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“The eye, through which the beauty of the universe is reflected by its contemplators,
is of such excellence that those who allow its loss miss the representation of all
nature's work.”

Leonardo da Vinci. Treatise of Painting (XVI century).



ABSTRACT
Pathologic angiogenesis of the retina is a hallmark of frequent blinding conditions
among the elderly, such as proliferative diabetic retinopathy (PDR) and neovascular
age-related macular degeneration (nAMD). The underlying mechanisms are
complex. Currently, the approved therapies consist of intraocular injections of anti-
vascular endothelial growth factor (VEGF) agents, laser treatments, and intraocular
surgeries to cope with the complications, such as vitreous hemorrhage. Although
these therapies are the cornerstone of ophthalmological care for the patients, they
are far from perfect. There is a clear need for understanding the intricate regulatory
mechanisms of different retinal angiogenic conditions and find novel prognostic and
therapeutic tools. Investigation of angiogenesis at the gene regulation level grants
the possibility of studying angiogenesis within the tissue of origin, finding biomarkers
of disease progression, and offering novel targets and therapy modalities, such as
gene therapy agents. This thesis provides further insight into the complexity and
heterogeneity of retinal angiogenesis by analyzing human endothelial cells from
retinal and choroidal vasculature. Furthermore, we show the biomarker potential of
specific microRNAs in PDR progression, focusing on recurrent vitreous hemorrhage.
Moreover, we show that hypoxia-inducible factor (HIF)-1α, a master regulator of
angiogenesis, is upregulated in retinal pigment epithelium (RPE) in hypoxia. HIFs’
pathologic upregulation can be mitigated by overexpression of prolyl hydroxylase
domain (PHD)2, a prominent HIF regulatory protein. In vitro and in vivo experiments
with overexpression of PHD2 protein diminished hypoxia-induced molecular and
cellular angiogenesis. Gene therapy experiments in the choroidal neovascularization
(CNV) mouse model with PHD2 significantly reduced laser-induced CNV lesions.
Therefore, we provide a candidate molecule for anti-HIF gene therapy for sustained
and balanced inhibition of retinal angiogenic conditions.
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1 INTRODUCTION

1.1 THE RETINA

The retina is a part of the central nervous system, and its primary function is to
convert light into nerve impulses. The retina is composed of neural, glial, and
vascular components. The neural retina contains multiple types of cells, which,
together with their intercellular synapses and axons, form a multilayered
histological structure (1). The macula is the central portion of the retina and
accounts for the central vision and visual acuity. The cellular components of the
neural and glial retina are summarized in Figure 1.

Figure 1. Illustration of the retinal and choroidal structure. Modified from (2).

The retinal pigment epithelium

The retinal pigment epithelium (RPE) consists of a polarized monolayer of
hexagonal cells. The RPE cells are firmly attached by junctional complexes
providing structural stability and maintaining the outer blood-retinal barrier integrity
(Figure 1) (1). RPE cells' other known functions include metabolism of vitamin A,
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phagocytosis of the photoreceptor outer segments, production of the matrix
surrounding the outer segments, absorption of light (reduction of scatter), and
transport of materials to maintain the homeostasis of the retinal tissue. The high
energy requirement on the RPE and its anatomical presence in an oxidative and
light-rich environment require a specific biochemical compartment to meet the
demand (1). Furthermore, RPE cells contribute to the physiological angiogenic and
immunological balance by secreting several cytokines and growth factors in a
polarized manner (2).

The Bruch’s membrane (BM) is a semipermeable structure formed from the fusion
of the RPE's basal laminae and the choriocapillaris (Figure 1). It is mainly
comprised of laminins and collagen type IV. The BM plays a vital role in the
transport of oxygen, nutrients, and waste material between the choriocapillaris and
the overlying retina, especially the RPE (3).

Retinal and choroidal vasculature

The retina is a highly metabolic tissue and has the highest oxygen consumption
rate per unit weight in the body. The metabolic demand is met by a delicate
circulation of the ophthalmic artery branches, which include ciliary arteries and
central retinal artery (Figure 2A). Components of the central retinal artery supply
the inner retina, ultimately giving rise to the superficial capillary plexus and the
deep capillary plexus, which nourish the ganglion cell layer and inner nuclear layer,
respectively (Figure 2B). The outer nuclear layer and the other outer retinal layers
are supplied by the choroidal circulation (1,4).

The choroid is the posterior continuation of the uvea consisting of melanocytes,
immune cells, and collagen fibers filling the intercellular space. The choroid has the
arterial supply from the long and short posterior ciliary arteries, ultimately leading to
the choriocapillaris (Figure 2). The high blood flow ensures adequate oxygen
supply to the outer retina and acts as a heat irradiator, removing thermal energy
from light absorption. The choroidal vessels are structured in 3 main layers: the
innermost choriocapillaris, a middle Sattler layer, and an outer Haller layer. The
choriocapillaris walls are thin and contain multiple fenestrations, particularly on the
inner side, facing the RPE. The walls of Sattler and the Haller layers are not
fenestrated (1,4).
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Figure 2. The retinal and choroidal vasculature (a-artery, b-vein, n-nerve). A–Illustrative cross-section
of the human eye, showing the retinal and choroidal vascular supply. B–Drawing showing the retinal
layers and the capillaries. Adapted from (5).

In general, the fine arterioles and capillaries lack the media and the adventitia;
instead, they are compromised by endothelial cells (EC), basal membrane, and
pericytes. The inner aspect of the retinal capillaries is composed of a single layer of
non-fenestrated ECs. The tight intercellular junctions between ECs maintain the
inner blood-retinal barrier under physiologic conditions. Pericytes lie external to the
basal membrane of the ECs and have contractile properties (6). Compared to
retinal capillaries, the choriocapillaris is only sparsely surrounded by pericytes (7).
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1.2 THE RETINAL ANGIOGENIC CONDITIONS

Some of the most devastating blinding conditions are associated with pathological
angiogenesis in the retina, such as proliferative diabetic retinopathy (PDR),
neovascular age-related macular degeneration (nAMD), ischemic retinal vein
occlusion (RVO), and retinopathy of prematurity (ROP). A common feature for these
diseases is the formation of pathologic new blood vessels, which are fragile.
Consequently, extravasation of plasma, bleeding, and fibro-proliferative tissue
disrupt the normal anatomy (8).

1.2.1 PDR

Diabetes mellitus (DM) is a growing global metabolic disease, and it is estimated to
affect 642 million individuals by the year 2040 (9). An associated increase in the
prevalence of diabetic retinopathy (DR) is inevitable. DR is clinically classified as (i)
non-proliferative diabetic retinopathy (NPDR), characterized by microaneurysms, dot
and blot hemorrhages and exudate; (ii) pre-proliferative diabetic retinopathy (PPDR),
which manifests with cotton-wool spots, venous changes, and intraretinal
microvascular anomalies (IRMA); and (iii) PDR—the most advanced form of DR—is
defined by the presence of retinal neovascularization (RNV) resulting from diabetes-
induced ischemia (10).

It is widely accepted that the most significant risk of developing DR in patients with
DM is the duration of disease (11). The prevalence of DR is therefore associated
with the exposure to hyperglycemia over an extended period of time. Consequently,
the most critical approach in the medical management of DR is achieved by strict
control of plasma glucose levels (12,13). The prolonged hyperglycemic insult
ultimately results in biochemical and molecular changes and exerts its degenerative
effect by activating several biochemical pathways, including the accumulation of
advanced glycation end products (AGEs), and activation of the protein kinase C, the
hexosamine, and the polyol pathway (13). Subsequently, these events trigger a
cascade of pathologic processes, including inflammation, mitochondrial damage,
oxidative stress, and microvascular dysfunction; leading to the upregulation of
chemokines, pro-inflammatory mediators, adhesion molecules, and downregulation
of neuroprotective factors (13). These pathologic changes affect the integrity of the
blood-retinal barrier, induce damage to the walls of retinal capillaries—such as
thickening of the BM and pericyte function loss—eventually leading to lumen
occlusion (13). Vascular hyperpermeability and ischemia in the macular area cause
diabetic macular edema (DME). The progressive failure of retinal capillary perfusion
culminates in retinal hypoxia and the subsequent upregulation of pro-angiogenic
factors, leading to RNV—a hallmark of PDR (8).
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The RNV results in the development of fibrovascular tufts that eventually conquer
the vitreoretinal interface that can penetrate the vitreous cavity. These abnormal
vessels within the fibroproliferative tissue are fragile and bleed easily, leading to
vitreous hemorrhage (VH) and severe vision loss. Overall, persistent VH and the
retinal tractions necessitate a surgical intervention such as removing the vitreous
and the fibrous tissue (pars-plana vitrectomy (PPV) and membrane peeling) (14).
Nevertheless, approximately 10 to 20% of the patients are afflicted by rebleeding –
termed recurrent vitreous hemorrhage (RVH) – and undergo reoperation in resistant
cases (14–17). The incidence of RVH further affects the patients’ well-being, quality
of life, and renders the situation a costly burden on the health care system. Detecting
patients having an increased risk of RVH may help to improve the patient’s treatment
and reduce the economic burden.

Prognosis of PDR and its complications

As the most advanced form of DR, the prevalence of PDR is higher in patients with
type 1 DM. The blood levels of glycated hemoglobin A1c (HbA1c) are used as a
diagnostic and assessment marker for DM progress. Despite a clear association
between the duration of DM and the levels of HbA1C, the prognosis from NPDR to
PDR is not straight-forward. Nowadays, the only method of detecting individuals with
early PDR changes is achieved by photo-screening at certain intervals. However,
many individuals seek ophthalmological care due to sudden vision loss related to
PDR complications, among others, VH (13). The optimal approach would be to
detect those individuals with the help of biomarkers and individualize the secondary
prevention and follow-up accordingly (18,19). Numerous studies have investigated
the potential of biomarkers as disease prognosis, such as angiogenic and
inflammatory growth factors from blood samples (19–21). However, the limitations of
biomarkers of a systemic disease such as DR are associated with the concern that
plasma concentrations may reflect the disease's systemic effects rather than specific
damage in the retina. Therefore, ocular fluids represent a more predictable milieu for
biomarkers of DR progression, which can be used for investigation of the molecular
mechanism behind PDR, as well as for finding prognostic biomarkers of PDR
complications, such as RVH (22).

1.2.2 nAMD

AMD is one of the leading causes of central vision loss in the elderly globally and is
estimated to affect 288 million individuals worldwide by 2040 (23). The disease
affects the outer retina, primarily the RPE-BM-choriocapillaris complex. It is believed
that the progressive involutional alterations occurring in the retina, which include
atrophy of the choriocapillaris, dysfunction of the choroidal cellular compartments,
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BM thickening and depositions, and RPE cell dysfunction, culminate in retinal cell
loss and atrophic areas, ultimately affecting the overlying photoreceptors’ function
(4). The development of these changes involves interplay between genetic
predisposition and various risk factors, among others age (the most significant risk
factor) and cigarette smoking (the most significant modifiable risk factor) (4).

