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Abstract

In response to injury, reparative processes are triggered to restore the damaged tissue; however,
such processes are not always successful in rebuilding the original state. The formation of fibrous
connective tissue is known as fibrosis, a hallmark of the reparative process. For fibrosis to be
successful, delicately balanced cellular events involving cell proliferation, cell migration, and
extracellular matrix (ECM) remodeling must occur in a highly orchestrated manner. While
successful repair may result in a fibrous scar, this often restores structural stability and
functionality to the injured tissue. However, depending on the functionality of the injured tissue, a
fibrotic scar can have a devastating effect. For example, in the retina, fibrotic scarring may
compromise vision and ultimately lead to blindness. In this review, we discuss some of the retinal
fibrotic complications and highlight mechanisms underlying the development of retinal fibrosis in
diabetic retinopathy.
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Introduction

Fibrosis is an intricate, reparative process that develops in response to acute or chronic
injury. It requires a normally functioning vascular network, and its success in restoring the
damaged tissue depends at least in part on the proper remodeling of extracellular matrix
(ECM). Following injury-induced release of chemotactic agents, the vascular system
facilitates timely recruitment of appropriate inflammatory cells to mediate the reparative
process and facilitate synthesis and remodeling of new ECM. However, if the new ECM
deposition is altered and leads to disturbed tissue architecture, it can contribute to a
compromised fibrotic process. Additionally, the success of the reparative process and
restoration of the functionality of the damaged tissue is, at least in part, dependent on the
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location of such fibrotic processes (Yang et al. 2013). In the retina, for example, the location
of the damaged area can profoundly affect retinal functionality and visual acuity.

The involvement of fibroblasts in the fibrotic process is well established. Fibroblasts exist
ubiquitously in connective tissues extrinsic to the central nervous system (CNS) and are
distinct from epithelial cells in that they are nonpolar and are not bound to the basal lamina
unilaterally, allowing migratory ability across surfaces. A primary function of fibroblasts is
to respond to injury by synthesizing various ECM components including collagens, elastic
fibers, glycosaminoglycans, and glycoproteins, and thereby mediating a reparative process.
The glial cells, particularly the Muller cells, mediate the tissue-healing response in the
retina, much like the fibroblasts in non-CNS tissue.

Cell proliferation, ECM expansion, and neovascularization are key steps in the development
and progression of proliferative diabetic retinopathy (PDR) (Ban and Twigg 2008). These
events are typically growth factor-driven in response to hypoxia and inflammatory insults,
and they promote the formation of fibrotic tissue on the retinal surface or in the vitreous
cavity (Friedlander 2007, Ban and Twigg 2008). Ultimately, the tractional forces generated
by the fibrotic process during neovascularization result in the separation of the inner
neurosensory retina from the outer retinal pigment epithelium (RPE) resulting in retinal
detachment (Yang et al. 2008). Although it is unclear which cell types participate in
generating tractional force contributing to retinal detachment in PDR, Miiller cells are
known to produce stress fibers that are well established in providing mechanical strength to
the retinal detachment process (Guidry et al. 2003).

Two types of fibrotic tissues, fibrovascular proliferative tissue and avascular proliferative
tissue, can develop in patients with PDR and contribute to retinal detachment (McMeel
1971). Fibrovascular proliferative tissue is formed when abnormal new vessels grow during
PDR on the retinal surface. Avascular proliferative tissue is less common and consists of
amorphous avascular membranes. Of the three types of retinal detachment, rhegmatogenous,
traction, and exudative, PDR is most often associated with traction retinal detachment.
During traction retinal detachment, the scar tissue on the retinal surface “pulls” at the retina,
detaching it from the underlying layer, whereas during rhegmatogenous retinal detachment,
retinal tears develop allowing fluid accumulation in the subretinal space (Humphrey et al.
1993). This fluid together with the tractional force of the vitreous on the retina can promote
retinal detachment.

