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INTRODUCTION

The retinal pigment epithelium (RPE) is a highly specialized monolayer of 

pigmented cells located between the neural retina and the choroid in the eye. RPE 

provides structural support and functions that are crucial for maintaining healthy retina 

and its visual activities. Damage to or dysfunction of RPE is implicated in the 

pathogenesis and progression of several ocular diseases. This study focuses specifically 

on the role of RPE in the pathophysiology of two ocular diseases: age-related macular 

degeneration (AMD) and sickle cell retinopathy (SR).

AMD is a complex multifactorial disease. The mechanism(s) underlying the 

pathology of AMD is largely unclear. However, it is widely accepted that RPE is the 

fulcrum of AMD pathogenesis. In general, although inter-individual heterogeneity exists, 

RPE dysfunction and atrophy precedes the more advanced stages of AMD (geographic 

atrophy and/or choroidal neovascularization stages). Although the vitality of the RPE cell 

is essential to retinal health, it is also true that disruption of other tissues and cell types, 

including the choroid, Bruch’s membrane and photoreceptor cells, are important burdens 

on the retinal microenvironment. Nevertheless, the critical event in AMD pathogenesis, 

from which there is no return, is RPE dysfunction and degeneration. Importantly, a 

significant recurring theme in AMD pathology is the crosstalk of RPE with immune 

systems. As such, chronic inflammation and oxidative stress to RPE are recognized as 

the main risk factors for the pathogenesis and progression of retinopathy in AMD.
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SR is a major cause of vision loss and blindness in individuals with sickle cell 

disease. In contrast to AMD, SR has long been considered as a primary vascular disease. 

It is widely accepted that defective hemoglobin (HbS) production within red blood cells 

(RBCs) as a result o f a point mutation on the P-globin gene is the primary causative 

factor for retinal vaso-occlusion, and thereby leads to the pathogenesis and progression of 

retinopathy in sickle cell disease. However, it was discovered recently that RPE cells are 

also capable o f producing hemoglobin under normal conditions for the purpose of 

oxygenation of photoreceptor cells (Tezel et al. 2009). This newly discovered function of 

RPE raises an intriguing question regarding the role of RPE as a hemoglobin producer in 

SR. We speculated that in sickle cell disease, polymerization of RPE-generated HbS 

alters the morphology and function of RPE cells; and subsequently leads to the 

dysfunction of the retinal cells that they directly service, the photoreceptors. Thus, we 

hypothesized that in addition to the HbS produced by RBCs, RPE-generated HbS 

significantly contributes to the pathogenesis and progression of SR.

At present, there is no effective treatment for either AMD or SR. Currently 

available treatments for both diseases target events occurring late in the course o f the 

disease development and progression after much inflammation- and oxidative stress - 

induced damage to the retina has already occurred. Therefore, the development of novel 

therapeutic strategies to disrupt disease pathogenesis-initiating steps may prove to be 

most effective. Therefore, the purpose o f this study is to: (1) evaluate the role of RPE in 

the pathophysiology of AMD and SR, (2) validate RPE as a cellular target for disease 

management and treatment, and (3) develop and test novel therapeutic strategies for 

combating these diseases.
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This dissertation first gives an overview of the eye with a detailed description of 

the structure and function of the neural retina and RPE, followed by literature reviews on 

the pathophysiology o f and current therapeutic options for AMD and SR. The rationale 

and significance of the study with respect to each disease is discussed separately. Then, 

the manuscripts detailing the major research findings are presented. Last, the discussion 

and summary of the overall research findings and the conclusion of the study are 

provided.
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Structure of the Eye

The eye consists of the eyeball and the optic nerve. The eyeball contains all 

necessary visual processing structures that facilitate the conversion of light stimuli into 

electrical impulses and send them through the optic nerve to the brain where an image is 

perceived. The eyeballs are located within the orbits, bony cavities that protect the 

eyeballs and accessory visual structures. The eyeball is comprised of three different 

layers: (1) fibrous layer, (2) vascular layer, and (3) inner layer (Figure 1 and 2) (Moore et 

al., 2014). The fibrous or outermost layer is formed by an opaque posterior sclera and a 

transparent anterior cornea. It provides shape and resistance. The sclera provides a site of 

attachment for the extraocular muscles and the intrinsic muscles of the eye. The 

transparent cornea helps focus light, as it enters the eye through the pupil, towards the 

retina situated at the back of the eye. The intermediate, vascular layer o f the eye, also 

called the uvea or uveal tract, can be divided into two parts: the anterior portion that 

consists of iris and ciliary body, and the posterior choroid. The iris, which overlays the 

lens, is a colored ring structure that controls the amount of light entering the eye. The 

ciliary body provides attachments to hold the lens in place. The ciliary muscles within the 

ciliary body control the thickness, and thereby the focus of the lens. The ciliary body is 

also a major source of aqueous humor that fills the anterior segment o f the eye. The 

choroid is a highly vascular tissue consisting of very fine vessels, choriocapillaries, which 

supply nutrients to sustain the posterior portion of the retina including photoreceptor cells 

and retinal pigment epithelium. The inner layer of the eye is the retina. The anatomy and 

physiology of the retina is discussed in greater detail below.
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Figure 1. Layers o f  the eyeball. The three layers are added sequentially: (A) Outer 

fibrous layer, (B) vascular layer, and (C) inner layer o f  retina (Moore et a l, 2014).
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Figure 2. Structure o f  the eye. The cross section o f  the eye shows the inner aspect o f  the 

optic part o f  the retina, which is composed o f  three layers: outer fibrous layer, vascular 

layer, and inner layer o f  retina. The diagram also illustrates the major components o f  the 

eye that are important fo r the visual processing (image from biographixmedia.com).
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General Structure of the Retina

The retina can be divided into two functional parts, a non-visual part and an optic 

or “visual” part (Moore et al., 2014). The non-visual retina is an anterior continuation of a 

layer of supporting cells that extends over the ciliary body and the posterior surface o f the 

iris. The optic part of the retina consists of two major layers: (1) the outer layer of retinal 

pigment epithelium (RPE), and (2) the inner neural layer or neural retina. The optic part 

of the retina ends anteriorly along the ora serrata, which is the irregular posterior border 

o f the ciliary body (Moore et al., 2014). The outer surface of the retina is in contact with 

the Bruch’s membrane, and the inner surface is in contact with the vitreous body.

When the retina is observed by ophthalmoscopy, the internal aspect of the 

posterior part o f the eyeball is referred to as the ocular fundus (Figure 3) (Moore et al., 

2014). Several specialized areas of the retina can be seen on ocular fundus images. For 

instance, a distinctive circular area called the optic disc, where the sensory nerve fibers 

and vessels conveyed by the optic nerve enter the eyeball is highly visible. Since the area 

where the optic nerve enters is devoid of photoreceptor cells and therefore insensitive to 

light, the optic disc is also known as the “blind spot” (Moore et al., 2014). Another 

specialized area of the retina that appears yellowish on the fundus image is called macula 

lutea, which is located lateral to the optic disc. The macula has central depression, the 

fovea centralis, where visual resolution is highest. At the fovea, the retina is exceedingly 

thin, and the dark choroid is distinctly visible through it. As seen on the ocular fundus, 

the retina is served by two vascular sources: the central retinal artery and the 

choriocapillaris of choroidal circulation (discussed in greater details in “Blood Supply to 

the Retina” on page 12).



Figure 3. Ocular fundus illustrating specialized areas o f  retina. The ocular fundus 

(right) showing normal pigmentation and retinal blood vessels. The optic disc, the 

beginning o f the optic nerve, can be seen, which serves as an anatomical landmark 

during clinical examination. Radiating out from the optic disc in 4 quadrants are the 

retinal blood vessels. The macula is the area just temporal to the optic disc. It usually 

appears darker due to the increased pigment within, and its center is marked by an 

absence o f  visible blood vessels (modifiedfrom Walls, 1967, and Moore et al., 2014).
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Blood Supply to the Retina

There are two sources o f blood supply to human retina: the central retinal artery 

and the choroidal circulation (Bek, 2013). The choroidal circulation is supplied by the 

long and short ciliary arteries, which feed the large arteries in the outer portion of the 

choroid. These arteries branch into smaller vessels, which in turn feed the 

choriocapillaris network lying adjacent to the RPE (Figure 4). The outer retina layers, the 

RPE and photoreceptor cells, are nourished by the choriocapillaris. The endothelial cells 

of the choriocapillaris are fenestrated, thereby causing serum proteins to escape and 

diffuse along the lateral walls o f the RPE cells. The tight junctions between the RPE cells 

prevent the diffusion of serum components into the subretinal space, and hence constitute 

the outer blood-retinal barrier (Rizzolo et al. 2011).

The inner retina layers are supplied by branches o f the central retinal artery and 

vein, which enters the retina with the optic nerve at the optic disc (Figure 3 and 4). The 

central artery and vein further divide to supply the four quadrants of the retina. Within the 

retina, the main arterial and venous branches lie in the nerve fiber layer and give off 

arterioles and venules within this layer. The capillaries arising from the arterioles in the 

nerve fiber layer pass directly into the retina. They connect with venous capillaries at all 

levels in the inner retina. In contrast to the endothelial cells of the choriocapillaris, the 

endothelial cells of the central retinal circulation are not fenestrated. They are joined by 

zonulae occludentes, and as a result form the inner blood-retinal barrier (Rizzolo et al. 

2011).

In the macula, capillaries arise from arterioles of the superior and inferior 

temporal arteries. These capillaries divide and subdivide at all levels of the inner retina in
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the macula, except for the fovea, where they are absent (Forrester et al, 2002). As 

described previously, the fovea contains only cone photoreceptor cells and RPE cells, 

which are nourished by the underlying choriocapillaris. Therefore, there is no need for 

central retinal vessels within the fovea (Figure 4). This arrangement contributes to 

increased visual acuity in the fovea because blood cells do not circulate between the 

incoming light and the cones.
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Figure 4. Blood supply to the retina. (A) The vascular supply to the outer and inner 

retina by the choroidal circulation and the central retinal artery, respectively (a, artery; 

v, vein; n, nerve). (B) The diagram showing the vasculature o f  the retina and choroid. 

Retinal arterioles and venules lie on the vitreal surface o f  the retina while capillary plexi 

lie just beneath the surface and in the inner nuclear layer. Notice the absence o f  the 

capillary network in the fovea (Newman, 2013).
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Histology of the Retina

Histologically, retina is comprised of ten layers, the outer layer o f RPE and the 

neural retina, which is further subdivided into nine more layers. The nine layers of neural 

retina include the layer o f photoreceptor processes (inner and outer segments), outer 

limiting membrane (OLM), outer nuclear layer (ONL), outer plexiform layer (OPL), 

inner nuclear layer (INL), inner plexiform layer (IPL), ganglion cell layer (GCL), nerve 

fiber layer, and inner limiting membrane (ILM) (Figure 5) (Lens et al., 2008).

The outermost layer of the retina is composed of RPE cells, which form the back 

o f the retina and the boundary with the choroid. The layer of photoreceptor processes is a 

lamina composed of the photoreceptor outer segments, and the outer part of the inner 

segments. The OLM is a thin fenestrated membrane extending to the edge of the optic 

disc, where it terminates along with the outer segments of the photoreceptor cells. This 

structure is not a true membrane. It is, however, formed by the terminal bars (zonulae 

occludentes) connecting the cell membranes o f the rods and cones to those of the Muller 

cells (Lens et al., 2008). The ONL contains the cell bodies and nuclei of the rods and 

cones. The OPL represents the zone in which the first-order neurons o f the retina 

(photoreceptor cells) synapse with the second-order neurons (bipolar cells and horizontal 

cells). The outer portion is composed of the inner fibers of the photoreceptors and the 

inner portion consists of dendrites of bipolar and horizontal cells. The processes of 

Muller cells surround their fibers and dendrites. There is an extensive network of neural 

processes in this area. The INL contains horizontal cells, Muller cells, bipolar cells, and 

amacrine cells. The cell nuclei of the horizontal cells form the outermost layer, followed 

by the bipolar cell nuclei, then the Muller cell nuclei, with the amacrine cell nuclei
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forming the innermost layer. The IPL contains the synaptic connections between the 

second-order (bipolar cells) and third-order neurons (ganglion cells). It also harbors fibers 

from amacrine cells and interplexiform cells, processes of Muller cells, and a rich 

microvasculature. The GCL primarily contains the cell bodies o f the third-order neurons 

(ganglion cells), however, neuroglial elements, Muller cell processes, and tributaries of 

the retinal vasculature may also be present. The nerve fiber layer consists of the axons of 

the ganglion cells as they proceed from all areas of the retina toward the optic disc to 

form the optic nerve; these fibers are accompanied by the processes of glial and Muller 

cells. There is also a well-developed branching system of arteries and veins in this layer.
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Figure 5. Organization o f  human retina. Diagram illustrating the ten histological layers 

o f human retina comprised o f the outer layer o f RPE and the inner layer o f  neural retina, 

which is subdivided into nine more layers (Wilkinson-Berka, 2004).
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Neural Retina

The retina is composed of three types of cells, (1) epithelial cells, (2) neuronal 

cells, and (3) glia cells. Retinal pigment epithelial (RPE) cells are the principal epithelial 

cells in the retina. RPE cells serve several important functions for maintenance of the 

health and integrity of the retina and related visual function. This study focuses primarily 

on the roles of the RPE in ocular diseases, therefore the structure and function of the RPE 

will be discussed in greater detail later in a separate section.

The neural retina is made up of the neurons and glia cells of the retina. There are 

five types of neuronal cells: photoreceptor, bipolar, ganglion, horizontal, and amacrine 

cells. The first three types of neurons listed are considered as glutamatergic neurons, they 

take part directly in the reception and transmission of visual processing. The latter two 

neuronal cell types, the horizontal and amacrine cells, are intemeuron cells that modulate 

the responses of the glutamatergic neuronal cells. The glial cells o f the retina include 

astrocytes, microglia, and Muller glia. The main functions of retinal glia are to support 

and maintain the structure and activities of inner retina (Masland, 2012).

Photoreceptor cells: There are two types o f photoreceptor cells, rods and cones. 

Rods mediate dim light vision, while cones function in bright light and are responsible 

for color vision. The names of these cells are derived from the shapes of their outer 

segments. Additional differences are present in the size and shape of the rod and cone 

inner segments, the location of the cell bodies, and the size and location o f their synapses. 

The rod and cone outer segments are formed by stacks of membranes containing the 

visual pigments, rhodopsin and opsins for rods and cones, respectively. In rods, the 

membranes pinch off at the base of the outer segment to form multiple discs resembling a
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stack of coins surrounded by the plasma membrane. There is an ongoing addition of 

newly synthesized rhodopsin into these membrane discs as they form at the base o f the 

rod outer segment. The process of disc addition is balanced by periodic shedding of the 

outer segment tip, which is phagocytosed and degraded by RPE lysosomal activity. In 

cones, the outer segment membranes remain continuous with the surface membrane, such 

that newly synthesized visual pigments are inserted diffusely into the outer segment, 

rather than as a band as found in rods. In human, there are approximately 6.3 to 6.8 

million cones in the retina. The fovea contains the highest density o f cones, with 

estimates ranging from 147,300/mm2 to as high as 300,000/mm2. The number of cones 

decreases rapidly over an area extending to approximately 10 degrees from the fovea and 

then gradually decreases to a level of approximately 5000/mm2 near the peripheral retina 

(Ahnelt, 1998). Cones are the only photoreceptors in the central fovea. There are 

approximately 92 million rods, with highest rod density (more than 150,000 rods/mm2) 

in a ring at the eccentricity of the optic disc.

Bipolar cells: Bipolar cells act as the signal couriers between the photoreceptor 

cells that receive light stimuli and the ganglion cells that carry the signals out of the eye 

to the brain. They are the first “projection neurons” of the visual system. All o f the 

information needed for visual processing is relayed by this intraretinal connection 

(Williams et al., 1999). There are at least nine distinct types of bipolar cells, and each of 

which systematically transforms the photoreceptor input in a different way, and thereby 

generates specific channels that encode stimulus properties such as polarity, contrast, 

temporal profile and chromatic composition (Masland, 2012).
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Horizontal cells: Horizontal cells are retinal interneuron cells whose dendrites 

and axons extend within the outer plexiform layer making synaptic contacts with the 

bases of photoreceptor cells, and through gap junctions at the tips of their dendrites 

(Williams et al., 1999). Their cell bodies lie within inner nuclear layer. Horizontal cells 

function in modulating signaling between photoreceptors and bipolar cells.

Amacrine cells: Amacrine cells operate at the inner plexiform layer, the second 

synaptic retinal layer where bipolar cells and ganglion cells form synapses. There is no 

clear distinction between dendrites and axons in the processes of most of the amacrine 

cells. It is discovered that the dendrites of amacrine cells function as both axons and 

dendrites, and thereby produce both incoming and outgoing synapses (Masland, 2012). 

Similar to horizontal cells, amacrine cells work laterally to modulate the output from 

bipolar cells. However, their tasks are often more specialized, meaning each type of 

amacrine cell connects with a particular type of bipolar cell and generally produces a 

specific type of neurotransmitter. There are about 40 different types of amacrine cells. 

They are classified by the width of their field of connection, the layer of the stratum in 

the inner plexiform layer they are in, and the neurotransmitter type they produce 

(Masland, 2012).

Ganglion cells: Ganglion cells are the final output neurons of the retina. They 

receive visual information from photoreceptors via bipolar and amacrine cells. Each 

ganglion cell receives both excitatory and inhibitory synapses onto its dendrites in 

characteristic inner plexiform strata and sends a single axon into the nerve fiber layer 

(Masland, 2012). Ganglion cells collectively transmit visual information from the retina
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to several regions in the brain including the thalamus, hypothalamus, and mesencephalon, 

or midbrain (Williams et al., 1999).

Astrocytes: As in brain, the astrocytes in the retina are stellate cells with oval 

nuclei. Their cell bodies are located mainly in the nerve fiber layer, with a few in the 

ganglion cell layer. The astrocytes can be demonstrated by immunocytochemistry with an 

antibody against glial fibrillary acidic protein (GFAP). It has been showed that astrocytes 

are present in the vascularized regions of the retina. Therefore, the astrocytes are 

prominent in the prelaminar portion of the optic disc, and wide astrocytic foot processes 

surround the walls of the retinal blood vessels (Masland, 2012).

Microglia: Microglia are stellate cells that form regular mosaics in the interfaces 

between the nerve fiber and ganglion cell layers and the inner nuclear and outer 

plexiform layers. The microglia in the retina resemble microglial cells in other part of the 

central nervous system. They are tissue macrophages derived from the bone marrow. 

Microglia are closely associated with the retinal blood vessels and are absent from the 

avascular regions of the retina. The microglia become activated in damaged or 

degenerating retinas where they function as scavengers of debris and may function to 

present foreign antigens to T lymphocytes (Seitz, 2013).

MiiUer cells: Muller cells are radial glia cells that extend from the vitreal surface 

of the retina to the subretinal space. The Muller cell body and nucleus are located in the 

inner nuclear layer. An apical cell process extends to the external limiting membrane, 

where it ends as microvilli projecting into the subretinal space around the photoreceptor 

inner and outer segments. The outer limiting membrane comprises bands of intermediate 

junctions between the Muller apical processes and the photoreceptor inner segments. A



basal Muller process extends from the cell body to the vitreal border, where it terminates 

as end feet on its basal lamina, the inner limiting membrane. The only sites where retinal 

neurons directly contact each other, without intervening Muller cell processes, are at their 

synapses. In the nerve fiber layer, Muller cell processes surround bundles of ganglion cell 

axons. Muller cell end feet also terminate against the basal lamina o f blood vessels in the 

inner retina. For many years, Muller cells were thought to function mainly for structural 

and metabolic support of the retinal neuron cells. Recent studies have demonstrated 

additional Muller cell functions such as regulation of extracellular potassium levels, 

uptake and degradation of neurotransmitters, and regulation of CO2 and pH levels in the 

retina (Seitz, 2013; Grigsby, 2014). Muller cells also contain several binding proteins for 

vitamin A, suggesting that they may play a role in the visual cycle (Saari, 2012).
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Retinal Pigment Epithelium

When RPE is viewed en face, the cells generally appear as tightly adherent cells 

with hexagonal shape (Figure 6). However, the histological appearance of the retinal 

pigment epithelium (RPE) proper, the one that associated with the neural retina, appears 

as a single layer o f polarized pigmented epithelial cells. The apical membrane of RPE is 

composed of numerous microvilli that interdigitate with the outer segments of the 

photoreceptor cells. The microvilli serve to increase the surface area of the RPE, thereby 

allowing one RPE to provide support for 30-50 adjacent photoreceptor cells (Kennedy et 

al. 1995). The highly infolded basolateral membrane o f the RPE is in contact with the 

specialized multi-layered Bruch’s membrane, which also represents an interaction matrix 

for the RPE with blood flow in the fenestrated choriocapillaris. RPE cells have a 

characteristic cytological appearance and organelle distribution. The mitochondria of 

RPE are located beneath the nucleus close to the basolateral membrane. The RPE cell 

cytoplasm contains mainly smooth endoplasmic reticulum, a characteristic of cells 

actively involved in lipid metabolism. RPE cells possess a Golgi complex, an organelle 

in which newly synthesized molecules are sorted, modified, and targeted to appropriate 

sites in the cell, a function critical for maintenance of RPE cell polarity. RPE cells also 

contain numerous catalase-containing micro-peroxisomes that function in the conversion 

of hydrogen peroxide to water. RPE, as its name implies, appears dark brown in color 

because of the melanin pigment produced by melanosomes that are concentrated in the 

apical portion of RPE cells.
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Figure 6. Characteristic morphology o f  RPE. (A) Electron micrograph o f  retina and 

RPE, showing a layer o f  cuboidal RPE cells, with characteristic cytological appearance 

and organelle distribution. (B) Dissected whole mount RPE from a wildtype C67BI/6J 

mouse, which appears dark brow in color as a result o f  the melanin pigment present in 

RPE. (C) Immunohistochemistry o f  RPE fla t mount stained for ZO-1 tight junction 

protein, illustrating the characteristic hexagonal shape o f  RPE (modified from  

ocutox.com; Claybon et al., 2011; and Cachafeiro et al., 2013)



Figure 6
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RPE performs a variety of functions that are important for maintaining normal 

visual activities and a healthy retina. Examples of RPE functions are: light absorption, 

visual pigment regeneration, phagocytosis, blood-retinal-barrier, epithelial transport, and 

immune regulation (Figure 7). These functions of RPE are discussed in depth below.

Light absorption: Light absorption is one of the most obvious functions o f the 

RPE. RPE not only improves the quality of the visual processing of the retina by 

absorbing scattered light, but also protects the retina from light-induced damage. 

Constant exposure to light creates a strong concentration of photo-oxidative energy in the 

retina. The retina is also the part of the body that proportionally consumes more oxygen, 

and thus generates a high rate of reactive oxygen species (ROS). Photo-oxidation causes 

damage to the photoreceptor outer segments. To preserve their normal function, 

photoreceptor cells must undergo a constant renewal process. The renewal process 

involves the phagocytosis of destroyed or shed photoreceptor outer segments by the RPE 

(the phagocytosis function of the RPE will be discussed shortly). The phagocytosis 

process, however, leads to an increase in free radicals accumulation in addition to the 

already high photo-oxidative environment in the retina (Sparrrow et al., 2010).

RPE maintains the structural integrity of the retina by providing several lines of 

defense against free radicals, photo-oxidative exposure and light energy. The first is 

through absorbing and filtering of light. It has been showed that RPE contains a complex 

composition of various pigments, such as melanin, which are specialized to different 

wavelengths and special wavelength-dependent risks (Weiter et al., 1986). The light 

absorption by the melanosomes heats up the RPE-choroid complex to temperatures above 

40° C (Hu et al., 2008) It is speculated that the high perfusion of the choroid serves to
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transport the heat away from the retina. Another line of defense is the high concentration 

of non-enzymatic and enzymatic antioxidants present in RPE. Examples o f enzymatic 

antioxidants of RPE are superoxide dismutase and catalase (Zampattia, 2014). As non- 

enzymatic antioxidants, the RPE accumulates carotenoids, such as lutein and zeaxanthin 

or ascorbate (Kennedy et al., 1995). In addition, glutathione and melanin are also 

important contributors to antioxidant defense machinery in RPE.

It has been showed that human retina accumulates lipofuscin, an end product of 

phagosome breakdown, over time with age (Sparrrow et al., 2010). The accumulation of 

lipofuscin has been demonstrated to disrupt RPE integrity; hence the lines o f defense 

endogenous to RPE become weaker over time. It is believed that a reduced ability to 

absorb light and to compensate for oxidative damage by RPE is important causative in 

the pathology of degenerative retinal diseases, including age-related macular 

degeneration (AMD) (Sparrrow et al., 2010; Zampattia, 2014).

Visual pigment regeneration: The light absorbing property of photoreceptor 

pigments such as rhodopsin is significantly dependent on the presence of the vitamin A- 

derived ligand, 11-cis-retinal. RPE also plays a major role in the uptake, storage, and 

mobilization of vitamin A. It has been shown that RPE is second only to liver in its 

concentration of vitamin A (Saari, 2012). The basic function of the RPE cells in the 

visual process is to generate 11-cis-retinal used in the formation of photosensitive visual 

pigment rhodopsin.

After light absorption, photoisomerization of 11-cis-retinal to all-trans-retinol is 

the first step to occur in photoreceptor cells. The continued function o f photoreceptor 

cells requires that all-trans retinal must be re-converted to 11-cis retinal. However, the
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enzymes required for the re-conversion of all-trans-retinol to 11-cis-retinal are localized 

only in the RPE. Consequently, this conversion process requires shuttling of these 

products between photoreceptor and RPE cells in the visual cycle.

It has been suggested that interphotoreceptor retinoid binding protein (IRBP) 

facilitates the transport of all-trans retinol from the photoreceptor outer segments to the 

RPE, where all-trans retinol is used to generate all-trans retinyl-esters (Cascella et al., 

2013). These esters serve as the substrate for an isomerohydrolase reaction catalyzed by 

RPE65, which leads to the generation of 11-cis retinol. The RPE enzyme called 11-cis 

RDH then oxidizes 11-cis retinol into 11-cis retinal. In addition, RPE cells also transport 

new retinoids from the choroidal circulation. Retinoids are essentially required for the 

regeneration o f 11-cis-retinal. To complete the visual cycle, newly generated 11-cis 

retinal is transported back across the subretinal space to the photoreceptor cells to 

regenerate rhodopsin.

Recently, additional important insights into the role of the RPE in the visual cycle 

process have been gained by elucidation of the role of the RPE65 protein. RPE65 has 

been identified as the primary factor causing a genetic disorder called Leber's congenital 

amaurosis (LCA), which is characterized by retinal degeneration. This was the first 

human genetic defect to be clearly associated with retinal degeneration as a result o f a 

primary RPE defect (Hollander et al., 2008).

Phagocytosis o f  photoreceptor cells: Proper functioning of photoreceptor cells 

requires a delicate balance of proteins, lipids, and metabolites, which, if  disturbed, can 

lead to retinal degeneration. As mentioned previously, to prevent the toxic effects of 

accumulated photo-oxidative products, photoreceptor cells undergo a daily renewal



process. This renewal process involves the synthesis of photoreceptor outer segment 

components to form new outer segment disks, and thereby elongate photoreceptor outer 

segments. To maintain a relatively constant length, a process called disk shedding occurs 

simultaneously to compensate for the addition of photoreceptor outer segments. RPE 

cells perform numerous processes to maintain and support photoreceptor cells. Among 

these, RPE cells contribute to disk shedding and are responsible for the engulfment and 

degradation of the shed discs by phagocytosis. Approximately 10% of the photoreceptor 

cell volume is shed daily, and subsequently phagocytosed by adjacent RPE cells (Bazan, 

2007).

