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ABSTRACT
THE ROLE OF SPHINGOLIPIDS IN RETINAL VASCULAR INTEGRITY
By
Nermin Mohammad Mohammad Kady
Diabetic retinopathy is a vision-threatening microvascular complication of diabetes mellitus. The
increase in the prevalence of diabetes in the population will most likely lead to a higher incidence
of diabetic retinopathy (DR), a devastating complication with limited treatment options. Years of
investigations have yet to yield a fully understood mechanism for the causes of vascular
dysfunction in DR. Dyslipidemia, as well as hyperglycemia, is a major metabolic insult of
diabetes and is positively correlated with the development of DR. The objective of this study is to
provide a mechanistic link between retinal dyslipidemia in diabetes and retinal vascular pathology
in DR. Our studies revealed two main pathways of sphingolipid metabolism involved in the
development of DR. The first pathway leads to disruption of blood retinal barrier (BRB) and thus
increased vascular permeability-- an early sign of DR. The second pathway plays a role in retinal

endothelial damage and its defective repair.

First, we addressed the link between dyslipidemia and BRB using both in vitro and in vivo
experiments. We demonstrated that diabetes induces down regulation of an essential retinal fatty
acid elongase enzyme, Elongation of very long chain fatty acids-4 (ELOVL4), in the diabetic
retina. Down regulation of ELOVL4 plays a crucial role in diabetes-induced blood retinal barrier
dysfunction. Overexpression of ELOVL4 in retinal endothelial cells enhances barrier properties
of retinal vasculature. Ceramides were found to co-localize with tight junction complexes.
Lipidomic analysis of tight junction isolates revealed the presence of ELOVL4-produced VLC

ceramides, notably, omega-linked acyl-ceramides that were previously identified only in the skin



permeability barrier.

Second, we investigated the effect of dyslipidemia on the function of both cell types involved in
revascularization, human retinal endothelial cells (HRECs) and circulating angiogenic cells
(CACs). We demonstrated that diabetes induces activation of acid sphingomyelinase (ASM), a
key enzyme of sphingolipid metabolism in human retinal endothelial cells (HRECs) and human
CD34" CACs. Diabetes induced ASM upregulation has deleterious effect on both retinal
endothelial cell and CD34" CAC function. Diabetic HRECs with high ASM showed defective
ability to form blood-vessel-like tubular structure and diabetic CD34" CACs with high ASM

showed defective incorporation into endothelial tubes formed by HRECs.

Taken together, these findings indicate that modulation of sphingolipid metabolism to normalize
retinal vascular dysfunction and improve retinal vascular repair can represent a novel therapeutic

strategy for treating DR.
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Chapter 1. Introduction
1.1 Background
Diabetes mellitus (DM) is a serious endocrine disease characterized by chronic
hyperglycemia--which results from defective insulin production or action. Defective insulin
action leads to impaired carbohydrate, protein and fat metabolism. The American Diabetes
Association diagnoses diabetes as fasting plasma glucose >126 mg/dl (7.0 mmol/l) or A1C >

6.5% (1).

Diabetes mellitus is classified into two major etiological categories; type 1 or type 2. Type 1
DM, previously defined as insulin—dependent DM, is characterized by absolute insulin
deficiency due to autoimmune destruction of insulin secreting pancreatic 3-cells of the islets of
Langerhans. Insulin-dependent DM, generally occurring in children and adolescents, accounts
for approximately 10 % of diabetic patients (1,2). Type 2 DM, previously designated as non-
insulin —dependent DM, is due to insulin resistance in peripheral tissue and defective
compensatory insulin secretion from 3 cells. Type 2 DM accounts for 90-95% of all cases of
diabetes and occurs mostly in adults. Type 2 DM is normally correlated with obesity and a

sedentary lifestyle (3-5).

Approximately 415 million people are estimated to currently have diabetes worldwide, this

number is estimated to increase to approximately 642 million (or 1 in 10 adults) by 2040 (6).

The 2015 International Diabetes Federation (IDF) estimates 5 million deaths caused by diabetes
every year (1 person every 6 seconds) (6—8). In addition, The World Health Organization (WHO)
projects that diabetes will be the 7th main cause of death in 2030 (9). The estimated total medical

cost of diagnosed diabetes is more than 300 billion dollars per year (10).



Complications of diabetes can be divided into macrovascular and microvascular disorders. The
macrovascular complications include coronary heart disease, cerebrovascular disease and
peripheral vascular disease. The microvascular complications include diabetic retinopathy (DR),
diabetic nephropathy, and diabetic neuropathy. These complications highlight the importance of

diabetes as a major public health problem.

1.2 Diabetic retinopathy

1.2.1 Introduction

Diabetic retinopathy (DR) is one of the most common and feared complications of diabetes,
affecting approximately 93 million people worldwide. Of the 93 million, 28 million suffer from
vision-threatening complications such as proliferative diabetic retinopathy (PDR) and /or
diabetic macular edema (DME) (11). In both type 1 and type 2 DM, the prevalence of DR is
strongly associated with the duration of diabetes. Nearly all patients with type 1 diabetes and >
60% of patients with type 2 diabetes have some degree of retinopathy after 20 years of the
disease (12). In the Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR), it was
found that duration of diabetes is a strong predictor for development and severity of diabetic
retinopathy. WESDR found that the frequency of any retinopathy among type 1 diabetes was 2%
in those with < 2 years duration of diabetes, 25% after 5 years and 97.5% at 15 or more years of
diabetes. Furthermore, frequency of PDR was very rare before 10 years of diabetes, nonexistent
at 3 years, 4% after 10 years and 25% after 15 years of diabetes (Figure 1) (13). DR is the
leading cause of visual impairment in the world; 3.6% of type 1 diabetics and 1.6% of type 2
diabetic individuals suffered from vision loss. In type 1 diabetes, 86% of the vision loss resulted

in blindness from DR, mostly due to neovascularization of the proliferative stage (12,14). 33% of



vision loss in type 2 diabetic individuals resulted in complete vision loss from DR, mostly due to

macular edema and very rarely PDR (12,14).
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Figure 1. Frequency of retinopathy by duration of diabetes in years. The development and
the severity of diabetic retinopathy is directly correlated with duration of diabetes (Modified

form Klein et al., 1984) (13).



1.2.2 Clinical classification of diabetic retinopathy

Diabetic retinopathy is a chronic, progressive sight-threatening disease, with multiple retinal
lesions accumulating along the course of the pathology. It is essential to classify and stage the
severity of the disease in order to provide more effective therapeutic strategies to prevent the
progression of DR. Retinal lesions seen in the fundus can be classified into 3 categories.
Category 1 retinal lesions result from the breakdown of the blood retinal barrier and leaky
vasculature (observed as hemorrhage, hard exudate, retinal edema). Category 2 retinal lesions
result from structural changes in vascular wall (observed as microaneurysms). Lastly, category 3
retinal lesions result from ischemic changes (observed as soft exudate or cotton wool spots,
intraretinal microvascular abnormalities (IRMA), neovascularization, vitreous hemorrhage and
fibrous tissue formation) (15). Many attempts were made to develop standardized classification
of DR. From 1968, there was the Airlie House Symposium classification that was modified for
use in the Early Treatment of Diabetic Retinopathy Study (ETDRS). ETDRS was the gold
standard classification system for DR. It graded retinopathy using 7 standard stereophotographic
fields, classifying DR retinal lesions into 13 levels ranging from level 10 (no retinopathy) to
level 85 (advanced proliferative diabetic retinopathy with vitreous hemorrhage,
neovascularization or retinal detachment at the center of the macula). The term “clinically
significant macular edema (CSME)” was first introduced by ETDRS, see below for details (16).
The complexity of the ETDRS grading system rendered the scale to be clinically inapplicable.
Another classification has been proposed by Wilkinson et al. 2003 in an attempt to simplify the
classification of DR-- the International Clinical Disease Severity Scale of DR. It is based on
WESDR and ETDRS classification, the retinopathy pathology is graded into 5 stages; (1) no

apparent retinopathy; no diabetic fundus lesions, (2) mild non-proliferative diabetic retinopathy;



few microaneurysms, (3) moderate non-proliferative diabetic retinopathy; microaneurysm,
hemorrhage or venous beading, (4) severe non-proliferative diabetic retinopathy; 4:2:1 rule,
hemorrhages exist in the 4 quadrants, venous beading in 2 quadrants or more and IRMA in 1
quadrant or more, and finally, (5) proliferative diabetic retinopathy; neovascularization, vitreous

hemorrhage or tractional retinal detachment (17). Stages of DR are listed below:

1.2.2.1 Pre-clinical diabetic retinopathy is characterized by subtle alterations that occur before

ophthalmoscopic signs of DR. These alterations are not visible on fundus examination but they
were demonstrated by histology and fluorescein angiography. Early alterations include pericyte
loss, thickening of the blood vessel basement membrane, capillary occlusion and endothelial cell

degeneration and loss (18,19).

Another prominent feature of this stage is diffuse mild BRB loss with increased vascular
permeability (20,21). In addition, neurosensory dysfunction and altered color vision were also

detected in this stage (22).

1.2.2.2 Non-proliferative diabetic retinopathy

This stage is characterized by visible retinal lesions upon fundus examination. Lesions include
microaneurysms (MAs), intraretinal hemorrhage, hard exudates and altered blood retinal barrier

(14).

MA is one of the earliest ophthalmoscopic signs, it appears as red dot with a well-defined border.
With fluorescein angiography, MAs appear hyperfluorescent and leaky (23). MA is usually
associated with loss of pericytes, thickening of the blood vessel basement membrane, capillary

closure affecting both the arterial and venous side of the circulation at the posterior pole of



the retina (24,25). An interesting feature of MAs is that counting rate of MA formation and

disappearance has been demonstrated as a good indicator of retinopathy progression (14,26).

Intraretinal hemorrhage results from breakdown of MAs or small vessels. Hard exudates result
from extravascular leakage of lipids or lipoproteins into retinal tissue appearing as yellow
glistening deposits close to the macula. Abnormal blood retinal barrier leads to accumulation of

fluid in retinal tissue resulting in retinal edema.

1.2.2.3 Diabetic macular edema is the main cause of vision loss, particularly, in type 2 diabetes

(27,28). Altered blood retinal barrier results in accumulation of fluid in the retinal tissue
especially in macular area and is detected by optical coherence tomography (OCT). Progression
of edema depends on Starling law, where the gradient induced between plasma blood pressure,
tissue pressure and tissue osmotic pressure play important roles in controlling movement of

fluids (29).

ETDRS introduced a definition for clinically significant macular edema, where the diagnosis
mainly depends on the presence of retinal thickening or hard exudates at or within 500 microns

of the center of the macula (16).

1.2.2.4 Pre-proliferative diabetic retinopathy Its name indicates increased risk of progression

to proliferative retinopathy. This stage is characterized by signs of retinal ischemia: soft exudates
or cotton wool spots, venous beading, IRMAs and several areas of capillary non-perfusion.
Cotton wool spots are grayish white areas due to nerve fiber infarction which result from
occlusion of pre-capillary arterioles (30). The presence of a high number of cotton wool spots

(more than eight in one eye) is indicative of a severe case that may progress into the proliferative



stage (31). IRMAs represent non-leaky collaterals next to non-perfused areas (32).

1.2.2.5 Proliferative diabetic retinopathy is a vision threatening complication particularly in

type 1 diabetes (14). It is characterized by neovascularization, that arise either from the optic
disc, retina or iris. These new blood vessels are fragile and leaky with an abnormal blood retinal
barrier. They pierce the internal limiting membrane causing vitreous hemorrhage, fibrosis and
retinal detachment. These vessels usually arise secondary to massive areas of capillary occlusion
and retinal ischemia, which in turn stimulates the production of angiogenic factors (33).

Capillary occlusion usually results from inflammatory changes, microthrombosis and apoptosis

(19).

In summary, impaired vision or vision loss usually takes place in the late stage of the disease,

due to either macular edema or neovascularization.

1.2.3 Current treatment options

Diagnosis of patients in the very early stages of the disease (preclinical stage) before developing
vision-threatening lesions provide the best window of opportunity for therapy, especially since
this category of patients represent a majority and respond better to intensive diabetic therapy
(34). Controlling diabetes-induced metabolic dysregualtion is a milestone of DR treatment and
can be achieved through optimizing blood-glucose levels (35). Tight glycemic control (HbA1C <
7 %) has become a standard intervention to slow down the development of DR. Several clinical
trials (DCCT, UKPDS) have shown the benefit of intensive glycemic control in both type 1 and
type 2 diabetic patients (36,37). However, maintaining the recommended blood-glucose level

was found to be difficult in many patients. Moreover, tight glycemic control was associated with



critical complications such as hypoglycemic episodes and diabetic ketoacidosis. In the ACCORD
clinical trial, intensive glycemic control was associated with increased mortality rate in type 2
diabetics especially those at high risk of cardiovascular events (38). Thus glycemic control
should be aimed with great caution and each patient should be treated individually. Until recent
years, laser photocoagulation was the only available therapeutic option for treating either
proliferative diabetic retinopathy (PDR) or diabetic macular edema (DME) (39). Although
proven beneficial, laser photocoagulation does not result in vision improvement but rather results
in slowing the vision loss. It is also associated with some adverse effects: night blindness, color
vision changes, reduced contrast sensitivity, acute glaucoma and worsening of macular edema

(35).

These adverse effects of laser photocoagulation brought the need for new approaches in treating
DR. Recently introduced intravitreal injection of anti-VEGF agents is considered a new modality
in treating both PDR and diabetic macular edema. This class of drugs include: Pegaptanib
(Macugen, RNA aptamer), Ranibizumab (Lucentis, recombinant antibody fragment (Fab)),
Bevacizumab (Avastin, monoclonal antibody), and Aflibercept (Regeneron, fusion protein of
VEGTF receptors) (35,39,40). All these agents act by neutralizing the proangiogenic factor VEGF
and inhibiting VEGF-induced blood retinal barrier breakdown and retinal neovascularization.
However, this is an invasive approach of short duration, requiring repeated intravitreal injections
with increasing incidence of local complications; endophthalmitis, vitreous hemorrhage and
retinal detachment (40). Although, VEGF has been identified as playing an important role in the
development of DR, endogenous VEGF is important for the survival and maintenance of retinal
neurons (41) and photoreceptors (42), so great caution is required during long-term therapy.

Other treatment options are also available as intravitreal injection of corticosteroids and



vitrectomy both are invasive with local complications. The currently available treatment options
are highly invasive and only improve vision but do not restore it completely. Identification of

novel therapeutic strategies aiming to prevent vision-threatening lesions of DR is crucial.

1.3 Diabetes induced blood retinal barrier breakdown

1.3.1 Retinal blood supply

The retina is a transparent multi-layer neural tissue (Figure 2). It is responsible for converting
visible light into electrochemical impulses that are transmitted via the optic nerve to the cerebral
visual cortex for interpretation of the image. This requires a protective environment with
minimal interference to the passage of light which is supported by a unique vascular structure
with restrictive or selective control of permeability for proper vision (34). Furthermore, the retina
is a highly metabolically active tissue with the highest oxygen consumption per unit weight (43).
In order to achieve this metabolic support with minimal interference to passage of light, the
retina receives dual blood supply from the choriocapillaries and the retinal capillaries. The outer
retina (photoreceptors) is supplied by the choriocapillaries while the inner retina is supplied by
retinal capillaries originating from central retinal artery (44). The endothelium of
choriocapillaries is highly fenestrated while that of retinal capillaries lack fenestration and posses

selective barrier function.
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Figure 2. The anatomy of the retina. Image of rat retina showing the retinal layers. Anti-
glucose transporter 1 staining (brick color) was used and nuclei were detected with DAPI (blue
color). The blood retinal barrier (BRB) is formed of tight junctions, between retinal capillary
endothelial cells (inner BRB) and retinal pigment epithelial cells (RPE, outer BRB). OLM: outer

limiting membrane.

1.3.2 Blood retinal barrier and tight junction

The regulation of the flux of blood-born solutes and fluids into the retinal tissue is controlled by
the outer and inner blood retinal barriers (BRB) (Figure 2). The outer BRB is formed by the tight
junctions between retinal pigment epithelial cells (RPE) and the inner BRB is formed by the
retinal neurovascular unit composed of tightly adherent retinal capillary endothelial cells
surrounded by pericytes and glial cells (Muller and astrocytes) (45) . Pericytes and glial cells

play an important role in the development and stabilization of the inner BRB through their direct
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physical contact and intercellular signaling with the capillary endothelial cells. Pericyte
recruitment to endothelial cells through PDGF-B/PDGFRJ was found to be essential for tight
junction formation (46). Another well-known pathway is Angiopoietin-1/Tie2, where pericytes
secret angiopoietin-1 inducing phosphorylation of Tie-2 on endothelial cells and promoting
endothelial cell maturation (47), vessel integrity (48) and inducing tight junction occludin
expression (49). The physical integrity of these cells is essential for regulating BRB; any

disturbances by pathological condition, as in DR, will cause barrier integrity dysfunction.

Retinal capillary endothelial cells regulate the transport of the solutes through 2 pathways; the
paracellular pathway and the transcellular pathway. Retinal endothelial cells are characterized by
low rate of transcellular pathways (50) through membrane transporter, vesicle- (caveola),
receptor- or carrier- mediated transport (51). The paracellular pathway is mostly regulated by the
tight junction, the most apical part of inter-endothelial junctional complex, and also regulated by

adherens junctions, desmosomes and gap junction (Figure 3).
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Figure 3. Intercellular Junctions. A. Schematic representation of different structures within
the intercellular junctional complex (adapted form Matter and Balda, 2003) (52). B. Electron
micrograph showing main structures of the intercellular junctional complex from apical to
basolateral surface (adapted from Tsukita ef al., 2001) (53). Mv: microvilli, TJ: tight junction,

AlJ: adherens junction, DS: desmosome.

