Abstract

Objective: Diabetic retinopathy and diabetes represent set@alth conditions, being considered
among the main causes of blindness. In the re@arsyanti-VEGF therapies have been of great help
in the treatment of retinal pathology and, untilMpahey represent the primary choice therapy for
diabetic retinopathy. Nevertheless, many patieotsal experience significant benefits of visioreaft
an anti-VEGF monotherapy. For this reason, sevessdarchers recently focused their attention on
the mechanisms that play a central role in the Id@wneent and progression of diabetic retinopathy.
Results: Available scientific evidence confirms that diabaetinopathy requires other molecules
capable of modifying the mechanisms that, togethitr angiogenesis, contribute to the development
of the condition, such as vascular and neuroinflatron.

Conclusions:This review summarizes the current knowledge ofpidological changes that occur
in diabetic retinopathy and that might contribudedentify possible new strategies for the treatimen

of this condition.



Introduction

Diabetic retinopathy (DR) affects nearly 40% ofipats with diabetes, represents the main cause of
blindness in subjects under the age of 50 yearsl, similar to other conditions, has a signiftcan
impact on quality of life since patients with DRpexience many socioemotional issues in addition
to vision-related activity limitationd”. It is expected that DR incidence will increasetie next
decades due to the future increase of diabetdseimorld population, affecting approximately 191
million people worldwide by 2039 In the recent years, different therapeutic apgiiea have been
developed for the treatment of ophthalmologic dissgreviously considered difficult to mandge
12 Part of this success is due to the identificatibthe role played by the inflammatory process in
these condition¥’,

Chronic inflammation is extensively involved in tHevelopment of DR and its complicatidfig’,

as well as in many other ocular diseases such @gsiragivitis, keratitis, uveitis, glaucoma, age-
related macular degeneration and diabetic retimyd&°. In immune-dependent pathologies, the
inflammatory process induces a complex cascadeotddical, molecular and cellular signals that
alter the physiological responses of the affectedtissues. Inflammatory stimulus (oxygen radicals,
diabetes, and infections) may disrupt the natuedarire of the eye tissues, thus producing an
"inflamed" phenotype. The result of these processdbe increased expression of inflammatory
cytokines (IL-1 and TNF), chemotactic proteins (MCP growth factors (TGEB-and VEGF) and
apoptotic phenomena which, taken together, cortgituthe onset of different eye diseases.

To date, the molecular mechanisms that determaddhielopment of ocular pathologies are not fully
clarified and there is no therapy capable of prémgneye damage for people with diabete®
Understanding the cellular and molecular mechanigraslead to eye damage could be useful for
the development of new anti-inflammatory agents aed therapeutic approaches, thus avoiding

invasive surgical treatments.



Diabetic retinopathy

DR is the most important ocular complication oftaites mellitus. The main risk factors associated
with the early onset and rapid evolution of diabedtinopathy include the duration of diabetes,rpoo
glycemic control and concomitant hypertension.

Glycemic control is undoubtedly the most importartdifiable risk factof’. DR is classified into
two forms, one early and less severe (non-prolifeghand one advanced (proliferating). The first,
if not recognized and treated promptly, evolvesais the highly disabling proliferating form. In
non-proliferative DR, the identification of advadceon-proliferating retinopathy is important as it
develops, if left untreated, in proliferating DR40% of cases within 12 months.

Hyperglycemia damages the structure of the bloossels predisposing to the formation of
microaneurysms, microhaemorrhages and anomalid® aétinal vascular caliber. These anomalies
may lead to the passage, through the damagedatdhis vessels, of some components of the blood,
or to reduced perfusion of the retinal tissue up tmmplete ischemia, which is initially manifested
by the presence of cottony exudates. The occlusioime retinal capillaries and the consequent
formation of ischemic retinal areas represent timmwus for the formation of retinal neovessels,