Since RPE cells are post-mitotic cells, they must efficiently digest and dispose of 

these extracellular materials daily, or otherwise suffer the damaging effects of outer 

segment components build-up. Examples of the intra- and extracellular build-up are the 

accumulation of lipofuscin within RPE and lipid-protein deposits called drusen above and 

beneath the RPE. These age-dependent increase in these abnormal aggregates combined 

with environmental and genetic factors that damage or predispose the RPE to damage are 

thought to contribute to photoreceptor dysfunction and the pathology that we know as 

AMD.

Outer blood-retinal-barrier: RPE cells are cuboidal in cross section and joined 

near their apical membranes by junctional complexes that constitute the outer blood- 

retinal barrier. This further prevents extracellular movement of water, ions, and 

macromolecules between the choriocapillaris and the subretinal space. The barrier 

provides an efficient isolation of the inner retina from systemic influences at the 

choroidal side. Therefore, the blood-retinal barrier property of RPE is of importance for
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the immune privilege of the eye and for the maintenance of a highly selective transport 

system between the choroidal circulation and the subretinal space (discussed below).

Epithelial transport: The health and integrity o f retina depends upon highly 

regulated intra- and extra-cellular environments. This regulation is maintained by the 

epithelial transport function of RPE, which controls the volume and content of fluid and 

metabolites present within the subretinal space (Sparrrow et al., 2010). The regulation of 

subretinal volume is also essential to holding the neural retina in close proximity to the 

RPE. It has been shown that failure of the tightly regulated epithelial transport system 

endogenous to RPE leads to retinal edema and retinal detachment (Hamann, 2002; 

Strauss, 2005).

RPE cells display a polarized distribution of channels, transporters and receptors 

in their plasma membrane that is clearly asymmetrical, which subsequently allows the 

RPE to carry out vectorial transport (Figure 8). For instance, sodium (Na+) is actively 

transported from the choriocapillaris to the subretinal space, whereas potassium (K+) is 

transported in the opposite direction. Interestingly, the strategy used by the RPE to 

transport fluid between the apical and the basal membrane is different from that used by 

other fluid transporting epithelia in other organs. In contrast to other epithelial systems, 

transport o f chloride (C1‘) in RPE occurs via a cycle of apically located Na+ and K+, CT 

co-transporters and basally located Cl' transporters that is thought to provide the driving 

force for secondary fluid transport (Hamann, 2002; Strauss, 2005). The localization of the 

Na+/K+-ATPase in RPE cells is also unconventional, as it is localized to the apical rather 

than to the basolateral membrane, the characteristic location of this pump in most other 

epithelia (Gundersen et al., 1991; Rizzolo, 1990). The apical localization of Na+/K+-



ATPase in RPE cells is believed to be associated to the process of phototransduction. 

When photoreceptor cells are dark-adapted, there is an intense and continuous 

intracellular flux of Na+ from the outer segment to the inner segments via the connecting 

cilium that is balanced by the efflux o f K+ at the inner segments, which reduces the 

polarization of the photoreceptor plasma membrane. A high Na+ photoreceptor 

environment is required to support this process (Ames et al., 1992). Similarly, RPE cells 

transport a net amount of bicarbonate in the apical to basolateral direction, which is a 

result o f the polarized distribution of the bicarbonate transporter SLC4A4 to the apical 

membrane, and transporter SLC4A7 to the basolateral membrane (Bok et al., 2001; 

Adijanto et al., 2009). Water is transported across RPE, the transport of which is 

mediated by Aquaporin-1 water channels that is localized at the apical membrane.

Another function of RPE is to tightly regulate the pH of the subretinal space. This 

function requires the removal o f large amounts of lactate produced by the neural retina. 

Lactate transport is carried out by proton-coupled monocarboxyate transporters (MCT), 

which are distributed in a polarized fashion. MCT1 is localized at the apical membrane 

and MCT3 at the basolateral membrane (Philp et al., 1998; Yoon et al., 1997). There are 

additionally, Na+-coupled monocarboxylate transporters (SMCTs) present. The high- 

affinity transporter SMCT1 (SLC5A8) is also present in the RPE basolateral membrane 

(Martin et al., 2007)

The photoreceptor cells are highly specialized cells that require an immense 

supply of essential nutrients and metabolites. RPE cells transport a net amount of glucose 

to feed the photoreceptor cells, the mechanism of which is mediated by the glucose
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transporters GLUT-1 and GLUT-3 that localize to both the apical and basolateral 

membranes of RPE (Sugasawaet al., 1994)

Immune regulation: Emerging evidence indicates an important role for RPE in 

immune regulation. RPE modulates both innate and adaptive immune responses, and 

serves as antigen-presenting cells (Detrick and Hooks, 2010). One of the major functions 

of RPE in regulating immune responses is the production of cytokines, chemokines, and 

adherent molecules. Many o f the cytokines produced by RPE such as interleukin-6 (IL- 

6), interleukin-8 (IL-8), intercellular adhesion molecule 1 (ICAM-1), vascular endothelial 

growth factor (VEGF) and monocyte chemotactic protein 1 (MCP-1) are pro- 

inflammatory cytokines. However, the retina has also been demonstrated to possess 

suppressive mechanisms to down regulate the immune responses through the production 

of suppressive or anti-inflammatory molecules by RPE, such as transforming growth 

factor beta (TGF-p), interleukin-11 (IL-11), and interferon-beta (IFN-p). Recent studies 

suggest that defects in the RPE immune suppressive function can result in chronic 

inflammation in retina, and may be responsible for the pathology of retinal diseases such 

as age-related macular degeneration (Detrick and Hooks, 2010).

As mentioned previously, RPE creates a tight barrier that provides an efficient 

separation of the inner retina from systemic influences at the choroidal side. As a result, 

the inner areas of the eye are immune privileged, which is disconnected from the immune 

system of the blood stream. Therefore, a better understanding of the role of RPE in 

mediating immune privilege may be useful in developing novel treatments for retinal 

degenerations by mean of gene-therapy or transplantation.
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Figure 7. Major functions o f  RPE. The diagram illustrates the major support functions 

o f the RPE: light absorption, visual pigment regeneration, phagocytosis, blood-retinal- 

barrier, epithelial transport, and immune regulation (Modified from  

sites.ophth.wisc.edu).
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Figure 8. Distribution o f  polarized ion channels and transporters in RPE. The diagram 

illustrates the asymmetrical distribution o f transporters that facilitate the characteristic 

vectorial transport o f  RPE (modifiedfrom Adijanto et al., 2009; and Strauss, 2005).
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Age-related Macular Degeneration

Age-related Macular Degeneration (AMD) is a leading cause o f irreversible 

blindness among individuals greater than 60 years of age in developed nations. An 

estimated 10 million Americans are afflicted with AMD (Friedman et al., 2004). The 

prevalence of AMD steadily increases with age, affecting 2% of the population at age 40, 

and one in four people by age 80 (Friedman et al., 2004).

Classification o f  AMD: AMD can be classified in two basic forms: dry (non

exudative) and wet (exudative), which is based on the absence or presence of blood 

vessels that have disruptively invaded the retina, respectively. Dry AMD is a chronic, 

progressive disease that typically causes some degree of visual impairment that 

sometimes progresses to severe vision loss. In the early stage o f dry AMD, which is 

asymptomatic, insoluble extracellular deposits called drusen accumulate in the space 

sandwiched between RPE and Bruch’s membrane (BM) (Figure 9B). Drusen is 

considered a hallmark lesion and a biomarker of AMD. From a clinical standpoint, AMD 

is rarely diagnosed in the absence of drusen. The late stage of dry AMD, known as 

geographic atrophy (GA), is characterized by scattered or confluent areas of degenerated 

RPE and photoreceptor cells (Figure 9C and 9D). Approximately 10-15% of dry AMD 

patients advance to develop wet AMD. Wet AMD is characterized by choroidal 

neovascularization (CNV) wherein newly immature blood vessels leak and grow toward 

the outer retina from the underlying choroid (Figure 9E and 9F). These newly formed 

blood vessels leak fluid below or within the retina. Wet AMD emerges abruptly, and 

rapidly progresses to blindness if  left untreated (Guyer et al., 1986; Wong et al., 2008). 

AMD patients typically develop the dry form first, while wet AMD occurs on a
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background of dry AMD. Dry AMD therefore can be considered a risk factor or 

precursor state for wet AMD.

It is convenient to classify the clinical presentations of AMD into “ wet”  or 

“ dry”  forms of the disease. However, as the understanding of AMD pathogenesis 

progresses, it is apparent that significant overlap exists in the underlying mechanisms of 

these seemingly disparate clinical conditions. In spite of this overlapping 

pathophysiology, the two forms of AMD are indeed somewhat clinically distinct, as it is 

abundantly clear that treatments that are effective for wet AMD do not typically 

ameliorate the dry AMD component. Hence, further clarification of the overlapping and 

unique processes that lead to wet and dry pathophysiology is essential for future advances 

in the prevention and treatment of the disease.
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Figure 9. Ocular fundus images illustrating various stages o f  AMD. (A) The ocular 

fundus o f  a healthy eye. (B) Early AMD, demonstrating the appearance o f  drusen. Large 

drusen can be seen and appear as multiple yellowish clumps. (C) Early AMD, 

demonstrating irregularities in pigmentation. An area o f  hyperpigmentation (due to RPE 

cell hypertrophy and hyperplasia) and hypopigmentation (RPE atrophy) can be seen just 

temporal to the center o f the macula. (D) Late AMD or geographic atrophy. This patient 

has an extensive area o f  sharply demarcated RPE atrophy. The underlying choroidal 

vessels have mostly atrophied as well, and hence central vision may be affected. (E) Wet 

AMD. Blood vessels have grown from the choroid to form a CNV. This has caused a 

hemorrhage within the retina, causing sudden loss o f central vision. (F) Wet AMD, 

showing untreated CNV that eventually result in a permanent macular scar. The central 

vision will be permanently poor (modified from Khandhadia et al., 2012)
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Pathophysiology o f  the disease: The mechanism underlying the pathology of 

AMD is largely unclear. However, aging and various genetic and environmental factors 

have been implicated in the development and progression of the disease. Several studies 

note the continuously decreasing vitality o f RPE, photoreceptor cells and choroidal cells, 

and subsequent drusen formation to be a part of normal aging, and argue that the decrease 

in cellular fitness continues or is accelerated when specific pathological processes set in 

(Sparrrow et al., 2010). Indeed, emerging evidence supports the roles o f pathological 

processes such as uncontrollable oxidative stress and chronic inflammation at the level of 

the RPE-BM-choroid complex in the pathogenesis of drusen formation and thus, the 

pathology of AMD (Sparrrow et al., 2010).

In the macula, where photoreceptor density is high and incoming light is focused, 

RPE and BM are highly susceptible to increased levels of oxidative stress. Sources of 

local oxidative stress include the high metabolic rate of photoreceptor cells required to 

sustain their normal function and structural renewal, the exposure to light, the high local 

oxygen pressure and the high metabolic rate of the RPE due to processing of 

photoreceptor outer segments (Ambati, 2003). The combination of high levels of 

oxidative stress and digestion of photoreceptor outer segments in the RPE results in the 

oxidative modification of lipid-related molecules, such as cholesterol and docosahexanoic 

fatty acid that accumulate in drusen (Ambati, 2003). In addition, a vast number of 

molecular constituents that can neither be digested nor exported across the plasma 

membrane accumulate inside the RPE cell. An example is the accumulation of the 

bisretinoid A2E, an indigestible residue of POS and an important constituent of 

intracellular lipofuscin (Sparrow and Boulton, 2005). Finally, the RPE cells attempt to
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export indigestible residual molecules basolaterally, where they accumulate in BM or 

drusen.

In addition to the aforementioned constituents of drusen, several components of 

complement system are also present in drusen, suggesting a role of inflammation in the 

development o f AMD. Recent evidence demonstrates that multiple non-self-antigens, 

such as A2E, amyloid beta, and oxidative modification o f docosahexanoic acid, stimulate 

complement components in drusen, initiating a complement cascade that activates local 

inflammatory responses leading to AMD. The finding of genetic associations between 

AMD and genes from the complement system such as CFH, C2/FB and C3 also supports 

the long suspected role of the innate immune system in AMD (Penfold et al., 2001). 

Moreover, multiple immune-related cells, including macrophages, fibroblasts, and 

lymphocytes have been implicated in RPE atrophy, the breakdown o f BM, and CNV in 

AMD (Penfold et al., 2001).

CNV, a well-characterized feature of advanced wet AMD, is controlled by local 

pro- and anti-angiogenic factors including VEGF and PEDF. Another factor is the 

physical barrier created by the RPE-BM complex. Leukocytes, lymphocytes, 

macrophages and endothelial cells may directly or indirectly degrade BM through the 

breakdown of collagen, thereby facilitating CNV (Penfold et al., 1987). Nevertheless, 

new vessels can also penetrate the intact BM (Penfold et al., 1987). Specific subtypes of 

macrophages, namely mononuclear phagocytic series (MPS) cells, have been implicated 

in the development of new vessels in healthy and AMD eyes (Penfold et al., 1990). 

Furthermore, multiple neovascularization studies conducted using normal and genetically 

modified mouse models support the notion that additional factors, such as the breakdown
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of BM integrity, are essential for the induction of CNV. If the local balance between pro- 

and anti-angiogenic factors is disturbed substantially in favor o f VEGF, CNV or 

enhanced fibrosis may occur (Bhutto et al., 2006).

Current therapeutic strategies fo r  AMD: Currently, there is no cure for AMD. 

However, recent years have brought significant advancements in the development of 

therapeutic strategies for AMD. Though wet AMD typically represents a more advanced 

or progressive state compared to the dry form, interestingly, there are therapeutic options 

for managing the neovascularization characteristic o f wet AMD, but none for prevention 

and treatment of the dry form.

Several studies have examined whether consumption of high amounts of 

antioxidant micronutrients within a diet would protect against the development and 

progression of AMD, but have shown no evidence of preventive benefit from antioxidant 

supplementation. The Age-Related Eye Disease Study (AREDS) did note a markedly 

reduced risk of progression of AMD if individuals consumed antioxidants such as zinc, 

P-carotene, vitamin C, and vitamin E (Kennedy et al., 1995). However, because p- 

carotene increases the risk of respiratory malignancy in smokers, the AREDS study 

revised the formulation by replacing P-carotene with the carotenoids, lutein and 

zeaxanthin.

Anti-VEGF therapies are currently regarded as the “gold-standard” treatment for 

wet AMD. By targeting to restore the angiogenic imbalance, anti-VEGF therapies have 

been demonstrated to not only reduce the exudative changes but also provide significant 

improvements in visual function (Moutray and Chakravarthy, 2011). Currently, the
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following three anti-VEGF therapies are used for the treatment o f wet AMD: 

ranibizumab (Lucentis), bevacizumab (Avastin), and aflibercept (Eylea).

Although anti-VEGF treatments represent the mainstay of treatment, the 

progressive decline in their biological efficacy suggests that they may only be beneficial 

on a short-term basis with no long-term efficacy (Schaal et al., 2008). Furthermore, a 

significant limitation of such therapies is that they are delivered on a repeated basis 

through intravitreal injections. Therefore, they expose the patient to substantial side 

effects such as retinal detachment, and traumatic cataract (Martin et al., 2012). Despite 

the fact that anti-VEGF treatments have been shown to inhibit the progression of CNV 

and angiogenesis, some studies have demonstrated that they play no active role in re

establishing an optimum interface between the principle ocular regions required for 

central vision (Barak et al., 2012). Therefore, present treatments only provide therapeutic 

benefit to those with the active form of wet AMD, and are ineffective for those who have 

already lost their vision (Barak et al., 2012). With such significant limitations, further 

research on novel options that address the aforementioned issues is required.

L-2-oxothiazolidine-4-carboxylic-acid: L-2-oxothiazolidine-4-carboxylic-acid

(OTC), a pro-drug of cysteine, is known for its antioxidant effects which have been 

demonstrated in a number of experimental model systems as well as in human patients 

(Ho et al., 1997; Vita et al., 1998; Lee at al., 2006). In fact, OTC has been showed to be 

more effective at increasing endogenous levels of antioxidant molecule glutathione 

(GSH) than N-acetyl-L-cysteine, a commonly used cysteine derivative. Additionally, 

OTC exhibits no toxicological effects unlike direct delivery of cysteine (Williamson et 

al., 1982; Meister et al., 1986). In addition to providing the cysteine required for GSH



synthesis, cysteine derivatives, including N-acetyl-L-cysteine and carbocysteine, have 

been demonstrated to exhibit anti-inflammatory effects (Williamson et al., 1982). 

However, little attention has been given to evaluating whether OTC might elicit similar 

effects. A prior study from our laboratory indicated that the transport of OTC across the 

plasma membrane of RPE occurs via the Na+-coupled monocarboxylate transporter 

SLC5A8 (Babu et al., 2011). Interestingly, most SLC5A8 substrates have also been 

shown to be ligands for the anti-inflammatory receptor GPR109A, a receptor we have 

demonstrated to be capable of stimulating anti-inflammatory signaling in RPE (Gambhir 

et al., 2012). Specifically, we found that activation of GPR109A by nicotinic acid 

(pharmacological ligand) and P-hydroxybutyrate (physiological ligand) in RPE results in 

suppression of TNF-a-induced activation of N F - k B  activity (Gambhir et al., 2012). 

Furthermore, complete knockout of GRP109A expression leads to a significant induction 

of the pro-inflammatory molecules IL-6 and Ccl2 in ocular tissues (Gambhir et al., 2012). 

Whether OTC is a GPR109A ligand, or has any effect on the cellular response to 

inflammation in retina, has not been studied (Figure 10).

Significance: Protection of RPE against oxidative stress and inflammation is 

crucial for prevention and treatment of AMD. The present study will not only confirm the 

robust antioxidant effects of OTC in retina, but also provide critical information on 

potential anti-inflammatory mechanisms and effects of the compound in RPE. Ultimately, 

the study will validate the usefulness of OTC, a compound that has already been proven 

safe-for-use in humans, as a therapeutic agent for treatment of retinal diseases such as 

AMD in which oxidative stress and inflammation are critically involved.
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Figure 10. Proposed mechanism underlying the dual antioxidant and anti

inflammatory effects o f  OTC with respect to the treatment o f  AMD. Diagram illustrates 

potential mechanism responsible for the anti-inflammatory effects o f  OTC in RPE, which 

is possibly through the interaction with GPR109A.
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Sickle Cell Disease and Sickle Cell Retinopathy

Sickle cell disease (SCD) is a major cause of morbidity and mortality worldwide. 

Approximately 300,000-500,000 children are bom every year with SCD (McCavit, 

2012). In the United States, over 90,000 people are living with SCD. The disease is 

prevalent among populations of African descent; about 7-8% of total African American 

populations are carried sickle cell trait (McCavit, 2012).

Classification o f  sickle cell disease: SCD is an inherited blood disorder caused by 

a single point mutation in the p-globin gene (Ps). The term SCD refers to all the different 

genotypes that cause the characteristic clinical syndrome. Sickle cell anemia is the most 

common form of sickle cell disease, and refers specifically to homozygosity for the (3s 

allele. In this study, I exclusively focus on sickle cell anemia (henceforth referred to as 

SCD), in which the mutation is caused by the change from thymine to adenine at the 17th 

nucleotide o f p-globin gene, resulting in the substitution of valine for glutamic acid at the 

sixth position o f P-globin subunit of the hemoglobin protein (Stuart and Nagel, 2004; 

McCavit, 2012). Other types of sickle cell disease are compound heterozygotes, which 

occurs among individuals who inherited one copy of ps allele and another P-globin 

variant, such as pc allele (hemoglobin SC disease or HbSC disease) or P-thalassemia 

(sickle P-thalassemia disease) (Rees et al., 2010; McCavit, 2012).

Pathophysiology o f  the disease: In order to gain a better understanding of the 

pathophysiology of SCD, it is important to discuss the biology of hemoglobin (Hb) and 

its application to SCD. There are 2 major types of hemoglobin proteins in the human, 

fetal hemoglobin (HbF) and adult hemoglobin (HbA). HbF is a heterodimer comprised 

of 2 a  and 2 y subunits, whereas HbA consists of 2 a  and 2 p subunits. During the
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gestational stage, HbF is the main type o f hemoglobin being produced. The switch from 

HbF to predominantly HbA occurs approximately at 6 months o f age (Figure 11).

The mutation on the P-globin gene is responsible for the pathogenesis of SCD. It 

leads to the production of defective hemoglobin (Hemoglobin S or HbS). Under hypoxic 

conditions, HbS polymerizes and causes the red blood cells (RBCs) in which it is 

contained to take on the characteristic sickle-like shape in a reversible fashion (Rees et 

al., 2010). However, repeated episodes of polymerization and sickling can cause RBCs to 

become permanently sickled (Rees et al., 2010). Sickled RBCs lead to a cascade of 

hemolysis, obstruction of blood flow and vaso-occlusion, abetted by elements of 

inflammation and oxidative stress damage (Rees et al., 2010). These are considered as 

primary causative factors responsible for tissue ischemia and subsequent multiple organ 

damage. There is marked inter-patient variability in SCD, however common clinical 

symptoms include: painful episodes, acute chest syndrome, stroke, and priapism 

(Buchanan et al., 2010; Rees et al., 2010; and McCavit, 2012).

Since the mutation on the P-globin gene is responsible for the production of HbS, 

HbF does not participate in the polymerization process and thus effectively possesses 

anti-sickling property (Rees et al., 2010). As such, individuals who are bom with SCD 

experience little to no clinical complications during the first 6 months of their life 

because of the majority of hemoglobin in their body is HbF (McCavit, 2012). In addition, 

the severity of the disease is determined by the rate and the extent o f HbS polymerization, 

which is exemplified by co-inheritance of genetic factors modulating the intracellular 

level of HbS and HbF (Rees et al., 2010; and McCavit, 2012).
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Figure 11. The developmental switching o f  globin gene expression in humans. The

importance o f understanding the fetal (y)- to adult (P)-globin switch in humans is 

highlighted by its clinical relevance to pathology in SCD. Infants with sickle cell disease 

are postulated to be protected from SCD-related complications until they reach several 

months o f  age because o f  elevated fetal hemoglobin levels (image from mol- 

biol4masters. masters.grkraj. org)
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Sickle cell retinopathy: SCD affects all major organs in the body, and the eye is 

highly susceptible to damage. Indeed, sickle cell retinopathy (SR) is a common 

complication of SCD and a major vision-threatening disease among individuals with 

SCD. In the United States, o f children with SCD, 20-90% are reported to develop 

retinopathy, with 10% reported to have severe vision loss and blindness (Elagouz et al., 

2009).

SCD can affect virtually every vascular bed and tissue in the eye (Elagouz et al., 

2009; and Fadugbagbe et al., 2010). Ocular manifestations of SCD include damage to 

both the anterior and posterior segments. The clinical manifestations can be classified 

into non-proliferative and proliferative SR based on the presence or absence of vascular 

proliferation (Elagouz et al., 2009; and Fadugbagbe et al., 2010). In patients with SCD, 

lesions associated with non-proliferative SR are more common than those associated with 

proliferative SR. Examples of non-proliferative SR are 1) conjunctival vascular 

occlusions, 2) iris atrophy, 3) and retinal changes such as black sunbursts, iridescent 

spots, salmon patches, and retinal hemorrhages (Figure 12). Dilation and tortuosity o f the 

retinal veins was one of the first recognized abnormalities of SR (Figure 13). Although it 

is not pathognomonic of SCD, it reportedly occurs in up to 47% of patients with 

homozygous sickle cell anemia and 32% of patients with SC disease (Elagouz et al.,

2009).

The most frequent vision-threatening complication of SCD is proliferative SR. 

Histologically, lesions associated with proliferative SR develop in the areas o f abnormal 

arteriovenous communication at the border between the vascular and avascular retina, 

which is typically at the temporal periphery (Elagouz et al., 2009; and Fadugbagbe et al.,
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2010). Occlusion of the peripheral retinal vasculature with resultant retinal ischemia and 

neovascularization is the main causative factor for proliferative SR. According to 

Goldburg’s proposed 5 defined stages of proliferative SR (Table 1), the retinopathy 

occurs with increase in number and size of the existing neovascular lesions, with each 

“sea fan” formation resulting from several simultaneous neovascular events (Fadugbagbe 

et al., 2010). Figure 14 demonstrates the first three stages of retinopathy in a 17-year-old 

SCD patient, and the pathological processes (Fadugbagbe et al., 2010).
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Figure 12. Fundoscopic images taken o f  a 15-year-old boy with SCD, demonstrating 

non-proliferative retinal changes. (A) Salmon-patch hemorrhage with pre-, intra-, and 

sub-retinal blood. (B) Two months later, the hemorrhage shown in (A) has resolved, and 

a lightly pigmented area surrounded by a depigmented halo is seen. (C) Four years later, 

a well-pigmented black sunburst adjacent to the arteriole remains from the salmon-patch 

hemorrhage shown in (A). (D) Iridescent spot with refractile copper-colored granules 

(Fadugbagbe et al., 2010)
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Figure 13. Appearance o f  tortuosity in the inner retinal vessels o f  patient with SCD.

(A) Generalized vascular tortuosity, predominantly venous, (B) localized macular venous 

tortuosity (modifiedfrom www.eyecalcs.com)

http://www.eyecalcs.com
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TABLE 1. Pathologic Classification o f  Proliferative Sickle Retinopathy (Goldberg, 

1971)

Stage Peripheral Retinal Findings

I Peripheral arteriolar occlusions

II Peripheral arteriolar-venular anastomosis

III Neovascular and fibrous proliferation

IV Vitreous hemorrhage

V Retinal detachment



Figure 14. Proliferative sickle cell retinopathy. (A-B) Pathological process with 

ischemic areas, venous occlusions and shunts. (C) Note the neovascular sea fan (white 

tissue) growing anterior to the retina at the interface o f  vascularized and ischemic retina. 

(D) An early image from a fluorescein angiography highlights the sea fan. (E) Later, the 

sea fan is clearly leaking, demonstrating breakdown o f  the blood-retinal barrier. 

Additional neovascular tissue superior to the sea fan also leaks (modified from  

Fadugbagbe et al., 2010; and Emerson and Lutty, 2005)
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The roles o f  oxidative stress and inflammation in sickle cell retinopathy: As

mentioned previously, polymerization of deoxygenated HbS is responsible for the 

pathogenesis of SCD and related complications. The repeated polymerization leads to a 

cyclic cascade, including blood cell adhesion, vaso-occlusion, and ischemia-reperfusion 

injury. These independent events collectively alter the levels of reactive oxygen species 

(ROS) and antioxidants; and the combination of these events is associated with 

inflammatory responses. The cycles of ischemia and reperfusion cause oxidative stress, 

with subsequent activation of vascular oxidases and inflammatory stress, leading to the 

increased expression of cell adhesion molecules (such as ICAM-1, and VCAM-1) and the 

synthesis of inflammatory cytokines (Stuart and Nagel, 2004; and Rees et al., 2010). The 

immunohistopathologic profile of retinas obtained from SCD patients with proliferative 

SR showed increased immunoreactivity against intracellular ICAM-1, VCAM-1, and P- 

selectin, compared to controls (Stuart and Nagel, 2004; and Rees et al., 2010). The 

highest ICAM-1 and P-selectin immunoreactivities were found to be associated with 

intra-retinal vessels adjacent to the pre-retinal neovascular formation. VCAM-1 

immunoreactivity was highest in intra-retinal vessels adjacent to the sea fan formation. 

