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Abstract: Idiopathic epiretinal membranes (iIERMs) are fibrocellular sheets of tissue that develop at
the vitreoretinal interface. The iERMs consist of cells and an extracellular matrix (ECM) formed by
a complex array of structural proteins and a large number of proteins that regulate cell-matrix in-
teraction, matrix deposition and remodelling. Many components of the ECM tend to produce a lay-
ered pattern that can influence the tractional properties of the membranes. We applied a bioinfor-
matics approach on a list of proteins previously identified with an MS-based proteomic analysis on
samples of iERM to report the interactome of some key proteins. The performed pathway analysis
highlights interactions occurring among ECM molecules, their cell receptors and intra- or extracel-
lular proteins that may play a role in matrix biology in this special context. In particular, integrin
(1, cathepsin B, epidermal growth factor receptor, protein-glutamine gamma-glutamyltransferase
2 and prolow-density lipoprotein receptor-related protein 1 are key hubs in the outlined protein—
protein cross-talks. A section on the biomarkers that can be found in the vitreous humor of patients
affected by iERM and that can modulate matrix deposition is also presented. Finally, translational
medicine in iERM treatment has been summed up taking stock of the techniques that have been
proposed for pharmacologic vitreolysis.

Keywords: idiopathic epiretinal membranes; extracellular matrix; ITGB1; CTSB; EGFR; TGM2;
LRP1; vitreolysis

1. Introduction

The vitreoretinal interface is the border region where the vitreous meets the internal
limiting membrane (ILM) of the retina [1]. In general, the vitreous does not adhere
strongly to the ILM with the notable exception of a few important areas including the
vitreous base, a perifoveal rim and the optic papilla [1,2]. The vitreoretinal interface is the
site where a series of pathologies such as posterior vitreous detachment, macular holes
(MH)s, vitreomacular traction and epiretinal membranes (ERM)s can develop [3]. ERMs,
in particular, are formed by a fibrocellular layer of tissue that can seriously affect vision
when developing and retracting in front of the macula [4]. ERMs are generated secondar-
ily to systemic or local diseases (e.g., diabetes, retinal tears), or they can develop without
any apparent reason. In the latter case, they are referred to as idiopathic ERMs (iERM)s.
Although the cellular component of ERMs has been the object of several investigations
and many molecular markers have been employed for cell identification, the source of
ERM cells is a matter that still appears far from being solved [5-12]. Probably due to a
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process of transdifferentiation, ERM cells take on a myofibroblastic phenotype with the
expression of a-smooth muscle actin (a-SMA) [5-12] and the ability to deposit new extra-
cellular matrix (ECM) [11,12]. Conversely, less attention has been paid to the ECM of
ERMs. As it is likely that distinct pathogenetic events may give rise to different tissue
responses, we chose to focus this review on the ECM of iERMs, a subset of ERMs that is
not secondary to any evident systemic or local disorder. Nevertheless, we will also refer
to studies carried out on ERMs secondary to proliferative vitreoretinopathy (PVR), prolif-
erative diabetic vitreoretinopathy (PDR) and to MHs mainly for comparative purposes.
Our goal is to summarize what we currently know on the composition of the ECM of
iERMs, trying to catch a glimpse on the emerging order of its molecular architecture. With
a bioinformatic approach based on previously published results, we also outline the most
likely and relevant molecular interactions that can lead to the deposition, organization
and accumulation of the ECM which also influence iERM progression. Finally, we discuss
current strategies of vitreolysis based on the degradation of the ECM in ERMs.

2. Materials and Methods

A Pubmed and Google search was carried out with the following primary keywords:
“epiretinal membrane”, “proliferative vitreoretinopathy”, “preretinal macular fibrosis”,
“macular pucker” or “vitreolysis”. Each primary keyword was cross-referenced with the
following secondary keywords: “extracellular matrix”, “collagen”, “proteoglycan” or
“glycosaminoglycan” (GAG). The reference lists of the relevant articles were further
checked to extend the results of the electronic search.

