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Mounting evidence suggests that immunological mechanisms play a fundamental role in the pathogenesis of diabetic retinopathy
(DR) and diabetic macular edema (DME). Upregulation of cytokines and other proinflammatory mediators leading to persistent
low-grade inflammation is believed to actively contribute to the DR-associated damage to the retinal vasculature, inducing
breakdown of the blood-retinal barrier, subsequent macular edema formation, and promotion of retinal neovascularization.
This review summarizes the current knowledge of the biological processes providing an inflammatory basis for DR and
DME. In addition, emerging therapeutic approaches targeting inflammation are discussed, including blockade of angiopoietin
2 and other molecular targets such as interleukin (IL)-6, IL-1f3, plasma kallikrein, and integrins.
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Introduction
Diabetic eye disease

Diabetes mellitus (DM) constitutes an unrelenting global
epidemic affecting more than 422 million people world-
wide and its prevalence is expected to grow up to 592
million by 2035 (World Health Organization, www.who.
int/diabetes/global-report). Diabetic eye disease (DED) en-
compasses a variety of ocular conditions that affect people
with DM, including diabetic retinopathy (DR), diabetic
macular edema (DME), cataract, and glaucoma (Fig. 1).
DR refers to the pathological and functional changes ob-
served in the retinal vasculature as a result of chronic hy-
perglycemia and is recognized as the most frequent
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microvascular complication of DM [1, 2]. It affects ap-
proximately one third of type 1 and type 2 diabetic pa-
tients, with increasing risk associated with longer disease
duration and higher hemoglobin A1C values [3]. DR is the
principal cause of visual impairment in the working-age
population [4] and its prevalence continues to rise world-
wide, accounting for 15-17% of total blindness [5, 6]. In
the USA, studies estimate that 28.5-40.3% of diabetic pa-
tients have DR [7] and a third of those are afflicted with
vision-threatening diabetic retinopathy (VTDR) [8]. DR is
categorized into multiple clinical stages (Table 1) based
upon the severity of the disease [9, 10] including mild,
moderate, and severe nonproliferative retinopathy
(NPDR), and proliferative retinopathy (PDR) (Fig. 2). Of
note, at any stage of DR, patients may develop DME) (Fig.
3), which refers to the accumulation of intra and extracel-
lular fluid within the macular retina and represents the
most common cause of central vision loss in patients with
DM [11]. Even though DME can occur at any time during
the course of the disease, the risk increases with the sever-
ity of DR [12].

Despite major scientific advances being made over the last
decades, the pathogenesis of DED—and specifically DR—
remains to be fully elucidated. Current knowledge propones
that long-standing hyperglycemic noxa induces retinal micro-
vascular disease, inflammation, and retinal neurodegenera-
tion, causing significant structural changes in the diabetic
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Fig. 1 Schematic of diabetic eye disease and ocular anatomy, including the blood-retinal barriers

retina which may ultimately lead to vision loss [12].
Furthermore, an accumulating body of evidence has emerged
highlighting the prominent role of immunological mecha-
nisms in the pathogenesis of DED [13, 14]. Indeed, inflam-
mation may be a key player in DR and DME by mediating
deleterious effects in the neuronal and vascular components of
the retina. Chronic retinal inflammation has been found from
early phases to the sight-threatening advanced stages of DR
[15]. There is a complex milieu of dysregulated pro-
inflammatory factors in the diabetic retina such as interleukin
(IL)-6, 1L-13, IL-8, monocyte chemoattractant protein
(MCP)-1, and tumor necrosis factor (TNF)-« [13, 16] and
increased levels of these cytokines have been found in ocular
fluids of diabetic patients compared to controls [17].

In this review, we will discuss the preclinical and clinical
evidence supporting the preponderance of inflammation in the
pathogenesis of DR and DME, as well as the translational
relevance of potential new targets for drug development.

Structure of the eye

The eye is a highly organized and complex organ with unique
immunological properties [18]. The anatomy of the eye is
structured in an outer layer, composed by cornea and sclera;
a middle layer, predominantly vascular, named uvea (which
comprises the iris, ciliary body, and choroid); and the inner-
most layer, the retina. From another point of view, the eye is
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separated in several compartments: the anterior chamber (lo-
calized between the iris and the cornea and filled with aqueous
humor), the posterior chamber (between the lens and the iris),
and the vitreous cavity, which contains the vitreous humor (a
type I/XI collagenous avascular extracellular matrix which
forms a gel). Those intraocular compartments ensure a sterile
environment separated from the immune system by the blood-
ocular barriers, which in homeostatic conditions prevent free
trafficking of cells and large molecules into and from the eye.
The two blood-ocular barriers are the blood-aqueous barrier
(BAB) and the blood-retinal barrier (BRB) [19]. The BRB is
composed by the inner barrier (iBRB), formed by the tight
junction proteins (TJ) located between endothelial cells of
the intraretinal capillaries, together with pericytes, Miiller
cells, and astrocytes, and the outer barrier (0BRB), which is
formed by TJ between retinal pigment epithelium (RPE) cells
that separate the choroid from the retina [20]. The BRB plays
a fundamental role in the structural and functional integrity of
the retina, regulating the flux of molecules within the eye and
protecting the retinal tissue from pathogens [18, 19]. The TJs
not only strictly regulate the permeability of the BRB and
contribute to its high level of trans-endothelial/epithelial elec-
trical resistance (TEER) but they also control the paracellular
flux of molecules across the barrier [21]. Breakdown of the
BRB can thus occur either at the level of retinal vessels or at
the RPE layer. Understanding of the complex cellular and
molecular processes involved in BRB leakage has not been
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Table 1 Diabetic retinopathy

disease severity scale Discase severity level

Findings observable on dilated ophthalmoscopy

No apparent retinopathy
Mild NPDR

Moderate NPDR
Severe NPDR

PDR

No abnormalities

Microaneurysms only

More than just microaneurysms but less than severe NPDR

Any of the following:

> 20 intraretinal hemorrhages in each of 4 quadrants

*Definite venous beading in 2+ quadrants

*Prominent intraretinal microvascular abnormalities IRMAs) in 1+ quadrant
*No signs of PDR

One or more of the following:

*Retinal neovascularization

*Vitreous/preretinal hemorrhage

NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retionopathy

fully clarified and appropriate animal models for studying
macular edema are lacking [22].

