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Abstract

Diabetic retinopathy (DR) is a frequent complication of diabetes mellitus, and a common cause of vision impairment and
blindness in these patients, yet many aspects of its pathogenesis remain unresolved. Furthermore, current treatments are not
effective in all patients, are only indicated in advanced disease, and are associated with significant adverse effects. This review
describes the microvascular features of DR, and how pericyte depletion and low-grade chronic inflammation contribute to
the pathogenesis of this common ophthalmic disorder. Existing, novel and investigational pharmacological strategies aimed
at modulating the inflammatory component of DR and ameliorating pericyte loss to potentially improve clinical outcomes

for patients with diabetic retinopathy, are discussed.
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Introduction

DR is one of the most common complications of diabetes
mellitus, and a leading cause of vision loss, yet its pathogen-
esis remains incompletely understood. DR is characterised
by retinal microvascular dysfunction and degeneration, with
disruption of the retinal neurovascular unit (fNVU) and sub-
sequent blood-retinal barrier (BRB) dysfunction. Pericyte
dysfunction and loss is an early feature of this process. This
occurs in a local and systemic diabetic environment charac-
terised by chronic low-grade inflammation with maladap-
tive sequalae. Understanding the role of retinal inflammation
in the pathophysiology of DR, particularly how it relates
to microvascular degeneration and pathological neovascu-
larisation, is critical in order for the development of novel
therapies to complement, or improve upon, current treat-
ment options. This review describes what is currently known
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about the role of inflammation in the pathogenesis of DR,
with particular emphasis on pericyte dysfunction and drop-
out, and associated retinal microvascular dysfunction and
degeneration. Current therapies for DR are discussed, along
with new and potential treatment strategies aimed at control-
ling or reversing DR though mitigation of DR-associated
inflammation or via direct pharmacological protection of
pericytes to preserve the INVU.

Diabetic retinopathy

Approximately one-third of the world’s diabetic population
have DR, and a third of this population have vision-threat-
ening retinopathy (Cheung et al. 2010). Vision is primarily
affected when two late-stage complications occur, namely
diabetic macular oedema and proliferative DR (Cheung et al.
2010; Rubsam et al. 2018; Wang and Lo 2018). These sight
threatening complications occur with either type I (juvenile-
onset or insulin-dependent) or type II (maturity-onset) dia-
betes mellitus (Eagle 2011; Lim 2019).

DR may be divided into two stages based upon the pro-
liferation status of the retinal microvasculature: an early,
non-proliferative (NPDR) phase and a later proliferative
(PDR) phase. An initial, and seemingly invariable, feature of
NPDR is degeneration and depletion of capillary pericytes,
the mural cells that wrap around capillary endothelial cells
(Frank 2004; Wang and Lo 2018). Pericyte loss is followed
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by endothelial cell (EC) loss, both executed by apoptosis
(Frank 2004; Wang and Lo 2018). Although capillary peri-
cyte degeneration occurs in other diseases, it is much more
severe in a retina with DR, suggesting that additional local
factors in the intraocular microenvironment contribute to
this profound pericyte loss. Low-grade, subclinical inflam-
mation is present throughout the development of DR, likely
contributing to pericyte depletion (Adamis 2002). The peri-
cyte secretome, the tissue- and stimulus-specific pro- and
anti-inflammatory factors, growth factors, and extracellular
matrix secreted in response to changes in the retinal micro-
environment, also has a role in modulating DR inflammatory
events (Frank 2004; Gaceb and Paul 2018; Vujosevic and
Toma 2018).

The International Clinical Disease Severity Scale for DR,
a 5-stage clinical disease severity classification system, was
developed in 2003 (Wilkinson et al. 2003). The first 3 stages
(no apparent retinopathy, mild NPDR characterised by a few
microaneurysms, and moderate NPDR with more microa-
neurysms and intraretinal haemorrhages) may progress to a
fourth stage of severe NPDR and a fifth stage of PDR. Dia-
betic macular oedema is independently classified as appar-
ently present or absent, with a further assessment of the
distance of the oedema from the central macula. The advent
of new technologies for the evaluation of DR may lead to
enhancements of current classification systems; however, the
basis for DR staging is likely to remain largely unchanged
(Wu et al. 2013).

The early stage of DR is characterised by BRB break-
down, which leads to retinal oedema (the major cause of
visual loss in type 2 diabetic patients), haemorrhages, exu-
dates, and capillary microaneurysms (Cheung et al. 2010).
Weakening of capillary walls due to focal pericyte loss is
important in the development of microaneurysms, many
of which are cellular, suggesting that endothelial cell (EC)
proliferation could be involved in their formation (Stitt et al.
1995). The characteristic ‘soft exudates’, or ‘cotton-wool
spots’, observed in DR are not true exudates, but rather rep-
resent focal areas of impeded axoplasmic flow, caused by
focal retinal ischaemia resulting from pre-capillary arteri-
olar thrombosis (Garner 1993). Histologically, cotton wool
spots are dilated axons in the nerve fibre layer filled with
eosinophilic axoplasm. They contain oval-shaped cytoid
bodies, which have an eosinophilic, nucleus-like structure
composed of aggregated organelles (Garner 1993; Eagle
2011). Retinal neovascularisation occurs in the later, pro-
liferative phase of DR and predisposes to vitreous haemor-
rhage, the organisation of which contributes to fibroplasia
with corresponding retinal and vitreous fibrosis, leading to
eventual total blindness from tractional retinal detachment
(Lim 2019). Figures 1, 2, 3, and 4 are colour fundus photo-
graphs demonstrating typical clinical features of NPDR and
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Fig. 1 Mild non-proliferative diabetic retinopathy with clinically sig-
nificant diabetic macular oedema with lipid exudates (red arrow) and
microaneurysms (blue arrows) near the central macula (colour figure
online)