Histopathology of retinal fibrosis

Histopathologic studies of PDR have demonstrated that fibrovascular proliferative tissue and
avascular proliferative tissue are closely associated with the development of PDR.
Fibrovascular proliferative tissue is most common and histological studies indicate that new
vessels originating and extending from the superficial plexus or capillaries of the retina often
develop within the fibrous network (McMeel 1971). The extension of the newly formed
vessels and the appearance and progression of contracture of connective tissue is believed to
contribute to retinal fibrosis (Dobree 1964). In the early stages of retinal fibrosis, abnormal
new vessels proliferate devoid of fibrotic tissue, followed by an intermediate stage in which
translucent fibrotic connective tissue progressively fills the intervascular spaces, resulting in
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the formation of a dense, white, avascular scar in the late stage. The fibrovascular
proliferative tissue expands peripherally from its origin, while avascular proliferative tissue
is typically a thin membrane that extends from the edges of fibrovascular proliferation
(McMeel 1971). Of note, fibrotic tissue may also develop secondary to iatrogenic
intervention, typically at sites of therapeutic treatment such as photocoagulation, especially
in areas of flat neovascularization (McMeel 1971).

Miller cells mediate retinal fibrosis

Retinal Muller cells play an important role in retinal fibrosis by participating in the
maintenance of retinal homeostasis (Reichenbach et al. 1993, Newman and Reichenbach
1996, Mizutani et al. 1998, Bringmann and Reichenbach 2001); however, following retinal
injury, disturbed homeostatic balance activates Maller cells resulting in increased cell
proliferation, cellular shape change, and vascular endothelial growth factor (VEGF)
production (Humphrey et al. 1993, MacLaren 1996, Amin et al. 1997, Reichenbach et al.
1997, Dyer and Cepko 2000). Miller cells are reported to assume the role of fibroblasts,
which likely do not exist in the retina (Friedlander 2007). Importantly, the Miller cells,
astrocytes, and microglia together with the vascular cells participate in the fibrotic process
(Bringmann and Reichenbach 2001, Guidry 2005, Friedlander 2007, Yang et al. 2013).

Apart from Miiller cells, astrocytes and microglial cells contribute to retinal fibrosis as well.
A study suggests that in the mouse retina, astrocytes act as a proangiogenic cell type in the
retinal vascular system because they are capable of producing VEGF and fibronectin, and
contribute to retinal angiogenesis in retinal fibrosis (Uemura et al. 2006). Additionally,
much like Miller cells astrocytes express intermediate filament, glial fibrillary acid protein
(GFAP) in response to injury (Lewis and Fisher 2003). Another study reported that
microglia in human diabetic retina expresses CTGF, which promotes ECM formation,
fibrosis, and angiogenesis (Kuiper et al. 2004).

Although Miiller cell-mediated fibrosis is essential for retinal repair, this process may also
contribute to the progression of diabetic retinopathy (Amin et al. 1997, Lieth et al. 1998,
Dyer and Cepko 2000, Friedlander 2007, Yafai et al. 2013) (Figure 1). In PDR, increased
vitreal insulin-like growth factor-1 (IGF-1) upregulates hypoxia-inducible factor-1[.alpha]
(HIF-1[.alpha]) (Grant et al. 1993, Meyer-Schwickerath et al. 1993, Boulton et al. 1997,
Poulaki et al. 2004, Jiang et al. 2013, Tarr et al. 2013). Hypoxic Miiller cells increase the
stability of HIF-1[.alpha] and induce its nuclear localization (Xin et al. 2013), leading to
VEGF overexpression (Rodrigues et al. 2013). HIF-2[.alpha] has also been implicated in the
activation of Miller cells and their response to hypoxia (Mowat et al. 2010). As such, the
HIF factors mediate Miiller cell activation. Miiller cells respond to hypoxia by expressing
increased levels of VEGF and basic fibroblast growth factor (bFGF) (Ai et al. 2013,
Rodrigues et al. 2013, Xin et al. 2013, Yafai et al. 2013), which together promote retinal
neovascularization (Cheng et al. 1998). Growth of aberrant vasculature on the retinal surface
promotes retinal gliosis inducing tractional forces, which significantly increases the risk of
retinal detachment and subsequent vision loss (Guidry 2005, Friedlander 2007, Morello
2007).
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Muiller cell activation represents one of the earliest steps in the pathogenesis of diabetic
retinopathy (Nork et al. 1987, Robison et al. 1990, Amin et al. 1997). Targeting cyclin D
and p27XiP1 modulators of Miiller cell activation, could regulate the progression of fibrosis
in diabetic retinopathy, since activation of Mdller cells is an early step in both processes
(Dyer and Cepko 2000). In cases of chronic or severe exposure to stress, Miller cells
undergo “massive gliosis” (Bringmann and Reichenbach 2001, Guidry 2005), which
represents significant cell proliferation and subsequent formation of “gliotic scars” both
within the retina and on the subretinal and epiretinal surfaces (Guidry 2005). Since diabetic
retinopathy is a long-term complication, the likelihood of massive gliosis due to chronic
hyperglycemia may increase (Sueishi et al. 1996, Amin et al. 1997).