The tight junction is a multifunctional structure with (1) barrier functions regulating paracellualr
passage of water and water-soluble ions, (2) fence functions, preventing diffusion of lipid and
proteins between the apical and basolateral membrane (54), (3) cell signaling functions,
controlling cell proliferation and gene transcription (55). By electron microscopy, tight junctions
appear as an area where the plasma membranes of two adjacent cells come together and fuse,
obliterating the intercellular space (56). While by freeze —fracture microscopy they appear as

anastomosing band-like mesh work (57) ( Figure 4).
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Figure 4. Morphology of the tight junction. A. Freeze-fracture replica electron microscope of
the tight junction. Tight junction appears as continuous, anastomosing fibrils (arrowheads) on the
P face with grooves on the E face (arrows). (Mv: microvilli, AP: apical membrane, BI:
basolateral membrane). B. Ultrathin sectional view of tight junctions, showing kissing points of
tight junctions (arrowheads), where the intercellular spaces are obliterated. C. Schematic

structure of tight junction strands (adapted from Tsukita ez al., 2001) (53).

Tight junctions are composed of distinct transmembrane proteins including claudin, occludin,
and junctional adhesion molecule (JAMs) that are coupled to the intracellular anchoring or
scaffolding protein zonula occludens (ZO) which is linked to the actin cytoskeleton (Figure 5).
Some of these proteins are stable, while others cycle continuously between the plasma membrane
and intracellular compartments and also along or within the plasma membrane. This cycling
provides the dynamic nature of the junction; opening and closing in response to variable stimuli

and regulating the inter-endothelial passage of different molecules (58,59).
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Figure 5. Schematic representation of different constituents of tight junction. Tight
junctions are composed of several transmembrane proteins including, claudin, occludin,
junctional adhesion molecule (JAMs) that are coupled to the intracellular scaffolding protein
zonula occludens (ZO), which is linked to the actin cytoskeleton (adapted from Runkle and

Antonetti, 2011) (45).

1.3.2.1 Proteins forming tight junction

Occludin. Occludin, a 65 KDa transmembrane protein, was the first integral membrane protein
identified as part of the tight junction of chicken liver by Furuse et al. (1993) (60). It is tetraspan
transmembrane protein with two extracellular loops, one intracellular loop and cytoplasmic
amino- and carboxy-termini. Occludin physically interacts with a number of proteins through its
carboxy- and amino- termini. The carboxy terminus of occludin interacts with ZO-1 (61), ZO-2

(62), gap junction protein connexin 32 (63), or occludin itself (64). ZO-1 interaction with
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occludin plays an important role in (1) connecting occludin with actin cytoskeleton (65) and (2)
localization of occludin at the tight junction (61). Its amino- terminus was found to interact with

Itch and E3 ubiquitin-protein ligase (59,66).

Occludin is expressed mainly at the tight junctions of endothelial and epithelial cells (60).
Occludin is a functional constituent of the paracellular barrier, where its expression correlates
with barrier properties of different tissues. Occludin is expressed at higher levels in endothelial
cells with tight barrier property as in arterial, brain, and retinal endothelium compared to those
with other barriers as in venous endothelium or endothelial cells of non-neuronal tissue (67,68).
Moreover, increased expression of occludin in bovine retinal endothelial cells was associated
with decreased paracellular permeability (69), while silencing of occludin decreased barrier
property and increased permeability (67,70,71). Although occludin is an essential determinant of

tight junction permeability, it is not required for tight junction formation (72,73).

Claudins. Claudins, a large family of 24 transmembrane proteins (20-27 KDa) (53) , are
tetraspan transmembrane proteins with two extracellular loops and cytoplasmic amino- and
carboxy-termini. The carboxy termini interacts with ZO family protein (74) and was found to be
essential in targeting claudin proteins into tight junctions (75). Caludin-1, -5,-15 are specifically
expressed in endothelial cells and constitute blood retinal barrier (76). Unlike occludin, claudin
was found to be an important regulator of tight junction formation. A number of studies showed
expression of either claudin-1 and -2 or claudin-5 in fibroblast reconstituted tight junction

strands (76,77).

In addition, claudin regulates barrier function of the tight junction, where overexpression of

claudin in MDCK cells results in increased TER and decreased paracellular permeability (78).
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In claudin-5 deficient mice paracellular permeability to small molecules was severely impaired
(79). In retinal tissue, hypoxia—induced decrease in claudin-5 was associated with increased

vascular permeability and impaired barrier function (80).

Collectively, Claudins play a critical role in tight junction formation and regulation of barrier

function.

The Zonula occludens family. ZO-1 (210-225 KDa) was the first protein to be discovered in
association with tight junction (81). Later other members of the family were discovered, ZO-2
(160KDa) (82) and ZO-3 ( 130 KDa) (83), they were found to co-immunoprecipitate with ZO-1.
Z0 proteins belong to the membrane —associated guanylate kinase (MAGUK) homologue family
and are present within tight junctions of endothelial cells and epithelial cells. In addition, they
exist in adherens junction in those cells that lack tight junction formation as in fibroblast and
cardiac myocytes (62). This family characterized by the presence of three PDZ domain, one Src
homology 3(SH3) domain, guanylate kinase (GUK) domain and a proline-rich C-terminus (84).
Through these multiple domains, ZO proteins bind to diverse set of junction proteins. ZO-1
interacts with other ZO proteins via the PDZ domain, forming heterodimer complexes (65,85),
with claudin -1 through PDZ-1 domain (74). ZO-1 interacts with occludin via GUK domain
(61) and cytoskeleton F-actin via proline-rich C-terminus (65). ZO proteins may serve as link
connecting occludin and claudin 5 to the cytoskeleton. The ZO proteins family was demonstrated
to have a functional role in tight junction organization and assembly. Silencing of either ZO-1 or
Z0-2 in MDCK cells delayed tight junction assembly and formation (86,87). Other studies
showed that ZO-1 and ZO-2 deficient mouse epithelial cells lacks tight junction completely and

claudin fails to polymerize at tight junction, this was associated with decreased TER and increase
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paracellualr permeability (88). In vivo studies demonstrated that ZO-1 knockout mice possess a
lethal phenotype due to developmental defects in the neural tube and yolk sac angiogenesis (89).
In addition to their role in tight junction, ZO- proteins have been reported to play a role in gene

transcription and cell differentiation (90).

1.3.2.2 A lipid-protein hybrid model of tight junction

Several studies have demonstrated the lateral diffusion of different molecules from one cell to its
neighboring cell (91,92). Lee et al. (2008) explained that if the tight junction is formed of only
transinteracting proteins across the intercellular space then such a structure would not allow
these type of lateral movements (93). The tight junction represents fusion points between
apposing plasma membranes, however there is no evidence for adhesion or fusion between
extracellular components or membrane-bridging of any of the tight junction proteins (93).

Therefore, the protein cannot be the only constituent of the tight junction.

The idea of the lipid-protein hybrid model is not recent. Lipidic nature of tight junction itself was
first proposed more than 30 years ago (1980s) by Kachar et al. (1982). They showed that tight
junction strands are formed of inverted lipid cylinders, where apposing cells get in contact with
each other through fusion points between their exoplasmic leaflets (94). This was further
supported by other studies - freeze fracture preparations demonstrated the presence of
phospholipids and cholesterol particles in tight junction strands (95,96). The model of lipid
bridges at tight junctions has been postulated as a route for lateral transfer of phospholipids and
lipid-protein complex between neighboring cells (91,92). Collectively, these studies postulate

that the tight junction is an assembly of lipid-protein interactions.
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Although there is a good basis supporting the presence of lipids in the tight junction, the
structural relationship between the proteins and the lipids in the junctional complex is not well

understood.

1.3.3 Blood retinal barrier breakdown in diabetic retinopathy

Blood retinal barrier dysfunction and increased permeability is one of the earliest signs of DR
even before any ophthalmoscopic signs are visible (20). Retinal vasculature forming the inner
blood retinal barrier was demonstrated to be the primary site of leakage in diabetic patients
(21,97). As mentioned above, the inner BRB is formed by what is called the retinal
neurovascular unit; tightly adherent retinal capillary endothelial cells surrounded by pericytes
and glial cells (Muller and astrocyte). The physical integrity of these cells is essential for
regulating the BRB, any disturbances by pathological condition, as in DR, will cause barrier

integrity dysfunction.

1.3.3.1 Tight junction modulation

Tight junctions (TJ) form a physical barrier regulating the flux of ions and molecules through the
paracellular pathway into retinal tissue. Any changes in the content or localization of the tight
junction proteins results in tight junction disruption and increased paracellular permeability.
Among the different tight junction proteins, downregulation of occludin has been reported as a
leading cause of the BRB breakdown particularly in association with VEGF. Induction of
experimental diabetes and intravitreal injection of VEGF (71,98) were associated with either
decreased occludin content or its dislocalization from the tight junction. This decreased occludin

expression or dislocalization was associated with increased vascular permeability - an
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observation mirrored by treatment of BRECs with VEGF (71). Molecular analysis suggests that
VEGF activates downstream proteins, including protein kinase C(PKC) B, that induce Ser490
phosphorylation, ubiquitination, internalization and degradation of occludin. PKC B inhibitors
were found to block VEGF-induced occludin phosphorylation and decrease paracellular

permeability (59,99-101).

Alterations in other tight junction proteins have been associated with blood retinal barrier break
down and increased vascular permeability. ZO-1 protein content has been shown to be reduced
in the diabetic mouse retina, with concomitant increase in retinal vascular permeability (102). In
addition, VEGF treatment of endothelial cells in vitro, results in significant decrease of ZO-1
content and immunoreactivity at the endothelial cell border (103,104). Intravitreous injection of
VEGF caused tyrosine phosphorylation of ZO-1 in the rat retina (99). Claudin 5 transcript was

reduced in the diabetic rat retina and in VEGF treated BRECs (105).

Taken together, altered expression, phosphorylation and localization of tight junction proteins

affect tight junction function and the paracellular permeability.

1.3.3.2 Endothelial cell loss

Endothelial cell death and formation of acellular capillaries is one of the earliest signs of diabetic
retinopathy (106). A chronic hyperglycemic environment, that results in accumulation of
advanced glycation end products (AGEs) and oxidative stress, has been shown to be involved in
the intracellular glucose toxicity and retinal endothelial cell injury (107,108). Moreover,
leukostasis, an early feature of DR, may be a direct cause of retinal endothelial cell death.

Inhibition of leukostasis by using intercellular adhesion molecule-1 (ICAM-1) and CDIS8
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neutralizing antibodies prevent retinal endothelial cell loss (109). In combination with defective
repair of impaired vessels due to diabetes induced endothelial progenitor dysfunction, leukostasis

and chronic hyperglycemic environment (110,111) may result in endothelial cell damage.

Endothelial cell death may be a direct cause of BRB disruption.

1.3.3.3 Pericyte loss

The blood retinal barrier demands proper pericyte function, and loss of pericytes may lead to

increased vascular permeability.

Several studies have shown that endothelial cell barrier property and permeability were directly
correlated to the density of pericytes (112). In vitro studies have demonstrated that co-culturing
of pericytes with endothelial cells enhances barrier property and decreases permeability
(113,114). While endothelium-specific knockout of PDGF-B, an essential factor for pericyte

survival, resulted in decreased pericyte density and increased retinal vascular regression (115).

Pericyte death has been observed as an early feature of DR in both diabetic humans and rats

(106,116).

Diabetes induced pericyte loss may be attributed to many factors; hyperglycemia induced
inhibition of PDGF signaling (117), increased expression of angipiotein 2 (118,119), or
excessive production of AGEs and connective tissue growth factor (CTGF) (120,121). All these
factors induce pericyte detachment from the endothelial cells and destabilization of the junctional

complex (119,120,121).
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Pericytes play an important role in providing physical support for endothelial cells and

maintaining barrier properties.

1.3.3.4 Leukostasis

Leukostasis is increased adhesion of leukocytes to retinal vasculature and is an early event in the
pathogenesis of diabetic retinopathy. Leukostasis correlates with the development of retinal
capillary occlusion, death of retinal endothelial cells and breakdown of blood retinal barrier

(122).

This process is mediated by expression of intercellular adhesion molecule-1 (ICAM-1) on
endothelial cells and B2 integrin CDI8 on leukocytes (123,124). As diabetes progresses,
expression of ICAM-1 increases which in turn correlates with retinal leukostasis (122).
Inhibition of ICAM-1 and CDI18 expression, by either using neutralizing antibodies
(109,122,124) or by knockdown of ICAM-1 and CD-18 in mice (125), prevent diabetes induced

leukostasis and retinal vascular leakage .

Many factors have been demonstrated to be involved in diabetes induced leukostasis; VEGF,
PKC activation, and inducible nitric oxide synthase (iNOS). Lu et al. (1999) showed that
intraocular injection of VEGF results in increased expression of ICAM-1 in retinal vasculature
(126). While, inhibition of VEGF with neutralizing antibodies results in significant decrease in
ICAM-1 expression and leukocyte adhesion (127). It was found that PKC activation is also
involved in retinal leukostasis; oral administration of PKC f inhibitor, LY333531, decreases
leukocyte adhesion to retinal circulation (128). iNOS has also been considered to have role in

leukostasis, mice treated with iNOS inhibitor and iNOS knock out mice prevented diabetes
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induced increase in leukostasis and BRB permeability (102). Leukocyte adhesion has been
correlated with blood brain barrier dysfunction through disorganization of tight junctions and

adherens junction (129).

Taken together, these studies show that leukostasis has a role in retinal vascular damage and

BRB dysfunction.

1.3.3.5 Glial cell dysfunction

As mentioned above, retinal glial cells (Muller and astrocytes) participate in the establishment of
BRB. Astrocytes have been shown to be restricted to the vascularized area of the retina,
coexisting with the retinal blood vessels (130-132). More interestingly, they have been found to

enhance the formation of the blood retinal barrier (130,133).

Gardner et al. (1997) demonstrated that astrocyte conditioned media increased expression of
tight junction protein ZO-1 and the barrier property of BRECs (134). In vivo studies also showed
that astrocytes play a critical role in maintaining tight junction complex, where astrocyte loss

coincides with the loss of occludin, claudin-5 and Zo-1 localization in brain tight junction (135).

In the in vitro co-culture model, Muller cells were also shown to enhance barrier properties of
BRECs and its dysfunction lead to break down of the blood retinal barrier (136). Muller
dysfunction by glial toxin or siRNA results in excessive production of VEGF and reduced

expression of claudin-5, which was associated with increased vascular leakage (137).

It has also been suggested that Muller cell activation under pathological conditions result in

overexpression of a number of cytokines e.g. TGF-§ and VEGF which may induce breakdown of
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the BRB wvia proteolytic degradation of occludin by matrix metalloproteinases (MMPs)
(138,139). Of particular relevance to diabetes, diabetic rats show evidence of reactive gliosis of
muller cells with excessive expression of glial fibrillary acidic protein (GFAP), this was

accompanied by reduced and redistributed occludin in retinal endothelial cells (140).

Retinal microglia have also been reported to be activated in early diabetes with excessive
production of proinflammatory cytokines IL-1 and TNF-a (141) which are important mediators

of leukostasis and increased permeability (142,143).

All together, this demonstrates the importance of glial cells in maintenance of BRB.

1.4 Diabetic dyslipidemia

Dyslipidemia can be defined as abnormal serum level of lipids due to disordered or disrupted
lipid metabolism; release or uptake by either adipose or hepatic tissue. In adipose tissue, during
the postprandial period, insulin inhibits fat mobilization and stimulates fat deposition through
suppression of hormone -sensitive lipase (HSL) and activation of lipoprotein lipase enzymes
(LPL) (144-146). In hepatic tissue, following food intake and increase in the carbohydrate flux
into the liver, insulin stimulates fatty acid synthesis (de novo lipogenesis) which in turn get
esterified into triglycerides (147). Therefore, abnormalities in insulin, as in in type 1 diabetes
(dependence) and in type 2 diabetes (resistance), are expected to have a profound effect on lipid
profile. In poorly controlled type 1 diabetes, elevated triglycerides and LDL cholesterol
commonly occur (148-150). Type 2 diabetes have high levels of free fatty acids, triglycerides,
atherogenic lipoproteins (small dense LDL) and reduced high density lipoprotein (HDL)

cholesterol (148,151-153). Type 1 diabetes differs from type 2 diabetes in that lipid
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abnormalities in the former are reversible and can be corrected by insulin replacement while in

the latter these abnormities cannot be fully corrected (148).

Dyslipidemia is a disorder of lipid metabolism with altered production of different lipid classes.

Diabetes associated alteration in fatty acid class is discussed below.

1.4.1 Fatty acids

In type 2 diabetes, Insulin resistance coupled with increased release of non-esterified fatty acids
(NEFA) from adipose tissue and decreased clearance of circulating triacylglycerol results in
elevated blood level of both esterified and non-esterified fatty acids (NEFA) (146). Moreover,
the uncontrolled release of NEFA leads to increased fatty acid flux to the liver, which in turn
stimulate hepatic synthesis of triglycerides and thus VLDL secretion (147,148,151). The
accumulated VLDL leads to the generation of atherogenic lipoprotein (small dense LDL) and the
reduction of HDL cholesterol through the action of cholesteryl ester transfer protein (CETP)

(147,148).

Several studies have demonstrated the effect of fatty acids content on serum low density
lipoprotein (LDL), where saturated fatty acids have been associated with increased concentration
of small, dense LDL in plasma and unsaturated fatty acids decreased the concentration of these

atherogenic lipoprotein particles (154,155).