Fig.2 Severe non-proliferative diabetic retinopathy in the right eye of
a patient highlighting microaneurysms (green arrows), retinal haem-
orrhages (red arrows) and intra-retinal microvascular abnormalities
(yellow arrows) (colour figure online)

PDR. Figures 5 and 6 demonstrate typical features of PDR
seen with fundus fluorescein angiography.
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Fig. 3 Proliferative diabetic retinopathy and macular oedema in the
left eye of a patient previously treated with pan-retinal photocoagu-
lation (green arrows) and focal laser (blue arrows) photocoagulation,
highlighting previous neovascularisation (purple arrow) and lipid
exudates (black arrows) (colour figure online)

Fig.4 Severe proliferative diabetic retinopathy in the left eye. Areas
of neovascularisation at the disc (red arrows) are visible, as is pre-
vious pan-retinal (green arrows) and focal laser scars (blue arrows),
retinal haemorrhages (purple arrows) and exudates near the fovea
(yellow arrows) (colour figure online)

Pericytes

Pericytes were first described by Carl Eberth in Germany
in 1871, and independently by Charles-Marie Rouget in
France in 1873, and named “Rouget cells”. However,

Fig.5 Fundus fluorescein angiography of the right eye in a patient
with proliferative diabetic retinopathy. Areas of neovascularisation
and corresponding leakage (red arrows) are highlighted, as are areas
of capillary non-perfusion or drop-out (purple arrows) (colour figure
online)

Fig.6 Fluorescein angiography of the left eye in a patient with
advanced proliferative diabetic retinopathy and macular oedema,
highlighting areas of fluorescein leakage (blue and purple arrows)
with a large pre-retinal vitreous haemorrhage (orange arrow) (colour
figure online)

in recognition of their perivascular location, they were
renamed “pericytes” by the German anatomist, Karl Zim-
mermann, in 1923 (Trost et al. 2016; Harrell et al. 2018).

Although the pericyte, sequestered in its perivascular
niche, has for too long been underappreciated, the impor-
tant functions of these vascular cells are now increasingly
being recognised. Pericytes are specialised mural cells
which occupy a perivascular site at the abluminal aspect of
microvessels (Trost et al. 2016). They are embedded in the
same basement membrane that embraces ECs, and extend
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processes along, and around, pre-capillary arterioles, cap-
illaries, and post-capillary venules, covering several ECs
and their connecting tight junctions (Armulik et al. 2011).
Attachment of pericytes to the basement membrane helps
regulate their functions, which become altered if detachment
occurs (Harrell et al. 2018; Geranmayeh et al. 2019). The
basement membrane between pericytes and ECs is thin in
the retina, permitting close interaction between these cells.
Pericytes have both anti-apoptotic and anti-proliferative
effects on ECs and, accordingly, depletion of pericytes
compromises the vascular architecture (Harrell et al. 2018;
Trost et al. 2016). Contact between pericytes and ECs occurs
in two forms. At “peg-and-socket” type junctions, pericyte
cytoplasmic projections (pegs) are inserted into EC invagi-
nations (sockets), while, at adherent junctions, microfila-
ments attached to the pericyte plasma membrane are embed-
ded in the contiguous EC cytoplasm (Harrell et al. 2018).
No intercellular junctions have been identified between
pericytes.

Pericyte coverage in the retina, and their topographical
density, is higher than in any other tissue, ensuring optimal
integrity of the retinal microvasculature. The pericyte:EC
ratio in the retina is 1:1, compared to 1:2.5 in the kidney, 1:5
in the cerebral cortex, 1:10 in the lung, and 1:100 in skeletal
muscle (Armulik et al. 2011; Smith et al. 2012; Schallek
et al. 2013; Rudziak et al. 2019). Their abundance in the
retina emphasises the important structural and functional
roles entrusted to these cells. Retinal coverage by pericytes
is widely regarded to be essential for EC survival, especially
with stressors such as the hyperglycaemia of diabetes mel-
litus (Hammes et al. 2002; Trost et al. 2016; Park et al 2017,
Harrell et al. 2018). Pericytes are not considered to be capa-
ble of replication in the adult retina (Alikhani et al. 2010).

Pericytes are a heterogeneous population of cells, with
a dual origin from neuroectodermal and mesodermal germ
layers, the former neural crest cells predominating (Trost
et al. 2016). There are also different subtypes of pericytes,
subserving different functions (Santos et al. 2018). In the
brain, and probably also the retina, pericytes in certain
microvascular regions appear to have different functions
(Attwell et al. 2016). Those in pre-capillary arterioles have
more circumferential processes and express more smooth
muscle a-actin, equipping them for a role in the regulation
of cerebral blood flow. Pericytes in capillaries, by contrast,
appear to be more responsible for blood—brain barrier (BBB)
maintenance, while those in post-capillary venules control
the entry of immune cells into the brain (Attwell et al. 2016).