Vascular endothelial growth factor (VEGF) has been identified as a pro-inflammatory 

mediator in proliferative SR (Kunz et al., 2013). Up-regulation o f VEGF causes increased 

expression of adhesion molecules, and is chemotactic for monocyte and macrophage 

lineage cells, promoting leukostasis and increased leukocyte counts. VEGF also 

facilitates the formation of neovascularization in SR. Given the significant roles of 

oxidative stress and inflammation in the pathophysiology of SCD and SR, future research
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should focus on the development of therapeutic strategies that specifically target these 

modulators.

Link between RPE and sickle cell retinopathy: Similar to diabetic retinopathy, 

sickle cell retinopathy (SR) has long been considered as a vascular disease (Kassim and 

DeBaun, 2013). Current theory holds defective hemoglobin production within RBCs as 

the primary causative factor responsible for retinal vaso-occlusion, thereby leading to the 

pathogenesis and development of retinopathy (Figure 15). However, several studies 

suggest the involvement of other non-erythroid cells and non-vascular components in the 

pathogenesis of SR.

The study by Peachey et al. (1987) reports electroretinogram (ERG) findings of 

SCD patients to have significantly lower a-wave, b-wave, and oscillatory potentials than 

those observed in normal subjects. This indicates the dysfunction of photoreceptor and 

inner retinal cells in SCD. This group speculated that increased ischemia o f inner retina 

may be responsible for the observed ERG findings; however, there were no conclusive 

explanations or follow-up studies conducted. Tezel et al. (2009) demonstrated that RPE 

cells are capable of producing Hb under normal conditions for the purpose of 

oxygenation of photoreceptor and inner retinal cells. It was suggested that during 

normoxia, photoreceptor and inner retinal cells obtain oxygen mainly from the choroidal 

circulation, whereas during severe systemic hypoxia these cells obtain their oxygen 

supplies from both the choroidal circulation and RPE. The findings reported by Tezel et 

al. (2009) raise an intriguing question regarding the role of RPE as a hemoglobin 

producer in a disease like SR, in which abnormal Hb production is integral. It is plausible 

that hemoglobin produced by RPE in SCD, like that produced by erythroid cells, would
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be defective, HbS, and in turn, also polymerize under hypoxic conditions. This may alter 

the morphology and function of RPE cells, and subsequently compromise the function of 

the photoreceptor cells that are directly serviced by them. Given the important functions 

of RPE in maintaining the health and integrity of the retina, we propose that the 

production of defective hemoglobin by RPE may contribute to the pathogenesis of SR 

(Figure 15).
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Figure 15. Current theory versus our proposed theory o f  sickle cell retinopathy 

pathogenesis.
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Current therapeutic strategies fo r  SCD and SR: The multifaceted 

pathophysiology of SCD provides an opportunity to interrupt the disease at multiple sites, 

such as polymerization of HbS, erythrocyte density, and cell-to-cell interactions. For 

instance, inducing higher levels of HbF disrupts the pathogenesis-initiating step o f HbS 

polymerization (Stuart and Nagel, 2004). Improving the hydration status of HbS- 

producing cells (ie. RBCs and RPE) and SCD-affected tissues might counteract the 

endothelial-, inflammatory-, and oxidative stress-inducing damage (Stuart and Nagel, 

2004; and Kassim and DeBaun, 2013) Therefore, a therapeutic approach that targets 

multiple aspects of the pathophysiology of the disease might be the most promising. 

However, at present, there is no effective cure for SCD. Currently available clinical 

management includes blood transfusion, bone marrow transplant and administration of 

hydroxyurea, an HbF-inducing agent (Vinchinsky, 2002). Each of these options has its 

unique advantages and disadvantages.

Blood transfusion is administered in SCD to increase oxygen carrying capacity, 

replace sickled RBCs with normal ones, and restore blood flow (Vinchinsky, 2002; and 

McCavit, 2012) It has proven to be an efficient treatment strategy for improving SCD 

complications, including acute chest syndrome, severe sepsis, acute multiple organ 

failure, and primary and secondary stroke (McCavit, 2012). However, chronic blood 

transfusions can result in iron overload. Each milliliter of transfused blood contains about 

0.5-1 miligram of iron, which approximates normal daily absorption (McCavit, 2012). 

Iron loading occurs primarily in organs such as liver, heart, and endocrine glands. If not 

treated effectively, iron overload can lead to severe morbidity and mortality. In addition
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to problems with iron overload, transfusion-related infection and alloantibody formation 

are other complications o f chronic blood transfusion (McCavit, 2012).

Bone marrow transplant is performed to replace sickled erythrocyte progenitors 

with normal erythrocyte progenitors in the bone marrow. It is the only curative option for 

children with SCD. However, important risks o f transplantation include transplant-related 

infection, graft-versus-host disease, graft failure, and conditioning-induced infertility. 

Moreover, limitations to the use of transplantation include a lack of matched siblings and 

poor representation of minorities in the bone marrow donor pool (Stuart and Nagel, 2004: 

and McCavit, 2012). Due to its high cost, transplantation is only available to a limited 

number of patients, and usually reserved for patients affected by severe or life- 

threatening complications of SCD (Stuart and Nagel, 2004: and McCavit, 2012). Thus, 

while transplantation in SCD appears promising, additional research to develop means to 

minimize transplant-related complications and further exploration in the clinical trial 

setting are required.

Thus far, hydroxyurea (HU) is the only FDA-approved drug for the treatment of 

SCD. HU works by enhancing the cellular level of fetal hemoglobin or HbF. As 

mentioned previously, HbF is known to inhibit the polymerization of HbS, the primary 

mechanism underlying the SCD pathogenesis. HU was developed originally as a 

chemotherapeutic agent for certain leukemias and myeloproliferative disease (McCavit, 

2012). HU has been shown to induce the production of HbF quite efficiently, and hence 

reduce the frequency of SCD-related complications. However, several clinical studies 

indicate toxicity in association with long-term HU use. In addition, a large number of 

SCD patients do not respond to the HU treatment (McCavit, 2012).
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The aforementioned treatments have shown some efficacy in improving systemic 

complications of SCD. None, however, have demonstrated efficacy in ameliorating 

ocular complications of SCD. At present, there are no strategies for preventing or slowing 

the development of SR. Furthermore, specific treatments for SR, such as laser 

photocoagulation, cryotherapy, and diathermy, target events occurring late in the course 

of SR pathogenesis after severe damage to retina has already happened.

Monomethylfumarate as a novel treatment: Due to drawbacks o f the current 

treatments, development of novel strategies for the treatment of SCD and SR are 

critically important. As mentioned earlier, HbF ameliorates the clinical severity of SCD 

by inhibiting the polymerization of HbS, which is the pathogenesis-initiating step 

underlying the mechanisms contributing to SCD complications. Therefore, 

pharmacological compounds that can reactivate y-globin gene transcription, and thereby 

induce HbF production remains the best and most desirable strategy for the prevention 

and treatment of SCD and SR.

Several studies have shown that compounds that activate the Nrf2-signaling 

pathway also induce y-globin/HbF production, by increasing the expression and the 

nuclear translocation o f Nr£2 (Macari et al., 2011). Previous work in our laboratory 

evaluated the effects of a compound called monomethylfumarate (MMF) on Nrf2- 

signaling in RPE (Ananth et al., 2013). These studies showed that MMF significantly 

increases the expression of Nrf2 and downstream signaling molecules such as heme 

oxygenase-1 and glutathione, a major antioxidant molecule, in RPE. Based on these 

findings, in the present study we asked whether MMF could induce y-globin/HbF 

production in erythroid and RPE cells, purportedly through its ability to elevate the



cellular expression of Nrf2.

MMF is a bioactive metabolic component o f the anti-psoriatic drug Fumaderm, 

approved in Europe for the treatment o f psoriasis, and Tecfidera, approved in the U.S. for 

the treatment of multiple sclerosis (Rostami et al., 2008; Linker et al., 2011; Gold et al., 

2012). MMF can be administered orally, and clinical evidence indicates that it is safe for 

long-term use in humans. Importantly, the beneficial effects of MMF in the treatment of 

the diseases mentioned above are believed to stem from the compound’s potent dual anti

inflammatory and antioxidant properties, properties that are highly desirable in SCD and 

SR given the crucial role of inflammation and oxidative stress in the SCD pathology 

(Ananth et al., 2013).



72

Significance: SCD is a serious life-threatening inherited disease affecting a vast 

number o f populations worldwide. The incidence of irreversible vision loss and blindness 

in SCD patients is significantly high. Most of the treatments available currently, such as 

blood transfusion, bone marrow transplant, and HU therapy, have shown some success in 

improving systemic complications of SCD. However, the aforementioned pitfalls of these 

therapies coupled with the fact that none appear to be of direct benefit for the treatment of 

SCD-related ocular complications or SR, indicates a strong requirement for development 

of novel alternative therapies for SR. Considering the potential roles of RPE as a 

hemoglobin producer in the pathophysiology of SCD and SR, a compound such as MMF, 

that possesses (1) dual anti-inflammatory and antioxidant properties, (2) the probable 

potent ability to induce y-globin/HbF production in both systemic and ocular 

environments, and (3) low long-term toxicity, is an extremely promising potential therapy 

for SCD and SR and as such, merits investigation. This was a focus of the present 

research study.
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CENTRAL HYPOTHESIS

Retinal pigment epithelium (RPE) provides several functions that are crucial for 

maintaining the health and integrity of retina and its visual functions. Damage to or 

dysfunction of RPE is implicated in the pathogenesis and progression of several ocular 

diseases, including age-related macular degeneration (AMD) and sickle cell retinopathy 

(SR). The purpose of this study is to: (1) evaluate the role of RPE in the pathophysiology 

of AMD and SR, (2) validate RPE as a cellular target for disease management and 

treatment, and (3) develop and test novel therapeutic strategies for combating these 

diseases.

Chronic inflammation and oxidative damage to RPE are primary risk factors for 

the development and progression of retinopathy in AMD and SR. To date, there are no 

effective treatments for either disease. Current strategies target events occurring late in 

the course of the disease development and progression, when inflammation- and 

oxidative stress -induced damage to the retina is already severe. Therefore, novel 

therapeutic strategies aimed at disrupting disease pathogenesis-initiating steps may prove 

to be most effective.

I hypothesize that targeting RPE as a primary site of disease pathogenesis in 

AMD and SR with novel drugs that possess pleiotropic properties such as L-2- 

oxothiazolidine-4-carboxylic acid (OTC), a compound with dual anti-inflammatory and 

antioxidant properties, and monomethylfumarate (MMF), a compound also with 

demonstrated anti-inflammatory and antioxidant properties, and I hypothesize, the 

additional ability to induce fetal hemoglobin, will be of benefit for the treatment of AMD 

and SR. To test the hypothesis, the following specific aims were proposed:
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Aim 1: Investigation of the potent dual anti-inflammatory and antioxidant effects of OTC 

in RPE with relevant to, treatment of AMD

IA. To determine whether OCT promotes anti-inflammatory effects in RPE 

through the interaction with GPR109A

IB. To examine whether OTC has protective roles in the treatment of AMD, 

using the Ccl2/Cx3crl double knockout on rd8 background (DKO rd8)

Aim 2: Characterization of the HbAA- and HbSS-expressing RPE, and the involvement 

of RPE in the development of SR-like characteristics in the Town humanized sickle cell 

disease (SCD) mouse model

2A. Investigate the role of RPE as a hemoglobin producer in normal and in Town 

humanized SCD mouse retina 

2B. Characterize the development of retinopathy-like characteristics in the Town 

humanized SCD mouse retina

Aim 3: Pre-clinical testing of novel in vivo strategies for prevention of sickling, hypoxia 

and related inflammation/oxidative stress in SCD retina

3 A. Demonstrate the in vitro efficacy of MMF as a potent inducer of y- 

globin/fetal hemoglobin in erythroid cells, RPE cells, and retina of HbAA- 

and HbSS-expressing Town humanized SCD mouse 

3B. Validate the usefulness of MMF as an effective treatment for SR through oral 

administration in Town humanized SCD mouse
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ABSTRACT

Purpose: Oxidant- and inflammation-induced damage to retinal pigment epithelial (RPE) 

cells is central to the pathogenesis of age-related macular degeneration (AMD). Thus, 

developing novel strategies to protect these cells is important. We reported previously on 

the robust antioxidant and therefore cell-protective effects of the cysteine pro-drug L-2- 

oxothiazolidine-4-carboxylic acid (OTC) in cultured human RPE cells. New reports 

citing a novel anti-inflammatory role for OTC in addition to the known glutathione- 

stimulating and antioxidant properties emerged recently; however, this role has not been 

evaluated in RPE cells or in intact retina. Given the crucial causative roles o f oxidative 

stress and inflammation in AMD pathogenesis, knowing whether OTC might exhibit a 

similar benefit in this cell and tissue type has high clinical relevance; thus, we evaluated 

OTC in the present study.

Methods: ARPE-19 and primary RPE cells isolated from wild-type, Gprl09a~h , or 

Slc5a8~h  mouse eyes were exposed to TNF-a in the presence or absence of OTC, 

followed by analysis of IL-6 and Ccl2 expression with real-time quantitative polymerase 

chain reaction or enzyme-linked immunosorbent assay. Cellular and molecular markers 

of inflammation and oxidative stress (i.e., IL-ip, TGF-p, ABCG1, ABCA1, reduced 

glutathione, and dihydroethidium) were evaluated in Ccl2~h/C x3 crfh  double knockout 

mice on rd8 background (DKO rd8) treated with OTC (10 mg/ml) in drinking water for a 

period of 5 months.

Results: OTC treatment significantly inhibited the expression and secretion o f IL-6 and 

Ccl2 in TNF-a-stimulated ARPE-19 cells. Studies conducted using DKO rd8 animals 

treated with OTC in drinking water confirmed these findings. Cellular and molecular
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markers of inflammation were significantly suppressed in the retinas of the OTC-treated 

DKO rd8 animals. Subsequent in vitro and in vivo studies of the possible mechanism(s) 

to explain these actions revealed that although OTC is an agonist of the anti

inflammatory G-protein coupled receptor GPR109A and a transportable substrate o f the 

sodium-coupled monocarboxylate transporter SMCT1 (SLC5A8), these properties may 

play a role but do not explain entirely the anti-inflammatory effects this compound elicits 

in cultured RPE cells and the intact mouse retina.

Conclusions: This study represents, to our knowledge, the first report of the suppressive 

effects of OTC on inflammation in cultured RPE cells and on inflammation and oxidative 

stress in the retina in vivo.



INTRODUCTION

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

worldwide [1-3]. The pathogenesis of the disease is multifactorial and complex; thus, the 

task of elucidating mechanisms and developing novel strategies for treating and 

preventing AMD involves significant challenges. However, several major findings 

related to the disease, based upon an abundance of clinical and experimental evidence, 

are relatively indisputable. First, as the name implies, AMD is a disease of aging; clinical 

symptoms begin to appear only at relatively older ages (>60 years). Second, oxidative 

stress and inflammation are crucial players, both in disease development and progression. 

Last, retinal pigment epithelial (RPE) cells, cells crucial for normal retinal health and 

visual function, are highly susceptible to damage or dysfunction and therefore represent a 

primary site of pathology in the disease. Our focus in this study centers on the latter two 

points, as our aim is to explore a novel means o f limiting oxidative stress and 

inflammation not only in cultured RPE cells but also in the eyes of the living animal. 

Specifically, we evaluate the efficacy of L-2-oxothiazolidine-4-carboxylic acid (OTC) as 

a dual antioxidant and anti-inflammatory agent in cultured RPE cells (ARPE-19 and 

primary mouse RPE cells), and in the eyes of the Ccl2~h/Cx3crFh  mouse, a murine 

model predisposed to increased oxidative stress and inflammation in the retina [4].

OTC is a prodrug of cysteine. Upon entering cells, the compound is cleaved by 

the ubiquitous intracellular enzyme 5-oxoprolinase, readily generating cysteine, the 

limiting amino acid in glutathione (GSH) biosynthesis [5]. The beneficial effects of OTC 

in terms of augmenting levels of this major cellular antioxidant have been documented in 

several cell and tissue types and confirmed by studies in animals and humans [6-13].
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Congruent with this is our recent report demonstrating for the first time the robust 

antioxidant and cell-protective properties of this compound in cultured human RPE cells 

[14]. However, whether this benefit can be extrapolated to the intact retina in vivo is 

unknown.

Regarding AMD pathogenesis, oxidative stress and inflammation go hand in 

hand; inflammation is a common consequence of increased oxidative stress in RPE cells 

and the retina, and once initiated, inflammation further potentiates reactive oxygen 

species (ROS) production in this cell and tissue type [15-17]. This may be reflective 

directly of the fact that RPE cells are exposed to considerable amounts of oxidative stress 

continuously, even in the absence of disease [18]. Additionally, RPE cells represent a 

major source of cytokines in the retina and therefore are a critical regulator of 

inflammation in this tissue [18-20]. Thus, in aging, when the antioxidant capacity of RPE 

cells decreases and the balance between anti- and pro-oxidant factors tips in favor of 

increased oxidative stress, the production of proinflammatory cytokines also increases, 

and inflammation ensues [21]. Under such conditions, a compound such as OTC, capable 

of modulating both factors, oxidative stress and inflammation, in RPE cells would be 

highly desirable.

Several reports have emerged citing a novel anti-inflammatory role for OTC in 

addition to its known GSH-stimulating and antioxidant properties [22-24], However, 

these studies stem primarily from a single research group and have for the most part 

involved non-retinal cell and tissue types. Therefore, confirming these findings in a 

different system is important. Given the crucial causative roles of oxidative stress and 

inflammation in AMD pathogenesis, determining whether OTC might exhibit a similar
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benefit in the ocular environment is clinically relevant and important. Here, we report the 

first evidence of the suppressive effects of OTC on inflammation and oxidative stress in 

cultured RPE cells and in intact mouse retinas. Our subsequent investigation of the 

underlying mechanisms responsible shows for the first time that OTC is an agonist o f the 

anti-inflammatory G-protein coupled receptor GPR109A, a receptor expressed robustly in 

RPE cells [25,26]. Interestingly, however, we found that despite OTC’s ability to activate 

GPR109A, the anti-inflammatory and antioxidant effects of OTC in RPE cells are not 

entirely GPR109A-dependent.

METHODS

Materials

OTC and nicotinic acid (NA) were purchased from Sigma-Aldrich (St. Louis, MO). 

Pertussis toxin (PTX) was from EMD Chemicals (Gibbstown, NJ). The antibodies used 

were obtained from the following sources: rabbit polyclonal anti-adenosine triphosphate- 

binding cassette sub-family A member 1 (ABCA1) and rabbit polyclonal anti-ABCGl 

antibodies (Novas Biologic, Littleton, CO) and goat anti-rabbit IgG coupled to Alexa 

Fluor 568 (Invitrogen, Grand Island, NY). TRIzol, cell culture media, and all other 

supplements were also from Invitrogen.

Animals

Gprl09a~/~ and Slc5a8~f~ mice have been described previously [27,28]. The genotypes 

of the animals used in the study were confirmed with PCR using specific primer pairs. 

Age-matched Gprl09a /+ and Gprl09a~/~ or Slc5a8+/+ and Slc5a8~f~ mice were used to



prepare total RNA from primary mouse RPE (mRPE) cells or isolated retinal 

tissues. C ell1'/C x ic r r1'  mice on rd8 mutation (DKO rd8) animals have also been 

described; age- and gender-matched C57BL/6N on rd8 mutation mice served as controls 

[4]. C57BL/6J (non-rd8 wild-type) mice were purchased from Jackson Laboratories (Bar 

Harbor, MN) and used as controls to detect possible effects due to the rd8 mutation itself. 

For in vivo studies using OTC, DKO rd8 mice were paired for breeding and maintained 

either on regular drinking water (controls) or OTC water (10 mg/ml) from the day of 

pairing until litters were generated. Male breeders were removed, and dams and resultant 

offspring kept together and maintained on the respective drinking water regimen (regular 

water or OTC water) up until the time of weaning (approximately 3 weeks o f age). 

Following weaning, pups were segregated according to gender to eliminate the possibility 

of additional breeding, and maintained on OTC water or regular water for 5 months. 

Fresh drinking water, with or without OTC, was prepared and given daily. At the end of 

the treatment period, the animals were euthanized by carbon dioxide asphyxiation 

followed immediately by cervical dislocation, and sera and eyes were collected for 

analyses. The care and use of the animals in these studies adhered to the Guide for the 

Care and Use o f  Laboratory Animals (NIH Publication No. 85-23) and was approved by 

the Institutional Committee for Animal Use in Research and Education of the Georgia 

Regents University.

Cell culture and treatments

ARPE-19 cells, a human retinal pigment epithelial cell line, were obtained from 

American Type Culture Collection (Manassas, VA). The cells were maintained as
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described previously [25]. Primary mRPE cells were isolated from 3-week- 

old Gprl09a+/+, Gprl09a~/~, Slc5a8+/+, or Slc5a8~hmo\ise retinas and maintained in 

culture according to our published methods [14,25]. Passage 2-4 mRPE cells were used 

for all experiments. For treatments, cells (ARPE-19 and mRPE) were seeded at a density 

of 2x105 cells/well in six-well culture plates. Twenty-four hours after seeding, the cells 

were treated with varying concentrations of OTC and NA for 24 h in the presence or 

absence of tumor necrosis factor-a (TNF-a; 10 ng/ml) according to our previously 

published method [26]. When the cells were harvested, RNA or protein was prepared and 

the respective cell culture media collected for enzyme-linked immunosorbent assay 

(ELISA). Findings obtained using this cell culture model system were confirmed with 

additional experiments performed using fully differentiated and polarized ARPE-19 cells 

obtained by maintaining confluent monolayers o f ARPE-19 cells, according to Bridges et 

al.’s method [29], in culture for a period of 4-6 weeks. Identical treatments (varying 

concentrations of OTC or NA for 24 h in the presence or absence of 10 ng/ml TNF-a) 

were then performed using these cells.

Real-time quantitative PCR

Total RNA was isolated from ARPE-19 and mRPE cells prepared 

from Gprl09a+/+,Gprl09cT/~,Slc5a8+/+, or Slc5a8^~ mouse eyes, as well as from the 

neural retina (NR) and RPE cells and eyecup obtained from the C57BL/6N rd8 and DKO 

rd8 mouse eyes (treated with or without OTC) using TRIzol. RNA (1 pg) was reverse 

transcribed using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Real-time 

quantitative PCR (qPCR) was used to monitor steady-state mRNA levels of interleukin-6
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(IL-6), chemokine (C-C) motif ligand 2 (Ccl2; also referred to as monocyte chemotactic 

protein or MCP-1), IL-lp, transforming growth factor-P (TGF-P), ABCA1, and ABCG1 

using human- or mouse-specific primer sets as appropriate. Primer sequences for mouse 

GPR109A and human and mouse IL-6 and Ccl2 have been reported previously [25,26]. 

Information relevant to all other primers used in the study is provided in Table 1. 

Hypoxanthine phosphoribosyltransferase 1 (HPRT) or 18S was used as the internal 

control. Real-time qPCR amplifications, using detection chemistry (SYBR Green; 

Applied Biosystems, Foster City, CA), were run in triplicate on 96-well reaction plates. 

Gene expression was calculated by comparing Ct values (AACt).

Bioluminescence resonance energy transfer assay

Bioluminescence resonance energy transfer (BRET) was used to monitor the dissociation 

of G-protein heterotrimers as an indicator of GPR109A activation following our 

previously published method [30-32]- Briefly, HEK-293 cells were transfected overnight 

with human GPR109A cDNA along with constructs coding for Gan, venusl55-239-GPi, 

venus 1-155-Gy2, and G-protein-coupled receptor kinase 3-C-terminus luciferase. Cells 

were then harvested in PBS (0.01 M phosphate buffer, 0.137 M NaCl, 0.0027 M KC1, pH 

7.4) containing 5 mM EDTA, and an equal amount of cells was transferred to the wells of 

a 96-well plate followed by exposure to various concentrations o f OTC or NA, a 

prototypic agonist for GPR109A, in the presence or absence of pertussis toxin (PTX; 

0.5 pg/ml), a well-characterized, specific, and irreversible inhibitor o f Gi-linked G- 

protein coupled receptors (GPCRs). The luciferase substrate benzyl coelenterazine 

(5 pM) was then added to the wells in the dark. Under these conditions, the activation of
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GPR109A by an agonist results in the dissociation of the dimer containing the 

complementary fragments of the yellow fluorescent protein venus (the 1- to 155-amino 

acid fragment and the 155- to 239-amino acid fragment) from G jal. The dimer then binds 

to the G-protein-coupled receptor kinase 3-C-terminus-luciferase fusion protein, enabling 

BRET in the presence o f benzyl colenterazine. Steady-state BRET measurements were 

made within 15 min of exposure o f the cell suspensions to ligands using a photonr 

counting multimode plate reader (Mithras LB940; Berthold Technologies GmbH, Bad 

Wildbald, Germany), The BRET signal was calculated as the ratio o f the emission 

intensity at 520 to 545 nm to the emission intensity at 475 to 495 nm.

cAMP measurement

As an additional means of assessing GPR109A functional activity, intracellular levels of 

cyclic adenosine monophosphate (cAMP) were monitored in the ARPE-19 cells treated 

with or without OTC following our published method [25], Briefly, ARPE-19 cells were 

seeded at a density of 1 * 105cells/well in a 24-well plate. On the 3rd day after seeding, the 

culture medium was removed and replaced with culture medium containing 10 pM 

forskolin (FSK) in the presence of increasing concentrations o f OTC (1 h treatment). NA 

was used as a positive control. The cAMP levels were measured using the cAMP Assay 

kit (Assay Designs, Ann Arbor, MI), following the manufacturer’s instructions. 

Experiments were repeated three times with independent cell cultures, and cAMP was 

measured in triplicate in each experiment.
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Radioligand binding assay

Monolayers of GPR109A-overexpressing MB231 cells were chilled on ice, washed with 

ice-cold PBS (pH 7.5), and lysed with 5 mM KPO4 buffer (pH 7.5). The suspension was 

centrifuged for 30 min at 56,800 g; the final membrane pellets were rinsed and suspended 

in 5 mM KPO4 buffer and homogenized 20 times using a 25-gauge needle. Protein 

concentration in the final membrane preparation was measured with the protein assay kit 

(Bio-Rad Protein Assay Reagent; Bio-Rad). [3H]-NA (10 nM) binding to membrane 

preparations was assayed in the presence of increasing concentrations of unlabeled NA 

(positive control) or OTC (0.1-10,000 pM) prepared in 250 pi of 5 mM KPO4 buffer, pH 

7.5. Reactions were allowed to proceed at 25 °C for 90 min. Binding was terminated by 

adding ice-cold binding buffer, and the mixture was filtered on a Whatman GF/F glass 

fiber filter, presoaked in 0.3% polyethylenimine. The filter was washed three times with 

ice-cold binding buffer, and radioactivity associated with the filter was determined with 

liquid scintillation spectrometry. The theory behind this method is that if OTC, similar to 

NA, is a GPR109A ligand, then OTC should compete with [3H]-NA in a dose-specific 

manner for binding to GPR109A-expressing cell membranes. Therefore, decreased levels 

of [3H]-NA in this assay are synonymous with increased binding of the unlabeled ligand.

Western blot analysis

Protein was extracted from retinal tissues isolated from control and OTC-treated DKO 

rd8 mouse eyes. Protein concentration was determined using the bicinchoninic acid 

(BCA) assay (Thermo Fisher Scientific, Rockford, IL). Twenty pg of protein were 

subjected to SDS-PAGE, transferred to nitrocellulose membranes, and then incubated
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with primary antibodies (rabbit polyclonal anti-ABCGl, or rabbit polyclonal anti- 

ABCA1) overnight at 4 °C. Secondary detection was done using horseradish peroxidase- 

conjugated secondary antibodies (anti-rabbit immunoglobulin antibody; Promega, 

Madison, WI). After washing, the proteins were visualized using the enhanced 

chemiluminescence (ECL) western blot detection system (Thermo Fisher Scientific). P- 

actin served as the loading control.

