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During the last four decades, proliferative vitreoretinopathy (PVR) has defied the efforts of many re-
searchers to prevent its occurrence or development. Thus, PVR is still the major complication following
retinal detachment (RD) surgery and a bottle-neck for advances in cell therapy that require intraocular
surgery. In this review we tried to combine basic and clinical knowledge, as an example of translational
research, providing new and practical information for clinicians. PVR was defined as the proliferation of
cells after RD. This idea was used for classifying PVR and also for designing experimental models used for
testing many drugs, none of which were successful in humans. We summarize current information
regarding the pathogenic events that follow any RD because this information may be the key for un-
derstanding and treating the earliest stages of PVR. A major focus is made on the intraretinal changes
derived mainly from retinal glial cell reactivity. These responses can lead to intraretinal PVR, an entity
that has not been clearly recognized. Inflammation is one of the major components of PVR, and we
describe new genetic biomarkers that have the potential to predict its development. New treatment
approaches are analyzed, especially those directed towards neuroprotection, which can also be useful for
preventing visual loss after any RD. We also summarize the results of different surgical techniques and
clinical information that is oriented toward the identification of high risk patients. Finally, we provide
some recommendations for future classification of PVR and for designing comparable protocols for
testing new drugs or techniques.

© 2015 Elsevier Ltd. All rights reserved.
1. PVR: concept and pathogenesis

Proliferative vitreoretinopathy (PVR) is a term coined by the
Retina Society Terminology Committee (Committee, 1983) for
describing a complication that can follow rhegmatogenous retinal
detachments (RD). It is still the major cause of failure after RD
surgery, and no relevant advances in clinical management have
been made since the initial description (Pennock et al., 2014a). PVR
is estimated to occur in 5e10% of all RD cases. While it can occur
before surgery, it more commonly occurs after any surgical inter-
vention for RD (Pastor et al., 2002; Pennock et al., 2014a) (Fig. 1).
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According to the original description, PVR was characterized by
the growth of membranes on both surfaces of the detached retina
and on the posterior hyaloids (Committee, 1983). Posterior
contraction of these membranes causes distortion of the retina and
keeps it detached, transforming a rhegmatogenous RD into a trac-
tional one. The pathogenesis of this complication is divided into
several steps: 1) migration of cells, mainly retinal pigment
epithelial (RPE) and glial cells; 2) proliferation of the migrating
cells; 3) membrane development; 4) contraction of the cellular
membrane; 5) extracellular collagen production; and 6) creation of
fixed folds in the retina. The authors emphasized that cellular
proliferation was the essential point of this disorder.

Based on the idea that cellular proliferation is the main feature
of PVR, many researchers have tried for more than 40 years to solve
the problem by inhibiting the proliferation of cells. Nevertheless,
the problem remains unsolved, and we believe it is time to revise
retinopathy: A new concept of disease pathogenesis and practical
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Fig. 1. Funduscopic image showing full-thickness retinal folds (star fold) and subtotal
RD in a patient with history of chronic RD and PVR. Fold is created by an epiretinal
membrane (epiretinal PVR). Patient was solved by simple 25G PPV and membrane
peeling.
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our understanding of the pathogenesis of PVR. In doing so, we can
now focus on some other mechanisms involved in RD and in PVR
with the aim of finding a useful prophylaxis or treatment for this
complication.

Our personal approach is different from the original description
of the pathogenic origins as it is based on several questions that we
have asked during the last 15 years. First, if PVR appears after a RD,
why are the events elicited in any RD, which include ischemia,
photoreceptor death, astrocyte reactivity and others, not incorpo-
rated into the pathogenesis concept of PVR? Second, are RPE cells
really the main effectors of PVR, or are there some other cell types
that are more relevant for the characteristic tissue changes
observed in this complication? Third, do the classification schemes
in the literature have any real value for establishing the efficacy of
the medical interventions? Fourth, because the pathogenesis of
PVR is so poorly understood, what is the real value of experimental
models that are mainly based on the original ideas of cell prolif-
eration into the vitreous cavity?

We have structured this major review to provide updated in-
formation on all of these questions by using not only the reference
databases, but also the vast experience of The Retina Group, IOBA
(Eye Institute), University of Valladolid, Valladolid, Spain, both in
clinical management and in PVR research (Pastor, 1998; Pastor
et al., 2002; Rojas et al., 2015).
1.1. Mechanisms of tissue damage triggered by RD

Due to the scarcity of human tissue samples in the early stages of
RD, most of our knowledge derives from experimental models. In
the late 1960's, Machemer initiated a series of experimental RD
studies in owl monkeys to understand the tissue changes
(Machemer, 1978). Early alterations included intraretinal edema
(mostly in the inner nuclear layer), disorganization of the photo-
receptor outer segments, enlargement of some RPE cells that
separate from Bruch's membrane, and reactivity of Müller and
other glial cells (Geller et al., 2001; Ghazi and Green, 2002). These
changes have been reproduced in other animalmodels (Fisher et al.,
1995, 2005; Lewis et al., 1994; Lewis et al., 2005; Linberg et al.,
2002). Our group has documented similar changes in organotypic
cultures of pig and human neuroretinas (Fernandez-Bueno et al.,
2012, 2008). These models have the potential to be useful in
analyzing early changes after RD and to test some possible treat-
ments (Fernandez-Bueno et al., 2012, 2008) (Figs. 2,3).
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When the retina separates from the RPE, the outer retinal layers
become ischemic. Surprisingly, despite the high metabolic de-
mands of the neural retina, detachment from the choroidal vascular
supply does not lead to immediate neuron death. Intrinsic protec-
tive mechanisms are activated during the early stages of RD. Spe-
cifically, stress-response genes and signaling pathways are
activated that enable the photoreceptors to survive the acute phase
of RD (Zacks et al., 2006). The breakdown of these protective
mechanisms leads to the cell death, principally by apoptosis (Cook
et al., 1995; Ghazi and Green, 2002).

Apoptosis has two major signaling cascades, the extrinsic and
intrinsic pathways, both involving caspases, and leading to DNA
fragmentation and cell death (Lo et al., 2011). Initiation of the
apoptotic response may be mediated in part by the release of cy-
tokines from the stressed and damaged tissues. The chemotactic
properties of the cytokines can attract and activate macrophages
and microglia. Activation of these cell types can then generate
oxidative stress that could contribute to the cytotoxic effect on the
photoreceptors after RD (Lo et al., 2011).

Although apoptosis is the principal mechanism of photoreceptor
loss after RD, other cell-death mechanisms also exist (Lo et al.,
2011). Programmed necrosis of photoreceptors also occurs after
RD. Necroptosis, as this form of cell death is known, is mediated by
a receptor-interacting protein (RIP) kinase (Lo et al., 2011;
Murakami et al., 2011; Trichonas et al., 2010).

In this situation, programmed necrosis is less frequent than
apoptosis, but it is enhanced when caspases are inhibited
(Murakami et al., 2011). Another non-apoptotic pathway for cell
death can be triggered by prolonged or excessive stress placed upon
the endoplasmic reticulum. This programmed, endoplasmic retic-
ulum stress-mediated pathway is important in neuronal death in
neurodegenerative disorders and has been identified in experi-
mental RD (Liu et al., 2010). Additionally, autophagy, a form of
cellular recycling, is also upregulated in RD (Chinskey et al., 2014;
Cook et al., 1995).

The pro-survival autophagy pathways inhibit apoptosis
temporarily until the cell eventually dies (Besirli et al., 2011). An
experimental model has demonstrated that photoreceptor nec-
roptosis is associated with the activation of autophagy (Dong et al.,
2014). This finding opens new possibilities for protection of these
neurons by, for example, administration of necrostatin-1, which
down-regulates RIP-1 phosphorylation and the autophagic
biomarker LC-3ll (Dong et al., 2014).

Having a better understanding of the neuronal self-protective
pathways and the self-destructive pathways is essential for devel-
oping new neuroprotective strategies as adjuncts for the surgical
repair of RD (Lo et al., 2011). With careful management and inno-
vative approaches, it may be possible to prevent the development
of PVR altogether.

1.2. Initially, are there any differences between RD and PVR?

As mentioned, PVR is a complex process involving not only
ischemic tissue damage, but also inflammation and proliferation of
several types of cells and the production of local factors (Garweg
et al., 2013; Pennock et al., 2014a). Tissue trauma, as in any RD, is
triggered by the separation of the neuroretina from the RPE. Ac-
cording to our current knowledge on PVR, glial cells initiate the
process as part of a nonspecific tissue repair response that leads to a
remodeling of the retina (Garweg et al., 2013). Soon after RD, RPE
cells de-differentiate into fibroblast- or macrophage-like cell
morphology, driven by factors not yet fully understood. In the
process, contractile cellular or fibrocellular membranes are created,
preventing retinal reattachment. These membranes have been
considered the most characteristic feature of PVR (Garweg et al.,
retinopathy: A new concept of disease pathogenesis and practical
.org/10.1016/j.preteyeres.2015.07.005



Fig. 2. Sections of porcine neuroretina organotypic culture immunostained for glial fibrillary acidic protein (GFAP). In fresh specimens (A), GFAP (glial fibrillary acidic protein) (red)
expression was present in glial cells at the innermost retinal layers. Retinal structure and cellular organization were adequately preserved before culturing. In control cultures at 6
days (B) GFAP expression increased in the glial cells. Some Müller cell branches at the outer nuclear layer (ONL) expressed GFAP. In cultures with external added tumor necrosis
factor alpha (TNFa; C) GFAP was markedly upregulated at 6 days culture. It appeared in Müller cell processes at the ONL and outer limiting membrane. Retinal tissue started to lose
its characteristic organization. DAPI: 40 ,6-diamino-2-phenylindole dihydrochloride staining (blue); ILM: inner limiting membrane INL: inner nuclear layer; OLM: outer limiting
membrane; ONL: outer nuclear layer. Scale bars: 20 mm. Images courtesy of Dr. Ivan Fernandez-Bueno (IOBA, Spain).

Fig. 3. Sections of human neuroretinas organotypic culture immunostained for glial
fibrillary acidic protein (GFAP) and cellular retinaldehyde-binding protein (CRALBP). At
day 0 (A) of culture immunostaining for CRALBP (green) showed Müller cells with
normal morphology. The absence of Müller cell immunostaining for GFAP (red) in-
dicates that these cells were not activated. At day 9 of culture (B) astrocytes had
increased immunoreactivity to GFAP. Müller cells also expressed GFAP at the OLM
level. OS: outer segments; IS: inner segments; OLM: outer limiting membrane; ONL:
outer nuclear layer; INL: inner nuclear layer; ILM: inner limiting membrane. Scale bar:
20 mm. Images courtesy of Dr. Ivan Fernandez-Bueno (IOBA, Spain) and Dr. Nicolas
Cuenca (University of Alicante, Spain).
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2013). However, except for periretinal membrane formation, the
glial hyper-reactivity is not different from the one elicited by any
RD. Thus an as yet unidentified, critical distinctive difference must
be present to direct these events towards a PVR.

Because early changes after RD are difficult to analyze in human
samples, much of our current understanding of PVR development
has been ascertained from experimental models. In some animal,
the retinal architecture and vascularization is different from that in
humans; therefore, some results could not be directly extrapolated.
In cats after experimental RD, photoreceptors degenerate within
Please cite this article in press as: Pastor, J.C., et al., Proliferative vitreo
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24 h (Fisher and Lewis, 2003; Lewis et al., 2003). The degeneration
reaches a peak at 3 days and continues for as long as the retina is
detached. In cats, 80% of photoreceptors are definitively altered
after 3 months of detachment (Erickson et al., 1983); (de Souza
et al., 2012) confirmed these changes in three samples of human
retinal operculums or flaps. They also characterized functional
changes, concluding that RD leads to alteration of the glutamate
pathway.

Two days after RD in cats, rod synaptic terminals withdraw to-
ward the cell bodies, leaving the outer plexiform layer disorganized
(Lewis et al., 2003). At 7 days after DR, many ganglion cells become
immunopositive for neurofilament protein and growth-associated
protein 43. Furthermore, Müller cells quickly become activated.
Fifteen minutes after the retina is detached, the Müller cells pro-
liferate and hypertrophy, reaching a peak 3e4 days after RD, often
extending their processes into the subretinal space.

RD also induces proliferation of some non-neuronal cells,
including astrocytes, endothelial cells, pericytes, and microglia. The
greatest period of proliferation for these cells is between 3 and 4
days after RD (Geller et al., 1995). Some of these changes, e.g.,
proliferation of endothelial cells and pericytes, are reversed by
reattachment, especially if they occur within 1 day (Lewis et al.,
2002). However, other changes are profound and may perma-
nently affect the photoreceptors and glial cells. This could explain
why in some cases the restoration of vision takes months or even
years when the macula has been affected (Lewis et al., 2003).

Rod axon elongation towards the inner retina, formation of
epiretinal membranes, Müller cell growth into the subretinal space,
and stimulation of Müller cell growth into the vitreal surface of the
retina after retina reattachment are events also identified in
experimental models of RD.

While these events could be part of PVR pathogenesis (Lewis
et al., 2003), they are also present after any RD, including those
that do not have the distinctive characteristics of PVR.
1.3. The role of RPE cells

During the 1990's, many papers described the cellular types
implicated in PVR by analyzing the vitreous and, more frequently,
the removed epiretinal membranes (Campochiaro, 1997). RPE and
glial cells were identified as the main participants. In cats, RPE cells
initiate changes 24 h after RD (Anderson et al., 1981). They de-
differentiate, lose their polarity, and migrate into the subretinal
spacewhere they phagocytize outer-segment debris (Campochiaro,
1997). In RD, blood-retinal barriers are disrupted, and there is an
increase of chemotactic and mitogenic activity in the vitreous
retinopathy: A new concept of disease pathogenesis and practical
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Fig. 4. Ultra-widefield fundus photograph showing subretinal PVR. Arrowheads
showing subretinal bands. Courtesy of Prof. Stanga (Manchester Royal Eye Hospital).
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cavity (Campochiaro, 1997). These factors stimulate the further
migration and proliferation of RPE and glial cells (Campochiaro,
1997).

The RPE deserves more attention than it has previously
received. Mature RPE cells are mitotically quiescent under phys-
iological conditions, but when the neural retina suffers an injury,
RPE cells start to proliferate while undergoing transformation
(Chiba, 2014). After RD, RPE cells are exposed to serum factors
because of the damage in the blood-retinal barriers. They become
detached from Bruch's membrane, lose their epithelial
morphology, and migrate into the vitreous through breaks in the
neuroretina. There, they participate in the formation of epiretinal
membranes (Chiba, 2014).

This process involves an epithelial-mesenchymal transition of
the RPE cells, a biological process through which the detached
polarized cells lose their epithelial characteristics. In doing so, the
RPE cells acquire a mesenchymal phenotype that includes
enhanced migratory capacity, invasiveness, resistance to apoptosis,
and production of extracellular matrix (Chiba, 2014). In PVR, RPE
cells become fibroblast-like cells. They can also transform into
some other mesenchymal cells such as adipocytes, bone and
cartilage cells, as well as reproduce RPE cells themselves, although
their capability of producing neural retinal cells is very limited
(Chiba, 2014).

The onset mechanism of proliferation is not fully understood
although plenty of studies have been made (Campochiaro et al.,
1985; Kirchhof et al., 1989; Osusky and Ryan, 1996). For instance,
isolated RPE cells acquire responsiveness to proliferating factors
such as platelet derived growth factor (PDGF), fibroblast growth
factor (FGF), epidermal growth factor (EGF), insulin-like growth
factor (IGF), vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), and transforming growth factor b (TGF-b)
(Chiba, 2014). One of the important findings is that cell-to-cell
contact seems to suppress the ability of cells to respond to
mitotic factors. Thus the loss of cell-to-cell contact might be an
important step in PVR development. Cadherin is a crucial adhesion
protein, and its disruption results in the loss of cell-to-cell contact.
In a rat RD model, Chen and Ma (2007) demonstrated that normal
RPE cells do not express N-cadherin, but after RD, RPE cells, pho-
toreceptors, and the outer limiting membrane exhibited intense
immunolabeling for this protein. This type of cadherin is expressed
in mesenchymal cells, and these changes were reversed by retinal
reattachment.

Once RPE cells are trans-differentiated into fibroblast-like cells,
they express alpha-smooth muscle actin, glial fibrillary acidic pro-
tein (GFAP), vimentin, etc. and become the main component of the
epiretinal membranes (Chiba, 2014). This and other recent studies
have confirmed the important role of RPE cells in one of the most
characteristics findings of PVR: the membranes on the inner retinal
layer and on the hyaloid.

1.4. Role of glial cells

As described above, PVR could be considered as an exaggerated
response of the active remodeling process triggered by the injured
retina (Garweg et al., 2013). In this process, glial cells have an
important role, and tissue remodeling implicates Müller cell hy-
pertrophy. Changes in Müller cells are observed 1 day after RD
(Wickham and Charteris, 2009). Within 3 days, Müller cell bodies
migrate to the outer nuclear and outer plexiform layers, occupying
the spaces left by dying photoreceptors and extending their pro-
cesses into the subretinal space (Wickham and Charteris, 2009).
These cells, along with some RPE cells, microglia, andmacrophages,
contribute to create subretinal membranes, an uncommon finding
in PVR. The presence of subretinal membranes is often seen after
Please cite this article in press as: Pastor, J.C., et al., Proliferative vitreo
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ocular trauma, and we propose to refer to this condition as sub-
retinal PVR (Fig. 4).