Depending on the prevailing pathological state, signal-
ling pathways can encourage pericytes to assume a vari-
ety of morphologies and functions, and express different
marker profiles (Santos et al. 2018). However, one of the
major impediments to defining the different roles of peri-
cytes has been the difficulty in precisely identifying these
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cells as there is no single molecular marker for pericytes,
in part due to the varied lineage and pluripotent capability
(Trost et al. 2016). The expression of histological markers
may also alter in response to different retinal pathologies,
these conditions engendering diverse and often complex
signalling mechanisms. The failure to precisely identify
pericytes has produced conflicting experimental results
and, as a result, some of the putative functions of this cell
type remain controversial (Santos et al. 2018). Moreover,
in vitro culture conditions create a different microenviron-
ment to that of the in vivo retina, and may influence the
behaviour of pericytes, rendering extrapolation of in vitro
results to the living eye problematic (Armulik et al. 2011).
Histological pericyte identification requires a combination of
perivascular location, morphology, and at least two pericyte
molecular markers (Armulik et al. 2011). For identification
of retinal pericytes, a combination of nerve fibre/glial anti-
gen 2 (NG2) and platelet-derived growth factor receptor beta
(PDGFR$p) is recommended; however, in vitro and in vivo
antigen expression may differ (Trost et al. 2016; Harrell et al.
2018). Moreover, expression of pericyte markers is dynamic
and varies between different tissues, developmental stages,
and the state of activation (Armulik et al. 2011; Trost et al.
2016; Santos et al. 2018; Geranmayeh et al. 2019).
Pericytes in the brain, and possibly also in the retina, have
many similarities to mesenchymal stem cells (MSC) (Lange
et al. 2013). They possess a pluripotent differentiation
potential, enabling them to generate a variety of cell types.
Multipotent pericytes can transdifferentiate into neural cells
(neurons, astrocytes, microglia, and oligodendrocytes), mes-
enchymal cells (adipocytes, chondrocytes, osteoblasts, fibro-
blasts, myofibroblasts), and vascular smooth muscle cells
(vSMC) (Trost et al. 2016). In a manner similar to MSC,
pericytes become activated by inflammatory mediators then
function to attenuate inflammation and promote tissue repair
(Lange et al. 2013; Mendel et al. 2013; Trost et al. 2016).

The neurovascular unit and blood-retinal
barrier

Pericytes are part of the INVU. The rNVU is comprised
of neurons, glia (astrocytes, Miiller cells, and microglia),
vascular ECs, and pericytes (Sweeney et al. 2016). The
rNVU regulates blood flow to meet changing retinal meta-
bolic demands and, therefore, is critical for maintenance of
homeostasis (Sweeney et al. 2016). It is an essential com-
ponent of retinal inflammatory responses (Hill et al. 2014;
Sweeney et al. 2016; Duh et al. 2017).

The BRB, which resembles the BBB in most respects,
forms the vascular component of the rNVU, and plays
an important role in homeostatic regulation of the retinal
microenvironment (Kaur et al. 2008). It is divided into inner
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and outer parts. The inner BRB (iBRB) is formed by tight
junctions (zonulae occludentes) between contiguous retinal
capillary ECs, which rest on a basement membrane covered
by the foot processes of astrocytes and Miiller cells (Cunha-
Vaz et al. 2011). The latter cells, together with pericytes,
contribute to the proper functioning of the iBRB but, since
pericytes do not form a continuous perivascular layer, their
contribution to a diffusion barrier is limited (Cunha-Vaz
et al. 2011). The outer BRB (0BRB) is formed by tight junc-
tions between retinal pigment epithelial (RPE) cells (Cunha-
Vaz et al. 2011). The iBRB maintains the integrity of the
inner two-thirds of the retina, while the o0BRB maintains
the outer one-third. The eye is an immune-privileged site
largely due to the BRB and the immunosuppressive intraocu-
lar environment, with entry of leucocytes restricted and the
RPE serving an immunomodulatory role. (Kaur et al. 2008;
Cunha-Vaz et al. 2011).

There is an intimate relationship between EC and peri-
cytes, involving paracrine (cell-to-cell) and juxtacrine
(close contact-dependent) signalling, this communication
being required for normal pericyte function and BRB main-
tenance. Factors involved in this intercellular signalling
include PDGF-B, transforming growth factor p (TGEp),
sphingosine-1-phosphate, and Notch (Armulik et al. 2011).

Pericyte apoptosis

Pericyte apoptosis has been suggested to occur by a num-
ber of mechanisms: (1) diabetic hyperglycaemia-induced
reduction in PDGF-B/PDGFR} signalling; (2) disruption of
protective EC-pericyte signalling by EC-secreted angiopoi-
etin-2 (Ang2); (3) microglial pro-inflammatory-mediated
activation of pro-apoptotic, and inhibition of pro-survival
molecules; (4) reactive oxygen species (ROS) damage to
pericyte mitochondria, releasing cytochrome C, and activat-
ing the caspase-dependent apoptotic cascade; (5) generation
of tumour necrosis factor-alpha (TNF-«) and advanced gly-
cation end-products (AGES) which are formed when reduc-
ing sugars such as glucose react in a non-enzymatic manner
with nucleic acids, proteins, and lipids, both of which bind to
receptors on pericytes, inducing apoptosis through activation
of the transcription factor, Forkhead box 01 (FOXO01); and
(6) glutamate excitotoxicity (Barber et al. 2011; Beltramo
and Porta 2013; Eshaq et al. 2017; Ferland-McCollough
et al. 2017; Kusuhara et al. 2018).

Loss of pericytes, attended by EC degeneration and base-
ment membrane thickening, results in the eventual formation
of acellular capillaries, which are basement membrane-lined
tubes, devoid of ECs and pericytes (Garner 1993). These
abnormal capillaries are prone to microaneurysm formation
and haemorrhage, and are associated with vascular occlu-
sion, sometimes abetted by thrombosis secondary to residual

EC injury, leading to a failure of perfusion and ischaemic-
hypoxic retinal injury (Ferland-McCollough et al. 2017).
Ischaemia-hypoxia causes increased expression of vascular
endothelial growth factor (VEGF) by ECs and glial cells,
produced, in part, by upregulation of hypoxia-inducing fac-
tor 1 (Ferland-McCollough et al. 2017). Loss of structural
support for retinal capillaries by pericyte depletion, and
EC degeneration, can produce a localised weakness of the
vessel wall, exacerbated by increased capillary blood flow
and intraluminal pressure and dysfunction of attached glia,
leading to a mural outpouching or microaneurysm (Ferland-
McCollough et al. 2017). When a microaneurysm ruptures,
haemorrhage occurs.