By taking advantage of the most comprehensive and rigorous MS/MS-based proteo-
mic approach we found in the literature for systematic identification of proteins from
iERM ECM and cells [13], we performed a bioinformatics analysis to predict functional
interactions occurring between iERM proteins. The 596 proteins identified in iERM spec-
imens from 12 patients (8 males and 4 females, age range and mean: 55-82 and 70 years,
respectively) by using LFQnLC-MS/MS [13] were filtered for the UniProtKB
(http://www .uniprot.org/; 2021_03 release. Gene Ontology (GO) terms [recovered from
the three ontologies, Biological Process, Molecular Function, and Cellular Component, by
using the QuickGO browser (http://www.ebi.ac.uk/QuickGO/ accessed on 15 June 2021)
containing the words “extracellular” and/or “matrix”. We also included proteins not an-
notated by these terms but rather by the “basement membrane” GO term. The list was
finally restricted by excluding proteins annotated by “extracellular” and/or “matrix” in
combination with “vesicle” and/or “exosome” terms. This bona fide selection method al-
lowed us to process proteins taking physical part to the ECM composition or that may be
involved in cellular and extracellular processes, signaling and dynamics concurring to the
formation, remodeling and maturation of iERMs.

The selected 141 proteins, listed in Table S1, were functionally correlated by pathway
analysis using the network building tool from the MetaCore (v. 21.2) integrated software
suite for functional analysis of experimental data (Clarivate Analytics, London). MetaCore
is based on a manually curated database of human protein—protein and protein-DNA in-
teractions, signaling and metabolic pathways, in physiological and pathological condi-
tions, from the scientific literature. Previously, we successfully applied it to predict bi-
omarkers and/or related pathways for defining biochemical bases of the investigated sys-
tems, and we also proved the quality and reliability of the obtained results by performing
targeted experiments [14-17].

Gene names of the selected unique proteins were imported into MetaCore and pro-
cessed using the “direct interaction” and the “shortest path” algorithms. The former
builds hypothetical networks by cross-linking experimental factors reported in the Meta-
Core in-house database as directly interacting. Nets were constructed limiting the protein
process to individual proteins and excluding their involvement in multimeric complexes.
The shortest path algorithm, in contrast, expanded protein interactions to other proteins
not present in the processed experimental list but supported by the MetaCore database,
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which are needed to functionally correlate user up-loaded proteins that do not directly
interact. The maximum number of steps cross-linking two experimental proteins via the
software-added protein was set to 2, and protein complexes as well as canonical pathways
were avoided. Generated pathway maps were then prioritized according to their statisti-
cal significance (p < 0.001), and the most significant direct interaction network (DIN) and
shortest path network (SPN) were graphically visualized as nodes (proteins) and edges
(the relationship between proteins). A wide literature search was then performed in Pub-
Med/PubMed Central and Google Scholar for functional reviews of the outlined iERM
protein cross-talks and pathways, thus to define their possible role in iERM occurrence
and outcome. MetaCore usually refers to proteins using their gene names. Nevertheless,
some proteins in the nets may appear with alternative names. To facilitate net protein
recognition, Table S1 also supplies the MetaCore names of the 141 processed unique pro-
teins as occurring in the DIN and SPN.

Finally, we performed an enrichment analysis on the selected 141 iERM proteins by
using the freely available DAVID bioinformatics resource v. 6.8 (http://da-
vid.abcc.ncifcrf.gov accessed on 10 August 2021), merely to support MetaCore built nets.
We hence limited our DAVID analysis to the three GOs and the dissertation to two signif-
icantly enriched Biological Process GO-terms: “proteolysis” and “response to reactive ox-
ygen species”.

The mass spectrometry proteomics data were deposited in the Pro-teomeXchange
Consortium via the PRIDE partner repository with the dataset identifier PXD0142 [13].

3. ECM Components of iERMs

The ECM of iERMs encompasses many collagens, basement membrane proteins, pro-
teoglycans, GAGs, as well as some adhesive and matricellular proteins. In addition, colla-
gens IX, XII, XIV, XVIII and XXII have been found by proteomic profiling [13].

3.1. Collagens

The major component of the iERM ECM is certainly represented by collagen. So far,
only collagens I to VII have been detected in iERMs by immunohistochemistry. In addi-
tion, collagens IX, XII, XIV, XVIII and XXII have been found by proteomic profiling [13].