which characterize the proliferating foffn

Clinical presentation

DR usually begins with the appearance of retinatra@neurysms and the presence of spot
haemorrhages® (Figure 1). Subsequently, the disease evolves iné most severe form of
proliferative DR. During this phase, neovasculargfes occur with consequent deposition of fibrotic
tissue, retinal detachments, vitreous haemorrhagésiiabetic macular edertta?® (Figure 2). The
retinal tissues of diabetic patients show increa$eckening of the basement membrane of the
capillaries®®. Normally the retinal capillaries are made upaftinuous internal layers of endothelial

cells surrounded by the discontinuous processedraimural pericytes. The basal membrane (BM)
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consists of a thin internal sub-endothelial memérdBM), interposed between the endothelial cells
and the pericytes, and an external basal membiaBM) placed between the pericytes and the
Muller glial cells. Under pathological conditiong, significant thickening of the external basal
membrane is observed. The thickening of the basemembrane seems to be capable to involve
mainly the diabetic capillaries located in the lagenerve fibers near the internal limiting memiea
Furthermore, in diabetic retinas, the microvascsildzcomponents of the extracellular matrix (ECM)
are altered and there is a noticeable loss of ytesé’. To date, it is not clear whether pericytes are

directly involved in the thickening of the EBM.

Changes in the diabetic retina

In conditions of hyperglycemia, there is the adia of the microglia which secretes cytokines and
other pro-inflammatory molecules involved in phagosis and in the destruction of damaged cells,
as well as in the initiation of repair processes tkad to the formation of glial scars. Howevér, i
microglia remain in an activated state, cytokineyymlamage neighboring cells, particularly neuronal
cells, inducing the appearance of other retindigagies, such as retinal degeneration and glaucoma
31 Many ocular tissues are sensitive to the fibrgiiocess. This process intervenes in the
pathogenesis of different ocular pathologies sushgkucoma, cataract, age-related macular
degeneration (AMD), proliferative diabetic retintpa (PDR) and proliferative vitreoretinopathy
(PVR)*2. Pathologies of the posterior segment of the my@iving the retina and choroid are sensitive
to the fibrotic process. In fact, they presenteodtetinal or subretinal fibrosis that often causes
detachment of the retina and, in severe caseslrgss> 34

During the preclinical phase of diabetic retinoga(RCDR), the increase in permeability of the
blood-retinal barrier produces a hypoxic environtritbat determines the accumulation of numerous
pro-angiogenic and inflammatory cytokines. Accogdio this thesis, numerous histopathological
studies performed on animals and humans have gigbli the activation of microglial cells, as well

as the presence of various inflammatory molecubesesed by microglial celf¥. This condition
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induces the secretion of TNFand the localized secretion of other proinflammatoytokines,
growth factors and bioactive molecules that playnaportant role in the onset and progression of
diabetic retinopath?.

Liou et al confirmed that the activation of the roglia occurs already at the beginning of the diabe
pathology, producing the secretion of a wide raofgaroinflammatory cytokines, such as 1B;1L-

3, IL-6, TNF-« and other mediators of the inflammation such asSR@lutamate, VEGF,
metalloproteinases and NO. These proinflammatorgiaters induce the expression of adhesion
molecules (I-CAM and V-CAM), cell apoptosis, leuktes infiltration and weakening of the blood-
retinal barrie?’. Langmann et al also found that microglial celis sesponsible for an increase in
retinal production of iINOS, IL{1, MIP-10, IL-6 and M-CSF®, Shelton et al showed an increase in
IL-18, IL-6, IL-8, IL-13, IP-10, ICAM-1 and NO in Mullecells and in endothelial cells in the course
of diabetes, confirming their participation in inBammatory proces¥. In addition, it is well known
that many other mediators are expressed in retisgle during diabetes, since it is now clear that
inflammation plays an essential role in BR