Pericyte loss also contributes to BRB disruption,
increased vascular permeability, and vasogenic macular
oedema (Ferland-McCollough et al. 2017). The latter is an
important cause of vision loss as the macula is the central
portion of the retina, responsible for the greatest visual acu-
ity. While high levels of Ang2 expression from ECs in the
diabetic retina might exacerbate pericyte apoptosis, pericyte
loss itself leads to reduced expression of Angl (from peri-
cytes), which in turn may result in further BRB dysfunction
through a reduction in the EC-pericyte stabilising effect of
Angl/Tie2 interaction (Armulik, Abramsson and Betsholtz
2005). BRB destabilisation by Ang2/Tie2 stimulation is
associated with the progression to PDR which is heralded
by the formation of new blood vessels (angiogenesis), the
angiogenic response of ECs being regulated by inflamma-
tory cytokines and growth factors (Armulik, Abramsson and
Betsholtz 2005; Cheung et al. 2010). These leaky, fragile,
immature blood vessels also contribute to retinal oedema
and haemorrhage.

Retinal inflammation

Inflammation is a “double-edged sword”, being a host
defence response to tissue injury and promoting homeosta-
sis in the short-term but, when triggered inappropriately,
and especially when chronically activated, inflammation can
be detrimental and drive the progression of diseases such
as DR. DR has many of the characteristics of a low-grade,
subclinical, chronic inflammatory disease, and localised
inflammatory processes play a role in many of the micro-
vascular changes which form part of the DR morphological
expression (Tang and Kern 2011). Pericyte depletion, for
example, is one of the earliest pathological changes in DR,
which is produced, in part, by retinal inflammation (Kowluru
et al. 2010; Tang and Kern 201 1; Whitcup et al. 2013; Ogura
et al. 2017).

The diabetic environment provokes increased local
and systemic expression of inflammatory cytokines,
chemokines, and growth factors, all of which are involved
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in the development of DR by creating a pro-inflammatory
milieu (Tang and Kern 2011; Shabab et al. 2017; Rubsam
et al. 2018). Several pro-inflammatory mediators have been
detected at increased levels in the aqueous fluid, vitreous
and serum of patients with DR, with higher levels being
associated with more advanced stages of DR (Vujosevic
and Simo 2017; Wu et al. 2017; Rubsam, Parikh and Fort
2018). The inflammatory mediators that have been found
to be involved in DR include vascular adhesion molecules,
pro- and anti-inflammatory cytokines, pro-inflammatory/
angiogenic chemokines, anti-inflammatory/anti-angiogenic
chemokines, transcription factors, pro-inflammatory/angio-
genic and anti-inflammatory/anti-angiogenic growth factors,
anti-inflammatory/pro-angiogenic growth factors, and innate
immune response cells (retinal EC with toll-like receptors)
(Vujosevic and Toma 2018).

Leucostasis, caused by leucocyte-EC adhesion occurs
early in DR, contributing to microvascular occlusion (Jous-
sen et al. 2004; Tang and Kern 2011). It also leads to EC
damage and loss by apoptosis, enacted by the Fas/Fas
ligand pathway, contributing to BRB disruption (Joussen
et al. 2003; Duh et al. 2017). Leucostasis is amplified due to
hyperglycaemia-induced increased expression of leucocyte
integrins (CD11a, CD11b, and CD18), which bind to EC
leucocyte chemo-attractant adhesion molecules (intercellular
adhesion molecule-1 ICAM-1), vascular cell adhesion mol-
ecule-1 (VCAM-1), platelet endothelial cell adhesion mol-
ecule 1 (PECAM 1), and E- and P-selectins) (Joussen et al.
2004; Wang et al. 2012; Kastelan et al. 2013). Chemokines,
such as monocyte chemotactic protein-1 (MCP-1), mac-
rophage inflammatory protein-la (MIP-a), and MIP-f,
which attract and activate leucocytes, and inflammatory
cytokines (tumour necrosis factor alpha (TNF-a), interleu-
kin-6 (IL-6), IL-8, and IL-1p), are increased in DR and con-
tribute to this process (Kastelan et al. 2013).

Glial activation and neurodegeneration accompany the
microvascular changes in DR. Miiller cells, the principal
retinal macroglial cells, react to hyperglycaemia by reactive
gliosis and production of pro-inflammatory cytokines (Rub-
sam et al 2018). Microglia, the major resident immunocom-
petent cells in the central nervous system, become activated
in DR, migrate from the inner-to-outer retinal layers, and
increase secretion of TNF-a, IL-6, MCP-1, and VEGF (Duh
et al. 2017; Madiera et al. 2015). Astrocytes also amplify
the inflammatory process by producing pro-inflammatory
cytokines (Duh et al. 2017; Madiera et al. 2015). Retinal
neurodegeneration occurs early in DR with neuronal apop-
tosis, retinal ganglion cells being damaged initially, followed
by outer nuclear layer neurons and associated photoreceptors
(Barber et al. 2011; Rubsam et al. 2018).