In 1992, the hypertrophy of Müller cells was detected by our
group in a rabbit model of PVR (Pinon et al., 1992). However, we
were not able to recognize the importance of this finding, probably
because we were under the influence of the pathogenesis ideas of
the original description of PVR. Nevertheless in 2006, we detected
these Müller cell changes in samples obtained from patients having
PVR in which a retinectomy was necessary to reattach the retina
(Pastor et al., 2006b). Although these changes are not specific to
PVR, they lead to a shortening of the retina, a crucial point in PVR.
Shortening of the retina constitutes, in our opinion, the most severe
form of PVR (Pastor et al., 2003). Müller cells constitute only 20% of
the retinal volume; therefore, even if they undergo hypertrophy,
they cannot counteract the important loss of neurons after RD with
PVR. Consequently, the retinal tissue becomes “shorter” (Pastor
et al., 2003). The important role of the glial cells, especially
Müller cells, of increasing PVR severity has been documented by
other authors (Sethi et al., 2005). Thinning of the retina has also
been demonstrated after 9 days in organotypic retina cultures
(Fernandez-Bueno et al., 2012). These intraretinal changes were not
described in the original pathogenesis description of this disease
(Committee, 1983). But once again, most of these changes affecting
glial cells are observed in any experimental model of RD as well as
other retinal degenerative diseases. Therefore they cannot be
considered specific for PVR.

Glial activity is very important for neuron survival (Fischer et al.,
2015). Müller cells are crucial for photoreceptor survival and
vascular integrity in the rodent retina. Nevertheless, glial cells can
exacerbate neuronal death following excitotoxic injury (Fischer
et al., 2015). For example, N- methyl-D-aspartate stimulates tumor
necrosis factor alpha (TNF-a) production by Müller cells, and this
cytokine diminishes neuron survival (Fischer et al., 2015).
Conversely stimulation of the glia provides enhanced neuro-
protection. In chickens, the elimination of microglia and macro-
phages prevented the development of RD and retinal folds (Fischer
et al., 2015). In the central nervous system (CNS), the activation of
microglia and macrophages can be detrimental to neuronal sur-
vival. In Parkinson's disease there is significant evidence that
inflammation and microglial reactivity promotes neuronal degen-
eration (Tansey and Goldberg, 2010). Further, persistent changes in
multiple sclerosis appear as the result of activated microglia and
invading macrophages (Fischer et al., 2015).

Interestingly, in a porcine model of RD (Iandiev et al., 2006), the
reactivity of Müller and microglial cells were not restricted to the
detached areas, but were also observed in the intact regions of the
retinopathy: A new concept of disease pathogenesis and practical
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retina. This finding could have an implication in the loss of vision
detected in some patients even after successful surgery for macula-
on RD. It also might support the use of adjunctive treatments for
preventing visual loss in most cases of RD.

Thus with regard to Müller and other glial cells, it is clear that
they play an important role in the remodeling process elicited after
RD. Hypertrophy of these cells and replacement of the lost retinal
neurons causes the shortening of the retina in advanced cases of
PVR (Figs. 5 and 6).

1.5. The role of macrophages

Macrophages are also considered important players in PVR
(Campochiaro, 1997). Because of the breakdown of the blood-
retinal barrier that follows any RD, they migrate into the sub-
retinal space and to the vitreous cavity. The presence of
Fig. 5. Toluidine Blue staining of human retina specimens. Fresh human retina and retinal s
to reattach the retina (100�). The images show progressive degenerative stages from a n
degenerate retina in which gliotic response dominate and the normal architecture is lost (D
loss of normal retinal architecture with progressive replacement for reactive gliosis (B and C
replace the normal retinal structure (D). Scale bar: 10 m. Courtesy of Dr. M. Gayoso. Univers
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macrophages in the vitreous is associated with a high risk of
developing PVR. In 2003, our group demonstrated that they were
more frequent in the vitreous of patients who developed PVR after
surgery compared to RD patients that did not (Martin et al., 2003).
These cells were also found around the retinal vessels and inside
the retinal tissue in human PVR samples (Pastor et al., 2006b). Now
it is recognized that macrophages not only release pro-
inflammatory agents (Garweg et al., 2013), but they also mediate
photoreceptor apoptosis through monocyte chemoattractant
protein-1 (MCP-1) (Nakazawa et al., 2007).

In summary, three major cell types are implicated in RD and
therefore in PVR: RPE, glial cells, and macrophages. The principal
role of these cells in PVR is the remodeling of the retina after
neuronal death caused by ischemia. However the unsolved ques-
tion is why in some patients this mechanism exceeds the regular
limits of this reparative process.
amples obtained from patients with intraretinal PVR where retinectomy was necessary
ormal neuroretina in which retinal layers are perfectly organized (A) to a complete
). Following retinal detachment, the photoreceptors are lost and there is a generalized
). In the final stage, the neuroretina lacks of neurons and thick glial cells prolongations
ity of Valladolid, Valladolid, Spain.

retinopathy: A new concept of disease pathogenesis and practical
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Fig. 6. Electron microscope images of intraretinal PVR samples obtained during sur-
gery in which retinectomy was necessary to reattach the retina. Ultrastructural detail
of a gliotic retinal area. (A) Most of the retina presents thick glial cells prolongations
containing intermediate filaments (B). Courtesy of Dr. M. Gayoso. University of Valla-
dolid, Valladolid, Spain.

Fig. 7. Localized PVR in a RD. Whitish appearance of the surface and rolled edge of the
tear suggest intraretinal changes (intraretinal PVR). Nevertheless, this finding should
be confirmed during surgery (difficulties in flattening the retina). Courtesy of Prof.
Stanga (Manchester Royal Eye Hospital).
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1.6. Cytokines and other mediators

Many growth factors, signaling pathway mediators, and re-
ceptors have been described in patients suffering from PVR
(Pennock et al., 2014a; Rouberol and Chiquet, 2014). Some of these
have also been implicated in the stimulation of RPE and glial cells.
Among them, PDGF, HGF, VEGF, EGF, transforming growth factor a
(TGF a), TGF-b, granulocyte colony stimulating factor (G-CSF),
acidic and basic FGF, insulin-like growth factor 1 (IGF-1), connec-
tive tissue growth factor (CTGF), and mothers against decap-
entaplegic homolog (SMADs) are the most important (Flanders,
2004; Saika et al., 2008, 2007). They are synthesized by a variety
of cells and induce many actions. For example, PDGF is synthesized
by glial cells and by RPE cells when they lose contact with photo-
receptors. PDGF stimulates proliferation by its own receptor, and it
is also a potent mitogen and chemoattractant for glial cells
(Rouberol and Chiquet, 2014).

Other examples of molecular mediators found in PVR are TGF
and the associated signaling pathway molecules SMAD3 and
SMAD7. These are strongly implicated in apoptosis, the stimulation
of epithelial-mesenchymal cells, fibroblast and myofibroblast con-
versions, and the enhanced expression of extracellular matrix
proteins (Flanders, 2004; Saika et al., 2008, 2007). The following
Please cite this article in press as: Pastor, J.C., et al., Proliferative vitreo
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molecules have also been associated with this disease: interleukin-
1 (IL-1), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-
10), TNF-a and -b, interferon gamma (INF- g) and MCP-1 (Pennock
et al., 2014a; Rouberol and Chiquet, 2014).

The presence and concentration of cytokines have been pro-
posed as biomarkers for predicting development and severity of
PVR (Kon et al., 2000, 1999; Ricker et al., 2012; Rusnak et al., 2013).
However once again, these cytokines are not specific for PVR and
have been found in RD without PVR as well as in other intraocular
disorders such as proliferative diabetic retinopathy (Pennock et al.,
2014a; Rusnak et al., 2013).

1.7. Our ideas for the pathogenesis of PVR

To our knowledge, the initial mechanisms implicated in PVR are
not different from those of any RD repair. After retinal separation,
the retinal outer layers become ischemic and the photoreceptors
start to die by several pathways, but mainly apoptosis. This loss of
neurons stimulates the hypertrophy of retinal glial cells, mainly
Müller cells, but also astrocytes and microglia, that begin the
remodeling of the retina and perhaps the neuroprotection of the
remaining neurons. However these intraretinal changes, if they are
excessive, cause the substitution of neurons by glial tissue and the
shortening of the retina. We propose to identify and name this
phenomenon as intraretinal PVR (Fig. 7).

At the same time, and because of the breakdown of the blood-
retinal barriers, microglia and macrophages migrate into the sub-
retinal space and into the vitreous cavity where they release in-
flammatory products. RPE cells, after losing contact with
photoreceptors and after being stimulated by growth factors pro-
duced by a variety of cells, including Müller cells, enter into a
mesenchymal transformation. Through the retinal breaks or tears,
the transformed cells migrate into the vitreous cavity. There they
play an important role in the development of epiretinal PVR by the
formation of contractile membranes at the inner surface of the
retina and in the vitreous surface (Fig. 1). These activities are
considered the most typical clinical feature of PVR (Committee,
1983; Pastor et al., 2002). Inflammation then plays an important
role in PVR, but once again the mediators do not differ from those
present in any RD. It is possible that the degree of inflammation is
crucial for PVR development, and most of the identified clinical risk
factors for PVR have an important inflammatory component
(Moysidis et al., 2012; Rodriguez de la Rua et al., 2005; Tosi et al.,
2014) as we will discuss further.

Our hypothesis is that when inflammation reaches a certain
retinopathy: A new concept of disease pathogenesis and practical
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level, the remodeling mechanisms elicited by the detached retina
are exaggerated and amplified, causing entry into the PVR process.
There are two important questions regarding this hypothesis:
“What is this level of inflammation beyond which PVR is initiated?”
and “What compels the inflammatory process to exceed this level
of inflammation?” Regulation of transcription factors, inhibition of
kinases, stimulation of apoptosis, among others, are all processes
involved in inflammation that are not perceived by the surgeon's
eye. It is probable that all of these clinical factors that we evaluate in
the office prior to surgery are telling us that parts of these mech-
anisms have been launched since the neuroretina and RPE lost
contact with one another. The final outcome is played at a molec-
ular level, which is probable determined by the genetic profile of
the patient.

We have begun to explore the genetic profile of PVR patients
(Pastor-Idoate et al., 2013a, 2013b; Rojas et al., 2009; Rojas et al.,
2013; Sanabria Ruiz-Colmenares et al., 2006). We are convinced
that genetics play an important role because the production of
cytokines is a gene-regulated process (Zacks et al., 2006) and var-
iations in these genes could be an important factor for PVR devel-
opment. Additionally, the influence of gene composition probably
extends further than the inflammatory process. Very recently,
Matsumoto et al. (2014) demonstrated in mice that the genetic
background affects the photoreceptor cell death rate in response to
experimental RD. Modifying the expression of the SMAD7 gene in
mice after RD suppresses fibrogenic responses to TGF-b2 by RPE
cells (Saika et al., 2007).

In summary, pathogenic mechanisms implicated in PVR are not
different from those elicited in any RD. If the response to RD oc-
curs in a pro-inflammatory environment, whether by external
situations or by the genetic profile of the patient, it is diverted
from restoration of the injured retinal tissue. In those cases, the
response is re-directed towards the onset of PVR. Obviously pro-
phylactic measures or treatments based upon epiphenomena like
intravitreal cell proliferation or extracellular matrix formation
have had little success in solving the problem as has been
demonstrated through the years. It now seems more likely that
effective prophylaxis or treatment of PVR will be achieved by the
regulation of mediators of inflammation such as transcription
factors, receptors, cytokines, etc., or maybe even better, by a
combination of both strategies.

2. Why should we investigate PVR in 2015?

Currently PVRmanagement is basically restricted to the surgical
repair of the detached retina. However, anatomical and functional
success rates of surgical treatment remain unsatisfactory, although
many efforts have been made to propose new pharmacological
approaches to improve these results (Asaria and Charteris, 2006;
Pennock et al., 2014a, 2011). Based on the original ideas of PVR
pathology (Committee, 1983) and after testing them in experi-
mental models, several medical treatments have been proposed.
However, most of the strategies that showed positive results in
animal models have failed to prove their efficacy in human clinical
trials (Moysidis et al., 2012), and currently there is no other
accepted treatment beside surgery. As we will discuss later, the
discordant results obtained in experimental models and human
clinical trials could be due to dissimilarities in the causes of PVR in
the models and humans (Moysidis et al., 2012; Sadaka and Giuliari,
2012).

Without an appropriate comprehension of the biological pro-
cesses involved in PVR, including the role of different mediators, it
seems impossible to develop an efficient prophylaxis or treatment
(Garweg et al., 2013). Therefore, to improve current outcomes in the
treatment of PVR, a better understanding of its pathogenesis is
Please cite this article in press as: Pastor, J.C., et al., Proliferative vitreo
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mandatory and a greater cooperation between clinicians and basic
scientists is needed.

2.1. There is not an appropriate treatment, yet

For the past 40 years, the pharmacologic agents proposed to
prevent PVR have been mainly anti-inflammatory, anti-prolifera-
tive, anti-neoplastic, anti-growth factor, and antioxidant agents
(Sadaka and Giuliari, 2012). However, none of them have been
incorporated routinely into clinical treatments. Corticosteroids
were the first drugs tested for PVR (Chandler et al., 1985). Experi-
ments in animals found some efficacy with intravitreal adminis-
tration of triamcinolone acetonide or topical and systemic
corticosteroids (Pastor et al., 2000), but patients treated in clinical
trials with these agents showed a poor response (Moysidis et al.,
2012; Sadaka and Giuliari, 2012). In addition to the direct applica-
tion of the corticosteroids, silicone oil was suggested as a reservoir
for the drugs and some other substances with the aim of reducing
the “re-proliferation”. Unfortunately most of the drugs were not
soluble in silicone oil (Pastor et al., 2008a).

The anti-neoplastic or anti-proliferative agents suggested for
PVR prevention or treatment included compounds as 5-fluorouracil
(5-FU), daunorubicin, taxol, colchicine, retinoic acid, ribozymes,
vincristine and others. 5-FU is an antimetabolite that inhibits
synthesis and fibroblast proliferation and has been one of the most
tested agents for the treatment of PVR. In animal models it showed
beneficial results, but in human clinical trials the results were poor
with some important side effects (Moysidis et al., 2012). Also, a
combination of this agent with low-molecular-weight heparin
(LMWH), an anticoagulant that binds many growth factors, was
proposed. However, in a large, randomized, controlled trial using
this combination versus placebo, the combination did not improve
anatomical or visual success rates after PVR (Wickham et al., 2007).

The principle for the use of anti-growth factors and antioxidant
agents is to inhibit several growth factors and associated pathways.
Many of them are currently being studied in experimental models,
but currently there are no results from human clinical trials (Alex
et al., 2010; Chan et al., 2013).

One of the latest approaches is the use of antiangiogenic drugs
in PVR. Ranibizumab, an agent that neutralizes vascular endothelial
growth factor A (VEGF-A) reduces vitreous bioactivity in patients
and in experimental models of PVR (Pennock and Kazlauskas, 2012;
Pennock et al., 2013). Similar results have been obtained with
aflibercept (VEGF Trap-Eye) in animal models. These are interesting
approaches but should be considered cautiously before transferring
the results into the clinic. The rabbit model for these studies was
based on the intravitreal injection of conjunctival fibroblasts
(Pennock et al., 2014b, 2013). As we will discuss further, this model
has little in common with the human disease.

One of the major drawbacks with many potential treatments,
especially with the anti-proliferative agents, is the existence of
undesirable side effects (Pastor, 1998; Scheer et al., 2004). In some
cases these risks could be worth taking if there is a clear potential
benefit. Such use could be justified only in patients with a high risk
of developing PVR and with a high probability to respond to the
treatment. This accurate identification is still a challenge, despite
much research on the preoperative clinical risk factors, intraocular
biomarkers, and genetic background. Unfortunately, there is still no
accurate procedure to identify those RD patients (Rojas et al., 2009,
2015).

The early identification of at-risk patients is crucial for obtaining
better outcomes because once PVR develops, the anatomical and
functional results are very unsatisfactory. Currently PVR in-
terventions are usually performed in an advanced stage of the
disease, and there is no real prophylaxis (Pastor et al., 2002). Even
retinopathy: A new concept of disease pathogenesis and practical
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more, many PVRs develop after RD surgery (Pennock et al., 2014a),
and because in many cases clinical characteristics do not provide
useful information, first surgeries are planned without having in
mind the possibility of developing PVR. Thus, identifying patients
with high susceptibility for PVR at RD presentation could also
persuade the ophthalmic surgeon to decide in favor of a more
conservative treatment, avoiding aggressive surgical trauma that is
considered a clinical risk factor (Pastor et al., 2002).

2.2. There is little information on clinical outcomes, mainly
functional

There is little information on the functional results after PVR,
and this topic will be discussed later in the review. Most reports
emphasize the anatomical reattachment of the retina, which is still
a big challenge in most cases. Reattachment rates for RD cases that
develop PVR are very low compared to those that do not develop
PVR. The anatomical success rate after RD complicated with PVR is
60e80% in themost favorable cases, whereas the reattachment rate
is up to 90% in RDwithout PVR (Mitry et al., 2010; Pastor et al., 2012,
2008b). Thus, it is not surprising that functional results are also
very disappointing (Berker et al., 2007). The poor visual outcomes
generate a huge burden in the quality of life of these patients
(Asaria and Charteris, 2006; van de Put et al., 2014).

2.3. Multiple surgeries increase the cost of treatment

Another important aspect to be considered is the costs of
treatment and current management of PVR. Patients who develop
postoperative PVR (grade C or greater) double the costs of man-
agement in terms of higher number of surgical procedures and a
more extensive follow-up period compared with patients without
PVR (Patel et al., 2004). A recent study compared the outcomes of
twenty-five gauge (25-G) surgery in RD complicated with grade C
PVR with or without anterior PVR (Sato et al., 2014). The mean
number of operations was 1.7 in patients with anterior PVR, clas-
sically associated with worse prognosis, and 1.3 in patients without
anterior PVR. According to these results, this situation generates a
heavy burden not only on these patients but also on the health care
system.