Diabetes is characterized by altered saturation and elongation of fatty acids with increased level
of saturated, short chain fatty acids and decreased polyunsaturated, long chain fatty acids
(156,157). Fatty acids that are either synthesized by the cytosolic enzyme fatty acid synthase

(FAS) or derived from the diet undergo series of desaturation and elongation reactions by
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physically associated, membrane-bound enzymes localized in the endoplasmic reticulum called
desaturases and elongases enzymes (158—160). Fatty acid desaturases and elongases play an

essential role in hepatic and whole body lipid composition.

Desaturases are enzymes that introduce double bonds at certain positions on the acyl chain of
fatty acids. According to the position at which the double bond is introduced, desaturases are
divided into 2 groups; stearoyl-coA desaturases (SCDs) including the A9 desaturases and fatty
acid desaturases (FADS) including A6, 5 desaturases (161). Previous studies have revealed
defective desaturase activity in type 1 diabetes, which can be reverted by insulin treatment (162—

165).

Elongase enzymes are believed to perform the first condensation (regulatory) step in the four-
step fatty acid (FA) elongation cycle, which takes place in the endoplasmic reticulum with the
help of 3-ketoacyl-CoA reductase, 3-hydroxyacyl-CoA dehydratase, and 2,3- trans-enoyl-CoA
reductase. Fatty acid elongation is a complex reaction involving the addition of two carbons to
the fatty acyl-CoA using malonyl-CoA as the carbon donor. To date, seven elongases, termed
ELOVL 1-7 (elongation-of-very-long-chain-fatty acids) have been identified in mammals.
ELOVLs exhibit tissue-specific distribution and have distinct substrate specificities. ELOVLI,
ELOVLS5 and ELOVL6 are ubiquitously expressed among tissues, while ELOVL2, ELOVL3
and ELOVLA4 are highly expressed in liver/testis (166), skin/liver (159,167) and retina/brain/skin
(159,167-169), respectively. ELOVL1, ELOVL3 and ELOVL6 are responsible for the
elongation of both saturated and monosaturated FAs, while ELOVL2 and ELOVLS5 elongate
polyunsaturated FAs (PUFAs). ELOVL4 utilizes both saturated and polyunsaturated long fatty

acids (C>C24) to synthesize very long chain fatty acids (C>26) (158-160). Elongases are well
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controlled enzymes, they are regulated at a transcriptional level where different cellular stimuli
have been shown to alter their expression (158). Wang et al. (2006) have demonstrated that
ELOVLs are regulated in hepatic tissue by hormones (insulin), transcriptional factors (SREBP-
Ic, LXR and PPAR-a), and nutrients (glucose, fat). Insulin, liver X receptor (LXR) and glucose
induce ELOVL-6 expression through the induction of the transcription factors: sterol regulatory
element binding protein-1c (SERBP-1c) and carbohydrate-regulatory element binding protein
(ChREBP), respectively (165). Lipolytic transcription factor PPAR-a induces both ELOVLS
and ELOVLG6. Interestingly, Jakobsson et al. (2005) revealed differential regulation of ELOVL3
in brown adipocyte where ELOVL3 expression was induced in activated adipocyte cells by
glucocorticoids, norepinephrine and PPAR-a treatment but was inhibited by LXR (170).
Although activated brown adipose tissue is associated with increased lipolysis, fatty acid —f
oxidation and turn over, ELOVL3 was still induced to replenish tissue pools of specific fatty
acids. Similar to desaturases, elongases are suppressed in diabetes due to reduced insulin and

insulin-induced SREBP (165,171).

1.4.2 Dyslipidemia and diabetic retinopathy

Clinical data support a possible role of dyslipidemia in the development of diabetic retinopathy
in both type 1 and type 2 diabetes. Small early clinical trials revealed that a lipid lowering diet
could reduce the amount of retina hard exudates (172) and a diet rich in unsaturated fatty acids
(linoleic acid) delay the development and the progression of DR (173). Augustin et al. (1993)
demonstrated that lipid peroxide levels were significantly elevated in the vitreous of patients
with proliferative diabetic retinopathy (174). Data from the Early Treatment Diabetic

Retinopathy Study (ETDRS) showed that severity of retinal hard exudate was positively
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associated with serum level of total cholesterol and LDL cholesterol (175—177). Moreover, the
DCCT/EDIC cohort study revealed a positive correlation between severity of DR in type 1
diabetes with the small size of lipoprotein subclasses (VLDL, LDL, HDL) and with increased
LDL concentration (178). A prospective analysis of the DCCT data indicates strong association
between clinically significant macular edema (CSME) and elevated serum lipids in particular
high triglycerides and total -to -HDL cholesterol ratio (179). Recent intervention studies
performed by ACCORD Eye study group in type 2 diabetes have determined that intensive
dyslipidemia therapy with combination of PPAR« activator fenofibrate and HMG-CoA reductase

inhibitor simvastatin, significantly slowed the progression of diabetic retinopathy (180).

Taken together, these studies revealed that dyslipidemia is highly associated with the

development of diabetic retinopathy.

1.4.3 Retinal lipid composition in diabetes

Fatty acid composition of any particular tissue is determined by complex interplay among two
metabolic pathways; de novo lipogenesis using glucose as substrate and polyunsaturated fatty
acid (PUFA) biosynthesis (Sprecher) pathway using essential fatty acids, i.e., linoleic acid (LA,
C18:2n-6) or a-linolenic acid (ALA, C18:3n-3) (Figure 6). (181,186). Excessive carbohydrate,
glucose, or dietary fatty acid precursors undergo a series of desaturation and elongation reactions
resulting in the production of either saturated, monounsaturated (MUFASs) or polyunsaturated

fatty acids (PUFAs).

The retina possesses a unique lipid profile, it is highly enriched in n-3 PUFA, docosahexaenoic

acid (DHA, 22:6n-3) (182,183) and very long chain polyunsaturated fatty acids (VLC-PUFA,
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C28-38) (184,185). This is concomitant with the high expression of Elongases 4, 2, 1 and 6
(186). ELOVL4 shows the greatest expression level among retinal elongases. ELOVL4 is known
for its substrate specificity for long chain fatty acids (>C24) with synthesis of very long chain
fatty acids (VLCFA), which may explain the high content (or abundance) of VLC-PUFA in
retinal tissue. Our lab has previously demonstrated that diabetes-induced down regulation of
retinal elongases resulted in significantly different retinal lipid profiles, including higher
saturation index, shorter fatty acid chains, and decreased long-chain-to-short-chain
polyunsaturated fatty acids (PUFA) ratio and n3-to-n6 PUFA ratio, with a significant decreases

in DHA and VLC-PUFA (186).

Apart from diabetes induced retinal fatty acid remodeling, we have previously demonstrated
dysregulation of sphingolipid metabolism in the diabetic retina with pathological activation of
the acid sphingomyelinase (ASM) enzyme and increased acid sphingomyelinase-mediated

production of pro-inflammatory and pro-apoptotic ceramides (187).

These changes in retina lipid metabolism were associated with higher expressions of pro-
inflammatory cytokines, adhesion molecules and retinal vascular degeneration (186,188,189).

This evidence suggests that lipid metabolism may play an important role in pathogenesis of DR.

1.4.4 Fatty acid elongase, ELOVL4, and very long chain ceramides

Elongation of very long chain fatty acids-4 (ELOVL4) belongs to a seven-member elongase
(ELO) family that is involved in the synthesis of very long chain fatty acids (VLCFA). ELOVL4
was identified by genetic linkage and haplotype analysis in families with two dominant forms of

macular dystrophy; Stargardt-like macular dystrophy (STGD3) and autosomal dominant macular
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dystrophy (adMD). Genetic mapping revealed that a 5-base pair deletion mutation in the protein-
coding region of a newly discovered retinal gene called ELOVL4 was found in all affected
members. The new protein, ELOVL4, had a homology with a group of yeast proteins involved in
the synthesis of VLCFA, Zhang et al. (2001) suggested that this enzyme may be involved in the

elongation of long chain fatty acids (168).

ELOVLA4 is restricted to the tissues where extremely long fatty acids (>C24) exist. With the
highest expression of ELOVL4 in the retinal tissue (168,169,190-192), followed by the skin,
brain and testis (167,169). In the human retina, EIOVL4 is mainly expressed in the inner segment
of photoreceptors and their cell bodies in the outer nuclear layer, with some expression in the
ganglionic cell layer (192). ELOVL4 seems to be the only elongase that is involved in the
biosynthesis of both saturated and polyunsaturated very long chain fatty acids (C>26). Agbaga et
al. (2008) revealed the metabolic function of ELOVL4, demonstrating that ELOVL4 is involved
in the synthesis of both saturated (VLC-FA, C>26) and polyunsaturated (VLC-PUFA, C28-36)
very long chain fatty acids in cultured cells that have been transfected with mouse ELOVL4

(Figure 6) (193).

29



De Novo Lipogenesis (DNL) |

MUFA| DNL Elovil Elovil Elovil Elovi4 Elovi4
(Glucose )= 116:0 3(18:0>(20:0P122:0P{24:0P{26:0>28:0]

18:1]->18:2>20:2->[20:3

Elovis/6 ~ A6D  Elovil  A6D

Sprecher Pathway |

PUFA |

Plant oil i i
i FISh£I|‘

=\
\4 1

18:2|—>18:3>20:3-> [20:4] = 22:4524:4524:5522:5
A6D  Elovl5  A5D Elovi2/5 Elovi2/5 A6D  p-BOx
18:3 =>18:4>20:4—>|20:5 |—>| 22:5>24:5924:69|22:6

4+ 4+ ‘Wéovll/3 4

Plant oil Fish oil et 26:6 Fish oil
'~ Elovia ¥
2%':5
3(‘)‘}5 Elovi4
32:5 Elovi4
V_ Elovia
3&1:5
Elovi4
3%°  Elovia

38:5
Figure 6. Schematic diagram of VLC-FA and VLC-PUFA biosynthetic pathways mediated
a series of elongation and desaturation reactions. Fatty acids are synthesized through either de
novo lipogenesis pathway using glucose as substrate or polyunsaturated fatty acid (PUFA)
remodeling pathway (Sprecher) using essential fatty acids, i.e., linoleic acid (LA, C18:2n-6) or
a-linolenic acid (ALA, C18:3n-3). ELOVLA4 is necessary for elongating long chain fatty acids
generating VLC-FA and VLC-PUFA (C>26). Fatty acids in solid boxes, those that accumulate in

animal and human tissues (modified from Tikhonenko ef al., 2010) (186).
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Moreover, retinas of heterozygous Stgd3 mice carrying the pathogenic 5 base pair deletion in
exon 6 of the ELOVL4 gene (194) and photoreceptor-specific homozygous ELOVL4 knock-out
mice (195) showed a significant decrease in VLC-PUFA-containing phosphatidylcholines (PCs,
C28-C36) that have been shown to interact with rhodopsin (184). This decrease was associated
with retinal manifestations similar to those seen in STGD3 patients. STGD3 is an autosomal
dominant Stargardt — like macular degeneration characterized by the accumulation of lipofuscin,
RPE atrophy, degeneration of macular photoreceptor and reduced vision (196,197). The diseases
is caused by 5 base pair deletion in exon 6 of ELOVL4 gene, resulting in C- terminal truncated
ELOVLA4 with its mislocalization and aggregation outside the endoplasmic reticulum. Moreover
this mutant ELOVL4 exerts a dominant negative effect on the wild type ELOVLA4, changing its
subcellular distribution. The presence of the misfolded mutant protein leads to photoreceptor
degeneration and vision loss (192). As this misfolding is not a problem in DR, the role or the
function of ELOVL4 in BRB maintenance rather than photoreceptor damage is observed in DR.
While, mice homozygous for either Stgd3 (167,197) or ELOVL4 null mutations (198) exhibit
neonatal lethal phenotype due to defective skin permeability barrier, excessive water loss and
dehydration. The homozygous and null mutation mice were found to have complete absence of
epidermal VLC-FA- containing acylceramides (VLCFA, C>28), these phenotypes were rescued
by epidermal —specific expression of wild-type (WT) ELOVLA4 transgene (199).

We can conclude that ELOVL4 plays a major role in the biosynthesis of VLC-PUFAs which are
esterified into PCs in the retina, and in the biosynthesis of saturated or monounsaturated VLC-

FAs which are incorporated into skin ceramides (Figure 7).

The Function of VLC-PUFAs in the retina is not known but they are mainly present in the retinal

outer segment in PCs and are able to span both leaflets of the lipid bilayer. VLC-PUFAs may
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play a role in the stability of highly curved cell membranes, such as the rims of photoreceptors

disk membranes (193). Karan et al. (2005) has found that photoreceptor-specific overexpression

of mutant ELOVL4 was associated with irregularities in disk membrane organization (196).

Most of the identified retinal fatty acids are VLC-PUFAs (C28-C36) with six double bonds.

However, Brush et al. (2010) has demonstrated the presence of saturated and monounsaturated

VLC-FAs (C 26-30), with C26:0 is the most abundant VLC-FA incorporated into retinal

ceramides (185). The role of these VLC-FAs in the retina is largely unknown.

ELOVL4 was initially discovered as the etiological gene of STGD3 (168). It has also been

shown to be associated with other retinal diseases. Abcouwer et al. (2010) demonstrated that

ELOVLA4 is one of the enzymes that was found to be down regulated by ischemia-reperfusion in

the retina (200).
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in the liver and retina is affected by diabetes with dramatic downregulation of elongases,
including ELOVLA4 in the retina (165,171,186), this may be attributed to the reduced level (type
1 DM) or reduced action (type 2 DM) of insulin, the well-known regulator of the elongases.
Diabetes-induced down regulation of elongase in the retina was associated with significant
decrease in total retinal DHA and VLC-PUFA incorporated into retinal phosphatidylcholine.
These changes of retinal lipid metabolism were associated with higher expressions of pro-
inflammatory cytokines, adhesion molecules and retinal vascular injury (186,188,189).
According to these data, it is conceivable that ELOVL4 plays a critical role in maintaining retinal

homeostasis.

1.4.5 ASM and short chain ceramides

Acid sphingomyelinase (ASM) is the key enzyme of sphingolipid metabolism. ASM exists in
two cellular components; the intracellular lysosome and the outer leaflet of the cell membrane.
Activation of acid sphingomyelinase by either receptor (CD95) (201) or stress stimuli (UV
radiation) (202) results in its translocation from the lysosome to the outer leaflet of the cell
membrane catalyzing the hydrolysis of membrane sphingomyelin (SM) into ceramides (Figure
8). The produced ceramide molecules self-associate into ceramide-enriched membrane domains
and result in reorganization of membrane rafts, aggregation of signaling proteins, receptor
clustering and enhanced cellular signal transduction (203,204). We have previously
demonstrated that ASM exhibits distinct substrate specificity towards short saturated acyl chains
(SM) with the production of pro-inflammatory and pro-apoptotic short chain ceramides (C<16)
when it gets activated in different pathological conditions such as diabetes (187). ASM was

found to be highly activated in diabetic retinal vasculature (189), inhibition of ASM exhibits a
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protective effect-- preventing diabetes induced retinal inflammation and vascular degeneration

(187-189).
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Figure 8. Acid sphingomyelinase (ASM) is a central enzyme of sphingolipid metabolism.

ASM hydrolyzes SM to pro-apoptotic and pro-inflammatory short chain ceramides.

1.5 Reparative circulating angiogenic cells

Circulating angiogenic cells (CACs), a population of vascular progenitors originated from
hematopoietic stem cells (HSCs) (205) in the bone marrow, are now recognized as key regulators
for vascular repair. HSCs isolated from bone marrow or CACs from peripheral blood of control
animals have been shown to repair ischemic damage and aid in reperfusion of ischemic tissues
(205-207). This reparative process takes place through a series of orchestrated steps:
mobilization of CACs from bone marrow, their recruitment and extravasation to the sites of

damaged vessels.
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CACs mobilize in response to a number of physiological or pathological stimuli to the site of
injury (208) promoting the repair of the damaged endothelium, either by incorporation and
differentiation into mature endothelial cells (205,209) or by secretion of paracrine factors that
enhance the integrity of the resident endothelium (210-212) . CACs mobilization is regulated by
sympathetic signaling to bone marrow stromal cells, which results in stromal cell-derived factor-

1 (SDF-1) down regulation and progenitor egress from the bone marrow (213,214).

In diabetes bone marrow-derived CACs are dysfunctional, with defective proliferation,
migration, adhesion and differentiation potential (110,215,216). Several studies have shown an
association between DR risk and both reduced number (217-219) and function of CACs
(187,220,221). We have previously demonstrated that the defective release of BM-derived CACs
in T2D rat model precedes the development of DR (217). The impaired release of CACs to the
site of injury is due to defective migration of these cells in response to ischemic induced factors;
SDF-1 and VEGF (222). The blunted response of CACs is due to reduced bioavailability of nitric
oxide (NO) in diabetes, essential for CACs migration (223-225) and survival (226).

Our laboratory identified marked increase in ASM expression in diabetic CACs (187,227).
Increase in ASM activity in CACs in diabetic animal models was associated with ceramide
accumulation in the cell membrane, and thereby increasing membrane rigidity and impairing
migration (227). Interestingly, we demonstrated that inhibition of ASM in diabetic CACs
decreased membrane rigidity and improved the migration of these cells to damaged retinal
vasculature, preventing diabetes induced increase in retinal vascular permeability and retinal

capillary loss (227).
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1.6 Objectives of the dissertation

Diabetic retinopathy (DR) is a microvascular disease that results from diabetes-induced retinal
damage. The underlying mechanisms of vascular dysfunction in diabetes are yet to be fully
understood. Dyslipidemia, as well as hyperglycemia, is a major metabolic insult of diabetes and
is positively correlated with the development of DR. We previously explored the novel concept
that altered retinal lipid metabolism and dyslipidemia leads to retinal inflammation and vascular
degeneration (186—189). We found that early - stage diabetes induced marked decrease in the
expression of many retinal fatty acid elongases, in particular severe downregulation of the most
abundant elongase; elongation of very long chain fatty acids 4 (ELOVL4). Downregulation of
elongases in the diabetic retina lead to significant remodeling of retinal fatty acids with
decreased long-chain-to-short-chain fatty acids ratio and n3-to-n6 PUFA ratio, and higher
saturation index with significant decrease in n3-DHA and n3 VLCPUFA. These changes were
associated with increased expression of adhesion molecules, pro-inflammatory cytokines, and
retinal vascular pathology (186).