Activated pericytes also contribute to retinal inflamma-
tion in DR. In the presence of inflammatory cytokines such
as interferon gamma (IFN-Y), IL-17, TNF-a, and IL-1,
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pericytes secrete a plethora of chemokines and cytokines to
attract immune cells to the site of retinal inflammation (Har-
rell et al. 2018). These pro-inflammatory mediators include
IL-1p, IL-6, TNF-a, reactive oxygen species (ROS), nitric
oxide, low density lipoprotein receptor-related protein-1, and
matrix metalloproteinases (MMP2 and MMP9) for activa-
tion of microglia, astrocytes and ECs (Hill et al. 2014). They
also secrete anti-inflammatory factors such as IL-10 (Har-
rell et al. 2018). Pericytes may also directly regulate blood
flow, enhancing the delivery of leucocytes to injured areas
of the retina (Armulik et al. 2011). They release chemokine
ligand 10 (CXCL10), which attracts helper CD4 + and
CD8 + cytotoxic T lymphocytes and natural killer (NK) cells
to sites of inflammation, while pericyte-derived CXCL8 and
CXCLI1 recruit neutrophils (Jansson et al. 2014). Moreover,
pericytes produce MCP-1, MIP-a, and chemokine ligand 5
(CCLS5), which bind to CCR2, CCR3, and CCRS, respec-
tively, to modulate monocyte, macrophage, and CD4, CD8
and NK cell trafficking (Harrell et al. 2018). Pericytes con-
stitutively express major histocompatibility complex (MHC)
class 1 and, in vitro, can be stimulated by IFN-Y to express
MHC class 11, indicating their potential to act as professional
antigen presenting cells (APCs) (Hill et al. 2014; Harrell
et al. 2018).

Leucocytic passage across microvessels is a critical event
in retinal inflammation, permitting their recruitment to sites
of tissue damage. In response to stimulation by cytokines
and chemokines, the role of the pericyte changes from one
of stabilisation of ECs to one where it modifies the BRB in
ways that assist the transendothelial passage of inflammatory
cells into the retina (Hill et al. 2014). In this migration across
the vascular wall, neutrophils (and monocytes) must traverse
the vascular endothelium, the pericyte sheath, and their asso-
ciated basement membrane, with the result that they often
tend to accumulate between the endothelium and the vascu-
lar basal lamina. In inflammation, pericytes downregulate
tight junction proteins and remodel the basement membrane
to foster leucocytic transmigration, a process aided by BRB
breakdown from pericyte-derived MMPs (Hill et al. 2014).
Low levels of adhesion molecules (ICAM-1 and VCAM-1)
are constitutively expressed by pericytes but, when these
cells are activated by inflammatory mediators, their expres-
sion is increased, and active binding of leucocytes ensues
(Hill et al. 2014). Pericyte guidance is required for infiltrat-
ing neutrophils to move along their processes and, induced
by neutrophil-pericyte contact, permissive gaps open up
between adjacent pericytes, thus facilitating neutrophil
extravasation (Wang et al. 2012). These inflammatory cells
then breach the astrocytic and Miiller cell barriers to enter
the retina. Pericytes are also implicated in modulating the
trafficking of T cells across vascular endothelium in extraret-
inal tissues (Harrell et al. 2018). Under these conditions, per-
icytes develop a detached, migratory phenotype. Pericytes
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have been shown to function as perivascular macrophages,
engulfing material requiring disposal by receptor-mediated
endocytosis, pinocytosis, and phagocytic pathways, and are
known to possess numerous lysosomes to degrade phagocy-
tosed material (Rustenhoven et al. 2017).

Human retinal pericyte-reactive antibodies have been
detected in plasma of patients with DR. These antibodies
were shown to induce complement-mediated pericyte injury
in vitro (Zhang et al. 2016). Breakdown of the BRB in DR
allows immunoglobulins and complement factors access to
retinal pericytes, potentially inducing a cytotoxic effect lead-
ing to pericyte drop-out. Whether these antibodies play a
role in the onset of DR, or represent a contributory mecha-
nism of inflammation that develops in the later stages of
BRB breakdown, remains to be elucidated.

In addition to hyperglycaemia, dyslipidaemia is a major
risk factor for diabetes, and there is a strong association
between dyslipidaemia and the development of DR. Lipids
and their metabolites, especially those derived from polyun-
saturated fatty acids, can act as signalling molecules (termed
bioactive lipids) and are involved in regulation of inflamma-
tion, angiogenesis, and homeostatic maintenance (Elmasry
et al. 2019).

The cyclooxygenase/prostaglandin and lipoxygenase/
leukotriene pathways, in particular, are important players
in the inflammation associated with the development of DR
(Ricciotti and FitzGerald, 2011; Zhang et al. 2011). In DR,
diabetes provokes specific alterations in retinal lipid metabo-
lism, and intensive dyslipidaemia therapy can significantly
retard the progression of DR. These alterations are char-
acterised by a shift in the fatty acid profile, especially for
arachidonic acid (AA) (Ibrahim et al. 2015; Elmasry et al.
2019). Metabolites of AA, termed eicosanoids and includ-
ing prostaglandins and leukotrienes, are biologically active
lipid mediators that regulate (amplify or reduce) inflamma-
tion. AA can be metabolised by 3 enzymes: cyclooxygenase
(COX), lipoxygenase (LOX) and cytochrome P450 (Tessaro
et al. 2015).

Prostaglandins are lipids derived from AA by the action
of COX-1 and -2 isoenzymes, with COX-2 expression being
more robustly induced by inflammatory stimuli. Their bio-
synthesis is blocked by NSAID’s. In DR, the retina has a
distinctive lipid profile, its high levels of COX-2 (released by
activated inflammatory cells and glia) resulting in abnormal
production of pro-inflammatory prostaglandins (Semeraro
et al. 2015; Tessaro et al. 2015).