2.4. PVR is not only important after RD but it also complicates other
intraocular surgeries and prevents therapeutic advances

Finally, PVR is not only a complication of RD, but it also plays an
important role in other ocular pathologies, such as penetrating
globe trauma or RD after giant retinal tears. It can also appear after
techniques such as 360-degree retinectomies that were used for
macular translocation in wet AMD (Asaria and Charteris, 2006).
Although these and others therapeutic attempts have been aban-
doned, possible new cell therapies that are already in development
would require surgical approaches that could result in PVR
(Fernandez-Bueno et al., 2013b).

In summary, to achieve more favorable cost-effective results
that diminish the burden on health care systems and to decrease
the vast impact on patient quality of life, efforts should be focused
on obtaining a reliable method to identify patients at high risk for
PVR and who could benefit from effective prophylactic treatment.
Novel clinical strategies may require multimodal, combinatorial
approaches targeting different signaling pathways involved in this
disease (Moysidis et al., 2012; Rojas et al., 2009, 2015; Sadaka and
Giuliari, 2012). Moreover, drugs proposed for treatment of PVR
must be well considered because their application may be associ-
ated with potentially harmful side effects. Finally, correct optimi-
zation of dosing and administration of these drugs is needed. For all
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these reasons further investigation of this disease is still fully
justified.

3. The problem of PVR classification and a new proposal

3.1. Historical review

The first widely recognized classification for PVR was published
in 1983 (Committee, 1983). The Retina Society Terminology Com-
mittee based its work on the condition formerly called “massive
vitreous traction” or “massive periretinal proliferation” (Havener,
1976; Machemer, 1978; Scott, 1975). This classification was based
on the idea that cellular proliferation was the main feature of PVR.
Thus the only clinical factors considered were the extent of fixed
retinal folds and the overall configuration of the funnel shaped RD.
Other important clinical features, such as the presence of visible
subretinal membranes, vitreous mobility, location of trans-vitreous
membranes, severity of traction on the anterior retina, equatorial
retinal folds, and intraretinal membranes were not incorporated.
This approach resulted in a simple classification, easy to use, but
not useful in practice as has been demonstrated. In fact, this clas-
sification is not used currently by clinicians although there are still
some papers dealing with medical treatments that use it (Ganekal
and Dorairaj, 2014).

According to the revised classification scheme developed by The
Retina Society Terminology Committee, a minimal PVR was desig-
nated Grade A and defined as the presence of vitreous haze and
pigment clumps, a finding that is not unique of PVR. They can be
present in many forms of granulomatous uveitis and in long
standing RD without PVR (Rouberol and Chiquet, 2014). Grade B, or
moderate PVR, included the presence of surface retinal wrinkling
and/or rolled edges of the retinal break that could be accompanied
by retinal stiffness and vessel tortuosity. However, these features
can be present in some RDs that do not further develop an
“extensive” PVR. In fact many surgeons obtained excellent results
with the scleral techniques 10 years ago (Afrashi et al., 2005).

Grade C, or marked PVR, was defined as the presence of full
thickness retinal folds in one (C-1), two (C-2), or three (C-3)
quadrants. Grade D, or massive PVR, was defined as fixed retinal
folds in four quadrants that result in a wide funnel shape (D-1), a
narrow funnel shape (D-2), or a closed funnel without view of the
optic disc (D-3).

These four stages also provided a false idea of the increasing
severity of the disease. For example, a D grade PVR could be caused
by a localized epiretinal membrane that would be easily managed
with surgery. In contrast, a grade C PVR could be associated with
intraretinal changes that have a worse prognosis (Pastor et al.,
2002).

This classification missed many important clinical characteris-
tics, such as the number and location of retinal breaks and the
existence of pre-equatorial forms of PVR. With the idea of solving
some of these problems, a new classification was proposed as part
of the Silicone Study (Lean et al., 1989). Previous classifications
emphasized the involvement of the post-equatorial retina (poste-
rior PVR). The most important contribution of the new classifica-
tion scheme was the inclusion of proliferative membranes in the
pre-equatorial region and on the vitreous base (anterior PVR) that
are more frequent after surgical attempts to reattach the retina.
Furthermore, attention was paid to the quantitative assessment of
PVR by recording the number of clock hours of the retina involved
by membranes. In this classification, minimal (Grade A) and mod-
erate (Grade B) classifications remained unchanged, but Grades C
and D were replaced by Grades P and A (posterior and anterior
forms). Moreover, Grades P and A were further defined by the
presence of “types” of contraction. The extension of each grade was
retinopathy: A new concept of disease pathogenesis and practical
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assessed by the number of clock hours, not necessarily contiguous,
of the involved retina. As stated by the authors, this classification
does not attempt to predict the PVR severity because factors that
influence the results of surgical treatment were not fully under-
stood (Lean et al., 1989).

To meet the need to incorporate changes proposed by the Sili-
cone Study Group (Lean et al., 1989) and modifications proposed
also by other authors (Heimann and Wiedemann, 1989), the Retina
Society updated its classification in 1991 (Machemer et al., 1991).
Three grades of increasing severity were described, emphasizing
the posterior and anterior locations of proliferation. The new clas-
sification kept Grades A and B, modified Grade C, and eliminated
Grade D (RD in funnel configuration). Following the Silicone Study
classification, a more detailed description of Grade C (posterior and
anterior) PVR was made by adding the types of contraction, the
extent of which was detailed by using clock hours instead of
quadrants.

In the classification revised by the Retina Society, Grade C was
defined as full-thickness retinal folds and/or subretinal bands and
pathologic changes that could be posterior, anterior, or both. Pos-
terior grade C PVR was further divided into focal contractions
resulting in starfold membrane formation (Type 1) and/or diffuse
contractions resulting from confluent starfolds that can result in a
closed-funnel configuration (Type 2). Grade C PVR also included
anterior or posterior subretinal bands (Type 3). Anterior grade C
was divided into circumferential contraction (Type 4) along the
posterior margin of the vitreous base and anterior displacement
(Type 5) of the peripheral retina (Machemer et al., 1991).

This classification may be too complex to be used in clinical
practice and does not offer any indication for selecting the most
appropriate management of the disease. Major drawbacks are
found in its complexity and inability to be easily reproduced by
different clinicians, therefore it has been rarely incorporated into
the clinic.

Since the revision by the Retina Society, no other classification
scheme has been popularized. Probably for all these reasons,
most of clinicians do not use any classification or, alternatively,
refer to the 1983 classification scheme (personal unpublished
data). There are papers that still consider that the older classifi-
cation is appropriate for defining the severity of the disease. This
can cause controversial results that are, in part, attributable to
the subjective assessments of PVR from surgeon to surgeon
(Adelman et al., 2013).
3.2. Problems derived from the lack of an accepted classification

This lack of an appropriate and uniform grading system is a
crucial point to resolve for evaluating new treatments. It is
essential to uniformly evaluate similar cases and thereby facili-
tate proper comparison of alternative surgical or pharmacologic
treatments and clinical results. Currently, efficient communica-
tion between clinicians and comparison of different studies are
problematic.

One important problem is that all available classifications are
purely a description of the ophthalmoscopic findings, and no at-
tempts have been made to add new clinical information based on
new imaging techniques. Only a few papers have tried to analyze
the role of vitreous posterior detachment as a prognostic factor for
PVR development. However, this type of analysis has not been
incorporated into either routine examinations for PVR patients or
any PVR classification (Capeans et al., 1998; Rezende et al., 2007).
Even more, current classifications do not provide information on
the activity of the disease, the prognosis, or the functional and/or
anatomical outcome after successful treatment.
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3.3. Some ideas for a possible new classification

PVR is a relatively acute process. Most of the cases are produced
within one month after the retina is detached and surgically
repaired. According to our experience, 77% of postoperative forms
appear within one month after surgery and 95% in the first 45 days
(Pastor, 1998; Pastor et al., 2002). Therefore it should be possible to
find information on the stage of the disease, active or quiescent,
which is important from the therapeutic point of view. During the
1990's, some surgeons recommended avoiding surgery at the early
stages of the disease because it was demonstrated that after PVR
was initiated, it could be stimulated by additional surgery
(Campochiaro, 1997). The added degree of inflammatory activity
could stimulate the so called “re-proliferation”, an important cause
of failure after PVR surgery (Berker et al., 2007; Pastor, 1998; Pastor
et al., 2002).

While cell proliferation in PVR peaks during the firsts 4 days
after RD, it is reduced around day 7 and then continues thereafter at
a lower rate (Fisher et al., 1991; Lewis et al., 2003). These events
persist over the time in PVR, but currently we are not able to
quantify the activity of these processes. The dynamics of retinal
remodeling may have important practical implications if we were
able to treat the disease at the right time. All this information is
crucial when comparing different treatments and series, but
currently our understanding of retinal remodeling dynamics and
the forces that control it is very poor.

Finally, all of the classifications miss crucial aspects of the
pathogenesis of the disease. For instance, they do not incorporate
the presence and extension of intraretinal changes that are directly
related to poor anatomical outcomes and functional prognoses
(Pastor, 1998; Pastor et al., 2002, 2006b, 2003). The classification
schemes also do not include the presence and importance of
inflammation (Table 1) (Martin et al., 2003; Moysidis et al., 2012;
Pastor et al., 2002; Rojas et al., 2010; Sanabria Ruiz-Colmenares
et al., 2006; Symeonidis et al., 2012; Zhang et al., 2012).

3.4. Intraretinal changes are crucial

It is now clear that intraretinal PVR is the most severe form in
which there are major changes in retinal architecture leading to
significant dysfunction (Figs. 5, 6 and 8). Furthermore, these forms
have a huge influence in the surgical complexity and in the
anatomical and functional outcome, especially when the posterior
pole is involved. In contrast, epiretinal or subretinal membranes
can be relatively easily removed by surgery, and the prognosis of a
macular epiretinal membrane is obviously better than an intra-
retinal one (Pastor et al., 2002, 2003). However until now, intra-
retinal changes have been detectable only during surgery when the
surgeon could not appose the retina to the eyewall. Also, little
attention has been paid to the identification of these changes before
surgery or in the postoperative period. Even in recent papers these
retinal changes have not been recognized (Rouberol and Chiquet,
2014). Nevertheless, there is hope that the use of new imaging
technologies could add relevant information regarding the intra-
retinal changes (Boroomand et al., 2013).

Considering these facts, we believe that attention should be
focused on changes in the retinal tissue rather than membrane
extensions.We propose a simplified classification schemewith four
major PVR forms: epiretinal, intraretinal, subretinal (rare) and
mixed (most frequent). (Table 2) Further, we propose that the
research efforts in the coming years focus on acquiring more in-
formation regarding the severity and extension of intraretinal
changes. To achieve these goals, major components of these studies
should include clinical information on intraretinal PVR extension,
the role of intraocular inflammation, and the contribution of
retinopathy: A new concept of disease pathogenesis and practical
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Table 1
Summary of the most relevant facts of the previous PVR classifications.

Classification Most important features Most critical disadvantages

1983a Identifies PVR as an independent clinical entity Based on ophthalmoscopic appearance
Provides false idea of severity and
progressiveness
Does not recognize intraretinal changes

1989b It added anterior forms and a detailed description of PVR extension an types of membranes and
contraction

Too complex to be used in clinic
Does not provide information of progressiveness
Does not recognize intraretinal changes

1991c Quite similar to the Silicone Study classification
Simpler to use

Does not provide information of progressiveness
Does not recognize intraretinal changes

Grades A and B are common in all classifications. They do not provide specific information on the further development of extensive PVR.
a Committee, T.R.S.T., 1983. The classification of retinal detachment with proliferative vitreoretinopathy. Ophthalmology 90, 121e125.
b Lean, J.S., Stern, W.H., Irvine, A.R., Azen, S.P., 1989. Classification of proliferative vitreoretinopathy used in the silicone study. The Silicone Study Group. Ophthalmology 96,

765e771.
c Machemer, R., Aaberg, T.M., Freeman, H.M., Irvine, A.R., Lean, J.S., Michels, R.M., 1991. An updated classification of retinal detachment with proliferative vitreoretinopathy.

Am J Ophthalmol 112, 159e165.

Fig. 8. Immunohistochemistry staining of PVR retinal samples obtained by retinectomy (AeB). The images show high glial fibrillary acidic protein (GFAP) immunoreactivity (red)
resulting in gliotic retina (intraretinal PVR) with complete disorganization of the retinal tissue. (20� images. Scale bar: 100 mm).

Table 2
Critical elements for a new classification.

Type of morphologic changes
Epiretinal Membranes on retinal or vitreous surface
Intraretinal Retinal shortening without epiretinal membranes
Subretinal Any type of subretinal membrane, band, etc
Extension of changes
By quadrants
Retinal thickness by OCT
Signs of severity and progressiveness
Presence of SNP of risk
Clinical risk factors clearly identified
Time of evolution after onset
Still unidentified signs
New biomarkers able to determine presence of intraocular inflammation

OCT: optic coherence tomography.
SNP: single nucleotide polymorphisms.
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genetic profiles that influence the inflammatory response. Such
information is critical to the ophthalmologist in deciding on the
timing of surgical intervention and the use of adjuvant treatments.
4. Criticism of the current experimental models

From a theoretical point of view, experimental models should
provide a systematic and controlled way to study cellular changes
that occur in PVR. They can help to expand our knowledge of the
pathobiological processes and also allow testing of new therapeutic
agents. Unfortunately, most of the published models are based on
the idea that pathogenic cellular proliferation into the vitreous
cavity is the main feature in PVR, and the models have tried to
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reproduce this event.
Initially, models were created simply by injecting cells, mainly

dermal fibroblasts, into the vitreous cavity. These efforts were fol-
lowed by adding some other components such as inflammation,
blood, cytokines, and so on, with or without cells (Agrawal et al.,
2007). Obviously most of these models were used for testing
anti-proliferative and anti-growth factor drugs. In some cases with
positive results, these efforts stimulated researchers to transfer
protocols into the clinic (Charteris et al., 2004). Unfortunately, these
kinds of treatments failed, and the research was re-oriented to-
wards other pathways. Nevertheless in some specific ways, these
models could still have value, thus we have summarized them
below.

4.1. In vitro models of PVR

In vitro systems can be used to analyze the behavior of defined
cell populations under certain conditions. RPE cell culture has been
widely used in the study of PVR, as they have been considered the
major cell type involved in PVR pathogenesis (Bastiaans et al., 2014;
Rouberol and Chiquet, 2014). Other in vitro models are based on
vitreous explants and retinal organ cultures (Agrawal et al., 2007).
However, the results of these studies are considered speculative
and must be followed by in vivo studies.

A major criticism of in vitro model systems, mainly those based
on cell culture, is that they do not adequately replicate a relatively
complex tissue such as the retina, including the relationship with
blood vessels. They also do not take into account the importance of
the glial responses in RD and PVR, a common problem cited for
organotypic cultures (Wickham and Charteris, 2009).
retinopathy: A new concept of disease pathogenesis and practical
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4.2. In vivo models of PVR

Over 27 animal models of PVR have been described. For a recent
review, see Agrawal et al. (2007). Intravitreal injections of different
cell types or factors reported to play a role in this disease have been
performed to reproduce the pathological processes that lead to
PVR. The most common of these models consists of the injection of
fibroblasts, which are not present in the healthy human retina but
are present in PVR membranes (Moysidis et al., 2012; Pennock
et al., 2011; Trese et al., 1985). However the fibroblast-like cells
observed in human intravitreal membranes are now identified as
the products of mesenchymal transformation of RPE cells (Chiba,
2014). Most of these experimental models used fibroblasts from
dermal origin (Khawly et al., 1991). These cells are very different
from the cells present in human PVR, although they may be
somewhat similar to the intraocular proliferation of cells that oc-
curs after ocular penetrating trauma (Hsu and Ryan, 1986). The
problemwith these models is that they depend on the type of cells
that are chosen for injection into the vitreous rather than the cells
that are actually present in PVR, i.e., RPE cells and glial cells that
have transdifferentiated into fibroblasts.

Other models involve the intravitreal injection of different cell
types such as RPE cells (Fastenberg et al., 1982; Radtke et al., 1981;
Wong et al., 2002), macrophages (Hui et al., 1989), and platelets
(Garcia-Layana et al., 1997; Pastor et al., 2000), among others. These
models may have value for analyzing some specific features and for
better understanding the pathogenesis of the disease. Unfortu-
nately they have mostly been used for testing new proposed drugs,
mainly anti-proliferative agents. As was the case for other studies of
this type, positive results in animal models did not presage suc-
cessful treatment for patients.

Other in vivo models have placed more emphasis on reproduc-
ing intraocular inflammation and the subsequent release of cyto-
kines and growth factors (Pastor, 1998). These have included
surgical manipulations such as lensectomy, vitrectomy, induction of
RD, cryotherapy, and also penetrating trauma (Agrawal et al., 2007;
Garcia-Layana et al., 1997; Goldaracena et al., 1997). These models
could still have some value in terms of analyzing the preliminary
changes occurring in PVR, but attention should be paid to the types
of animals used for them. The retinal vascularization, glial com-
ponents, and others elements of PVR are not identical among the
different animal models, and the critical points in the development
of experimental PVR could be unique to each species and different
from that in humans.

Regarding the different animal species, rabbit is the most
frequently used because rodents have a small eye and a relatively
wide lens that interferes with the manipulation to induce PVR. In
terms of retinal vasculature, ideally animal models should have a
holoangiotic retina, which means the whole retina is vascularized
like that of most mammals. The opposite retinal vascularization
scheme is merangiotic, such as the rabbits, where blood vessels are
present only in a smaller part of the retina. The disparate vascular
patterns may play a critical role in the different behavioral re-
sponses to retinal trauma present in animal models and humans
(Trivino et al., 1997).