The thickening of the basement membrane is ondehost studied morphological changes that
occur in the microvascular system during diabeliegs not clear which of the different factors
primarily contributes to the development of the ctdar diabetic anomalies. The occurrence of
capillary thickening of the basement membrane sstggthat this change may be related to a
deterioration of some tissue functions during teeatiopment of the disease. Vascular abnormalities
are represented by reduced contacts between peviagd endothelial cells, in combination with an
increase in the level of VEGF expression. Angiogenes an important physiological process that
induces differentiation, tissue growth and damaggeir. Pathological angiogenesis, also known as
neoangiogenesis, very commonly develops duringeisih, inflammation and neoplastic diseases.
VEGF has been recognized as the main neo-angiodaaior responsible for both sub-retinal
(DMLE, pathological myopia, uveitis) and retinaligbetic retinopathy, retinal vein occlusion,

retinopathy of the premature newborns) conditidns
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Diabetes is therefore considered a metabolic dist#zst accelerates the development of vascular

thickening of the basement membrane in retinalleay@s, a process that normally occurs with aging.

Diabetic retinopathy and inflammation

Inflammation may play a key role in DR mediatingrrhful effects on neuronal and vascular
components of the retina.

Cellular and molecular alterations typical of imflanatory processes are present in the retina of
diabetic patients. DR is the manifestation of a-lewel chronic inflammation state in which diffeten
effectors such as cytokines and leukocytes areonssiple for damage to the retina. This pathology
shows many similarities with chronic inflammatorgehses: increased vascular permeability, edema,
infiltration of inflammatory cells, destruction dfssues, neovascularization and expression of
angiogenic factors. In the retina of diabetic pase significant inflammatory involvement is also
evident in the early stages of the disease. Intiatdieukocytes including monocytes-macrophages,
microglia, neutrophils and a number of lymphocydbere to the vascular endothelium; this phase
temporally coincides with the impairment of the dderetinal barrier, with capillary occlusion and
endothelial cell deatf?. These alterations induce the secretion of TN#d the localized secretion
of pro-inflammatory cytokines, growth factors arttier bioactive molecules that play an important
role in the onset and progression of diabetic ogtathy.

Diabetic retinopathy was originally considered agbumicro-vascular disease. Currently it is ingtea
considered as a chronic inflammatory disease #eatd to changes in the retinal microcirculation.
Generally, glial cells respond to hyperglycemiagogducing pro-inflammatory cytokines. In fact,
diabetes determines the activation of caspase-ihencbnsequent production of I13;which leads

to the death of Muller celt¥. Retinal glial cells, including Miiller cells, cafso be the initiators of
neural inflammation in the diabetic retina actirsgcgtokine producers. IL-6 may also play a direct
role in the infiltration of monocytes and T lymplytes. Chronic inflammation induces the activation

of myofibroblasts, that originate from fibroblastls and determine the excessive deposition of ECM
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with consequent activation of the fibrotic procegsch induces laceration and retinal detachrient

42,43

Role of inflammatory cytokines in diabetic eye disase

Several studies have shown a close correlationdmetinflammation and D%, This relationship

is demonstrated by the presence of high levelsa#/t factors and inflammatory cytokines in the
eye fluids of patients with diabetic retinopaffy®. In the retina, the pro-inflammatory state is tesdia

to the activation of NF-kB, as a consequence oharease in oxidative stress which induces high
levels of pro-inflammatory cytokines such as ILdlrd TNF-a, chemokines and adhesion molecules
(E-selectin, Intercellular Adhesion Molecule 1 -AKI-1-) 47°2 The activation of NF-kB due to
hyperglycemia and the activation of the inflammsgtprocess causes loss of pericytes, increase in
vascular permeability and the appearance of mi@egsms?, contributing to the development of
retinopathy. During diabetes, we assist to thevatitn of macrophages located in the adipose tissue
or in the pancreatic islets; this activation deiess the secretion of cytokines such as interleukin
(IL-1B and others)*®> In fact, Catano Canizales et al observed an aserén the levels of secretion
of IL-1 B by monocytes obtained from diabetic patients caegao healthy controf¥. A recent
study on mice, whoggpancreatic cells were treated with some inflammyadgtokines (IL-1(3, IFN-