Leukotrienes are lipid mediators associated with acute
and chronic inflammation. The first substrate in the leukot-
riene cascade is AA, which is converted by 5-lipoxygenase
(5-LOX) (also known as arachidonate 5-lipoxygenase or
ALOXS) into the unstable leukotriene A, (LTA,), and sub-
sequently metabolised to LTB,. The final products of the
leukotriene cascade are potent pro-inflammatory mediators

(Rinaldo-Matthis and Haeggstrom, 2010; Tersey et al. 2015).
Hyperglycaemia increases leukotriene production by retinal
glial cells, and LTA, and LTB, are markedly higher in DR
patients. LTB, is a leucocyte attractant and linked to ROS
generation, cytokine production, and apoptosis, leading to
increased retinal capillary permeability, thus contributing to
the pro-inflammatory milieu and capillary degeneration in
DR (Gubitosi-Klug et al. 2008). 5-LOX-derived 5-hydrox-
yeicosatetraenoic acid (5-HETE), a major pro-inflammatory
eicosanoid, is markedly increased in the vitreous of diabetic
versus non-diabetic patients, resulting in increased leuco-
cytic adhesion, capillary hyperpermeability, and neovascu-
larisation. Another lipoxygenase, 15-LOX (also termed ara-
chidonate 15-lipoxygenase or ALOX15) may also contribute
to the development of DR, especially by increasing retinal
vascular permeability (Elmasry et al. 2019).

The interplay between the sustained hyperglycaemia of
diabetes mellitus, pericyte loss and its secretome, chronic
low-grade inflammation, and clinicopathological changes in
DR are shown in Fig. 7.

Pharmacological intervention strategies

Tight glycaemic control has proven benefits in delaying
the onset, and reducing the progression of, vascular com-
plications including DR. This has been demonstrated in
the Diabetes Control and Complications Trial (The DCCT
Research Group 1993), and the U.K. Prospective Diabetes
Study (UKPDS Group 1998) in type 1 and type 2 diabetes
respectively. Both studies demonstrated that achieving a gly-
cated haemoglobin (HbA ) assay target of <7% reduced the
development and progression of DR, with benefits persist-
ing for up to 20 years. Despite this knowledge, maintaining
tight glycaemic control in many diabetic patients may be
very challenging. Furthermore, progression of DR contin-
ues despite attainment of euglycaemia in previously poorly
controlled diabetic patients. This ‘metabolic memory’ may
be due to epigenetic modifications and persistent oxidative
stress, and necessitates effective management of DR beyond
rectification of hyperglycaemia (Kowluru 2017).

Over the past few decades, laser photocoagulation has
proven to be a relatively safe and effective means of treating
PDR and diabetic macular oedema. The Diabetic Retinopa-
thy Study (DRS) (The DRS Research Group 1981) and Early
Treatment Diabetic Retinopathy Study (ETDRS) (ETDRS
Research Group 1995) demonstrated the efficacy of pan-
retinal laser photocoagulation (PRP), with timely treatment
reducing the risk of severe visual loss by 50-60% in patients
with disease more advanced than moderate NPDR, while
focal/grid laser in diabetic macular oedema threatening the
centre of the macular reduced the risk of moderate visual
loss by >50%. However, PRP is inherently destructive,
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Fig. 7 Interplay between the persistent hyperglycaemia of diabetes mellitus, pericyte loss, chronic low-grade inflammation, and clinicopathologi-

cal changes in DR

producing side-effects including deficits in peripheral vision,
dark adaptation and night vision, in addition to possible
complications from misdirected burns or excessively intense
burns (Deschler et al. 2014). Macular laser can be compli-
cated by burn spread, misdirected (foveal) burns, paracentral
scotomas and development of choroidal neovascularisation
(Deschler et al. 2014).

Vitrectomy is used in cases of non-clearing vitreous
haemorrhage from PDR, or to relieve vitreomacular traction
if present with macular oedema (Duh et al. 2017). However,
this later strategy has been found to have inconsistent results
with regard to visual acuity despite transient improvements
in retinal thickness, and has been associated with com-
plications including cataract (68%), retinal break (7.1%),
increased intraocular pressure (5.2%), epiretinal membrane
(3.3%) and vitreous haemorrhage (2.4%) (Kim et al. 2019).
Hence the role of vitrectomy in the management of diabetic
macular oedema requires further investigation.

While laser photocoagulation still plays a significant role
in the treatment of DR and diabetic macular oedema, anti-
VEGF pharmacotherapy is now a frontline treatment (Kim
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et al. 2019; Krick and Bressler 2018). Intravitreal injections
of anti-VEGF antibody fragments have beneficial effects in
reducing retinal oedema and neovascularisation (Kusuhara
et al. 2018). Numerous anti-VEGF drugs including bevaci-
zumab, ranibizumab, pegaptanib and aflibercept, are now
used in the management of DR and macular oedema (Duh,
Sun and Stitt 2017; Kusuhara et al. 2018). However, these
drugs are only administered at more advanced stages of the
disease, can cause adverse side-effects and have a relatively
short half-life, often requiring monthly injections (Wang and
Lo 2018). Repeated intravitreal injection is associated with
a risk of infectious endophthalmitis, with an incidence per
patient of 0.019-1.6%, and ocular haemorrhage is always
a small but serious risk associated with intravitreal injec-
tion (Falavarjani and Nguyen 2013). There may also be a
low risk (0-0.67%) of rhegmatogenous retinal detachment
after intravitreal anti-VEGF injection, possibly due to the
mechanical forces associated with the injection (Falavarjani
and Nguyen 2013). Furthermore, tractional retinal detach-
ment develops or progresses following anti-VEGF therapy in
about 5.2% of cases (Falavarjani and Nguyen 2013). While a
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transient rise in intraocular pressure is inevitable with intra-
vitreal injection, anti-VEGF therapy may result in sustained
pressure elevations via a number of proposed mechanisms
(Falavarjani and Nguyen 2013). There is also concern over
the effect of repeated anti-VEGF treatment on choroidal ves-
sels which require VEGFA stimulation from the RPE for
survival (Kusuhara et al. 2018). Moreover, anti-VEGF treat-
ment fails in a significant proportion of cases for numerous
reasons including pharmacokinetic and patient factors, but
may also be partly explained by the fact that about one-third
of patients with PDR have undetectable levels of VEGF in
their vitreous fluid, suggesting VEGF-independent pathways
are driving the pathogenesis in this subset of patients (Vujo-
sevic and Simo 2017).