Enzyme-linked immunosorbent assay analysis

Commercially available ELISA assay kits (see Materials) were used to monitor the 

concentration o f cytokines (IL-6, Ccl2, IL-lp, and TGF-p) in culture media obtained 

from ARPE-19 and mRPE cell cultures or in isolated retinal tissues (RPE cells and 

eyecup and neural retina) harvested from control and OTC-treated DKO rd8 mouse eyes. 

In all cases, assays were performed in strict accordance with the manufacturers’ 

directions. ELISA plates were read spectrophotometrically at 450 nm using a 

SpectraMAX 190 plate reader (Molecular Devices, Sunnyvale, CA).

Measurement of cellular levels of glutathione

Glutathione levels in die sera and samples of the NR and RPE cells and eyecup obtained 

from control and OTC-treated DKO rd8 mouse eyes were measured using the GSH Glo 

assay kit (Promega) following the manufacturer's instructions and our previously 

published method [14]. Briefly, the assay involves a series of two reactions. Luciferin is 

generated first from a luminogenic substrate, catalyzed by glutathione- S-transferase 

(GST) in the presence of glutathione. This luciferin is then detected as a luminescent



87

signal that is directly proportional to the amount of luciferin formed and therefore to the 

amount of GSH present in the sample. GSH levels in tissues were expressed as nmol/mg 

tissue.

Measurement of superoxide production

Superoxide production was evaluated in retinal cryosections obtained from control 

(regular drinking water) DKO rd8 and OTC-treated DKO rd8 mice using 

dihydroethidium (DHE) as described previously [33]. Briefly, frozen sections were 

incubated with DHE (2 pM) for 30 min at 37 °C. DHE is oxidized upon reaction with 

superoxide to ethidium bromide, which binds to DNA in the nucleus and fluoresces red. 

DHE images were obtained using a Leica DM5500B fluorescent microscope (Leica 

Microsystems, Buffalo Grove, IL) equipped with a CoolSNAP HQ2 digital camera 

(Photometries, Tucson, AZ) and Leica Application Suite imaging software version 

2.5.0.6735. DHE was excited at 488 nm with an emission spectrum of 610 nm. The 

relative fluorescence intensity within the images obtained was determined via automated 

image analysis or Image! software.

Data analysis

All experiments were repeated three to five times with independent cell or tissue 

preparations and samples run in duplicate. Data are presented as mean±standard error of 

the mean (SEM). Statistical significance was determined with the Student t test, and one

way ANOVA with Tukey-Kramer’s post-hoc tests for comparisons between two groups
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or multiple groups, respectively. Differences were considered statistically significant at 

p<0.05.

RESULTS

In vitro suppression of inflammatory molecules by treatment with OTC

In keeping with the role as a key regulator of retinal immunity and inflammation, RPE 

cells express and secrete several cytokines, both pro- and anti-inflammatory in nature, in 

response to various stimuli [18,20]. Here, we asked whether OTC treatment modulates 

the RPE-specific expression and secretion o f IL-6 and Ccl2, two proinflammatory 

molecules critically implicated in the pathogenesis of AMD [34-36]. Total RNA was 

prepared and culture media collected from ARPE-19 cells cultured in the presence of 

TNF-a and in the presence or absence o f 0.5 mM OTC, a concentration that we 

previously showed to be effective at protecting RPE cells from oxidant-induced damage 

[14]. Cells treated identically with NA (1 mM), a compound and concentration also 

shown previously to confer anti-inflammatory protection [26], instead of OTC, served as 

positive controls in the experiment. As expected, TNF-a significantly induced IL-6 and 

Ccl2 mRNA expression (approximately two-fold and approximately 50-fold, 

respectively), an effect that was significantly suppressed by NA or OTC (Figure 1A,B). 

ELISA analyses performed using the culture medium obtained from these respective cell 

treatments revealed a corresponding effect regarding the attenuation of TNF-a-induced 

IL-6 and Ccl2 protein secretion. The secretion of IL-6 and Ccl2 by ARPE-19 cells



significantly increased with TNF-a. Treatment of the cells with NA significantly 

attenuated the TNF-a-induced increase in the IL-6 and Ccl2 proteins (17% and 25% 

inhibition, respectively); an even greater inhibitory effect was observed in the presence 

OTC (67% and 70% inhibition, respectively; Figure 1C,D). The findings observed in our 

cell culture model system were confirmed with identical experiments performed using 

confluent monolayers of fully differentiated and polarized ARPE-19 cells (Figure 2). 

TNF-a treatment significantly increased the expression of IL-6 and Ccl2 (Figure 2A,B, 

respectively). These increases were significantly attenuated and in a dose-dependent 

manner by OTC.

IL-lp, TGF-p, ABCG1 and ABCA1 expression in DKO rd8 retina

OTC has been used previously in humans and found to be relatively safe in that it is non

toxic and produces minimal unwanted effect; however, the use of OTC, or its efficacy, in 

treating indications involving the eye has not been tested. Preliminary studies in non

human models are therefore highly warranted. Along these lines, we chose 

the Ccl2/Cx3cr 1-deficient mouse (DKO rd8). The DKO rd8 is a model that, owing to the 

presence of the rd8 mutation within the strain, may not be ideal for use in studies of 

morphological features characteristic of human AMD and the ability of agents to prevent 

or slow down the progression thereof. However, the DKO rd8 mouse model is 

predisposed, as reported by others, to increased oxidative stress and inflammation in the 

retina and, is accordingly, a suitable model in which to evaluate these parameters at the 

molecular level [4,37]. Increased or upregulated expression of a high number of 

molecules that are proinflammatory has been implicated in the pathogenesis of AMD



[38]. Here, we chose specifically to evaluate the DKO rd8 mouse retina in terms of the 

expression of four molecules: IL-ip, TGF-P, ABCA1, and ABCG1 (Figure 3). The 

rationale for choosing these four molecules in particular was the following: (a) ABCA1 

and ABCG1 have been implicated strongly in regulating cholesterol efflux, with 

decreased expression of these transport proteins associated in turn with increased 

cholesterol accumulation and consequent inflammation in tissues, factors highly relevant 

to the metabolism and handling o f lipids by RPE cells and therefore to drusen biogenesis 

in AMD [39,40]. (b) Increased TGF-P expression is associated strongly with increased 

vascular endothelial growth factor (VEGF) production, a factor that contributes 

significantly to the development or progression of choroidal neovascularization 

characteristic of neovascular “wet” AMD [41]. (c) Upregulated IL-ip expression is 

associated strongly with NLRP3 inflammasome activation in RPE cells, a phenomenon 

highly relevant to geographic atrophy (dry) and neovascular (wet) AMD in human 

patients [16,42]. To determine whether the presence of the rd8 mutation itself influenced 

the expression of the molecular parameters evaluated in our experimental system, 

preliminary experiments were performed using retina samples obtained from wild-type 

C57BL/6N (rd8 positive) and wild-type C57BL/6J (non-rd8) mouse eyes. No significant 

differences were detected in the expression of any of the molecules evaluated in these 

animals, confirming as reported by others that the rd8 mutation, although associated with 

the development of a degenerative retinal phenotype, is in itself not inflammatory [37], 

Thus, all remaining studies were conducted using only wild-type C57BL/6N rd8 and 

DKO rd8 animals. TGF-p expression was significantly increased in the DKO rd8 retina 

compared to the control, C57B1/6N rd8 retina (Figure 3A). IL-ip expression was not



significantly changed (Figure 3B). ABCG1 and ABCA1 expression was significantly 

downregulated in the DKO rd8 retina (Figure 3C,D, respectively), a phenomenon 

consistent with increased cholesterol accumulation and therefore inflammation in DKO 

rd8 eyes.

OTC suppresses pro-inflammatory molecule expression in vivo

Our in vitro studies strongly suggest a positive association between OTC treatment and 

decreased inflammation. Additionally, studies in DKO rd8 mice have confirmed the 

increased expression o f proinflammatory molecules in the DKO rd8 retina and therefore 

the high suitability o f this model for studying parameters relevant to increased 

inflammation or altered cytokine regulation in the retina and novel mechanisms or 

therapeutic strategies for countering, our goal in the present study. Using this rationale, 

we evaluated the efficacy of OTC as an anti-inflammatory agent in vivo. To do so, DKO 

rd8 animals were treated with 10 mg/ml OTC provided daily in drinking water for a 

period of 5 months. The dosage and regimen for administering OTC used in the present 

study were similar to those used by others to study the effectiveness of OTC for treating 

non-retinal related diseases in humans and in animal models [5,43,44], Age- and gender- 

matched DKO rd8 animals maintained on regular drinking water served as controls. At 

the end of the 5-month treatment period, the animals were euthanized, and blood and 

tissue samples collected and used to assess the effect of OTC on molecular parameters 

associated with inflammation (IL-lp, TGF-p, ABCG1, and ABCA1 expression) and 

oxidative stress (levels of tissue glutathione and superoxide; Figure 4 and Figure 5, 

respectively).



IL-ip and TGF-P protein expression was examined in samples of the NR and RPE cells 

and eyecup obtained from OTC-treated DKO rd8 and control DKO rd8 mouse eyes with 

ELISA (Figure 4A,B, respectively). Consistent with the role of RPE cells as a key 

regulator of retinal immunity and inflammation and therefore a major producer of 

cytokines, levels of IL-ip and TGF-p protein were significantly higher in the RPE cells 

and eyecup compared to the NR in the control, untreated DKO rd8 animals. The protein 

levels of these molecules were significantly decreased, however, in association with OTC 

treatment, in the NR and the RPE cells and eyecup. Congruent with the OTC-mediated 

suppression of inflammation in the DKO rd8 retina as shown by the significant decrease 

in retinal proinflammatoiy cytokine production, ABCG1 and ABCA1 expression was 

also increased in the OTC-treated animals (Figure 4C).

OTC is most noted for its GSH-stimulating and antioxidant properties. Here, we show the 

compound to be effective as an anti-inflammatory agent in cultured RPE cells and in the 

intact retina. We reported previously on the antioxidant and therefore cell-protective 

property of OTC in RPE cells in culture [14]; however, whether this can be extrapolated 

to the eyes of living animals requires further investigation. To address this issue, GSH 

concentrations were measured in the serum and retinal tissue samples obtained from 

OTC-treated and control DKO rd8 animals. GSH levels were significantly elevated in the 

sera and tissue (the NR and RPE cells and eyecup) of the OTC-treated DKO rd8 animals 

(Figure 5A,B, respectively). Retinal levels of superoxide, as determined with DHE 

staining and subsequent quantification of fluorescence intensity, were evaluated in 

cryosections o f OTC-treated and control DKO rd8 retinas as an additional means of 

assessing the overall impact of OTC on the anti oxidant capacity of DKO rd8 retinas. If



OTC serves as expected as a potent antioxidant in this tissue, then the production o f free 

radicals like superoxide should also be reduced in association with the administration of 

this compound; we found that this was indeed the case (Figure 5C).

Anti-inflammatory effect of OTC is independent of SLC5A8

Consistent with reports by others, we found that OTC elicits robust anti-inflammatory 

and antioxidative effects in cultured RPE cells and in the retinas of living animals. 

However, the underlying mechanisms that explain the dual-actions remain to be 

determined. Thus, we examined what we believed were various possible avenues based 

upon our prior work. We reported previously on the GSH-stimulating effects of OTC in 

RPE cells, a phenomenon that was dependent upon sodium-coupled monocarboxylate 

transporter 1 (SMCT1; SLC5A8)-mediated transport of the compound across the plasma 

membrane into the cell [14]. To determine whether SLC5A8 has a role in the anti

inflammatory effects of OTC observed in the present study, we evaluated the effects of 

the compound on TNF-a-induced IL-6 and Ccl2 expression in primary RPE cells isolated 

from Slc5a8+/+ and Slc5a8~ ~mouse eyes using methods identical to those used in our 

studies of ARPE-19. NA and OTC significantly inhibited the TNF-a-induced 

upregulation of IL-6 and Ccl2 expression in Slc5a8+/+ RPE cells (Figure 6A,B, black 

bars). The same did not hold true, however, in the case o f Slc5a8~f~ RPE cells treated 

under identical conditions, particularly regarding NA. In these cells, the suppressive 

effects o f NA on TNF-a-induced IL-6 and Ccl2 expression were lost (Figure 6A,B, gray 

bars). Interestingly, however, the attenuation of the TNF-a-induced upregulation of IL-6 

and Ccl2 by OTC persisted even in the absence of SLC5A8 (S l c 5 a 8 RPE). This
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finding was corroborated with ELISA analyses of IL-6 protein secretion into the media 

(Figure 6C). Slc5a8+/+ cells responded similarly to ARPE-19; NA and OTC treatment 

significantly inhibited the TNF-a-induced secretion o f IL-6 protein by these cells (23% 

and 92% inhibition, respectively). However in the Slc5a8~;~ RPE cells, only OTC was 

effective in suppressing TNF-a-induced IL-6 secretion (approximately 75% inhibition); 

NA had no significant effect.

OTC is a GPR109A agonist

The studies, conducted using Slc5a8~ ~ RPE cells, indicate that the anti-inflammatory 

effects of OTC occur independent of SLC5A8 expression and therefore possibly 

independent also of the compound’s entry into the intracellular compartment of the RPE 

cell. Thus, we postulated that the anti-inflammatory effects of OTC might be mediated 

instead via OTC’s action upon or interaction with a target present on the surface of the 

plasma membrane; this interaction could initiate signaling events that lead ultimately to 

suppressing proinflammatory cytokine production and release by RPE cells. GPCRs, a 

large protein family of transmembrane receptors, do just that: interact with ligands 

extracellularly to mediate an intracellular effect [45,46]. We reported recently on the 

expression of a Gj-coupled receptor termed GPR109A that, when activated, promotes 

anti-inflammatory signaling in RPE cells [25,26]. Furthermore, studies by others indicate 

that at higher doses, OTC administration in humans is associated with a phenomenon 

known as flushing [5]. Interestingly, the activation of GPR109A by pharmacologic agents 

such as nicotinate induces a similar response [47], With this in mind, we used three 

methods, each commonly used to evaluate GPCR activity, to evaluate the possible



interaction between OTC and GPR109A, namely, BRET, cAMP, and radioligand binding 

assays (Figure 7). The BRET assay revealed the rapid increase in the BRET signal 

(indicating the dissociation of the a  from the Py subunits and therefore the activation of 

GPR109A) in the presence of increasing concentrations of OTC; NA served as a positive 

control (Figure 7A). The OTC-induced increase in BRET activity was significantly 

inhibited by PTX, indicating that the BRET signal observed in the presence of OTC was 

due specifically to its activation of a Gi-linked receptor. Although OTC, similarly to NA, 

induced BRET activity and by this measure this is a GPR109A agonist, there was a large 

difference in the EC50 value (the concentration required to reach half-maximal activation 

of the receptor) between OTC and NA (200 pM for OTC and 0.5 pM for NA). A similar 

phenomenon was observed when the interaction of OTC with GPR109A was evaluated 

with a radioligand binding assay (Figure 7B). This competition-based assay showed that, 

similarly to unlabeled NA, OTC competed with [3H]-NA for binding to GPR109A in a 

dose-dependent manner. Again, however, the affinity of the receptor for OTC was 

relatively lower compared to that for NA; EC5o values were approximately 900 pM for 

OTC and 3.0 pM for NA. Collectively, the BRET and radioligand binding assays show 

that although OTC can activate GPR109A, the affinity of the receptor for OTC is 300- 

400-fold lower than that for NA. To confirm this in RPE cells specifically, we compared 

the activation of GPR109A by OTC and NA in ARPE-19 cells. The activation of 

inhibitory GPCRs (Gj-linked GPCRs) similarly to GPR109A is associated with a 

decrease in the intracellular levels o f cAMP [25,43,48]. Congruent with this was the 

OTC-induced reduction of FSK-induced elevations in cAMP observed in our 

experimental system (Figure 7C). Similarly to NA, OTC reduced cAMP levels in a dose-
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dependent manner; however, as was the case in our previous two assay systems, OTC 

was less effective than N A in this regard.

The anti-inflammatory effect of OTC is not solely dependent upon the activation of 

GPR109A

Thus far, we have shown OTC to be a potent and effective anti-inflammatory agent in 

cultured RPE cells and in live mice, in addition to its GSH-stimulating and antioxidant 

properties. We speculated that the anti-inflammatory effects o f OTC might be mediated 

via GPR109A based on our discovery that OTC is an agonist for this receptor. The 

studies demonstrated that although OTC can activate GPR109A, OTC is not as effective 

in doing so as NA. This is interesting given that in terms of limiting inflammation, OTC 

appears to be the most effective agent. Thus, we cannot state with certainty that the anti

inflammatory effects elicited by this agent in the DKO rd8 mouse retina actually 

stemmed from GPR109A activation. The fact that in all of our functional assays OTC 

interacted with GPR109A but much less effectively than NA further fueled our desire to 

evaluate directly the potential involvement o f GPR109A in the anti-inflammatory effects 

elicited by OTC. To do so, we went back to our cell culture model system, this time 

isolating mRPE cells from GPR109a+/+ and GPR109a~/~ mouse

retinas. Gprl09a /+ and Gprl09a~/~ cells were exposed to TNF-a in the presence or 

absence of OTC or NA in a fashion identical to that described previously. The exposure 

o f Gprl09a+/+ and Gprl09a~/~ mRPE cells to TNF-a was associated with robust 

increases in IL-6 mRNA and protein expression (Figure 8A,B, respectively); a similar 

phenomenon was observed for Ccl2 (Figure 8C,D, respectively). OTC significantly
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inhibited the TNF-a-induced increase in the expression of both proinflammatory 

molecules in G prl09a '+ mRPE cells, and interestingly also in G prl09a'~  mRPE. NA, 

however, was effective only in Gprl09a h mRPE cells. These data suggest that although 

OTC, similar to NA, is an agonist for GPR109A, activation of the receptor by this 

compound is not likely to be solely responsible for the anti-inflammatory effects elicited 

by OTC in cultured RPE cells or the intact retina.

DISCUSSION

Oxidative stress and inflammation are crucial in degenerative diseases of the 

retina; this is particularly true regarding AMD, a disease in which these factors have been 

implicated as major players. Thus, developing and testing novel strategies for regulating 

oxidative stress and inflammation in the retina are important and have broad clinical 

relevance. In the present study, we evaluated OTC for this purpose. The robust 

antioxidant properties of OTC are well known; however, recent studies suggest added 

benefit in terms of modulating inflammation [22-24]. This, to date, has not been 

evaluated in the retina. Expanding upon our prior study demonstrating the antioxidant 

and therefore cell-protective properties of OTC in cultured RPE cells [14], we evaluated 

the compound for its ability to modulate inflammatory processes in these cells and in the 

intact retina. We found that OTC performed quite effectively in this regard, a 

phenomenon consistent with reports by others touting the compound as a dual antioxidant 

and anti-inflammatory agent. Studies conducted using cultured RPE cells revealed that 

the doses of OTC required for the anti-inflammatory action are quite similar to those we



reported previously that induced the GSH-stimulating or anti-oxidative effect [14]. 

Interestingly, however, the exact mechanism(s) responsible for OTC’s newly discovered 

anti-inflammatory properties in RPE cells and the retina remain to be ascertained. Along 

these lines, we evaluated whether the transport of OTC via SLC5A8 or its interaction 

with the anti-inflammatory receptor GPR109A might be possible underlying 

mechanisms. Studies involving s/c5a#-deficient primary RPE cells showed that although 

OTC is indeed a transportable substrate of SLC5A8 and transport by this 

monocarboxylate transporter may be needed for OTC’s antioxidant actions [14], it is not 

required for the anti-inflammatory effects observed in our present experimental systems. 

Therefore, we predicted that the anti-inflammatory effects o f OTC must be mediated by 

its interaction with a receptor present on the membrane of the cell. Given our recent 

identification of GPR109A as an anti-inflammatory G-protein coupled receptor in RPE 

cells [26], we immediately tested the interaction o f OTC with this receptor. To date, none 

have evaluated whether OTC can activate GPR109A. Thus, in the present study we 

investigated this phenomenon using multiple assays and cell culture model systems. 

Specifically, we used HEK-293 cells, cells that do not express GPR109A endogenously 

and are therefore suitable for transfection with exogenous GPR109A and the other 

components required to measure quantitatively the dissociation of a  from Py subunits of 

the G-protein coupled receptor in the presence of OTC as an indicator of receptor 

activation. MDA-MB-231, a mammary gland cell line that expresses GPR109A robustly, 

was also used as were ARPE-19 cells, cells that express GPR109A endogenously at basal 

levels, and Gpr 109A-/~ primary RPE cells, cells devoid of GPR109A expression. 

Collectively, studies using these cell types and assays demonstrated the following
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definitively: (a) OTC can activate GPR109A but not as effectively as nicotinic acid, the 

protypic GPR109A agonist, and (b) although NA and OTC can suppress inflammation in 

our experimental system, they do so by different means, NA via GPR109A and OTC via 

some other unknown mechanism. Despite our inability to find a clear-cut mechanism to 

explain the anti-inflammatory actions o f OTC, the fact remains that OTC has been used 

successfully in patients for various clinical indications in which oxidative stress and 

inflammation are majorly involved; OTC appears to be superior in its ability to raise 

intracellular glutathione levels and protect cells from oxidative stress [7,8,13]. 

Additionally, OTC is well tolerated and associated with low toxicity [5,49-53]. 

Therefore, we investigated the in vivo efficacy of the compound in the DKO rd8 mouse, 

a model of chronic, low-grade retinal inflammation. The expression of molecular markers 

of inflammation and oxidative stress was significantly suppressed in DKO rd8 animals 

treated with OTC in drinking water for a period o f 5 months. This result strongly supports 

the possible extrapolation of OTC use to therapeutically manage retinal diseases such as 

AMD.

This study represents, to our knowledge, the first report of the suppressive effects 

of OTC on inflammation in cultured RPE cells, and on inflammation and oxidative stress 

in the retina in vivo. Furthermore, in addition to adding a new tissue, the retina, to the 

existing repertoire of tissues and pathologies in which OTC use confers benefit, our 

present demonstration that positive outcomes (the modulation of parameters associated 

with increased oxidative stress and inflammation) can be achieved in the retina following 

the oral administration of this compound to animals has strong implications in terms of 

the possible circumvention of challenges associated with delivering drugs to the posterior



segment [54,55]. This is particularly relevant to dry AMD, a type of AMD in which 

oxidant- and inflammation-induced damage to RPE is a primary pathologic feature and 

one for which, at present, there is a critical lack o f effective strategies for treatment and 

prevention [56]. Gamcsik et al. [57] have shown convincingly that following the infusion 

of [13C]-labeled OTC into the brain, incorporation o f ,3C‘Iabel into glutathione, taurine, 

hypotaurine, and lactate is readily detectable. Given the known benefits of these 

compounds in the retina regarding energy metabolism, blood flow regulation, and 

antioxidant and anti-inflammatory signaling, any increase in cellular levels or the 

stabilization of these compounds in the retina and RPE cells normally and under 

pathologic conditions such as AMD, would likely yield substantial benefit [58-62]. 

However, whether similar phenomena occur in the retina and RPE cells following the 

oral administration of OTC and thus explain, at least in part, the robust antioxidant and 

anti-inflammatory effects elicited by this compound in this tissue is a subject worthy of 

further investigation. Additionally, before testing OTC clinically in patients with AMD, 

comparative analyses of the effects o f the compound alone and in combination with other 

antioxidant or anti-inflammatory supplements in animal models o f AMD-like retinal 

disease may be warranted.
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FIGURE LEGENDS

Figure 1. Suppression of TNF-a-induced IL-6 and ccl2 niRNAand protein by OTC.

ARPE-19 cells were exposed to tumor necrosis factor-a (TNF-a; 10 ng/ml; 24 h 

incubation) in the presence or absence of L-2-oxothiazolidine-4-carboxylic acid (OTC; 

0.5 mM) and nicotinic acid (NA; 1 mM; positive control). Quantitative polymerase chain 

reaction (qPCR) analysis of (A) interleukin-6 (IL-6) and (B) chemokine (C-C) motif 

ligand 2 (Ccl2) mRNA expression. The cell culture medium was then collected and used 

for enzyme-linked immunosorbent assay (ELISA) analysis of the (C) IL-6 and (D) Ccl2 

proteins. *p<0.01 compared to control cells; ** p<0.01 compared to TNF-a-treated cells.

Figure 2. Suppression of TNF-a-induced IL-6 and Ccl2 mRNA by OTC in 

polarized, fully differentiated ARPE-19 cells. ARPE-19 cells were cultured to a state of 

confluency and then maintained in culture for an additional for 6 weeks to facilitate their 

polarization and differentiation. The cells were then exposed to tumor necrosis factor-a 

(TNF-a; 10 ng/ml; 24 h incubation) in the presence or absence of L-2-oxothiazolidine-4- 

carboxylic acid (OTC; 0.5 mM) and nicotinic acid (NA; 1 mM; positive control). 

Quantitative polymerase chain reaction (qPCR) analysis o f (A) interleukin-6 (IL-6) and 

(B) chemokine (C-C) motif ligand 2 (Ccl2) mRNA expression. *p<0.01 compared to 

untreated, control; **p<0.01 compared to TNF-a-treated cells.

Figure 3. Expression of proinflammatory cytokines and cholesterol efflux pumps in 

the Ccl2_/7C x3crl_/_ double knockout mouse retina. Quantitative polymerase chain 

reaction (qPCR) analysis of (A) transforming growth factor-P (TGF-P), (B) interleukin-
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ip (IL-ip), (C) adenosine triphosphate-binding cassette sub-family G member 1 

(ABCG1), and (D) adenosine triphosphate-binding cassette sub-family A member 1 

(ABCA1) expression in the wild-type (WT) C57BL/6N rd8 and double knockout (DKO 

rd8) mouse retina.

Figure 4. OTC attenuates the expression of IL -ip  and TGF-p, and enhances 

expression of ABCA1 and ABCG1 in the Ccl2_/7C x3crl_/" double knockout mouse 

retina. Enzyme-linked immunosorbent assay (ELISA) analysis of (A) interleukin-lp (IL- 

1P) and (B) transforming growth factor-p (TGF-P) protein; western blot analysis of (C) 

adenosine triphosphate-binding cassette sub-family G member 1 (ABCG1) and adenosine 

triphosphate-binding cassette sub-family A member 1 (ABCA1) proteins in the neural 

retina (NR) and retinal pigment epithelial (RPE) and eyecup samples were obtained from 

double knockout (DKO rd8) mice treated with L-2-oxothiazolidine-4-carboxylic acid 

(OTC DKO rd8) or regular drinking water (Con DKO rd8) for a period of 5 months. 

*p<0.05 compared to corresponding control; **p<0.01 compared to corresponding 

control.

Figure 5. Antioxidant effects of OTC in the Ccl2-/7 C x 3 c r r /_ double knockout 

mouse retina. Intracellular concentrations of glutathione (GSH) were measured in (A) 

sera and (B) samples of the neural retina (NR) and retinal pigment epithelium (RPE) and 

eyecup obtained from double knockout (DKO rd8) mice treated with L-2- 

oxothiazolidine-4-carboxylic acid (OTC DKO rd8) or regular drinking water (Con OTC 

DKO rd8) for a period of 5 months. (C) Superoxide generation was also assessed in these
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animals with the fluorescent indicator dihydroethidium (DHE). *p<0.01 compared to 

corresponding Con DKO rd8 NR or RPE; **p<0.01 compared to Con DKO rd8 NR.