Clinically, the diagnosis of the dry AMD (dAMD) is made if the presence of drusen,
hyperpigmentation, and atrophy are observed. Advanced forms of AMD are
characterized by geographic atrophy or by the presence of choroidal
neovascularization (CNV)—defining lesion of nAMD. During CNV, there is a
pathologic blood vessel complex extending through the BM between the
choriocapillaris and the retina, which is classified according to its level of origin (type
1-3) (4).

The exact mechanisms of how the CNV is triggered is not known. It is hypothesized
that the aforementioned changes in the BM and RPE, together with choriocapillaris
atrophy, may provide a hypoxic/ischemic environment through a reduction in the
diffusion of oxygen and nutrients from the choriocapillaris to the RPE and overlying
neuroretina. As a result, the localized hypoxia could lead to overexpression of
angiogenic growth factors and ultimately stimulate CNV (8). Moreover, it is also
reported that chronic oxidative stress, mitochondrial dysfunction, impaired
phagocytosis and autophagy of RPE cells and the immune response; among others,
complement factors and innate immune cells of myeloid origin may promote CNV by
acting as initiators of inflammation (24,25). The subsequent release of inflammatory
cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-1ß (IL-1ß), as well
as increased expression of matrix metalloproteinases (MMPs) together with
downregulation of tissue inhibitor of metalloproteinases (TIMPs), may account for
proteolysis and degradation of BM (24,26,27).

Overall, it seems that the formation of CNV requires both the disruption of BM and
expression of angiogenic and inflammatory cytokines. This notion is supported by in
vivo studies on mice that have an integral BM; transgenic mice with overexpression
vascular endothelial growth factor (VEGF) in photoreceptors develop
neovascularization, originating from the retinal vessels rather than the
choriocapillaris (28). Interestingly, transgenic mice overexpressing VEGF in the RPE
cells show intra-choroidal neovascularization without BM disruption (29). A more in-
depth look into the regulation of angiogenesis is crucial to understand the
mechanisms behind RNV and CNV.



7

1.3 CELLULAR AND MOLECULAR MECHANISMS OF RETINAL
ANGIOGENESIS

Angiogenesis is the de novo formation of a blood vessel and is a hallmark of many
physiological and pathological conditions (30). In physiological conditions, as long as
the tissue demand for oxygen and nutrients are met, the capillaries are in a
quiescent state by the interplay of several pathways; the VEGF system, platelet-
derived growth factor (PDGF), hepatocyte growth factor (HGF), transforming growth
factor (TGF)-ß signaling, fibroblast growth factors (FGFs), angiopoietin pathway, the
delta-like ligand (DLL)4 pathway, integrins and proteases, thrombospondin,
angiostatin, and inflammasomes. The angiogenic stimuli that dislodge this balance
result in the activation of various cells, among other ECs and pericytes, to undergo
angiogenic behavior (31,32). The contribution of inflammatory cells and their
chemokines is also well documented, suggesting that inflammation and
angiogenesis are closely related processes (33). Nonetheless, ECs seem to play a
pivotal role in the process by undergoing proliferation and migration. An EC
phenotype of “tip cell” produce matrix metalloproteinases (MMPs) and urokinase-
type plasminogen activator (uPA) that degrade the basal membrane and
extracellular matrix towards a gradient of concentration of secreted angiogenic
factors (31,34). The other angiogenic EC phenotype includes the designated “stalk
cells,” which initiate the lumening behind the “tip cells.” Finally, the formation of new
capillaries reduces the angiogenic stimuli perceived by the cells through the
normalized blood supply. Consequently, the ECs lose “tip cells” and “stalk cells”
behavior and regain their quiescent characteristics, subsequently instigating the
stabilization of microcirculation by the pericytes and other stromal cells (31). In the
case of continued angiogenic stimuli, the stabilization of the vasculature is deemed
to fail, resulting in pathologic EC activation and formation of non-stable and leaky
vessels—termed pathologic angiogenesis (31).

The role of multiple cellular and stromal components in the pathogenesis of retinal
angiogenic conditions have been suggested. Activation of RECs, pericytes,
microglia, and ganglion cells and vitreous as a scaffold with cellular and fibrillary
components account mainly for the RNV (8,22). In contrast, pathologic behavior of
the RPE cells, BM, CECs, and other stromal components of the choroid is closely
associated with CNV. Thus, the pathological interplay among multiple signaling
pathways and cells denotes the complexity of retinal angiogenesis (35). The VEGF
system is by far the major pathway and clinically the most relevant in both RNV and
CNV (8).
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The VEGF system

The VEGF family is composed of dimeric glycoproteins and consists of several
members, such as VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental
growth factor (PlGF). Five human VEGF-A isoforms have been described—VEGF-A-
165 being the most prominent mediator of ocular angiogenesis. Generally, the
VEGFs exert their angiogenic function through binding and activation of the tyrosine
kinase receptors (R), VEGFR-1, VEGFR-2, and VEGFR-3, as well as their co-
receptors neuropilin (Nrp)-1 and Nrp-2, with different receptor affinities. Furthermore,
VEGFR-1 and VEGFR-2 are significantly expressed in vascular ECs, whereas
VEGFR-3 is expressed in lymphatic ECs (36). Of interest, VEGFR-1 is also
expressed by the macrophage lineage cells, instigating the migration and chemokine
production of these cells upon activation. In addition, a soluble splice variant of
VEGFR-1 spanning only the ligand-binding region (sFlt-1/sVEGFR-1) functions as a
decoy receptor by trapping its ligands VEGF-A, PlGF, and VEGF-B, contributing to a
context of anti-angiogenic factors (36). The VEGF family proteins have been
accounted for as the major contributors of both PDR and nAMD, and not
surprisingly, most anti-angiogenesis research has focused on the inhibition of the
VEGF system. Intravitreal anti-VEGF drugs, such as bevacizumab, ranibizumab, and
aflibercept, inhibit the activity of VEGFs with different affinity, target selectivity, and
potency; currently representing the therapy of choice for nAMD and DME, and
recently also for PDR in an increased fashion (37).

1.3.1 Heterogeneity of angiogenesis

As discussed above, the inhibition of the VEGF pathway is currently the primary
clinical approach to treat retinal angiogenic conditions. Nevertheless, considering the
contribution of other factors currently not being targeted, observed resistance to anti-
VEGF treatments, the formation of atrophy or disciform scars are among concerning
outcomes (38,39). The combined approach that simultaneously targets several
angiogenic factors and co-activation of neuro-protective or anti-angiogenic pathways
can significantly improve control over CNV and RNV (38). Moreover, the role of
angiogenic and neuro-protective factors and the cellular response can differ among
different organs and tissues, supposedly even within the retina, which renders the
necessity of studying the molecular and cellular mechanisms of angiogenesis in a
tissue-specific manner.

Heterogeneity of angiogenesis has been proposed in different contexts (40,41).
Comparative studies of conditions mimicking CNV and RNV can provide insight into
the alleged heterogeneity of angiogenic conditions in the retina. Not surprisingly,
isolation and culture on CEC and REC and subsequent in vitro analysis have been
favored by several groups and suggested, although not optimal, to be a
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representative in vitro circumstance of CNV and RNV (42–49). The differential
angiogenic behavior of CEC and REC—isolated from human or animal tissues—has
been suggested in non-stimulated conditions or upon exposure to different stimuli,
such as VEGFA or proinflammatory molecules (45–48,50). Due to organism-related
differences, isolation of CEC and REC from the human origin is more representative
of CNV and RNV (42–46,48,50). Furthermore, considering the central role of hypoxia
as an angiogenic stimulus, it seems more relevant to explore the heterogeneity of
angiogenesis under hypoxia conditioning (8).

1.3.2 The role of hypoxia-inducible factors

The exact molecular and cellular mechanisms orchestrating the CNV and RNV are
complex and have not been understood fully. Nevertheless, the central role of the
hypoxia pathway has been suggested in both (8,51). In CNV, the altered RPE-BM
crosstalk and choriocapillaris atrophy can result in unmeet oxygen delivery to the
overlying retina, which culminates in hypoxia in the area. In RNV, the capillary
closure and the subsequent non-perfusion of the retina lead to hypoxia (8).

Hypoxia exerts its proangiogenic effect mainly through hypoxia-inducible factors
(HIFs). HIFs are members of the basic helix-loop-helix Per-Arnt-Sim family and are
composed of oxygen-sensitive α and the constitutively expressed β subunits. Three
isoforms HIF-α have been identified: HIF-1α, -2α, and -3α, of which HIF-1α and HIF-
2α are the best-studied (52–54). HIF-1α is ubiquitously expressed in all mammalian
cell types and tissues, while HIF-2α expression has been associated with
physiologically hypoxic tissues, such as vascular endothelial cells, lungs and
kidneys, and has structural homology to HIF-1α (55,56). The less characterized HIF-
3α is expressed in some tissues, among others, in the thymus, brain, and skeletal
muscle and has different splice variants that exert differing functions varying from
activation to repression of hypoxia-inducible genes (54,57)

Canonical regulation of the HIFs

At normoxia, HIF-1/2α is hydroxylated by specific prolyl hydroxylase domain
isoforms (PHD 1-3) at two conserved proline residues of the oxygen-dependent
degradation domain (ODD). Subsequently, the von Hippel-Lindau (pVHL) protein
polyubiquitinates hydroxylated HIF-α, resulting in proteasome-mediated degradation,
rendering the HIF pathway inactive (58–60). There is also an additional oxygen-
dependent regulation of HIFs at normoxia through the asparaginyl hydroxylase factor
inhibiting HIF-1α (FIH-1) (60,61). However, under hypoxic conditions, the oxygen-
dependent activity of PHDs is compromised, and pVHL binding is abrogated; thus,
HIFs remain non-hydroxylated and by-pass the ubiquitin-proteasome degradation.
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Consequently, HIF-1α and HIF-2α become stabilized and enter the nucleus to
heterodimerize with the HIF-1ß subunit and bind to the hypoxia-responsive element
(HRE) in the DNA (60).

Figure 3. Regulation of hypoxia-inducible factor (HIF)-α and the inhibitors. Under normoxic
conditions, HIF-α undergoes hydroxylation at conserved residues, a process mediated by prolyl-4-
hydroxylases (PHDs) and factor inhibiting HIF-1 (FIH-1) enzymes. Hydroxylation by PHDs promotes
destabilization of the HIF-α protein, while hydroxylation by FIH-1 inhibits transcriptional activity by
preventing interaction with CBP/p300. Degradation of HIF-α is mediated via a ubiquitin-dependent
process executed by the von Hippel-Lindau (VHL)-complex. Inactivation of PHDs and FIH-1 under
hypoxic conditions leads to HIF-α stabilization followed by translocation into the nucleus and
dimerization with HIF-1β to form the HIF transcription factor. Together with the co-activator CBP/p300,
HIFs induce transcription of a plethora of target genes during hypoxia. The small molecules that can
modulate HIF activity at different levels are also shown. Figure and legend adapted from (62).