Throughout lifetime, the retina is challenged by a variety of
noxious insults including oxidative stress, hypoxia, or hyper-
glycemia. To deal with those challenges, the retina is equipped
with a highly sensitive innate immune system [18, 23]. This
immune system includes surveilling microglia cells, which
migrate to the site of damage and phagocytose apoptotic ma-
terial [24, 25], activation of the complement system to
opsonize cellular debris [26, 27], and inflammasome assembly
in the RPE [28]. In the event of a transient imbalance in retinal
physiology, rapid activation of the immune response will in-
duce restoration of tissue homeostasis and function [18].
However, upon persistent insult as in the case of DM, chronic
over-activation of the inflammatory response can lead to dev-
astating tissue remodeling and loss of functionality [29]. The
resulting low-grade, chronic inflammatory response known as

Fig. 2 Clinical features of
proliferative diabetic retinopathy
(PDR). Color fundus photograph
(left) and fundus fluorescein an-
giogram (right). Retinal hemor-
rhages (white asterisks), retinal
neovascularization (black arrow
heads), preretinal hemorrhage
(white stars), fibrovascular lesions
(black stars), areas of retinal is-
chemia (white arrows), and vas-
cular leakage from retinal new
vessels (white arrow heads)

para-inflammation [30] is associated with a decline in RPE
function and structure, breach of the BRB, new vessel forma-
tion, and recruitment of choroidal macrophages [29].
Therefore, inhibiting this sustained pathologic inflammation
represents a plausible therapeutic target to treat DR.

Pathophysiology of diabetic eye disease
Metabolic changes in the diabetic retina

DR and DME are thought to result from the chronic effects of
multiple systemic factors, the most important of which are
hyperglycemia and dyslipidemia (Fig. 4) [31]. In particular,
chronic hyperglycemia is associated with increased risk of
retinopathy [32]. Excess flux of glucose through ectopically
activated cellular biochemical and metabolic pathways alters
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Fig. 3 Color fundus photograph
(a), fluorescein angiography (b),
and spectral domain optical
coherence tomography (SD-
OCT) (c) of a patient with
nonproliferative diabetic retinop-
athy (NPDR) and diabetic macu-
lar edema (DME). a Hard exu-
dates (top left, white arrow
heads), microaneurysms and reti-
nal hemorrhages (white asterisks).
b Multiple hyperfluorescent spots
predominantly from areas with
microaneurysmatic changes and
vascular leakage. ¢ SD-OCT
displaying multiple intraretinal
cysts (white asterisk) and
subfoveal neuroretinal detach-
ment (white arrow head)

the delicate balance between glucose-metabolizing enzymes,
their intermediates, and end products. Under hyperglycemic
conditions, stimulation of the polyol pathway, hexosamine
pathway [33] and enhanced activity of an increasingly dys-
functional mitochondrial electron transport chain result in glu-
cose auto-oxidation and the production of free radicals [34].
Over time, these free radicals overpower the existing anti-
oxidant defense mechanisms and produce oxidative stress
[35]. Oxidative modification of cellular proteins, lipids, and
DNA promotes further mitochondrial damage, inflammation,
apoptosis, and hence tissue damage. In parallel with altered
intracellular processing of glucose, hyperglycemia also pro-
motes the glycation of cellular, tissue, and serum proteins
creating highly stable advanced glycation end products
(AGE)-adducts [36-38]. Significantly, AGE-induced stimula-
tion of the cell surface receptor for advanced glycation end
products (RAGE) is an important activator of the transcription
factors nuclear factor kappa B (NF-«B), signal transducer and
activator of transcription (STAT), and activator protein 1 (AP-
1) [39] causing inflammation and pericyte loss in DR. Taken
together, elevated blood glucose provokes mitochondrial dys-
function, oxidative stress, and AGE formation, all of which
can have deleterious effects on retinal cellular function [38,
39].

Neurovascular changes in the diabetic retina

Metabolic changes, oxidative stress, and AGE accumula-
tion affect multiple retinal cell types that are implicated in
the development of DR. This condition is associated with
early changes in both the neural and vascular compart-
ments of the retina. Apoptosis of ganglion cells has been
observed in both diabetic rodent retina and in human pa-
tients [40, 41] and has been associated with thinning of
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retinal nerve fiber layer [42—44]. Death or dysfunction of
the neural retina promotes reactive gliosis, indicated by
increased expression of glial fibrillary acidic protein
(GFAP) in retinal astrocytes and Miiller cells in both the
early diabetic rodent and human retina [45, 46]. These
neuroglial changes are accompanied and exacerbated by
a sequence of profound alterations occurring in the retinal
vasculature: thickening of the basement membrane [47],
microaneurysm formation [48], pericyte loss [49],
vasoregression [20], and capillary dropout [50], which
may eventually cause isolated hypoxia and retinal
ischemia.

The first vascular changes in the retina that are ob-
served on histopathology are thickening of the basement
membrane—an endothelial injury that leads to the disrup-
tion of the TJs- and pericyte cell death [33]. The conse-
quences of pericyte loss are vascular tone dysregulation,
and the growth and proliferation of endothelial cells ow-
ing to the deficit of transforming growth factor-f (TGF-
3) produced by pericytes [13]. These changes underpin
the development of microaneurysms and dot intraretinal
hemorrhages, two of the earliest clinical manifestations
(and disease hallmarks) which can be observed by oph-
thalmoscopy in early NPDR. The thickening of the base-
ment membrane and the disruption of the TJ are determin-
ing factors in the leakage of the retinal capillaries. The
thickened basement membrane is dysfunctional and per-
mits the passage of the intravascular content (proteins,
lipids, inflammatory mediators, and other plasma constit-
uents) to the interstitial space [33]. On the other hand,
vascular endothelial growth factor (VEGF-A) and pro-
inflammatory cytokines (IL-1p, TNF-«, IL-6, IL-8,
MCP-1, etc.) secreted by glial cells (Miiller cells and mi-
croglia), RPE, and macrophages also have critical roles in
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Fig. 4 Pathogenesis of diabetic eye disease. Schematic representation of
pathogenic mechanisms leading to sight-threatening endpoints of DR:
PDR and DME. Metabolic alterations are sensed by multiple retinal cells
resulting in glial dysfunction, which induces inflammation, secretion of
pro-inflammatory cytokines and growth factors, and downstream signal-
ing of diverse cascades, all leading to neuronal apoptosis and retinal

early microvascular impairment and tissue dysfunction
[46]. Sustained secretion of inflammatory mediators may
lead to an early and persistent chronic inflammatory state
in the retina that results in upregulation of adhesion fac-
tors such as intercellular adhesion molecule 1 (ICAM-1)
on the endothelial cell surface, leukocyte activation, leu-
kocyte adhesion to the vascular endothelium (a process
known as leukostasis) [13, 14], and alteration of the
BRB, which then leads to increased vascular permeability
[22]. The clinical consequence of this process is the oc-
currence of hard exudates, which represent the leakage of
plasma constituents and mainly consist of lipids and pro-
teins. Severe BRB breakdown produces DME, in which
fluid accumulates within the macular retina, potentially
compromising vision [49, 50] (Fig. 5).