Figure 6. The anti-inflammatory effect of OTC in cultured RPE occurs independent 

of SLC5A8 expression. Mouse primary retinal pigment epithelial (mRPE) cells were 

prepared from Slc5a8+/+ (wild-type, WT) and Slc5a8^ mouse retinas and exposed to 

tumor necrosis factor-a (TNF-a; 10 ng/mL; 24 h incubation) in the presence or absence 

of L-2-oxothiazolidine-4-carboxylic acid (OTC; 0.5 mM) and nicotinic acid (NA; 1 mM; 

positive control). Quantitative polymerase chain reaction (qPCR) analysis o f (A) 

interleukin-6 (IL-6) and (B) chemokine (C-C) motif ligand 2 (Ccl2) mRNA expression. 

Cell culture medium was then collected and used for enzyme-linked immunosorbent 

assay (ELISA) analysis of (C) IL-6 protein. *p<0.01 compared with control cells; 

**p<0.01 compared to TNF-a-treated cells.

Figure 7. OTC is an agonist for GPR109A. A: Bioluminescence resonance energy 

transfer (BRET) analysis of L-2-oxothiazolidine-4-carboxylic acid (OTC)-induced 

GPR109A activation in the presence or absence of pertussis toxin (PTX, 0.5 fig/ml). NA 

served as a positive control. B: Radiolabeled competition binding assay was used to 

evaluate the binding of [3H]nicotinate to MDA-MB-231 cells overexpressing human 

GPR109A in the presence or absence of increasing concentrations of unlabeled OTC or 

NA (positive control). C: Analysis of the effects o f OTC or nicotinic acid (NA; positive 

control) on forskolin (FSK)-induced elevations in cAMP. *p<0.01 compared to control 

cells; #p<0.01 compared to FSK-treated cells.
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Figure 8. The anti-inflammatory effects of OTC are not solely dependent upon 

GPR109A. Mouse primary retinal pigment epithelial (mRPE) cells were prepared 

from Gprl09a+/+ (wild-type, WT) and Gprl09a-/- mouse retinas and exposed to tumor 

necrosis factor-a (TNF-a; 10 ng/ml; 24 h incubation) in the presence or absence of L-2- 

oxothiazolidine-4-carboxylic acid (OTC; 0.5 mM) or nicotinic acid (NA; 1 mM; positive 

control). Quantitative polymerase chain reaction (qPCR) analysis of (A) interleukin-6 

(IL-6) and (B) chemokine (C-C) motif ligand 2 (Ccl2) mRNA expression. Cell culture 

medium was then collected and used for enzyme-linked immunosorbent assay (ELISA) 

analysis of (C) interleukin-6 (IL-6) and (D) Ccl2 protein. *p<0.01 compared to respective 

WT or Gprl09cT/~ untreated, control cells; **p<0.01 compared to respective TNF-a- 

treated WT or Gprl09a~/~ cells.
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FIGURE 8
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ABSTRACT

Purpose. Sickle retinopathy (SR) is a major cause of vision loss in sickle cell disease 

(SCD). There are no strategies to prevent SR and treatments are extremely limited. The 

present study evaluated (1) the retinal pigment epithelial (RPE) cell as a hemoglobin 

producer and novel cellular target for fetal hemoglobin (HbF) induction, and (2) 

monomethylfumarate (MMF) as an HbF-inducing therapy and abrogator of oxidative 

stress and inflammation in SCD retina.

Methods. Human globin gene expression was evaluated by RT-quantitative (q)PCR in 

the human RPE cell line ARPE-19 and in primary RPE cells isolated from Townes 

humanized SCD mice. y-Globin promoter activity was monitored in KU812 stable dual 

luciferase reporter expressing cells treated with 0 to 1000 pM dimethylfumarate, MMF, 

or hydroxyurea (HU; positive control) by dual luciferase assay. Reverse transcriptase- 

qPCR, fluorescence-activated cell sorting (FACS), immunofluorescence, and Western 

blot techniques were used to evaluate y-globin expression and HbF production in primary 

human erythroid progenitors, ARPE-19, and normal hemoglobin producing (HbAA) and 

homozygous (5s mutation (HbSS) RPE that were treated similarly, and in MMF-injected 

(1000 pM) HbAA and HbSS retinas. Dihydroethidium labeling and nuclear factor 

(erythroid-derived 2)-like 2 (Nrf2), IL-ip, and VEGF expression were also analyzed. 

Results. Retinal pigment epithelial cells express globin genes and synthesize adult and 

fetal hemoglobin MMF stimulated y-globin expression and HbF production in cultured 

RPE and erythroid cells, and in HbSS mouse retina where it also reduced oxidative stress 

and inflammation.
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Conclusions. The production of hemoglobin by RPE suggests the potential involvement 

of this cell type in the etiology of SR. Monomethylfumarate influences multiple 

parameters consistent with improved retinal health in SCD and may therefore be of 

therapeutic potential in SR treatment.
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INTRODUCTION

Sickle cell disease (SCD) is a debilitating monogenic blood disorder caused by a P-globin 

gene mutation (ps) on chromosome 11, leading to the production of abnormal 

hemoglobin S (HbS) due to substitution of glutamic acid with valine in the sixth codon.1 

The disease is characterized by a marked interpatient variability of painful episodes, 

organ damage, and survival. Complications are most severe in patients bearing a 

homozygous ps mutation (HbSS; sickle cell anemia). Most organs are affected by SCD. 

The eye is highly susceptible to damage, a factor thought to be congruent with the 

particularly small diameter o f the vessels within the retina and therefore, the increased 

propensity for vaso-occlusive events.2,3 Indeed, sickle cell retinopathy (SR), a leading 

cause of vision loss and blindness in SCD, affects a high number of patients and often at 

a very young age. O f children with SCD, 20% to 95% are reported to develop SR, with a 

reported 10% blindness rate.4

There are no strategies to prevent or delay SR and options for treatment are 

extremely limited. Current theory holds HbS production and its consequent 

polymerization within red blood cells (RBCs) under low oxygen conditions as the 

primary causative factor in SR and other SCD related complications.1 Red cell sickling, 

vaso-occlusion and hemolysis are indisputably key components to the pathophysiology of 

SR; however, there is evidence for the critical involvement of other cell types and factors 

such as inflammation and oxidative stress in the pathogenesis of SR.5-7 To date, however, 

little attention has been given to the identification and/or study of nonerythroid cellular 

targets and related molecular factors in SR.
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Given that the mutation responsible for SCD occurs on the adult P-globin gene, 

SCD patients experience very few complications during the first 6 months of life when 

the expression of P-globin is low and that of fetal y-globin is high. For this reason, 

therapies to reactivate the expression of y-globin and recapitulate this early postnatal 

environment are highly attractive in terms of ameliorating clinical complications of 

SCD.8 Therapeutic reactivation of y-globin and the consequent induction of fetal 

hemoglobin (HbF) production are efficacious in alleviating systemic complications of 

SCD, however little is known regarding the impact of HbF-inducing therapies in the 

retina. This may stem in part from the fact that advanced-stage SR often presents during 

adolescence and use of hydroxyurea (HU), the only Food and Drug Administration 

(FDA)-approved HbF-inducing drug, has not been consistently employed in children.9’10 

An improved understanding of cellular and molecular mechanisms in SR and 

development of new therapies to prevent and treat this sight-debilitating disease are 

sorely needed. Our present investigation was designed to impact positively both of these 

needs as our primary goals were to (1) identify novel cellular targets in SR, and (2) 

develop a new potential therapy for SR treatment. Congruent with these goals, we 

evaluated specifically (1) the retinal pigment epithelial (RPE) cell as a producer of Hb 

and potential target for HbF induction in SR, and (2) monomethylfumarate (MMF) as a 

novel chemical HbF inducer in retinal and erythroid cells.

Fumaric acid esters (FAE) have demonstrated efficacy in reducing inflammation 

and oxidative stress in a number of tissue and cell types as evident from their use in 

diseases as diverse as psoriasis and multiple sclerosis.11-15 Fumaric acid esters are 

administered in the form of dimethylfumarate (DMF); however, MMF is the major
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bioactive component.16,17 Our prior work with MMF demonstrated the robust antioxidant 

effects of the compound in RPE, and confirmed its ability to activate anti-inflammatory 

GRP109A-mediated signaling in this cellular layer.14 Retinal pigment epithelium is a key 

regulator of immunity and inflammation in retina; it is an integral component of the outer 

blood-retinal barrier and performs a number of functions essential to the maintenance of 

normal retinal health and visual function.18

New among the many functions ascribed to RPE and central to our present 

investigation is Hb production.19 Hemoglobin synthesis is a property thought to be 

exclusive to RBCs as few nonerythroid cell types express the globin genes. The 

functional relevance of globin gene expression and Hb production by RPE is not well 

understood. In the present study, we evaluated this phenomenon in the context o f its 

potential relevance to the development of retinal pathology in SCD, a disease in which 

defective Hb production is key. Along these lines, we confirm globin gene expression 

and Hb production in RPE, and demonstrate, for the first time, the induction of y-globin 

gene expression and HbF synthesis by MMF in cultured human retinal cells and primary 

erythroid progenitors, and in the intact retina of a humanized mouse model o f SCD. 

Consistent with MMF-induced y-globin expression and HbF production in SCD retina, 

we demonstrate also a reduction of oxidative stress and inflammation in this tissue. The 

ability of RPE to produce Hb suggests the potential involvement of this cell type in the 

etiology of SR. Furthermore, our finding that MMF induces y-globin expression and HbF 

production in erythroid and retinal cell types is highly supportive of the therapeutic 

potential of this compound in the treatment of systemic and retinal complications o f SCD.
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METHODS 

Tissue Culture and Drug Treatments

A dual-luciferase KU812 (leukemic) stable cell line was established previously in our 

laboratory and validated for screening potential y-globin inducing agents.20’21 KU812 

stable cells (lxlO6 cells/assay) were treated with varying concentrations (0-1000 pM) of 

DMF or MMF (Sigma-Aldrich Corp., St. Louis, MO, USA) for 48 hours. Cells cultured 

in the absence of drugs served as negative controls (UT, untreated), and cells treated with 

HU (100 pM; Sigma-Aldrich Corp.) as positive controls for y-globin promoter activation. 

Following the treatment period, y-globin expression was evaluated using the dual 

luciferase assay system in which firefly luciferase and renilla luciferase activity represent 

y-globin and P-globin promoter activities, respectively.20 Trypan blue exclusion (0.4%) 

was used to monitor cell viability.

Key experimental findings observed in the KU812 stable cells were verified using 

human primary erythroid cells. Erythroid progenitors were generated in vitro from adult 

CD34+ stem cells (STEMCELL Technologies, Inc., Vancouver, British Columbia, 

Canada) using a two-stage culture system that achieves terminal erythroid differentiation. 

In brief, CD34+stem cells (500,000) were grown in first medium consisting of Iscove 

Modified Dulbecco Media containing human AB serum, IL-3 (10 ng/mL), stem cell 

factor (10 ng/mL), and erythropoietin (2 IU/mL). All media and cell-culture supplements 

were obtained from Invitrogen/Life Technologies (Grand Island, NY, USA). On day 7, 

the erythroblasts were placed in Second medium with 2 IU/mL erythropoietin for the 

duration. On day 8, erythroid cells were treated with MMF (1000 pM), dimethylfumarate 

(200 pM), or HU (100 pM). At 48 hours post treatment, cells were harvested and total
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RNA and protein were prepared for RT-quantitative (q)PCR and Western blot analyses, 

respectively, or used for fluorescence-activated cell sorting (FACS) assay.

Identical treatments and experimentation were performed using the human RPE 

cell line ARPE-19 and primary RPE cell cultures established from the eyes o f HbAA 

(normal hemoglobin)-and HbSS-expressing Townes humanized knock-in SCD mice22 

(described in greater detail below) per our established method of primary RPE cell 

isolation.23 Also in accordance with our previously described protocols,23’24 the ARPE-19 

and primary RPE cells used in this study were cultured in Dulbecco’s modified Eagle 

medium (DMEM)/F12 supplemented with 10% fetal bovine serum (FBS), 100 U/mL 

penicillin, and 100 pg/mL streptomycin, and maintained at 37°C in a humidified chamber 

of 5% CO2. All treatments and associated experiments, except immunofluorescence 

microscopy, were performed using confluent RPE cell monolayers. Immunofluorescence 

analyses were performed using subconfluent cell cultures to enhance the resolution of 

HbF labeling within individual cells.

Animals and Intravitreal Injection

HbAA- and HbSS-expressing Townes humanized knock-in SCD mice22 (6-weeks old; n 

= 6; Jackson Laboratories, Bar Harbor, ME, USA) were used for intravitreal injection of 

MMF following our published protocol.14 In brief, animals were weighed and 

anesthetized using 1 pL/g body weight of a solution of ketamine (80 mg/mL) and 

xylazine (12 mg/mL). Then 5 pL of proparacaine solution (5% wt/vol) was administered 

topically to the eyes. Monomethylfumarate (1 pi; 10 mM solution prepared in 0.01 M 

PBS, pH 7.4) was then injected into the vitreous body of the right eye of each animal at



the limbus; the left eye served as a contralateral control and received and equal volume of 

PBS. Taking into account a total estimated vitreous volume of 10 pL per mouse eye, the 

final concentration of MMF achieved in our experimental system was 1000 pM. Animals 

were killed 24 hours post injection via CO2 inhalation followed immediately by cervical 

dislocation, and eyes were harvested. Some eyes (n = 3 per treatment group) were flash 

frozen in liquid nitrogen and cryosectioned for use in immunofluorescence assays with 

FITC-conjugated anti-y-globin antibody or for dihydroethidium labeling, while the 

remaining were dissected to isolate RPE and neural retinal tissues per our published 

method25 and total RNA prepared. All experiments involving animals adhered to the 

ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were 

approved by the Georgia Regents University (Augusta, GA, USA) institutional animal 

care and use committee.

Reverse Transcription-Quantitative Polymerase Chain Reaction

Globin gene expression was evaluated in primary human erythroid progenitors, ARPE-19 

and primary HbAA- and HbSS-expressing humanized mouse RPE cells by RT-qPCR 

using primer pairs specific to the human a-, 0-, and y-globin genes.20,21 The expression of 

nuclear factor (erythroid-derived 2)-like 2 (Nrf2), IL-ip, and VEGF-A or VEGF was also 

evaluated in RNA samples obtained from HbAA- and HbSS-expressing Townes 

humanized mouse eyes injected intravitreally with PBS (0.01 M, pH 7.4) or MMF (1000- 

pM final concentration). The sequences of the primer pairs specific to mouse Nrf2, IL- 

lp, and VEGF that were employed in this study have been published.14,24,26
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FACS and Western Blot Analyses

Fluorescence-activated cell sorting was used to measure HbF protein relative to that of 

isotype control in primary human erythroid progenitors, ARPE-19, and HbAA- and 

HbSS-expressing primary humanized mouse RPE cells treated with or without DMF, 

MMF, or HU as detailed above. For FACS assays, 500,000 cells were collected after drug 

treatments, washed twice with PBS, fixed in 4% paraformaldehyde, and permeated with 

ice-cold acetone/methanol (4:1). Cells were then incubated with FITC-conjugated human 

anti-y-globin antibody (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) in 

phosphate buffered saline-Triton X-100 (PBT; 0.01 M PBS/0.1%BSA/0.1% Triton X- 

100) solution for 20 minutes to stain intracellular HbF. The labeled cells were then 

analyzed using a Becton Dickerson LSR-II flow cytometer (BD Bioscience, San Jose, 

CA, USA). Standard Western blotting techniques were used to confirm HbF protein 

expression in the various cells. For Western analyses, HbF protein was measured relative 

to that of p-actin using antihuman HbF antibody (1:1000; Bethyl Laboratories, Inc., 

Montgomery, TX, USA) and horseradish peroxidase-conjugated sheep IgG (1:1000; 

Santa Cruz Biotechnology).

Immunofluorescence Assays and Dihydroethidium Labeling

Fetal hemoglobin protein was localized in cultured retinal cells and in retinal cryosections 

prepared from the eyes of HbAA- and HbSS-expressing Townes humanized mice 

injected intravitreally with PBS or MMF using the FITC-conjugated antihuman y-globin 

antibody (described above) and standard immunofluorescence methods. Double 

immunolabeling experiments were in retinal cryosections performed using the FITC-
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conjugated HbF antibody in conjunction with the following retinal cell-type specific 

markers: HFE (1:500; Alpha Diagnostics, San Antonio, TX, USA), NeuN (1:200; 

Millipore, Billerica, MA, USA), Vimentin (1:250; Millipore), GrifFonia Simplicifolia 

isolectin-b4 (Vector Laboratories, Burlingame, CA, USA), coupled with Alexa Fluor 568 

secondary antibody (1:1000; Invitrogen). Vascular endothelial growth factor protein 

expression was evaluated also in the retinal cryosections using a mouse monoclonal anti- 

VEGF antibody (1:100; AbCam, Cambridge, MA, USA) coupled with goat antimouse 

Alexa Fluor 488 secondary antibody (1:1500; Invitrogen). Superoxide production was 

measured in the retinal cryosections as an indicator of oxidative stress using 

dihydroethidium (DHE) also per our published method.24 The relative fluorescence 

intensity within the images obtained was determined via automated image analysis or 

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

Institutes of Health, Bethesda, MD, USA).

Data Analysis

Data are presented as mean ± SEM and are from at least five data points generated from 

at least three independent drug treatments. For in vivo studies, six animals were included 

per group and samples were run in duplicate. Paired Student’s t-test was performed and 

differences were considered statistically significant at P less than 0.05.

http://imagej.nih.gov/ij/


RESULTS

a-, P-, and y-Globin Gene Expression in RPE

To synthesize hemoglobin, cells must express the a-, p-, and y-globin genes during fetal 

and adult development. Adult hemoglobin A is a tetramer containing two a-globin 

subunits and two P-globin subunits (a2p2). Fetal hemoglobin, on the other hand, is 

composed of two a-globin and two y-globin subunits. Evaluation of globin gene 

expression in ARPE-19 cells using standard RT-qPCR and primer pairs specific to human 

a-, P-, and y-globin revealed the expression of mRNA transcripts specific to all three 

genes (Fig. 1A). Though a well-established and highly reputable model of cultured 

human RPE,27 the fact remains that ARPE-19 is a transformed retinal cell line, and 

therefore may have limited predictive power of RPE characteristics in vivo. As such, we 

sought to confirm findings obtained using ARPE-19 cells in a primary RPE cell culture 

system. Given our specific interest in SCD, we used the Townes humanized knock-in 

mouse, a fortuitous tool in that animals are engineered to express human rather than 

mouse globin genes and synthesize human Hb22; normal (HbAA) and sickle (HbSS) Hb 

producing animals are readily available. As observed in ARPE-19, primary RPE cultures 

established from HbAA- and HbSS-expressing animals were found to express human a-, 

P-, and y-globin (Fig. IB).

Induction of y-Globin Expression and HbF Production by DMF and MMF in 

Erythroid Cells

The above expression data confirm as reported previously by Tezel et al.,19 globin gene 

expression in RPE. Therapeutic elevation of y-globin expression and HbF production is
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associated with improved outcomes in SCD,8 and there is evidence suggestive of a 

similar possible benefit in SR.28 Therefore, if  the HbS produced locally within RPE cells 

is, in addition to that produced by erythroid cells, important in the pathophysiology of 

SR, then raising HbF levels in RPE cells would too be of benefit. However, HbF- 

inducing therapy has not been studied in RPE cells. Furthermore, the efficacy of FAE as 

HbF-inducing agents in erythroid or retinal cell types has not been tested.

To address these issues, we started with erythroid cells, the principal cell type in 

the pathogenesis of SCD, as the methods for studying y-globin expression and HbF 

induction in these cells are well established. We examined the potential of DMF and 

MMF as HbF-inducing agents. Dual luciferase assay of KU812 stable cells treated with 

DMF and MMF at concentrations ranging from 0 to 1000 pM revealed the robust 

induction of y-globin promoter activity (Fig. 2). Maximal induction was obtained at 200 

pM for DMF; increased cellular toxicity was associated with the use of DMF at higher 

concentrations as evidenced by the Trypan blue exclusion values of 33% to 14% for 

concentrations greater than 200 pM (Fig. 2A). Monomethylfumarate produced a dose- 

dependent induction of y-globin promoter activity; maximal induction was observed at 

1000 pM with minimal effects on the viability of the cells (Fig. 2B). To confirm these 

findings, additional experiments were performed using human primary erythroid 

progenitor cells (Fig.3). Levels of y- or p-globin mRNA were induced significantly by 

DMF and MMF (4- and 8-fold, respectively; Fig. 3A). Fluorescence-activated cell sorting 

analysis of HbF protein production in these cells demonstrated a significant increase in 

the number of HbF positive cells in DMF- and MMF-treated cells, respectively (Figs. 3B, 

3C). The percent of HbF-positive cells in control, DMF- and MMF-treated cell cultures
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was 10, 28, and 32, respectively. Values in DMF- and MMF-treated cell cultures were 

significantly higher than in HU-treated (15%) cell cultures. Evaluation of the mean 

fluorescence intensity (MFI) in these cells revealed that not only was DMF and MMF 

treatment associated with an increase in the number of HbF positive cells but additionally 

that in the cells that were HbF positive in the DMF- and MMF-treated groups, the amount 

of HbF present was greater than that in the positive cells present in the untreated (control) 

or HU-treated groups (Fig. 3D). The robust increase in HbF protein induced by DMF and 

MMF was supported by Western blot analyses (Fig. 3E).

Induction of y-Globin Expression and HbF Production in RPE Cells

Studies described above demonstrate DMF- and MMF-mediated induction of y-globin 

expression and HbF synthesis in human erythroid cells. To determine whether the same 

occurs in RPE, identical experiments were performed using ARPE-19 and primary 

humanized mouse RPE cells with the exception that in our studies of RPE, we focused 

solely on MMF. Following oral intake, DMF is not detectable in plasma as it is rapidly 

hydrolyzed and converted to MMF16'17; therefore, the latter is the active metabolite that 

mediates the effect in cells. This information coupled with the fact that we found acute 

and direct exposure of cells to high concentrations of DMF to be toxic led us to exclude 

DMF from studies conducted in RPE. As observed in KU812 and primary erythroid 

progenitor cells, treatment of ARPE-19 cells with a relatively low-dose of MMF (100 

pM) produced a significant and sustained increase in y-globin gene expression (Fig. 4A). 

Immunofluorescence analysis of HbF protein in these cells following the 24 hour 

treatment with MMF revealed a corresponding increase in HbF protein (Fig. 4B).
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Findings in ARPE-19 cells were corroborated by studies performed using HbAA- 

and HbSS-expressing primary humanized mouse RPE cells (Fig. 5). Reverse 

transcriptase-qPCR analysis of MMF-treated cells revealed a significant (4- to 5-fold) 

increase of y-globin expression in HbAA and HbSS RPE compared with untreated (UT) 

cells (Fig. 5A). Fluorescence-activated cell sorting and Western blot analyses confirmed 

the MMF-induced increase in y-globin mRNA expression to be associated with a 

corresponding increase in HbF protein expression (Figs. 5B, 5C, respectively).

MMF Induces y-Globin Expression and HbF Production in Retina In Vivo

The studies detailed above confirm globin gene expression and consequent Hb 

production in RPE, and demonstrate the efficacy of MMF in the induction o f y-globin 

expression and associated HbF protein in this cell type and in erythroid cells. To 

determine whether these findings translate to the in vivo condition, we delivered MMF, at 

a final concentration of 1000 pM, a concentration similar to the dosages that were tested 

in our cell culture model systems, intravitreally to HbAA- and HbSS-expressing 

humanized mice. Monomethylfumarate treatment was associated with an approximately 

3-fold induction of y-globin expression in RPE tissues after intravitreal injection (Fig. 

6A). Interestingly, the MMF-induced increase in y-globin mRNA levels was not 

restricted to RPE but was present also in neural retina isolated from these same eyes (Fig. 

6B). These data are supported by immunofluorescence analyses of HbF protein in retinal 

cryosections prepared from PBS- and MMF-injected eyes that demonstrate positive 

signal for antihuman FITC-HbF (green fluorescence) in the RPE and throughout the 

neural retina (Fig. 6C). The inclusion of retinal cryosections obtained from regular
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C57BL/6J wild type animals that express mouse and not human globin genes in the 

immunolabeling experiments confirmed the specificity of the antihuman FITC-HbF 

labeling that was detected.

To determine definitively which retinal cell types express human HbF, additional 

PBS- and MMF-injected cryosections from HbAA- and HbSS-expressing animals were 

subjected to double-labeling immunofluorescence using the antihuman FITC-HbF 

antibody in conjunction with established retinal cell-type specific markers. 

Representative images obtained from MMF-injected HbSS-expressing retinal 

cryosections are shown in Figure 7. The hemochromatosis gene product HFE is an 

established marker of RPE basolateral membrane,25 therefore we used HFE to distinguish 

definitely the boundary between the RPE and the underlying choroid. A digitally 

magnified view of a region of the RPE cell layer, in which positive signals for FITC- 

HbF, HFE (red fluorescence), and DAPI (blue fluorescence) were merged (Fig. 7A, inset) 

demonstrates the presence o f HbF protein expression within the RPE basolateral 

membrane, indicated by the yellow color produced upon the overlap of the positive 

signals for HFE and HbF, and in the cytoplasm of the RPE (green only signal above that 

of the red fluorescent signal in the merged image). Labeling of retinal cryosections with 

FITC-HbF and NeuN,29 a marker of retinal ganglion cells, or the Muller cell-specific 

marker vimentin30 demonstrated that the positive signal for HbF expression detected 

within the inner retina stems predominantly from HbF protein expression within Muller 

glia (Figs. 7B, 7C, respectively). As expected and indicated by double labeling 

immunofluorescence experiments using the endothelial cell-specific marker isolectin 

b4,31 HbF protein expression was detected also within some blood vessels in the choroid
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and in the inner retina (Fig. 7D).

MMF Reduces Oxidative Stress and Inflammation in SCD Retina

We have demonstrated that MMF induces y-globin expression and HbF production in 

vitro and in vivo. However, we do not know the impact of this action on inflammation 

and oxidative stress, factors crucial to SR, in SCD retina. To address this, we evaluated 

Nr£2 expression in RNA samples obtained from PBS- and MMF-injected eyes by RT- 

qPCR (Fig. 8A). Basal levels of Nrf2 expression were reduced but not significantly lower 

in RPE and neural retinal tissues isolated from HbSS-expressing eyes than in similar 

tissues obtained from HbAA-expressing eyes. However, there was a significant and 

robust increase in Nr£2 expression in HbAA- and HbSS-expressing RPE and neural retina 

following MMF treatment. To confirm whether the MMF-mediated induction of Nrf2 

was associated with increased antioxidant response pathway activation, retinal 

cryosections from PBS- and MMF-injected eyes were subjected to DHE labeling. The 

intensity of DHE staining was higher in retinal cryosections prepared from PBS-injected 

HbSS eyes than from PBS-treated HbAA eyes (Fig. 8B). Monomethylfumarate treatment 

abrogated the increase in superoxide production in HbSS retina as evidenced by the 

reduced intensity of DHE labeling in MMF-injected eyes.

Interleukin-ip is a pro-inflammatory cytokine whose expression has been 

reported to increase in conditions of retinal ischemia and microvascular 

dysfunction/proliferative vascular disease,32 factors common to SR. The effects of IL-1 P 

are purportedly mediated through the induction of the genes whose promoters are 

regulated via complex interactions with transcription factors such as nuclear factor kappa
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B (NF-kB) and activator protein 1 (AP-1), transcription factors that have been strongly 

implicated also in SCD.33 We next examined the expression of IL-ip as an indicator of 

inflammation in HbAA and HbSS retina. Reverse transcriptase-qPCR analyses revealed 

the upregulation of IL-ip expression in RPE and neural retinal tissues isolated from 

HbSS-expressing humanized mouse eyes (Fig. 9A). Interleukin-lp expression was 

significantly higher in HbSS RPE and neural retina than in HbAA RPE and neural retina. 