MG132
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The role of PHDs

The specific functions of PHD isoforms have been the subject of extensive research.
Although all three PHD isoforms are expressed ubiquitously, they display tissue-
specific differences in expression, PHD2 being the most abundantly expressed
enzyme (63). Protein hydroxylation function of PHDs and FIH seems to affect
several pathways other than the HIFs, except for PHD2, as there is no established
report of other targets of PHD2 in the current literature within non-cancer cells,
rendering the isoform to be specific for the HIF pathway (64). It has been shown that
the critical HIF-1α destabilizing enzyme at normoxia is PHD2 in many tissues,
affecting primarily HIF-1α and, to some extent, even HIF-2α (65,66). Thus, not
surprisingly, manipulation of the PHD2 levels for downregulation of the pathological
HIF levels in tumor hypoxia has been proposed as an anti-cancer treatment modality
as well as a strategy to regulate EC proliferation negatively (67,68). Further study of
the exact role of HIF regulatory proteins, such as PHDs in the retina, can contribute
to the understanding of context-specific regulation of hypoxia responses through
HIF-1 and HIF-2. Moreover, manipulating the levels of endogenous HIF regulatory
proteins might allow us to reverse the axis of the pathological HIF activation.

The HIF downstream genes

The HIF downstream genes are involved in numerous processes, among others,
angiogenesis, vascular remodeling, cell proliferation, migration and invasion,
extracellular matrix metabolism, DNA damage responses, and survival,
inflammation, and glycolysis (63,69,70). HIFs upregulate various growth factors and
chemokines in the retinal tissue, among others, VEGFs, erythropoietin (EPO),
insulin-like growth factor-1 (IGF-1), PDGF, FGF2, stromal cell-derived factor-1 (SDF-
1), TNFα, and ILs while at the same time contribute to down-regulation of angiogenic
inhibitors and neuroprotective factors such as angiostatins, TIMPs, and pigment
epithelium-derived factor (PEDF), culminating in retinal angiogenesis (51,70).

HIF-1 and HIF-2 have common target genes yet can also activate target genes
exclusively, which can be context and tissue-dependent (55,63,71). Furthermore,
HIF-1 and HIF-2 can substitute for the lack of one another regulating the target
genes (60,72). Moreover, it has been suggested that HIF-1 is more active during
acute hypoxia, whereas HIF-2 is more active under physiological hypoxia lasting
more than 24–48 hours (73). Some reports propose that HIF-1 plays a crucial role in
activating the initial stages of angiogenesis, whereas HIF-2 is required for the
maturation and remodeling of the vasculature (72,74,75). Overall, the delicate
balance and the switch between HIF-1 and HIF-2 seem to be coordinated by several
pathways, enabling the regulation of the intricate hypoxia-dependent processes (72).
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The role of HIFs in retinal angiogenic conditions

Reports strongly suggest that in the retinal cells, the response to hypoxia is mainly
driven by HIFs, indicating their pivotal role in the pathogenies of CNV and RNV (76–
79). In human patients, both HIF-1α and HIF-2α were detected in macrophages and
ECs in choroidal neovascular membranes in clinical samples from nAMD patients
(80,81), and HIFs have been demonstrated to contribute to CNV in studies with
mouse models (82). Elevated levels of HIFs were detected in vitreous samples and
diabetic fibrovascular membranes from PDR patients and animal models (83,84).
The involvement of HIFs in retinal angiogenesis is also associated through crosstalk
with other known pathologic pathways such as oxidative stress, inflammation,
autophagy, cell survival, dysfunction of neuroprotection mechanisms, as well as
proteolytic mechanisms (63,79,85–87). Furthermore, within the cellular components
of retinal tissue, HIFs are differentially activated. Moreover, retinal degeneration can
occur due to metabolic stress mediated by chronic activation of HIF-1α in
photoreceptors and HIF-2α in the RPE (77,88–91). Specific roles of HIF-1α and HIF-
2α in acute and chronic hypoxia within the components of retinal cells, and their
relevance in retinal degenerative diseases, such as nAMD, are yet to be determined.

Hypoxia-independent regulation of HIFs

It has been shown that HIFα activity can be modulated by several mechanisms, such
as epigenetic mechanisms, small ubiquitin-like modifier (SUMO)-specific protease,
hypoxia-associated factor, as well as by microRNAs (miRNAs) (92–95). As
mentioned above, the expression of HIFs can be altered by the components of
several pathways, including the inflammation pathway. Multiple links between
hypoxia signaling and inflammatory processes have been proposed, some of which
are bidirectional. For instance, one of the main transcription factors of the
inflammation pathway is the nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB), which, similar to HIFs, can regulate multiple genes, including
cytokines. Interestingly, NF-kB is associated with hypoxia signaling in a HIF-
dependent fashion in some contexts (96–98). Although the exact mechanism of
these cross-talks among different pathways is not fully characterized, the pivotal role
of HIFs in this complex interplay further denotes its central role in the pathogenesis
of nAMD and PDR, proposing the HIF-1α to be an attractive therapeutic target (78).

Pharmacological inhibition of HIF-1α

Substantial research has aimed to identify inhibitors and modulators of the different
steps of the HIF-1α pathway, such as inhibitors of HIF-1α mRNA expression, protein
translation and degradation, HIF-1α DNA binding and transcriptional activity; some of
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which summarized in Figure 3 (62). Various HIF inhibitors have been investigated
preclinically in the context of retinal angiogenesis, demonstrating that inhibition of the
HIF pathway can significantly reduce the formation of pathologic neovascularization
(99–101). Collectively, the pivotal role of HIFs in nAMD and PDR through different
pathways suggests that targeting the HIFs has the potential to be a new treatment
modality. Nevertheless, the current anti-HIF drugs lack specificity; thus, they can
affect other pathways and cause various side effects (102). Therefore, there is a
clear need for investigating safer and sustainable methods of HIF regulation.
Principles of gene expression and therapy present sustainable and specific
approaches compared to pharmacological treatments to minimize the side effects.

1.4 PROGNOSTIC AND THERAPEUTIC POTENTIAL OF GENES

The genome contains the information to produce thousands of different RNA and
proteins that exert different cell functions. The pathway from DNA to protein is
complex, and transcription and translation are the major means of expressing the
genetic information by the cell-machinery. Although gene expression control can be
observed in different steps, transcriptional control is the most important for many
cells (103). The knowledge of gene expression control allows us to understand the
intricate mechanisms of angiogenic gene expression and provide an innovative
platform in experimental research, such as developing prognostic and therapeutic
tools.

1.4.1 The role of miRNAs as prognostic markers

RNA molecules have many functions in the cell, including interference with
messenger RNAs (mRNAs). These small RNA molecules do not encode amino acid
sequence, therefore named as non-coding (nc) RNA’s – a family that consists of
miRNAs, small interfering RNAs (siRNA), and long non-coding RNAs (lncRNA),
among others. The ncRNAs control translation by binding to the mRNA molecule,
causing either silencing or degradation, thus controlling protein expression (103).
The ncRNAs have become a powerful experimental tool in science, and their roles
are being investigated in many disease conditions, among others DR and AMD,
holding potential as new therapeutic targets and as biomarkers (21,104,105).

The biogenesis of miRNAs starts with transcription from the DNA into primary
miRNA transcripts (pri-miRNA) by RNA polymerase II. Subsequently, the RnaseIII
endonuclease (Drosha complex) processes pri-miRNA into precursor miRNAs (pre-
miRNAs). The pre-miRNAs are then transported to the cytoplasm via exportin-5,
where they are cleaved by another RNaseIII endonuclease (Dicer complex) to
generate a miRNA duplex. After unwinding, the mature miRNA molecule assembles
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into an RNA-induced silencing complex (RISC), which can bind to mRNAs in the 3’-
untranslated region (3’UTR) and fine-tune gene expression by either inducing mRNA
degradation or by reducing the translational efficacy (106).

The available data suggest that the expression of approximately 60% of protein-
coding genes can be regulated by miRNAs affecting many biological processes,
among others, development, apoptosis, proliferation, and differentiation (107,108).
Moreover, deregulation of miRNA was reported in multiple diseases, such as
neurodegenerative disorders, cardiovascular diseases, cancers as well as ocular
diseases (109,110). Besides being explored as potential therapeutic targets, due to
their bioavailability and stability, the circulating miRNAs are currently being
investigated as novel biomarkers of disease states (104).

The vital role of miRNAs in the development of the retina has been described (111).
Furthermore, miRNAs' importance in angiogenesis and EC function was investigated
in models of Dicer- and Drosha-deficiency (112,113). These data pointed out several
miRNAs being expressed in the endothelium and have been shown to play a crucial
role in the angiogenesis, among others miR-126, -210, the -17-92 cluster (114).
Multiple reports suggest the role of miRNAs in retinal angiogenic diseases, such as
in PDR, nAMD, and ROP, and the potential of miRNAs as biomarkers to detect
diseases' progression (21,105,115)

miRNAs in AMD

Previous reports have shown dysregulation of some miRNAs in blood samples or
ocular tissues isolated from AMD patients and their association in pathologic
pathways of AMD. Let-7, miRNA-126, and -21 are implicated in angiogenic pathways
and show consistency in experiments (115–118). Furthermore, Ulanczyk et al.
analyzed plasma levels of miRNAs comparatively in patients afflicted with either dry
or nAMD and showed that miRNA-16-5p, -23a-3p, -30b, 191-5p were differentially
expressed between these groups (115). These studies suggest miRNAs' role in
AMD pathology and their potential role as biomarkers of nAMD.

miRNAs in PDR

miRNAs analysis from plasma and serum samples of patients with DM both without
and with DR displayed differential expression of many miRNAs, among others,
miRNA-27b and -320a being associated with DR in T1DM, and miRNA-221 being
correlated with the complications of T2DM (119–122). Moreover, miRNA-126, -150, -
155, and -200b have also been shown to be dysregulated in DR, influencing different
molecular signaling pathways of DR, such as inflammatory pathways, oxidative
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stress, and angiogenesis (123–128). Further attempts have been made to analyze
the expression pattern of miRNAs and identify the potential biomarkers of DR by
several groups, which have contributed to the understanding of miRNAs role in the
pathogenesis and progress of DR (119,120,122,125,129–132). It has recently
become more evident that the expression levels in vitreous may not correlate with
plasma, at least for certain miRNAs (133–135). In the light of known discrepancies, it
seems more relevant to analyze ocular fluids for detecting the miRNAs as potential
biomarkers, especially in the vitreous due to its anatomical proximity and its direct
involvement in the pathogenesis of PDR.

Hirota et al. analyzed the expression of 168 miRNAs in the serum and vitreous
samples of patients with PDR and macular hole and found significant upregulation of
that six miRNAs (miRNA-15a, -320a, -320b, -93, -29a, and -423-5p) in PDR (133).
Usui-Ouchi et al. evaluated the expression of 377 miRNAs in the vitreous of patients
with proliferative vitreoretinal disease (PVD) and demonstrated significant
downregulation of five miRNAs, (let-7e, -204, -216b, -9, and -139-5p) and
upregulation of nine miRNAs (miRNA-16, -92a, -130b, -21, -320, and -106b) in the
PVD group (136). Moreover, Gomaa et al. analyzed 29 vitreous samples with PDR
and showed significant overexpression of miRNA-200b in PDR vitreous compared to
controls (137). Chen et al. investigated miRNAs in the the aqueous humor of PDR
patients and found significant altered expression of several miRNAs (miRNA-16-2, -
30c, -93, -99b, -140, -150, -1827, novel_mir4, novel_mir340) (138).