ELOVL4 was initially discovered as the etiological gene of STGD3 retinal disease with
association to a significant decrease in VLC-PUFA-containing phosphatidylcholines. It has also
been shown to be essential in maintenance of the water permeability barrier in skin (197,198). To

date, no studies have approached the direct role of ELOVL4 in retinal vascular permeability.

In addition to ELOVL4, we have previously demonstrated activation of the central enzyme of
sphingolipid metabolism, acid sphingomyelinase (ASM), as the key metabolic abnormality in

diabetic retinal vasculature and CACs (188,189).
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Thus, the central hypothesis of this dissertation is as follows:

Diabetes-induced disruption of retinal lipid metabolism plays a critical role in retinal

vascular dysfunction through two pathways

* Down regulation of ELOVL4-produced very long chain ceramides, contribute to
diabetes induced retinal vascular permeability.
* Up regulation of ASM-produced short chain ceramides, contribute to retinal

endothelial damage and defective function of the reparative progenitor cells.

Thus normalizing the ratio between pro-barrier long chain ceramides and pro-
inflammatory and pro-apoptotic short chain ceramides could prevent diabetes-induced

retinal damage and progression of DR.
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1.7 Overview of chapters

Chapter I is a review of the relevant literature addressing diabetic retinopathy disease, Blood
retinal barrier break down in DR, diabetic dyslipidemia and its contribution to retinal vascular

degeneration.

Chapter II investigates the role of ELOVL4 and VLC ceramides in diabetes-induced increase in
retinal vascular permeability and to identify if lipids in particular VLC ceramides localize in the
tight junction and play a role in controlling the paracellular permeability of retinal endothelial
cells. Experiments described in this chapter demonstrate that ELOVL4-mediated production of
VLC-ceramides is necessary for retinal endothelial barrier function and normalization of retinal
ELOVLA4 expression may provide a potential therapeutic strategy for the prevention of diabetes-
induced early breakdown of the blood-retina barrier by modulating retinal sphingolipid

metabolism.

Chapter III investigates the effect of diabetes-induced ASM activity on the function of both cell
types involved in revascularization; retinal endothelial cells and circulating angiogenic cells
(CACs). Experiments described in this chapter demonstrate that ASM has deleterious effect on
the vascular repair potential of both mature retinal endothelial cells and circulating angiogenic
cells in diabetes and correcting this defect could treat vasodegeneration, enhancing vessel repair
and thus preventing progression into PDR stage. This study is published in Journal of Clinical

Lipidology.

Chapter IV summarizes the obtained data, the conclusions that can be reached from the studies

included in the thesis and suggests directions for future research related to the present study.
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Chapter 2. Overexpression of ELOVLA4 stabilizes tight junctions and prevents VEGF-

induced vascular permeability in diabetic retina and retinal cells

Authors: Nermin Kady, Xuwen Liu, Todd Lydic, Meesum Syed, Svetlana Navitskaya, Qi Wang,
Sandra Hammer, Sandra O’Reilly, Chao Huang, Sergey S. Seregin, Andrea Amalfitano, Vince A.
Chiodo, Sanford L. Boye, William W. Hauswirth, David A. Antonetti and Julia V. Busik
2.1 Abstract

Tight junctions contribute to the control of permeability in the blood brain and blood
retinal barrier and loss of the junctional complex contributes to the pathology of a host of
diseases of these neural tissues including brain tumors and dementia and blinding eye diseases
such as diabetic retinopathy. Tight junctions involve close apposition of transmembrane proteins
between cells. While, tight junction proteins have been studied in detail, the role of lipids in tight
junction structure and permeability has received much less attention. In this study, using diabetes
induced loss of blood-retinal barrier as a model, we addressed the role of very long chain (VLC
>26) ceramides in tight junction integrity and function. VLC fatty acids that incorporate into
VLC ceramides are produced by elongation of very long chain fatty acids 4 (ELOVL4).
ELOVLA is significantly reduced in the diabetic retina leading to decreased levels of VLC fatty
acids. Overexpression of ELOVL4 in bovine retinal endothelial cells (BRECs) significantly
decreased basal permeability, inhibited VEGF and IL-1f induced permeability and
simultaneously prevented VEGF-induced decrease in occludin expression and border staining of
tight junction proteins; ZO-1 and claudin-5. Knockdown of ELOVL4 was associated with
increased paracellular permeability. Moreover, intravitreal delivery of hRELOVL4-AAV?2 reduced

diabetes-induced increase in vascular permeability in mice. Importantly, ultrastructure analysis
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reveals that ceramides co-localize with tight junction complexes. Lipidomic analysis of tight
junction isolates revealed the presence of omega-linked acyl-VLC ceramides. These very
unusual structures are known to be important for the maintenance of skin water permeability
barrier, but they have never been shown in tight junctions. The data presented here demonstrate
that ELOVL4 is required for maintaining healthy blood retinal barrier and normalization of
retinal ELOVL4 expression could prevent blood-retinal barrier dysregulation in DR through

increase in VLC ceramides and stabilization of tight junctions.
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2.2 Introduction

Diabetic Retinopathy (DR) remains a major cause of loss of vision despite recent advances in
therapeutic options. Loss of the blood-retinal barrier (BRB) and increased vascular permeability
marks early stages of DR and contributes to disease progression. Several factors have been
shown to contribute to increased vascular permeability. Prominent among them are diabetes-
induced increase in the level of vascular endothelial growth factor (VEGF) (1-3), interleukin-1
beta (IL-1B) (4,5), tumor necrosis factor a (TNF a) (5), extracellular proteases; matrix
metalloproteases 2 and 9 (6-8), and pericyte loss (9—11). Importantly, antibodies targeting VEGF
demonstrate prevention of visual loss and even restoration of vision in many patients with
diabetic macular edema (12). Hyperglycemia contributes an important role in the expression of
these pro-inflammatory and pro-angiogenic factors (11,13—16). However, the etiology of DR
progression remain incompletely understood and recent assessment of the Diabetes
Complications and Control Trial suggest that only 11% of blindness may be accounted for by

hyperglycemia (17).

Several recent clinical trials, including the ACCORD Eye Trial, have demonstrated that in
addition to hyperglycemia, diabetic dyslipidemia may contribute a critical role in the
development of DR (18). In agreement with the results of clinical trials, recent studies of diabetic
animal models have demonstrated that altered retinal lipid metabolism and dyslipidemia leads to
retinal inflammation and vascular degeneration (19-21). In particular, our laboratory identified a
marked decrease in the expression of several retinal fatty acid elongases. Elongation is a
complex reaction involving four enzymatic steps that result in addition of two carbons to the

carboxyl end of fatty acids. Elongases perform the first rate-limiting condensation step in the
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fatty acid elongation cycle in a substrate specific manner. Seven elongation of very long chain
fatty acids (ELOVL) 1-7 have been identified in mammals with each elongase exhibiting a
characteristic substrate specificity and tissue distribution (22,23). Elongases are highly expressed
in normal retina where they actively participate in de novo lipogenesis, as well as mono and
polyunsaturated fatty acid (PUFA) synthesis. Downregulation of elongases in diabetic retina
results in decreased long-chain-to-short-chain fatty acids ratio. Moreover, synthesis of the major
n3 PUFA that accumulate in the retina, docosahexaenoic acid (DHA; 22:6, n3), requires two
extra elongation steps compared to the n6 PUFA, arachidonic acid (20:4,n6), thus decrease in
elongation contributes to decreased n3-to-n6 PUFA ratio in the retina. This decrease in n3-to-n6
ratio was shown to be associated with increased expression of adhesion molecules, pro-

inflammatory cytokines, and retinal vascular pathology (19).

ELOVLA4 is the highest expressed elongase in the retina (24). ELOVL4 elongates extremely long
fatty acids >C24 and its expression is restricted to the tissues with extremely long fatty acids
such as the retina (24-27), thymus and skin (26), and at a lower level in the brain and testis(27).

Fatty acids with >C24 chain are used as precursors by ELOVLA4 for synthesis of > C26 very long
chain PUFA (VLCPUFA) and saturated VLCFAs (23,28-30). Saturated VLCFAs are primarily
incorporated into ceramides (Cer) and glucosylceramides (GlcCer) that are known to be highly
expressed in epidermis (22,23). These ceramides with extremely long FA are major lipid
components of stratum corneum and they have been shown to be essential in maintenance of the
water permeability barrier in skin (22,31,32). Genetic studies with ELOVL4 mutant mice

revealed that ELOVI14 plays an essential role in skin barrier function as these mice exhibit skin
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barrier defect and neonatal death phenotype (33—35). Besides the role of ELOVL4 in the skin,
ELOVLA4 dysfunction has been associated with Stargardt-like macular dystrophy (STGD3) (36—
38). Interestingly, ELOLV4 is one of the enzymes that was found to be downregulated in the

retina by both diabetes (19) and retinal ischemia-reperfusion (39).

We hypothesized that VLC ceramides support BRB function in an ELOVL4 dependent manner.
This study was designed to test the role of ELOVL4 and VLC ceramides in diabetes-induced
increase in retinal vascular permeability and to identify if lipids, in particular VLC ceramides,
localize in the tight junction and play a role in controlling the paracellular permeability of retinal

endothelial cells.
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2.3 Materials and methods

2.3.1 Cell culture

Bovine retinal endothelial cells (BREC) were isolated and grown in culture as previously
described (2) and cultured on 1 ug/cm? fibronectin coated plates (Sigma-Aldrich) in MCDB-131
(Sigma-Aldrich) growth media supplemented with 10% FCS (Hyclone, Logan, UT), 10 ng/mL
epidermal growth factor (Sigma-Aldrich), 0.2 mg/mL endothelial cell growth medium additive
(EndoGro; Vec Technologies, Rensselaer, NY), 0.09 mg/mL heparin (Fisher Scientific,
Pittsburgh, PA), 0.01 mL/mL antibiotic-antimycotic (GIBCO 100x, Invitrogen-Life
Technologies, Carlsbad, CA), and 8 ug/ml tylosin (Sigma-Aldrich), and maintained at 37°C in
95% air and 5% CO2 in a humidified cell culture incubator. All experiments were performed
with cells at passage 4-6. For biochemical purification of tight junction, Human retinal pigment
epithelial cell line ARPE-19 (HRPE) cells were grown in Dulbecco’s modified Eagle’s
medium/F12 (1:1 ratio, 5 mmol/l glucose) supplemented with 10% fetal calf serum, 1%
penicillin/streptomycin, at 37°C in humidified 95% air and 5% CO2.

2.3.2 Virus-mediated hELOVL4 overexpression

Human ELOVL4 was expressed using an E-1 and E-3 deleted adenoviral vector system
containing the human ELOVL4 ¢cDNA (AdhELOVL4) under control of the CMV promoter.
Where subconfluent BRECs were transduced with either AdhELOVL4 or AdEmpty as a
negative control at a multiplicity of infection (MOI) 20,000 overnight in MCDB media
supplemented with 2 % serum. Successful overexpression was confirmed by quantitative real-
time PCR (qPCR) and immunoblotting for hELOVLA4 at the time of permeability studies (60 h
post viral transduction).

For in vivo experiments, human ELOVL4 was engineered into adeno-associated virus
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serotype 2 vectors containing four capsid tyrosine to phenylalanine (Y — F) mutations (AAV2
mut quad) (40) under control of the ubiquitous truncated chimeric CMV-chicken [-actin
(smCBA) promoter. Empty AAV2 mut quad construct was used as a negative control. The virus

was produced at the Department of Ophthalmology, University of Florida, Gainesville, FL.
2.3.3 siRNA transfection

BREC in culture were resuspended in nucleofector solution (Amaxa Biosystems, Gaithersburg,
MD) to a final concentration 5x10° cells/100 ul. Cell suspension was mixed with 100nM control
or ELOVL4 Stealth™ siRNA from Invitrogen Life Technologies (Carlsbad, CA, USA) into the
electroporation cuvette, and were electroporated (Nucleofector program S-005; Amaxa
Biosystems) and maintained in culture as above. After either 48h or 72 h, cells were collected for

total mRNA and protein expression, respectively.
2.3.4 Permeability assay in vitro

Ad-Empty and Ad-hELOVL4 BRECs were grown to confluence on fibronectin-coated, 0.4-um
pores transwell filters (Transwell, Corning Costar, Acton, MA, USA) at 75 x 10° cells/well,
pretreated with 1% FCS, 0.01 ml/ml antibiotic/antimycotic and 100 nM hydrocortisone for 36 h.
Apical and basolateral chambers were treated with recombinant human VEGF ;45 (50 ng/ml for
30 min), or IL-1B (10ng/ml for 15 min) where indicated. After treatments, 10 uM of 70 kDa
RITC-dextran was added to the apical chamber. BREC paracellualr permeability to 70 KDa
rhodamine isothiocyanate dextran (Sigma-Aldrich) was measured as previously described (2,3).
Aliquots were collected from the basolateral chamber every 30 min for 4 h and placed in a 96-

well black/clear bottom plate. At the last time point, aliquots were collected from the apical
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chamber and placed in the 96-well plate. The RITC-dextran fluorescence was quantified with
fluorescence imager (Fluorlmager 560/590; TECAN infinite 1000), and the rate of diffusive

permeability (Po) was calculated by the following formula:
Po=[(Fa / At) VA]/(FLA)

Where, Po = diffusive flux (cm / s); F is basolateral fluorescence; Fy is apical fluorescence; At
is change in time; A is the surface area of the filter (in cm?); and V, is the volume of the
basolateral chamber (in cm”?).

The average Po for control conditions (AdEmpty) used in all experiments ranged from 2.5 to 2.8

x 10 cr/s.
2.3.5 Western blotting

Protein extraction and Western blot was performed using NuPAGE system (Invitrogen) as
described previously (3,21). Briefly, AdEmpty and AJhELOVL4 BRECs were lysed in Triton-
X-100-deoxycolate-SDS-based lysis buffer. Protease inhibitor cocktail tablet (Roche,
Indianapolis, IN, USA) and phosphatase inhibitor (1 mM Na4PPi, 10 mM NaF, 100 uM
glycerophosphate, 1 mM Na3PO4) were freshly added. Protein concentration was determined by
the BioRad DC protein colorimetric assay (BioRad, Hercules, CA, USA). 30 pg of protein were
loaded on 4-12 % NuPAGE Bis -Tris gradient gels (Life Technologies, Carlsbad, CA) and ran at
200 V for 1 h, followed by transfer to nitrocellulose membrane, and immunoblotting with the
following primary antibodies; rabbit polyclonal anti-ELOVI4 (Sigma, Cat. No. SAB4502884),
rat monoclonal anti- ZO-1 (Millipore, Cat. No. MABTI11), mouse monoclonal anti-occludin

(Invitrogen, Cat. No. 33-1500) and rabbit polyclonal anti-claudin-5 (Invitrogen, Cat. No. 34-
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1600), all used in dilution 1:1000. As control for protein loading, membranes were blotted with
either mouse monoclonal anti- a tubulin (Sigma, Cat. No. T5168) or mouse monoclonal anti-f3
actin antibody (Cell Signaling, Cat. No. 4967) (1:4000). Primary antibodies were detected by
horseradish peroxidase —conjugated or infrared secondary antibody (IRDye; LI-COR, USA).
Immunoreactive bands were detected with either chemiluminescence with horseradish
peroxidase substrate Lumigen TMA-6 (Lumigen, Southfield, MI) and FluorChem E system (Cell
Biosciences, Santa Clara, CA) or Odyssey scanning system (LI-COR Odyssey Imaging System,

USA).

2.3.6 Quantitative real-time PCR

Total RNA was extracted from BRECs or mouse retinas using Qiagen RNeasy (Qiagen Inc.,
Valencia, CA, USA) or mirVana isolation kit (Life Technologies, Carlsbad, CA) according to the
manufacturer’s instructions. NanoDrop 2000 (Thermo Scientific, IL, USA) was used to
determine total RNA concentration. Total RNA was reverse transcribed into ¢cDNA using
superscript III first-strand synthesis system (Invitrogen, Carlsbad, CA). Human and mouse gene-
specific primers for ELOVL4 were used. Expression levels were normalized to either bovine

GAPDH or mouse cyclophilin. A no reverse transcriptase control was done as a negative control.