Treatment with MMF reduced significantly the expression of IL-ip both in HbAA- and 

HbSS-expressing RPE and neural retina suggesting a decrease in inflammation. To 

follow up this finding, we evaluated the expression of VEGF, another well-established 

marker of retinal inflammation and of pathologic angiogenesis,34,35 at the mRNA and 

protein levels (Figs. 9B, 9C). Vascular endothelial growth factor expression was 

significantly higher in RNA samples obtained from PBS-injected HbSS eyes compared 

with PBS-injected HbAA eyes (Fig. 8B). Monomethylfumarate treatment decreased 

VEGF expression in HbSS mouse RPE and neural retina to levels comparable to those in 

HbAA RPE and neural retina. Immunofluorescence and associated densitometric 

analyses o f VEGF protein supported this finding (Fig. 9C).

DISCUSSION

Sickle cell disease is one of the most common genetic mutation among the US population 

and represents a major health cost in this country.2 Debilitating blindness occurs in 10% 

of sickle cell patients however there are no strategies to prevent SR, and options for 

treatment are limited. Present clinical management of SR includes diathermy, 

cryotherapy, and laser photocoagulation, strategies aimed at inducing the regression of
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neovascular lesions before they progress to bleeding and retinal detachment.6 While such 

strategies are effective in some patients, they are applicable relatively late in SR 

pathogenesis, effective only in proliferative or advanced-stage disease. This emphasizes 

strongly the definite and imperative need for development of new therapies to prevent or 

intervene “ early”  in SR. Toward this end, the identification o f novel cellular and 

molecular targets is important.

We embarked upon the present studies with a purpose that was 3-fold: (1) to 

confirm globin gene expression and Hb production in RPE, (2) to determine whether 

MMF can induce y-globin expression and HbF production in RPE cells, and (3) to 

investigate whether increased y-globin expression and HbF production confer benefit to 

retina in terms of reduced inflammation and/or oxidative stress. Using ARPE-19 and 

primary RPE cells isolated from HbAA- and HbSS-expressing Townes humanized 

knock-in mice, we confirmed that RPE cells express the genes necessary to synthesize 

Hb. The ability of RPE to produce Hb suggests their potential involvement in the etiology 

of SR. Although not robust, there is clinical evidence of RPE and neuroretinal 

dysfunction early in SCD. Peachey et al.36,37 documented the existence of 

electrophysiological anomalies consistent with outer retinal cell dysfunction in the eyes 

of SCD patients with and without clinically detectable vascular pathology. Additionally, 

RPE disruptions such as black sunburst lesions in SCD are a common clinical finding.3,38 

The induction of y-globin expression and HbF protein production has been demonstrated 

extensively in peripheral erythrocytes and has proven benefit in terms of preventing and 

treating systemic complications of SCD. Given that in SCD, RPE cells should like RBCs, 

produce HbS, it is plausible that increasing HbF production in these cells in addition to
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RBCs might be of benefit in SR. The recent study by Estepp et al.27 demonstrating the 

incidence of SR to be significantly lower in patients with higher basal levels o f HbF lends 

strong support to this notion, although the study did not examine in which cell types 

specifically the HbF was present. As such, we next sought to determine whether y-globin 

expression and HbF expression could be induced in RPE. At present, HU is the only 

FDA-approved HbF-inducing drug available for use in SCD. Hydroxy-urea has shown 

some efficacy in SCD but is associated with a number of major concerns including 

significant variability of patient responsiveness, bone marrow toxicity at high 

concentrations, and controversy over the optimal age to initiate therapy.9,10 Therefore, we 

evaluated not only the induction of y-globin expression and HbF production in RPE but 

also, MMF as a feasible alternative to HU for HbF induction.

Fumaric acid esters are noted clinically for the robust antioxidant and anti

inflammatory properties they elicit in a diverse spectrum of tissue and cell types.11-15 

Others and we have shown these properties to stem directly from the activation of Nrf2 

and downstream targets,14’15 an effect that according to the recent report by Macari et al.39 

may be of benefit also in terms of inducing y-globin and treating SCD. In the present 

study, approaches using established erythroid cell lines and y-globin induction screening 

systems demonstrated y-globin promoter activation by DMF and by MMF. Follow-up 

studies conducted using primary human erythroid progenitors confirmed the robust 

induction of y-globin expression and HbF synthesis in the presence of both compounds. 

While DMF proved to be toxic at higher concentrations, MMF could be used at 

substantially high concentrations, stimulating y-globin induction, and HbF protein 

production for sustained periods following the administration o f a single dose.
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Dimethylfumarate is the major component of the current United States FDA- 

approved FAE drug Tecfidera40; MMF is the major bioactive component and therefore 

the compound mediating the therapeutic effect in cells. Hence, we extrapolated the 

strategies used to study y-globin induction in erythroid cells to RPE and moved forward 

focusing primarily on MMF. As found in erythroid cells, MMF proved to be quite 

effective in inducing y-globin expression and HbF production in cultured ARPE-19 cells, 

HbAA-expressing primary humanized RPE cells, and HbSS-expressing primary RPE 

cells. Intravitreal delivery o f MMF to the eyes of HbAA and HbSS humanized mice 

confirmed the in vivo efficacy o f MMF in this regard. Reverse transcriptase-qPCR and 

immunofluorescence studies revealed the association of MMF treatment with y-globin 

and HbF induction in the RPE and the neural retina of SCD mice. These findings suggest 

that MMF induces y-globin and HbF production in RPE, RBCs, and as indicated by 

double immunolabeling experiments, other retinal cell types (i.e., Muller glia); hence, 

RPE may not be the only retinal cell type to produce Hb. Follow-up studies to investigate 

this possibility are well warranted.

The finding that y-globin expression and HbF production can be induced in RPE 

and cell types within the neural retina is novel; however, understanding the therapeutic 

potential associated with such action is more important with respect to its possible use in 

the prevention and treatment of SR. Toward this end, we conducted RT-qPCR and 

immunofluorescence analyses of parameters relevant to oxidative stress and 

inflammation in samples obtained from MMF- and PBS-injected HbAA and HbSS 

humanized mouse eyes. Nuclear factor (erythroid-derived 2)-like 2 expression and DHE 

labeling were used to evaluate oxidative stress. Basal levels of oxidative stress were



greater in tissues obtained from HbSS-expressing mouse retinas than in those obtained 

from HbAA-expressing mouse retinas. Monomethylfumarate treatment o f these animals 

was associated with increased Nrf2 expression and decreased DHE staining, which 

supports a reduction of oxidative stress in HbSS retina. Similarly, the expression of IL-ip 

and VEGF, biomarkers of insufficient oxygen delivery to tissues and possible clinical 

indicators of tissue hypoxia and transfusion need,41 factors of particular relevance to 

SCD, was higher in HbSS RPE and neural retina, but reduced by MMF treatment, 

suggesting a coordinate reduction of inflammation as well.

Little is known regarding the importance of Hb production by RPE in healthy 

individuals or in SCD where abnormal HbS is produced. Likewise, additional data is 

required to determine the clinical impact of HbF-inducing therapies in the retina. Our 

present finding that MMF induces y-globin expression and HbF production in retinal and 

erythroid cells is novel and supports the therapeutic potential of this compound in the 

treatment of retinal and systemic complications of SCD. Given the 10% incidence of 

vision loss and blindness among SCD patients,1,2 our study is o f high clinical relevance. 

Furthermore, the fact that an FDA-approved formulation of our HbF-inducing drug of 

choice (DMF/MMF) has been demonstrated to be safe for prolonged use in humans with 

minimal toxicity heightens the potential for rapid extrapolation of our findings into 

clinical trials.
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FIGURE LEGENDS

FIGURE 1. Reverse transcription-qPCR analysis of endogenous human a-, (3-, and y- 

globin gene expression relative to that of hypoxanthineguanine phosphoribosyltransferase 

1 (HPRT; internal control) in (A) ARPE-19 cells and (B) HbAA (normal)- and HbSS 

(sickle)-primary RPE cells isolated from Townes humanized mouse retina.

FIGURE 2. Dual luciferase assay of y-globin promoter activity in the human KU812 

dual luciferase reporter stable cell line. KU812 stable cells established with the dual 

luciferase reporter construct were treated with varying concentrations (0-1000 pM) of 

DMF (A) or MMF (B) for 48 hours. Cells cultured in the absence o f the drugs served as 

negative controls (UT) and those cultured with HU (100 pM) as positive controls. Dual 

luciferase reporter assay was used to evaluate y- and P-globin promoter activity by 

monitoring firefly and renilla luciferase expression, respectively. Cell viability was 

monitored in parallel by trypan blue exclusion assay. *P < 0.05 and **P < 0.01 compared 

with untreated control.

FIGURE 3. Induction of y-globin gene expression and HbF production in human primary 

erythroid progenitors. Human adult CD34+ stem cells were grown in liquid culture to 

generate erythroid progenitors, which were subjected to DMF and MMF treatment at 200 

and 1000 pM concentrations, respectively. Untreated cells served as negative controls, 

whereas cells cultured in the presence of 100 pM HU served as positive controls for y- 

globin and HbF induction. (A) Total RNA was isolated and RT-qPCR analysis performed 

using primer pairs specific to the human bglobin, y -globin, and glyceraldehyde-3-
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phosphate dehydrogenase (GAPDH) genes. Globin gene expression was normalized to 

GAPDH before the y/p mRNA ratio was calculated. Fluorescence-activated cell sorting 

analysis of HbF protein expression per cell was performed on treated and untreated cells 

using FITC-conjugated anti- y-globin antibody. A representative FACS tracing is shown 

in (B), and in (C) the number of FITC-positive cells normalized to isotype controls is 

shown in graphical format. (D) Fetal hemoglobin protein values obtained via FACS were 

also analyzed as the mean concentration o f HbF per cell measured by MFI. (E) Western 

blot analysis was used to evaluate HbF induction by the different agents. *P < 0.05, **P 

< 0.01, and ***P < 0.001 compared with untreated control.

FIGURE 4. Induction of y-globin gene expression and HbF production in the human 

RPE cell line, ARPE-19. (A) Reverse transcriptase-qPCR analysis of y-globin mRNA 

expression in control (UT) and MMF-treated cells (100 pM; 6-24 hours treatment). (B) 

Immunofluorescence analysis of HbF protein (green fluorescence) production in cells 

exposed to MMF (100 pM) for 24 hours. Cell nuclei were counterstained with DAPI 

(blue fluorescence). *P < 0.05 and **P < 0.01 compared with untreated control.

FIGURE 5. Monomethylfumarate-mediated y-globin gene induction and HbF production 

in primary RPE cells isolated from the eyes of HbAA (normal) and HbSS (SCD) Townes 

humanized knock-in mice. Primary RPE cells were isolated from HbAA and HbSS 

mouse eyes and subjected to no treatment (negative control; UT), MMF treatment (1000 

pM) or HU treatment (positive control; 100 pM) for 24 hours. y-Globin mRNA 

expression and HbF protein production were evaluated by (A) RTqPCR and (B) FACS
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analysis. (C) Fetal hemoglobin protein expression was confirmed via Western blot 

coupled with densitometric analysis. *P < 0.05 and **P < 0.01 compared with 

corresponding AA or SS untreated control.

FIGURE 6. Monomethylfumarate-mediated induction of y-globin and HbF protein in 

intact HbAA and HbSS humanized mouse retinas. Monomethylfumarate (1000 pM final 

concentration) or PBS (0.01 M, pH 7.4) was injected intravitreally into the eyes o f live 

HbAA and HbSS mice (n = 6). Animals were killed at 24 hours post injection, eyes 

enucleated, and total RNA prepared from RPE and neural retina and used for RT-qPCR 

analysis of human y-globin mRNA expression in (A) RPE and (B) neural retina. 

Additional eyes were used to prepare retinal cryosections (C). Immunofluorescence 

analysis of human HbF protein expression using FITC-conjugated HbF antibody (green 

fluorescence) was performed; DAPI nuclear stain (blue). *P < 0.05 and **P < 0.01 

compared with respective PBS-injected HbAA or HbSS control.

FIGURE 7. Monomethylfumarate induces HbF protein expression in RPE and Muller 

glial cells. Retinal cryosections prepared from HbSS-expressing mice that were injected 

intravitreally with MMF (1000 pM final concentration) and killed at 24 hours post 

injection were subjected to doublelabeling immunofluorescence using FITC-conjugated 

HbF antibody (green fluorescence) in conjunction with the RPE basolateral membrane 

marker HFE (A), the ganglion cell marker NeuN (B), the Muller cell-specific marker 

Vimentin (C), or the endothelial cell-specific marker isolectin b4 (D). DAPI nuclear stain 

(blue).
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FIGURE 8. Monomethylfumarate reduces oxidative stress in HbSS retina. (A) Reverse 

transcriptase-qPCR analysis of Nrf2 expression was performed using total RNA prepared 

from the RPE and neural retina o f MMF- and PBS (control)-injected HbAA and HbSS 

mouse eyes. (B) Dihydroethidium labeling (red fluorescence) followed by densitometric 

analysis was performed on retinal cryosections prepared from the same animals. *P < 

0.05 and **P < 0.01 compared with respective PBS-injected HbAA or HbSS control; ##P 

< 0.01 compared with PBS-injected HbAA control.

FIGURE 9. Monomethylfumarate reduces inflammation in HbSS retina. Reverse 

transcriptase-qPCR analysis of (A) IL-ip and (B) VEGF expression was performed 

using total RNA prepared from the RPE and neural retina of MMF- and PBS (control)- 

injected HbAA and HbSS humanized mouse eyes. (C) Vascular endothelial growth factor 

protein expression was evaluated in retinal cryosections prepared from these same 

animals using immunofluorescence means. *P < 0.05 and **P < 0.01 compared with 

respective PBS-injected HbAA or HbSS control. #P < 0.05 and ##P < 0.01 compared 

with PBS-injected HbAA control.
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Abstract

Purpose. Sickle cell retinopathy (SR) is a major cause o f vision loss/blindness in sickle 

cell disease (SCD). Therapies to prevent and treat SR are highly needed, however, the 

lack of small animal models that accurately depict retinopathy in human SCD hampers 

progress in this regard. Here, we aimed to: (1) characterize the development/progression 

of retinopathy-like characteristics in the Town humanized SCD mouse, and (2) test the in 

vivo efficacy of monomethylfumarate (MMF) as a treatment for SR.

Methods. In vivo imaging and ERG testing were used to evaluate retinal health and 

function in normal (HbAA) and sickle cell (HbSS) animals at young (4-6 months) and 

older (9-12 months) ages. Histological and molecular biological techniques were used to 

assess neuro-retinal, vascular and RPE cell function, and oxidative stress /inflammation. 

Age- and gender-matched HbAA and HbSS mice were treated with MMF (15 mg/ml) in 

drinking water for 5 months. The eyes of control and MMF-treated HbAA and HbSS 

mice as well as blood and retinal tissue samples derived therefrom were 

analyzed/compared using the techniques listed above.

Results. Pigmentary, vascular and neurodegenerative changes were detectable in young 

HbSS mouse retinas, and increased in number and severity with age. Inflammation/ 

oxidative stress was also rampant in HbSS retina. MMF treatment effectively improved 

the aforementioned parameters and the hematological profile of HbSS mice.

Conclusions. This study is the first to validate the Townes humanized mouse as a model 

of SR, and MMF as a candidate for prevention and treatment of the condition.
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Introduction

Sickle cell disease (SCD) is one of the most common inherited genetic disorders 

in the U.S.; worldwide, millions are affected [1, 2]. The debilitating blood disorder is 

caused by a P-globin gene mutation (ps) on chromosome 11 that leads to the production 

of abnormal “sickle” hemoglobin (HbS) due to substitution of glutamic acid with valine 

in the sixth codon. All organ systems are affected by SCD. Complications are most 

severe in patients bearing a homozygous ps mutation (HbSS; sickle cell anemia).

Polymerization of HbS within red blood cells (RBCs) under low oxygen 

conditions is a primary causative factor precipitating pathology in SCD. Indeed, red cell 

sickling, vaso-occlusion and hemolysis are key components in the pathogenesis of SCD. 

Oxidative stress and inflammation also figure prominently in the disease [3, 4], At 

present, there are no therapies to prevent or delay the development o f sickle-related 

pathology. Treatment options are extremely limited and are primarily supportive in 

nature, targeting secondary manifestations of the disease that present after patients have 

already suffered much discomfort and oftentimes irreversible damage to organs [1]. 

Hence, the need for new therapies is overwhelming. Meeting this demand, however, has 

proven to be quite challenging. Although the underlying cause of sickle cell anemia is the 

same in all patients, there is a high rate of interpatient variability with respect to the time- 

course and severity of the symptoms that manifest.

Hydroxyurea (HU), a drug that garnered approval from the U.S. Food and Drug 

Administration (FDA) close to twenty years ago [5], stands today as the principal 

pharmacologic agent approved for use in SCD [1], The benefits o f HU in sickle cell 

disease stem from its ability to re-activate y-globin gene transcription and thereby
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upregulate the production of fetal hemoglobin (HbF). Higher HbF levels in HbSS patients 

are associated with a milder SCD phenotype and reduced occurrence o f sickle 

complications [6]. Unfortunately however, many HbSS patients are deemed unsuitable 

for HU therapy and, amongst those eligible for HU therapy and subsequently placed on a 

HU regimen, there is a high non-response rate [2,7], Additionally, there is little evidence 

to support a beneficial role for HU in the eye, despite the relatively high incidence of 

retinopathy and blindness in sickle cell patients. Thus, the identification and/or 

development of alternate or adjuvant therapies to HU are highly warranted. Our prior in 

vitro work using primary human erythroid cells suggests strongly that 

monomethylfumarate (MMF) may perform well in this regard [8]. That work also 

demonstrated that retinal pigment epithelial (RPE) cells, cells integral to normal retinal 

health and visual function, produce their own hemoglobin (Hb) locally within the eye, 

and that this RPE-generated Hb is also highly responsive to MMF. Here, our major 

objective was to evaluate the efficacy of MMF therapy in an in vivo model of retinopathy 

in SCD.

Results

Fundoscopic, Fluorescein Angiographic and Optical Coherence Tomography (OCT) 

Imaging

We have established that MMF induces y-globin gene transcription and the subsequent 

production of HbF in retinal and erythroid cell types [8]. Here, we sought to evaluate the 

efficacy of the compound in vivo. For this purpose, we selected the Townes humanized 

mouse model of SCD, an animal engineered to express human rather than mouse globin
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genes and to consequently produce human hemoglobin (Hb) [9]. Though verified to 

mimic accurately many of the systemic characteristics of sickle cell disease and related 

pathology, the eyes o f this SCD model have not been examined to determine whether 

retinopathy-like characteristics also persist and therefore, whether the model is a suitable 

one in which to study morphological parameters consistent with human sickle cell 

retinopathy. Our first task was to address this issue.

It was discovered recently that a number of the mouse strains used to study retinal 

disease carry founder mutations that contribute to the development o f abnormal retinal 

morphology [10, 11]. Therefore, prior to initiating studies to characterize systematically 

the morphological features of Townes HbAA (normal Hb-producing) and HbSS (sickle 

Hb-producing) mouse retina we checked for the presence of the most common of these 

mutations, Pde6brdl (rdl) and Crblrd8 (rd8), in HbAA and HbSS mice using genotyping 

PCR. Both HbAA and HbSS mice were found to be rdl- and rd8-free (data not shown). 

This is consistent with a report from Jackson Laboratories (Bar Harbor, Maine), the 

commercial vendor from which we obtained the founders used to establish our colony of 

HbAA and HbSS Townes mice, excluding the Townes model from the list of vendor 

strains that carry the mutations [12]. In vivo retinal imaging technology (Micron III, 

Phoenix Research Laboratories, Inc., Pleasanton, CA) was used to evaluate retinal health 

in young (4-6 mos. o f age) and old (9-12 mos. of age) HbAA and HbSS mice. 

Fundoscopic imaging o f young and old HbAA retinas showed no overt signs of 

pathology (Figs. 15 and 1J, respectively). Indeed, the retinas of these animals appeared to 

be generally healthy and asymptomatic. Simultaneous fluorescein angiography of these 

retinas demonstrated a relatively normal appearing retinal vasculature even in older



animals (Figs 1A and 17, respectively). On the contrary, pigmentary and microvascular 

anomalies including: pronounced fluorescein leakage and neovascularization at the optic 

disc, focal areas o f fluorescein leakage, microaneurysms, vessel occlusion and tortuosity 

within the microvascular tree were found to be present upon fundoscopic and fluorescein 

analysis o f HbSS retinas (Fig. 1, C-N). The incidence o f these abnormalities was high in 

HbSS animals even at relatively young ages (Fig.l, C-H), and increased in number and 

severity with advanced age (Fig. 1, K-N). It is important to note that as with human sickle 

cell disease, there was variability in the manifestation and severity o f retinal symptoms 

between HbSS animals. The images depicted in Figure 1 are representative of the most 

consistently observed phenotypes, not the most unique or severe.

To evaluate in greater detail the neuro-retinal characteristics of these HbAA and 

HbSS animals, optical coherence tomography (OCT) was also performed (Fig. 2A and 

2B). OCT imaging o f the central regions o f HbAA and HbSS retinas revealed 

abnormalities at the optic nerve head in central HbSS retina (Fig. 2A, red arrow). 

Additionally, apparent differences in retinal thickness and abnormalities in the neuronal 

cell (outer nuclear and inner nuclear) layers were detectable in central and peripheral 

HbSS retina. These observations were confirmed by OCT-aided quantification o f retinal 

layer thicknesses (Figure 2B). The total thickness of the retina was significantly reduced 

in HbSS compared to HbAA retinas in young and old mice. The degeneration (reduced 

thickness) of HbSS neural retina could be attributed most notably to thinning o f outer 

nuclear layer and inner segments, and the inner plexiform layer.
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Electroretinographic Evaluation o f Retinal Function in Townes SCD Mice

Collectively, in vivo imaging analyses demonstrate the development and age- 

dependent progression of a retinopathy-like phenotype in HbSS mice. To determine 

whether these findings translate to altered visual function, retinal function was assessed 

in HbAA and HbSS animals by electroretinogram (ERG). Given that HbSS mice were 

found to be extremely sensitive to anesthesia-related death, particularly at older ages, 

ERG studies were performed using young animals. C-wave responses did not differ 

significantly between HbAA and HbSS animals (Fig. 2C). However, reduced a- and b- 

wave amplitudes, waves generated primarily by photoreceptor and bipolar cells, 

respectively, were readily detected in HbSS animals. Scotopic threshold responses (STR), 

an index of retinal ganglion cell function in rodents, particularly the negative STR, were 

also reduced in HbSS mice (Fig. 2D). These data are congruent with the OCT data 

demonstrating the thinning/degeneration o f the cellular layers in which these retinal cells 

types are contained in HbSS retinas.

Abnormal RPE and vascular cell phenotypes in Townes SCD mice 

In vivo imaging strategies demonstrate the age-dependent development and progression 

of retinal pathology and reduced visual function in HbSS Townes mice. Similar to the 

retinopathy in human SCD [13], the retinal vasculature o f Townes HbSS mice was 

prominently affected. However, there was concrete evidence also of pigmentary and 

neuro-retinal dysfunction in these animals as well. Retinal vascular and neuronal health 

is critically dependent upon maintenance of inner and outer retinal barrier integrity. To 

evaluate in greater detail the cells responsible for preserving these barriers, endothelial
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and RPE cells, respectively, we proceeded with in depth histological analyses. Trypsin 

digestion was performed on HbAA and HbSS retinas such that the retinal vasculature 

could be viewed entirely separate from the non-vascular components of the tissue [14]. 

A significant number of acellular capillaries (red arrows) and capillaries that were 

degenerated or collapsed (asterisks) were present in young and old HbSS mouse retinas 

compared to HbAA mouse retinas o f similar ages (Fig. 3A-B). As noted with the other 

pathologic features observed in these mice, the incidence and severity of the vascular 

anomalies detected increased exponentially with age in HbSS retinas.

RPE flatmounts were prepared from HbAA and HbSS mouse eyes and stained 

with ZO-1 to assess tight junction formation and associated outer retinal barrier integrity 

(Fig. 3C). ZO-1 labeled flatmount preparations from young HbAA eyes demonstrated a 

uniformly stained monolayer of cobblestone-shaped RPE. This characteristic RPE 

phenotype persisted with increased age with the exception of a few hypertrophied cells 

(Fig. 3C, 9 mos. HbAA). In HbAA animals of advanced age (18 months), a greater 

number of hypertrophied RPE cells could be detected in HbAA retinas, however the 

relative uniformity of the ZO-1 labeling and the classical morphological shape of the 

RPE remained intact. In contrast, hypertrophied RPE cells of abnormal shape were 

detectable in HbSS RPE flatmounts at relatively early ages, along with a disruption in the 

continuity of ZO-1 immunolabeling in some areas. The pattern of ZO-1 labeling and 

integrity of RPE morphology continued to decline with age (Fig. 3C, 9 mos. HbSS). In 

HbSS animals that survived to advanced age, the hypertrophy of RPE and irregularity in 

ZO-1 immunolabeling was drastically apparent (Fig. 3C, 18 mos. HbSS). To confirm 

and evaluate quantitatively the differences in ZO-1 labeling observed in immunolabeled



flatmounts, protein was extracted from the RPE of additional HbAA and HbSS animals 

and subsequent Western blot analyses performed. ZO-1 protein expression was 

significantly reduced in HbSS RPE compared to HbAA RPE at all ages examined (Fig. 

3D). The reduction in ZO-1 labeling in HbSS RPE is consistent with altered RPE tight 

junction formation and associated barrier dysfunction. To determine definitively whether 

the ability to form and maintain functional junctions and in turn, barrier integrity is 

impaired in HbSS RPE, primary RPE cells were prepared from HbAA and HbSS mouse 

eyes, cultured for 6 weeks on permeable transwell supports to allow for the formation of 

a confluent monolayer, and the apical-to-basolateral movement of FITC-Dextran dye (40- 

kD) was assessed as an indication of transepithelial permeability (Fig. 3E). The 

progressive increase in the accumulation of dye in the basolateral compartment of HbSS 

RPE cultures indicated that these cells were significantly more permeable to FITC- 

Dextran than were HbAA cells. It was also our observation that HbAA primary RPE cells 

proliferated faster and therefore reached confluence sooner than HbSS primary cells 

seeded at identical cell numbers and maintained under identical conditions. RPE 

senescence is a well-established characteristic of aging retina however, premature or 

early senescence of RPE is a feature generally associated with cellular dysfunction and 

pathology [15]. To determine definitively whether the abnormal phenotype and impaired 

barrier function observed in HbSS RPE is related to differences in the rate of growth and 

proliferation of these cells, HbAA and HbSS primary RPE cell cultures were evaluated 

by MTT assay (Fig. 3F). This assay verified our observations; fewer viable cells were 

detected in HbSS primary RPE cultures over time than in cultures of HbAA RPE.
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Increased inflammation and oxidative stress in HbSS Townes mouse retina 

Oxidative stress and inflammation relate directly to one another and are key features of 

retinopathy in human SCD [3,4, 16]. We reported previously on the prominence of these 

factors in young Townes HbSS mouse retinas [8]. Here we determined whether the 

increased expression of markers of oxidative stress and inflammation persisted and/or 

worsened with age. Congruent with our prior findings [8], dihydroethidium (DHE) 

staining of retinal cryosections prepared from young HbAA and HbSS mice revealed 

robust increases in the mean fluorescent intensity of HbSS-stained sections compared to 

HbAA sections (Fig. 4A). The intensity o f the DHE stain also increased significantly 

with age in HbAA retina (Figs. 4A-4B). This was not surprising however as it is known 

that oxidative stress increases in aging human and murine retina [17, 18], The age-related 

increase in DHE staining intensity was further exacerbated in older HbSS retinas 

compared to older HbAA retinas. To confirm these observations, we evaluated the 

expression of Nrf2, a key regulator of the antioxidant response system [19]. Western blot 

and associated densitometry analyses demonstrated a significant reduction in Nrf2 protein 

expression in both young and old HbSS retinas compared to HbAA retinas of similar age 

(Fig. 4C-4D). This finding is consistent with reduced antioxidant capacity and a 

consequent increase in oxidative stress in Townes SCD mouse retina.