Leukostasis can also contribute to retinal capillary occlusion
and thrombogenesis. The resulting retinal ischemia is the second
sight-threatening diabetic complication. Histolopathological
analyses have shown that areas of angiographic nonperfusion
in vivo frequently co-localize to regions full of acellular

vascular dysfunction. Hallmarks of disease include blood-retinal barrier
breakdown (inducing vascular permeability and macular edema forma-
tion), vasoregression, and consecutive hypoxia, causing microvascular
abnormalities that trigger DR progression through the different severity
stages. AGE, advanced glycation end products; PKC, protein kinase C;
RAS, renin-angiotensin system

capillaries, basement membrane tubes devoid of viable endothe-
lial cells or pericytes [13]. These acellular capillaries are a hall-
mark of advanced, severe DR. Progressive capillary
nonperfusion and subsequent retinal ischemia cause disease pro-
gression to PDR, in which new (albeit abnormal) blood vessels
develop in the retina or in the optic disk [33].

Role of VEGF in diabetic eye disease

The VEGF family consists of multiple related proteins,
VEGF-A, B, C, D, E (virally encoded), and placental growth
factor (PIGF) [51], each of which plays a role in the regulation
of vasculogenesis and lymphangiogenesis [52]. VEGF-A—
the prototypical member of the VEGF family—has been clas-
sically described for its key roles in angiogenesis, exerting
cellular effects by binding to high affinity tyrosine kinase
VEGF-receptors (VEGFR-1 and 2) [52]. VEGF-A was also
originally independently identified as vascular permeability
factor (VPF) due to its ability to increase vascular permeability
during inflammation and pathological angiogenesis [53].
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Fig. 5 DME pathophysiology. Within the diabetic retina, multiple
metabolic and cellular changes are induced as a result of
hyperglycemia, oxidative stress, AGE accumulation, and the presence
of oxidized lipids. Together, these abnormalities promote neurovascular
changes which lead to the activation of microglia, dropout of pericytes,
and disruption of endothelial tight junctions, creating breakdown of the
blood-retinal barrier and accumulation of fluid within the tissue.
Inflammatory breakdown of the blood-retinal barrier and pericyte loss is

There are multiple VEGF-A isoforms, which differ in amino
acid sequence, tissue location, and diffusability. The most im-
portant isoform with respect to the pathological effects of
VEGF within the diabetic retina is VEGFA-165, a cell secret-
ed and heparin-binding isoform [52]. Therapies inhibiting
VEGF activity are used to treat both DR and DME, resulting
in improved visual outcomes [54, 55].

VEGF-A can be produced by multiple retinal cell types
(Miiller glia, endothelial cells, RPE, and astrocytes) and the
expression of VEGF-A increases in these cells in response to
hyperglycemia [56], hypoxia (via the hypoxia inducible factor
HIF-1w) [57], AGE stimulation [58], and inflammatory cyto-
kines such as IL-1f3 [59].

Indeed, although hypoxia is the most well-characterized
factor that promotes VEGF gene expression, chronic hyper-
glycemia, AGEs, and pro-inflammatory cytokines such as IL-
13 and IL-6 could upregulate VEGF mRNA expression [59].
These findings may explain why VEGF is overexpressed in
DME despite the absence of overt hypoxia [54].

Miiller glia-dependent production of VEGF-A has been
demonstrated to be instrumental for the pathophysiological
consequences of diabetes in the retinae of animal models, with
VEGF-A-deficient diabetic mice displaying attenuated vascular
leakage, leukostasis, and pericyte dropout [60]. Interestingly,
combining photoreceptor overexpression of human VEGF-
A165 with induction of diabetes in the Akimba mouse
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driven by the coordinated actions of a number of cytokines and growth
factors, including VEGF-A, Ang 2, IL-6, and IL-1f produced by activat-
ed glial cells and the dysfunctional endothelium itself. As a consequence
of inflammatory stress, endothelial cells upregulated expression of adhe-
sion molecules such as I[CAM-1, promoting extravasation of inflamma-
tory cells such as monocytes, which further exacerbate the inflammatory
status of the tissue driving increasingly severe diabetic macular edema

(Ins2 AkitaVEGF+/-) model produces capillary nonperfusion,
neovascularization, and edema [61], characteristic signs of
DED. VEGF-A exerts pro-proliferative and pro-permeability
effects on vascular endothelial cells by binding to VEGF-R2.
Upon VEGF-R2 activation, the tyrosine kinase activity of the
receptor increases, resulting in activation of multiple down-
stream signaling pathways including phosphatidylinositol 3-
kinase (PI3K)-Akt, protein kinase C (PKC), endothelial nitric
oxide synthase (eNOS), and mitogen-activated protein kinases/
extracellular signal-regulated kinases (MAPK/ERK) [62]. In
order to induce increased vascular permeability, VEGF-A-
activated PKC phosphorylates the occludin [62] and VE-
cadherin [63] components of the tight and adherens junctions
respectively, resulting in their translocation from the cell-cell
barrier to intracellular compartments [64, 65]. Consequently,
the BRB becomes compromised, an essential pathomechanism
during DME. In addition, VEGF-A has a direct mitogenic ef-
fect on vascular endothelial cells [66] and promotes alteration
of the extracellular matrix required for neovascular processes
by stimulation of matrix metalloprotease expression [67]. Both
VEGF-A-regulated mechanisms are likely important for the
development of PDR. Finally, VEGF-A also has further patho-
physiological roles in the induction of leukostasis via
upregulation of ICAM-1 expression [68]. Taken together,
VEGF-A responses in the retina result in increased vascular
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permeability, retinal leukostasis, and neovascularization, which
is characteristic of increasingly severe DR.

Angiopoietins

Recent clinical studies have highlighted the promising
therapeutic efficacy of simultaneous inhibition of VEGF-
A and angiopoietin 2 (Ang-2) in DME [69]. The Ang—
tyrosine kinase with immunoglobulin-like domains (Tie)
signaling pathway regulates vessel homeostasis and con-
trols vascular permeability, inflammation, and angiogenic
responses [70]. Angiopoietins are a family of growth fac-
tors that bind to the endothelial receptor tyrosine kinase
Tie-2 and regulate vascular development and function
[71]. Interestingly, binding of either Ang-1 or Ang-2 to
Tie-2 exerts opposing cellular effects. Ang-1 acts as the
cognate agonist of Tie-2, promoting receptor autophos-
phorylation and activation of the downstream PI3K/Akt
and ERK signaling pathways [72]. This signaling promotes
the stabilization of new and established vessels through the
recruitment of pericytes and inhibition of vascular perme-
ability induced by inflammatory cytokines [72]. With par-
ticular significance for inflammatory processes in DR, fol-
lowing ligand-induced activation Tie-2 also interacts with
the NF-xB inhibitory protein TNF Alpha Induced Protein 3
(TNFAIP3). By suppressing the transcriptional activity of
NFxB via TNFAIP3, Ang-1-induced Tie-2 activation ex-
erts anti-inflammatory and anti-apoptotic effects. Together,
the signaling pathways promoted by Ang-1-induced Tie-2
activation stabilize new and established vessels through the
recruitment of pericytes and inhibit vascular permeability
induced by inflammatory cytokines [73]. Conversely, un-
der adverse conditions such as hyperglycemia, hypoxia, or
oxidative stress, Ang-2 is upregulated. Ang-2 also binds
Tie-2, but it can have partial agonistic or antagonistic ac-
tivity depending on the cellular context [73]. During in-
flammation, Ang-2 competitively binds to Tie-2 inhibiting
Ang-1 signaling [74], leading to vascular destabilization,
pericyte dropout, breakdown of the BRB, and aggravation
of inflammation [75]. Indeed, as shown in the study con-
ducted by Rangasamy and colleagues, Ang-2 is involved in
the breakdown of the BRB through alteration of VE-
cadherin at cell-cell contact in endothelial cells, suggesting
that the Ang-2/Tie-2 system could serve as an alternative
therapeutic target in DME [76]. Moreover, in Ang-2-
deficient mice, vascular permeability induced by multiple
inflammatory cytokines or angiogenic growth factors is
attenuated, highlighting the role of Ang-2 in permitting
vascular permeability under conditions of tissue stress.
Blocking Ang-2 may also stabilize the vasculature by
preventing pericyte loss and inhibiting Ang-2/integrin
receptor-mediated endothelial tip cell sprouting [77]. A
strategy of combination therapy via inhibition of both