Inflammation in retinal fibrosis

Inflammation promotes fibrovascular scarring primarily by contributing to the process of
angiogenesis. IL-8 and TNF-a, angiogenic inflammatory cytokines, increase endothelial cell
proliferation and promote angiogenesis, which in turn, contributes to diabetes-related retinal
fibrosis (Friedlander 2007). A study demonstrated that upregulation of thioredoxin-
interacting protein (TXNIP), a proinflammatory and proapoptotic protein plays a significant
role in promoting retinal injury in the diabetic retina. The results correlated with induction of
sclerotic fibronectin, which facilitates retinal angiogenesis and fibrosis. Furthermore,
blockade of TXNIP ameliorated retinal fibrosis in diabetic rats (Perrone et al. 2010).
Interestingly, toll like receptors 2 and 4, which are part of the innate immune system, play a
significant role in subretinal fibrosis formation (Yang et al. 2013). IL-10, an anti-
inflammatory cytokine, has also been shown to play a role in reducing subretinal fibrosis,
which implicates inflammation as an underlying cause of fibrosis (Yang et al. 2013).

Connective tissue growth factor (CTGF), a critical mediator in retinal fibrosis

In patients with PDR, overexpression of CTGF and subsequent increased levels in the
vitreous has been reported (Tikellis et al. 2004, Kuiper et al. 2007, Abu El-Asrar et al. 2012,
Hu et al. 2014). CTGF acts as a downstream mediator of transforming growth factor-8
(TGF-B), which promotes pro-fibrotic effects. In PDR, both VEGF and CTGF participate in
promoting neovascularization and subsequent fibrosis; however, the mechanisms underlying
theses processes are not well understood. A negative feedback mechanism between these
two factors has been identified in which VEGF upregulates CTGF, which in turn inhibits
VEGF production (Kuiper et al. 2008). This negative feedback allows for a balance between
the two growth factors and drives the transition from the angiogenic phase to the fibrotic
phase, a process known as the “angiofibrotic switch” (Kuiper et al. 2008). The balance
between these two phases is critical in understanding how the anti-VEGF agent,
bevacizumab, decreases neovascularization but may also induce fibrosis, as evident from the
development of fibrotic membranes. Taken together, these findings suggest that VEGF and
CTGF work together in facilitating retinal fibrosis in PDR (Kuiper et al. 2008).

Similarly, ranibizumab, another anti-VEGF agent, lowers VEGF level but also elevates
CTGF level (Hu et al. 2014). A dual-therapy approach was tested against VEGF and CTGF
in the diabetic rat retina using ranibizumab with CTGF siRNA, which normalized both
targets and markedly improved the ultrastructure of the retinal microvessels (Hu et al. 2014).
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Although the functions of VEGF and CTGF appear integrated, each has their own distinct
actions (Kuiper et al. 2007). Studies indicate that the degree of fibrosis in vitreoretinal
disorders is at least in part dependent on CTGF activity, which makes CTGF a potential
therapeutic target for preventing vitreoretinal scarring and progression of fibrosis in PDR
(Kuiper et al. 2006, Kuiper et al. 2007, Kuiper et al. 2008). Towards developing this type of
target, a novel angiogenic inhibitor has been shown to be effective in reducing CTGF
activity at the post-translational level in human endothelial cells (Kondo et al. 2006).