Overall, only three studies have analyzed the miRNAs from PDR vitreous.
Considering the ethical constringent and the invasiveness of obtaining vitreous
samples from patients without clinical indication for PPV, it is more practical to find
biomarkers for PDR complications that clinically necessitates PPV. It would arguably
be more feasible to use those samples for further analysis, such as investigating
biomarkers for increased risk of RVH.

HypoxamiRNAs

Close to 50 miRNAs have been identified, involved in modulating the hypoxia
response or in the modulation of HIF expression or to fine-tune the switch between
HIF-1 and HIF-2, directly and indirectly in different tissues (so-called hypoxamiRNAs)
(95). Among them, miRNA-155 and the -17 family (miRNA-17, -18a/b -20a/b, -93
and -106a/b) have been shown to affect the HIF pathway directly and play a pivotal
role in angiogenesis, among others in RNV and CNV (139–142). The role of
hypoxamiRNAs and their interaction with HIFs are extrapolated mainly from cancer
research. It would be noteworthy to investigate the roles of hypoxamiRNAs in PDR
and its complications, such as in VH and RVH.
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1.5 TREATMENT MODALITIES FOR RETINAL ANGIOGENIC CONDITIONS

1.5.1 Currently in the clinic

In recent years, the use of anti-VEGF drugs has become the primary treatment
option for retinal angiogenic conditions. Trials have also demonstrated that
intravitreal administration of anti-VEGF drugs is as effective as pan-retinal
photocoagulation (PRP) in patients at high risk of PDR for up to 5 years (143). The
goal of the management of PDR is to control ischemia and block pathologic VEGF
levels to accomplish the involution of the RNV. However, PRP treatment and anti-
VEGF drugs are associated with risks; PRP is a destructive treatment and causes
reduced night and impaired color vision and loss in peripheral vision (144). The anti-
VEGF treatment renders increased risk for tractional retinal detachments, retinal
tears due to the rapid contracture of the fibrovascular tissues. In addition, it carries
injection-related complications, such as retinal detachment, increased intraocular
pressure, and devastating endophthalmitis (145).

Currently, the only approved treatment for dAMD is oral administration of
antioxidants (vitamins C and E, zinc, and beta carotene), which can slow the
progression of dAMD in some cases (146). Anti-VEGF agents are the current gold
standard in the treatment of nAMD. Further refinements of anti-VEGF agents are
ongoing, one of which has lately led to FDA approval of brolucizumab for the
treatment of nAMD (147).

Although the discovery of anti-VEGF drugs has been a breakthrough in the
management of RNV and CNV, it seems that blockage of a single molecule, such as
VEGFA, is not sufficient in some patients. Possible causes include tachyphylaxis to
anti-VEGFs, diverse compensatory mechanisms, alternative angiogenic factors, and
genetic variations (39,148). Other VEGF-independent pathways and proteins are
being implicated for retinal angiogenic diseases (35,38). Therefore, the investigation
of additional delivery strategies and anti-angiogenic targets is required. Thus, recent
experiments that aim to explore new treatment alternatives for PDR and nAMD focus
on limiting the degenerative effects of hyperglycemia, minimizing the hypoxic insult
from microvascular occlusion, or modulating growth factors released in response to
hypoxia (38). Furthermore, the significant economic, logistical and social burden of
repeated intravitreal injections, as well as results from long-term follow-up studies,
which indicated inferior outcomes in real-world settings than the outcomes of clinical
trials, highlight the need for more sustainable approaches (149,150).
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1.5.2 Potential new therapy modalities

Combined targets and sustained alternatives

Animal data showing some benefits of combination therapies to block multiple
angiogenic factors, such as Conbercept (inhibits VEGF-A, -B and -C and PlGF), and
CrossMAb (blocks VEGF-A and ANG-2) have resulted in clinical trials (151,152).
Extensive research in developing more sustainable approaches to minimize the
complications and burden associated with repeated injections is ongoing; including
drug deliveries through scaffold-based alternatives, intravitreal implants,
encapsulated cell technology, polymeric nanoparticles and microparticles, hydrogel
delivery systems, and others (153). Despite some successful pre-clinical and clinical
results to treat certain conditions, such as cytomegalovirus retinitis (ganciclovir
implant Vitrasert®), macular telangiectasia type 2 (Renexus®—an encapsulated cell
technology allowing the sustained delivery of ciliary neurotrophic factor), and various
solid corticosteroid implants, the translation of these advanced drug delivery systems
into the clinic has been challenging in combating PDR and nAMD, mainly due to
various limitations of these drugs as well as characteristics of the diseases (153–
155). Gene therapy is an evolving approach for nAMD and DR, presenting unique
advantages in several in vitro and in vivo studies.

1.5.3 Gene therapy for retinal angiogenic conditions

Gene therapy for the treatment of various ocular diseases has achieved remarkable
development lately. AAV-mediated gene therapy for inherited retinal dystrophies has
provided a potential treatment for previously untreatable conditions (156). Gene
replacement for Leber congenital amaurosis became the first clinical proof-of-
concept of an in vivo gene therapy leading to the FDA approval of Luxturna
(voretigene neparvovec-rzyl) in 2017 (157). This success fueled trials for treating
other inherited retinal dystrophies (156). These advances in gene therapy for
monogenic retinal diseases has started to spread its use in ophthalmology and
paved the way for experiments and trials to treat complex polygenic eye disorders,
such as DR and nAMD.

Success in gene therapy experiments in animal models with acceptable safety and
efficacy profile has resulted in several clinical trials in the treatment of nAMD and
DR. The essential notion of the approach has been to overexpress specific anti-
angiogenic molecules to inhibit neovascularization by blocking the action of
angiogenic factors or silencing the endogenous angiogenic genes, compared to
inherited retinal diseases which aim to replace defective proteins (158,159).
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Figure 4. In Vivo Gene Therapy. An example of in vivo gene therapy is the treatment of vision loss
caused by loss-of-function variants in RPE65, which encodes an enzyme that converts all-trans-retinyl
ester to 11-cis-retinol, part of the visual cycle that takes place in the retinal pigment epithelium (RPE).
The gene is delivered within an adeno-associated viral (AAV) vector by injection beneath the neural
retina, through vitrectomy followed by direct injection in an operative procedure. A false space (“bleb”)
under the retina is created by injecting the vector suspended in a fluid, after which the vector
transduces RPE cells. The transgene remains episomal; it does not integrate into the DNA of the cell.
Reproduced with permission from (160). Copyright Massachusetts Medical Society.

Gene therapy trials for nAMD

The intravitreal administration of an AAV5 carrying PEDF, an endogenous and
potent inhibitor of angiogenesis, was among the first gene therapy trials to treat
nAMD (NCT00109499) and demonstrated the approach to be safe and well tolerable
(161). The trials with a single subretinal delivery of rAAV.sFlt-1 (NCT01494805), as
well as single intravitreal AAV2-sFLT-1 administration in patients with advanced
nAMD (NCT01024998), showed good tolerability and safety. However, statistical
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analysis could not be performed on anatomic and visual measures due to the small
sample size (162,163).

In a phase I dose-escalation trial (NCT03748784), Adverum Biotechnologies has
evaluated the safety of intravitreal ADVM-022 (AAV7m8- aflibercept) and proposed
that the product did not cause any serious adverse events. Furthermore, the
amelioration in central subfield thickness was sustained after 44 weeks without
indication for rescue injections (164). The group started also a phase 2 trial of
ADVM-022 in subjects with DME (Infinity; NCT04418427) (165).

Regenxbio has been conducting a dose-escalation study with the aim to assess the
tolerability and safety of subretinal RGX-314 (an AAV8 vector containing a gene
encoding for a monoclonal antibody fragment) in subjects previously treated with any
anti-VEGF drugs (NCT03066258) (166). Furthermore, a suprachoroidal approach
using a microinjector has been announced as a multicenter study by the same group
in the treatment of nAMD and DR (167,168). In another ongoing trial, the subretinal
injection of a lentiviral vector (RetinoStat) that expresses endostatin and angiostatin
(endogenous inhibitors of angiogenesis) was reported to be safe and well-tolerated
(NCT01301443) (169).

Gene therapy experiments for DR

Considering the multifactorial disease pathology, experiments in gene therapy for
DR include approaches either targeting RNV and vascular hyperpermeability or aim
to prevent damage to retinal blood vessels and neurons. Various animal experiments
have been conducted to target the intraocular VEGF pathway. sVEGFR-1 has been
studied as a potential gene therapy product to inhibit RNV (170–172). Furthermore,
approaches to suppress retinal angiogenesis by introducing endogenous
angiogenesis inhibitors, such as PEDF, angiostatin/endostatin, TIMP-3, and
calreticulin anti-angiogenic domain, have also shown promising results in animal
models (173–178). In addition, a better understanding of the pathophysiology of DR
has lead to experiments targeting pathologic pathways of neuronal apoptosis, for
example, by targeting early growth response 1 (overexpression induced by
hyperglycemia is thought to lead to vascular endothelial dysfunction), promotion of
impaired autophagy, overexpression of neurotrophic factors, such as brain-derived
neurotrophic factor and EPO, as well as targeting elements of oxidative stress
pathway (179–184). Furthermore, the invention and improvements of the CRISPR-
Cas system seem to allow it to be utilized as experimental gene therapy for DR by
targeting the VEGF/HIF pathway, comparable to successful inhibition of CNV in
animals (185,186). Notably, there is only one trial initiated recently (Infinity;
NCT04418427) with the primary aim of assessing the durability of ADVM-022 after a
single intravitreal injection in patients with DME (165).
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Overall, despite many encouraging animal experiments, various challenges and
limitations hinder the translation of gene therapy for DR to clinical trials. The main
contributing factors are the complex and limited understanding of DR's
pathogenesis, the lack of suitable target genes, issues related to the vector's
specificity and safety, and proper patient selection and standardization of outcome
measurements (187).

miRNAs as a tool for gene therapy in PDR

Due to miRNAs' known role in controlling angiogenic gene expression, attempts
have been made to inhibit RNV in vivo. The intraocular administration of plasmid
carrying miRNA-126 sequence reduced retinal neovascularization in the oxygen-
induced retinopathy (OIR) mouse model through downregulation of VEGF, IGF-2,
and HIF-1α (128). Furthermore, the administration of miRNA-410 has also been
shown to reduce RNV in OIR mice by downregulating VEGF (188). Despite these
promising in vivo results, miRNAs' non-specific nature and their involvement in
regulating multiple target genes render them unpredictable and challenging to
consider as a long-term gene therapy alternative currently.

1.5.4 Concerns with gene therapy

Overall, there are still some concerns in ocular gene therapy, such as

 The possible short-lived nature of transgene expression
 The immune response that can reduce gene therapy efficacy
 Toxicity and inflammatory responses
 Gene expression control and excessive transgene production
 Off-target gene delivery
 Insertional mutagenesis
 Cost
 Small cargo capacity (especially AAVs)

The development of vectors to cope with many of these issues are developing and
consist of: improvements in cell tropism and promoter-regulated transgene
expression, progress in the surgical delivery methods of gene therapy products in
order to minimize the surgery-related complications, as well as finding optimal target
genes for better and safer control of angiogenesis (187,189). Moreover, the recent
advances in stem cell therapy for the treatment of dAMD and the evolution of
CRISPR–Cas systems grant the combination approaches such as ex vivo gene
delivery to stem cell-differentiated RPE cells. Subsequent subretinal transplantation
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of these cells promises modality of on-target and less immunogenic gene delivery to
healthier recipient RPE cells (190–192).