VEGF and Ang-2 could more effectively treat DME and
prevent the recurrence of this condition than anti-VEGF
monotherapy [77].

Cytokines and chemokines

Inflammatory molecules such as IL-6 [78], IL-1[3, IL-8 [79],
TNF-« [80], ICAM-1 [81, 82], vascular cell adhesion mole-
cule 1 (VCAM-1) [82], integrin b-2 (CD-18) [83], and MCP-1
[84] have been reported to play pivotal roles in the pathogen-
esis of DR [85].

Interleukin-6

IL-6 is a key cytokine featuring redundancy and pleiotropic
activity [86]. It plays a pivotal role in host defense against
environmental stress such as infection and tissue injury.
Dysregulated, persistent IL-6 production has been implicated
in the development of various chronic inflammatory diseases
and even cancers [87, 88]. IL-6 has broad biological activities
in different target cells, including acute-phase protein synthesis
and regulation of various components of the innate and adap-
tive immune responses [88]. IL-6 is promptly produced by
monocytes, macrophages, and microglia after stimulation of
Toll-like receptors (TLRs) which recognize distinct
pathogen-associated molecular patterns (PAMPs) and danger-
associated molecular patterns (DAMPs) such as those derived
from oxidative stress [30, 89, 90]. This acute IL-6 expression is
critical in host defense by stimulating various cell populations
and promoting differentiation of specific cell subsets. For in-
stance, IL-6 together TGF-f3 preferentially promotes differen-
tiation of IL-17-producing T helper cells (Th17) and inhibits
TGF-3-induced regulatory T cell (Treg) differentiation [91].
The resultant Th17/Treg imbalance leads to breakage of im-
munological tolerance and is of pathological importance for
the development of various chronic inflammatory diseases
[91]. Th17 cells further produce IL-17, IL-6, and TNF-«, and
these cytokines perpetuate inflammation by stimulating fibro-
blasts, endothelial cells, and macrophages to produce
chemokines, with the subsequent recruitment of more neutro-
phils and macrophages to the retina, which results in tissue
damage and perpetuation of chronic inflammation [92, 93].
Signal transduction is mediated by the IL-6 receptor (IL-
6R) system containing two functional proteins known as
IL-6R and glycoprotein 130 (gp130) [94]. Binding of IL-6
to IL-6R results in the formation of the IL-6/IL-6R com-
plex and subsequent homodimerization of gp130, a
membrane-bound protein which is the signal transducing
receptor for IL-6 and its related family members. IL-6 sig-
naling initiated by transmembrane IL-6R (only expressed
in a few cell types, including hepatocytes, neutrophils,
monocytes, macrophages, and some lymphocytes) is
known as IL-6 classic or cis-signaling. However, the
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soluble form of IL-6R (sIL-6R) can also bind IL-6 and
form a complex with gp130 subunits in cells that lack the
transmembrane IL-6R, a process known as IL-6 trans-sig-
naling [95]. Both modes of IL-6R signaling lead to gp130
activation of Jakl, Jak2, and Tyk2, which in turn induces
phosphorylation of STAT1 and STAT3 as well as activation
of the MAPK cascades (Fig. 6). It has been hypothesized
that IL-6 responses via the membrane-bound IL-6R are
rather protective and regenerative whereas IL-6 trans-sig-
naling appears to be involved in the pro-inflammatory ac-
tivities of this cytokine [95].

The IL-6 signaling pathway plays a prominent role in the
pathogenesis of DR and other inflammatory eye diseases
[96, 97] due to its involvement in endothelial cell dysfunc-
tion and vascular inflammation [98]. Several lines of evi-
dence suggest that IL-6 is a crucial mediator of both
VEGF-mediated and inflammatory vascular leakage, through

IL-6 Cis-Signaling
IL-6
kD
IL-6Ra T0Zm o0
SH
GRB;
SOCs3 Ras
'
MAPK (ERK)
p Fos+Jun
IL-6 Trans-Signaling
IL-6
+O  gp130
% Y
+
slL-6Ra

Fig. 6 IL-6 signaling. IL-6 activates cellular signaling using either cis-
(reliant on expression of cell surface receptor) or trans- (via soluble IL-6
receptor) mechanisms. Both mechanisms require expression of the co-
receptor gp130 and lead to activation of the Jak-STAT3 and Ras-MEK-
ERK-AP1(Fos + Jun) signaling pathways. STAT3 activity promotes ex-
pression of VEGF-A, inflammatory mediators, and disruption of the en-
dothelial barrier, whilst Fos+Jun promote expression of matrix
metalloproteases. Together, these effects can cause multiple sequelae of
diabetic retinopathy
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either direct or indirect effects on the vascular endothelium
[99]. Interactions between IL-6 and endothelial cells regulate
recruitment of leukocytes and expression of inflammatory
proteins. Indeed, IL-6 can promote increased vascular per-
meability via direct barrier-disrupting effects on endothelial
and epithelial cells or by inducing production of other cyto-
kines and growth factors including the pro-permeability and
pro-angiogenic factor VEGF [98, 99]. In the preclinical set-
ting, Valle et al. recently reported that IL-6 trans-signaling
causes barrier disruption in human retinal microvascular en-
dothelial cells (HRMECs) via upregulation of ICAM-1 an
endothelial cell specific leukocyte adhesion molecule which
plays an important role in leukostasis and immune response
[98]. Their findings suggest that IL-6 trans-signaling causes
reactive oxygen species (ROS)-induced damage, mitochon-
drial dysfunction, inflammation, apoptosis, and the loss of
barrier function in HRMECs, and blockade of IL-6 trans-
signaling prevents inflammation and endothelial barrier dis-
ruption [98]. In another in vitro study, Yun et al. demonstrate
that IL-6-induced STAT3 activation increases endothelial
permeability through the downregulation of ZO-1 and
occludin, which are main components of intercellular TJ
forming the iBRB [100]. On the other hand, IL-6 has also
been found to promote ocular angiogenesis in different cell
lines via induction of VEGF production [101]. Moreover, in
the murine laser-induced choroidal neovascularization
(CNV) model, antibody-based blockade of the IL-6R or ge-
netic ablation of IL-6 led to a significant suppression of
CNV and vascular leakage [102]. CNV generation was ac-
companied by activation of the transcription factor STAT3 in
choroidal endothelial cells and macrophages, and IL-6R
blockade resulted in suppression of CNV formation [102]
and inhibition of subretinal fibrosis [103].