¢, TNF-a), showed that TNé&-acted by inhibiting insulin secretion induced lhyopse. These results
demonstrated that oxidative stress and activatidiheoinflammatory process generate cell death and
dysfunction of B cells, contributing to the deveatognt of diabetes and other related disetses

The retina uses high quantities of glucose and exyg generate energy (ATP) and to guarantee the
visual function by using the mitochondrial electteamsport chain (ETC) in the internal membranes
%8 During this process, the electrons escape froi@,Eihich are recruited from molecular oxygen
to form reactive oxygen species (ROS), thus crgatarmful lipids, proteins and mtDNA of the

mitochondrial membrane. Mitochondrial ROS and aedi mtDNA are released into the cytosol and



recognized as damage associated molecular préDi&&P) by the receptors for the recognition of
cytosolic patterns (PRR), including the toll-likeceptors TLR4, TLR9 and NLRP3. These

inflammatory receptors induce the production artivation of pro-IL-18 and pro-caspase®%

Diabetic retinopathy and loss of pericytes

Diabetic retinopathy is characterized by microvéacalterations of the capillary endothelium and
loss of pericytes that lead to the formation of nmameurysms, as well as to the loss of the blood-
retinal barrier (BRB) and the formation of new bdogessels (neovascularizatiéh)®® In DR, there
are numerous dysfunctions at the level of the mieseels that induce subsequent alteration of the
neurovascular component and degeneration of thedbietinal barrier such as thickening of the
basement membrane, formation of microaneurysms gbgericytes, and vasoregression. As already
reported in a previous study from our group, thst vascular change observed in the retina is the
thickening of the basement membrane of the retiapillarieg’. This condition is related to the loss
of pericytes and subsequent dysregulation of vasctdne. The thickening of the basement
membrane causes serious functional damage, allothimgpassage of proteins and inflammatory
molecules in the interstitial spaéé %2 In recent years, studies have focused on theceulu
consequences of the loss of pericytes found imetieal capillarie$3,

The pericytes, which are wrapped around the caj@fiaare believed to be responsible for the
structural integrity of the vessel walls. In faby adhere to the abluminal surface of the endiathe
and are necessary for the stabilization of the on&scular network. In the course of DR, persistent
hyperglycemia produces the loss of retinal pergyed the uncontrolled proliferation of capillary
endothelial cells. Depletion of pericytes in diabetetinas induces a significant reduction of
branching points in the retinal capillaries, togetith a reduced endothelial germination, while th
number of endothelial cells in the peripheral peaiincreases. In addition, the loss of pericgadd

to an increase in the size of the capillaries &®ddegeneration of BRB which increases vascular

permeability until the appearance of edema in tlaeutar are&”. This condition results in a high
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blood concentration of inflammatory molecules amugh factors also found in intraocular fluids of
diabetic patient® %€ Furthermore, activation of glial cells and degatien of neuronal cells are
connected to alterations of retinal capillarie®HR.

Activation of microglia as a consequence of higlcgke levels causes the production and the local
release of inflammatory cytokines. In fact, thaaded microglia migrate from the internal-external
retinal layers and induces release of T&NF:-6, MCP-1 and VEGF. Astrocytes may also papiate

in the inflammatory cytokine secreti®h® Damage to neuronal cells of the retina is oneffirst
processes that occur at the beginning of DR. It the first cells to be damaged are the ganglion
cells of the retin&®. Pericytes also may play an active role in thegmssion of the inflammatory
process in the retina, determining the attractidmenune cells towards the inflammation sfiteThe
understanding of different mechanisms believedetodsponsible for retinal damage is essential in

the finding of new therapeutic strategies.

Discussion

To date, the exact mechanisms through which neflmoimation and vascular inflammation occur
in DR are still partially unknown.