Human ELOVL4: GCACTCAACGACACGGTAGA and GGACCCAGCCACACAAAC

Bovine GAPDH: CATTGACCTTCACT CATGGT and ACCCTTCAAGTGAGCCCCAG

Mouse ELOVL4: CCATAGGCCACCACGATT and TCAAAGGCTACCTTCCTCATTAC

Mouse Cyclophilin: ATTCATGTGCCAGGGTGGTGA and CCGTTTGTGGGTCCAGCA
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2.3.7 Immunocytochemistry

Cellular localization of the tight junction complexes in BRECs and mouse retina was evaluated
by immunocytochemistry as described previously (5). Ad-Empty and Ad-hELOVL4 transduced
cells were seeded on 12-mm diameter polystyrene coverslips (Nunc, Naperville, IL) in a 24 well
tissue culture plate at density of 8 x 10* cells in 1 ml MCDB-131complete media/ well for 1day.
For experiments the cells were pre-treated with 1% FBS, 0.01 ml/ml antibiotic/antimycotic and
100 nM hydrocortisone for 36 h and then treated with VEGF (50 ng/ml) for 30 min. After
treatment cells were washed twice with DPBS (with Ca2+, Invitrogen), fixed with 1%
paraformaldehyde for 10 min at room temperature, washed with TBS, permeabilized with 0.2%
TritonX-100/ TBS for 10 min at room temperature and blocked with 10 % goat serum in 0.1%
triton X -100/TBS for 1 h at room temperature. Cells were incubated for 2 days at 4 °C with the
following primary antibodies in the blocking solution (2% goat serum in 0.1% TritonX-
100/TBS): rat monoclonal anti-ZO-1 (Millipore, Cat. No. MABT11), mouse monoclonal anti-
ceramide (Sigma, Cat. No. C8104) or rabbit polyclonal anti-claudin-5 (Invitrogen, Cat. No. 34-
1600) used in concentration 1:300. After 3 washes with TBS, primary antibodies were detected
with Alexa Fluor 647 goat anti-rat [gG (650/668), Alexa Fluor 488 goat anti-mouse F (ab’) 2 IgG
(496/519) or Alexa Fluor 594 goat anti-rabbit IgG (590/617) (Molecular Probes, Invitrogen). The
nuclei were stained with Hoechst (361/497) during secondary antibody incubation. Coverslips
were mounted on slides using ProLong® Gold Antifade Mountan (Life Technologies,
CARLSBAD, CA). XY images were sequentially scanned using confocal laser scanning
microscope Nikon Al Plus (Nikon Instruments, Inc., Melville, NY) with an Apo 60x/ NA 1.4,
oil immersion objective. The near-IR, green, red and blue channels were acquired sequentially

using 647-nm, 488.5-nm, 560.9-nm and 402.6- nm excitation, respectively. Near-IR channel
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was acquired using 660-nm long pass emission filter while 500-550 band pass, 575-625 band
pass and 428-463 band pass emission filters were used for green, red and blue channels,
respectively.

Tight junction protein staining at the cell border was quantified by semi-quantitative ranking
score system as previously described (5). With scale 1-5: 1 for 0% disruption of cell border
staining where borders are straight and clear, 2 for 25% disruption with slight border disruption,
3 for 50% disruption with about 50% or more of cells border show disruption at many points, 4
for 75% disruption where cell shape is disrupted, 5 for 100% disruption where no clear cell
shape and complete loss of staining between cell borders. Two observers examined ranking score
in a blinded manner. For each condition, four images were examined. For each image four fields
were analyzed and ranking scores were calculated. One-way ANOVA was used to determine the
statistical difference between different conditions.

For co-localization, confocal images were analyzed using Nikon NIS Elements software to
determine Pearson’s coefficient of co-localization.

To evaluate TJ protein organization in retinal vasculature, whole retina flat mounts were
immunolabeled for occludin using mouse monoclonal anti-occludin Alexa Fluor 488 conjugate
(1:75) (Thermo Fisher Scientific, Cat. No. OC-3F10) for 3 days at 4 °C. Following incubation,
retinas were washed and flat mounted on slides with Fluoromount mounting medium (Sigma

Aldrich). Images were acquired using Nikon C2 (Nikon Instruments, Inc., Melville, NY).
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2.3.8 Immunogold electron microscopy

Bovine retinas were fixed with 4% paraformaldehyde/0.5% glutaraldehyde for 24 h at 4 °C, cut
into 5x5 mm pieces and analyzed using osmium tetroxide (41) or double immunogold labeling
(42) as previously described. Retinal pieces were washed with PBS, dehydrated in a graded
series of ethanol then infiltrated on LR-white resin and polymerized at 60 °C for 24 h in gelatin
capsule. Ultrathin sections (70nm) were obtained by PowerTome Ultramicrotome (RMC
Boeckeler Instruments, Tucson, AZ) and collected on formvar coated gold grids. Grids were
incubated in blocking solution (0.01M PBS + 5 %BSA + 5 % normal goat serum) for 10-30
min., then rinsed 3 times. Simultaneous double immunogold labeling was done using the
following primary antibodies; rabbit polyclonal anti-occludin (Invitrogen, Cat. No. 71-1500) and
mouse monoclonal anti-ceramide (Sigma, Cat. No. C8104) used in dilution 1:1. Primary
antibodies were detected with mixture of goat anti-rabbit IgG-15 nm gold conjugate and goat
anti-mouse IgG-6 nm gold conjugate diluted (1:20). Finally, grids were stained with uranyl
acetate and lead citrate and images were examined with JEOL 100 CX TEM (Japan Electron
Optical laboratory, Tokyo, Japan) operated at 100 KV and equipped with Gatan ORIUS CCD

camera.

2.3.9 TJ isolation and mass spectrometry

In order to determine molecular species of ceramides associated with the tight junction
complexes, tight junctions were isolated as previously described (43). Briefly, ARPE-19 cells
(15 x 150 mm culture plates) were lysed with hypo-osmotic buffer, collected, homogenized and
centrifuged at 100,000 xg for 60 minutes at 4°C against a saturated sucrose cushion. The

collected membrane was subsequently cryo- lysed using liquid nitrogen, then incubated
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with either rabbit polyclonal anti-PKC zeta (Sigma, Cat. No. P 0713) or rat monoclonal anti-ZO-
1 ((Millipore, Cat. No. MABT11) using protein A or G dynabeads, respectively according to
manufacturer’s instructions (Invitrogen, USA). Tight junction complexes bound to the beads
were subjected to lipid extraction as previously described (44). Lipids obtained from tight
junctions were analyzed by high resolution/accurate mass spectrometry and tandem mass
spectrometry in positive and negative ionization modes, using an LTQ-Orbitrap Velos mass
spectrometer (Thermo Scientific) operating at a resolving power of 100,000 defined at m/z 400.
Sphingolipids were identified as previously described in both positive ion mode as [M+H] and
[M-H,O+H]" molecular ions (45) and in negative ion mode as [M+HCOO-H] ions (46).
Ceramides of interest were further examined by higher-energy collisional dissociation MS/MS at
100,000 resolving power to confirm sphingolipid backbone and head group moieties. Mouse
epidermal lipid extracts were similarly prepared and analyzed for optimization of analytical

conditions used for detecting putative very long chain fatty acid-containing sphingolipids.

2.3.10 Animal model

All procedures involving animal models were performed according to the Association for
Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research, and were approved and monitored by Institutional Animal
Care and Use Committee at MSU. Streptozotocin (STZ)-induced male C57BL/6J mice were
used as a model of type I of diabetes to access retinal vascular permeability and tight junction
protein organization. 13-week-old Male C57BL/6J mice (Jackson Laboratory) were made
diabetic by intraperitoneal injections of STZ (Sigma Aldrich) (65 mg/ kg) for five consecutive

days. Age matched nondiabetic control mice received an equivalent amount of vehicle
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(citrate buffer, pH 4.5). Diabetes was confirmed by blood glucose higher than 13.8 mmol/I (300
mg/dl) and decrease in the body weight gain. After two weeks of confirmed diabetes, animals
received intravitreal injection of either AAV2-hELOVL4 quad mutant (right eye) or AAV2-
Empty vector (left eye) as a control (2 x 10° viral genomes/eye in 1 ul). Animals were sacrified
6-8 weeks following viral injection (8-10 week of STZ induction) for retinal vascular

permeability and retinal analysis.

2.3.11 Retinal vascular permeability

Two months after induction of diabetes, retinal vascular permeability was assessed as initial
retinal vascular damage in DR. Briefly; Mice were injected with FITC-albumin (0.5 mg in 50 pl
PBS) (Sigma Aldrich). After 2 h, blood was collected, mice were perfused with 1%
formaldehyde and fixed eyes were enucleated. Obtained retinas were flat mounted with 4 radial
cuts and placed on glass slides with Fluoromount mounting medium (Sigma Aldrich). Images
were obtained by using confocal laser scanning microscope Nikon C2 (Nikon Instruments, Inc.,
Melville, NY) with 20x / NA 0.75 objective. Green channel was acquired using 488 nm

excitation wavelength and 500-550 band pass emission filters.

For each retina, at least 5 different fields were randomly acquired, measured using Angiogenesis
tube formation application-MetaMorph imaging software (Molecular Devices, Downingtown,
PA) by subtracting residual fluorescence inside the vessels from total fluorescence to determine
leakage fluorescence intensity. The fluorescence intensity of the leakage was averaged between

at least 5 fields for each retina and normalized to blood plasma fluorescence level.
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2.3.12 Immunohistochemistry

Retinas were processed as previously described (47). Briefly, samples were fixed in zinc fixative,
paraffin embedded and 4-5 micron sections were obtained with Reichert Jung 2030 rotary
microtome. Sections were dried at a 56°C slide incubator for 2-24 h, deparaffinized and rinsed in
several changes of distilled water followed by Tris buffered saline pH 7.4. Sections were blocked
with 10% normal goat serum (Life Technologies, Carlsbad, CA) in 0.3%triton x-100 for 1 h at
room temperature and immunolabeled with Isolectin GS-IB4 with Alexa Fluor 594 conjugate
(1:50) (Molecular Probes, Invitrogen) and rabbit polyclonal anti-ELOVI4 (1:50) (Sigma) in
blocking solution, overnight at 4°C. ELOVL4 primary antibody was detected by Alexa Fluor 488
goat anti-rabbit IgG (496/519) (Molecular Probes, Invitrogen). Images were captured using
Nikon TE2000 fluorescence microscope equipped with Photometrics CoolSNAP HQ2 camera.
For each slide, 3 different fields were collected. Co-localization of ELOVL4 (green) with retinal
vasculature (red) was determined to evaluate transduction efficiency of AAV2 vector. Percentage
of co-localization (yellow) was quantified using MetaMorph imaging software (Molecular

Devices, Downingtown, PA).

2.3.13 Statistical analysis Data are expressed as mean = S.E.M. Results were analyzed for
statistical significance by the Student’s t-test or one-way analysis of variance (ANOVA)
followed by post hoc Tukey test. (GraphPad Prism 7, GraphPad Software, San Diego, CA) was

used for all statistical analysis. Significance was established at P < 0.05.
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2.4 Results

2.4.1 Expression level of ELOVL4 controls retinal endothelial permeability

The effect of ELOVL4 on retinal vascular endothelial cell permeability was evaluated in
monolayer of BRECs, a model of inner blood retinal barrier, after overexpression through the use
of adenovirus (AdhELOVL4) or short interfering RNA (siRNA) to inhibit expression of
ELOVL4. To ensure efficient overexpression and inhibition of hELOVL4, expression of
ELOVL4 in BRECs was evaluated using qPCR and western blot. Human ELOVL4 was
significantly expressed in adhELOVL4-transduced BRECs compared with AdEmpty-transduced
cells (Fig. 9A and B), with human specific qPCR primers revealing expression only after
transduction of the human exogenous gene (9A) while Western blot reveals a 50% increase in
steady state ELOVL4 over endogenous protein (9B). To evaluate the effect of hELOVL4 on
endothelial permeability under basal conditions, paracellular permeability to 70 kDa RITC-
dextran was measured in AdhELOVL4 and AdEmpty transduced cells. Data from these
experiments indicate that under basal conditions, overexpression of hELOVL4 results in a
significant decrease in permeability to 70kDa RITC dextran (53.7 = 5.7 % of control, P=0.0016;
Fig. 9C). ELOVL4 was knocked down using siRNA. ELOVL4 mRNA and protein levels were
significantly reduced in BRECs transfected with ELOVL4-siRNA in comparison to cells
transfected with control siRNA (Fig 9D and E). Moreover, knockdown of ELOVL4 was
associated with increased paracellualr permeability (528.2 + 242.2 % of control, P= 0.0317; Fig

9F).
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Figure 9. Expression level of ELOVL4 controls retinal endothelial permeability.

(A-B) BRECs were transduced with either AdEmpty (white bars) or AdhELOVL4 (black bars)
and collected 60 h after adenovirus transduction for (A) RNA analysis by RT qPCR or (B)
protein by Western blot to confirm adenovirus-mediated overexpression of hELOVL4. Human
ELOVL4 mRNA expression was normalized to GAPDH (A) and protein expression was

normalized to a-tubulin loading control (B).
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Figure 9 (cont’d)

(C) Paracellular permeability to 70kDa RITC-dextran was determined in BRECs transduced with
either AdEmpty (white bar) or AdhELOVL4 (black bar) in untreated cells. (D-F) BRECs were
transfected with either control siRNA (white bars) or EIOVL4-siRNA (black bars) and collected
for analysis. Expression profile of ELOVL4 was determined by either (D) RT qPCR, 48 h after
transfection or (E) Western blot, 72 h after transfection to confirm silencing of ELOVL4. Bovine
ELOVL4 mRNA expression was normalized to GAPDH (D) and protein expression was
normalized to B-actin loading control (E). (F) Paracellular permeability to 70kDa RITC-dextran
was determined in BRECs transfected with either control siRNA (white bars) or EIOVL4-siRNA
(black bars). Results are shown as mean £ SEM, n =3-6. *p< 0.05, **p<0.01, ***p<0.001,

#35p<(,0001.
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2.4.2 ELOVLA4 overexpression prevents VEGF- and IL-1 - induced increase in
permeability

The effectiveness of anti-VEGF therapy for treating vision loss associated with diabetic macular
edema (12, 48-52) and growing evidence for a contribution of chronic inflammation with
elevated levels of pro-inflammatory factors, including interleukin-1p3 (IL-1B) (53—-57) provide
compelling evidence these cytokines lead to increased BRB permeability during early stages of
DR. Our next goal was to evaluate the effect of overexpression of ELOVL4 on VEGF- and IL-
1B -induced endothelial cell permeability. AdhELOVL4 and AdEmpty transduced BRECs were
grown to confluence as mentioned above and treated with VEGF (50 ng/ml, 30 min) or IL-1f
(10 ng/ml, 15 min). Paracellular permeability to 70 kDa RITC-dextran was measured. VEGF
significantly increased cell permeability (169.4 + 13.4% of control; Fig. 10A). Similarly, IL-1
increased cell permeability (152.8 + 4.9 % of control, Fig. 10B). Human ELOVL4
overexpression prevented VEGF- and IL-1p -induced increase in permeability (88.5 + 8.6 % of

control; Fig. 10A) and (97.5 + 9.3% of control; Fig. 10B), respectively.

76



VEGF IL-1B

A B
2 200+ 1 AdEmpty 2z 200 . - 1 AdEmpty
3 T °
Q ~ AJEmpty+VEGF ~ § — — 0 AdEmpty+IL-1
235150- L pty 2 51504 == pty+IL-18
gt Bl AdhELOVLA+VEGF 3§ Bl AdhELOVLA+ILAB
— - - h—
351000 5500 [
o o R
22 2 ]
E"’ 504 B 50
& &

0 0

Figure 10. ELOVL4 overexpression block cytokine-induced retinal endothelial cell
permeability.

(A-B) Paracellular permeability to 70kDa RITC-dextran was determined in BRECs transduced
with either AdEmpty (white bar) or AdhELOVLA4 (black bar), and either treated with VEGF (50
ng/ml) for 30 min (gray and black bars) (A); or treated with IL-1p (10 ng/ml) for 15 min (gray
and black bars) (B). Results are shown as mean + SEM, n =3-6. *p< 0.05, **p<0.01,

##%p<0.001.

77



2.4.3 ELOVLA4 overexpression increases the barrier properties of tight junction complex

To explore the mechanism by which overexpression of ELOVL4 reduces retinal vascular
permeability, we examined the effect of ELOVL4 on TJ protein content and localization. Under
basal condition, overexpression of hELOVL4 significantly increased occludin content in
AdhELOVLA4 transduced BRECs compared to AdEmpty transduced cells and prevented the
VEGF — induced decrease in occludin (Fig. 11A). For ZO-1 and Claudin-5 no significant effects
of hELOVL4 on total protein expression were observed (Fig. 11 B and C). Although hELOVL4
had no effect on ZO-1 and Claudin-5 total protein levels, immunostaining revealed that
overexpression of hELOVL4 both increased protein staining at cell border, and prevented
VEGF-induced disruption of continuous immunostaining of ZO-1 and claudin-5 at cell border
(Fig. 11 D and E). These data suggest that overexpression of ELOVL4 may stabilize the TJ

complex and suppress the VEGF-induced disruption of the complex.
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Figure 11. ELOVL4 overexpression increases the barrier properties of the tight junction
complex.

(A-C) Confluent AdEmpty (white bars) and AdhELOVL4 (light gray bars) transduced BRECs
were treated with VEGF (dark gray and black bars) (50 ng/ml) for 30 min. Total cell lysates were
immunoblotted for (A) Occludin, (B) ZO-1, and (C) Claudin-5. B-actin served as loading control.
Representative Western blots from three independent experiments are shown on top, with
densitometry quantification below. Results are shown as mean £ SEM (n=3). *p< 0.05,

*#p<0.01, ***p<0.001.
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Figure 11 (cont’d)
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(D-E) Confluent monolayers of BRECs treated as in A-C were immunolabeled for (D) ZO-1 (Far
red) and Ceramide (green), or (E) Claudin-5 (red) and ceramide (green) and confocal images
were taken. The results are from 2 independent experiments, for each condition, four images
were examined. For each image four fields were analyzed. Scale bar, 10 um. Quantification of

each protein staining at the cell border, is shown on the far right, the results represent frequency
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2.4.4 Ceramide co-localizes with tight junction complex

Changes in tight junction protein content and localization after ELOVL4 overexpression
prompted us to determine if hELOVL4-produced lipids co-localize with TJ complexes. As
mentioned above ELOVLA4 is responsible for production of VLC poly, mono unsaturated and
saturated fatty acids. In the skin VLC fatty acids incorporated into VLC ceramides play an
important role in the maintenance of barrier function (22,31). We tested the hypothesis that VLC
ceramides incorporated into TJ complexes in the retinal endothelial cells. Immunocytochemistry
for TJ proteins and ceramide was performed in BRECs. Interestingly, ceramide (green) was
found to co-localize with the tight junction complexes and follow the same distribution as ZO-1
and claudin-5 at the cell border (Fig. 11 D and E).Quantification of co-localization of ceramide
with either ZO-1 or claudin-5 in confocal images reveals an average Pearson coefficient of co-
localization of 0.77 and 0.65, respectively. In addition to cell border distribution, typical
punctate green cytoplasmic staining of ceramides was observed. To further verify the specificity
of the immunofluorescence co-localization, we performed immunogold labeling and
transmission electron microscopy using retinal vasculature in bovine retina. The tight junctions
were first visualized by Osmium tetroxide (OsO4) Staining (Fig. 12A). Neighboring sections
were then used for immunogold labeling of occludin and ceramide. As shown in Fig. 12B,
ceramide (smaller, 6 nm gold particles) is localized along the tight junction in close proximity
with occludin protein (larger, 15 nm gold particles), as well as in the intercellular space between

two neighboring endothelial cells (Fig. 12B, right, upper panel).
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Figure 12. Ceramide co-localizes with tight junction complex.