Retinal cryosections prepared from young and old HbAA and HbSS mouse 

retinas were used also for immunofluorescence labeling of glial fibrillary acid protein 

(GFAP), a well-established marker of glial cell immunoreactivity and inflammation in 

retina. Increase in GFAP immunolabeling was detected in young and old HbSS retinas 

(Fig. 4E). As with DHE staining, increased GFAP expression could be detected also in



older HbAA retina compared to young HbAA retina, but the age-related increase in 

GFAP labeling was not as significant as the increases that could be attributed to SCD 

(fig. 4E, 9 month HbSS versus 9 month HbAA retina). Expression of the pro-angiogenic 

and pro-inflammatory marker VEGF was also analyzed in conjunction with the 

endothelial cell marker isolectin-b4 (I-B4) in HbAA and HbSS retinal cryosections. 

Increased VEGF expression (green fluorescence) was detectable in HbSS retina in 

comparison to HbAA retina at all ages examined (Fig. 4F). Co-labeling with I-B4 (red 

fluorescence) showed that the increase in VEGF expression was localized primarily to 

endothelial cells. Increases in VEGF immunolocalization were also noticeable in HbSS 

RPE. It is also notable that I-B4 immunolabeling demonstrated that in both young and 

old eyes there were significantly more endothelial cells present in HbSS than in HbAA 

retinas. This suggests that not only is inflammation rampant in the vasculature of Townes 

SCD retina but endothelial cell proliferation is also upregulated, a sign that pathologic 

angiogenesis is also occurring. The increase in VEGF expression in HbSS retina was 

confirmed with Western blot and densitometry analyses (Fig. 4G-4H).

Monomethylfumarate suppresses oxidative stress and inflammation and preserves 

retinal function in HbSS mouse retina

The data above coupled with our previous report [8] demonstrate that HbSS 

Townes mice recapitulate accurately a number of characteristics synonymous with the 

development and progression of retinopathy in human HbSS patients including: 

intraretinal hemorrhage, venous tortuosity, pigmentary anomalies, increased 

inflammation and oxidative stress, and altered visual function, specifically reduced a- and
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b-wave responses [13, 20, 21]. The Townes SCD model can therefore be considered a 

suitable one in which to study mechanisms and therapies for retinopathy in SCD. With 

this in mind, we proceeded to evaluate the long-term effectiveness o f MMF, a compound 

demonstrated previously to be acutely effective at suppressing oxidative stress and 

inflammation, re-activating y-globin transcription, and increasing HbF production in 

cultured human retinal and primary erythroid progenitor cells and in intact HbSS Townes 

mouse retina following intravitreal injection [8, 22, 23].

Immediately after weaning, HbAA and HbSS mice were placed on a drinking 

water containing MMF (15 mg/ml; made fresh and replenished daily) or maintained on 

regular drinking water (controls). Fundoscopy, fluorescein angiography and ERG testing 

were used to monitor the development and progression of retinopathy-like characteristics 

in these mice. Fundus and fluorescein angiographic retinal images taken o f MMF-treated 

HbSS animals (Fig. 5E-5H) were much improved over those of HbSS animals maintained 

on regular drinking water (Fig. 5A-5D). In fact, many MMF-treated HbSS eyes did not 

differ significantly in appearance from that of HbAA control or MMF-treated HbAA 

animals. However, HbSS animals maintained on regular drinking water developed 

retinopathy-like characteristics similar to those described in Figure 1. To determine 

whether the improved appearance of HbSS retina following treatment with MMF 

translates to improvements in retinal function, ERG analyses of control and MMF-treated 

HbSS animals were performed. ERG testing demonstrated that the improved retinal 

phenotype of MMF-treated HbSS animals was associated with improved visual 

responses, as both the a- and b- waves and negative STR were improved in HbSS animals 

maintained on drinking water containing MMF (Fig. 51).



Following the conclusion of in vivo analyses, all mice were sacrificed and RNA, 

protein and retinal cryosections were prepared and utilized for detailed histologic, RNA 

and protein analyses. Trypsin digestion of control and MMF-treated HbSS animals was 

congruent with the apparent improvement in retinal vascular phenotype observed by prior 

in vivo imaging. Few collapsed or acellular capillaries were present in HbSS mice that 

were treated with MMF (Fig. 5K) in comparison to HbSS mice maintained on regular 

drinking water (Fig. 5J). Similarly, RPE flatmounts revealed improvements in the 

regularity of ZO-1 immunolabeling and RPE morphology in MMF-treated HbSS eyes 

(Fig. 5M) compared to control HbSS eyes (Fig. 5L), suggesting that the cells integral to 

the maintenance of outer retinal barrier integrity and visual function are preserved with 

MMF treatment. Given that prior OCT analyses o f HbSS retinas showed evidence of 

retinal thinning, a characteristic associated with cellular loss and retinal degeneration, 

TUNEL analyses were performed on control and MMF-treated retinal cryosections to 

determine whether the degeneration of HbSS mouse neuro-retina was affected by MMF 

treatment (Fig. 6A). Few apoptotic (TUNEL-positive) nuclei could be detected in control 

or MMF-treated HbAA cryosections. However, a number of apoptotic cells could be 

detected in cryosections prepared from control HbSS mice. Though not completely 

absent, there was a considerable reduction in the number of apoptotic nuclei detectable in 

MMF-treated HbSS retinal cryosections. Thus it appears that the vascular, RPE and 

neuro-retinal dysfunction endogenous to HbSS Townes mouse retina is lessened by 

prolonged, low-dose MMF treatment.

We next sought to determine whether the effects of prolonged MMF 

administration to HbSS mice were beneficial in terms of abrogating oxidative stress and



inflammation in the retinas of these mice. As shown in our previous reports [8, 22], MMF 

induced Nr£2 expression in HbAA and HbSS retinas (data not shown). Analysis o f VEGF 

expression in control and treated HbAA and HbSS animals revealed a decrease in VEGF 

expression in retinas from HbSS mice that were treated with MMF (Fig. 6B). 

Interestingly however, I-B4 immunolabeling did not appear to be affected significantly in 

association with MMF treatment. GFAP labeling was decreased in MMF-treated HbAA 

and HbSS retinas (Fig. 6C). We also evaluated the expression of intercellular adhesion 

molecule 1 (ICAM-1), a marker of increased endothelial cell-red blood cell and/or RPE- 

monocyte adhesion and consequent inflammation [24-26]. ICAM-1 mRNA expression 

was significantly higher in HbSS control compared to HbAA control eyes both in RPE 

and neural retina (Fig. 6D and 6E, respectively). The increased expression of ICAM-1 in 

HbSS neural retinal and RPE was attenuated significantly in association with MMF 

treatment.

The data described above are consistent with the MMF-mediated suppression of 

oxidative stress and inflammation in HbSS Townes mouse retina. We next sought to 

determine whether the MMF-induced improvements in morphological and molecular 

parameters in SCD retina correlate with changes in y-globin expression. Real-time 

quantitative PCR analysis of y-globin expression in retinal tissues collected from control 

and MMF-treated HbAA and HbSS revealed robust increases in y-globin expression in 

the RPE of HbAA and HbSS animals treated with MMF (Fig. 7A). Western blot and 

densitometry analyses demonstrated that although total Hb levels were lower in control 

HbSS compared to control HbAA RPE, the increase in y-globin mRNA expression was
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associated with an increase in HbF protein both in MMF-treated HbAA and MMF-treated 

HbSS tissues (Fig. 7B).

Monomethylfumarate treatment improves hematological parameters in Townes SCD 

Mice

Visual dysfunction and blindness occur commonly in SCD [16]. Our findings suggest 

that MMF may be of benefit in preventing and treating these phenomena. However, 

retinopathy is just one of several major complications that HbSS patients potentially face 

[1]. It is established and widely accepted that increased y-globin expression/HbF levels 

are associated with better clinical outcomes in HbSS human patients [1,6]. In this study, 

MMF was delivered to mice via an oral route therefore the beneficial effects of the drug 

should be evident also outside of the retina. Hematologic analyses of blood samples 

collected from control and MMF-treated HbAA and HbSS mice just prior to sacrifice are 

consistent with this prediction. Significant improvements in hematocrit (Hct), RBC 

number, and Hb concentrations were noted in HbSS mice treated MMF (Fig. 1C). 

Reductions in white blood cell (WBC) count, mean corpuscular volume (MCV), and 

mean corpuscular hemoglobin (MCH), additional indices of clinical improvement in 

human SCD, were also noted in blood samples obtained from animals treated with MMF.

Discussion

Sickle cell is a highly debilitating disease. Improvements in the clinical management of 

SCD have resulted in increased lifespans in HbSS patients, but with that comes an 

increase in long-term complications and associated quality of life concerns [27]. At
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present, HU and transfusion therapy are the gold standard for disease management [1], 

Although these therapies have shown benefit in HbSS patients, there are major 

drawbacks associated with each. For example, multiple, repeated red cell transfusions 

have been shown to lower stroke risk in HbSS patients, but at the same time it places 

them at increased risk of infection from blood-borne pathogens [1]. Similarly, HU has 

proven to be effective at increasing HbF levels in HbSS patients, reducing the incidence 

and severity o f sickle-related complications, however the fact remains that: (a) many 

patients do not respond to or cannot be given HU due to other contraindications, and (b) 

HU is a cancer chemotherapeutic agent and toxicity is a concern associated with its 

prolonged use [28], Thus, it is clear that new therapies to manage SCD are sorely needed.

Retinopathy in SCD is a serious, sight-threatening complication, affecting 

pediatric and adult HbSS patients. As with other SCD-related complications, there are no 

strategies to prevent retinopathy and treatments are limited. Other than one report [29], 

there is little evidence to suggest that HU or transfusion therapy confer any ocular 

benefit. Present clinical management of retinopathy in SCD focuses on the alleviation of 

existing hemorrhages and neovascularization, symptoms that present after much ischemia 

and subclinical damage to retina have likely already occurred [1,2, 16, 20, 21]. This may 

be related directly to the lack o f small animal research models that accurately depict 

retinopathy in human SCD. Our present study, in which we: (a) validate the Townes 

humanized mouse as a model in which to study retinopathy in SCD, and (b) demonstrate 

the in vivo efficacy of MMF as y-globin inducing therapy for treatment o f retinal and 

possibly, based upon the hematologic indices evaluated, systemic complications of SCD, 

is therefore timely.
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Given the multiple beneficial effects elicited by MMF in our cell culture model 

systems [8, 22, 30], we were prompted here to evaluate the efficacy of the compound in 

the living animal. We were particularly interested in exploring its effects in SCD retina. 

For that purpose, we chose to examine the Townes SCD mouse model of SCD. There are 

a number of other available SCD models, several of which have been demonstrated to 

develop a retinopathy-like phenotype with a number of features consistent with the 

development and progression of retinopathy in human SCD patients [31, 32], However, 

the Townes model affords one the opportunity to evaluate human globin gene expression 

and human hemoglobin production without the confounding presence of the mouse 

globin genes and mouse hemoglobin [9]. HbSS Townes mice have been shown to display 

a number of phenotypic characteristics consistent with human SCD including: decreased 

hemoglobin content, decreased hematocrit, decreased red blood cell number, increased 

white blood cell count and prominent spleen, liver and kidney pathology. However, none 

have described the phenotypic properties of the retina in these animals. As such, we first 

conducted studies to determine whether this model developed retinopathy-like 

characteristics similar to those that occur in human HbSS patients, and therefore whether 

this model would be a suitable one in which to evaluate a new therapy aimed at 

preventing and treating retinopathy in sickle cell disease.

Using a plethora of techniques, we characterized the temporal pattern of 

development and progression of a retinopathy-like phenotype in Townes HbSS mice. 

Fundoscopy, fluorescein angiography, OCT and ERG afforded the opportunity to monitor 

retinal changes over time in the same group of animals in a manner similar to that used 

clinically to evaluate ophthalmologic parameters in human SCD patients. The findings



we obtained using these in vivo imaging and functional testing modalities were highly 

consistent with findings reported commonly in human HbSS retina. Particularly 

noteworthy is the fact that OCT and ERG testing detected abnormalities in HbSS Townes 

mouse retinas even before severe vascular abnormalities could be detected. Peachey et al. 

[20, 21] reported similar findings, but few have followed up this phenomenon in recent 

years. Given the increasing availability of OCT and ERG in today’s ophthalmology clinic 

settings, studies to determine whether such testing strategies could be used to predict or 

detect early potential retinal dysfunction and pathology development are well warranted. 

Given the high rate of interpatient variability in SCD, such studies could provide 

invaluable information in terms of identifying potential points for early therapeutic 

intervention.

Detailed histologic follow-up of the vascular, neuro-retinal and RPE-alterations 

that were noted with in vivo imaging and functional testing, confirmed the degeneration, 

loss and/or dysfunction of retinal endothelial, neuronal and RPE cells in HbSS eyes. 

Studies conducted using RPE primary cell cultures suggest that HbSS retinal cells are not 

only morphologically but also functionally compromised. Hence, it is plausible that not 

only is RPE-generated Hb production affected in SCD retina, but other functions 

endogenous to RPE may be affected as well. Future studies aimed at determining the 

relative contribution o f RPE-generated Hb versus that Hb provided to retina from the 

choroidal blood supply to retinal oxygenation and function in normal and SCD retina are 

therefore of paramount importance.

Collectively, our present findings demonstrate for the first time that Townes 

HbSS mice recapitulate accurately a number of phenotypic characteristics of retinopathy



in human SCD. It is important to note that as commonly observed in human HbSS 

patients, some HbSS mice were much sicker than others, even at the earlier (4-6 month) 

timepoint, while others survived even into advanced age (~18 mos). The incidence and 

onset o f illness in the subset of animals that were observed to be sicker was highly 

variable and therefore unpredictable. As a result, several HbSS mice: (a) had to be 

euthanized before the desired timepoint to end apparent pain and suffering, (b) died 

unexpectedly on their own accord without showing prior signs of illness or distress or 

shortly following the administration of anesthesia just prior to the performance of in vivo 

analyses, (c) developed lens opacities that precluded imaging of their eyes, and/or (d) 

had retinal hemorrhages that were so severe that the entire eye appeared to be filled with 

blood making imaging extremely difficult. Although data derived from extremely sick 

animals is not included in this report, the observation supports further the similarities of 

the Townes model to the human disease.

MMF has shown much promise in a variety o f animal model systems and in 

human disease [8, 22, 23, 30, 33, 34]. Given its demonstrated efficacy in limiting 

inflammation, oxidative stress and elevating HbF in human retinal and erythroid cell 

types, here, we tested its efficacy following long-term administration in Townes HbSS 

mice. In vivo and histologic evaluations o f the retinas of control and MMF-treated 

HbAA and HbSS mice demonstrated convincingly MMF-induced improvements in 

retinal morphology and function in HbSS animals. These findings correlate well with 

those obtained following the evaluation of molecular parameters in which significant 

reductions in those associated with increased oxidative stress and inflammation were 

found to be reduced in retinal tissues collected from HbSS mice that received MMF.
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Importantly, y-globin expression was also elevated in association with MMF treatment of 

HbSS animals.

The fact that the HbSS mice used in our study received a relatively low dose of 

MMF via an oral route and a beneficial effect was achieved in the eye is extremely 

significant given the known difficulties associated with drug delivery to the posterior 

segment [35]. Given that sickle cell is a wholistic disease, finding a therapy such as MMF 

that could possibly prevent and treat retinopathy in SCD would undeniably be good, but 

would leave much to be desired if it only worked for retinopathy. At present, there is no 

single therapy that can treat effectively both ocular and systemic complications of SCD. 

Hematological analyses of peripheral blood collected from control and MMF-treated 

HbAA and HbSS suggests that MMF might represent one such compound. The 

pleiotropic nature of the benefits derived from MMF coupled with the fact that an FDA- 

approved formulation already exists in which MMF is the main bioactive ingredient [33], 

increases highly the translational appeal of our current findings. The fact that the drug has 

proven to be well tolerated in humans and capable of being used long-term at relatively 

high doses with little toxicological concern, a stark contrast to HU, heightens the 

potential for the rapid extrapolation and use of MMF clinically in SCD.
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Figure Legends

Figure 1. Pigmentary and vascular abnormalities in HbSS mouse retina.

Fluorescein angiography and fundoscopic imaging of 4 month and 9 month old HbAA 

(A-B and I-J, respectively) and HbSS mice (C-H and K-N, respectively) revealed the 

presence of pigmentary and vascular abnormalities in HbSS retina. At 4 months of age, 

HbAA eyes showed no overt signs of retinal pathology (A-B). The retinas of these 

animals remained relatively normal as they progressed in age (I-J). However, vascular 

anomalies were detected frequently in HbSS eyes early on. Tortuous vessels (* asterisks) 

were a common finding in these animals, as were microaneurysms (red circles), 

arteriovenous crossings, an established risk factor for branch retinal vein occlusion and 

associated disruption of retinal blood flow, local tissue hypoxia and visual impairment 

{red arrowhead in upper left corner o f  panels E, and enlarged panel G), occluded vessels 

{red arrowhead in upper right o f  panel E, enlargement of this region is shown in panel 

G), microaneurysms red circles in panels E, G H  and K) and associated pigmentary 

abnormalities (white patches in panels F, L, N and H). Significant fluorescein leakage 

and neovascularization at the optic disc (K, orange box) was also evident in many HbSS 

animals. Data are presented as mean ± S.E., *p<0.01 compared to HbAA control, 

*p<0.001 compared to HbAA control.

Figure 2. Retinal thinning, morphological disruption and altered visual function in 

HbSS mouse retina. (A) Noticeable changes at the nerve head of HbSS mice were 

detected frequently upon spectral domain-optical coherence tomography (OCT) imaging 

of 6-month old HbSS mouse eyes {red arrowhead in HbSS central retina). Additionally,
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morphological disruptions, particularly of the outer retina such (red arrow) were also 

common in HbSS eyes. (B) OCT-aided quantification of retinal layer thicknesses (pm 

distance ± S.E) revealed significant decreases in the total retinal, IPL and ONL + IS 

thicknesses in HbSS mouse retinas at all ages examined. RNFL = retinal nerve fiber 

layer; IPL = inner plexiform layer; INL = inner nuclear layer thickness; OPL = outer 

plexiform layer; ONL + IS = outer nuclear layer plus inner segments; OS = outer 

segments, RPE = retinal pigment epithelium. (C) Electroretinogram (ERG) testing 

showing significant reductions in a- and b-wave amplitudes as well as negative scotopic 

threshold responses in sickle cell (HbSS or SS) mice compared to age-matched, normal 

hemoglobin producing controls (HbAA or AA). Data are presented as mean ± S.E. 

*p<0.01 compared to HbAA control.

Figure 3. Altered inner- and outer-retinal barrier cell morphology and function in 

HbSS mouse retina. (A) Acellular capillaries (red arrows) and collapsed and/or 

degenerated vessels (red asterisks) were more prominent in HbSS mouse retinas but 

infrequently detected in HbAA mouse retinas of similar age. (B) Quantification of the 

number of acellular capillaries in HbAA and HbSS mouse retina. (C) Zonula occludin-1 

(ZO-1) immunofluorescence in retinal pigment epithelium (RPE) flatmounts prepared 

from 9 month and 18 month HbAA and HbSS mouse eyes to evaluate RPE morphology. 

(D) Western blot and densitometry analysis of ZO-1 expression in protein extracted from 

4-monthh old and 9-month old HbAA and HbSS mouse RPE. (E) FITC-Dextran (40-kD) 

transepithelial permeability assay performed on confluent monolayers of primary RPE 

cells established from HbAA and HbSS mouse eyes. (F) MTT cell viability assay of
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primary RPE cell cultures established from HbAA and HbSS mouse eyes. Data are 

presented as mean ± S.E. *p<0.01 compared to HbAA control; **p<0.001 compared to 

HbAA control.

Figure 4. Inflammation and oxidative stress increases in HbSS retina. (A)

Dihydroethidium (DHE) staining to evaluate superoxide production in HbAA and HbSS 

mouse retina. (B) ImageJ quantitation of the mean fluorescence intensity o f the DHE 

staining. (C) Western blot and (D) densitometric analysis of Nrf2 protein expression in 

HbAA and HbSS mouse retina. (E) Glial fibrillary acid protein (GFAP) 

immunolocalization performed on retinal cryosections prepared from HbAA and HbSS 

mouse eyes. (F) Immunolocalization of vascular endothelial growth factor (VEGF) and 

isolectin-b4 protein in HbAA and HbSS retinal cryosections. (G) Western blot and (H) 

densitometry analysis of VEGF protein expression in HbAA and HbSS mouse retina. 

Data are presented as mean ± S.E. *p<0.01 compared to 4-month HbAA, **p<0.001 

compared to age-matched HbAA control.

Figure 5. MMF improves retinal health and function in HbSS Townes humanized 

mice. Representative fundoscopy/fluorescein angiographic images of the retinas of 

HbSS mice maintained on regular drinking water (A-D; controls) or drinking water 

containing monomethylfumarate (MMF; 15 mg/ml) (E-H) for a period of 5 months. 

Pigmentary anomalies (red arrows), arteriovenous crossings and neovascular outgrowths 

(white arrows), and pronounced fluorescein leakages (red box) were found frequently in 

control HbSS eyes but not in MMF-treated HbSS eyes. (I) Electroretinogram testing to
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evaluate visual function revealed significant improvements in a- and b-wave amplitudes 

and in the negative scotopic threshold response in MMF-treated HbSS mouse retina. 

Data are presented as mean ± S.E. *p < 0.01. (J-K) Trypsin digest and (L-M) RPE 

flatmount preparations of HbAA and HbSS eyes demonstrated improvements in retinal 

vascular and RPE cell integrity, respectively.

Figure 6. Monomethylfumarate (MMF) treatm ent prevents neurodegeneration and 

inflammation in HbSS Townes mouse retina. (A) TUNEL analysis of control and 

MMF-treated HbAA and HbSS retinal cryosections. TUNEL-positive cells (green) were 

detected frequently in control HbSS retinal cryosections but rarely evident in 

cryosections prepared from the eyes of HbSS mice maintained on drinking water 

containing MMF (15 mg/ml) for a period of 5 months. DAPI nuclear counterstain (blue). 

(B) Vascular endothelial growth factor (VEGF, green fluorescence) and isolectin-b4 (I- 

B4; red fluorescence) co-localization in retinal cryosections prepared from the eyes of 

HbAA and HbSS mice maintained on regular drinking water (controls) or MMF (15 

mg/ml) for a period of 5 months. DAPI nuclear counterstain (blue fluorescence). (C) 

Glial fibrillary acidic protein (GFAP; green fluorescence) immunolocalization in retinal 

cryosections prepared from the eyes of HbAA and HbSS mice maintained on regular 

drinking water (controls) or MMF (15 mg/ml) for a period of 5 months. DAPI nuclear 

counterstain (blue). Real-time quantitative PCR analysis of intercellular adhesion

molecule 1 (ICAM-1) mRNA expression in RPE (D) and (E) neural retinal tissues 

collected from the eyes of HbAA and HbSS mice maintained on regular drinking water
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(controls) or MMF (15 mg/ml) for a period of 5 months. Data are presented as means ±

S.E. *p<0.01 compared to HbAA control, **p<0.001 compared to HbSS control.

Figure 7. Monomethylfumarate (MMF) induces y-globin mRNA expression and 

fetal hemoglobin (HbF) protein production in HbSS retina and improves 

hematological profiles in HbSS mice. (A) Real-time quantitative PCR analysis of y- 

globin mRNA expression in the RPE of HbAA (AA) and HbSS (SS) mouse maintained 

either on regular drinking water (control) or drinking water containing MMF (15 mg/ml) 

for a period of 5 months. (B) Western blot and densitometric analysis of HbF protein 

expression in the RPE of HbAA (AA) and HbSS (SS) mouse maintained either on regular 

drinking water (-) or drinking water containing MMF (15 mg/ml; +) for a period of 5 

months. (C) Hematologic profile of blood samples collected from HbAA (AA) and 

HbSS (SS) mouse maintained either on regular drinking water (control) or drinking water 

containing MMF (15 mg/ml) for a period of 5 months. Data are presented as mean ± S.E. 

*p<0.05 compared to control; **p<0.01 compared to control. WBC = white blood cell 

count; HCT = hematocrit; RBC -  red blood cell count; HGB = total hemoglobin; MCV 

= mean cell volume; MCH = mean corpuscular hemoglobin; red cell distribution width 

-  RDW.



193

METHODS (To be Published Online Only)

Animals

All experiments involving animals adhered to the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research and were approved by the Georgia Regents 

University (Augusta, GA, USA) institutional animal care and use committee. HbAA- 

(normal hemoglobin) and HbSS-expressing Townes humanized knock-in SCD mice 

(Jackson Laboratories, Bar Harbor, ME, USA) were described previously [9]. For in 

vivo studies using monomethylfumerate (MMF; Sigma-Aldrich, St. Louis, MO), HbAA- 

and HbSS-expressing humanized mice were maintained either on regular drinking water 

(controls) or MMF water (15 mg/ml) starting at the age of 1 month for 5 months. Fresh 

drinking water, with or without MMF, was prepared and given daily. At the end of the 

treatment period, the animals were euthanized by carbon dioxide asphyxiation followed 

immediately by cervical dislocation, and sera and eyes were collected for analyses.

Reverse Transcription-Quantitative Polymerase Chain Reaction

Total RNA was isolated from the neural retina (NR) and RPE/eyecup obtained from 

HbAA- and HbSS-expressing humanized mouse eyes using TRIzol. RNA (1 pg) was 

reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Real

time quantitative PCR (qPCR) was used to monitor steady-state mRNA levels of genes of 

interest. Information relevant to all primers used in the study has been published 

previously [8]. Hypoxanthine phosphoribosyltransferase 1 (HPRT) or 18S was used as 

the internal control. Real-time qPCR amplifications, using detection chemistry (SYBR
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Green; Applied Biosystems, Foster City, CA), were run in triplicate on 96-well reaction 

plates. Gene expression was calculated by comparing Ct values (AACt).

Western Blot Analysis

Protein was extracted from neural retina (NR) and RPE/eyecup isolated from control and 

MMF-treated HbAA- and HbSS-expressing humanized mouse eyes. Protein 

concentration was determined using the bicinchoninic acid (BCA) assay (Thermo Fisher 

Scientific, Rockford, IL). Protein samples were subjected to SDS-PAGE, transferred to 

nitrocellulose membranes, and then incubated with primary antibodies: HbF (Bethyl 

Laboratories, Inc., 1:1000), Nrf2 (Abeam, 1:1000), ZO-1 (Abeam, 1:100), and VEGF 

(Abeam, 1:100) overnight at 4 °C. Secondary detection was done using horseradish 

peroxidase-conjugated secondary antibodies. After washing, the proteins were visualized 

using the enhanced chemiluminescence (ECL) western blot detection system (Thermo 

Fisher Scientific), p-actin served as the loading control.

Immunofluorescence Assays

Retinal cryosections were prepared from HbAA- and HbSS-expressing humanized mouse 

eyes as previously described [8], Sections were fixed with 4% paraformaldehyde, washed 

with PBS-Triton X-100, incubated with Power Block (Bio-Genex), and then incubated 

with primary antibody overnight at 4°C; the sections were washed 3 times with PBS- 

Triton X-100 followed by incubation with secondary antibody for 1 hour at 37°C. The 

sources and concentrations of primary and secondary antibodies are provided in Table 1. 