1.5.5 Concerns with sustained inhibition of a single molecule

Studies suggest that the physiological levels of most angiogenic molecules, such as
VEGFs, have neuroprotective and neurotrophic effects on the retina. Therefore, long
term over-inhibition of a specific molecule could cause pathologic imbalance in the
retinal tissue, resulting in various side effects, among others, promoting retinal
atrophy (193,194). It seems logical to reduce the pathological levels of angiogenic
molecules to the physiological extent somewhat simultaneously, supposedly feasible
through targeting a master regulator of angiogenic responses, such as HIFs.

1.5.6 Anti-HIF gene therapy in nAMD

Due to HIFs’ central role in angiogenesis and the non-specific character of
pharmacological inhibition, recent focus has shifted to the possibility of targeting the
HIF pathway by gene therapy as a treatment modality of multifactorial angiogenic
conditions, such as PDR and nAMD (90,195–197). To date, very few studies have
assessed anti-HIF gene therapy in animal models of retinal angiogenic conditions,
which showed significant inhibition of angiogenesis (90,195–197). Furthermore, the
specific inhibition of HIF-1α by siRNA has been reported to prevent photoreceptor
degeneration and prevented CNV formation in a mouse model (90). The application
of gene therapy strategies to inhibit the HIF pathway in treating retinal angiogenic
diseases promises better specificity and safety, thus dictating a need for further
research in this area.
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2 AIMS
Minimal research has been addressed at comparative analysis of human CEC and
REC, at either gene or protein expression levels under hypoxia, which is essential in
understanding the distinct mechanisms behind CNV and RNV, and finding new
targets of associated conditions, among other for nAMD and PDR. Furthermore,
considering the potential of miRNAs as biomarkers in DR's progress and the
devastating bleeding complications of PDR to affect some patients recurrently, there
is a clear need to uncover biomarkers for RVH in order to establish secondary
preventions accordingly. Finally, the HIFs central role in retinal angiogenic conditions
and gene therapy's emerging role render the HIF pathway an attractive therapeutic
target. Therefore, investigation of HIFs’ pathologic activation and HIF regulatory
proteins within the retina can yield tools for more physiological and specific inhibition
of the HIF pathway as a treatment modality, among others, for nAMD.

The specific aims of the thesis are:

 To generate human CEC and REC lines and investigate differences in
angiogenic factor expression comparatively, relevant in understanding distinct
mechanisms of CNV and RNV;

 To study biomarker potential of miRNAs for RVH from vitreous samples of
PDR patients undergoing PPV;

 To investigate the role of HIF regulatory proteins in the context of CNV to
discover a potential gene therapy product for nAMD.
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3 RESULTS AND DISCUSSION

3.1 PAPER I

Understanding the distinct mechanisms of angiogenesis affecting the retina is crucial
to establish better treatment modalities for PDR and nAMD. ECs play a central role
in angiogenesis and therefore are objects of angiogenesis studies (40,198,199).
Several authors have proposed the heterogeneity of retinal and choroidal
angiogenesis by isolation and characterization of CEC and REC (42,43,46,48). To
best our knowledge, analysis of donor-matched human CEC and REC under
hypoxia was performed by us for the first time. This study isolated human CEC and
REC and analyzed their angiogenic response under both normoxia and hypoxia.

3.1.1 Results

Characterization

The human CEC and REC were obtained from a postmortem 24-year-old donor
eyes without previously known ocular pathology. After mechanical tissue separation,
the retina and choroid were processed separately by standard cell culture protocols
to obtain pure CEC and REC lines. Upon characterization using EC markers (platelet
endothelial cell adhesion molecule (PECAM)-1, isolectin, and von Willebrand factor),
our results showed that we had successfully contained pure EC lines from the
choroid and retina, thus were able to generate primary cell lines for further studies.
Of note, no phenotypical differences between CEC and REC were observed upon
characterization (Paper I, Figure 1).

Angiogenic factor expression at normoxia

To analyze the distinct biology of CEC and REC in non-stimulated conditions, we
analyzed the expression of 133 genes relevant in EC biology and angiogenesis from
CEC and REC culture, conditioned at normoxia. The total RNA was extracted from
CEC and REC lines and analyzed by quantitative Polymerase Chain Reaction
(qPCR) arrays. CEC showed significant differential expression (defined as ≥two-fold,
p ≤ 0.05; paired t-test) for 21 genes compared to REC. We grouped the differentially
expressed genes as (i) proliferation and vessel maturation (16 genes) – expressed
lower in CEC and (ii) chemotaxis and cell migration (5 genes) – expressed at higher
levels in CEC compared to REC (Paper I, Table 1). Of interest, REC showed 26-fold
higher expression for PlGF (p < 0.001), and the 32-fold lower expression for IL7 (p =
0.05) compared to CEC. IL7 is an immune cell modulator and activates T-cell
precursors and monocytes (200). Overall, the differential expression of the genes
between CEC and REC in non-stimulated conditions suggests differences in normal
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angiogenic and inflammatory equilibrium between the tissues, which may be crucial
to facilitate healthy crosstalk between choroid, RPE, and the inner retina.

Angiogenic factor expression in hypoxia

As the study's main aim was to analyze CEC and REC's heterogeneity under an
angiogenic stimulus, we exposed the cell cultures to normoxia or 6, 12, or 24 hours
(hr) of hypoxia. We subsequently analyzed differential HIF-1α and HIF-2α protein
expression. Western blot analysis displayed that CEC and REC show a similar HIF-
1α and HIF-2α expression patterns (Paper I, Figure 2), with a peak upregulation after
6 hr of hypoxia, allowing us to estimate more appropriate time points for the analysis
of HIF-mediated mRNA and protein expression in the experiments (12 hr and 24 hr,
respectively).

The analysis of mRNAs and proteins relevant to angiogenesis was achieved by
running qPCR and proteome profiler arrays, simultaneously analyzing 84 genes from
the extracted total RNA and 55 intracellular and soluble proteins, respectively, from
the hypoxic CEC and REC cultures. Our results showed that, as expected, most of
the analyzed factors showed a similar expression pattern in CEC and REC, which is
plausible considering the anatomical and physiological proximity. The expression of
most of the analyzed genes under hypoxia did not pass our defined threshold (≥two-
fold, p ≤ 0.05). Nevertheless, out of the analyzed 84 genes, we were able to detect
significant upregulation of 8 genes in CEC, compared to 2 genes in REC at 12 hr of
hypoxia normalized to normoxia (Paper I, Figure 3). Of note, angiopoietin-like
(ANGPTL)4 mRNA showed the highest hypoxic expression in CEC (5.9-fold, p =
0.034), compared to REC, which upregulated PlGF mRNA most prominently (2.8-
fold, p < 0.001).

As mentioned, we subsequently analyzed the angiogenesis-related proteins from
both cell extracts and the conditioned media after 24 hr of hypoxia. We were able to
detect hypoxic upregulation of 10 intracellular and soluble proteins in CEC compared
to 6 proteins in REC (Paper I, Figures 4 and 5). Curiously, among the VEGF family
proteins, CEC showed preferential upregulation for VEGF-A (2,3-fold; p ≤ 0.05)
compared to REC displaying hypoxic upregulation to PlGF, coherently with gene
expression pattern (Paper I, Figure 5).

Furthermore, endothelin (EDN)-1 levels were significantly elevated in REC. Overall,
as detected by mRNA and protein expression analysis, the hypoxia-regulated factors
have been shown to play a role in retinal angiogenesis by affecting either cell
proliferation and vessel maturation or chemotaxis and cell migration (discussed in
paper I). The distinctive activation pattern of those factors between CEC and REC
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delineates angiogenesis complexity and proposes tissue heterogeneity of ocular
angiogenesis, relevant in PDR and nAMD.

3.1.2 Discussion

In the presented study, we have demonstrated a distinct expression pattern for
various angiogenesis-related genes and proteins between CEC and REC at
normoxia, as well as in response to hypoxia. Notably, our results suggest that
among VEGF family proteins, CEC upregulates VEGFA, while REC demonstrates
preferential upregulation for PlGF in response to hypoxia.

Herein, we suggest the heterogeneity of the ocular angiogenesis through differences
in expression of angiogenic factors by CEC and REC, without studying the effect of
the factors on EC behavior. Nonetheless, the effect of different growth factors and
cytokines have already been addressed to some extent previously (45–48,50).
Moreover, considering the study's aim to detect differences rather than similarities,
CEC and REC were matched from one individual to avoid interindividual diversity
upon analysis. However, we did not make biological replicates due to the logistical
difficulties of finding an appropriate age-matched donor without prior ocular disease.
Another limitation is that despite in vitro studies of ECs better represent in vivo
angiogenic milieu, in our experiments, we have not assessed the contribution of
other cellular components of the retinal and choroidal tissues to angiogenesis
comparatively, which mainly can be addressed by in vivo studies.

Nevertheless, our study is the first to comparatively analyze ECs in response to
hypoxia derived from the tissues where the CNV and RNV disorders arise, thus
maximizing the translational interpretation of the experiments. Though, comparison
of CEC and REC with respect to ocular angiogenic conditions seems still to show a
growing interest. Recently, Smith et al. analyzed human CEC and REC angiogenic
and immunologic proteins by Deep Proteomic Profiling and demonstrated that 498
proteins (14.4%) were differentially expressed between CEC and REC, and 3,454
proteins were expressed at similar levels. The authors concluded, among others,
that REC is enriched in immunologic proteins. However, the analysis was done
under non-stimulated conditions, therefore, did not address the differential
angiogenic response by CEC and REC (201).

Interestingly, some of the expression differences at mRNA levels could not be
confirmed at protein levels. This can be explained by different reasons, such as low
scarcity of the proteins in the analyzed media and cell extracts, or by control of gene
expression at mRNA level, among others by miRNAs, highlighting further the
complex regulation of angiogenic factor expression. Of interest, evidence suggests
that there is a crosstalk between miRNAs and HIF-1α upon the regulation of hypoxia
response and angiogenic factors, among other VEGF family (139,141,142,202).
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Curiously, we detected HIF-1α mRNA and protein reduction in 6 and 12 hr of
hypoxia, respectively, in CEC compared to REC. Furthermore, we observed that
both HIF-1α and HIF-2α protein levels showed similar expression pattern in hypoxia
contrary to the recent report showing peak expression of HIF-1α within 6 hr of
hypoxia whereas HIF-2α protein reaches maximum levels beyond 10-12 hr hypoxia,
analyzed in different EC lines (203). This discrepancy can be explained by the notion
that the hypoxia activation pattern of HIF-1α and HIF-2α, and the switch in between,
is context-dependent (72). Overall, the role of miRNAs in the context of retinal
angiogenesis and the central role of HIFs in the process is an exciting observation,
explored further in paper II and paper III, respectively.