(A) Tight junctions stained by Osmium tetroxide (OsO4) staining (black arrows).
(left) Lower magnification x10K, red blood cells (RBCs) in the intravascular compartment and
the tight junction between two neighboring retinal endothelial cells (black arrow). Bar 1 um.
(middle) Tight junction is enlarged for better visualization x67K (black arrow). Bar 0.1 um.

(right) Kissing point, hallmark of tight junction (black arrowhead). Bar 0.5 pum.
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Figure 12 (cont’d)

B Immunogold labeling

(B) Immunogold localization of ceramide and TJ protein occludin in ultrathin sections of bovine
retina. (B, left panel) Lower magnification x27K (upper) and x40K (lower), of the tight junction
(black arrow), with RBC in the intravascular compartment. Bar 0.5 um and 0.2 pum, respectively.
(B, right panel) higher magnification x100k (upper), x140k (lower), Ceramide (smaller, 6 nm
gold particles) (white arrowhead) localized along the tight junction in juxtaposition to the tight

junction protein, occludin (larger, 15 nm gold particles) (black arrow). Bar 50 nm.
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Figure 12 (cont’d)

Although most of ceramide labeling localized along the cytoplasmic side of the plasma
membrane, it can also be visualized in the intercellular space between two neighboring

endothelial cells (black arrowhead).
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2.4.5 Identification of VLC omega-linked acyl-ceramide species in the tight junction
complex

In order to determine which ceramide species interact with the tight junction complex, tight
junction was isolated as previously described (43). ARPE-19 cells were lysed with hypo-osmotic
buffer, collected, homogenized and centrifuged at 100,000xg for 60 minutes at 4°C against a
saturated sucrose cushion. The collected membrane was subsequently cryo-lysed using liquid
nitrogen, and tight junctions were immuno-isolated using either anti-PKC zeta or anti-ZO-1.
Lipid extracts of three independent tight junction preparations were subjected to high
resolution/accurate mass direct infusion-based lipidomic analysis. In order to guide detection and
analysis of sphingolipids containing very long chain fatty acids, we concurrently analyzed lipid
extracts of mouse epidermis, which is known to contain high levels of ceramides and omega-
linked acyl ceramides containing very long chain fatty acids.

Interestingly, lipidomic analysis revealed that several ceramide molecular species co-localized
with isolated tight junction complexes (Fig. 13A). While the majority of observed ceramide
(Cer) species were detected between m/z 500-m/z 650 in both positive and negative ionization
modes, corresponding to ceramides containing N-linked fatty acids ranging from C16-C24 in
length, a small number of Cer species were detected at higher m/z values which coincided with
C26:4 and C26:3 very long chain fatty acid-containing ceramides, which were observed above
m/z 650 (Fig. 13A, Inset). Moreover, several ions were observed in the mass range of 900-1100
m/z, which were initially identified as putative omega-linked acyl-ceramide species based on
agreement of the observed accurate mass measurements and isotope distributions with the
theoretical values for each putative Cer species. The assignment of these ions was further

supported by Orbitrap high resolution/accurate mass higher-energy collisional dissociation
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MS/MS to evaluate the presence of the sphingosine backbone, with identical analysis also
performed on mouse epidermal lipid extracts. . The top panel of Fig. 13B shows the epidermis
tandem mass spectrum from HCD-MS/MS of m/z 943.8562, initially identified as a putative
acyl-ceramide h42:1 (total acyl carbons: total double bonds). The product ion at m/z 264.2682 in
this spectrum is indicative of a d18:1 sphingosine backbone. The bottom panel of Fig. 13B
shows the HCD-MS/MS analysis of ARPE19 tight junctions purified by anti-PKC zeta IP with a
lipid of m/z 943.8562. A product ion at m/z 264.2682 was also observed in the tight junction
MS/MS spectrum, although at lower abundance than that observed for the epidermis lipid
extract. The tight junction isolation was repeated in ARPE-19 homogenates using anti ZO-1
antibody for immunoprecipitation of tight junctions, to assess the potential antibody-specific
dependence of the obtained tight junction lipid profiles. Mass spectrometry analysis of lipid
extracts from anti ZO-1 precipitated tight junctions was performed as described above. The
detected ceramide molecular species were comparable to those from tight junctions obtained
from anti-PKZ immunoprecipitation, including the presence of the acyl-ceramide (d18:1/h24:0)
at m/z 943.8562. These data combined with accurate mass-based formula prediction and
available published data suggest an assignment of acyl-cer d18:1/h24:0, with an omega O-linked
linoleic acid (33-35). Additional criteria used for assignment of putative acyl-ceramide species
included absence of these ions in sample blanks and Protein-A bead negative controls, and a lack
of other detected known sphingolipids which could theoretically be co-isolated during MS/MS
analysis in the mass range in which these ions were observed in the isolated tight junction
complexes. Relative quantitation of all epidermal ceramide species obtained by the same
analytical methods, including Cer and acyl-cer species containing very long chain fatty acids, is

shown for comparison in Fig. 13C.
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Figure 13. Tight junction ceramide content.

Lipid extracts of isolated tight junction complexes were subjected to high resolution/accurate
mass spectrometry and tandem mass spectrometry to determine sphingolipid content. (A) Data
are expressed as the average +/- standard deviation of n=3 independent tight junction
preparations. Individual ceramide molecular species are presented as the percent of total
ceramide abundance. Ceramide species were quantitated in negative ion MS mode as
[M+HCOO-H] ions. The sphingosine backbone and amide-linked fatty acid for the most

abundant isomer at each m/z are given. Inset: Ceramide species containing >C24 fatty acids.
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Figure 13 (cont’d)
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(B) High resolution tandem mass spectrometry of epidermal and tight junction putative acyl

ceramide. Positive ion mode Orbitrap Higher Energy Collisional Dissociation (HCD) MS/MS at

100,000 resolving power of m/z 943.8562, corresponding to putative protonated acyl-ceramide

(d18:1/h24:0) in mouse epidermis (top panel) and ARPE-19 tight junctions (bottom panel) lipid

extracts. * Matrix 1on.
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Figure 13 (cont’d)
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(C) Mouse epidermis ceramide content. Lipid extracts of mouse epidermis were subjected to
high resolution/accurate mass spectrometry and tandem mass spectrometry to determine
sphingolipid content. Data are expressed as the average +/- standard deviation of n=3 replicate
analyses. Individual ceramide molecular species are presented as the percent of total ceramide
abundance. Ceramide species were quantitated in negative ion MS mode as [M+HCOO-H] ions.
The sphingosine backbone and amide-linked fatty acid for the most abundant isomer at each m/z

are given. Inset: Epidermal acyl-ceramide species.
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2.4.6 Verification of AAV2 mediated expression of hELOVL4 in mouse retina

In order to determine the effect of ELOVL4 on diabetes-induced blood retinal barrier
dysfunction in vivo, 16 week old diabetic and non-diabetic mice received single intravitreal
injection of 2 x 10° viral genomes of either AAV2-hELOVL4 mut quad (Rt eye) or AAV2-
Empty vector (left eye) as a control two weeks after STZ induction. Animals were sacrified 6-8
weeks following viral injection (8-10 week of STZ induction). Body weight gain and blood
glucose concentration of diabetic mice and their age matched non-diabetic controls used in this

study are described in Table 1.

In agreement with our previous study (19), ELOVL4 mRNA expression was reduced in diabetic
retinas as compared to control (Fig. 14A). Transduction with AAV2- hELOVL4 led to
hELOVLA4 overexpression in both diabetic and non-diabetic retina as determined using human
transgene-specific primers. As expected, hELOVL4 transcript was undetectable in AAV2-Empty

injected contralateral retinas (Fig. 14B).

To determine the effect of diabetes with and without AAV2-hELOVL4 overexpression on
vascular levels of ELOVL4, retinal cross sections were immunolabeled for ELOVI4 (green).
Isolectin-B4 (red) was used to counterstain retinal vasculature. AAV2-Empty injected retinas
were used as control. Diabetes induced downregulation of endothelial expression of ELOVLA4,

which was reversed by AAV2-hELOVLA4 treatment (Fig. 14C).
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Table 1. Average body weights and non-fasting blood glucose level of control and diabetic

mice.
Blood Glucose
Group Weight (g9) P value (mg/dL) P value
Control (n=17) 29.6 £ 0.95 <0.0001 181.6 £ 4.62 <0.0001
Diabetic (n=25) 24.6 £0.33 479.4 £ 21.26
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Figure 14. Verification of AAV2 mediated expression of hELOVL4 in mouse retina.
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STZ-induced diabetic mice were intravitrealy injected with either AAV2-hELOVL4 mut quad
(right eye) or control AAV2-Empty vector (left eye) 2 weeks after diabetes induction. Retinal
tissue was analyzed 6-8 weeks after viral injection. (A) gqRT-PCR quantification of endogenous
mouse ELOVL4 mRNA levels in control (white bar) and diabetic (black bar) retinas (n=3-4 per
group). (B) qRT-PCR quantification of exogenous human ELOVL4 mRNA levels in control

(white and dark gray bars) and diabetic (black and light gray bars) retinas (n=4-6 per group).
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Figure 14 (cont’d)

(C) Immunohistochemical detection of ELOVL4 (green, upper panel) co-localization with retinal
vasculature (red, middle panel) with yellow color (lower panel) indicating vascular expression in
retinal cross sections. Quantification of co-localization (yellow) is shown on the far right (n=3

per group). Scale bar, 20 pum. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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2.4.7 AAV2-hELOVI4 overexpression prevents diabetes-induced increase in retinal

vascular permeability in vivo

We next determined whether ELOVL4 overexpression in retinal vasculature could prevent
retinal vascular permeability at early stages of diabetes. Retinal vascular peremability was
assessed 6 weeks after vector administration (8 weeks of diabetes) by measuring leakage of
FITC-albumin. As expected, diabetes induced significant increase in vascular permeability (6.7
fold of control, P=0.0051; Fig. 15A) in retinas receiving AAV2-Empty vector (left eye) relative
to non-diabetic controls (left eye). Notably, treatment with AAV2-hELOLVL4 (right eye)
prevented the diabetes-induced increase in vascular permeability. FITC-albumin leakage was
significantly lower in diabetic mouse retinas receiving AAV2-hELOVLA4 (right eye) than AAV2-
Empty diabetic mouse retina (left eye) (1.6 fold of control, P=0.1202; Fig. 15A). These findings

are consistent with the results obtained in BRECs.

To confirm the beneficial effect of ELOVL4 overexpression on tight junction distribution at cell
border, whole retina flat mounts were immunolabeled for occludin in AAV2-Empty and AAV2-
hELOVL4 transduced retinas. In AVV2-Empty diabetic retinas (left eye), occludin
immunoreactivity was evidently disrupted and intermittently lost in retinal blood vessels. These
changes were prevented in AAV2-hELOVL4 diabetic retinas (right eye), where occludin

distribution was similar to that in non-diabetic control mice (Fig. 15B)
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Figure 15. ELOVL4 overexpression prevents diabetes-induced vascular leakage in mice.

(A) Representative fluorescent images of retinal vascular permeability. Retina permeability was
evaluated by measuring leakage fluorescence intensity as shown on the far right (n= 8-12 per
group). Scale bar, 50 pum. (B) Immunostaining of flat mounted whole retina for occludin.
Arrowheads show disruption of continuous staining in diabetic retina. Scale bar, 20 um. *p<

0.05, **p<0.01, ***p<0.001.
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2.5 Discussion

Hyperglycemia and dyslipidemia are the major metabolic abnormalities in diabetes, however
historically diabetes was described as a problem of glucose metabolism and diabetic
complications, including diabetic retinopathy, were generally considered as a result of
hyperglycemia. The results of clinical trials, including DCCT, ACCORD and FIELD, however,
do not support this one-sided view as they clearly demonstrate a large contribution of
dyslipidemia to the pathogenesis of diabetic retinopathy (18,58—61). The mechanism(s) of
dyslipidemia-induced retinal damage are not yet well elucidated, however it became clear that

changes in retinal-specific lipid metabolism in diabetes play a major role in DR pathogenesis.

Elongases and desaturases are key enzymes in fatty acid metabolism; they regulate the length
and degree of saturation of fatty acids and thereby their function and metabolic fate. As we and
others have previously demonstrated, expression level of elongases and desaturases in the liver
and retina is affected by diabetes with dramatic downregulation of elongases, including the most
abundant retinal elongase ELOVL4 in the retina (19,62—64). ELOVL4 has substrate specificity
profile for fatty acids of C24 or longer and it can elongate both poly, mono-unsaturated and
saturated very long chain fatty acids (29). The role of ELOVL4 in the retina was mainly
described for VLCPUFA (38,65,66). VLCPUFAs are mainly present in the rod outer-segment
membrane, where they are suggested to contribute a role in photoreceptor function by stabilizing
the rims of photoreceptor disks (38). Decrease in ELOVLA4 in diabetic retina was associated with

a decrease in VLCPUFA (i.e., 32:6n3) synthesis (19).
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Although the highest retinal expression of ELOVL4 is found in photoreceptor inner segment
(37), it is also expressed in other retinal layers (67,68). Herein, we demonstrated expression of
ELOVLA4 in retinal vasculature. The product of ELOVL4-mediated elongation will depend on
the precursor fatty acids. As the photoreceptors are rich in n3 PUFA, the main products of
ELOVLA4 in photoreceptor cells are C32-36 PUFAs. Endothelial and epithelial cells have much
lower n3 PUFA and higher saturated fatty acids content leading to higher level of VLC saturated
fatty acid production that can be incorporated into ceramides. This is further supported by the
studies demonstrating that ELOVL4 works in concert with ceramide synthases leading to VLC
ceramide production (69). The role of VLC ceramides is best known in skin permeability barrier
where they represent a major component of stratum corneum (33-35). Whether decrease in
ELOVL4 and thus VLC ceramides production in the retina plays a role in BRB breakdown in

diabetes was not known and represented a major focus of this study.

The studies here reveal that overexpression of ELOVL4 by recombinant adenoviral system
normalized VEGF and IL-1B induced retinal vascular permeability in BRECs and increased
steady state content of tight junction protein occludin. Further, cell border organization was
normalized for both ZO-1 and claudin 5. Importantly, intravitreal delivery of hELOVL4 in
diabetic retina using AAV?2 viral vector increased hELOVL4 expression in retinal endothelium
and prevented diabetes-induced increase in vascular permeability in diabetic mice. These data

strongly support the role of ELOVL4 in protective pro-barrier function.

Although this is the first study to demonstrate the role of ELOVLA4 in retinal BRB, the essential
role of ELOVLA4 in skin barrier function is well known. Homozygous ELOVL4 mutant mice die

within few hours after birth due defective skin barrier and severe dehydration (33-35), a
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phenotype that can be rescued by skin specific expression of ELOVL4 to normalize skin
permeability (70). This defective water insulation function of the skin was attributed to ELOVL4
loss of function and subsequent decrease in production of VLCFA (C>26) and thereby VLC
ceramides and acylceramides, critical lipid components of the skin barrier function, probably due
its packing property within stratum corneum that resists water loss. The VLC ceramides and
especially omega-linked acyl-ceramide species have never before been shown outside of stratum

corneum.

The data presented in this study suggest that retinal pro-barrier effects of ELOVL4 are mediated
by VLC ceramide production and incorporation into tight junction structures. Ceramide was
found to co-localize with tight junction complexes and follow the same distribution as ZO-1 and
claudin 5. Moreover, mass spectrometry analysis revealed very long chain ceramides in tight
junction isolates. The presence of these VLC ceramides in BRB tight junctions suggests that

similar to skin, they might serve pro-barrier function in the retinal microvasculature.

The role of plasma membrane lipid composition in the maintenance and organization of tight
junction complexes has being postulated for a long time. In endothelial cells, gamma linolenic
acid 18:3n6 and EPA 20:5n3 increased occludin content with subsequent decrease in paracellular
permeability (71). Park et al. have demonstrated that gangliosides exert a protective effect on rat
intestinal permeability, preventing lipopolysaccharide induced occludin degradation (72). TNF-a
induced alteration in lipid composition of TJ microdomains causing occludin protein
redistribution and increased paracellular permeability (73). Palmitoylation- covalent attachment
of the palmitic fatty acid to cysteine residues of proteins- of tight junction protein claudin was

found to be essential for protein localization and enhanced property of tight junctions (74).
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In addition to structural role of lipids in surrounding plasma membrane, lipidic nature of tight
junction itself was first proposed more than 30 years ago by Kachar et al. They suggested that
tight junction strands are formed of inverted lipid cylinders where apposing cells contact each
other through fusion points between exoplasmic leaflet of the two neighboring cells (75). This
was further supported by freeze fracture preparations that demonstrate the presence of
phospholipids and cholesterol particles in tight junction strands (76,77). Model of lipid bridges at
tight junctions has been postulated as a route for lateral transfer of phospholipids and lipid-
protein complexes between neighboring cells (78,79). Our study is the first to demonstrate that
ceramides co-localize within tight junction proteins demonstrated by immunofluorescent
staining, electron microscopy and tight junction purification followed by MS analysis.
Specifically we demonstrated the presence of VLC ceramides and, importantly, omega-linked
acyl-ceramide species by mass spectrometry analysis of tight junction structures. Until now VLC

ceramides were only found in water permeability barrier of the skin.