Vascular inflammation is an inflammatory processt thiso affects endothelial cells, pericytes and
immune cells located in the inner layer of bloodsads. During mitochondrial oxidative stress, the
endothelial cells of the capillaries react follogiithe activation of an inflammatory process that
induces vascular inflammation and consequent vasdyisfunctior®. In many tissues subjected to
stress conditions, macrophages play a centralinotbe inflammatory respongé In the brain,
microglia are made up of specialized macrophagpalida of carrying out phagocytosis to protect
neurons of the central nervous system. They comsta network of cells that protects neurons from
the surrounding environment. Therefore, neuroinffation could depend on the continuous
activation of glial cells through the action exdrtey macrophagées' "4 During the activation of the

microglial infiltration specific pro-inflammatory atecules, ROS and toxic molecul@sare locally
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released. In type 1 and type 2 diabetes, chrompetyyycemia leads to the accumulation of advanced
end glycation products (AEGP) with consequent emel@l dysfunction and vascular inflammation
76, 77.

Vascular inflammation of the retinal tissues is ohthe main factors contributing to the developtmen
of the diseas®. Upregulation of pathological retinal tissue inflaatory genes has been observed in
previous studie&-8L Furthermore, changes in morphology, number arsitipn of microglial cells
have been reported in the aged retiflasDR usually begins with the appearance of retinal
microaneurysms and spot haemorrhdge®llowed by degeneration and loss of functioneifnal
neurons, especially retinal ganglion cells (REE$* Notwithstanding this mechanism, neuronal
depletion cannot be considered alone as the maisecaf blindness; subsequently, the disease
develops in the most severe form, the proliferab®e During this terminal phase, neovascularization
changes occur, and consequent deposition of fibtissue, retinal detachments, vitreous hemorrhage
and diabetic macular edema are obseted

Some studies suggest that neuronal damage devieédpse vascular damage, thus attributing a
neuropathic origin to the disea&® 8 This observation also highlights the crosstalkwieen
neuronal, glial and vascular cells, which may lspoasible for the retinal neurovascular unit damage
8 Some researchers assume that damage to endotieéifacould induce activation of microglial
cells 7. Analyzing data obtained by the literature, DR ldobe caused by activation of the
inflammatory response both at vascular and neurtsal. Inflammation is quite a defensive
response that is triggered by stimuli and harméulditions, such as an infection or a tissue damage.
In the site where the inflammatory event begins,itivolved cells produce a series of cytokines and
chemokines that act on the local vascular endatimelcausing dilation of blood vessels, leakage of
fluids and recruitment of neutrophils and monocytes the blood into the tissd® Initial response

by resident macrophages produces the release afiety of inflammatory mediators, including
chemokines, cytokines (TN&-and IL-1B), vasoactive amines and prostaglandin€onsequently,

local inflammatory exudate is formed. Plasma praeind leukocytes (neutrophils and monocytes)
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exit the circulation and adhere to the tissuedatsite of infection / damage. Once arrived in the
damaged tissues, monocytes and neutrophils areatedi (either through direct contact with the
pathogenic material or through the assistance tdkayes secreted by resident cells) and, in an
attempt to react against the onset of the proceksgse cytotoxic substances (reactive oxygen and
nitrogen species, proteases, elastases, collaggnaBeese factors, undiscriminating between
possible microbial targets and host tissues, cigmee damage as a side effect of the defensatgctiv
Despite this essential event for the defense ointegrity of the organism from external attacks t
inflammatory response requires a strict contratoactivation but, above all, it has to circumberi
the effects of the harmful agent that triggeredhitis avoiding a significant damage to the human
organism itself. In fact, the high levels of inflamatory cytokines and adhesion molecules may
determine accumulation of leukocytes and formatbmetinal neo-capillaries. Some studies have
shown an altered expression of inflammatory cyte&inot only at the vascular level, but also at the
glial cells level. Therefore, it is ascertainedtthiiller cells and astrocytes can express inflanomyat
cytokines in conditions of hyperglycaerfifa

Since both glial cells and vascular endothelialscate found in close association, Barber et al
suggested that the reactivity of the former israaiconsequence of the infiltration of glucose and
inflammatory agents into the nervous parenchymathatthe increase in vascular permeability is
supported by the release of some glial factors witonsequent loss of integrity of the blood-rdtina
barrier®®. The release of cytokines and proinflammatory malkes, such as TNE; IL-1p, nitric
oxide and VEGF, causes the spread of the inflammpgtoocess throughout the entire retina,
increasing vascular permeability and neuronal danaagl thus creating a vicious ciréte®® Muller
cells and astrocytes become active and produceffaeimatory cytokines and growth factors within
retinal tissue during the chronic evolution of DRe persistent inflammatory response then leads to
death or cell damage.