3.1.3 Future perspectives

The advances in angiogenesis and tissue culture assays, such as 3d-cell cultures,
co-cultures, and especially the retinal and choroidal explant culture, seem to render it
possible to closely mimic the in vivo milieu and study the interplay among different
cells (204–206). Subsequently, in vivo models, such as the OIR and CNV model, as
well as transgenic mice, can be established. Experiments can be designed to target
differentially expressed factors and study the impact on retinal and choroidal
angiogenesis comparatively. Overall, despite being an in vitro study on a pure
primary EC line, the study suggests heterogeneity of ocular angiogenesis and lays
the basis for further exploring differentially expressed angiogenic factors
comparatively.
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3.2 PAPER II

The ischemic behavior of retinal vessels in DR is diverse, ranging from discrete
IRMAs, as a hallmark of PPDR, to resistant intravitreal bleedings—an advanced
PDR stage—leading to surgical interventions, such as PPV. Apart from being fully
treated, these patients may rebleed, which is a devastating burden on patients’ well-
being and healthcare (12,13). The study of miRNAs from the vitreous of PDR
patients contributes to understanding the regulation of molecular angiogenesis and
finding putative biomarkers for PDR complications, such as RVH (22). Herein, we
profiled a distinct miRNA expression pattern from PDR patients’ vitreous, with a
focus on rebleeding incidence.

3.2.1 Results

Fifty-four patients of both sexes undergoing PPV were included in the study, ranging
from 24 to 83 years old (Paper II, Table 1). Seventy-two vitreous samples were
included in the study for subsequent analyses (Paper II, Figure 1). Vitreous samples
of patients undergoing primary PPV were subdivided between patients that were
non-reoperated—non-RVH—or were reoperated due to recurrent hemorrhage—pre-
and post-RVH—during the 2-year follow-up period. These were compared to 18
randomly selected vitreous samples from non-reoperated patients (non-RVH) with
PDR, and 18 control vitreous samples were selected from patients undergoing PPV
for conditions known to be unrelated to retinal vascular conditions (macular hole or
epiretinal membrane removal). Initially, to detect the presence of miRNA and profile
the differentially expressed miRNAs among the groups, we pooled all vitreous
samples within the groups. Using Human miFinder miScript miRNA PCR Array
(Qiagen, Cat No. 331221), the pooled samples from the four vitreous groups were
analyzed to identify up- or downregulated miRNA expression among the vitreous
groups. A four-fold relative regulation cut-off was applied to the comparisons (Paper
II, Figure 2) to facilitate the identified miRNAs' putative utility as clinically available
biomarkers. In sum, ten of the sixty-six expressed miRNAs (miRNA-19a, -20a, -22a,
-27a, -29a, -93, -126, -128, -130a, and -150) displayed potential divergences
between the PDR vitreous groups and to the control, thus, were isolated and
analyzed by qPCR for each of the 72 patients’ vitreous samples separately,
according to their respective grouping. Upon confirmation by single-patient analysis,
miRNA-19a and -27a were increased in the vitreous patients with PDR compared to
the nonangiogenic controls (p < 0.05). Moreover, miRNA-20a and -93 correlated with
RVH incidence as they were significantly elevated in patients undergoing primary
PPV and later afflicted by RVH. Expression differences of five miRNAs (miRNA-22a,
-29a, -126, -128, -130a) could not be confirmed among PDR vitreous samples in the
single-patient analysis compared to the pooled analysis (Paper II, Figure 4).
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3.2.2 Discussion

The upregulation of miRNA-20a and miRNA-93 was significant in RVH vitreous
samples compared to non-RVH. In contrast, differences between the non-RVH vs.
control group were non-significant, further emphasizing that elevated levels of
miRNA-20a and -93 are not associated with leakage from the circulation during VH,
rather with the pathophysiological milieu leading to the RVH. miRNA-20a and -93 are
the miRNA-17 family members and regulate angiogenesis, particularly the
HIF/VEGF pathway (142,202,207). Studies on aqueous humor and vitreous from
human subjects have previously proposed the miRNA-20a and -93 as potential
biomarkers for PDR (132–134,138). In our study, further sub-grouping the PDR
vitreous according to rebleeding incidence for the first time privileged us to propose
that miRNA-20a and -93 are associated with the risk of rebleeding incidence as a
complication of PDR.

As suggested by previous studies, analysis of miRNA from serum/plasma could not
always be correlated to vitreous levels, thus diminishing serum/plasma as a reliable
substrate for the detection of biomarkers associated with PDR complications (133–
135). In that respect, we suggest that vitreous samples are a more reliable substrate
for this purpose. Since acquiring a vitreous sample from patients with VH can be a
part of a routine surgical procedure (if not absorbed spontaneously), the ethical
concern associated with it is minimal, as opposed to analysis of vitreous from
patients without indication for PPV. The biomarkers of RVH could help clinicians to
individualize the follow-up and treatment regime for risk patients.

Additionally, our results show that miRNA-19a and -27a were significantly increased
compared with the nonangiogenic controls suggesting their potential as biomarkers
of PDR in general. Consistently, miRNA-19a and miRNA-27a have been closely
associated with angiogenesis regulation and show altered expression in PDR in
experimental animal models (208–212).

Curiously, the present data could not validate significant differential expression for
certain miRNAs which have previously been associated with DR, such as miRNA-
15a, -21, -29a, -126a, 150, -155a, -200b, -210 (122,125,129,133,134,137,138,213).
The main reasons are our threshold fold (four) and abundance of the miRNA in the
samples upon pooled analysis as exclusion criteria (>35 ct). In that respect, we
deem that selecting miRNAs that show abundant expression facilitates their clinical
application as biomarkers.

It is worth emphasizing that it has been challenging to conclude the exact
mechanisms of actions of many miRNAs, which is probably due to their multiple
target genes, as well as some discrepant reports about the expression pattern that is
supposedly due to their context-specific regulation. This fact further delineates
miRNAs complex interaction in the regulation of molecular angiogenesis. Therefore,
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miRNAs seem to be the optimal choice as biomarkers, however not as suitable
options for gene therapy due to their multifaceted roles. Curiously, the interaction of
hypoxamiRNAs, such as miRNA-20a and miRNA-93 with the HIF pathway, further
underline HIFs pivotal role in orchestrating retinal angiogenic conditions (139,202).
Taken together, the HIF pathway can be an attractive target in the treatment of CNV
and RNV. Hence, further investigation of HIF inhibition, among others, in the context
of CNV, may hold a promise of potential gene therapy modality (paper III).

3.2.3 Future perspectives

The employment of miRNAs as putative biomarkers is being extensively studied.
There are hundreds of ongoing clinical trials, some of which already in phase 4
(104,214). However, the main concern with miRNA as a biomarker can be their non-
specific alteration. In that respect, despite miRNA-20a and -93 are mainly implicated
in angiogenesis and DM, further studies need to assess its dysregulation in vitreous
in different pathologies. Furthermore, the analysis of a larger number of vitreous
samples is crucial to establish reference values for future screening.
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3.3 PAPER III

As discussed previously, clinical inhibition of RNV and CNV by anti-VEGF molecules
is currently a sub-optimal modality due to, among others, the coordinated activity of
different HIF-induced angiogenic factors in the process, which is bypassed by the
mainstream intravitreal drugs (38). Therefore, manipulation of HIF activity to
simultaneously regulate several angiogenic factors may offer a superior outcome
(78). nAMD is characterized by CNV, where hypoxia and subsequent activation of
HIFs play an essential role (80–82). In the present study, we aimed to analyze the
effects of overexpression of canonical HIF regulatory proteins (PHD1, PHD2, PHD3,
VHL, FIH-1) and the ocular-specific IPAS in order to propose a candidate protein for
anti-HIF gene therapy of nAMD.

3.3.1 Results

PHD2 is the most prominent modulator of HIF-1α in RPE cells.

We investigated the expression of HIF-1α and HIF-2α isoforms in ARPE-19 cells (a
human continuous RPE cell line) upon exposure to hypoxia-mimicking conditions
(with CoCl2) for 16 hr. We were able to detect the endogenous expression of HIF-1α
a but not HIF-2α in ARPE cells, suggesting that HIF-1α mediates acute hypoxia
signaling pathways in RPE cells (Paper III, Figure 1A). To study the modulation
potency of HIF regulatory proteins, we transfected the ARPE-19 cells with relevant
encoding plasmids. Subsequently, we analyzed HIF regulatory proteins' inhibition
potency on HIF-1α transactivation by performing an HRE-driven reporter gene
assay. We detected that cells expressing PHD isoforms (1,2,3) displayed a
significant reduction of HIF-mediated transactivation in hypoxia conditioning,
suggesting PHDs pivotal role in the modulation of HIF-1α-mediated transactivation
among other regulatory proteins (Paper III, Figure 1C). Among three PHD isoforms,
overexpression of PHD2 by ARPE-19 cells denoted considerably lower endogenous
HIF-1α protein levels, resulting in a significant decrease in HIF-1α lifetime as
determined by reoxygenation assays (Paper III, Figure 2).

Considering these results, we generated ARPE-19 cells stably expressing PHD2
(RPE-PHD2) to further study the effects of PHD2 overexpression in inhibition of HIF-
mediated angiogenesis. In vitro analysis of RPE-PHD2 cells revealed significantly
lower levels of endogenous HIF-1α (Paper III, Figure 3A, C) and VEGF protein levels
both at normoxia and hypoxia (24, 48, 72 hr) compared to control (Paper III, Figure
3D, E). We detected lower levels of additional angiogenesis-associated factors in 24
hr of hypoxia-conditioned media from RPE-PHD2 cells, with insulin-like growth factor
binding protein (IGFBP)3, tissue factor (TF), VEGF, uPA, IL8, and CCL2 showing
more than 45% reduction compared to control (Paper III, Figure 3F).
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RPE-PHD2 cells and conditioned media mitigate angiogenesis

We further investigated the inhibitory effect of RPE-PHD2 cells upon angiogenesis
assays. The wound healing and tube formation assays with HUVEC cultures showed
a significant delay in cell proliferation, migration, and tube formation when exposed
to RPE-PHD2 conditioned medium (Paper III, Figure 4). The further confirmation of
RPE-PHD2 cells on angiogenesis was determined on human CEC and REC by
establishing spheroid cultures, analyzed for their ability to create angiogenic sprouts
when embedded in Matrigel. A significant reduction in the number of sprouts was
determined in CEC and REC spheroids exposed to RPE-PHD2 hypoxia conditioned
media when compared to RPE-puro control (Paper III, Figure 5A, B), as well as in
3D cultures of CEC and REC with RPE-PHD2 cells upon exposure to either to
normoxia or hypoxia for 36 hr (Paper III, Figure 5C, D). RPE-PHD2 cell line's effect
to ameliorate soluble angiogenic factors was further assessed in vivo on iris
vasculature of P12.5 BalbC mice by intravitreally injecting with RPE-puro or RPE-
PHD2 cell-conditioned medium exposed to 24 hr of hypoxia, every fourth day for two
weeks, and compared to vehicle-injected eyes. Compared to vehicle-injected mice,
eyes injected with medium conditioned by hypoxic RPE-puro cells displayed a
significant increase in iris vasculature, while eyes that were injected with RPE-PHD2
cell-conditioned medium did not differ from the vehicle (Paper III, Figure 6).
Consequently, this result confirms the lower levels of hypoxia-induced angiogenic
factors in RPE-PHD2 cells, thus mitigating angiogenic responses in ocular tissues.