From the clinical perspective, vitreous and aqueous humor
concentrations of IL-6 are frequently elevated in patients with
retinal diseases such as DED [104] neovascular age-related
macular degeneration (nAMD) [102, 103], uveitis [105], and
retinal vein occlusion (RVO) [106], where this cytokine has
been suggested to play a fundamental pathogenic role. In uve-
itis patients, the IL-6R inhibitor tocilizamab has shown nota-
ble efficacy in various small clinical studies, particularly in
cases of uveitis-related macular edema refractory to other ther-
apies [97, 105]. In addition, from the DED standpoint, a post-
hoc analysis of the READ3 study—in which DME patients
were randomized to receive 0.5 or 2.0 mg ranibizumab and
aqueous humor samples were collected in a prospective
manner—has revealed that those patients who presented ele-
vated aqueous humor levels of IL-6 at baseline ended up with
worse visual outcomes when compared to those with initial
low aqueous IL-6 levels [107]. These data suggest that aque-
ous IL-6 concentration may have prognostic therapeutic im-
plications, potentially representing a candidate biomarker for a
less favorable response to anti-VEGF therapy [108, 109].
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Interleukin-1f

IL-1{3 is a master pro-inflammatory cytokine normally produced
in response to infection, tissue injury, or immunologic challenge
[110]. It plays a central role in mediating autoinflammatory syn-
dromes [111], cardiovascular diseases [112, 113], and progres-
sion of cancer [114]. Even though its secretion comes from a
wide variety of cell types, the vast majority of studies have fo-
cused on its production by cells of the innate immune system
such as monocytes and macrophages [115]. It is formed as an
inactive precursor termed pro-IL-1f3 in response to danger sig-
nals such as PAMPs or DAMPs [30]. Pro-IL-13 is then cleaved
by the protease caspase 1, whose activation occurs via assem-
bling of a multi-protein complex known as the inflammasome
[111]. The best characterized inflammasome is the cytosolic
NACHT, LRR, and PYD domains-containing protein 3
(NALP3), also known as cryopirine [115].

From the ocular perspective, the pathogenic role of IL-1(3
in DED is well established [116]. Apart from inducing vascu-
lar leakage, IL-13 contributes to vasoregression and neurode-
generation, which makes it a prominent target for the treat-
ment of DME and for disease prevention in the early stages of
DR [116]. In previous reports, IL-13 was shown to induce a
number of alterations in the BRB including leukocyte recruit-
ment, increased permeability, and changes in endothelial cell
morphology and function [21, 116-119]. Activity of caspase-
1 (the protease which converts the inactive proform of IL-1{3
into the active inflammatory cytokine) is increased in retinas
of diabetic mice, galactose-fed mice, diabetic humans, and in
retinal Miiller cells incubated in elevated glucose concentra-
tion [119]. Inhibition of caspase-1 using minocycline inhibited
the diabetes-induced increase in IL-1{3 in retina and prevented
degeneration of retinal capillaries in those animals [119]. As a
further confirmation of the role of IL-1 in DED, in vivo
studies showed that diabetic mice lacking the IL-1 receptor
(IL-1R) were protected from degeneration of retinal capillaries
[119].

Another well-known action of IL-1f3 is to activate NF-«B.
In response to the binding of IL-1f3 to IL-1R, a complex se-
quence of intracellular signaling reactions results in the acti-
vation of NF-kB via the JNK and p38 MAPK pathways
(Fig. 7), which ultimately promote the expression of IL-6
and other pro-inflammatory cytokines (IL-8, MCP-1,
TNF-«, etc.) [116]. Yoshida et al. proved that IL-13 is a potent
inducer of IL-6 expression in cultured human Miiller cells, a
cell type considered to be a major source of IL-13 and other
inflammatory factors in the retina [89]. This finding has led to
the use of serum IL-6 as a surrogate biomarker of systemic IL-
13 inhibition by approved IL-1 inhibitors such as anakinra
(IL-1R antagonist) and canakinumab (anti-IL-13 monoclonal
antibody) in several clinical trials for indications such as car-
diovascular disease, as outlined in the CANTOS trial
[120-122].

Fig. 7 IL-1( signaling. IL-1f3 activates cellular signaling by binding to
the cell surface IL-1R1 and promoting activation of Myd88 and MAPKs
leading to increased transcriptional activity of NF-kB, AP-1 (Fos + Jun),
and CREB. NF-kB promotes upregulation of adhesion molecules includ-
ing ICAM-1 and inflammatory gene expression, whilst Fos + Jun pro-
mote expression of matrix disrupting enzymes such as MMP9. Finally,
CREB promotes inflammatory cell survival and inflammatory gene
expression

Apart from its potent pro-inflammatory capacity, IL-1[3 can
also induce angiogenesis [123]. Notably, both IL-13 and
VEGF upregulate each other in endothelial cells and are both
essential to induce a proangiogenic response [124, 125].
Further, preclinical studies have shown that IL-1 inhibition
by the recombinant IL-1R antagonist anakinra not only signif-
icantly reduced the development of new subretinal vessels in a
rodent model of laser-induced CNV [126, 127] but also ame-
liorated endothelial dysfunction in streptozocin-induced dia-
betic rats [128].

In humans, augmented levels of IL-13 have been reported
in ocular fluids of patients with DR/DME in numerous studies
[129-131]. From the clinical perspective, the safety and effi-
cacy of canakinumab were tested in a small open-label study
conducted in DR patients [132], in which the authors noted
that systemic IL-1[3 inhibition with canakinumab in patients
with PDR showed only a modest regression of new vessels but
a consistent reduction in vascular leakage and resolution of
macular edema in those patients concomitantly presenting
PDR with DME [132].