3.1.1. Collagen I

Collagen I has been repetitively reported in iERMs [12,18-21], and it is certainly
shared with other types of ERMs [22-24]. As collagen I is a hallmark of all fibrotic re-
sponses, one might expect to find it in all ERMSs, and this was the case in many studies
[12,20,21]. However, some investigators also observed a certain number of iERMs appar-
ently lacking collagen I [18,19]. Proteomic profiling confirmed the presence of al(I) and
a2(I) collagen chains [13], and gene expression analysis showed that COL1A1 gene is ex-
pressed by iERM cells [25,26]. Though with some restraints, an attempt to characterize
cells responsible for collagen I deposition has recently taken place by confocal microscopy
with the identification of glial fibrillary acid protein (GFAP)-/vimentin‘/aSMA*/heat shock
protein 90* myofibroblast-like cells with collagen I-immunoreactive intracytoplasmic bod-
ies [12]. One shortcoming of this approach, however, is that the collagen I intracellular
immunoreactivity can be due to matrix deposition as well as to collagen reabsorption.
Previous studies carried out in ERMs from eyes affected by PVR have shown that only a
few collagen I-immunoreactive cells are GFAP* elements, for the most part being cy-
tokeratin* epithelial- and fibroblast-like cells or cytokeratin/aSMA* fibroblast-like cells
[23,24].

3.1.2. Collagen II
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Collagen II is a well-known constituent of the vitreous [1], and it has been reported
in iERMs on several occasions [18,19,27]. Nonetheless, its presence does not appear a con-
stant feature, and when detected, collagen II-immunoreactivity occupies a residual part
of histologic sections [19,27]. According to Okada et al. [18], however, when iERMs are
removed still associated with the ILM, a thin layer of collagen II-immunoreactive ERM
can be seen adherent to the ILM. Thus, the presence or absence of collagen II in histologic
sections could be related to the removal of the ILM along with the iERM or to the more or
less complete detachment of the iERM from the ILM. On the other hand, the more sensi-
tive proteomic approach demonstrated the presence of an al(Il) collagen chain in all
tested samples [13].

ERMs from PVR eyes also show an inconstant expression of collagen II which is fre-
quently restricted to small portions of the specimens [23]. Therefore, its presence could be
the result of residual fragments of the vitreous cortex trapped within the developing
ERMSs more than the outcome of novel deposition [18]. This interpretation is corroborated
by real-time polymerase chain reaction (RT-PCR) experiments that did not find any rele-
vant COL2A1 gene expression in PVR ERMs [28].

3.1.3. Collagen III

Collagen III is usually found within collagen I fibrils which are mostly heterotypic
fibrils. When the ratio of the two collagens is in favour of collagen III, collagen fibrils as-
sume the aspect of reticular fibres [29], but when the ratio is in favour of collagen I, fibrils
are plainly referred to as collagen I fibrils. Although collagen III in iERMs has received
little attention, when searched, it was found with the same frequency as collagen I [18,21].
Similar results have been observed in ERMs from PVR eyes [22,23], where the areas occu-
pied by collagen III and collagen I on histologic sections matched [23]. As collagens I and
III co-polymerize within the same fibril, the GFAP-/vimentin‘/aSMA*/heat shock protein
90+ myofibroblast-like cells that are candidate for collagen I production [12] are also rea-
sonably responsible for collagen III deposition. Yet, it is puzzling how proteomic profiling
of iERMs did not detect collagen III [13]. On the other hand, in keeping with collagen I/III
co-localization within the same fibrils, COL3A1 was found expressed in ERMs from PVR
along with COL1A1 and COL1A2 [28].

3.1.4. Collagen IV

Collagen IV is usually considered a basement membrane component [30]. In some
instances, collagen IV is also found in interstitial deposits, either in physiologic conditions
[31,32], or, more frequently, in fibrotic diseases [33,34]. Collagen IV is a constant constitu-
ent of iERMs [12,18-20,27], as well as of ERMs from PVR eyes [22,23,35]. A diffuse and
considerable intense staining, which does not fit with a mere basement membrane-related
immunoreactivity, has been reported by many investigators [12,19-21,27]. A study of col-
lagen IV distribution in iERMs has been recently carried out by confocal microscopy
showing that this collagen is deposited interstitially, intermingled with collagen I, with a
staining intensity that progressively increases towards the vitreous side of the membrane.
On the other hand, collagen IV also forms continuous or discontinuous basement mem-
brane-like structures in close association with cells which differ from classic basement
membranes by the presence of collagen I [20]. Transmission electron microscopy confirms
interstitial condensations of collagen IV-immunoreactive material that are frequently in-
filtrated by collagen I fibrils (Figure 1). In this respect, collagen IV-immunoreactive areas
mostly also co-localize with collagen III and collagen VI [12,20,21]. Anti-collagen IV anti-
body-labelled material can even be observed within intracytoplasmic vesicles or lyso-
some-like bodies, suggesting active remodelling of the ECM by ERM cells.

