of complement activation [41,42]. A 

subsequent crystal structure of C3c in complex with a compstatin analog confirmed these 

findings, showing that Val3 and Trp7 are inserted in hydrophobic cavities [30]. 

Benchmark optimization steps include the incorporation of (i) Ala at position 9, which 

introduces helicity in the sequence and shifts a structural beta-turn from the central 

toward the C-terminal portion of the sequence [41,42]; (ii) aromatic amino acids at 

position 4 [16] with Trp4 being optimal [18], which was shown to participate in a 
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hydrophobic clustering in the crystal structure [30]; (iii) dipeptide N-terminal extensions, 

with Arg at position −1 being optimal because it increased solubility compared to 

previous peptides and introduced a new intermolecular salt bridge as shown by molecular 

dynamics simulations [21,22]; and in this work, (iv) C-terminal extension using an eight-

block PEG construct, which greatly increases aqueous solubility, unprecedented by any 

other compstatin analog. In addition, acetylation at the N-terminus and amidation at the 

C-terminus contribute to improved activity [43]. All active peptides contain a Cys2-

Cys12 disulfide bridge. 

Compstatin has two surfaces, a hydrophobic and a polar one, as was pointed out 

by the original NMR studies [41,42], but it is the hydrophobic surface that makes the 

main contacts with the C3, as it was pointed out by the crystal structure [30]. It is likely 

that the hydrophobic surface is responsible for the aggregation properties of the 

compstatin analog that underwent the early clinical trials. This analog contained a 

methylated Trp4 residue, in which the hydrophobic methyl group had replaced the polar 

hydrogen of the indole amide group, making the peptide even more hydrophobic. We had 

reasoned in earlier optimization studies that incorporation of polar amino acid extensions 

at the termini would increase solubility without perturbing binding properties, and this 

was shown to be the case for the N-terminus [21,22] and C-terminus (Mohan RR, 

Gorham RD Jr, Morikis D, unpublished data). However, the analog with the best aqueous 

solubility is Peptide 2 of this work that incorporates an 8-PEG block construct at the C-

terminus. Our earlier molecular dynamics studies had shown that the C-terminus is 

mobile pointing outward from the C3-peptide interface toward the solvent. Thus, we 
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reasoned that the 8-PEG block construct would not sterically interfere with the binding 

interface of the C3-peptide complex. This is evident in Figure A5, where the 8-PEG 

construct shows mobility around the non-binding site of Peptide 2, without specific 

contacts with the peptide. Therefore, PEGylation acts a solubilizer of compstatin. 

To determine the potential of Peptide 2 and its parent Peptide 1 as AMD 

therapeutics, we evaluated the peptides in the human RPE cell–based assay. As we have 

reported before [36], this in vitro assay is characterized by the formation of C5b-9-rich 

sub-RPE deposits, a hallmark of dry AMD. Thus, this assay represents a unique testbed 

for screening therapeutic candidates for treatment of dry AMD. We have successfully 

used this assay for our recent optimization studies that resulted in the incorporation of 

polar N-terminal extensions in our compstatin analogs [21,22]. Here, we use this assay to 

demonstrate that Peptides 1 and 2 significantly inhibit the formation of C5b-9-rich sub-

RPE deposits, with the PEGylated Peptide 2 exhibiting a twofold greater inhibitory effect 

than the parent Peptide 1. This difference in anti-C5b-9 effect may be attributed to lack of 

aggregation of Peptide 2, owing to its greater solubility compared to Peptide 1, which is 

expected to result in a higher “effective” concentration in the RPE culture. At the 

molecular level, the optimal solubility of Peptide 2 results from the formation of a 

dynamic polar shell, introduced by PEGylation, which predominantly surrounds and 

enhances the polar surface, and to a lesser extent the nonpolar surface of the peptide. This 

polar shell is designed to be a solubilizer, shielding Peptide 2 from self-association and 

higher-order aggregation, while leaving it unobstructed for binding the nonpolar surface. 

In conclusion, we report the design of a new peptide analog of compstatin that 
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combines an arginine-serine N-terminal polar amino acid extension and an 8-PEG block 

C-terminal extension. This peptide demonstrates significantly improved aqueous 

solubility and efficacy in a human RPE cell–based assay that mimics the pathobiology of 