The exact confirmation of omega-linked acyl-VLC ceramides in the tight junction structure is
not known, and will require further investigation, however these very long highly saturated lipids
may have a role in stabilizing tight junction proteins and protecting against degradation. Indeed,
overexpression of hELOVL4 in BRECs, significantly increased occludin content and prevented
the VEGF - induced decrease in occludin. This effect was due to translational or
posttranslational regulation as occludin mRNA level was not increased after ELOVL4
overexpression (occludin mRNA/ GAPDH; in AdEmpty transduced cells = 0.005 + 0.002, while

in hELOVL4 transduced cells = 0.004 £+ 0.0002).
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Based on the structure, omega-linked acyl-VLC ceramides could be incorporated in the plasma
membranes and aid in organizing junctional domain. The long fatty acid tail of omega-linked
acyl-ceramides could potentially allow for traversing the thickness of double layer, bridging the
space between tight junction proteins of apposing cells and thereby regulating barrier function.
More detailed structural studies would be required to assign the exact function to these lipids in
the tight junctions. In summary, we have shown that ELOVL4-mediated production of VLC-
ceramides is necessary for retinal endothelial barrier function. Overexpression of ELOVL4
prevented diabetes-induced retinal permeability and BRB breakdown. VLC ceramides may be
necessary for tight junction stability and thereby enhancing barrier property. Normalization of
retinal ELOVL4 expression may provide a potential therapeutic strategy for the prevention of
diabetes-induced early breakdown of the blood-retina barrier by modulating retinal sphingolipid

metabolism.
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Chapter 3. Increase in acid sphingomyelinase level in human retinal endothelial cells and
CD34" circulating angiogenic cells isolated from diabetic individuals is associated with
dysfunctional retinal vasculature and vascular repair process in diabetes

This chapter is a modified version of an article accepted in Clinical Lipidology.
Authors: Nermin Kady, Yuanqing Yan, Tatiana Salazar, Qi Wang, Harshini Chakravarthy, Chao
Huang, Eleni Beli, Svetlana Navitskaya, Maria Grant, Julia Busik.
3.1 Abstract

Diabetic retinopathy (DR) is a microvascular disease that results from retinal vascular
degeneration and its defective repair due to diabetes induced endothelial progenitor dysfunction.
Understanding the key molecular factors involved in vascular degeneration and repair is
paramount for developing effective DR treatment strategies. We propose that diabetes-induced
activation of acid sphingomyelinase (ASM) plays essential role in retinal endothelial and CD34"
circulating angiogenic cell (CAC) dysfunction in diabetes.
Primary cultures of human retinal endothelial cells (HRECs) isolated from control and diabetic
donor tissue and human CD34" CACs from control and diabetic patients were used in this study.
ASM mRNA expression was assessed by quantitative PCR, ASM concentration was determined
by ELISA assay. To evaluate the effect of diabetes-induced ASM on HRECs and CD34" CACs
function, tube formation, CAC incorporation into endothelial tubes, and diurnal release of CD34"
CAC:s in diabetic individuals was determined.
ASM expression level was significantly increased in HRECs isolated from diabetic compared to
control donor tissue, as well as CD34 CACs and plasma of diabetic patients. A significant
decrease in tube area was observed in HRECs from donors with signs of NPDR as compared to

control HRECs. The tube formation deficiency = was associated with increased expression of
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ASM in diabetic HRECs. Moreover, diabetic CD34" CACs with high ASM showed defective
incorporation into endothelial tubes. Diurnal release of CD34" CACs was disrupted with the
rhythmicity lost in diabetic patients.

Collectively, these findings support that diabetes-induced ASM upregulation has a marked
detrimental effect on both retinal endothelial cells and CACs. ASM may provide novel

therapeutic target for treating DR.
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3.2 Introduction

Diabetic retinopathy (DR) is a microvascular disease that results from diabetes-induced
retinal damage that is further exacerbated by bone marrow dysfunction. Bone marrow
dysfunction leads to decreased release of cells into the circulation and changes in hematopoiesis
resulting in increased circulating pro-inflammatory monocytes and diminished repair due to
defective progenitor cells. Although DR influence all retinal cells, clinical manifestations of DR
are mainly due to changes in retinal vessels, where early histological alterations include pericyte
loss, thickening of basement membrane, capillary occlusion and endothelial cell degeneration
(1,2) . These are followed by break down of blood retinal barrier (BRB) and leaky vasculature
leading to hemorrhages, hard exudates, and retinal edema; structural changes involving the
vascular wall leading to microaneurysms; and finally neovascularization, vitreous hemorrhage
and fibrous tissue formation (3). Impaired vision due to macular edema, or vision loss due to
neovascularization-induced vitreous hemorrhage or tractional retinal detachment usually takes

place in the later stages of the disease.

Circulating angiogenic cells (CACs), a population of vascular progenitors originated
from HSC (4), are considered as key regulators for healthy maintenance of retinal vasculature.
Diabetic metabolic abnormalities lead to defective vascular maintenance due, in part, to failed

attempts by dysfunctional CACs to repair damaged endothelium.
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HSCs isolated from bone marrow or CACs from peripheral blood of control (healthy)
animals have been shown to repair ischemic damage and aid in reperfusion of ischemic tissues
(4-6). Several studies have shown an association between DR risk and both reduced number (7—

10) and function of CACs (11-16).

Several key hyperglycemia- and dyslipidemia-activated pathways leading to retinal
endothelial cell and CAC dysfunction have been identified. Prominent among these are pathways
that promote an increase of pro-inflammatory cytokines, pro-inflammatory lipids and pro-
angiogenic factors (17-26). We have previously demonstrated activation of the central enzyme
of sphingolipid metabolism, acid sphingomyelinase (ASM), as a key metabolic abnormality in
diabetic retinal vasculature and CACs. ASM hydrolyzes sphingomyelin (SM) into pro-
inflammatory and pro-apoptotic ceramide. Activation of ASM plays an important role in signal
transduction in response to various stimuli including IL-1p (27,28) and TNF-a (29). Endothelial
cells represent a major source of ASM (30-33). Inhibition of ASM exhibits protective effect in

diabetes preventing diabetes-induced retinal inflammation and vascular degeneration (15,33,34).

Previously, we have identified key defects in circadian regulation of CACs. We showed
that bone marrow denervation results in loss of circadian release of vascular reparative cells from
the bone marrow and generation of increased numbers of proinflammatory cells. Using a rat
model of T2D, we showed that the decrease in CACs release from diabetic bone marrow is
caused by bone marrow neuropathy and that these changes precede the development of diabetic
retinopathy. We observed a marked reduction in clock gene expression in the retina and in

CAC:s. Denervation of the bone marrow resulted  in progenitors being “trapped” within the
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bone marrow and in loss of the circadian release of these cells into the circulation. This reduction
in the circadian peak of CAC release into the circulation led to diminished reparative capacity
and resulted in development of acellular retinal capillaries (7). We also showed that Per2 mutant
mice recapitulate key aspects of diabetes without the associated metabolic abnormalities. In Per2
mutant mice, we observed a threefold decrease in proliferation and 50% reduction in nitric oxide
levels in CACs. Tyrosine hydroxylase-positive nerve processes and neurofilament-200 staining
were reduced in Per2 mutant mice (suggestive of diabetic neuropathy) and increased acellular
capillaries were identified (35). We also showed that as CD34" CACs acquired differentiation
markers (towards the endothelial lineage), robust oscillations of clock genes are observed (36).

It is well accepted in diabetic complications field that cells isolated from diabetic tissue
keep diabetic phenotype for several passages even when cultured in normal glucose. This is due
to “metabolic memory”, or "legacy effect" for vascular disease in diabetes - the prolonged
benefits of good glycemic control, as well as the prolonged harm poor control in diabetic
patients(11,37-39). In this study we used HREC cells isolated from control and diabetic donor
tissue as a model.

In the current study, we have focused exclusively on human CACs. We asked if the
defect in circadian release observed in rodents with diabetes occurred in humans. We examined
the effect of diabetes-induced ASM activity on the function of human CACs and retinal
endothelial cells comparing the angiogenic ability of control (low ASM) and diabetic (high
ASM) HREC:s to form tube—like structures in vitro and determining the capacity of control (with

low ASM) and diabetic (with high ASM) CACs to support endothelial tube formation.
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3.3 Materials and methods

3.3.1 Circadian study of human CD34" CACs

The study was approved by the University of Florida IRB #411-2010. All study subjects
provided informed consent. Individuals were brought into the Clinical Research Center at the
University of Florida for 48 h. During the first 24 h, individuals were evaluated and on the
evening of the first day, a heparin lock was inserted into their forearm. During the second 24-h
period, the individuals had 1 mL of blood removed every 2 h for a total of 24 h and analyzed for
the number of CD34" cells by flow cytometry. Clinical characteristics of the patients are
presented in Table 2.

3.3.2 Postmortem imaging of human retina and cell culture

Primary cultures of HRECs were prepared from postmortem tissue obtained from National
Disease Research Interchange, Philadelphia, PA and Midwest Eye-Banks, Ann Arbor, MI. The
tissue was received within 36 h after death. The donor characteristics are provided in Table 3.
Primary HRECs were isolated as previously described (40). As previously demonstrated the
cells isolated from control and diabetic donors keep their phenotypes for 4-6 passages due to
metabolic memory phenomenon (11,37-39). On arriving in the laboratory, the eyes were
placed on sterile gauze, and they were washed with povidone- iodine solution (Purdue Pharma
L.P. Stamford, CT). After 10 minutes, the globe was punctured approximately 2 mm from the
limbus, a circumferential incision was made and the anterior chamber was removed. A vitreous
spatula was used to loosen the vitreous adherent to the anterior retina. When all the vitreous
was removed, the retina was gently removed from the layer of retinal pigment epithelium and

cut at the optic nerve. Before proceeding into the isolation of HRECs, retinas were rinsed,
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flatmounted and retinal imaging was taken using a Nikon SMZ-800 Stereo Microscope with
Prior Proscan 3 Motorized XY System with Z Drive and MetaMorph Modules to perform
image stitching, to properly determine the stage of retinopathy of the donors used for isolation
of HRECs. Retinas included in this study have at least three signs of non-proliferative diabetic
retinopathy (NPDR) such as microaneurysms, intraretinal haemorrhages and intraretinal
microvascular abnormalities (IRMA). Retina was then placed on a 53-um Nylon mesh filter
(Sefar America, Buffalo, NY.), washed with a solution containing Glucose (5.5 mM), L-
Glutamine (2 mM) and 1x MEM Non-Essential Amino Acids Solution (GIBCO, Life
Technologies, Carlsbad, CA). The retinas were then placed into a 25-ml flask containing 100
U/ml of collagenase, Type 1 (Worthington Biochemical Co., Lakewood, NJ) in the above-
mentioned solution containing 22% Bovine serum albumin (Sigma) and 0.01% Soybean
Trypsin Inhibitor (Sigma). Retinas were then mechanically agitated using a shaker and allowed
to digest at 37°C for approximately 60 minutes or until no tissue fragments could be seen.
After digestion, cells were centrifuged at 1000 rpm for 5 minutes. The supernatant was
removed and pellet was suspended in fresh media; 1:1 mix of low glucose Dulbecco’s
modified Eagle’s medium (DMEM 1g/L) / F-12 nutrient mix (GIBCO, Life Technologies,
Carlsbad, CA) supplemented with 10 % fetal calf serum (Hyclone, Logan, UT), 1% endothelial
cell growth supplement (Millipore, MA), 1% insulin-transferrin- sodium selenite media
supplement (Sigma) and 1% penicillin-streptomycin antimycotic (GIBCO, Invitrogen-Life
Technologies, Carlsbad, CA). Glucose concentration in the final media was adjusted to 5.5
mM. The cells were maintained at 37°C in 95% air and 5% CO2 in a humidified cell culture

incubator. Passages 3 to 5 were used in the experiments.
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3.3.3 Human CD34" CACs isolation

Human peripheral blood samples (150 ml) were collected into Sodium Citrate-containing
CPTTM glass vacuum tubes (BD, Franklin Lakes, NJ). Written informed consent was obtained
from each patient, and all procedures were approved by the Institutional Review Board at the
University of Florida (IRB # 408-2010). Peripheral blood mononuclear cells (MNCs) were
isolated from the blood by density gradient centrifugation using Lympholyte (Cedarlane
Laboratories Ltd., Ontario, Canada). The CD34" cell fraction was then isolated from the MNCs
using the EasySepTM CD34" positive selection system according to the manufacturer’s
instructions (Stem Cell Technologies, Vancouver, BC, Canada). Clinical characteristics of the

patients are presented in Table 3.

3.3.4 Tube formation assay

Tube formation assay was performed using BD BioCoat Angiogenesis System-Endothelial Cells
Tube Formation Matrigel Matrix 96-well plate (BD Biosciences Discovery Labware, Bedford,
MA) according to the manufacturer’s instructions. Briefly, isolated CD34" CACs and HRECs
were labeled with Qtracker 655 and Qtracker 525 (Invitrogen); respectively. Control or diabetic
HRECs were mixed in a 4:1 ratio with either control or diabetic CD34" cells, seeded into
Matrigel Matrix 96-well plate) and incubated for 16 to 18 h at 37°C (5% CO,). After incubation,
wells were assessed for the presence of tube-like structures and images were taken in 10x
magnifications using a Nikon TE2000 fluorescence microscope equipped with Photometrics
CoolSNAP HQ2 camera. At least three different fields were randomly selected and captured to
collect images for each well. Tube area and percentage of CD34" incorporated into tubules were

calculated using MetaMorph software system (Molecular Devices, Downingtown, PA). Statistics
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were performed on 3 independent wells per condition with minimum three images taken from

each well.

3.3.5 Quantitative real-time PCR

Total RNA was extracted from HRECs, human CD34" cells using QuickGene RNA (Fujifilm,
Minato-Ku, Tokyo, Japan) or Qiagen RNeasy (Qiagen Inc., Valencia, CA, USA) according to
the manufacturer’s instructions. NanoDrop 2000 (Thermo Scientific, IL, USA) was used to
determine total RNA concentration. Total RNA was reverse transcribed into cDNA using
superscript III first-strand synthesis system (Invitrogen, Carlsbad, CA). Human gene-specific
primers for ASM were used. Expression levels were normalized to human cyclophilin. Sequence

of specific primers used is given below:

Human ASM: caacctcgcgetgaagaa and  tccaccatgtcatcctcaaa

Human Cyclophilin: aaggtcccaaagacagcaga and cttgccaccagtgccattat

3.3.6 ELISA assay

Blood samples were collected, centrifuged and plasma was stored at -80 °C. Samples were
assayed for human ASM concentration using ELISA kit (Cloud —Clone Corp., Houston, TX,
USA) according to the manufacturer’s protocol.

3.3.7 Statistical analysis

Data are presented as mean + S.E.M. Results were analyzed for statistical significance by the
Student’s t-test (GraphPad Prism 7, GraphPad Software, San Diego, CA). Significance was

established at P < 0.05.
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Table 2. Clinical characteristics of control and diabetic subjects involved in the circadian

study.
Subject Gender Age Diabetes HbA1C CVD Retinopathy Medications
# duration
Diabetic 1 Female 67 T2D 7.5 No No Glucophage
4 months

Diabetic 2 Female 65 T2D 20 8.8 No No Lantus
years

Diabetic 3 Male 76 T2D 7.4 No No Glucophage

Diabetic 4 Female 64 T2D 6.3 No No Actos

Diabetic 5 Female 67 T2D 6.4 No No Glucophage

Diabetic 6 Female 68 T2D 9 6.8 No No Diabeta
years

Diabetic 7 Female 48 T2D years 6.0 No No Metformin

Diabetic 8 Female 59 T2D 10 7.7 No No Humulin
years

Control 1 Female 43 No No

Control 2 Female 57 No No

Control 3 Female 68 No No

Control 4 Male 43 No No
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Table 2. (cont’d)

Inclusion criteria: Individuals between the ages of 21 and 65 years were eligible to participate.
Exclusion criteria: Subjects were excluded for the following reasons: a) evidence of ongoing
acute or chronic infection (HIV, Hepatitis B or C, or tuberculosis); b) ongoing malignancy; c)
cerebral vascular accident or cerebral vascular procedure; d) current pregnancy; e) history of
organ transplantation; f) presence of a graft; g) uremic symptoms, such as an estimated
glomerular filtration rate of less than 20 cc/min (by Modification of Diet in Renal Disease
equation), or an albumin of less than 3.6 (to avoid malnutrition as a confounding variable); h) a

history of smoking; and 1) anemia.
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Table 3. Clinical characteristics of control and diabetic HRECs donors and CD34" CACs

subjects involved in the study.