Besides the vascular component, the presence and distribution
of retinal glial cells is also an important factor for developing
adequate PVR models. The retina contains Müller cells that are
specialized radial glia that make extensive contacts with retinal
neurons. As mentioned, in humans, Müller glial cells occupy up to
20 percent of the overall volume of the retina, and the density of
these cells approaches 25,000 per mm2 of the retinal surface area
(Bringmann et al., 2006). Each Müller cell forms contacts with a
clearly defined group of neurons organized in a columnar fashion.
In humans, a single Müller cell supports approximately 16 neurons,
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while in rodents each one supports up to 30 neuronal cells
(Bringmann et al., 2006).

Moreover, it is well known that biological responses differ
among the species. For instance, post-transcriptional regulation of
human NO synthetase 2 (NOS2) is very different from that in
mouse. This simple step makes the resulting levels of NO produced
by activation of human NOS2 lower than levels produced by mouse
NOS2. This difference has very important implications in the tissue
redox environment and immune responsiveness (Hoos et al., 2014).

Because PVR is a multifactorial disease and it results from the
interaction of genetic and environmental factors, its pathogenesis
may include many different events and signaling pathways (Pastor-
Idoate et al., 2013b; Pennock et al., 2014a). Therefore, those
experimental models that try to simulate a series of events that are
not yet completely understood and which may involve pathways
that are not present in human PVR pathogenesis, may in fact be
very poor and misleading models of the human disease (Moysidis
et al., 2012).

For all these reasons, the results of many of the above cited
studies have limitations in their interpretation because there are
important pathological differences between these animal model
and human diseases. Nevertheless, despite these limitations,
experimental models are especially important in complex diseases
and in those with unknown pathogenesis like PVR, and they may
provide crucial steps for the development of new therapeutic op-
tions if they are properly oriented. (Table 3).

5. Clinical risk factors

Clinical risk factors for developing PVR following a RD have been
assessed since the early stages in the study of this process. Theo-
retically, identification of these factors could be useful for eluci-
dating the mechanisms of pathogenesis, providing guidelines for
the management of RD, and perhaps for making the decision of
adding an adjuvant treatment (Cowley et al., 1989). Also, the aim of
understanding the risk factors is to identify those patients at high
risk and to avoid the preventable risks if possible, or to modify the
surgical options (Bonnet, 1984, 1988; Chignell et al., 1973; Cowley
et al., 1989; Tolentino et al., 1967; Yoshida et al., 1984). The iden-
tification of risk factors seems today very important because we are
facing new therapeutic options. Thus it is necessary to identify the
patients who may be prime candidates for pharmacologic treat-
ments to prevent the occurrence and re-occurrence of PVR (Asaria
and Gregor, 2002; Kon et al., 2000).

5.1. Types of clinical studies

Several attempts have been made to predict the risk of PVR
development based on the clinical characteristics of RD patients
(Asaria and Gregor, 2002; Kon et al., 2000; Rodriguez de la Rua
et al., 2005). Unfortunately, the results so far have not been very
consistent, and several formulas based on these factors have failed
in demonstrating usefulness for routine clinical use (Asaria et al.,
2001; Kon et al., 2000; Rodriguez de la Rua et al., 2005; Sala-
Puigdollers et al., 2013; Wickham et al., 2011). However, the ma-
jority of these studies have been made retrospectively, and the
results are often contradictory and inconclusive (Kon et al., 2000). It
is worth noting that many differences in these studies exist in
design, methodology, definitions, and statistical analysis, and
therefore they cannot be directly compared (Asaria and Gregor,
2002). Other studies were oriented to discern the influence of a
single specific factor or were focused on the identification of risk
factors associated with specific circumstances such as aphakia,
preoperative PVR, or subretinal PVR. However, these approaches
are not appropriate for a multifactorial disease like PVR (Rodriguez
retinopathy: A new concept of disease pathogenesis and practical
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Table 3
Experimental models of PVR used in recent studies. RPE: retinal pigment epithelium. EMT: epithelial mesenchymal transition. PDGF: platelet-derived growth factor. PDGFR:
platelet-derived growth factor receptor.

Intervention Animal
species
used

Advantages Disadvantages

Injection Fibroblasts þ platelet rich plasmaa Pigmented
rabbit

More rapid development, more consistent and
severe compared to simple fibroblasts injection.
Easy to perform, reproducible

Use of external fibroblasts. Exogenous influx of
cells. Cells must be cultured to obtain sufficient
number, which may cause lost of in vivo
characteristics. No primary alteration of RPE.
Too rapid time course may not be useful to test
therapeutic agents

RPE (Autologous, homologous)b Pigmented
rabbit

Use of RPE cells, which are primarily involved in
PVR. Easy to perform, reproducible

Exogenous influx of cells. Cells must be cultured
to obtain sufficient number, which may cause
lost of in vivo characteristics. Cells may not
suffer EMT

RPE þ Platelet rich plasmac Wistar rat Use of RPE cells, which are primarily involved in
PVR. More rapid development, more consistent
and severe compared to simple RPE injection.
Easy to perform, reproducible. Suitable animal
species for research

Exogenous influx of cells. Cells must be cultured
to obtain sufficient number, which may cause
lost of in vivo characteristics. Cells may not
suffer EMT

Dispased Mouse Suitable animal species for genetic
manipulation. Easy to perform, reproducible

Epiretinal membranes lack RPE-derived cells
Small size of the animal limits surgical
procedures

Surgical
intervention þ
injection

RPE cell injection þ gas vitreous
compression

Albino
rabbitse

Pigmented
rabbitsf

Use of RPE cells, which are primarily involved in
PVR. Gas compression provides a reliable
technique to generate vitreous alteration, and
seems easier than vitrectomy

Exogenous influx of cells. Cells must be
cultured, which may cause lost of in vivo
characteristics.

RPE cell injection þ Posterior vitreous
detachment þ Retinal detachmentg

Pig Use of RPE cells, which are primarily involved in
PVR. Reproduces posterior vitreous detachment
and retinal detachment, as it occurs in human
disease. Animal species used more accurately
resemble human retina

Absence of glial cell contribution in the
membranes. Relative rapid time course may
interfere with study of early stages of disease

Blood (autologous) injection þ Scleral
incision þ partial vitrectomy þ wound
closure, avoiding lens and retinal
injuryh, i

Pigmented
rabbit

No need to culture cells. Reproduces posterior
vitreous alteration and wound healing

Model resembles ocular trauma. Red blood cells
impede ophthalmoscopic visualization. Total
lack of pigmentation suggests glial origin of
membranes rather than RPE

Surgical
intervention

Lensectomy þ vitrectomy þ peripheral
retinotomy through corneal incisionj

Mouse Reproduces vitreous alteration. Suitable animal
species for genetic manipulation. Suitable for
study early stages of PVR

Small size of the animal limits surgical
procedures. No RPE migration into vitreous
cavity

Growth factor
model

Mouse fibroblasts expressing
PDGFRs þ Platelet rich plasma þ partial
vitrectomy þ gas compressionk

Pigmented
rabbit

Allows the study of PDGF, which is supposed to
play an important role in PVR. Gas compression
provides a reliable technique to generate
vitreous alteration

This factor of interest is the main one expressed,
which may differ from human disease and may
interfere with response of cells. Complex cell
obtention

a Nakagawa, M., Refojo, M.F., Marin, J.F., Doi, M., Tolentino, F.I., 1995. Retinoic acid in silicone and silicone-fluorosilicone copolymer oils in a rabbit model of proliferative
vitreoretinopathy. Investigative ophthalmology & visual science 36, 2388e2395.

b Radtke, N.D., Tano, Y., Chandler, D., Machemer, R., 1981. Simulation of massive periretinal proliferation by autotransplantation of retinal pigment epithelial cells in rabbits.
American journal of ophthalmology 91, 76e87.

c Zhao, H.M., Sheng, M.J., Yu, J., 2014. Expression of IGFBP-6 in a proliferative vitreoretinopathy rat model and its effects on retinal pigment epithelial cell proliferation and
migration. International journal of ophthalmology 7, 27e33.

d Canto Soler, M.V., Gallo, J.E., Dodds, R.A., Suburo, A.M., 2002. Amousemodel of proliferative vitreoretinopathy induced by dispase. Experimental eye research 75, 491e504.
e Lee, J.J., Park, J.K., Kim, Y.T., Kwon, B.M., Kang, S.G., Yoo, Y.D., Yu, Y.S., Chung, H., 2002. Effect of 2'-benzoyl-oxycinnamaldehyde on RPE cells in vitro and in an experimental

proliferative vitreoretinopathy model. Investigative ophthalmology & visual science 43, 3117e3124.
f Kuo, H.K., Chen, Y.H., Wu, P.C., Wu, Y.C., Huang, F., Kuo, C.W., Lo, L.H., Shiea, J., 2012. Attenuated glial reaction in experimental proliferative vitreoretinopathy treated with

liposomal doxorubicin. Investigative ophthalmology & visual science 53, 3167e3174.
g Umazume, K., Barak, Y., McDonald, K., Liu, L., Kaplan, H.J., Tamiya, S., 2012. Proliferative vitreoretinopathy in the Swine-a newmodel. Investigative ophthalmology& visual

science 53, 4910e4916.
h Cleary, P.E., Ryan, S.J., 1979a. Experimental posterior penetrating eye injury in the rabbit. I. Method of production and natural history. The British journal of ophthalmology

63, 306e311.
i Cleary, P.E., Ryan, S.J., 1979b. Experimental posterior penetrating eye injury in the rabbit. II. Histology of wound, vitreous, and retina. The British journal of ophthalmology

63, 312e321.
j Saika, S., Kono-Saika, S., Tanaka, T., Yamanaka, O., Ohnishi, Y., Sato, M., Muragaki, Y., Ooshima, A., Yoo, J., Flanders, K.C., Roberts, A.B., 2004. Smad3 is required for

dedifferentiation of retinal pigment epithelium following retinal detachment in mice. Laboratory investigation; a journal of technical methods and pathology 84, 1245e1258.
k Andrews, A., Balciunaite, E., Leong, F.L., Tallquist, M., Soriano, P., Refojo, M., Kazlauskas, A., 1999. Platelet-derived growth factor plays a key role in proliferative vitre-

oretinopathy. Investigative ophthalmology & visual science 40, 2683e2689.
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de la Rua et al., 2005). In addition, the high incidence of PVR found
in some of these studies suggests that samples were composed of
complex cases, and thus they are not representative of the popu-
lation of non-complicated RD (Rodriguez de la Rua et al., 2005).
Nevertheless, they have contributed valuable information because
they have helped to unravel the complex nature of the disease.
Most of the identified clinical risk factors are consistent with the
inflammatory nature of PVR. While inflammation plays an
Please cite this article in press as: Pastor, J.C., et al., Proliferative vitreo
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important role in every case of PVR, it is not a unique factor (Pastor
et al., 2002; Rodriguez de la Rua et al., 2005).

Some studies have been specifically designed to prove a
particular hypothesis regarding the pathological origin of PVR, a
decision that could implicate an important bias (Asaria and
Charteris, 2006). For example, RPE cells are considered crucial in
the development of PVR; therefore, many circumstances related to
the high release of these cells have been investigated, such as the
retinopathy: A new concept of disease pathogenesis and practical
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size of the retinal break, the use and intensity of cryo-application,
the use of vitrectomy before or after the cryotherapy, etc. Howev-
er, any risk factor should be identified as an independent param-
eter. Unfortunately most of the suspected risk factors are clearly
related to each other, and it is not possible to isolate them from
other circumstances (Rodriguez de la Rua et al., 2005).

5.2. Preoperative, intraoperative, and postoperative risk factors

Risk factors are classified as preoperative, intraoperative, or
postoperative. Preoperative factors associated with a higher risk of
PVR include ocular trauma (Girard et al., 1994), a history of pro-
longed intraocular inflammation (previous uveitis), prior infec-
tious retinitis, and low intraocular pressure (IOP) secondary to
intraocular inflammation (Girard et al., 1994; Pastor et al., 2002;
Rodriguez de la Rua et al., 2005; Rodriguez de la Ruz Franch
et al., 2000; Wickham et al., 2011; Yoshino et al., 1989). Retinal
tear characteristics such as large size and number and RD exten-
sion are also some of the clinical factors almost constantly asso-
ciated with the development of PVR (Rodriguez de la Rua et al.,
2005; Rodriguez de la Ruz Franch et al., 2000; Wickham et al.,
2011; Yoshino et al., 1989). Other preoperative risk factors
include RD associated with vitreous hemorrhage (Duquesne et al.,
1996), aphakia, previous intraocular surgery, previous choroidal
detachment, and preoperative grade A or B PVR. All of these
preoperative risk factors are in concordance with the inflamma-
tory nature of PVR (Asaria et al., 2001; Bonnet, 1984, 1988; Yoshino
et al., 1989).

Intraoperative risk factors include vitreous or subretinal bleed-
ings, inability to fully close retinal tears, intraoperative choroidal
detachments (Cowley et al., 1989), pigment release during endo-
drainage (Lleo Perez et al., 2000), and excessive cryotherapy
(Bonnet, 1988; Cowley et al., 1989) or endolaser (Rodriguez de la
Rua Franch et al., 2000). Both strategies of retinopexy induce a
pro-inflammatory environment that could explain the high risk as
shown in experimental models (Garcia-Layana et al., 1997;
Goldaracena et al., 1997; Pinon et al., 1992). Indeed, in a prospec-
tive, randomized, placebo-controlled, double-blind clinical trial
performed to determine if prolonged administration of systemic
corticosteroids would attenuate early stages of PVR, the application
of transcleral cryocoagulation was associated with more cases
developing epiretinal membranes in the placebo than the steroid
group (Koerner et al., 2012). These findings reinforce the idea that
the anti-inflammatory strategy could be one of the best options for
preventing PVR. While other clinical trials have not reported the
same results (Dehghan et al., 2010), it is possible that the time of
application or intraocular levels of steroid may not have been the
most appropriate.

Postoperative risk factors for inducing PVR include prolonged
inflammation or uveitis, new or persistent vitreous hemorrhage,
postoperative choroidal detachment, the use or air or sulphur
hexafluoride (SF6), repeated surgical procedures, loss of vitreous
during drainage of subretinal fluid, persistent traction of breaks,
and the presence of unadverted or non-appropriated closed tears or
holes. (Asaria et al., 2001; Pastor et al., 2002). Most of these are
clearly related to inflammation. Table 4 summarizes some of the
clinical risk factors identified by large clinical studies.

5.3. Some other problems and formulas

The design of many clinical retrospective studies for identifying
clinical factors that predispose the onset of PVR is very weak. Often
the many factors that contribute to PVR development are closely
related to others and cannot be analyzed in an independent way.
Nevertheless, there are a few studies with the appropriate
Please cite this article in press as: Pastor, J.C., et al., Proliferative vitreo
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methodology. One prospective study included 409 eyes and tested
the influence of 14 categories of clinical variables (Duquesne et al.,
1996). Using single and multiple logistic regression analysis, only
four variables were found to independently and jointly be associ-
ated with the risk of postoperative PVR. Among them, two have
been confirmed by further studies: 90� or greater circumferential
extent of the retinal tears and the use of cryopexia (Sadaka and
Giuliari, 2012).

In 2005, our group performed an observational case-controlled
study among 335 patients (201 control and 134 cases) with non-
complicated RD (Rodriguez de la Rua et al., 2005). Risk factors for
PVR were identified by multivariate analysis, and the influence of
variables was assayed according to the surgical approach. Once
again, breaks larger than “1 clock hour” and extension of RD were
found to be risk factors for PVR. Age and lower IOP, scleral surgical
techniques, aphakia/pseudophakia when associated with scleral
buckle and re-interventions were also risk factors. We proposed a
statistical model that was independent of the surgical procedure
employed for RD repair to estimate the probability of developing
PVR for any patient. The best values of sensitivity and specificity
obtained with this model were 78.0% and 75.6% respectively, which
were higher than those obtained by previous studies (Asaria et al.,
2001; Kon et al., 2000). The area under the receiver operating
characteristic curve was 0.86. Nevertheless, those values were not
sufficiently high for routine clinical use (Rodriguez de la Rua et al.,
2005).

More recently, Wickham et al. (2011) devised a simplified for-
mula that used preoperative clinical data to estimate the risk of PVR
following primary RD repair by vitrectomy. Vitreous hemorrhage,
grade C PVR, and the extent of detachment were related to failure
due to PVR. There was good agreement between risk estimates
produced by the point system and those calculated directly using a
multivariate regression model. The area under the receiver oper-
ating characteristic (ROC) curve for the model was 0.84 (Wickham
et al., 2011). Nevertheless, in general the low sensitivity and spec-
ificity of these formulas has rendered them unsuitable for routine
clinical use (Asaria et al., 2001; Kon et al., 2000; Rodriguez de la Rua
et al., 2005; Wickham et al., 2011).

There is another critical problem regarding the usefulness of
the predictive formulas. These models tend to perform better
with the data from which they were constructed rather than with
new data (Bleeker et al., 2003). Predictive formulas require
external validation with a new sample before being fully vali-
dated and implemented in clinical practice (Bleeker et al., 2003;
Terrin et al., 2003). Our group performed an external validation
of the four previously published formulas for predicting PVR
development after RD surgery, each of which were developed
with different criteria (Sala-Puigdollers et al., 2013). All four
formulas (Asaria et al., 2001; Kon et al., 2000; Rodriguez de la Rua
et al., 2005; Wickham et al., 2011) had limited ability to pro-
spectively identify patients who would develop PVR, and there-
fore they are not reliable for general use in the clinic (Sala-
Puigdollers et al., 2013). Thus, it is apparent that clinical factors
alone do not provide sufficient predictive power to identify pa-
tients at high risk of PVR.