At higher magnification, interstitial collagen IV-immunolabeled condensations often
resolve as intricate networks of beaded microfibrils with an interbead distance of 3040
nm [20]. Collagen IV a-chains occur in six different variants (al-a6) which assemble to
give rise to three collagen IV isoforms: [al(IV)]2a2(IV), a3(IV)a4(IV)a5(IV) and
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[a5(IV)]2a6(IV). So far, the only isoform detected in iERMs by immunohistochemistry is
the [al(IV)]2a2(IV) [21]. Proteomic analysis not only corroborates the presence of the
al(IV) and a2(IV) collagen chains but also allowed the detection of a3(IV), a4(IV) and
a5(1IV) collagen chains [13].

* —

.
.

Figure 1. Collagen IV immunoreactivity is not restricted to basement membranes. Extracellular
matrix of an iERM double-labelled with anti-collagen IV and anti-collagen I antibodies which were
unveiled with the appropriate gold-conjugated secondary antibodies. Collagen IV labelling (10 nm
gold particles) is restricted to condensations of fuzzy material which is infiltrated by collagen I im-
munoreactive fibrils (15 nm gold particles). Magnification bar = 180 nm.

3.1.5. Collagen V

Collagen V is one of the least studied collagens among those detected in ERMs. Ac-
tually, to our knowledge, its presence has been assessed by immunohistochemistry only
once in ERMs from PVR eyes where it was constantly found [22]. However, collagen V is
known to form heterotypic fibrils with collagen I. The ratio between collagen V and colla-
gen Iis considered inversely correlated with collagen I fibril diameter [36]. In other words,
collagen V is a key regulator of collagen I fibril size: the higher the amount of collagen V,
the smaller collagen I fibrils are. On the other hand, the presence of collagen V is not sup-
ported by proteomic analysis which did not consistently find COL5A1 and COL5A2 in
iERMs [13].
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3.1.6. Collagen VI

Collagen VI has been detected in iERMs by several investigators [11,19-21]. Its ex-
pression has been found particularly relevant only in a subtype of iERMs, the so-called
cellophane macular reflex membranes, whereas it is absent or almost negligible in the pre-
retinal macular fibrosis subtype [19]. In contrast to iERMs, collagen VI is not present in
ERMs associated with MHs [37]. Collagen VI co-localizes with collagen IV in large areas
of iERMs [20]. However, the distribution of the two collagens does not match perfectly as
immunoreactive areas for just one of the two collagens are also present [21]. Whereas pro-
teomic profiling of iIERMs has not confirmed the presence of collagen VI[13], gene expres-
sion analysis did find COL6A1 mRNA [26].

3.1.7. Collagen VII

A recent addition to the list of collagens associated with iERMs is collagen VII that
has been detected in two specimens [38]. However, proteomic analysis did not reveal col-
lagen VII expression in iERMs [13], and RT-PCR did not detect COL7A1 mRNA in ERM
in PVR eyes [28].

3.1.8. Other Collagens

Some additional collagens (IX, XII, XIV, XVIII, XXII) have been identified in iERMs
exclusively by proteomics [13]. Collagens IX, XII, XIV and XXII belong to the Fibril-Asso-
ciated Collagen with Interrupted Triple helices (FACIT) family. Collagen IX is found on
the surface of collagen II fibrils, whereas collagens XII and XIV associate with the surface
of collagen I fibrils [39]. Thus, even though they have not been specifically investigated,
collagen IX should co-localize with collagen II, whereas collagens XII and XIV should
match exactly collagen I fibrils distribution. Collagen XXII, in spite of the FACIT molecu-
lar structure, is found associated with microfibrils, possibly fibrillin or fibronectin (FN)
[40]. It has a very specific pattern of expression, being found at sites of tissue transitions
such as hair follicles, myotendinous junctions (skeletal muscles, ciliary body, heart) and
muscle insertion to the ribs [40]. It is worth noting that its expression is mostly located
where tractional forces are exerted.