Interleukin 8
IL-8 is a pro-inflammatory chemokine and a member of the
CXC chemokine family [133]. It is recognized as an important

activator and chemoattractant for neutrophils, monocytes, and
lymphocytes [133], and also an important mediator of
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neovascularization [134]. Increased levels of IL-8 have been
found in ocular fluids of patients with advanced DR such as
PDR [135, 136] and DME [137]. Interestingly, IL-8 positively
correlated with severity of macular edema caused by DR but
not with branch RVO [138], suggesting that IL-8 plays an
influential role in the development of DME, specifically.
High vitreous levels of IL-8 in DR indicate a role for this
chemokine in the recruitment of neutrophils and monocytes
into the vitreous humor, contributing to the intraocular neo-
vascularization process characteristic of PDR [136].
Preclinically, Liu et al. demonstrated that IL-1[3 caused a sig-
nificant increase of the production of IL-8 which may further
enhance the pathogenic effect of IL-13 in DR [139]. This
in vitro study shows that IL-1[3 potently stimulates IL-8 ex-
pression in Miiller cells mainly via the p38 MAPK and ERK 1/
2 pathways, which illustrates the significant overlap and
cross-talk between different cytokines and chemokines that
occurs during the inflammatory response in the diabetic retina.

Tumor necrosis factor alpha

TNF-o is a pro-inflammatory cytokine that has been implicat-
ed in immune-mediated, cardiovascular and neoplastic dis-
eases [ 140]. This monocyte/macrophage-derived factor is pro-
duced by microglia, Miiller cells, macrophages, neutrophils,
and T cells in response to various stimuli [140]. TNF-«x exerts
a variety of biological effects including upregulation of adhe-
sion molecules, proliferation, differentiation, and cell death,
and is thought to be strongly involved in the pathogenesis of
DR and intraocular inflammation, among others [141].
Numerous in vitro and in vivo studies have shown that
TNF-o increases leukocyte adhesion to retinal endothelium
and augments BRB permeability [141-144]. Aveleira and col-
leagues showed that TNF-o acts through PKC(/NF-«kB to
reduce the expression and alter the distribution of the TJ pro-
teins claudin-5 and ZO-1 in bovine retinal endothelial cells
(BRECsS), which results in increased cell permeability [141].
In this study, glucocorticoid treatment completely prevented
the TNF-a—induced rise in retinal endothelial cell permeabil-
ity through both transactivation of the glucocorticoid receptor
and transrepression of the NF-«kB signaling pathway.
Moreover, the inhibition of TNF-« with etanercept inhibits
NF-«B activation, leukostasis, and BRB breakdown in diabet-
ic rat retinas [142].

Two clinical studies have investigated the potential efficacy
of TNF-a blockade (local and systemic) in the context of
VTDR. Firstly, Tsilimbaris et al. conducted an uncontrolled
prospective pilot study to investigate the effect of intravitreal
administration of etanercept in DME refractory to laser thera-
py [145]. Seven patients received 2 consecutive intravitreal
injections of 2.5 mg of etanercept with a 2-week interval.
This small study did not reveal any improvement in the
DME clinical course after 3 months of follow-up, and even a
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slight worsening of hard exudates and fluorescein leakage was
observed in certain cases. Conversely, Sfikakis et al. coordi-
nated a single-center, double-blind, randomized, placebo-con-
trolled, crossover study, where 11 patients with sight-
threatening DME refractory to laser received infliximab
(5 mg/kg) intravenous infusions at weeks 0, 2, 6, and 14. In
this study, a moderate visual improvement by a mean of 5
letters was found at week 16 in infliximab-treated eyes when
compared to placebo. Infliximab was well tolerated with no
serious adverse events reported [146].

Monocyte chemoattractant protein-1

MCP-1, also called CCL2, is a member of the CC chemokine
family and plays a vital role in retinal inflammation in the
context of DM [147]. Numerous cell types including mono-
cytes, macrophages, fibroblasts, and astrocytes, as well as en-
dothelial, epithelial, smooth muscle, mesangial, and
microglial cells, are involved in MCP-1 production and secre-
tion, either directly or following stimulation by growth fac-
tors, cytokines, or oxidative stress [147]. MCP-1 stimulates
recruitment and activation of monocytes and macrophages. In
addition, this chemokine has a potent contribution to fibrosis
and angiogenesis induction stimulating the production of
VEGF [148]. Of note, MCP-1 expression is also regulated
by NF-«B [147].

Based on the available clinical and experimental data, secre-
tion of the MCP-1 as a potent chemotactic factor by different
types of retinal cells and through attachment to its receptor
(CCR2) plays a significant role in recruitment and accumula-
tion of monocytes/macrophages, alteration in the retinal vascu-
lar permeability, ROS formation, cell injury, inflammation and
angiogenesis, as well as contribution to DR pathogenesis [84,
149]. Several clinical studies have demonstrated higher MCP-1
levels in the ocular fluids compared to the serum in DR patients,
supporting a local retinal production based on the MCP-1 ex-
pression pattern [84, 150]. Furthermore, a significant associa-
tion was found between vitreous levels of MCP-1 and the se-
verity of DR [84].

Plasma kallikrein

The plasma kallikrein kinin system (KKS) is activated during
vascular injury, where it mediates important functions in the
inflammatory response, blood flow, and coagulation [151,
152]. Recent findings from human vitreous proteomics and
preclinical studies in diabetic animal models have implicated
the KKS in contributing to DR. Vitreous fluid from patients
with advanced stages of DR contains increased levels of KKS
components, including plasma kallikrein (PKal) [152].
Activation of the intraocular KKS induces retinal vascular
permeability, vasodilation, and retinal thickening leading to
macular edema. Both bradykinin B1 (B1R) and B2 (B2R)
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receptors are expressed in the human retina, and preclinical
experiments have shown that administration of PKal inhibi-
tors and BIR antagonists to diabetic rats ameliorates retinal
vascular hyperpermeability and inflammation [153]. All to-
gether, these findings suggest that components of KKS are
potential therapeutic targets for DME and several clinical trials
targeting this pathway are underway [154, 155].

Integrins

Other targets involved in the diabetic inflammatory cascade
that have raised interest for drug development are the
integrins. The integrin family are cell adhesion receptors that
mediate cell-cell and cell-extracellular matrix interactions.
They are involved in a wide variety of biological activities
(e.g., cell differentiation, adhesion, shape, migration, motility,
invasion, proliferation, and survival) and have also been asso-
ciated with various pathological processes, such as vascular
leakage, inflammation, neovascularization, inflammation, and
fibrosis [156]. Integrins are formed through noncovalent as-
sociation of two transmembrane glycoproteins, the - and the
{3 subunit. These adhesion molecules mediate leukocyte inter-
action with the vascular endothelium and have been long im-
plicated in the pathogenesis of DED, making them attractive
targets for drug development [156—158]. We have seen that
leukocytes play a major role in the degeneration of retinal
capillaries in DR, as DM causes a significant increase in leu-
kocyte adhesion to the retinal microvasculature (leukostasis).
Selective antagonism of that adhesion by expression of neu-
trophil inhibitory factor has been shown to revert the diabetes-
induced degeneration of retinal capillaries [156]. For instance,
leukocyte integrin amf32 (also known as CD11b/CDI18 or
MAC1), a protein mediating adhesion between leukocytes
and endothelial cells, has been shown to facilitate such dam-
age to the retinal endothelium by activating leukocytes [159].
Thus, prevention of leukocyte adhesion to retinal endothelial
cells is a potential therapeutic target to treat DR.