Sections were washed with PBS-Triton X-100 and coverslipped with Fluoroshield with
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406-diamidino-2-phenylindole (DAPI) (Sigma Chemical Corp., St. Louis, MO) to label 

nuclei. Sections were examined by fluorescence microscope (Carl Zeiss Meditec, 

Oberkochen, Germany)

Dihydroethidium Labeling

Superoxide production was measured in the retinal cryosections as an indicator of 

oxidative stress using dihydroethidium (DHE) also per our published method [36]. The 

relative fluorescence intensity within the images obtained was determined via automated 

image analysis or ImageJ software (http://imagej.nih.gov/ij/; provided in the public 

domain by the National Institutes o f Health, Bethesda, MD, USA).

Terminal dUTP Nick End Labeling

Retinal Cryosections were incubated in 50 pi of reaction buffer containing terminal 

deoxynucleotidyl transferase (TdT; Promega, Southampton, UK) and fluorescein-12- 

dUTP (Roche, Basel, Switzerland) according to the manufacturer’s instructions. Sections 

were incubated at 37 °C for 1 h in a humidified chamber. After several washes in PBS 

and staining with DAPI, TUNEL-positive cells were observed by fluorescence 

microscope.

RPE flat mount

RPE whole mount was prepared as described by Longbottom et al. [37]. In brief, 

RPE/eyecups were dissected from unfixed eyes and then fixed in cold (-20 °C) methanol 

for at least overnight, and processed for immunohistochemistry. The fixed RPE/eyecups

http://imagej.nih.gov/ij/
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were blocked with 0.1% BSA, 2% goat serum, and 0.1% Triton-X in PBS for 1 hour. 

Subsequently, the RPE/eyecups were incubated with a rabbit antibody against ZO-1 

(Abeam, 1:100) diluted in the blocking solution overnight at 4 °C, and then with goat anti 

rabbit Alexa Fluor 488 secondary antibody (1:1500; Invitrogen) for 1 hour at room 

temperature. RPE/eyecups were then cut partially at four places to allow the tissue to be 

flattened upon Superfrost microscope slides (Fisher Scientific, Pittsburgh, PA).

Retinal Trypsin Digestion

Retinal vessels were isolated per the method of Stitt et al. [38]. In brief, freshly 

enucleated eyes were fixed in 4% (wt/vol) paraformaldehyde in PBS overnight. After 

fixation, the retinas were dissected, washed in PBS and incubated in trypsin (0.5% 

(DifcoTrypsin 250) prepared in 20mM Tris buffer pH 8) for about 45 minutes at 37 °C. 

The vessel structures were isolated from the retinal cells by gentle shaking and rinsing in 

distilled water for overnight. After the vascular specimens were mounted on a slide and 

dried for 3-4 days at room temperature, periodic acid-Schiff staining was performed. 

Slides were imaged using traditional brightfield microscopy and the number of acellular 

capillaries per mm2 of capillary area was determined by counting 10 randomly selected 

microscopic fields.

Transepithelial Permeability Assay

HbAA- and HbSS-expressing primary RPE cells were seeded on non-coated membranes 

with 0.4 /an pores (Transwell; Coming Costar), in Dulbecco's modified Eagle's medium: 

nutrient mixture F-12 (DMEM/F-12). After becoming completely confluent, FITC-
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dextran (40 kDa; Sigma-Aldrich) was then added to the upper chambers and samples 

from the lower and upper chambers were obtained at different time points. The 

concentration of FITC-dextran in these samples was quantified by microplate reader 

(ELx800; Bio-Tek). The diffusion rate was calculated as (amount of dextran lower 

chamber)/(amount of dextran upper chamber) and expressed as relative quantification. 

Each experiment was repeated four times.

MTT assay

HbAA- and HbSS-expressing primary RPE cells were seeded in 96-well plates and 

cultured for 72 h with fresh culture medium supplied every 24 h. Cells were washed with 

phosphate-buffered saline twice followed by MTT reagent (ATCC). Treatment and lysis 

of the cells were done as per the manufacturer's instructions. Absorbance of the lysate 

was measured at 570 nm. The experiments were conducted using passage 2, 3, and 4 of 

primary RPE cells.

Fundus and Angiography Analyses

To evaluate retinal integrity as well as vasculature and permeability in vivo, HbAA- and 

HbSS-expressing Townes humanized mice were anesthetized using a 20 oL 

intramuscular injection of rodent anesthesia cocktail (ketamine 100 mg/mL, xylazine 30 

mg/mL, acepromazine 10 mg/mL). Pupils were dilated using 1% tropicamide (Bausch 

and Lomb, Rochester, NY). The mouse was placed on the imaging platform of the 

Phoenix Micron III retinal imaging microscope (Phoenix Research Laboratories, 

Pleasanton, CA), and Goniovisc 2.5% (hypromellose; Sigma Pharmaceuticals, LLC,
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Monticello, IA) was applied liberally to keep the eye moist during imaging. For 

angiography analysis, mice were administered 10 to 20 pL fluorescein sodium (10% Lite) 

(Apollo Ophthalmics, Newport Beach, CA) (while also receiving Goniovisc 2.5% 

[hypromellose; Sigma Pharmaceuticals, LLC]), and rapid acquisition o f fluorescent 

images ensued for approximately 5 minutes.

Electrophysiological Studies

Mice, dark adapted overnight, were anesthetized by intraperitoneal injection of ketamine- 

xylazine solution (80:12 mg/kg). Proparacaine (0.5%) drops were applied to both eyes 

and pupils dilated with 1% tropicamide and 2.5% phenylephrine hydrochloride. Animals 

were placed on a heating pad controlled by a rectal thermometer, DTL electrodes were 

placed on the corneas and needle electrodes in the cheeks (references) and tail (ground). 

All experiments used a series of full-field light flashes presented in a Ganzfeld (LKC, 

Gaithersburg, MD). Flashes were presented from dim to bright with the interstimulus 

interval increasing with brightness. After dark-adapted testing, animals were light- 

adapted for 10 minutes with a background light in the Ganzfeld (30 cd/m2). To record 

cone-isolated responses, a series of full-field flashes with increasing intensity were 

presented in the presence of the background light. For 59-week-old mice, stimuli were 

generated by a custom LED-based system. A 5500° white LED was used for bright 

stimuli and a 470-nm blue LED for dim stimuli. The light from the blue LED was passed 

through neutral-density filters and defocused before collection by the optical fiber 

launcher to further diminish the light intensity. LED flashes of 5-ms duration were used.
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Data Analysis

All experiments were repeated three to five times with independent tissue preparations 

and samples run in duplicate. Data are presented as mean ± standard error of the mean 

(SEM). For in vivo studies, at least three animals were included per group and samples 

were run in duplicate. Statistical significance was determined with the Student t test, and 

one-way ANOVA with Tukey-Kramer’s post-hoc tests for comparisons between two 

groups or multiple groups, respectively. Differences were considered statistically 

significant at p<0.05.
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Table 1. Details of the primary and secondary antibodies used in immunofluorescence 
studies

Primary antibody 

& catalog no.

Vendor Concentration Use as m arker Secondary antibody

G. simplicifolia

isolectin-B4

(B-1105)

Vector Labs 

Burlingame, CA

7.5pl/ml Marker for blood 

vessels

Texas Red avidin 

Vector Labs

VEGF Mouse 

monoclonal IgM 

(AB 38909)

Abeam

Cambridge, MA

1:250 Marker for 

angiogenesis

Alexafluor 488 

(donkey anti-mouse) 

InVitrogen, Eugene, OR

GFAP Rabbit 

polyclonal 

(Lot# 00019620)

DakoCytomation 

Carpenteria, CA

1:100 Marker for 

stressed Mtiller 

cells and astrocytes

Alexafluor 488 (goat 

anti-rabbit)

InVitrogen, Eugene, OR
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HbAA HbSS

B Thickness 6 month 12 month
(i*M) HbAA HbSS HbAA HbSS

Total 214.56 ±1.4 209.4 ± 1.8* 220.3 ±1.1 211.6 ±4.6*
RNFL 10.1 ±0.5 10.7 ±0.7 8.6 ±0.3 10.9 ± 1.4
IPL 50.7 ± 2.6 48.7 ±3.2 54.3 ±1.5 46.1 ±3.7*
INL 28.5 ± 2.0 27.9 ± 1.8 29.8 ± 1.5 30.7 ± 1.6
OPL 8.0 ± 0.1 7.8 ±0.1* 7.9 ±0.2 7.6 ±0.2
ONL+IS 73.7 ±0.9 70.9 ± 1.1* 76.7 ±0.6 72.0 ± 1.3*
OS 26.8 ± 0.3 26.9 ±0.2 26.7 ± 0.6 27.3 ± 0.6
RPE 17.8 ±0.3 17.4 ±0.5 17.3 ±0.4 17.7 ± 0.6
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DISCUSSION

This dissertation focuses on the roles of retinal pigment epithelium (RPE) in the 

pathophysiology of age-related macular degeneration (AMD), and sickle cell retinopathy 

(SR). The underlying pathological factor(s) of both diseases is largely unclear. Various 

genetic and environmental factors as well as inflammation- and oxidative stress have 

been implicated in the development and progression of these diseases. At present, there is 

no effective treatment for either AMD or SR. Currently, available treatments for both 

diseases target events occurring late in the course of the disease development and 

progression when inflammation- and oxidative stress -induced damage to the retina is 

already substantial. Therefore, the development of novel therapeutic strategies that aim to 

disrupt disease pathogenesis-initiating steps may prove to be most effective. There are a 

number of similarities in the pathogenesis o f AMD and SR (e.g., inflammation- and 

oxidative stress-induced damage to the retina), however there are also factors that are 

unique to each, particularly with respect to biological mechanisms and corresponding 

therapeutic strategies. Consequently, I will discuss the research findings for the AMD and 

SR studies separately.

208
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Age-related macular degeneration

AMD is a leading cause of irreversible blindness among individuals greater than 

60 years of age in developed nations. Oxidative stress and inflammation are crucial 

factors implicated in AMD (Tezel et al., 2004; Tuo et al., 2012). Thus, developing and 

testing novel strategies for regulating oxidative stress and inflammation in the retina are 

important and have immense clinical relevance. In this study, we evaluated the potential 

of L-2-oxothiazolidine-4-carboxylic-acid (OCT) for this purpose. The robust antioxidant 

properties of OTC are well documented. Interestingly, recent studies suggest added 

benefit of OTC in terms of modulating inflammation in a number o f experimental model 

systems (Lee et al., 2006; Park et al., 2012). However, little attention has been given to 

evaluating whether OTC may yield similar effect in retina.

Given important roles of RPE in retinal health and in the pathology of AMD, we 

first evaluated the ability o f OTC to modulate inflammatory processes in RPE cells and in 

the intact retina. By using ARPE-19 cells and mouse primary RPE cells, we found that 

OTC performed effectively in suppressing the production of pro-inflammatory cytokines 

such as IL-6 and Ccl2, a phenomenon consistent with reports by others touting the 

compound as an anti-inflammatory agent. Studies conducted using cultured RPE cells 

further revealed that the doses of OTC required for the anti-inflammatory action are quite 

similar to those we reported previously to induce the glutathione (GSH)-stimulating or 

anti-oxidative effect (Babu et al., 2011). Interestingly, however, the exact mechanism(s) 

responsible for OTC’s anti-inflammatory properties in RPE cells and the retina is 

unknown.
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Our previous study reports that the transport of OTC by SLC5A8 in RPE is 

responsible for OTC’s antioxidant properties (Babu et al., 2011). Indeed, most o f the 

compounds transported by SLC5A8 have been shown to also be ligands for the G-protein 

coupled receptor, GPR109A, an anti-inflammatory receptor expressed in many tissues 

and cell types including RPE (Gambhir et al., 2012). Consequently, we evaluated whether 

the transport of OTC by SLC5A8 or its interaction with the anti-inflammatory receptor 

GPR109A might explain OTC’s anti-inflammatory effects in RPE.

Studies involving ,s/c5aS-deficient primary RPE cells showed that although OTC 

is indeed a transportable substrate of SLC5A8 and transport by this monocarboxylate 

transporter is required for OTC’s antioxidant actions (Babu et al., 2011), it was not 

required for the anti-inflammatory effects observed in our present experimental systems 

(Promsote et al., 2014). Subsequently, we predicted that the anti-inflammatory effects of 

OTC must be mediated by its interaction with a receptor GPR109A present on the 

membrane of the cell.

At present, none have evaluated whether OTC is a ligand and can activate 

GPR109A, and thereby mediate anti-inflammatory effects in RPE. To test the hypothesis, 

multiple assays and cell culture model systems were used. Specifically, we used HEK- 

293 cells, cells that do not express GPR109A endogenously and are therefore suitable for 

transfection with exogenous GPR109A and the other components required to measure 

quantitatively the dissociation of a from py subunits of the G-protein coupled receptor in 

the presence of OTC as an indicator o f receptor activation (Promsote et al., 2014). ARPE- 

19 cells, cells that express GPR109A endogenously at basal levels, 

and Gprl09A~h  primary RPE cells, cells devoid of GPR109A expression were also used.
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Collectively, studies using these cell types and assays demonstrated that OTC activated 

GPR109A but not as effectively as nicotinic acid (NA), the protypic GPR109A agonist. 

Additionally, both NA and OTC suppressed inflammation in our experimental system, 

however via different mechanisms. The anti-inflammatory effects of NA were confirmed 

to be a result of the interaction with the receptor GPR109A. However, the anti

inflammatory effects of OTC must be elicited via some unknown mechanism(s) 

(Promsote et al., 2014).

Although the primary mechanism underlying anti-inflammatory actions of OTC is 

still not clear, the fact remains that OTC has been used successfully in patients for 

various clinical indications in which oxidative stress and inflammation are majorly 

involved. OTC also appears to be superior in its ability to raise intracellular glutathione 

levels and protect cells from oxidative stress (Williamson et al., 1982; Mesina et al., 

1989). Moreover, OTC has shown to be well tolerated and associated with low toxicity 

for long-term use in human (Barditch-Crovo et al., 1988; Moberly et al., 1988)

Therefore, we decided to investigate the in vivo efficacy o f the compound in the 

Cd2~h/Cx3crFh  double knockout mice on rd8 background (DKO rd8), a mouse model 

of chronic, low-grade retinal inflammation. The DKO rd8 mouse was generated by 

knocking out a chemokine (Ccl2) and a chemokine receptor (Cx3crl) on a Crblrd8 

background. Although non-primate models do not have a macula, this mouse model 

mimics the A2E accumulation and focal photoreceptor and RPE degeneration found in 

AMD (Chu et al., 2012). DKO rd8 mice have been shown to develop RPE pathology, 

including lipofuscin accumulation, hypertrophy, and hypotrophy, and photoreceptor and 

synaptic degeneration characteristic of AMD in human patients (Detrick and Hooks,
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2010). However, it is recognized that the rd8 background may contribute to these focal 

retinal dystrophic lesions in DKO rd8 mice. Thus, in our study we focused on the ability 

of OTC to alleviate molecular parameters relevant to AMD rather than the reversal of the 

morphological phenotype in this model.

DKO rd8 and corresponding gender and age-matched WT mice were treated with 

and without OTC for over the period of 5 months. The results demonstrated protective 

roles of OTC on pathologic gene expression, and preservation of retina. We found that 

the expression of molecular markers of inflammation and oxidative stress was 

significantly suppressed in DKO rd8 animals treated with OTC in drinking water for a 

period of 5 months. This result strongly supports the possible extrapolation of OTC use to 

therapeutically manage retinal diseases such as AMD for which options to prevent and 

treat are critically needed (Promsote et al., 2014).

This study represents, to our knowledge, the first report of the suppressive effects 

of OTC on inflammation in cultured RPE cells, and on inflammation and oxidative stress 

in the retina in vivo. Importantly, the study also demonstrates that the modulation of 

parameters associated with increased oxidative stress and inflammation can be achieved 

in the retina following the oral administration o f OTC to animals. The fact that OTC 

elicits benefit in retina following oral administration has strong implications in terms of 

the possible circumvention of challenges associated with delivering drugs to the posterior 

segment (Gaudana et al., 2010; Lee et al., 2012). Furthermore, the potent benefits o f OTC 

are particularly relevant to dry AMD, a type of AMD in which oxidant- and 

inflammation-induced damage to RPE is a primary pathologic feature; and currently there
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is a critical lack of effective strategies for prevention and treatment (Evans and 

Lawrenson, 2012)

It has been shown that following the infusion of [13C]-labeled OTC into the brain, 

incorporation of l3C'label into glutathione, taurine, hypotaurine, and lactate is readily 

detectable (Gamcsik et al., 2011). These compounds have shown to be beneficial in the 

retina regarding energy metabolism, blood flow regulation, and antioxidant and anti

inflammatory signaling. Therefore, any increase in cellular levels or the stabilization of 

glutathione, taurine, hypotaurine, and lactate in the retina and RPE cells under normal 

and pathologic conditions such as AMD, would yield substantial benefit (Redmond et al., 

1998; Hein et al., 2006; Martin et al., 2007). However, further investigation is required to 

determine whether the aforementioned phenomena occur in RPE and in retina following 

the oral administration of OTC. Additionally, comparative analyses of the effects of OTC 

alone and in combination with other antioxidant or anti-inflammatory supplements in 

animal models of AMD-like retinal disease may also be essential before proceeding to 

clinical testing in human.
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Sickle cell retinopathy

Sickle cell retinopathy (SR) is a major cause of vision loss and blindness in sickle 

cell disease (SCD). Major hurdles in the treatment of SR are: (1) the lack of effective 

strategies for development and progression of the disease, (2) the fact that current 

therapeutic strategies target events occurring late in the course of SR pathogenesis after 

substantial hypoxia- and inflammation-induced damage to retina has already occurred, 

and (3) the fact that modalities commonly employed to alleviate SCD-related 

complications such as blood transfusion, bone marrow transplant and administration of 

hydroxyurea (HU), do not appear to have any substantial benefit in the eye. The 

limitation of small animal research models that accurately depict retinopathy in human 

SCD may also contribute to gaps in knowledge regarding the complex pathophysiology 

of the SR and the development of potential specific therapies (Beuzard, 2008). These 

drawbacks emphasize the overwhelming need for the identification of novel cellular and 

molecular targets for the disease management, and the development o f new therapies to 

prevent or intervene “ early”  in SR.

The specific purpose of this study was to: (a) evaluate the RPE as a producer of 

Hb and potential therapeutic target in SR, (b) determine whether MMF can induce y- 

globin expression and HbF production in RPE cells, (c) validate the Townes humanized 

mouse as an appropriate model for the study of SR, and (d) investigate whether increased 

y-globin expression and HbF production by MMF confer benefit to retina in terms of 

reduced inflammation and/or oxidative stress in the Townes humanized mouse.

Clinical and experimental studies demonstrate clearly that SR is more than a red 

blood cell (RBC) disease. Other cell types, cell-cell interactions, and factors such as



inflammation and oxidative stress have been shown to be involved in the pathology of 

SR. Nevertheless, it is evident that production of defective sickled Hb (HbS) is the 

primary factor precipitating pathology (Steinberg, 2006; Rees et al., 2010). Hb is 

essential for normal tissue oxygenation, a factor critically important in retina, as it is a 

tissue whose demands of oxygen are extremely high (Yu and Cringle, 2001). Despite the 

fact that RBCs are the primary producers o f Hb, the newly discovered ability of RPE to 

also produce Hb (Tezel et al., 2009) is supportive of its potential involvement in the 

etiology of SR, a disease in which defective Hb production is the major factor that 

precipitates pathology. We speculated that in SCD, polymerization of RPE-generated 

HbS might alter the morphology and function of RPE cells; and subsequently lead to 

dysfunction of photoreceptor and inner retinal cells that are directly serviced by RPE 

cells. Consequently, that RPE-generated HbS might contribute to the pathogenesis and 

progression of SR.

In our first study related to SR/SCD, we verified the expression of a, p and y- 

globin, the genes necessary for Hb synthesis to occur, in the human retinal pigment 

epithelial cell line ARPE-19 and in primary RPE cells prepared from Townes humanized 

SCD mouse retinas. Side-by-side experimentation conducted in the human erythroid cell 

line KU812 and in primary human erythroid progenitor cells (positive controls) validated 

our findings. RPE cells were found to express the necessary globin genes and to 

consequently produce hemoglobin. We next sought to determine whether like the Hb 

produced by erythroid cells, RPE-generated Hb, specifically fetal Hb (HbF) production 

by these cells could be induced pharmacologically. Along these lines, we evaluated HU,
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the gold standard HbF-inducing drug used clinically, as well as monomethylfumarate 

(MMF), a test compound that we predicted to be similarly effective in this regard.

y-Globin mRNA and consequent HbF production was inducible in RPE cells. 

Additionally, MMF appeared to be equally and in some cases, more effective than HU at 

elevating HbF in RPE and erythroid cells. To determine whether MMF is effective in the 

ocular environment o f the living SCD animal, we tested it acutely, by injecting it 

intravitreally into the eyes of Townes humanized SCD (HbSS) mice. Intravitreal 

injection of MMF in SCD mouse retina resulted in a decrease in inflammation and 

oxidative stress. The decreases in these parameters were associated directly with an 

increase in y-globin mRNA and HbF protein expression in retinal tissues. Though the 

findings o f this study were extremely promising, additional long-term study of the 

efficacy of the compound in SCD was warranted.

Among the available animal models of SCD, the Townes humanized knock-in 

mouse model has been used widely for the study of SCD. This model was generated by 

substituting the mouse a-globin genes with human a-globin genes and the mouse p- 

globin genes with human Ay and ps (sickle) globin genes (Wu et al., 2006). Many 

studies have been conducted to characterize this animal model, and it has been found that 

animals o f HbSS genotype display several pathologic features recapitulating those found 

in human SCD patients (Wu et al., 2006; Beuzard, 2008; McConnell et al., 2010). 

Specifically, HbSS mice exhibit abnormal hematologic parameters, histopathology and 

enlargement of multiple organs such as spleen, liver, and kidneys (Wu et al., 2006). 

Surprisingly, little attention has been given to determining whether these animals also 

exhibit pathological changes or retinopathy-like lesions that resemble the features found
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in human SCD patients. Given that the aim of our second SCD-related study was to 

evaluate the long-term efficacy of MMF in SCD/SR, we conducted studies to address this 

issue.

In vivo imaging analyses, including fundus/fluorescein angiographic imaging and 

spectral domain-optical coherence tomography (OCT), was utilized to investigate the 

temporal pattern of retinal morphology and integrity in HbAA (normal) and HbSS mice. 

HbSS mice exhibited retinal vascular and mild pigmentary abnormalities at relatively 

young ages that resembled the features found in human SCD patients. For instance, 

microaneurysms, artery and vein-occlusion, vascular leakage, and arteriovenous crossing 

were observed. The incidence and severity o f these abnormalities progressed in an age- 

dependent fashion. The findings obtained from OCT and electroretinographic (ERG) 

analysis demonstrated that the retinal abnormalities observed in HbSS mice were not 

limited to vascular and retinal pigment epithelial cells. It was found that the neural retina 

of HbSS was also affected. The ERG data of HbSS mice showed a reduction in a- and b- 

wave, which resembled the ERG findings reported in human SCD patients with and 

without neovascularization (Peachey et al., 1987). Interestingly, the ERG abnormalities in 

these patients were attributed to capillary non-perfusion and photoreceptor cells 

dysfunction secondary to choroidal ischemia. Consistent with the findings reported in 

human SCD patients, our OCT analyses of HbSS mouse retinas demonstrated thinning of 

the outer nuclear layer, a feature highly suggestive of, photoreceptor cell dysfunction.

Trypsin digestion was used to evaluate the retinal microvasculature, and HbSS 

mice were found to contain a high number of acellular and collapsed or “non-perfused” 

capillaries. Studies conducted using RPE primary cell cultures suggest that HbSS retinal



cells are not only morphologically but also functionally compromised. Given our 

knowledge now of Hb production by RPE (Tezel et al., 2009; Promsote et al., 2014), 

future studies aimed at determining the importance of or relative contribution of RPE- 

generated Hb versus that Hb provided to retina from the choroidal blood supply in normal 

and SCD retina are o f critical importance. Collectively, this study demonstrates for the 

first time that Townes humanized knock-in mice recapitulate accurately a number of 

phenotypic and molecular characteristics of retinopathy in human SCD. The Townes 

mouse is therefore an appropriate model in which to study the complex pathophysiology 

of the retinopathy in SCD and evaluate therapies aimed at preventing and treating the 

disease.

Using the hallmarks established from our detailed characterization of Townes 

HbSS mouse retina as a foundation for comparison, we began our second major SCD- 

related study by treating HbAA and HbSS mice with and without MMF (15 mg/ml) in 

drinking water from the time of weaning until the age of 6 months. Subsequent in vivo 

imaging (fundoscopy, fluorescein angiography, OCT) and visual function testing (ERG) 

demonstrated significant improvements in retinal health and function in HbSS mice 

maintained on MMF in comparison to age-matched controls that were maintained on 

regular drinking water. Additionally, cell and molecular biological analyses showed 

treatment with the drug to be associated with improved vascular and RPE cell 

morphology and function as well as reduced inflammation and oxidative stress in HbSS 

retinal tissues. y-Globin mRNA expression and HbF protein production was upregulated 

in MMF-treated retinal tissues as well. Particularly noteworthy is the fact that the 

hematological profiles of MMF-treated mice were significantly improved over those that



did not receive the drug. In summary, these data suggest that MMF may be of benefit for 

treating not only retinal complications of SCD, but the disease as a whole. An FDA- 

approved formulation already exists in which MMF is the main bioactive ingredient 

(Bomprezzi, 2015). The drug has shown to be well tolerated in humans and can be used 

long-term at relatively high doses with little toxicological concern, a stark contrast to HU. 

This highlights the translational impact o f our present findings and amplifies the potential 

for the rapid extrapolation and use of MMF clinically in SCD.



SUMMARY

The pathogenesis of age-related macular degeneration (AMD) and sickle cell 

retinopathy (SR) is multifaceted and therefore multiple potential targets for disease 

management can likely be identified for each. Despite the apparent heterogeneity of the 

two disease states, there are a number o f pathways that are highly redundant between the 

two and that when activated produce similar pathologic effects. Hence, emphasis should 

be placed on the development of novel therapeutic strategies that aim to disrupt disease 

pathogenesis-initiating steps as such therapies may prove to be most effective.

This study provides the first report on such novel therapeutic strategies for the 

limitation of inflammation and oxidative stress and consequent retinal pathology 

characteristic o f AMD and SR. By targeting RPE as a primary site of disease 

pathogenesis and management in both diseases as a principal aim, the study validates the 

efficacy of two compounds that possess pleiotropic properties, which are L-2- 

oxothiazolidine-4-carboxylic acid (OTC), a compound with dual anti-inflammatory and 

antioxidant properties, and monomethylfumarate (MMF), a compound also with dual 

anti-inflammatory and antioxidant properties, and the additional ability to induce fetal 

hemoglobin (HbF), properties of potential benefit for the treatment of AMD and SR. The 

study also confirms the usefulness of the Townes humanized knock in mouse model of 

sickle cell disease for the study of complex pathophysiology of SR and the development 

o f potential specific therapies.
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Looking toward the future of AMD and SR therapy, an emerging paradigm 

diverges from the conventional approach of preventing retinal dysfunction and death. 

Instead, the findings of this study suggest that empowering RPE and retinal health in 

spite of injury, rather than attempting to eliminate numerous overlapping insults, deserves 

appreciable investigation in the disease prevention and treatment. Furthermore, 

modulating or enhancing specific RPE defensive mechanisms, rather than attempting to 

eliminate heterogeneous bombardment of insults, is an intriguing concept on which to 

base future therapeutic developments.
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