In vivo gene transfer of PHD2 to RPE cells diminishes ocular angiogenesis

Finally, we transfected posterior eye segments of the mouse CNV model to
overexpress PHD2 in the retina by electroporation. The subsequent expression of
PHD2 protein was observed at both 7 and 14 days after laser-induction in the
transfected eyes (Paper III, Figure 7D), which are equivalents of 3 and 10 days of
DNA expression; time points for the analysis of the posterior eye segments in our
experiments. Quantitative analysis of the CNV area was performed on the fellow
lesion. Notably, a significant reduction of CNV lesions was observed by a mean
decrease of approximately 40%, as determined by the endothelial marker isolectin
(Paper III, Figure 7A,B). By immunoblot techniques and qPCR analysis of posterior
eye segments, we displayed reduced levels of HIF-1α protein, multiple HIF-mediated
transcripts, and angiogenic proteins. Remarkably, factors involved in metabolism
(phosphoglycerate kinase 1 and carbonic anhydrase 9; PGK1, CA9), angiogenic
factors (VEGF, VEGFR-1, PDGF), extracellular matrix degradation (MMP2 and -9),
and inflammation markers (IL1β and −6, CCL2, and C-X-C motif chemokine
receptor; CXCR4) were significantly reduced when compared to CMX controls
(Paper III, Figure 7E,F).
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3.3.2 Discussion

These results collectively indicate that in vivo gene transfer of PHD2 expression
vectors can ameliorate angiogenesis in CNV-induced mice, suggesting the
therapeutic potential of PHD2 as a gene therapy product in the treatment of ocular
angiogenic conditions, such as nAMD.

It has been shown that the PHDs are the main HIF regulatory proteins in many
tissues (63,64). The prominent modulation potency of PHD2 in ARPE-19 cells,
among other PHD isoforms, can allegedly be explained by differential expression
patterns and the tissue-dependent role of PHDs in the regulation of HIF-1 and HIF-2
(63,66,215). Moreover, compared to isoforms PHD1 and PHD3, HIFs are the only
targets of PHD2 in non-cancer cells, which can further contribute to the superior HIF-
1α inhibitory effect (64,66). Of interest, human PHD2 protein seems to hydroxylate
the mouse HIF-1α and inhibit angiogenesis, demonstrated by the results in the CNV
mouse model in our experiments.

Notably, gene transfer of PHD2 modulated both angiogenic and inflammation
markers, among others, IL8 and CCL2, further suggesting the HIFs as a master
regulator of pathologic pathways involved in the pathogenesis of CNV. It has
previously been shown that hypoxia upregulates the expression of IL6 and IL8 in
ARPE-19 cells (216). Inhibiting angiogenesis by overexpression of PHD2 offers the
possibility of simultaneous inhibition of HIF-1α–induced angiogenic and inflammatory
factors, granting better control over CNV.

The role of HIF isoforms, particularly HIF-1α, have been implicated in the
pathogenesis of CNV (80–82). Nonetheless, specific roles and the hypoxia activation
pattern of the two HIF isoforms within the retina's cellular components are the
subjects of intensive investigations (77,88–91). In ARPE-19, we detected HIF-1α
protein and not HIF-2α, consistent with previous results (217). On the other hand,
chronic activation of HIF-2 in mouse RPE cells has been implicated in retinal
degeneration (88). Accordingly, HIF-2α is activated in chronic hypoxia lasting more
than 48 hr in various contexts (72,73). However, in our experiments, we did not
address the chronic hypoxic activation pattern of HIF isoforms (hypoxia conditioning
was conducted up to 16 hr). Moreover, we assessed HIF isoforms in RPE cells from
human origin as opposed to animal origin in previously published data (88).
Nevertheless, we could suppress HIF-1α levels and its downstream genes in CNV
model mice, proposing the pivotal role of HIF-1α in CNV progress.

Although beyond the study's scope, another concern is the safety of chronic
inactivation of the HIFs in the retina. Nevertheless, previous reports suggested that
HIF-1α and HIF-2α can safely be inactivated in photoreceptors and RPE cells
without detectable pathological alterations within the mouse retina (218).
Nonetheless, considering some published data showing the neuroprotective role of
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quiescent levels of HIFs in the retina, it seems plausible to avoid abolishing the HIF
expression completely and rather diminish its pathologic levels (219–221). Although
not addressed herein experimentally, we hypothesize that overexpression of PHD2
mitigates the pathologic HIF activation while simultaneously maintain its
physiological levels, proposing a sustained and safe approach for gene therapy in
the treatment of nAMD.

Finally, considering the cell-specific role of HIF-1α and HIF-2α within the retinal cells
and the cell-dependent degenerative effect of chronic activation of the HIF isoforms,
simultaneous inhibition of the HIF-1α and HIF-2α may be more effective in treating
nAMD (88–90). On the ground that PHD2 has been shown to hydroxylate both HIF-
1α and HIF-2α isoforms, gene therapy by PHD2 may simultaneously ameliorate
degenerative effects of chronically elevated both HIF isoforms (65,66). This
hypothesis needs, however, to be confirmed experimentally with further studies.

Overall, we showed that PHD2 is the most prominent HIF regulatory protein in
human RPE cells. Overexpression of PHD2 promoted angiogenesis inhibition, both
in vitro and in vivo assays. Consistently, gene therapy experiments in the CNV
mouse model to overexpress PHD2 protein culminated in mitigated angiogenesis,
proposing PHD2 as a suitable candidate for anti-HIF gene therapy.

3.3.3 Future perspectives

Prolonged inhibition of HIF-1α can raise safety concerns. Based on our in vitro
experiments, the RPE-PHD2 cell line did not differ in cell survival from its control
counterpart. Nonetheless, the relevant initial approach to address the question would
be an appropriate cell survival assay, co-culture with other cellular components, and
retina explant cultures to assess the safety of HIF-1α inhibition. It would be
interesting to investigate whether overexpression of PHD2 could mitigate pathologic
HIF-2α levels in RPE cells at chronic hypoxia. Subsequently, long-term expression of
the transgene by in vivo gene therapy with AAVs encoding PHD2 in comparison with
the subretinal delivery of empty AAVs in animal models of CNV can be designed.
Furthermore, the implementation of cell-specific promoters together with hypoxia-
regulated promoters, such as 6xHRE-RPE65 promoter (195), offers the possibility of
on-target transduction and on-demand expression modality. Nevertheless, as
suggested from our results, intraocular injection of RPE-PHD2 conditioned medium
enriched with the PHD2-modulated proteins does not seem to abolish normal
vasculature in iris angiogenesis assay, suggesting its wide therapeutic window. Of
note, another possible concern is “under-treatment” related to
transfection/transduction efficiency. Confidently, the latter will be addressed by
ongoing improvements in delivery vectors. Moreover, a combination approach with
recently emerging stem cell therapies, such as ex vivo gene delivery and
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subsequent transplantation of healthy RPE cells, holds a promise of a more
sustainable and effective therapeutic modality for both nAMD and dAMD.
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4 ETHICAL CONSIDERATIONS
The experiments involve in vitro cell cultures, studies on mice and human tissue
specimens, and experimental gene therapy in animal models that raise specific and
general ethical considerations.

Animal experiments include generating animal models of angiogenesis in mice,
intraocular injections, and in vivo gene transfer by electroporation. We used C57bl6J
and BalbC mouse strains as a standard for our experiments. Principles of ethics of
research with animals can be condensed into the “3R” principles: Replace – we have
preceded in vivo experiments with in vitro cell cultures and assays to minimize the
need for animal experiments. We chose to conduct our experiments on mice and
avoided larger animals, such as rats and rabbits, as examples of the “Replace”
principle. Reduce and refine – in order to reduce the number of mice without
affecting the statistical power of the experiments, we planned the experiments
carefully. Moreover, the proper training with animal handling and microsurgical
techniques ensured that the experiments are performed smoothly; thus, any distress
to animals is minimized.

Furthermore, the animals were anesthetized throughout the experiments. After
induction of CNV lesions with laser, the experiments' length did not exceed the
necessary time points, and the animals were euthanized. The mice were kept in
local animal husbandry in approved and optimal conditions under the supervision of
experienced and licensed animal technicians. As a PhD student, I was trained in the
handling of rodents and lagomorphs. Another general aspect of the “Reduce”
principle is to show transparency about research findings, such as publishing the
negative results and sharing the data from animal experiments to avoid unnecessary
repetition of experiments, thus reducing the use of animals in research. Furthermore,
the supervisors ensured that appropriate ethical approvals are obtained from the
ethical boards and are up to date.

A second ethical aspect of the experiments includes gene therapy methods. In
general, the use of non-viral delivery methods ensured a safer approach. We
introduced a plasmid DNA to overexpress naturally occurring proteins. Nonetheless,
proper labeling and handling of those cell lines were applied to avoid any cell-to-cell
line contamination and enable proper tracking. When applicable, the cell lines were
disposed of accordingly. The cells were either purchased from authorized suppliers
or generated from human tissues without known contagious diseases. Gene therapy
experiments on mice were transient and did not last more than 14 days. The animals
were euthanized at the end of the experiments and disposed properly to avoid any
possible incidence of genetically modified breeds. Nevertheless, our genetic
experiments did not carry any risk of delivering genetic material to the animals’
germinal cells.
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A different ethical aspect of our experiments involves the use of human tissue and
biological fluid for research. In paper I, we have isolated CEC and REC from post-
mortem donor eyes and generated primary cell lines for in vitro studies. The eyes
were obtained from research consented donors by experienced personal and kept at
a local biobank (cornea bank at St. Erik Eye Hospital), which follows local and
international guidelines for acquiring and storing human material for clinical and
research purposes. In paper II, we have collected vitreous samples from patients
undergoing PPV and analyzed circulating miRNA expression differences. The use of
samples in research was compliant with the Declaration of Helsinki and General
Data Protection Regulation tenets. Those principles can be summed up as

1. Research should only go ahead if the potential benefits outweigh any potential
risks to the donors.

In our experiments, the tissues are obtained from post-mortem subjects or are the
specimens that were collected postoperatively; therefore, they do not pose any
health-related risk to donors.

2. Confidentiality and personal integrity

The postmortem eyes used in our research are unlinked samples and are not
identifiable. Sensitive personal information was not used. In general, the individuals
caring for the patients are not involved in our research and did not share any
personal information with those conducting the investigations.

3. Human tissues must be treated with respect.

The biological material or the primary cell lines from human origin were not sold for
any financial profit. Proper disposal of the specimen was employed. The informed
consent provided appropriate information about removing and retaining human
material for research. Research practices do not object to the deceased in any way.