Current therapies for DME and DR: standard of care
and unmet need

The management of DR and DME must include recommen-
dations regarding the benefits of a healthy diet and lifestyle
that includes exercise, weight vigilance, and control of asso-
ciated risk factors such as dyslipidemia and arterial hyperten-
sion. Indeed, results from multiple studies have demonstrated
the value of controlling blood glucose, serum lipid levels, and
blood pressure in patients with DM [1, 3]. This may decrease
the risk of developing DED in some patients [160, 161].
Moreover, the Diabetes Control and Complications Trial
(DCCT) showed that the development and progression of
DR in patients with type 1 DM can be delayed when the
HbA 1c is optimized [162].

As aforementioned, DME is a leading cause of visual im-
pairment that is associated with retinal barrier dysfunction and
the consequent accumulation of fluid within the central retina
[11]. When it involves the center of the macula (center-involv-
ing DME), therapeutic intervention is recommended because
of the significant risk of visual loss [163]. The classical treat-
ment for DME is focal laser photocoagulation. However, this
intervention may have a number of associated ocular compli-
cations (i.e., possible transient initial decrease in central vi-
sion, paracentral scotomas if laser burns have been placed
close to the fovea, permanent central scotoma from inadver-
tent foveal burns, etc.) [164]. Besides, current data from var-
ious well-designed studies (READ-2, DRCR.net Protocol I,
among others) demonstrate that intravitreal VEGF inhibitors
provide a more effective treatment for DME than
monotherapy with laser surgery [165, 166]. Multiple clinical
trials have demonstrated the benefit of anti-VEGF therapy for
center-involving DME and, at the present time, anti-VEGF
agents are the initial treatment choice and standard of care,
with both ranibizumab (Lucentis®; Genentech, South San
Francisco, CA, USA) and aflibercept (Eylea®; Regeneron
Pharmaceuticals, Tarrytown, NY, USA) being approved by
the US Food and Drug Administration (FDA) and the
European Medicines Agency for this indication.
Bevacizumab (Avastin®, Genentech, South San Francisco,
California, USA) is also used off-label by retina specialists
for the treatment of DME and other retinal conditions. Most
patients require near-monthly administration of intravitreal
therapy with anti-VEGF agents during the first 12 months of
treatment, with fewer injections needed in subsequent years to
maintain disease remission [166, 167].

It is indisputable that the development and widespread use
of ocular anti-VEGF therapy has been revolutionary in im-
proving visual outcomes of DME patients. However, almost
half of those patients fail to sufficiently respond to anti-VEGF
therapy [167, 168], and the need for frequent injections creates
a considerable treatment burden and high costs for
both patients and health-care systems across the world [169].
Anti-VEGF agents also fail to resolve macular edema in more
than 20% of patients [ 169] suggesting that there are alternative
mediators contributing to its pathophysiology other than
VEGEF. In these patients, pro-inflammatory cytokines may be
the main causative factors, and therefore treatment with anti-
inflammatory agents could be a more effective therapeutic
strategy [170]. Moreover, the clinical efficacy of intravitreal
corticosteroids (triamcinolone acetonide, dexamethasone,
fluocinolone) in patients with DME also highlights the prom-
inent role of inflammation in this condition [171].
Nonetheless, in spite of their considerable effectiveness in
reducing retinal inflammation and improving vision in the
short term, corticosteroids are associated with a high rate of
ocular side effects related to chronic use including augmented
intraocular pressure (IOP) and increased risk of developing
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glaucoma and cataract formation, accelerating the need for
cataract surgery in up to one third of patients with DR and
DME [171, 172]. Triamcinolone is a synthetic corticosteroid
suspension that has been used as local therapy to treat oph-
thalmic pathologies for many decades, although it is not li-
censed for treating DME. In fact, Triamcinolone acetonide has
been shown to temporarily improve vision in eyes with DME
[173] but failed to clinically compare favorably to laser ther-
apy [174]. In addition, It is known to have a high rate of
complications (rise in [OP and accelerated cataract formation),
which is why it is usually reserved for DME refractory to other
therapies [175].

In recent years, a number of long-acting, slow-release cor-
ticosteroid implants have been developed to reduce the side
effects and prolong the duration of action, with 3 of them
being now FDA-approved for use in DME: the fluocinolone
acetonide intravitreal implants Retisert® (Bausch & Lomb,
Rochester, NY, USA; 0.59 mg, approximate duration up to
30 months) and Iluvien® (Alimera Sciences, Alpharetta,
GA, USA; 0.19 mg, approximate duration up to 24 months),
as well as the dexamethasone intravitreal implant Ozurdex®
(Allergan, Irvine, CA, USA; 0.7 mg, approximate duration 4—
6 months) [171]. In the multicenter 3-year long FAME trial,
intravitreal inserts of fluocinolone acetonide resulted in signif-
icant visual improvement in patients with DME [176].
However, the majority of patients treated with fluocinolone
acetonide developed cataract, and the incidence of incisional
glaucoma surgery was 4.8% (low dose) and 8.1% (high dose)
[176]. Recently, the FDA approved this drug for DME in
those patients who have been treated with a course of cortico-
steroids and did not show significant IOP rise. Another ste-
roid, dexamethasone, has been investigated in the MEAD
study, which examined the efficacy and safety of the slow-
release intravitreal dexamethasone implant [177] There was
more than 3-line visual improvement in about 22% patients in
the dexamethasone group compared to the sham group (12%
patients). On the down side, Cataract formation was seen in up
to 68% of the patients on dexamethasone, and IOP rises could
be managed with topical medications [177]. Because of the
known increased rate of elevated IOP and cataract formation,
the use of intravitreal steroids in clinical practice is presently
reserved as a second-line treatment in center-involving DME
patients [175, 178].

With regard to the management of DR, laser panretinal
photocoagulation (PRP) is considered the mainstay of treat-
ment for PDR and may also be contemplated for certain high-
risk patients with severe NPDR [178, 179]. Nevertheless, de-
spite its notable efficacy in preventing visual loss in vision-
threatening advanced DR, the destructive nature of laser is
associated with significant complications including peripheral
visual field defects, difficulties with light-dark adaptation,
night blindness, and loss of contrast sensitivity. Furthermore,
PRP itself can be incompletely effective in some eyes and can
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also induce or exacerbate macular edema [179]. Of note, ev-
idence from the phase 3 trials leading to FDA-approval of
ranibizumab RIDE/RISE [180] and aflibercept (VISTA/
VIVID) [181] for the treatment of center-involving DME not
only revealed remarkable efficacy at improving macular anat-
omy and function but also demonstrated that VEGF blockade
can impact far more than just retinal edema. Indeed, it was
found that anti-VEGF therapy can slow progression of DR
[182] and even improve DR severity by 2 steps in more than
36.5% of treated patients after 24 months versus only 5.4%
after sham injections [182], which led to FDA ranibizumab’s
approval for all forms of DR (with or without DME) in 2017
and aflibercept’s in 2019. In light of these studies, the
American Academy of Ophthalmology Preferred Practice
Pattern committee now states that there is sufficient evidence
for the treatment of DR with anti-VEGF treatment [178].