In fact, it is only when additional variables such as genetics or
biochemical biomarkers are considered that performance of
predictive models improves (Ricker et al., 2012; Rojas et al.,
2015). These new formulas, after appropriate validation, could
provide novel tools in our current clinical practice to identify
those patients at high risk of developing PVR. This is a crucial step
for designing new clinical trials. As we will discuss further, the
inclusion in clinical trials of only those patients with a high risk
of PVR will reduce the sample size and increase the power of the
results.
retinopathy: A new concept of disease pathogenesis and practical
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Table 4
“Risk factors for PVR”. Main papers analyzing risk factors for developing PVR. “X”means that the variable evaluated in the study was significantly associated to PVR. RD. retinal
detachment. SB: scleral buckle. PPV: pars plana vitrectomy. Pros: prospective study. Retrosp: tretrospective study. E: evaluated. NE: non evaluated.

Design of the study Bonnet M. 1984 Bonnet
M. 1988

Yoshida A. 1984 Cowley M. 1989 Malbran E.
1990

Girard P. 1994 Duquesne
N. 1996

Kon CH.
1999

354 eyes, complicated
and non-complicated
RD (included trauma),
SB and/or PPV

Prosp.
70 eyes,
SB

Retrosp. 521
eyes,
complicated and
non-
complicated RD,
SB

Retrosp. 607 eyes,
complicated and non-
complicated R (included
trauma) D, SB and/or PPV

Retrosp. 1180
eyes,
complicated
and non-
complicated RD

Retrosp. 1020
patients,
complicated and
non-
complicated RD

Prosp. 409
eyes, RD

Prosp. 140
eyes,
complicated
RD, PPV

Preoperative PVR X X X X E X X NE
Tear/break characteristics X E X E X X X NE
Size of RD NE E NE E NE X NE NE
Aphakia/pseudophakia NE NE NE E NE E E NE
Genetic profile of patients NE NE NE NE NE NE NE NE
Vitreous cytokines/proteins NE NE NE NE NE NE NE X
Pre/intraoperative vitreous

hemorrhage
NE X X E NE X E NE

Reintervention X NE E E NE E NE NE
Postoperative choroidal

hemorrhage
NE NE X X NE X NE NE

Preoperative choroidal
hemorrhage

NE NE E X NE X NE NE

Technical procedure (PPV or SB) NE NE NE X NE E E NE
Tamponade NE NE NE NE NE X E NE
Cryopexy NE NE NE X NE NE X NE
Laser NE NE NE E NE E E NE
Uveitis NE NE NE E NE X NE NE
Age NE NE NE E E E E NE
Cytokines /proteins in

subretinal fluid
NE NE NE NE NE NE NE NE

Shading in Table 4 highlights PVR associated risk factors.
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6. Designing new strategies for PVR treatment based upon
genetics and biomarkers

6.1. Monogenic and complex diseases

The human genome contains an estimated 20,000e25,000
genes that encode all of our proteins (Consortium, 2004). Protein-
coding sequences account for only a very small fraction of the
genome, approximately 1.5%. The remainder includes non-coding
sequences such as introns, short and long interspersed elements,
and the rest of the genome for which no function has yet been
elucidated (Lobo, 2008).

Inherited human diseases can be classified as monogenic or
complex. Monogenic diseases are the result of a mutation in a
single gene and are inherited in a Mendelian fashion. These dis-
eases are relatively rare, but they have a high penetrance despite a
very low allele frequency. In contrast, complex inherited diseases,
which are relatively common, are multifactorial in nature. Most
multifactorial diseases have low penetrance and a common allele
frequency, occurring in at least 5% of the population (Lobo, 2008).
Multifactorial diseases can occur in isolation but environmental
influences can increase or decrease the risk of the disease. In this
sense, a given noxa could induce different responses in different
subjects. Thus, an individual's genetic profile could determine if he/
she has a greater or lesser susceptibility to a disease under the
influences of the same environment (Dempfle et al., 2008).

An important ocular example for the role of genetics is age-
related macular degeneration (AMD). In this disease, the impor-
tance of the genetic profile in the development of the disease and
the response to treatment has been demonstrated (Gemenetzi and
Lotery, 2014; Horie-Inoue and Inoue, 2014; SanGiovanni and Chew,
2014; Schramm et al., 2014).
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6.2. Usefulness of genetic studies: unraveling the pathogenesis of
diseases and biomarkers of risk

Single nucleotide polymorphisms (SNPs), variations at a single
isolated nucleotide position, are the most frequent polymorphisms
in nature. They are almost always biallelic, involving only one of
two choices, such as A or T, at a given site within the population.
SNPs have a wide variation in frequency in different populations
and may occur anywhere in the genome: exons, introns, or inter-
genic regions. The SNPs that occur in exons are more likely to be
important because they could alter the gene product and predis-
pose a change in phenotype or susceptibility to a disease (func-
tional SNP). However much more commonly, SNPs have no real
functional significance but rather serve as markers that are co-
inherited with a disease-associated gene as a result of physical
proximity. In other words, the SNP and the causative genetic factor
are in linkage disequilibrium, and the SNP can be an identifying
character when looking for the causative gene (Kumar and Cotran,
1994).

The genetic study of any multifactorial disease can help to
unravel the pathogenesis in different ways. For example, in the
identification of causative genes, functional SNPs or SNPs in
linkage disequilibrium with causative genes could point out
genes that have never been implicated in the disease, or they
could confirm the role of other genes previously identified (Rojas
et al., 2013).

Groups of biomarkers such as SNPs can serve as indicators of risk
for multigenic diseases. As such, they could be used to select high-
risk patients for recruitment into clinical trials for assessing new
procedures or therapeutic agents. This could reduce the required
sample size in a dramatic way because it would enable the selection
of a more homogenous population of subjects, as discussed below.
retinopathy: A new concept of disease pathogenesis and practical
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Kon CH.
1998

Kon CH.
2000

Rodriguez de la Rua
E. 2000

Rodriguez de la
Rua E. 2005

Rojas J. 2009 Rojas J. 2010. Wickham L. 2011 Ricker LJ.
2012

Rojas J. 2015. Times
found it
as risk
factor

Prosp. 140
eyes,
complicated
RD, PPV

Prosp. 136
eyes,
complicated
RD, PPV

Retrosp. 298 eyes,
complicated and
non-complicated RD,
PPV and/or SB

Prosp. 335 eyes,
non-
complicated
RD, PPV and/or
SB

Retrosp. and prosp.
450 eyes, non-
complicated RD,
PPV and/or SB

Retrosp. and prosp.
450 eyes, non-
complicated RD,
PPV and/or SB

Prosp. 615
patients,
complicated and
non-complicated
RD, PPV

Retrosp.
75 eyes,
primary
RD, SB.

Retrosp. and prosp.
546 eyes, non-
complicated RD,
PPV and/or SB

NE X X E NE NE X X X 11
NE NE E X NE NE E E NE 6
NE E X X NE NE X E NE 4
NE X E X NE NE E X NE 3
NE NE NE NE X X NE NE X 3
X X NE NE NE NE NE NE NE 3
NE E E E NE NE E E NE 3

NE NE X X NE NE NE NE NE 3
NE NE E E NE NE NE NE NE 3

NE NE E E NE NE NE NE NE 2

NE NE E X NE NE NE NE NE 2
NE E X E NE NE NE E NE 2
NE E E E NE NE NE E NE 2
NE E X E NE NE NE NE NE 1
NE E E E NE NE E NE NE 1
NE E E X NE NE E E NE 1
NE NE NE NE NE NE NE X NE 1
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Another advantage of studying the genetic component of any
multifactorial disease is the possibility of identifying biomarkers of
the response to treatment.

6.3. Genetics of PVR

With these concepts in mind and taking into consideration the
weak ability of primary RD patient clinical characteristics to predict
the risk for developing PVR, we thought that the genetic compo-
sition of these patients could have an important role. Our working
hypothesis was that RD can evolve in different ways depending on
the genetic profile of each patient (Sanabria Ruiz-Colmenares et al.,
2006).

Most genetic studies of PVR have been performed by analyzing
monogenic diseases such as Norrie disease and familial exudative
vitreoretinopathy among others (Poulter et al., 2012; Robitaille
et al., 2011; Yang et al., 2012). Because single genes are respon-
sible for each of those diseases, the pathogenesis of these vitreor-
etinopathies has nothing in common with PVR secondary to a
primary RD.

As mentioned, some years ago we performed a preliminary
genetic study that reinforced the idea that the genetic component
could have a role in the risk of PVR following RD (Sanabria Ruiz-
Colmenares et al., 2006). Later, a replicated candidate gene asso-
ciation study confirmed the implication of the SMAD7 gene and the
TNF locus in the pathogenesis of PVR (Rojas et al., 2010, 2013). In
addition p53 and MDM2, genes that play roles in apoptosis, have
been implicated in the development of PVR (Pastor-Idoate et al.,
2013a, 2013b). All of these efforts have been made thanks to a
collaborative study that we named “Retina 4 Project”.

6.4. Designing new strategies for PVR treatment guided by genetics

The findings of the Retina 4 Project have resulted in recognition
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of the importance of early inflammationmediators such as TNF-a in
the development of PVR. This and other mediators of inflammation
are potentially new targets for preventing PVR. Our group has
demonstrated that adalimumab, a TNF-a blocker, reduced the
reactive retinal glio
sis in organotypic cultures of porcine neuroretinas
(Fernandez-Bueno et al., 2013a). Also, the genetic
study of PVR pointed out the relevance of TGF-b
mediators in the onset of fibrosis that occurs in
PVR. Our group's results support the idea that anti-
TNF-a could serve as a novel way to prevent or even
treat the gliosis observed in PVR.

The TGF-b pathway is another potential target pointed out by
our study (Rojas et al., 2013). SMAD7 is a mediator that acts as an
inhibitor of the profibrotic action of TGF-b by blocking phosphor-
ylation of SMAD2 and SMAD3. SMAD7 is a mediator in the TGF-b
pathway, and it acts as an inhibitor of the pro-fibrotic action of TGF-
b by blocking phosphorylation of SMAD2 and SMAD3 (Flanders,
2004; Saika et al., 2008). In mice, overexpression of SMAD7
inhibited the RPE transition to myofibroblasts elicited by the
addition of TGF-b2 (Saika et al., 2007). As a result, the RPE fibro-
genic response was inhibited. The replication genetic study high-
lighted the possible role of SMAD7 in the development of PVR in
humans, and potentially opened a new therapeutic target (Rojas
et al., 2013). Finally, a Korean research group has found that pir-
fenidone, a small compoundwith combined anti-inflammatory and
antioxidative action, inhibits TGF-b1-induced fibrogenesis by
blocking nuclear translocation of Smads in the human retinal
pigment epithelial cell line ARPE-19 (Choi et al., 2012). The authors
proposed this inhibitor of the TGF-b pathway as a potential treat-
ment for preventing PVR.

The Retina 4 Project also revealed the importance of apoptosis in
PVR by the involvement of both the p53 and MDM2 genes. The
retinopathy: A new concept of disease pathogenesis and practical
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Fig. 9. This figure represents a summary of our ideas in the pathogenesis of PVR highlighting the genetic findings and their relations with the tissular changes and mechanisms of
neuronal death.
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tumor suppressor gene p53 is crucial for host defense against
genomic mutations. It is well known for its ability to induce cell
cycle arrest, apoptosis, senescence, and differentiation following
cellular stress (Hede et al., 2011).

Our colleagues Gomez-Sanchez et al. from the University of
Salamanca reported that the human Tp53 Arg72Pro SNP is
responsible for worse functional prognoses in patients suffering
stroke (Gomez-Sanchez et al., 2011). The basis for this observation
was that the variant SNP was associated with an increase of
apoptotic activity. The presence of neurons prone to apoptosis in
the ischemic penumbra and perihematoma may account for poor
prognosis (Gomez-Sanchez et al., 2011). Therefore with the assis-
tance of the Salamanca group, the presence of this SNP was
analyzed by our group for our sample of RD patients with and
without PVR.

A SNP variant of the p53 gene associated with anti-apoptotic
activity resulted in increased risk for developing PVR (Pastor-
Idoate et al., 2013a). This suggests that the variant SNP could be
associated with an enhanced inflammatory process after RD. We
also found that a SNP variant of MDM2, one of several apoptosis
mediators in the p53 signaling pathway, was related to a high risk
of PVR (Pastor-Idoate et al., 2013b). Pro-apoptotic agents such as
crocetin and other drugs currently being evaluated in early phases
of clinical trials (Li et al., 2015) could be proposed in the near future
Please cite this article in press as: Pastor, J.C., et al., Proliferative vitreo
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as another strategy directed toward preventing PVR.
The identification of SMAD7, TNF-locus, p53, and MDM2 in PVR

or any other gene associated with human diseases provides the
rational for research of new drugs, or better, already developed
drugs, in the treatment or prevention of these diseases (Fig. 9).

6.5. Designing new strategies for PVR prevention based upon
genetic biomarkers

The identification of patients at high risk for developing PVR
would help to diminish the required sample size to test more
specific treatments or therapeutic strategies. Our group developed
three predictive models of PVR based on the analysis of genetic
variables (Rojas et al., 2009). One of these models withstood
external validation, offering as good a predictive accuracy as ob-
tained prior to the validation (Rojas et al., 2015). Also, the analysis
of the relevant clinical and genetic variables significantly improved
the discriminatory capability of the model (Rojas et al., 2015). Our
model, which incorporated the genetic analysis along with clinical
data and was validated by an external sample, had much better
predictive power for the risk of PVR than did other studies that did
not incorporate a genetic component (Asaria et al., 2001; Kon et al.,
2000; Rodriguez de la Rua et al., 2005; Rojas et al., 2015; Sala-
Puigdollers et al., 2013; Wickham et al., 2011).
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Table 5
Genetic contribution to PVR development.

Retina 4 project
Genetic contribution to PVR development

GEN Polymorphisms Reasons for analysis/potential contribution to PVR

CTGF rs1931002 rs928501 - Participates in fundamental biologic processes including wound healing and fibrosis
- Under the influence of TGF-b and CTGF, the RPE become myofibroblastic and fibrosis ensues
- Reported CTGF expression in the human PVR membranes
- Polymorphisms in CTGF predict the risk of PVR

rs4897554 rs9399005
rs6917644 rs9483364

EGF rs1024600 rs2237051 - Promotes Müller glia proliferatio and RPE proliferation via activation of the b catenin signaling pathway
- Contributes to cell-growth regulation in PVR
- EGF receptor exists in the early stage of PVR
- EGF stimulates phosphorylation of the phosphatidylinositol 3'-kinase (PI3K)-dependent effector kinase Akt, MEK- Dependent
mitogen- activated kinase (MAPK), and extracellular signal-regulated kinase (ERK)

- Polymorphisms in EGF predict the risk of PVR

rs11568943 rs4698803
rs17238095 rs6533485
rs9999824 rs718768
rs1860129

FGF2 rs1048201 rs308435 - Basic FGF (bFGF) in the vitreous of PVR is overexpressed
- bFGF mRNA, bFGF peptide and FGF receptor are involved in epiretinal membrane formation in PVR
- Promotes RPE proliferation via activation of the b catenin signaling pathway and stimulates the production of interferon gamma
- Participates in the activation of Smad/ZEB1/2 signaling responsible of proliferation and epithelial-mesenchymal transition (EMT)
of RPE (hallmarks of PVR)

- Polymorphisms in FGF2 predict the risk of PVR

rs1476217 rs3804158
rs167428 rs7683093
rs1982569 rs9990554
rs308417 rs308428

HGF rs1558001 rs17501080 - Exhibits pleiotropic biologic functions in its target cells as mitogenic, motogenic, morphogenic, and angiogenic factors
- Has profound effects on growth and migration of RPE cells
- HGF and its receptor (HGFR) are strongly expressed in epiretinal membranes associated with PVR and in the vitreous of patients
with PVR

- Polymorphisms in HGF predict the risk of PVR

rs2074724 rs5745687
rs917183

IFNG rs12306852 rs2098395 - Inflammatory cytokine significantly increased in vitreous samples from patients with PVR
- Mediates in cellular mechanisms of migration, proliferation, and differentiation, which are involved in PVR membrane formation
- Participates in the induction of ICAM-1 by RPE cells
- Polymorphisms in IFNG predict the risk of PVR

rs2069718 rs2193049
rs2069727 rs2430561

IGF1 rs1019731 rs5742629 - Are present in biologically active quantities in the vitreous fluids of patients with fibrocontractive diseases
- Increase the contraction stimulating effect of Müller cells and has a stimulating effect for traction on RPE cells
- Have a significant physiopathological role in fibro-contractile disorders like PVR
- Upregulated expression in vitreous of patients with PVR
- Involved in the progression, stimulation of epiretinal membrane contraction and inflammation process in PVR
- Potent promoters of RPE cell tractional force generation
- IGF ligands and binding proteins are known to be present in the vitreous, and in the environment that drives RPE responses in PVR
- The concentration of some IGF proteins are correlated with the severity and prognosis of PVR
- Polymorphisms in IGF-IR predict the risk of PVR

rs1520220 rs6214
rs2195240 rs7136446
rs2971575 rs9308315
rs35767

IGF2 rs1003483 rs3213221
rs2585 rs3741208
rs3213221 rs1003483
rs3741212

IGF-IR rs10794486 rs2684787
rs12899533 rs4305005
rs1568501 rs4966035
rs1879613 rs7166287
rs2048641 rs7173191
rs2229765 rs8038015

IL1A rs1304037 rs2856836 - Broad spectrum of activity in inflammation and wound healing
- Associated with the initiation of inflammatory mediators cascade and inflammatory reaction in PVR
- Have the ability to activate T- lymphocytes, stimulate the secretion of immunoglobulin, induce neuronal differentiation, and
trigger the release of acute phase proteins