HRECs Gender Age Diabetes CVD Retinopathy Nephropathy Neuropathy Medications
donor # duration

Diabetic 1 Male 71 T2D 18 years Yes Moderate Yes No Insulin
NPDR

Diabetic 2 Male 66 T2D 16 years Yes Sever Yes No Insulin
NPDR Humalog

and
Humalin-N

Diabetic 3 Female 50 T2D 15 years No Sever No No Insulin
NPDR

Diabetic 4 Male 73 T2D 6 years Yes Mild Yes Yes Insulin
NPDR

Diabetic 5 Male 71 T2D 20 years Yes Moderate Yes No Insulin
NPDR

Diabetic 6 Male 62 T2D 22 years Yes Mild Yes No Insulin
NPDR

Diabetic 7 Male 70 T2D 15 years Yes Moderate Yes No Insulin
NPDR

Control 1 Female 58 No No No No No

Control 2 Male 56 No Yes No No No

Control 3 Male 71 No No No No No

Control 4 Female 52 No No No No No
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Table 3. (cont’d)

CD34* CACs Gender Age Diabetes HbA1C CVD Retinopathy Nephropathy Neuropathy
subject # duration

Diabetic 1 Male 55 T2D 10 years 14 No Sever No No
NPDR

Diabetic 2 Female 58 T2D 6.5 No Moderate No No
NPDR

Diabetic 3 Female 59 T2D 71 No Moderate No No
NPDR

Diabetic 4 Male 4 T2D 14 No PDR No No

Control 1 Female 57 No No No No No

Control 2 Male 49 No No No No No

Control 3 Female 39 No No No No No

Control 4 Female 58 No No No No No
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3.4 Results

3.4.1 ASM expression level is increased in HREC, CD34" CACs and blood plasma of
diabetic donors

To determine whether human diabetic tissues exhibited the same increase in ASM as we
observed in animal models (15,33), we measured ASM expression level in human RECs, CD34"
CACs and plasma samples in both diabetic and control donors. ASM expression level was

significantly increased in all three tissue types in diabetic compared to control donors (Fig. 16A,

B and C).
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Figure 16. Diabetes induced increase in ASM expression.

Total RNA was isolated and the transcript level of ASM was analyzed by qRT-PCR in (A)
HRECs, (B) CD34" cells and (C) plasma from diabetic donors (n=4-7) compared with control
donors (n=3-4). Data are means £ SEM. *P < 0.05, significantly different as determined by
Student’s t—test. Abbreviations: ASM, acid sphingomyelinase; HRECs, human retinal endothelial

cells.
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3.4.2 Diabetes induces decrease in HREC tube formation

As shown above and previously demonstrated, HRECs isolated from diabetic donors have high
ASM activity and expression level. To evaluate the effect of diabetes-induced increase in ASM
on HRECs function, we performed tube formation assay to measure the ability of retinal
endothelial cells to form blood-vessel-like tubular structure. Tube formation by HRECs isolated
from healthy control retinas was compared to cells isolated from retinas with signs of NPDR as
determined by post-mortem retinal imaging (Fig. 17A). A significant decrease in tube area was

observed in HRECs from retinas with signs of NPDR as compared to control HRECs (Fig. 17B).
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Figure 17. Diabetes impairs tube formation capacity of HRECs.

(A) Postmortem imaging of human retina. Control retina with well-organized blood vessels
(left), Diabetic retina with signs of NPDR; intraretinal hemorrhages and microaneurysms (right).
(B) An in vitro tube formation assay was performed in control (n=4) and diabetic (n=7) HRECs
using Matrigel Matrix 96-well plate. Representative images of tube-like structures are shown.
The cells were stained with Qtracker 525 (green), images were taken in 10x magnification and
total tube areas were calculated using MetaMorph software system. Quantification of tube area is
shown on far right. Data are means + SEM. *P < (.05, significantly different as determined by

Student’s t —test. Scale bar = 50 pum.
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3.4.3 Diabetes induced increase in ASM is associated with CD34" CACs dysfunction

To determine the role of ASM expression in diabetes-induced defect in CD34" CACs function,
we seeded CD34" CACs isolated from both control (low ASM) and diabetic (high ASM) subjects
with HRECs and examined whether the level of ASM expression in CACs affect their ability to
incorporate into the endothelial tubes formed by the HRECs. Interestingly, CD34" CACs seeded
alone did not form tube-like structures, but they did incorporate into tubes formed by HRECs
when co-cultured with retinal endothelial cells (Fig. 18C). Increased incorporation into tubes
formed by diabetic HRECs was observed for the control CD34" CACs (low ASM) compared to
diabetic CACs (high ASM; Fig. 18B). As expected, control HRECs exhibited robust tube
formation. Incorporation of CACs into control HREC tubes was not affected by the level of
ASM in CACs (Fig. 18A). These data demonstrate that high ASM expression levels in CD34"
CACs correlate with impaired incorporation ability, whereas CACs expressing lower levels of

ASM display enhanced in vitro incorporation.
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Figure 18. Reduced incorporation of diabetic CD34" CACs into diabetic HRECs tubes.

Tube formation by HRECs (Qtracker 525, green) isolated from control (A) or diabetic (B)
donors either without CACs (left panel), or co-incubated with control (middle panel) or diabetic
(right panel) CACs (Qtracker 655, red) is shown. Quantification of % of CD34" CACs
incorporation into HRECs tubes is shown on far right. Data are means = SEM (n= 4-7). *** P <

0.0001, significantly different from control as determined by Student’s t —test; not significant at

P > 0.05. Scale bar = 50 um.
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Figure 18 (cont’d)
(C) CD34" CACs alone were not able to form tube-like structures (left panel), but incorporated
into HREC tubes, forming tube-like structures, when co-cultured with HRECs (right three

panels). Abbreviations: CACs, circulating angiogenic cells.
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3.4.4 Diabetes induced increase in ASM is associated with loss of circadian release of CD34"
CACs

We have previously demonstrated that normal diurnal pattern of CACs release from the bone
marrow 1is critical for efficient repair of retinal vasculature in rodents (7). Increase in ASM
activity in CACs in diabetic animal models was associated with decreased membrane fluidity
and impaired migration leading to increased CAC retention and loss of circadian release from the
bone marrow (34). We next determined the effect of diabetes on circadian release of CD34"
CACG:s in diabetic patients. Peripheral blood of type 2 diabetic individuals was collected every 2 h
for 24 h and analyzed for the number of CD34" CACs by flow cytometry and compared with
control subjects. The dash line is the model fitted curve for individual subjects and bold curve is
the fitted curve for population (Fig. 19 A and B). In agreement with previous studies, healthy
individuals had a peak of circulating CD34" cells in the middle of the night, representing the rest
phase for humans (Fig. 19A), however this peak of CD34" release was lost in T2D subjects (Fig.

19B)
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Figure 19. Loss of circadian release of diabetic CD34" CACs.

Peripheral blood was collected every 2 h for a total of 24 h from (A) control (n=4) and (B)
diabetic (n=8) subjects and was analyzed for the number of CD34" CACs by flow cytomtery. (A)
In control subjects, there is a clear peak of circulating CD34" CACs that occurred in the middle
of the night. (B) Rhythmic CD34" CACs release pattern was blunted in Type 2 diabetic patients.
The dash line is the model fitted curve for individual patients and bold curve is the fitted curve

for population.
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3.5 Discussion

Diabetic retinopathy is a sight threatening complication of diabetes with limited treatment
strategies. Understanding the key molecular factors involved in the disease is important for
developing therapeutic targets to prevent progression into ocular neovascularization and
blindness. ASM 1is shown to be a key element in inflammatory signaling through ceramide-
mediated signal transduction (41,42). Diabetes—induced increase in ASM activity has been
shown to modulate inflammatory response in mature retinal endothelial cells (43), however,
there is no direct experimental evidence showing ASM effect on endothelial function. Here we
demonstrated that HRECs isolated from type 2 diabetic subjects with signs of NPDR had altered
retinal endothelial cell function with impaired capacity to form tube-like structures when
compared with control HRECs. The deficiency in tube formation was associated with increased
expression of ASM in diabetic HRECs. This is consistent with previous studies showing ASM—
mediated endothelial cell apoptosis in various tissues including retina, lungs and gastrointestinal
tract (30,31,33,44), and ASM antiangiogenic effect in tumor treatment (45). Endothelium is the
major source of ASM production in the body with endothelial cells synthesizing 20 times as
much ASM as any other cell type (32); thus, it is not surprising that ASM plays a major role in
endothelial cells function. In agreement with previous studies (32), endothelial cells had very
high ASM expression level, which was further increased in diabetes. Moreover, increased ASM
level in plasma further reflects the increased production and secretion of ASM by activated
endothelial cells.

Retinal vascular repair and revascularization is aided by CACs (4,13,16,46—49). We
examined the effect of diabetes-induced increase in ASM on the ability of CD34" CACs to

incorporate and thus help in repair of defective  vascular-like tube structures formed by
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diabetic HRECs. We demonstrated that diabetic CD34" CACs, with high ASM, showed minimal
incorporation into the defective tubes formed by diabetic HRECs. Non-diabetic CD34" CACs
with low ASM showed robust incorporation. These results are in line with other studies showing
that diabetic CACs are defective in proliferation, migration, adhesion, differentiation, and
participation in vascular regeneration process (13,14,16,46,50,51). Interestingly, no significant
difference was observed between non-diabetic and diabetic CD34" CACs incorporation into
control HRECs. This is consistent with our previous studies demonstrating lack of incorporation
of control CACs into healthy vasculature that does not require repair in non-diabetic (13). We
have previously demonstrated that high level of ASM inversely correlates with migration and
reparative capacity of CACs, with the inhibition of diabetes-induced ASM resulting in
improved migration and retinal vascular regeneration in diabetic mouse model (15,34).

In this study, we compared effect of ASM on functional capacity of healthy and diabetic CACs
in human on control and diabetic HRECs. We revealed that the defective incorporation of
diabetic CD34" CACs was associated with high ASM. As previously shown, high ASM activity
leads to accumulation of membrane ceramides. Accumulation of ceramide results in decreased
membrane fluidity, cell rigidity and defective migration which can explain defective
incorporation of diabetic CACs (15,34,52) and likely supports their defective release from the
bone marrow into the systemic circulation.

Although several lines of evidence demonstrate that ASM expression is an important factor for
progenitor cell release from the marrow, migration, proliferation and homing to the injured
vasculature; other factors beyond ASM activation are also known to be involved in diabetes-
induced CAC dysfunction. These include bone marrow neuropathy and low level of

neurotransmitters production; increase in TGF  beta leading to decreased NO bioavailability
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and diminished expression of CXCR-4 (7,53). These factors affect chemoattraction to SDF1 and
lead to increase in stem cell quiescence in the bone marrow niche. In health ASM works in
concert with other factors to maintain optimal bone marrow stem cell production and release,
however activation of ASM along with other factors disrupts this balance in diabetes
(7,34,54,55).

The physiological release of bone marrow progenitor cells including CD34" CACs into
the circulation is not constant, but follows circadian oscillations. These oscillations are regulated
by sympathetic signaling to bone marrow stromal cells, which results in CXCL12 (SDF-1) down
regulation and progenitor egress from the bone marrow; all of these processes occur in circadian
pattern under control of clock genes (56). Diabetic bone marrow neuropathy with disruption of
circadian rhythm may contribute to endothelial progenitor cell dysfunction. Wang et al. have
demonstrated that mutation in circadian gene Per2 leads to reduced endothelial cell progenitor
mobilization and revascularization (57). We investigated whether circadian release of CD34"
CAG:s is altered in diabetic subjects. Peripheral blood was collected every 2 h for 24 h from both
control and diabetic subjects. In agreement with previous studies (58—60), normal rhythmic
oscillations were observed in control subjects with a clear peak of circulating CD34" CACs cells
in the middle of the night (resting phase), optimal time of regeneration in humans. Similar to our
observations in diabetic rat model (7). This study revealed that circadian fluctuation of CD34"
CACs was disrupted with rhythmicity lost in diabetic individuals. Importantly, we have
previously demonstrated that, similar to endothelial cells, the increase in ASM activity in CACs
in diabetic animal models was associated with increased ceramide levels, decreased membrane
fluidity and impaired migration. This impairment in migration, combined with diminished

sympathetic signaling to BM may lead to increased CAC retention in the bone marrow
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and loss of circadian release of the progenitor cells as demonstrated in this study.

This study underscores the deleterious effect of high ASM levels on the vascular repair
potential of both mature retinal endothelial cells and circulating angiogenic cells in diabetes.
Correcting this defect could treat vasodegeneration, enhancing vessel repair and thus preventing

progression into PDR stage.
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Chapter 4. Summary and future perspectives

4.1 Summary

The studies presented in chapter 2 are conceptually innovative, showing that not only
does dyslipidemia participate in diabetic retinopathy but also it has a role in blood retinal
barrier (BRB). We explore a novel concept that ELOVL4 plays an important role in the
blood retinal barrier (BRB) maintenance via the production and incorporation into the
tight junctions of specific species of ceramides previously found in skin permeability
barrier; omega-linked acyl-VLC ceramides. We proposed that diabetes induced down-
regulation of retinal ELOVLA4 results in reduced production of very long chain ceramides.

This in turn contributes to increased retinal vascular permeability.

Using Bovine retinal endothelial cells (BRECs) as a model of inner blood retinal barrier,
overexpression of hELOVL4 using adenoviral vector system significantly decreased
basal permeability and prevented VEGF and IL-1pB-induced increase in permeability.
Importantly, hELOVL4 overexpression prevented VEGF-induced decrease in occludin
expression and border staining of tight junction proteins; ZO-1 and claudin-5.
Interestingly, knock down of ELOVL4 was associated with increased paracellular
permeability. Ceramides were found to co-localize with tight junction complexes.

Lipidomic analysis of tight junction isolates revealed the presence of VLC ceramides.

In order to determine the effect of ELOVL4 on diabetes-induced blood retinal barrier

dysfunction in vivo, we used streptozotocin mouse model of diabetic retinopathy treated
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with intravitreal injections of hELOVL4-AAV2. We demonstrated that AAV2 mediated
delivery of hELOVL4 prevents diabetes-induced increase in retinal vascular
permeability. These findings are consistent with the results obtained in BRECs,

supporting the curative potential of hELOVL4 vector.

Continuing the studies in Chapter 2 where we investigated the role of diabetes-induced
dyslipidemia in retinal vascular permeability, Chapter 3 describes the effect of
dyslipidemia on the function of both cell types involved in revascularization; mature

retinal endothelial cells and circulating angiogenic cells (CACs).

Using primary cultures of human retinal endothelial cells (HRECs) isolated from control
and diabetic donor tissue and human CD34" CACs from control and diabetic patients. We
demonstrated that diabetes induced ASM activation, a key enzyme of sphingolipid
metabolism, in retinal endothelial cells and CD34" CACs. Diabetes induced ASM
upregulation has deteriorative effect on both retinal endothelial cell and CD34" function.
Where diabetic HRECs with high ASM showed defective ability to form blood-vessel-
like tubular structure. Moreover, diabetic CD34" CACs with high ASM showed defective

incorporation into endothelial tubes.

Collectively, these data indicate that dysregualtion of retinal sphingolipid metabolism
paly role in the development of diabetic retinopathy. Normalizing the ratio between pro-
barrier long chain ceramides and pro-inflammatory and pro-apoptotic short chain

ceramides through the control of ELOVL4 and ASM may represent a novel
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therapeutic strategy for the prevention of diabetic visual impairment.
4.2 Future perspectives
1. We demonstrated the presence of omega-linked acyl VLC ceramides in native tight junction.
However, it is important to identify the changes in the abundance of these species of VLC
ceramides in cells transduced with or without recombinant ELOVL4 and in ELOVL4 knock
down cells.
2. Several studies have shown the protective anti-apoptotic effect of VLC ceramides. In this
study we have postulated that ELOVL4 produced VLC ceramides may act as bridges between
tight junction proteins stabilizing these proteins against degradation. However, it would be useful
to identify if there are different mechanisms by which ELOVL4 can reduce paracellular
permeability through neutralizing cytokine or growth factor induced increase in permeability.
3. The exact confirmation of VLC ceramides in the tight junction structure is not known. It
would be important to visualize the tight junction structure in its native environment to show the
exact configuration of lipid in interaction with tight junction protein. This can be achieved using
the cryo-electron microscopy technique.
4. Our lab has previously demonstrated that increase in ASM activity in diabetic CACs in animal
model was associated with accumulation of membrane short chain ceramides, thereby decreasing
membrane fluidity and impairs migration of CACs. Hence it is important to confirm the effect of
high ASM on membrane ceramide levels and membrane rigidity in human CD34" CACs isolated

from diabetic individuals.

The potential use of gene therapy using AAV serotype 2 as a vector for the treatment of

different retinal diseases is being evaluated in  several clinical trials. In this context, a gene-
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based therapy involving intravitreal injection of AAV2 expressing hELOVL4 in diabetic patients
during their preclinical stage could have significant utility in the treatment of diabetic
retinopathy. We examined the beneficial effect of ELOVL4 in vitro, using the bovine retinal
endothelial cells as model of the inner blood retinal barrier, and in vivo through STZ induced
diabetic mice as a model of type I diabetes.
Before progressing to clinical trials in humans we need to perform additional, confirmatory
preclinical studies addressing basic questions on AAV2-mediated hELOVL4 expression; dosing,
safety, toxicity, tissue distribution after intravitreal administration. As we examined its
protective effect on a type I diabetic model, it would be important to test its beneficial effect on
several animal models of diabetic retinopathy; type II diabetic mice to confirm its effect in both
types of diabetes. Then shifting to large animal model of Diabetic Retinopathy (DR), such as
diabetic pigs. The pig model has the advantage that it posses retinal vascular system very similar
to that of humans. Most importantly, the pig model develops signs of DR within 18 week after
induction of diabetes compared to the dog model and rhesus monkey model, which develop
retinopathy after years of diabetes induction.
After these additional studies, including safety, tolerability and therapeutic dosing, a pilot study
could be carried in small number of human subjects to ensure safety and tolerability before
progressing into phase I clinical trial. The available evidence that rAAV mediated-gene therapy
holds great promise in treatment of different retinal diseases with great safety and long lasting
efficacy, suggests that delivery of hELOVL4 could serve as a novel gene therapeutic target for

DR patients.
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Overall, our studies indicate that correcting sphingolipid metabolism in diabetic retina and CACs

could treat vasodegeneration, enhance vessel repair and thus prevent progression into PDR stage.
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