Retinal fibrosis secondary to treatment against diabetic retinopathy

Panretinal photocoagulation (PRP) and anti-VEGF intravitreal injections are the current
mainstay of treatment modalities to reduce vascular complications of diabetic retinopathy.
Numerous studies have analyzed the short- and long-term beneficial effects of these
interventions in patients with diabetic macular edema (DME) or diabetic retinopathy
(Friedlander 2007, Sinawat et al. 2013, Alasil and Waheed 2014, Chhablani et al. 2014,
Ferenchak et al. 2014, Nitta et al. 2014, Oh et al. 2014, Parikh et al. 2014, Regnier et al.
2014, Stefanini et al. 2014). With the popularity of PRP and anti-VEGF therapies on the
rise, iatrogenic subretinal fibrosis (SRF) has emerged as a significant concern (Guyer et al.
1992, Batman and Ozdamar 2010). SRF develops following laser treatment of the retina of
patients with DME (Guyer et al. 1992, Han et al. 1992). Interestingly, patients with severe
hard exudates from long-standing diabetic retinopathy were found to be most susceptible to
developing SRF following PRP. Although side effects may arise due to PRP, the
significance of these detrimental effects remains unclear.

Other types of ocular fibrosis

Fibrosis in the cornea exhibits some similarity in etiology compared to retinal fibrosis. For
example, both types of fibrosis typically develop in response to chronic inflammation or
disease. In addition, both the cornea and retina undergo common wound-healing processes
including injured tissue removal, cell proliferation and migration, cytokine-mediated
interactions, and aberrant remodeling of the underlying ECM. Importantly, the salient
features of corneal and retinal fibrosis retain specific distinctions. For example,
neovascularization is a major contributory factor in retinal fibrosis; however, the cornea is
an avascular tissue, and corneal fibrosis therefore does not involve neovascularization. This
lack of vascularity may account for slower healing in the cornea compared to the retina.
However, the cornea has one layer known as the Descemet's membrane, which is able to
regenerate to full functioning capacity, unlike any part of the retina. Corneal fibroblasts are
known as keratocytes, which become activated in response to injury; similarly, the retina
contains Muller cells, which are fibroblast-like glial cells activated in response to injury.
Ultimately, if the cornea is scarred centrally, this can lead to vision loss, the common
endpoint seen in retinal fibrosis as well (Wilson et al. 2012). Diabetes is risk factor for other
ocular conditions such as glaucoma. Briefly, in late stage diabetic retinopathy, progressive
fibrosis of the trabecular meshwork and iris (rubeosis iridis) affects the outflow of aqueous
humor leading to glaucoma (Wilkinson-Berka 2004, Friedlander 2007).
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Treatment modalities for retinal fibrosis

Potential inhibitory strategies for prevention of retinal fibrosis in PDR include the use of
statins, steroids, and inhibitors of VEGF, CTGF, and angiotensin converting enzyme (ACE)
(Figure 2). Dual suppression of pro-angiogenic VEGF and CTGF improves retinal
vasculature integrity and facilitates a decrease in fibrosis in the diabetic rat retina (Hu et al.
2014). Additionally, the CTGF inhibitor SERPINA3K, reduces retinal ECM production,
fibrogenic activity, and angiogenesis via the Wnt/R-catenin pathway in the diabetic rat retina
(Zhang et al. 2010). Moreover, CTGF-siRNA decreased ECM components, laminin $1 and
collagen IVa3 mRNA in the diabetic rat retina (Winkler et al. 2012).