For anti-inflammatory therapy, intravitreal corticoster-
oids effectively suppress a wide range of mediators causing
diabetic macular oedema, including VEGF, TNF-a, IL-1p,
and chemokines (Wang and Lo 2018). They also inhibit
molecules that promote leucostasis and downregulation
of EC tight junctions, which otherwise would lead to BRB
disruption and increased vascular permeability. Intravitreal
corticosteroids, such as triamcinolone, fluocinolone, and
dexamethasone, rapidly decrease macular oedema with asso-
ciated improvement in visual acuity (Kim et al. 2019). How-
ever, due to their short-term and transitory efficacy, and high
incidence of adverse effects such as cataract formation and
glaucoma, corticosteroids are generally used as a second-line
option for patients who prove to be refractory to anti-VEGF
therapy (Kusuhara et al. 2018; Wang and Lo 2018).

Looking forward, while new anti-VEGF drugs are being
developed, with increased duration of action being a par-
ticularly desirable characteristic, other options which may
offer complementary effects are being investigated. Reduc-
ing EC sensitivity to pro-angiogenic and pro-inflammatory
stimuli including VEGF and TNF-a by modulating the
Ang2/Tie2 pathway is a promising therapeutic strategy with
numerous agents already developed and some encouraging
results arising from phase 2 clinical trials (Rubsam et al.
2018). AKB-9778, a small-molecule antagonist of vascular
endothelial-protein tyrosine phosphatase (VE-PTP) which
blocks inactivation of Tie2, has been shown to significantly
reduce central subfield thickness in patients with diabetic
macular oedema when combined with ranibizumab therapy
compared with ranibizaumab monotherapy (Campochiaro
and Peters 2016). Another phase 2 trial demonstrated the
safety and efficacy of faricimab, a dual inhibitor of Ang2
and VEGF-A, achieving superior visual acuity gains (and
improved secondary outcome measures) versus ranibizumab
in treatment-naive patients with diabetic macular oedema
(Sahni et al. 2019). The RUBY study (ClinicalTrials.gov
ID NCT02712008), however, failed to show superiority of
REGN910-3, a combination of antibodies blocking VEGF
and Ang2, over aflibercept monotherapy. Given aflibercept

is now considered the gold standard for treatment of dia-
betic macular oedema, a trial comparing faricimab versus
aflibercept would be useful. Furthermore, trials investigating
the effects of increasing, or potentiating the effects of, Tie2
agonists, with the goal of counterbalancing the increase in
Ang?2 and decrease in pericyte-derived Angl, appears indi-
cated (Whitehead et al. 2019).

Semaphorin 3A and 3E may offer therapeutic potential in
mitigating endothelial dysfunction in DR. Neuron-derived
semaphorin 3E causes retraction of endothelial filopodia,
and low levels of this protein have been identified in the
aqueous fluid of human eyes with PDR (Kwon et al. 2015).
Augmenting chemorepulsive signals such as this may pre-
vent aberrant angiogenesis. This hypothesis is yet to be
tested. Conversely, Semaphorin 3A, which is induced in
early diabetes, has been shown to cause iBRB breakdown
in a diabetic mouse model (Cerani et al. 2013). The potential
therapeutic effects of blocking Semaphorin 3A in DR have
yet to be investigated in human trials. Semaphorin 3A is of
particular interest given is potential to protect the BRB in
the early stages of diabetes.

Looking beyond corticosteroids, alternative anti-inflam-
matory strategies are being investigated in the context of
DR. Inhibition of COX-2 reduces ICAM-1 expression and
leucostasis, the injurious effects of TNF-a and VEGEF, vas-
cular leakage, and capillary endothelial apoptosis (Nasral-
lah et al. 2016; Zhang et al. 2011). The selective COX-2
inhibitor, rofecoxib, also causes an anti-angiogenic response
in the DR retina (Wilkinson-Berka et al. 2003). Unfortu-
nately, their off-target adverse effects such as heart attack
and stroke, have precluded their systemic use in human
clinical trials (Zhang et al. 2011). Mice deficient in 5-LOX
have decreased retinal capillary degeneration and reduced
neovascularisation in DR models, therefore, suggesting
5-LOX inhibition as a potential pathway for therapeutic
intervention (Talaballi et al. 2010). Antibodies against the
pro-inflammatory cytokine IL-6 (EBI-031) and its receptor
(tocilizumab), have been developed, with phase 1 clinical
trials planned. Antibody neutralisation of ICAM-1, or its
leucocyte receptor CD18, has been shown to inhibit retinal
leukocyte-endothelial cell adhesion and acellular capillary
formation in an animal model (Joussen et al. 2001).

Neutralising antibodies to TNF-a (infliximab) and IL-1p
(canakinumab) have also been investigated. Infliximab was
evaluated in a small phase 3 study including patients with
laser photocoagulation-resistant diabetic macular oedema
(Sfikakis et al. 2010). Infliximab treatment was well toler-
ated, and visual acuity was 24.3% greater in infliximab-
treated eyes compared to placebo-treated eyes. Larger
trials of longer duration are indicated. The effect of canaki-
numab on retinal neovascularisations in PDR was invested
in a phase 1 study (Stahel et al. 2016). Systemic treatment
showed stabilisation but no regression of neovascularisation,
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but did result in reduced retinal oedema, falling short of
statistical significance with only six participants enrolled in
the study. Treatment was also associated with a significant
decrease in HbA |, which is likely to have multiple benefits
if maintained long-term in diabetic patients. Further study
of canakinumab is warranted.