- Are synthesize by a variety of cells, including monocytes, synoviocytes, fibroblasts and RPE cells
- Stimulate the migration of RPE cells
- Are increased in vitreous samples from patients with PVR
- Stimulate the proliferation of fibroblast and glial cells
- Stimulate the synthesis of collagen
- Total levels of some ILs in the vitreous are predictive risk factors for postoperative PVR development
- Reported ILs expression in the human PVR membranes
- The interaction between extracellular matrix- bound cytokine and inflammatory leucocytes or resident cells of the retina may
promote the development and perpetuation of PVR

- Participate in the transdifferentiation, migration, proliferation, survival, and extracellular matrix formation in fibro-contractile
disorders like PVR

- IL-10 limits the inflammatory response by blocking IFNG, IL-2, TNFA and IL-4 production. IL1RN binds the IL-1 receptor, Inhibiting
its union to IL1A and B, neutralizing their action

- Polymorphisms in IL-10 and IL1RN predict the risk of PVR

rs17561 rs3783516
rs1800587 rs2048874
rs3783550

IL1B rs1143634 rs16944
rs3917368 rs4848306
rs7596684

IL1RN rs1688072 rs1794066
rs3087270 rs315946
rs315949 rs315952
rs315958 rs446433
rs973635

IL6 rs11766273 rs12700386
rs1474347 rs1800795
rs2056576 rs2069840
rs2140543 rs4719713

IL8 rs2227306 rs2227543
rs4073 rs4694178

IL10 rs10494879 rs17015767
rs1800871 rs1800872
rs1800890 rs2222202
rs3024493 rs3024498
rs4390174

MCP1 rs1024611 rs2530797 - Potent chemotactic factor for monocytes
- Is present in a substantial percent of vitreous samples from eyes with proliferative vitreoretinal disorders stimulating the
infiltration of monocytes and macrophages

- Is induced by TNF alpha in retinal glial cells during post- ischemic inflammation
- Polymorphisms in MCP1 predict the risk of PVR

rs2857653 rs3091316
rs3760396 rs4795893

(continued on next page)

J.C. Pastor et al. / Progress in Retinal and Eye Research xxx (2015) 1e30 17

Please cite this article in press as: Pastor, J.C., et al., Proliferative vitreoretinopathy: A new concept of disease pathogenesis and practical
consequences, Progress in Retinal and Eye Research (2015), http://dx.doi.org/10.1016/j.preteyeres.2015.07.005



Table 5 (continued )

Retina 4 project
Genetic contribution to PVR development

GEN Polymorphisms Reasons for analysis/potential contribution to PVR

MIF rs1007888 rs1984309 - Involved in cell-mediated immunity, immunoregulation, and inflammation
- Plays a role in the regulation of macrophage function in host Defense
- Increased levels in the vitreous samples of patients with PVR
- Polymorphisms in MIF predict the risk of PVR

rs2096525 rs4820571
rs4820571 rs738806
rs755622

MMP2 rs1561220 rs243864 - MMPs and their natural inhibitors (TIMPs) play an important role in matrix remodeling and their involvement in the formation of
scar-like tissue in PVR

- Presence of MMPs and TIMPs in epiretinal and subretinal membranes in patients with PVR
- Significant correlations between PVR grade and MMPs in sub retinal fluid and proMMPs, MMPs-and TIMPs levels in vitreous
- Polymorphisms in MMPs predict the risk of PVR

rs2192853 rs243866
rs243840 rs7201
rs243845 rs9928731

MMP9 rs2250889 rs3787268
rs2274756 rs3918241
rs3918253 rs4810482

NFKB1 rs11722146 rs4648141 - NF-KB is a transcription factor that plays an important role in biological processes
- NF-KB can be activated by exposure of cells to pro-inflammatory cytokines such asTNF-a and IL-1/3 or by exposure to several other
stimuli including bacteria, viral proteins, and hypoxia

- Induce the transcription of a variety of genes that bear KB- binding sites, including proinflammatory cytokine, chemokine, and cell
adhesion molecule genes

- NF-kB, in combination with GDNF receptors, are involved in the formation of the glial cell component of ERMs in PVR
- NF-kB is expressed in human PVR membranes and vitreous samples
- Polymorphisms in NFkBIA and NFkBIB predict the risk of PVR

rs230540 rs4698858
rs28362491 rs7674640
rs3774932 rs997476
rs4648110

NFKBIA rs17103274 rs3138045
rs2007960 rs3138056
rs3138045 rs696
rs7152826

NFKBIB rs10410544 rs2241705
rs11879872 rs3136640
rs2053071 rs3136646
rs9403

PDGFA rs11764261 rs11768030 - Its expression is increased in RPE cells within the ERM of human patients
- Are associated with PVR in humans and strongly promotes experimental PVR driven by multiple vitreal growth factors outside the
PDGF family

- Once activated, the PDGFR initiates signal relay cascades that drive biologic responses, such as chemotaxis and proliferation
- Expression increase the ability of fibroblasts to induce experimental PVR
- Vascular endothelial growth factor A and non- PDGFs are able to influence in the activation of PDGFRa
- Polymorphisms in PDGF and PDGFR predict the risk of PVR

rs4916944 rs7777705
rs7806249

PDGFRA rs17739921 rs2114039
rs4289498 rs4864877
rs6850748 rs7656613
rs7691129

PIK3CG rs3173908 rs4460309 - Important modulator of extracellular signals, including those elicited by E-cadherin-mediated cellecell adhesion, which plays an
important role in maintenance of the structural and functional integrity of epithelia

- Plays a pivotal role in the regulation of cytotoxicity in NK cells
- Is highly activated in the RPE cells of PVR and is essential for PVR in a rabbit model of the disease
- Influences in the activation of aPDGFR to mediate PVR
- Polymorphisms in PIK3CG predict the risk of PVR

rs4727666 rs4730204
rs6961244 rs757902
rs849380 rs849384
rs849385 rs849387

SMAD3 rs1866316 rs7169183 - SMAD3 mediates the signals from the TGF-b superfamily ligands that regulate cell proliferation, differentiation and death
- SMAD3 is essential for EMT and fibrogenic responses by RPE cells induced by retinal detachment
- SMAD7 is a TGF-b type 1 receptor antagonist. It blocks TGF-b1 and activin associating with the receptor, blocking access to SMAD2.
It is an inhibitory SMAD (I-SMAD) and is enhanced by SMURF2

- Experimental PVR development after retinal detachment is inhibited by Smad7 overexpression
- Polymorphisms in SMAD3 and SMAD7 predict the risk of PVR
- Genetic implication of SMAD7 in the development of PVR has been confirmed by genetic caseecontrol studies

rs2033785 rs7177795
rs3743343 rs731874
rs4776881 rs8031627
rs6494634 rs8032802

SMAD7 rs1873190 rs4939826
rs2337143 rs6507877
rs2878889 rs7226855
rs9946510

TGFB1 rs2241715 rs4803455 - Participates in the modulation of cell migration and proliferation, cell death, and protein synthesis during development, tissue
repair, and other physiological or pathological processes.

- Enhances extracellular matrix production and suppresses cell proliferation
- Capables of inducing several number of growth factors
- TGFB1 induces cytoskeleton reorganization, alpha- SMA expression, increases the phosphorylation of ERK, Smad2/3, and AKT, and
activates RhoA and Rac1 signaling pathways.

- Concentration of TGFB2 in the vitreous humor of the eye correlates with the severity of the PVR
- TGF-b2 contributes to transdifferentiation of hyalocytes into a-smooth muscle actin positive myofibroblast-like cells that cause
collagen gel contraction

- Are overexpressed in the vitreous of patients with PVR and are also detectable in the contractile membranes
- Polymorphisms in TGFB1 and TGFB2 predict the risk of PVR

rs2241713 rs8179181
rs1800471

TGFB2 rs1418556 rs2796821
rs1891467 rs4846267
rs2000220 rs4846476

TNFA rs1799964 rs2857602 - TNFA and TNFR2 play a pivotal role in inflammation, by activating endothelial cells to display leukocyte adhesion molecules such
as E-selectin, intercellular adhesion molecule-1, and vascular cell adhesion molecule-1

- High levels of these molecules are associated with inflammatory processes such as PVR
- Are overexpressed in the vitreous of patients with PVR and are also detectable within the extracellular matrix

rs1800629 rs2857706
rs2229094 rs673

rs2256965 rs909253 PVR membranes
- TNFamRNA detected by RT-PCR in vitreous and Subretinal Fluid (SRF) samples of patients with PVR, indicating local production of
these cytokines by vitreous and SRF cells

- TNFa, is able to bind to receptors on Müller cells and able to activate Müller cells, microglia and astrocytes
- TNF-induced Reactive oxygen species (ROS) production and other cell death pathways such as necroptosis
- Participate in the formation of fibrillar collagen and cellular proliferation in eyes with PVR
- Genetic analysis from patients with post-rhegmatogenous retinal detachment PVR demonstrated a significant association with the
nonsynonymous, SNP rs2229094(T/C) at the TNF locus

- Polymorphisms in TNFA and TNFR2 predict the risk of PVR
- Genetic implication of TNFA in the development of PVR has been confirmed by genetic caseecontrol studies

rs2256974 rs915654
TNFR2 rs1061622 rs3397

rs1061624 rs542282
rs1061628 rs590977
rs652284
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Table 5 (continued )

Retina 4 project
Genetic contribution to PVR development

GEN Polymorphisms Reasons for analysis/potential contribution to PVR

p53 rs1042522 - Is crucial for cell repair of genomic mutations and induces cell cycle arrest, apoptosis, senescence, or differentiation following
cellular stress

- The codon 72 polymorphism in p53 regulates the interaction with NF-kB and transactivation of genes involved in apoptosis,
immunity and inflammation. It has been associated with several cancers and inflammatory processes

- Is related to a poor functional prognosis in patients who have suffered from ischemic or hemorrhagic stroke
- Seems to be a checkpoint of RD and how its local increase in the vitreous by using inhibitors of MDM2, seem to be a promising
approach as a prophylaxis in experimental RD and also in experimental PVR

- Pro allele of the p53 gene, associated with a decrease in apoptotic function of p53, has a higher risk of developing PVR after RD
- Downregulation of p53 appeared to be a required event in PDGFRa-mediated contraction of cells in a collagen gel and retinal
detachment in an animal model of PVR

- The presence of soluble apoptotic molecules has been implicated in the development of PVR
- Polymorphisms in P53 predict the risk of PVR

MDM2 rs2279744 - Key negative regulator of p53 and in humans
- The G/G variant increases the binding affinity of the transcriptional activator Sp1 resulting in high levels of mdm2 protein;
formation of transcriptionally inactive p53-MDM2 complexes and a consequent decreased activity of the p53 pathway

- Carriers of the G allele of the MDM2 gene, associated with a decrease in apoptotic function of p53, have higher risk of PVR after RD
- Polymorphisms in MDM2 predict the risk of PVR

BAX rs4645878 - Pro-apoptotic members, triggers mitochondrial outer membrane permeabilization
- A mediator of apoptosis that is also involved in retinal cell death after retinal ischemia
- Is associated with a decrease in the apoptosis levels, being involved in the control life or death of a cell, and in the cellular
proliferative response

- A/A allele of rs4645878 could be a biomarker of high risk for developing PVR in patients undergoing RD surgery

BCL-2 rs2279115 - Anti-apoptotic members of Bcl-2 family able to neutralize BAX and block mitochondrial outer membrane permeabilization
- The BCL-2-938 AA genotype is associated with an increase in Bcl-2 expression
- Although an over-expression of bcl-2 is associated with a decreased apoptotic response, unlike bax, the over-expression in bcl-2 is
able to induce an inhibitory effect in the programmed necrosis cell death and other non-apoptotic pathways like autophagy

- It has been reported that increase expression of bcl-2 attenuates the TNFA induced necroptosis pathway

A total of 200 common SNPswithminor allelic frequencies >10%were selected for its analysis in the retina 4 project (Pastor-Idoate et al., 2013a, 2013b; Rojas et al., 2009; Rojas
et al., 2013).
The genetic implication of TNF locus and SMAD 7 in the development of PVR have been confirmed by subsequent genetic caseecontrol replication studies within the retina 4
project.
- 196 common SNPs from 30 candidate genes associated with inflammation and known to be implicated in PVR pathways: CTGF, PDGF, PDGFRa, PI3KCG, EGF, FGF2, MIF,
MMP2, MMP7, MCP1, IGF1, IGF2, IGF1R, TNF, TNFR2, TGF-b1, TGF-b2, SMAD3, SMAD7, IFNa, IL1a, IL1b, IL1RN, IL6, IL8, IL10, NFkB1, NFkBIA, NFkBIB, and HGF.

- 4 common SNPs from 4 genes related with apoptosis and diverse cell death pathways: p53, MDM2, BAX and BCL-2.
� CTGF: Connective Tissue Growth Factor.
� EGF: Epidermal Growth Factor.
� FGF-2: Fibroblast Growth Factor 2 (bFGF).
� HGF: Hepatocyte Growth Factor.
� IFNG: Interferon Gamma.
� IGF1: Insulin-like Growth Factor 1.
� IGF2: Insulin-like Growth Factor 2.
� IGF-IR: Insulin-like Growth Factor Receptor.
� IL1A: Interleukin-1 Alpha.
� IL1B: Interleukin-1 Beta.
� IL1RN: Interleukin 1 Receptor Antagonist.
� IL6: Interleukin-6.
� IL8: Interleukin-8.
� IL10: Interleukin-10.
� MCP1: Monocyte Chemoattractant Protein-1.
� MIF: Macrophage Migration Inhibitory Factor.
� MMP2: Matrix Metalloproteinase 2.
� MMP9: Matrix Metalloproteinase 9.
� NFKB1: Nuclear Factor NF-kappa-B 1 p105 subunit.
� NFKBIA: Nuclear Factor of Kappa Light Polypeptide Gene.
� NFKBIB: Nuclear Factor of Kappa Light Polypeptide Gene Enhancer in B-cells Inhibitor, Beta.
� PDGFA: Platelet-Derived Growth Factor Subunit A.
� PDGFRA: Platelet-Derived Growth Factor Receptor Alpha.
� PIK3CG: Phosphatidylinositol-4,5-Bisphosphate 3-Kinase, Catalytic Subunit Gamma.
� SMAD3: Mothers Against Decapentaplegic Homolog 3.
� SMAD7: Mothers Against Decapentaplegic Homolog 7.
� TGFB1: Transforming Growth Factor, Beta 1.
� TGFB2: Transforming Growth Factor, Beta 2.
� TNFA: Tumor Necrosis Factor Alpha.
� TNFR2: Tumor Necrosis Factor Receptor 2.
� p53: Tumor Suppressor p53 Gene.
� MDM2: Mouse Double Minute 2 Homolog.
� BAX: BCL2-Associated X Protein Gene.
� BCL-2: B-Cell Lymphoma 2 Gene.
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Another interesting attempt to develop a predictive model for
the onset of PVR was made by Ricker et al. (2012). They exam-
ined the combined predictive value of clinical risk factors and
biomarkers in the subretinal fluid collected during surgery. Once
again preoperative PVR was identified as the only variable that
was an independent predictor of postoperative PVR. The addi-
tion of certain biomarkers improved the area under the ROC
curve. However, this interesting approach has two limitations.
First, the model should be externally validated before being fully
accepted. Second, from a practical point of view, obtaining the
information after surgery may delay the application of prophy-
lactic measures.

It is clear then that analysis of the genetic component of any
multifactorial disease, and particularly PVR, is probably one of the
most innovative approaches to understanding this entity. Knowl-
edge of the genetic contribution to this multifactorial disease could
explain many of the obstacles that until now have obscured the
path to prevention and treatment of PVR. Table 5 summarizes some
of the most relevant findings of the genetic component of PVR.

7. Anatomical and functional results after surgery

Currently, treatment of PVR consists of surgical repair of the
retina (Pastor et al., 2002; Sadaka and Giuliari, 2012). However,
despite recent advances in vitreoretinal surgery that offer a wider
range of surgical techniques, the improved anatomical and func-
tional success rates remain unsatisfactory. But as it has mentioned,
presently, it is widely accepted that there is no effective treatment
for PVR (Coffee et al., 2014). The final goal of RD and PVR surgeries is
to reattach the retina and to prevent future re-detachment. To do
this, repair of retinal breaks, relief of traction forces, and stabili-
zation of the retina are required (Coffee et al., 2014; Pastor, 1998).

Given the high variability of this process and wide diversity of
surgical procedures currently available, it is very difficult to
adequately estimate anatomical and visual outcomes of this con-
dition (Pastor et al., 2002). This variability arises principally from
the difficulty of classifying the severity of disease, the existence of
different surgical techniques and timing of surgery, and the great
variability of the PVR process itself (Pastor et al., 2002). Neverthe-
less, many studies have been performed to assess these results.

7.1. Anatomical results after surgery

Anatomical success has been reported to be 60e90% depending
on the severity of the disease (Aaberg, 2010; Pastor et al., 2002;
Sadaka and Giuliari, 2012). In the most complex cases, when
heavy silicone oil was used as a tamponade, in only 39% of the cases
did the retina remain attached during the entire follow-up period
(Regler et al., 2009).

7.2. Functional results after surgery

The best visual acuity results are associated with the success of
the first surgery (Abrams et al., 1997). However, anatomical success
does not ensure visual improvement, as will be discussed later, and
there are many factors in PVR that impede an appropriate recovery
of best corrected visual acuity (BCVA).