The ACE inhibitor perindopril reduces VEGF expression in the diabetic rat retina, and
directly inhibits neovascularization-mediated fibrosis. Additionally, ACE inhibitors can
block the renin-angiotensin system, which is known to promote proliferation, inflammation,
and fibrosis (Gilbert et al. 2000, Steckelings et al. 2009). Similarly, statins or HMG Co-A
reductase inhibitors have anti-VEGF and anti-inflammatory properties and can exhibit anti-
fibrotic action (Weis et al. 2002). Also, simvastatin, which reduces blood retinal barrier
breakdown by suppressing VEGF-induced ICAM-1 expression in the diabetic retina has
anti-fibrotic property (Miyahara et al. 2004, Fernandes et al. 2014). Pre- and post-intraocular
injection of triamcinolone, a steroid, reduces VEGF and thereby causes regression of pre-
retinal neovascularization (Brooks et al. 2004). Taken together, these results indicate that
several treatment strategies are being currently tested against retinal fibrosis and a novel
drug may soon be discovered.

Conclusion

Retinal fibrosis is closely associated with the development of PDR and is characterized by
the presence of newly formed blood vessels often accompanied by a fibrous tissue spreading
along the inner surface of the retina, across the optic disc, or extending into the vitreous
cavity (Ryan et al. 2004). Clinical studies have identified fibrotic membranes in PDR to
exhibit uncontrolled growth and cause serious complications including retinal detachment,
thereby contributing to vision loss. While retinal neovessels are the primary target of clinical
interventions in PDR, retinal fibrosis is another confounding factor for which therapeutic
strategies are limited. A variety of potential inhibitory modalities are being investigated for
prevention of proliferative fibrotic membranes associated with PDR, including angiotensin
converting enzyme inhibitors, VEGF inhibitors, CTGF inhibitors, statins, and steroids
(Figure 2). Additionally, future strategies are needed to target abnormal ECM remodeling
and BM thickening, as these factors play a critical role in the development and progression
of fibrotic membranes in PDR. While further clinical and basic research is necessary to
better understand the pathobiology underlying retinal fibrosis, the recent advances hold
promise towards prevention of retinal fibrosis associated with diabetic retinopathy.
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Appendix A
Abbreviations used in the article.
ABBREVIATIONS FULL NAME
ACE Angiotensin Converting Enzyme
bFGF Basic Fibroblast Growth Factor
BM Basement Membrane
CNS Central Nervous System
CTGF Connective Tissue Growth Factor
Cx43 Connexin 43
DME Diabetic Macular Edema
ECM Extracellular Matrix
GFAP Glial Fibrillary Acid Protein
HIF Hypoxic Inducible Factor
HMG Co-A Hydroxy Methyl Glutaryl Coenzyme A
IGF-1 Insulin-like Growth Factor-1
PDR Proliferative Diabetic Retinopathy
PRP Panretinal Photocoagulation
SERPINA3K Serine Protease Inhibitor A3K
SRF Subretinal Fibrosis
TGF-$ Transforming Growth Factor Beta
VEGF Vascular Endothelial Growth Factor
TXNIP Thioredoxin-Interacting Protein
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Highlights

« Retinal fibrosis is usually a late stage occurrence associated with PDR.
« Activated Muller cells, the glial cells of the retina, facilitate retinal fibrosis.
» Interactions of various growth factors promote retinal fibrosis.

e  The effect of PRP and anti-VEGF therapy may contribute to retinal fibrosis.
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Figure 1.
A schematic flowchart showing potential effects of diabetes or hyperglycemia on retinal

fibrosis and vision loss in diabetic retinopathy. Diabetes and associated hyperglycemia can
increase serum and vitreous levels of IGF-1, an angiogenic neuroprotective factor. IGF-1,
hypoxia, and inflammation are all contributing factors, which can increase HIF-1a level.
Upregulation of HIF-1a is known to contribute to Muller cell activation and induce
angiogenic factors VEGF and bFGF that aid in the development and progression of
neovascularization, which contributes to retinal fibrosis. The combined effect of new
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abnormal blood vessel growth and retinal fibrosis generates tractional forces, which pull on
the retina, contributing to retinal detachment and subsequent vision loss, in diabetic
retinopathy.
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Diagram illustrating the development of retinal fibrosis in diabetic retinopathy and potential
inhibitory strategies for prevention of proliferative fibrotic membranes associated with PDR.
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