IL-1B has proven to be the main cytokine capable oférigng the neuro-inflammatory cascade. This

cytokine could have a crucial role in the amplifioa of inflammation itself. In fact, the secretioh
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IL-1B is widely expressed at the vascular endotheliuvell@s a direct consequence of chronic
hyperglycemia. The latter stimulates endotheliiscand microglial cells that respond not only by
activation signals, but also by strengthening of #ynthesis of IL-fi, thus enhancing the
inflammatory process itseff. In a previous study we have shown that VEGF magdxreted by
different types of retinal cells such as EPR cgllsjcytes, astrocytes, Miuller cells and endothelia
cells®2 VEGF stimulates endothelial cells to degradertbhasement membrane and migrate with
concomitant release of MMPs and integrins. Studiesed out in the last decade have led to a better
understanding of the fundamental role that VEGFrtexen the development of pathological
angiogenesis in some retinal diseases charactebyadtraocular neovascularization and in the
pathogenesis of endothelial hyperpermeability dasedt with the accumulation of intra- and sub-
retinal fluid. This typical condition may be obsedvin retinal vascular diseases, characterized by
edema and exudation, which often affect the macealgion, and which involve a global reduction of
the central visual functions. However, the proanimatory response induced by neovascular
proliferation also involves the chemotactic migsatof macrophages that secrete T&NF& cytokine
that induces angiogenesign“vivo” through an increase of the expression of VEGFepewrs
(VEGFR-2) on the endothelial membraie*

Several research groups support the idea thatiaalréevel the neurodegenerative process may be
triggered by vascular inflammation. In fact, thensaprocess occurs in neurodegenerative diseases
of the brair’®®’. Available evidence shows that the use of antiaxisl and the modulation of the
inflammatory response in the early stages of tseatie may be considered useful in preventing the

onset of ocular complicatiod$ %-192

Conclusions
The discovery of the involvement of inflammatorpgess in the onset and progression of DR has
led to the development of new pharmacological tneats. Currently, anti-inflammatory drugs and

inhibitors of inflammatory molecules may be useohal or in association with VEGF inhibitors in
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the treatment of DR. Although anti-VEGF therapy a@ms the first-choice treatment for DR, it may
not be able to satisfactorily control the inflamorgtcomponent that causes damage to the retinal
tissues. This assumption explains the lack of igfaatory clinical response found in most patients.
For this reason, it has been postulated that thelolement of combined pharmacological treatments,
which involve the use of anti-VEGF in associatiohvanti-inflammatory drugs, may be a fruitful
therapeutic option. Faricimab (formerly RG7716); &xample, is a bispecific anti-Ang-2 / anti-
VEGF monoclonal antibody used in the treatment & . Currently, several drugs targeting
cytokines and inflammatory molecules are underwatadn. The combined use of these new drugs
in association to anti-VEGF drugs might be more@fte and have less harmful effects than steroidal

drugs.
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Figure Legends

Figure 1. Upper panel: Optical coherence tomography (OCT)genahowing several signs of
advanced diabetic retinopathy: intraretinal edef)a{gmented epithelium detachment (B) and hard
exudates (C)Lower panel: Retinography of a patient with eathges of diabetic retinopathy; the

white circle shows intraretinal haemorrhage.

Figure 2. Light microscopy. Panels shdwiman retina of patients affected by advanced t@abe

retinopathy with ischemic areas (stars). H&E s{Xi#0).
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