AMD, compared to its parent peptide, while retaining comparable inhibitory activity 

against complement activation as its parent peptide. The new peptide can lead to a 

therapeutic treatment of dry AMD, as the peptide overcomes the aggregation limitation of 

a previous compstatin analog that underwent clinical trials.  
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Table A1. Peptide 1 is a positive control with a two-polar amino acid N-terminal 

extension.[22] Peptide 2 is a new design that contains an 8-PEG block backbone 

extension. Brackets denote disulfide bridge cyclization between the two cysteine amino 

acids. Ac: acetylation blocking group; NH2: amidation blocking group. 
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Table A2. IC50: Ligand concentration at 50% maximal inhibition. Data are from four 

replicate experiments (n=4). 
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Figure A1. Concentration-dependent inhibition curves of compstatin peptides in four 

replicate hemolytic assay experiments. The plotted data represent the mean percent 

inhibition ± standard error of the mean (SEM). The dashed line intersects each inhibition 

curve at the IC50. Peptide 1 is the parent peptide (positive control), and Peptide 2 is the 

PEGylated form of the parent peptide. 
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Figure A2. Apparent solubility of compstatin peptides. A: The difference in 

concentration, calculated – observed (measured), in mM, plotted against the expected 

concentration (in mg/ml). The actual observables are plotted, the expected concentration 

(in mg/ml) of the dilution series on the horizontal axis, and the observed (in mM, 

measured using tryptophan absorbance) minus the calculated (in mM, from the mg/ml 

expected concentration values) on the vertical axis. Peptide 2 is the most soluble, as the 

concentration difference is close to zero and remains nearly constant in the dilution 

series. B: Correlation of the observed concentration with the calculated concentration, 

with the concentrations presented in mM. Peptide 2 is the most soluble, as indicated by 

the high correlation between the observed and calculated concentrations (slope of 0.92). 

Each data point represents the mean measured concentration and the corresponding 

expected concentration with a linear regression fit to the data. A straight line of slope 1 

passing through the origin is inserted to indicate the closeness of the data to perfect 

correlation. 
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Figure A3. Human RPE cells form basal deposits rich in C5b-9n (MAC) in vitro, and 

inhibitory effects of compstatin peptides. Representative cross-sectional images show 3-

month-old RPE cell cultures labeled with anti-C5b-9n (green) and 4',6-diamidino-2-

phenylindole (DAPI; blue), following exposure to either 10% normal human serum 

(NHS) alone or together with Peptides 1 and 2 for 24 h. Cultures that received no NHS 

treatment served as a negative control. Scale bar = 10um.  
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Figure A3. Compstatin peptides inhibit complement-induced C5b-9n deposition in RPE 

culture. Fluorescence intensity measurements from anti-C5b-9n-labeled (decellularized) 

whole mount samples (n > 9) were normalized with respect to human serum (NHS)-

treated samples and plotted as mean ± standard error of the mean (SEM). Data analyses 

show that Peptide 2 causes 80% reduction in NHS-induced basal C5b-9n deposition by 

RPE cells. Peptide 1 exhibits a weaker inhibitory effect, reducint C5b-9n deposition by 

50%. Bars indicare mean ± SEM.   
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Figure A5. Molecular structure of Peptide 2. A: Representative conformers of 

Peptide 2 from the five highest-populated root-mean-square deviation (RMSD) clusters 

of the molecular dynamics trajectory, with occupancies of 38%, 12%, 10%, 10%, and 

9%. The peptide backbone is shown in a tube representation, colored by the amino acid 

property type: gray for hydrophobic, green for polar, and brown for glycine. Cys2 and 

Cys12 are marked as hydrophobic because they form a disulfide bridge. The PEG8 C-

terminal extensions are shown in stick models of different colors for each conformer. The 

acetyl and amide terminal blocks are shown in stick models, colored by atom type: gray 

for carbon, white for hydrogen, blue for nitrogen, and red for oxygen. B: The major 

conformer of Peptide 2 (38% occupancy) in backbone tube representation, with key side 

chains in compstatin peptide optimization in stick representation. The location of all 

amino acids is marked. The following color code is used: gray for hydrophobic, green for 

polar neutral, blue for basic, red for acidic, yellow for cysteines and the disulfide bridge, 

and brown for glycine. The PEG8-NH2 C-terminal extension is shown in stick 
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representation without hydrogens, with carbons depicted in brown, oxygens in red, and 

nitrogen in blue. C: Surface representation of Peptide 2, with the PEG8-NH2 extension 

shown in stick representation (including hydrogens). The color code is as in Panel B, with 

the added hydrogens of PEG8-NH2 shown in white. D: The chemical structure of PEG8-

NH2. 
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Supplemental Figure A1. Representative whole-mount images show ‘cell-free’ culture 

inserts labeled with anti-C5b-9n (green) following exposure to 10% NHS for 24h. No 

evidence of C5b-9n immunoreactivity is seen in the absence of RPE cells. 
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Supplemental Figure A2. Representative whole-mount images show two month-old 

RPE cell cultures labeled with anti-C5b-9n (green) following exposure to either 10% 

NHS alone or together with peptides 1 and 2 for 24h. Cultures that received no NHS 

treatment served as a negative control. Scale bar: 25um.  
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