4. Getting informed consent.

In the case of postmortem eyes used in paper I for cell line generation, informed
consent for research purposes is typically obtained from the individuals who consent
for biobank of the eyes for clinical purposes with proper and up-to-date consent
forms. We used eyes that were consented for research purposes. The ocular tissues
are stored at St. Erik Eye hospital after their death, regulated by the hospital and by
the ethical board's approval. In paper III, patients undergoing PPV for clinical
indications were informed and consented accordingly. Generally, the design of such
a consent form should always include at least the following information:

 Name of the study
 Who is in charge of the study
 What the study is about and why that is important
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 The plan of the study in an understandable manner for non-experts
 How we protect the collected data
 That participation and withdrawal is voluntary, and the subject will not lose

any benefits for which they are entitled
 How the patient can obtain more information about the study and how the

published data can be accessed
 Which tissues will be retained
 Any potential risks or discomfort during the study
 The custodian and how long the specimens will be kept
 What types of research it may be used for
 How it will be disposed of when no longer required
 Any compensation for participation or research-related injury
 Enough time is given to the subjects to read and to reflect

Finally, a broader and non-specific aspect of research ethics includes being honest,
integral, and having a professional and scientific trait, which are as important as the
aspects above. Accurate reports of the research methods and findings must be
provided, and data manipulations must be avoided. Furthermore, showing openness
to share the data and acting truthfully and respectfully with research peers and
collaborators is crucial. Intellectual property should be respected, and proper
permissions must be sought in case of reuse of material, plagiarism must be
abnegated. Acknowledgments of the contribution must be provided.

Moreover, awareness about local laws and regulations concerning any aspect of
research is necessary. Any bias in the collection and analysis of data and upon
review of the manuscript should be avoided. Commercial disclosures should be
made if any.
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5 CONCLUSION
The mechanisms of angiogenesis are intricate, and the clinical complications are
devastating for patients. The inhibition of angiogenesis and screening for disease
progress is vital for improving ophthalmological care. In that respect, a deeper
understanding of molecular mechanisms behind retinal angiogenic conditions and
identification of biomarkers of disease complications, such as RVH afflicting PDR
patients, as well as exploring novel approaches for sustainable anti-angiogenic
therapies are needed.

The main findings of my PhD project are:

1. EC isolation from choroid and retina and subsequent hypoxia conditioning are
valid tools to study tissues' angiogenic behavior comparatively;

2. CEC and REC differ in expression of some crucial angiogenic factors both at
normoxia and in response to hypoxia, among others within the VEGF family
proteins. The heterogeneity of ocular angiogenesis suggests a differential
approach to treating conditions associated with RNV and CNV;

3. Vitreous samples obtained from patients undergoing vitrectomy can be used
for screening purposes of DR progression;

4. Specific miRNAs analyzed from vitreous samples are associated with DR
progress and complications; miRNA-20a and -93 are upregulated in patients’
vitreous afflicted with RVH, suggesting their biomarker potential for rebleeding
incidence, whereas miRNA-19a and -27a are putative biomarkers for PDR;

5. Human RPE upregulates HIF-1α and its downstream genes in the context of
CNV;

6. Among HIF-regulatory proteins, PHD2 has the most potency to ameliorate
hypoxia-elevated HIF-1α levels in RPE cells;

7. Overexpression of PHD2 protein is capable of mitigating hypoxia-induced
angiogenesis in vitro and in vivo;

8. Experimental gene therapy to overexpress PHD2 in CNV mice shows
promising results and implies PHD2 to be a candidate molecule for anti-HIF
gene therapy.
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6 POPULAR SCIENCE SUMMARY
The retina is a light-sensing tissue situated in the back of the eye. The macula is the
central part of the retina, which accounts for normal visual acuity. The retina gets
nourished by two different origins: from the outer aspect, through the tissue called
the choroid, and from the blood vessels that lie within the retina. In the elderly, some
of the main blinding conditions are associated with diseases of the retinal and
choroidal blood vessels. In conditions such as diabetes mellitus, the retinal vessels
get damaged to the degree that they get closed, leading to the lack of oxygen and
nutrients to the retina. This causes abnormal growth of new retinal vessels, a
hallmark of proliferative diabetic retinopathy (PDR). Age-related macular
degeneration (AMD) is another common blinding condition that is associated with
retinal cell death. The exact mechanisms behind are still unknown. However, it has
been shown that healthy interaction of the choroid and the retina is essential to
support normal-functioning macula. In AMD, this crosstalk is compromised, and in
some cases, the macula cannot get enough oxygen, leading to the neovascular form
of AMD (nAMD).

The common feature of both PDR and nAMD is new vessel formation that is weak
and does not respect tissue boundaries upon growth. This process is called
pathological angiogenesis. Endothelial cells (ECs) play a leading role in this process.
These newly formed vessels bleed easily and damage the retina resulting in central
vision loss. The molecular mechanism of angiogenesis is diverse. The central
molecule which is involved in the process is called vascular endothelial growth factor
(VEGF). Afflicted patients are currently treated by drugs that block VEGF action,
injected into the eye every 4 or 8 weeks. Although this new method has been an
evolution in the treatment of nAMD and PDR, there are still some limitations: 1)
Getting injection into the eye in a repeated manner is uncomfortable 2) There are
risks associated with the injections, such as getting bacteria into the eye causing
severe infections 3) Since, there are other molecules involved in angiogenesis,
targeting only VEGF is not always optimal.

To find better treatment alternatives and detect patients with higher risks to bleed
into the eye, we need to study the molecular mechanisms of angiogenesis more in-
depth. This can also allow us to find molecules that can be used to detect high-risk
patients. Moreover, there is a clear need to reduce injections and get better results
than targeting VEGF alone. Gene therapy is a method to make cells express a
protein of interest, which offers a sustained treatment option.

In my first paper, I isolated ECs from the retina and choroid and studied how they
differ in angiogenic molecules' expression. I found that, despite these cells having
similar expression profiles for many molecules, they show differences as well, both
in normal oxygen conditions and when they are deprived of oxygen, similar to the
setting that happens in the eye when the blood supply gets compromised.
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In my second paper, I studied vitreous, which is a jelly-like structure inside the eye.
Vitreous samples were obtained from patients that underwent operation due to
bleeding into this structure as a complication of PDR. I analyzed the microRNA
(miRNA)s, which are small molecules that control proteins' expression, among other
angiogenic factors. My main aim was to know if patients who repeatedly bleed into
the eye after the first operation can somehow differ from those who never bleed
again. The results displayed two miRNAs expressed more in patients who bleed
again than those who did not bleed more than once. These miRNAs can eventually
be used as a screening tool for detecting high-risk patients.

In my third paper, I aimed to find a candidate molecule for gene therapy. I analyzed
some proteins which are natural controllers of molecular response to low oxygen
conditions. The experiments showed that one of them has the highest effectiveness;
therefore, it was tested in different angiogenesis-mimicking conditions with promising
results. Finally, we delivered genetic material into the mice's retina to overexpress
that molecule and saw a reduction in choroidal angiogenesis, relevant in nAMD. Our
results suggest a candidate molecule for future gene therapy as sustained treatment
of nAMD.
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6.1 POPULÄRVETENSKAPLIG SAMMANFATTNING

Näthinnan är en ljuskänslig vävnad som ligger på insidan av ögats bakre del.
Makula, dvs gula fläcken, är den del av näthinnan som ansvarar för synskärpan.
Näthinnan får näring från två olika ursprung: Koroidala blodkärl som finns i
åderhinnan, och retinala blodkärl som ligger i näthinnan.

Hos äldre är ett av de viktigaste tillstånden som drabbar synskärpan förknippade
med sjukdomar i retinala och koroidala blodkärl. Till exempel, diabetes skadar
retinala kärl vilket kan leda till brist på syre och näringsämnen till näthinnan. Detta
orsakar onormal tillväxt av nya retinala kärl, ett kännetecken för, så kallat proliferativ
diabetisk retinopati (PDR). Vid ett annat synhotande tillstånd, åldersrelaterad
makuladegeneration (AMD), dör vissa celler i näthinnan. De exakta mekanismerna
bakom är fortfarande okända. Man har dock visat att ett hälsosamt samspel mellan
åderhinnan och näthinnan är avgörande för att bibehålla normal fungerande makula.
Däremot, när detta samspel äventyras, till exempel på grund av AMD, får makula
inte tillräckligt med syre och näringsämnen som leder till så kallad neovaskulär AMD
(nAMD).

Det gemensamma särdraget för både PDR och nAMD är bildandet av nya kärl som
är sköra till sin natur och inte respekterar vävnadsgränser. Denna process heter
patologisk angiogenes. Endotelceller (EC) är de viktigaste celler i denna process.
Dessa nybildade kärl blöder lätt och skadar näthinnan vilket resulterar i synförlust.
Den molekylära mekanismen bakom angiogenes är mångsidig. Huvudmolekylen
heter vaskulär endoteltillväxtfaktor (VEGF). För närvarande behandlas drabbade
patienter med läkemedel som injiceras i ögat var fjärde eller åttonde vecka för att
hindra VEGF-verkan. Även om denna nya metod har varit ett framsteg i
behandlingen av nAMD och PDR, så finns det fortfarande vissa begränsningar: 1)
Att få injektion i ögat på ett upprepat sätt är obehagligt 2) Det finns risker förknippade
med injektionerna, till exempel allvarliga ögoninfektioner 3) Eftersom det finns andra
molekyler som styr angiogenes, blir inte alltid tillräckligt att endast bromsa VEGF.

För att hitta bättre behandlingsalternativ och för att upptäcka patienter som löper
högre risk att blöda i ögat, måste vi studera de molekylära mekanismerna av
angiogenes som påverkar näthinnan och åderhinnan. Det hjälper i sin tur att hitta
molekyler som kan användas för att upptäcka högriskpatienter. Dessutom finns det
ett tydligt behov av att minska mängden injektioner och få bättre resultat än att
hämma enbart VEGF. Genterapi är en metod för att göra celler att uttrycka verkande
proteiner som ger möjlighet till långsiktigt behandlingsalternativ.

I mitt första vetenskapliga arbete isolerade jag EC från näthinnan och koroid för att
studera hur de skiljer sig åt i uttrycket av angiogena molekyler. Trots att dessa celler
har liknande uttrycksprofil för många molekyler, visar de också skillnader, både
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under normala syreförhållanden och i syrebrist som liknar förutsättningen i ögat när
blodtillförseln blir påverkad.

I mitt andra papper studerade jag glaskroppen som är en geléliknande struktur inuti
ögat. Glaskroppar erhölls från patienter som genomgick operation på grund av
glaskroppsblödning till följd av PDR. Jag analyserade nivåerna av mikro-RNA
(miRNA), som är små molekyler som styr uttryckning av proteiner i celler, bland
annat angiogena faktorer. Mitt främsta mål var att veta om patienter som drabbas
åter av glaskroppsblödning efter den första operationen kan på något sätt skilja sig
från de som aldrig blöder igen. Resultaten visade två miRNA som uttrycks mer hos
patienter som blöder åter. Dessa miRNA kan så småningom användas som
analysverktyg för att upptäcka högriskpatienter för upprepade glaskroppsblödningar
pga PDR.

I min tredje uppsats syftade jag till att hitta en kandidatmolekyl för genterapi. Jag
analyserade några proteiner som är naturligt förekommande kontroller av molekylärt
svar på syrebrist. Vår forskning visar ett protein med högsta verkan. Vi testade därför
vidare det proteinet under olika angiogenes-härmande förhållanden med lovande
resultat. Slutligen levererade vi genetiskt material till näthinnan hos möss för att
uttrycka den molekylen i större utsträckning. Vi märkte minskning av koroidal
angiogenes. Våra resultat antyder en kandidatmolekyl för framtida genterapi mot
nAMD.
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