On the other hand, corticosteroids have also been demon-
strated to impact DR. As a matter of fact, in the paired FAME
phase 3 clinical trials, fluocinolone acetonide implant was
observed to cause a significant delay in progression of PDR
[183]. At the 3-year FAME end point, with study participants
having received a mean of 1.3—1.4 implant treatments, around
29% of sham-treated patients compared with approximately
17% of fluocinolone acetonide-treated patients progressed to
PDR [183]. Additionally, a pilot study also showed reduction
in peripheral retinal ischemia in patients with DME treated
with intravitreal dexamethasone implant [184].

In summary, regardless of their potential benefit in amelio-
rating various disease features, corticosteroids are at the mo-
ment not approved for the treatment of DR and are recom-
mended only as second-line therapy for patients with DME
due to their less favorable safety profile in comparison to anti-
VEGEF or laser therapy [178]. Nevertheless, in applying these
findings to clinical practice factors such as frequency of fol-
low-up, treatment cost and patient preference must be consid-
ered in addition to the safety and efficacy outcomes for
decision-making concerning treatment choice.

Translational research in diabetic eye disease

Evidence that low-grade inflammation plays a critical role in
the pathogenesis of DR and DME has unraveled the potential
of novel targets for the development of better medicines for
our patients [85]. Anti-inflammatory compounds such as in-
travitreal, suprachoroidal, or topical glucocorticoids, inflam-
matory molecule inhibitors and new therapies targeting alter-
native pathways (cytokines, angiopoietins, integrins, plasma
kallikrein, bradykinin, etc.) may be considered alone or in
combination with VEGF inhibitors to improve efficacy and/
or reduce the rate of administration [185].

As previously discussed, anti-VEGF intravitreal therapies
caused a major paradigm shift for the treatment of DED.
Nevertheless, there is still a high unmet need in this space as
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the required intense treatment frequency of approved anti-
VEGF agents as well as the elevated rates of incomplete re-
sponse pose a major health-care challenge for patients, physi-
cians, and payers [186]. What is more, notwithstanding their
clinical benefit, anti-VEGF drugs do not address the inflam-
matory component of the disease, which may explain the lack
of clinically meaningful response observed in some patients
and stresses the need for targeting alternative pathways impli-
cated in DR/DME pathogenesis [85]. It has also been hypoth-
esized that the disease may be driven by VEGF early in the
disease, but in chronic stages, further micro-environmental
changes may necessitate targeting of multiple inflammatory
mediators other than just VEGF [85].

Faricimab (formerly RG7716) is a novel anti-Ang-2/anti-
VEGEF bispecific monoclonal antibody precisely designed for
intraocular use [187]. It is engineered using Roche’s
proprietary CrossMAb technology (Basel, Switzerland) and
simultaneously binds VEGF-A and Ang-2 with high affinity
and specificity [188]. Faricimab was investigated in the phase
2 BOULEVARD clinical trial in patients with DME, which
met its primary endpoint demonstrating clinically meaningful
response and superior visual acuity gains compared with
ranibizumab [187]. Additionally, treatment with faricimab re-
sulted in central subfield thickness (CST) reduction, DR se-
verity score improvements, and extended durability of effect
(Fig. 8). Currently, two phase 3 clinical trials, YOSEMITE
(NCT03622580) and RHINE (NCT03622593), are ongoing
to further test the efficacy, durability, and safety of faricimab
for DME.

Numerous other anti-inflammatory targets (integrin or cy-
tokine blockers) are currently being investigated in early
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Fig.8 Ultra-wide field fluorescein angiography (UWF-FA) and SD-OCT
images of a DME patient who participated in the BOULEVARD study
and received treatment with Faricimab. a, b UWF-FA and SD-OCT cor-
responding to baseline visit. a UWF-F shows moderate NPDR with nu-
merous microaneurysms in 4 quadrants and areas of capillary dropout

clinical trials for the treatment of DED, either in monotherapy
or in combination with anti-VEGF agents. These novel anti-
inflammatory compounds may be more selective and safer
than steroids, which in theory could make them more suitable
for the long-term treatment required for chronic diseases such
as DR and DME, albeit more evidence is needed in regard to
their safety and efficacy. These aspects will
expectantly be clarified in later clinical trials, some of which
are already underway or planned.

Conclusions

Diabetic eye disease is a global public health problem and a
leading cause of blindness. Therapies such as anti-VEGF have
been a major breakthrough in the management of vision-
threatening stages of DR and are considered first line therapy
for DME [190,191]. Whilst these are widely recognized effec-
tive drugs, there is a substantial proportion of patients who do
not present clinically meaningful improvements in vision with
such therapies. Consequently, there remains tremendous op-
portunity for improving outcomes for our patients.
Henceforth, what are the avenues for future research? We
know that anti-VEGF monotherapy is not a cure and new
therapeutics targeting other pathways are needed. Apart from
angiogenesis, several other mechanisms orchestrate the path-
ogenesis of DR and DME such as inflammation and neurode-
generation. More research into systemic and vitreous bio-
markers (microRNAs, proteomics, metabolomics) may help
discover additional novel pathways which may be suitable
for drug development. With this critical information, a more
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with retinal nonperfusion; b SD-OCT shows cystoid macular edema with
intraretinal cysts and presence of subretinal fluid. ¢, d Week 24 images,
after 6 monthly doses of Faricimab IVT. ¢ UWF-FA shows notable DR
disease severity improvement after Faricimab therapy. d SD-OCT: com-
plete fluid resolution, leaving a dry macula
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personalized approach to treatment could be developed to
achieve better efficacy and more optimal cost-effectiveness.
Nowadays, clinicians can choose intravitreal injections of a
limited number of anti-VEGF or corticosteroid agents
albeit treatment selection is not based on pathophysiological
reasoning. Intraocular fluids (e.g., aqueous or vitreous humor)
obtained during the first intravitreal injection procedure could
be useful for determining whether the predominant factor is
inflammation or VEGF [16, 189]. This in turn could allow
physicians to select a more rational and potentially more
cost-effective treatment, with the aim of one day conducting
precision medicine in ophthalmology—a strategy that has
proved successful in the oncology field. Improved under-
standing of the underlying pathophysiological mechanisms
of DED to find innovative therapeutic strategies, as well as
early clinical intervention, will be pivotal to prevent DR-
associated blindness worldwide.
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