Tetracycline antibiotics, via their immunomodulatory and
neuroprotective effects through inhibition of nitric oxide,
cyclooxygenases, prostaglandins, IL-1p, TNF-a and cas-
pases, have been investigated in small phase I/II trials with
mixed results. In a phase 2 study, Scott et al. (2014a, b)
investigated whether oral doxycycline could improve or slow
the development of retinal dysfunction, or induce regression
or slow progression of DR in patients with mild to moder-
ate NPDR over a 24 month period. No significant treatment
effect was determined. This was in contrast to a proof-of-
concept trial of oral doxycycline in patients with severe
NPDR or non-high risk PDR, which demonstrated signifi-
cantly improved foveal sensitivity in the treatment group
relative to placebo (Scott et al. 2014b). The authors sug-
gested the discrepancy in findings might relate to doxycy-
cline having differing effects at different stages of DR, with
more efficacy in the later stages which are associated with
more inflammation. Small sample size may also account
for the negative outcome. Oral minocycline has also been
evaluated in a phase 1/2 trial for efficacy in diabetic macular
oedema (Cukras et al. 2012). This small trial demonstrated a
positive treatment effect in terms of visual function, central
macular oedema, and vascular leakage within the six month
follow-up period. Larger studies are indicated to evaluate the
efficacy of tetracyclines in the treatment of DR.

MCP-1 knockout diabetic mice demonstrate signifi-
cantly reduced levels of retinal vascular leakage and BRB
dysfunction compared to mice expressing MCP-1, suggest-
ing MCP-1 blockade as an important therapeutic target in
diabetic macular oedema (Rangasamy et al. 2014). MCP-1
receptor antagonism has been evaluated for efficacy in man-
agement of diabetic nephropathy with positive results (Yap,
Frankel and Tam 2017); however, no studies have evaluated
selective MCP-1 blockade in the context of DR. Research
into this potential therapeutic target in DR is warranted.
Since activated pericytes express numerous pro-inflamma-
tory mediators shared with leukocytes and ECs, some of
the aforementioned therapeutic effects of anti-inflammatory
therapy are likely also occurring at the pericyte level of the
rNVU.

Retinal pericyte depletion in DR is associated with BRB
disruption, increased vascular permeability, perivascular
leucocyte infiltration, and inflammation (Kusuhara et al.
2018). Therefore, preservation of retinal pericytes could
help to restore BRB homeostasis and ameliorate these effects
(Kusuhara et al. 2018). A number of drugs have been inves-
tigated for this purpose. The drug fenofibrate, a peroxisome
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proliferator-activated receptor o agonist (PPARa), for exam-
ple, has been shown to decrease pericyte depletion and ame-
liorate retinal acellular capillary formation in DR (Ding et al.
2014). Furthermore, fenofibrate treatment in the Fenofibrate
Intervention and Event Lowering in Diabetes (FIELD) clini-
cal trial was associated with less retinopathy needing laser
treatment, albeit in post-hoc and secondary analysis (Keech
et al. 2007). Somatostatin has been demonstrated to favour-
ably modulate apoptotic/survival pathways in human retinal
pericytes during microglia-mediated inflammation (Mazzeo
et al 2017). Furthermore, B-agonists, via protein kinase B
activation in pericytes, appear to have a pro-survival effect
on pericytes and reduce EC permeability in the diabetic
murine retina (Yun et al. 2018). The development of neu-
tralising antibodies to pericyte-reactive autoantibodies may
also represent a promising therapeutic strategy.

The possibility that, like brain pericytes, retinal pericytes
have pluripotential, MSC-like characteristics, suggests that
they could be used to promote repair of retinal tissue (Trost
et al. 2016). Transplantation of human adipose tissue-
derived pericytes, for example, may protect against DR by
adopting a pericyte morphology and providing vascular sup-
port (Mendel et al. 2013). Controlling pro-apoptotic peri-
cyte factors, in concert with transplantation, could provide
a robust management strategy for mitigating the microvas-
culopathy of DR.

Other therapeutic agents have been developed for the
management of DR. MTP-131, a peptide targeting the mito-
chondrial phospholipid, cardiolipin, has been shown to atten-
uate mitochondrial oxidative stress and seemingly reduce
apoptosis of retinal neurons in vitro, and has been shown
to reverse visual decline in a diabetic mouse model (Alam
et al. 2015; Chen et al. 2017). Alpha-lipoic acid (ALA), a
mitochondrial antioxidant, has been shown to reduce reti-
nal endothelial cell loss and preserve pericyte coverage of
retinal capillaries in rat diabetic models, but was ineffec-
tive in preventing the occurrence of clinically significant
macular oedema in a phase 3 trial (Kowluru and Odenbach
2004; Lin et al. 2006; Haritoglou et al. 2011). ARA290, an
erythropoietin-derived peptide, was demonstrated to limit
neuroglial and vascular degeneration in a diabetic rat model
without exacerbating neovascularisation (McVicar et al.
2011). Lipoprotein-associated phospholipase A2 (Lp-PLA2)
inhibitor, darapladib, taken orally, has been demonstrated to
afford modest gains in vision and improvements in macular
oedema in a phase 2a trial, possibly through suppression of
BRB breakdown (Staurenghi et al. 2015).

In conclusion, DR is both a microvascular disease, in
which marked pericyte depletion is an early and distinctive
pathological feature, and a chronic, low-grade inflammatory
disorder. The diabetic hyperglycaemic environment provokes
an increased local and systemic expression of inflammatory
mediators (cytokines, chemokines, and growth factors), all
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of which help to create a pro-inflammatory milieu that fos-
ters the development and progression of DR. The patho-
genesis of DR is complex and multifactorial, providing
strong rationale for the use of multiple therapeutic strate-
gies. Current strategies are largely limited to the late stages
of DR when significant and likely irreversible damage has
occurred. Accordingly, pharmacological strategies that
address the early pathological events by controlling inflam-
mation and preventing or reducing microvascular degenera-
tion are highly desirable.
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