The most commonly reported rates of functional success
following RD surgery show that 40e80% of the patients recover at
least ambulatory vision of 5/200 or better (Pastor et al., 2002;
Sadaka and Giuliari, 2012). The poor results may be due to
changes in the macula (Kiss et al., 2007), but they are also related to
the number of procedures performed (Pastor et al., 2002). These
results could also be derived from reactive gliosis secondary to an
excessive scarring process generated in this condition. This scarring
Please cite this article in press as: Pastor, J.C., et al., Proliferative vitreo
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can be the result of microscopic changes such as Müller cell hy-
pertrophy and transdifferentiation of RPE cells into fibroblasts that
invade the retinal layers (Pastor et al., 2006b; Pennock et al., 2011).
Alternatively, they could be due to macroscopic changes with the
creation of epiretinal membranes, intraretinal changes, or sub-
retinal bands (Pastor et al., 2006b). The sum of these factors leads to
a severe visual loss despite a complete reattachment of the retina.
With the implementation of 25-G surgery, BCVAs of >20/60 in
51.9% of the eyes at 12 months have been achieved (Iwahashi-
Shima et al., 2013). The development of PVR with recurrent RD
usually requires additional surgery, and it is associated with poor
visual acuity (Pennock et al., 2014a). Classically, the prognosis of
anterior PVR tends to be worse than posterior PVR (Diddie et al.,
1996).

The problem of poor functional results is commonwith RD even
when it is not complicated with PVR. Although reattachment is
obtained in up to 94% of the cases (Pastor et al., 2008b), functional
results at 3 months of follow-up show that less than 50% achieve a
BCVA of 20/40 or higher. Further, in our experience almost 15% of
patients with RD macula-on and no involvement of the macula
experienced a visual loss (personal unpublished data).

This decrease in visual acuity can be attributable in some cases
to structural changes, as has been reported with the use of new
optical coherence tomography and adaptative optic retinal imaging
instrumentation (Saleh et al., 2014). However, it is also possible that
the release of factors by the detached retina may affect some other
areas of the retina, even if the affected regions were not within the
detached retinal area (Iandiev et al., 2006). For these reasons, we
are convinced that neuroprotection must be a complement of RD
surgery in the very near future. These factors, obviously, will be also
present in PVR.

7.3. Timing for PVR surgery

As PVR is a dynamic process, the ideal time to perform surgery is
difficult to choose, and it has been a matter of controversy among
vitreoretinal surgeons (Coffee et al., 2014; Pastor et al., 2002). The
judgment of surgical management remains subjective because
decisions are based on the expected evolution of the disease and
depend on preferences and surgical skills of the surgeon. According
to some authors, the presence of clinical signs of activity may point
out the need to delay surgical intervention for some weeks (Pastor
et al., 2002) because the controlled trauma of a new surgery could
generate an extra stimulus for cellular proliferation (Coffee et al.,
2014). Besides, as epiretinal proliferation takes an average of
6e12 weeks to completely develop, delay of surgery would allow
an easier removal of these membranes (Coffee et al., 2014).

However, another recent study showed that delay in surgery
greater than 28 days is itself an independent risk factor associated
with PVR (Feng et al., 2013).

Obviously the time of evolution is an important factor for
functional results, but we have the impression that in some cases
repeated surgeries lead the problem towards an intractable stage.
Perhaps in these cases an adjuvant treatment would be a better
solution.

7.4. Anatomical and visual results of different surgical techniques

Surgical approaches must be modified according to the preop-
erative characteristics of the each patient. Some characteristics that
increase the risk of PVR are easily detectable, such as traumatic RD
or the presence of giant tears. However others may be subtle, such
as the extent of RD (Wickham et al., 2011), and yet others may
require special diagnostic techniques such as the analysis of genetic
predisposition. Light and moderate cases of PVR, according to the
retinopathy: A new concept of disease pathogenesis and practical
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currently existing classifications, can be managed by conventional
surgery, whereas severe cases may require complex interventions,
including scleral buckling (SB), pars plana vitrectomy (PPV),
membrane peeling, retinotomy, retinectomy, and retinal tampo-
nade among others (Sadaka and Giuliari, 2012). However, once
again the lack of a uniform classification prevents the adequate
comparison between techniques and series.

7.4.1. Scleral buckling
Scleral buckling (SB) involves the placement of a silicone band

that encircles the eye to indent it from the outside. This band helps
to close retinal breaks, support the vitreous base, and reduce the
anterior-posterior traction (Coffee et al., 2014; Pennock et al.,
2014a). Light and moderate cases of PVR can be treated with this
technique, but PPV is indicated in most cases (Pastor et al., 2002).
Anatomical success reported with SB is 34e47% (Coffee et al., 2014).
In those patients at high risk of suffering postoperative PVR, the
combination of PPV with SB was associated with significantly
higher single surgery anatomical success compared with PPV alone
(Storey et al., 2014). Nevertheless, some authors suggested that
there is no benefit regarding the anatomical success by adding SB to
PPV (Oyagi and Emi, 2004).

7.4.2. Vitrectomy
The main goals of vitrectomy are to remove sources of traction,

achieve retinal reattachment, and prevent re-detachment. Careful
membrane peeling is needed to achieve these goals (Coffee et al.,
2014). Vitrectomy eliminates transvitreal traction in PVR and
must include elimination of the vitreous base. The vitreous base
may play a key role in the pathogenesis of PVR because it hosts the
RPE cells that accumulate and proliferate. These cells then produce
collagen and generate membranes that subsequently contract and
generate new breaks and extensions of the existing RD. Thus, an
anterior vitrectomy reaching the vitreous base is highly recom-
mended (Pennock et al., 2014a).

Historically, twenty-gauge (20-G) vitrectomy has been used for
the treatment of PVR. However, new transconjunctival vitrectomies
(23-G and 25-G) reduce the surgical trauma and postoperative
inflammation, leading to a faster visual recovery (Iwahashi-Shima
et al., 2013; Recchia et al., 2010). These advantages make the new
surgical procedures especially valuable in diseases like PVR in
which inflammation plays a major role (Iwahashi-Shima et al.,
2013). Twenty-five gauge vitrectomy is effective in selected cases
of PVR, although anatomical recovery rates are difficult to compare
with previous reports due to the great variability in the severity of
the cases and also in the surgical procedures performed in each
case (Iwahashi-Shima et al., 2013).

In one study, anatomical success rates were similar between 20-
G and 25-G surgeries (Iwahashi-Shima et al., 2013). However, visual
recovery was faster in eyes after 25-G vitrectomy, with BCVA
improving at one month after surgery. In contrast, eyes with 20-G
vitrectomy required 3 months to regain visual acuity. The authors
reported that sometimes it was necessary to perform an additional
20-G sclerotomy to use 20-G instruments for specific surgical ma-
nipulations (Iwahashi-Shima et al., 2013).

7.4.3. Retinotomy and retinectomy
If adequate mobilization or complete retinal reattachment is not

achieved, it may be due to a contraction and foreshortening of the
retina. The prudent use of a relaxing incision (retinotomy) or
removal of tissue (retinectomy) should be considered (Williamson
and Gupta, 2010). According to our data, up to 50% of patients with
RD complicated with PVR showed intraoperative signs of “short-
ening” after a careful membrane peeling (Pastor et al., 2003). In 16%
of these patients, it was necessary to perform a retinectomy to
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flatten the retina. Retinectomies are necessary in extensive cases of
intraretinal PVR. Even a 360-degree retinectomy has been proposed
in cases of severe PVR to obtain functional vision and prevent new
surgeries (Garnier et al., 2013). These aggressive techniques are
usually indicated in severe anterior PVR and may be beneficial for
some cases. Nevertheless, the number and severity of complica-
tions are very high, including PVR recurrence (up to 50%), hypotony
(up to 40%), and other complications. In some cases, the resulting
complications can lead to enucleation of the blind and painful eye
(Garnier et al., 2013).

In some series, after PPV and retinectomy in grade C PVR,
reattachment rates of 51% and 72% at the end of the follow-up have
been reported (Grigoropoulos et al., 2007). Nevertheless, cutting
the retina does not seem like a good solution. After retinotomies,
retinal edges may lift and scroll up with subsequent visual
impairment. Additionally, aggressive surgical trauma produced by
these techniques may exacerbate the process by increasing stimuli
that lead to PVR (Williamson and Gupta, 2010). To avoid the in-
crease in the breakdown of the blood-retinal barrier and the release
of cytokines and growth factors, it has been recommended that
surgeons avoid retinotomies and retinectomies when possible
(Williamson and Gupta, 2010). If they are mandatory, the surgery
should be delayed until the PVR is in a quiescent state.

7.4.4. Other procedures
7.4.4.1. Membrane peeling and internal limiting membrane (ILM)
peeling. As described above, epiretinal proliferation takes an
average of 6e12 weeks to completely develop. Thus delay of sur-
gery would allow an easier removal of these membranes (Coffee
et al., 2014). ILM peeling is another proposed approach in PVR
surgery. This technique acts by reducing retinal tension in the
posterior pole. It also reduces the recurrence of posterior epiretinal
membrane formation and subsequent re-detachment (Minarcik
and von Fricken, 2012). Nevertheless, neither the deleterious ef-
fect of removing of the ILM nor the possible beneficial effect on PVR
has been clearly evaluated.

7.4.4.2. Lensectomy. When a RD and PVR occur in a patient with a
cataract, removal of the lens is a routine procedure performed with
the PPV. Removal of the clear lens by pars plana lensectomy im-
proves the intraoperative visualization and helps to complete
elimination of the anterior vitreous. In some cases this procedure
has significantly better anatomical results (Quiram et al., 2006), and
can be performed through a 25-G system (Kiss and Vavvas, 2008).
This surgical maneuver might decrease the risk of suffering post-
operative hypotony by reducingmembrane formation on the ciliary
body (Tseng et al., 2009).

7.4.4.3. Photocoagulation. The application of endolaser along the
margins of the retinotomies, retinectomies, and retinal breaks is
needed to seal these lesions and to reattach the retina (Coffee et al.,
2014). It is considered less likely to stimulate RPE release and
intraocular inflammation (Singh et al., 1986).

7.4.4.4. Retinal tamponade. When PVR traction has been elimi-
nated and the retina has been reattached, retinal endotamponade is
mandatory (Pennock et al., 2014a). The tamponade material pro-
vides time for retinal adhesions to form firmly around tears and
incisions and avoids fluid flow into the breaks (Coffee et al., 2014).
Endotamponade is usually performed with long-acting intraocular
gas such as sulfur hexafluoride (SF6) or perfluoropropane (C3F8), or
with silicone oil (SiO). Based on findings provided by the Silicone
Oil Study, the retinal reattachment rate increased to 70e85% of
macular attachments at 36 months, and there were better visual
outcomes with SiO or C3F8 comparedwith SF6 (Abrams et al., 1997;
retinopathy: A new concept of disease pathogenesis and practical
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Schwartz et al., 2014). However less than 50% of the eyes with
reattached retinas reached visual acuity of 5/200 or better in severe
cases of PVR (Abrams et al., 1997).

Silicone oil and C3F8 had similar rates of success regarding
anatomical and visual outcomes (Abrams et al., 1997; Schwartz
et al., 2014), suggesting that success in the first surgery is more
important than the choice of tamponade in most of the cases.
Nevertheless, the selection of the tamponade must be individual-
ized for each patient. This was the conclusion of a Cochrane study
(Schwartz et al., 2014). One of the disadvantages of SiO compared to
C3F8 is the complications derived from the silicone oil removal
(Coffee et al., 2014; Jonas et al., 2001). This maneuver can induce
the formation of new retinal breaks, reopen previous breaks with
insufficient scarring or incomplete retinopexy, and create unre-
solved tractions that produce retinal re-detachment affecting from
3.5% to 34% of the eyes (Al-Wadani et al., 2014; Jonas et al., 2001).

Some patients undergo a severe visual loss when the SiO is
removed (Christensen and la Cour, 2012; Shalchi et al., 2015). Based
on optical coherence tomography analysis, atrophy and a signifi-
cant thinning of inner retinal layers in the macular region occurred
with SiO tamponade but not with C3F8 (Christensen and la Cour,
2012). The reason of this loss remains unknown, but it is hypoth-
esized that the thinning and atrophy may be due to a direct or
indirect toxic effect of the SiO (Christensen and la Cour, 2012). Some
explanations for this phenomenon deal with changes of ion con-
centrations derived from the collapse of Müller cells, increased
levels of cytokines, or phototoxicity that lead to retinal cell death
(Christensen and la Cour, 2012; Shalchi et al., 2015).

In 2006 we published an analysis of organic lipophilic com-
pounds from silicone oil used in humans eyes for repairing RD.
Among the compounds, cholesterol and a-tocopherol were present
in high concentrations, and they were correlated with the intra-
ocular permanence time. We concluded that silicone oil was able to
extract lipophilic compounds from intraocular tissues, and there-
fore it may affect retinal and other intraocular cells. This may be an
alternative explanation to the retinal atrophy that can occur after
silicone oil use as a tamponade (Pastor et al., 2006a). This delete-
rious effect on the retina was observed by our group many years
ago in experimental models (Nakamura et al., 1991; Pastor et al.,
1992). At that time we attributed the changes to the presence of
low molecular weight components, but the changes were also
present whenwe used highly purified silicone oil (Pastor, 1998). For
special cases where there are signs of PVR in the inferior retina,
there is now the option of using “heavy silicone oils” (Williams
et al., 2013). However the discussion on these substances is not
within the scope of this major review (Khan et al., 2015).

Considering the poor anatomical and visual outcomes obtained
after very aggressive surgeries, we can conclude that there is no
effective treatment for PVR. As it is well recognized that PVR is an
inflammatory condition, the implementation of new surgical ap-
proaches that avoid the inflammatory response triggered by sur-
gical traumamay help improve these unsatisfactory results. Clearly,
research must be focused in preventing these complications.

8. Adjuvant therapy for the treatment of PVR: present and
future

As discussed earlier in this report, PVR is a complex process
involving different risk factors for development. It is comprised of
events that have been considered to be similar to those of the
wound healing response with inflammation, migration, and pro-
liferation of a variety of cells (Kauffmann et al., 1994; Kosnosky
et al., 1994; Limb et al., 1991; Pastor, 1998). However the retina
reacts in the same manner as the CNS, and more attention should
be paid to the mechanisms of repairing the brain after an
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inflammatory insult. With respect to the cellular aspect of the CNS
inflammatory response, microglia respond within minutes to hours
by proliferating, activating, and migrating to the area of injury,
where they essentially function as macrophages (Hauwel et al.,
2005; Schmidt et al., 2005). Increased bloodebrain barrier
permeability allows leukocyte infiltration from the blood to the
injury site, a process that is mediated by cytokines, chemokines,
and complement proteins. Neutrophils are followed by monocytes.
The oxidative burst of neutrophils and macrophages is harmful
because of the release of oxygen free radicals and neurotoxic en-
zymes; however, both activated microglia and monocyte-derived
macrophages aid in clearing debris from dead and damaged cells
via phagocytosis.

Over the last 20 years, vitreoretinal surgical techniques have
evolved, and greater emphasis has been placed on the success of
primary RD surgery to prevent PVR. Case selection has been refined
and the incidence of PVR might have been expected to decline. Yet
the frequency of this condition remains largely unchanged, with a
postoperative incidence of PVR ranging from 4% to 34% in pro-
spective studies (Charteris et al., 2002; Heimann et al., 2007;
Leiderman and Miller, 2009). These results show that there is a
need for adjunctive pharmacologic treatment that could prevent or
halt progression of PVR.

Laboratory and clinical studies have suggested that pharmaco-
logical adjuvant therapy can mitigate the proliferative disease
process and improve surgical success. In general, these pharma-
cological strategies have included anti-inflammatory, anti-prolif-
erative, anti-neoplastic, anti-growth factor, and antioxidant agents
to either modify the inflammatory cascade or interfere with pro-
liferation. Although most of these attempts have failed, we have
summarized the results because of their valuable information.

8.1. Anti-inflammatory agents

Based on the hypothesis that PVR pathogenesis is due to
inflammation, steroids such as triamcinolone acetonide or dexa-
methasone have been considered promising prophylaxis and/or
treatment candidates (Ahmadieh et al., 2008; Garcia-Layana et al.,
1997; Hui et al., 1993; Koerner et al., 1982; Rubsamen and Cousins,
1997; Tano et al., 1980a, 1981, 1980b; Weller et al., 1990). However,
despite the success seen with steroids in animal experiments (Hui
et al., 1993; Rubsamen and Cousins, 1997; Tano et al., 1980a), hu-
man studies failed to demonstrate the same beneficial effects in
terms of reattachment rate, visual acuity, recurrence of PVR, or re-
operation rate (Ahmadieh et al., 2008; Pastor, 1998; Sadaka and
Giuliari, 2012). It is possible that these drugs have not been
applied at the proper time or they have not reached the appropriate
concentration in the eye (Nguyen and Lee, 1992). In fact some au-
thors have recommended systemic postoperative use (Koerner
et al., 1982) while others have advocated for the early administra-
tion of these drugs (Hui and Hu, 1999).

There is a huge variety in the route of steroid administration.
Besides the systemic route, some authors recommend intravitreal
application (Jonas et al., 2000) and others subconjunctival appli-
cation (Bali et al., 2010), both of which are claimed to reduce PVR
development. There are some papers that have tested the efficacy
of low doses of intravitreal triamcinolone after silicone oil tampo-
nade (Chen et al., 2011; Fernandes-Cunha et al., 2014; Kivilcim et al.,
2000; Szurman et al., 2009). The authors reported that it is safe and
effective, a result that is difficult to reconcile with our finding that
triamcinolone is hardly soluble in silicone oil (Pastor et al., 2008a), a
finding confirmed by others (Spitzer et al., 2009). Further, it seems
that relatively high intraocular levels of steroids would be required.
In cell culture, only concentrations of dexamethasone over 200 mg/
ml had an additive effect with 5-FU on the inhibition of human RPE
retinopathy: A new concept of disease pathogenesis and practical
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proliferation (Tung et al., 2001).
8.2. Anti-neoplastic/anti-proliferative agents

To interfere with proliferative events in PVR, anti-neoplastic
agents, which inhibit the cell cycle and cellular proliferation, have
been extensively explored, including compounds like 5-FU,
daunorubicin, taxol, colchicine, retinoic acid, ribozymes, vincris-
tine, cisplatin, adriamycin, mitomycin, dactomycin, and others. 5-
FU is one of the most tested compounds for the treatment of PVR
because it is frequently used to reduce scarring in glaucoma-
filtering surgeries (Sadaka and Giuliari, 2012).

Several clinical trials have tested the efficacy of heparin and its
fragment, low molecular weight heparin (LMWH), in PVR by using
them in combinationwith steroids or anti-metabolite drugs such as
5-FU (Asaria et al., 2001; Charteris et al., 2004; Wickham et al.,
2007; Williams et al., 1996). The use of heparin in the vitrectomy-
infusion fluid during PVR vitrectomy not only did not reduce the
rate of proliferation, but it did increase the rate of postoperative
hemorrhage (Williams et al., 1996). Most of the clinical trials with
LMWH showed no significant or only minimal differences in
anatomical and functional outcomes (Asaria et al., 2001; Charteris
et al., 2004; Wickham et al., 2007). Furthermore, the combined
use of 5-FU and LMWH resulted in worse visual acuity (Wickham
et al., 2007), raising some toxicity concerns about this adjuvant
therapy. A recent Cochrane review has concluded that there is not
enough evidence to recommend the use of 5-FU and LMWH to
prevent PVR (Sundaram et al., 2013).

Daunorubicin, a topoisomerase inhibitor that acts on cell pro-
liferation and migration, has also been used to treat PVR
(Wiedemann et al., 1998, 1987). The Daunomycin Study Group
assessed the efficacy and safety of daunorubicin during vitrectomy
in eyes with PVR and found that it produced a small reduction in
the number of re-operations in patients undergoing retinal surgery
with established PVR (Wiedemann et al., 1998). Although there are
only a few clinical trials that have analyzed the efficacy of dauno-
rubicin in preventing PVR, it appears to be ineffective when used as
a single agent (Moysidis et al., 2012). Thus this drug has not been
incorporated into the clinical routine.

Agents like taxol and colchicine that respectively stabilize and
inhibitmicrotubule formation have the potential to reducemigration
and proliferation of cells (Lemor et al., 1986a) and therefore have
been tested in models for efficacy in PVR (Lemor et al., 1986b; van
Bockxmeer et al., 1985). Retinoic acid, which promotes growth ar-
rest of RPE cells in vitro (Campochiaro et al., 1991), increased the rate
of retinal attachment (Campochiaro et al., 1991; Chang et al., 2008;
Fekrat et al., 1995; Verstraeten et al., 1992). It also significantly
lowered rates of macular pucker formation and produced higher
rates of ambulatory vision in the treated groups (Chang et al., 2008).

In addition to these agents, there are a large number of studies
that show potential benefits from a variety of pharmacological in-
terventions to prevent the occurrence of PVR. One of these is
glucosamine, an inhibitor of N-linked oligosaccharide biosynthesis
and processing. It effectively suppresses RPE cell proliferation in vitro
(Liang et al., 2010) and interferes with the TGF-b signaling pathway
in RPE cells (Liang et al., 2011). DNA-RNA chimeric ribozymes that
target proliferating cell nuclear antigen (PCNA) have been tested in
preclinical and multicenter clinical trials for PVR (Mandava et al.,
2002; Schiff et al., 2007). Unfortunately this drug was not effective
in preventing PVR recurrence in patients with established grade C or
worse PVR (Schiff et al., 2007). Agents such as etoposide and tacro-
limus have also been tested and shown to significantly decrease the
severity of experimental PVR (Kuo et al., 2007; Turgut et al., 2012).
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8.3. Anti-growth factor pathway inhibitors

With our improved knowledge regarding the role that growth
factors play in the pathogenesis of PVR, there has been a movement
towards blocking growth factors and the respective pathways as a
prophylaxis or as a treatment. These strategies include kinase in-
hibitors such as hypericin or herbimycin, which have both shown
positive results in preclinical PVR studies (Imai et al., 2000;
Machado et al., 2009; Tahara et al., 1999). Alkylphosphocholine,
an inhibitor of protein kinase C, was effective against RPE cell
attachment, spreading, migration, and proliferation in vitro (Eibl
et al., 2007). It was also identified as a promising agent in
reducing the number of dividing Müller cells following RD in vivo.
AG1295, an inhibitor of PDGF receptor (PDGFR) kinase, also
significantly attenuated development of RD without apparent his-
tologic or functional damage to the retina (Zheng et al., 2003).

8.4. Antioxidants and other agents

N-acetylcysteine (NAC), an antioxidant used in a variety of
clinical entities, protected rabbits from PVR by blocking the acti-
vation of PDGFR-a. It also protected rabbits from developing RD,
although it did not prevent formation of epiretinal membranes (Lei
et al., 2010). Also in this group of anti-oxidants, three polyphenolic
agents from vegetal origin, epigallocatechin gallate (from green
tea), resveratrol (from red wine), and curcumin (from turmeric),
were tested in vitro to analyze their effects on proliferation of hu-
man RPE cells (Alex et al., 2010). Of these, resveratrol was the most
potent, but we have not found further studies on this agent.

Other agents such as genistein, an isoflavone (Yoon et al., 2000),
calcium antagonists (Smith-Thomas et al., 2000), and neutralizing
antibodies against PDGF, TGF-beta2, and IL-10 (Carrington et al.,
2000) have also been tested against PVR. However, none of these
agents has been incorporated routinely into clinical practice owing
to concerns about retinal toxicity and because only a few have been
assessed in clinical trials (Asaria and Gregor, 2002; Pastor, 1998;
Pastor et al., 2002).

Another interesting approach is based on the inhibition of Rho-
kinase (ROCK) because of the effect this kinase has on retinal cell
survival and glial reactivity. In a retina culture, inhibition of ROCK
had neuroprotective properties by attenuating the glial cell reac-
tivity (Tura et al., 2009). Finally, Palomid 529 (Paloma Pharma-
ceuticals, Jamaica Plain, MA, USA), an inhibitor of the Akt/mTOR
pathway that regulates intracellular signaling important for control
of cell cycle, suppressed Müller cell proliferation, glial scar forma-
tion, and photoreceptor death in an experimental model of RD in
rabbits (Lewis et al., 2009).

8.5. Neuroprotection

Although neuroprotection has the primary goal of improving
the functional outcome after RD surgery by preventing photore-
ceptor death, (Lo et al., 2011; Murakami et al., 2011), it could be also
useful in PVR. One of the possibilities is the use of caspase in-
hibitors, of which a large number of synthetic agents exist. How-
ever, despite extensive experimental efforts, there are few clinical
trials using these compounds in human diseases (Murakami et al.,
2013).

8.6. Multimodal approaches

Clinical strategies to prevent PVR would probably require a
multimodal, combinatorial approach (Moysidis et al., 2012) because
this is a multifactorial disease. Surprisingly, aside from the combi-
nation of 5-FU and LMWH, few reports have been published using
retinopathy: A new concept of disease pathogenesis and practical
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combinations of drugs. Most of the existing studies were made
many years ago and usually combined an anti-proliferative agent
and a corticosteroid (Chen et al., 1992; Hui and Hu, 1999; Pastor
et al., 2000; Salah-Eldin et al., 1994; Tung et al., 2001). There is
also one study that combined a protein kinase C inhibitor and
melatonin in an experimental model of PVR in rabbits, using grades
A and B of the original classification of PVR (Er et al., 2006).

8.7. A look into the future

The most effective treatment option currently available for PVR
remains vitrectomy. However the recent elucidation of pathways
important in the pathogenesis of PVR and the increased under-
standing of its pathobiology has led to the identification of new
potential targets to prevent it or to be used in adjunctive prophy-
laxis. One of these approaches is the interference or the modulation
of integrin activity. Integrins are transmembrane protein receptors
that act as bridges for cell-to-cell and cell-to-extracellular matrix
interactions. Besides their importance for keeping RPE cells
attached to their basal membranes and preventing migration into
the vitreous cavity, these proteins could have a potential role in the
final contraction process that affects existing epi- and/or subretinal
membranes. Thus it may be possible to use antagonists to endog-
enous integrin mediators or reagents designed to inhibit integrin
activity to prevent or treat PVR. Recent preclinical studies have
shown that decreasing the expression of epithelial membrane
protein 2, a RPE cell integrin, or inhibition of it by directed anti-
bodies reduces the onset of PVR formation (Morales et al., 2012;
Telander et al., 2011). The applicability of these in vitro results to
human disease is not yet known.

Other insights have emerged from studies with drugs such as
fasudil or simvastatin, generally used for other systemic disorders
such as diabetes or pulmonary arterial hypertension. These agents
have shown protection against PVR by interfering in the Rho acti-
vated kinase pathway (Kawahara et al., 2008; Kita et al., 2008).
Anti-allergic drugs such as tranilast have also shown the ability to
reduce experimental PVR (Ito et al., 1999).

Recently, in multiple preclinical models, strong evidence has
shown that interfering with the PDGFR-a and p53 signaling path-
ways by using different targets such as VEGF or mdm2 may
attenuate PVR. Therefore this could be another future approach (Lei
et al., 2011; Murakami et al., 2013; Pennock et al., 2014b; Pennock
and Kazlauskas, 2012; Pennock et al., 2013, 2011; Rosenkranz
et al., 2002).

Perhaps, one of the most promising strategies for halting PVR
development could emerge from studies of other retinal diseases or
of the CNS. These studies involve neuroprotection and controlling
reactive gliosis, one of themajor intraretinal changes in PVR. Agents
such as melatonin (Iribarne et al., 2007), aspirin (Bazan et al., 2010),
tauroursodeoxycholic acid (TUDCA) (Fernandez-Sanchez et al.,
2011; Mantopoulos et al., 2011), lutein (Woo et al., 2013), and
especially anti-TNF-a (Nakazawa et al., 2011) may provide new
therapeutic neuroprotective avenues to treat photoreceptor
degeneration after a RD. They may also interfere at the same time
with the glial processes that occur after an ischemic event in the
retina (Fernandez-Bueno et al., 2013a), much like that which occurs
in the CNS (Alonso-Alconada et al., 2013; Bae et al., 2006).

We believe that neuroprotection could play an important role in
not only preventing PVR but also for improving the visual results
after successful RD surgery. Many drugs are being investigated
along with natural products such as resveratrol. This naturally
occurring polyphenol, mainly found in grapes and red wine, has
shown in vitro and in vivo neuroprotective effects for a variety of
experimental models of neurodegenerative diseases (Zhang et al.,
2015). This and other natural products such as TUDCA
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(Fernandez-Sanchez et al., 2011) or safranal deserve further
investigation (Fernandez-Sanchez et al., 2012). Stem cells have also
demonstrated neuroprotective properties in vitro, and our personal
approach is that some of these factors released by cells, with or
without some other drugs, should be investigated (Rodriguez-
Crespo et al., 2014).

Apoptosis is another approach that should be taken into
consideration for preventing PVR. Although some pro-apoptotic
agents have failed to demonstrate any ability to inhibit progres-
sion of CNS tumors (Bedikian et al., 2014; Hu et al., 2013), they could
still be an adequate option for PVR. Crocetin, which induces
apoptosis through increased expression of pro-apoptotic Bax and
activated caspase 3, has demonstrated promising results with
esophageal carcinoma cells and could be another potential strategy
for preventing PVR (Li et al., 2015).

As mentioned previously, another interesting target is TNF-a. It
is a pleiotropic cytokine that plays an important role in inflam-
mation by prompting various responses in different cell types, such
as cell survival, proliferation, differentiation, and cell death by
apoptosis or necroptosis among others (Vandenabeele et al., 2010).
However, very little is known about themechanisms bywhich TNF-
a may mediate neuroprotection (Figiel, 2008). These mechanisms
should be investigated. There are currently many anti-TNF-a drugs
already approved for human disease, although none for PVR.
Experience has shown that in recent years, many of the most
interesting drugs were not specifically developed for eyes diseases
but rather theywere transferred fromother purposes. Thus this and
other similar approaches must be investigated.

A final point that deserves attention is the duration of the
treatments. Although PVR is a relatively acute complication, it can
last between 30 and 45 days in most cases (Pastor et al., 2002).
Proposed treatments should guarantee efficient levels of thera-
peutic agents at the right target during this time. There are a few
older reports that propose sustained delivery systems for treating
PVR (Enyedi et al., 1996; Yang et al., 1998; Zhou et al., 1998).
Currently we have gained more clinical experience with drug de-
livery systems, and there are new possibilities that should be
explored.

For those agents that in preclinical studies have been demon-
strated to be safe and effective in preventing PVR, clinical trials are
the logical next step. Based on the identification of new key PVR
mediators, the clinical trials could address the main complication
after RD surgery.

9. Coming back to the classification: improving future clinical
trials

One of the functions of any system of classification is to allow
the comparison of new techniques and treatments, a clear necessity
for PVR. In thinking about clinical trials, it is clear that the use of any
of the existent classification schemes does not guarantee uniform
results, and thus makes comparisons of techniques and treatments
difficult or impossible. We are not sure if a new classification could
be developed, but in the meantime we have a proposal for
increasing the uniformity of the clinical trials.

Patients entering clinical trials could be classified in three cat-
egories. The first category would be composed of those patients
with a RD and who do not exhibit any clinical sign of PVR. We do
not consider the pigmented clumps as a definitive sign of this
disease, so these patients could be included within this first cate-
gory. This group could be used for testing prophylactic measures. To
reduce the sample size necessary for these studies and to enhance
the efficiency, it would be especially important to determine the
genetic profile of the patients and select only those with a high risk
of developing the disease.
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The second category of patients entering the clinical trials would
be those with a frank preoperative PVR, a clear postoperative PVR,
and those for whom the goal is to prevent the further development
or re-proliferation of membranes that occur after long term tam-
ponade with silicone oil. In these patients, emphasis should be
made on the identification of intraretinal changes. The existence of
epiretinal membranes can be solved inmost of the cases by surgery.
Patients in this second category, especially those with tamponade,
could be an appropriate population to test anti-proliferative agents,
drugs that inhibit collagen deposition and drugs that inhibit
contraction of the membranes, and so on. Patients with intraretinal
PVR, which could be detected by incorporating new imaging
techniques into the routine examination, would be excluded from
this second category of patients participating the clinical trials.

Finally, the third category of patients entering the clinical trials
would be composed of those with extensive intraretinal PVR. At the
time of surgery, the “shortening” of the retina is pathognomonic,
but it would be very important to identify them before surgery. A
careful clinical examination can add valuable information per-
taining to intraretinal changes such as those that modify the color
and transparency of the retina and the loss of mobility of the de-
tached retina as detected by B-ultrasound. However these tech-
niques have serious limitations and more reliable information can
probably be gained by the application of new image-analysis
techniques.

For patients in the third category of clinical trials, a severity scale
should be added to indicate the extension of the intraretinal
changes. If the extension affects more than one quadrant, it will be
difficult to reattach without a retinectomy. The activity of the dis-
ease could also be evaluated. As described above, patients with RD
and PVR of less than oneweek duration are likely to be in an almost
pure inflammatory phase. In those patients, the measure of some
biomarkers could add relevant information. For patients in whom
the PVR is more than one week old, we can assume that mesen-
chymal transformation of RPE cells towards fibroblast-like cells
plays an important role. Finally, in patients with PVRs of more than
two weeks duration, membrane formation and contraction would
be probably the most relevant facts. Obviously, a genetic profile
should be mandatory to estimate the risk in this group.

According to these ideas, different families of compounds
should be tested in patients placed into each of the three categories.
We still believe thatmost of the effort must bemade in avoiding the
onset of PVR, and therefore the priority of designing clinical trials
should be that of patients in the first category.

10. Conclusions and outlook (future directions)

Despite our best efforts over the past 40 years, we have thus far
been unable to develop effective methods to prevent and treat PVR.
It is still the most frequent and severe complication of RD surgery.
Because of this, it also is a bottleneck for the development of new
surgeries needed for advanced treatments, mainly cell therapy. The
explanation for this failure for such a long period can be attributed
to several causes. With the initial focus almost exclusively on cell
proliferation and formation of membranes on the surface of the
retina, not enough thought was given towards the development of
objective and effective schemes for classification of PVR. This is an
essential development that is needed to set the appropriate
framework for further research. Furthermore, our lack of under-
standing of the existence and timing of developmental changes
within the retina, lack of appropriate animal models, and lack of
information regarding the cellular, molecular, and genetic origins of
PVR pathogenesis have all contributed to the slow pace of clinical
advances for this disease. Thus the historical focus on cell prolif-
eration and membrane formation, which are relatively late events
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in the development of PVR, has led to inappropriate experimental
models that have offered positive results for some drugs, but most
of which have failed in the clinic.

Nowwe have a better idea regarding PVR pathogenesis and how
it induces the remodeling of the retina that occurs after any RD.
These changes, mainly intraretinal, are probably excessively
amplified by inflammation and/or by a genetic pro-inflammatory
profile. New advances in understanding the pathogenesis should
drive the development of newandmore appropriatemodels, if they
are needed. Older classifications of PVR should be abandoned
because they do not provide useful information from the clinical
point of view. Even more, they do not contribute to uniformity in
the samples for comparing new treatments and/or techniques. A
broad consensus from clinicians would be required to collect
samples in a more uniformway. The early identification of high risk
patients through appropriate biomarkers, preferably before sur-
gery, is mandatory to reduce the sample size of new clinical trials to
a manageable number.

New treatments could be directed toward other factors besides
cell proliferation such as immunomodulation or genetic therapy. In
this sense we believe that retinal changes in RD, PVR, and some
other retinal diseases will benefit from translational research
currently taking place for CNS diseases. Thus it is highly probable
that this disease cannot resist prevention and treatment for other
40 years.
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