Collagen XVIII is a basement membrane-associated collagen [41]. As iERMs contain
several basement membrane proteins (see Section 3.2), it is conceivable that collagen XVIII
may co-localize with them. Interestingly, collagens IX, XII and XVIII are also proteogly-
cans as they have GAG side chains. Collagens IX and XII are associated with chondroitin
sulfate, whereas almost half the molecular weight of collagen XVIII is due to heparan sul-
fate side chains [41].

3.2. Basement Membrane Proteins and Their Assembly in LNCP Matrix

In addition to collagens IV and XVIII (see Section 3.1), basement membrane proteins
include laminins, nidogens/entactins and heparan sulfate proteoglycans.

3.2.1. Laminins

Laminins are trimeric molecules comprising a, 3 and y chains. They assemble gener-
ating at least 16 different isoforms. Current nomenclature identifies each laminin isoform
with a three-digit number which refers to the o,  and v chains. Thus, for instance, laminin
521 is the isoform composed by laminin chains a5, 32 and y1. The presence of laminin in
iERMs has been frequently reported [19-21], and its chain composition has been studied.
By immunofluorescence, only laminin al, 1 and y1 have been easily detected. Laminin
a5 has also been found, though apparently far less represented [21]. Based on these re-
sults, iIERMs apparently contain laminin 111 and, possibly, minor amounts of laminin 511
[21]. However, proteomic analysis has found a more complex pattern of laminin expres-
sion, including al, a2, a4, a5, B1, 32 and y1 chains [13]. A wider range of laminin
isoforms, therefore, is probably expressed in iERMs.
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Even though it can be found alone [20], laminin mostly co-localizes with collagen IV
and nidogen/entactin [21]. Co-localization of three major components of basement mem-
branes suggests that the condensations of collagen IV observed in iERMs could be an ex-
ample of the so-called laminin/nidogen/collagen IV/perlecan (LNCP) matrix (see Section
3.2.4).

3.2.2. Nidogens/Entactins

Nidogen/entactin 1 and nidogen/entactin 2 are proteins typically expressed in base-
ment membranes. They are thought to link laminin and collagen IV lattices together
within planar basement membranes [30]. Nidogens/entactins immunolocalization in
iERMs found nidogen/entactin 1 co-localized with collagen IV and laminin [21] support-
ing the existence of LNCP matrix deposits. Proteomic analysis has confirmed the presence
of both nidogens/entactins proteins [13].

3.2.3. Heparan Sulfate Proteoglycans

Three heparan sulfate proteoglycans, perlecan, agrin and collagen XVIII, are found
in basement membranes [42]. All of them have been convincingly detected by proteomic
profiling in iERMs [13]. Heparan sulphate proteoglycans distribution could match LNCP
matrix deposits though their immunolocalization has never been assessed.

3.2.4. LNCP Matrix

The LNCP matrix is an extracellular matrix polymer containing laminin, nidogen,
collagen IV and perlecan, which does not form planar basement membranes [43]. Though
more common in drosophila, examples of LNCP matrix can be found in human tissues as
well, including placenta, specifically the foetus—mother interface [32], chondrocyte peri-
cellular matrix [44] and the corneal stroma [31]. As previously reported, laminin, nidogen
and collagen IV colocalize in iERMs [21]. Proteomic analysis also identified perlecan in
these membranes [13], though its exact distribution has never been assessed. It is possible,
therefore, that laminin-, nidogen- and collagen IV-immunoreactive material in iERMs
may indeed represent deposits of LNCP matrix. In iERMs, however, collagen IV also co-
localizes with collagen ], a feature that likely differs from other examples of LNCP matrix.

3.3. Proteoglycans

In addition to being associated with basement membranes, proteoglycans represent
fundamental constituents of the ECM ground substance. Yet, they are certainly far less
studied than proteins. As a result, investigations on proteoglycans are also extremely lim-
ited in ERMs. Perlecan, decorin and tenascin have been detected in PVR-associated ERMs
[22,35,45,46]. Opticin has been also observed in some samples of PVR showing a variable
pattern of distribution [47]. In iERMs, proteoglycans have been studied only by proteomic
profiling. In addition to the previously mentioned heparan-sulfate proteoglycans associ-
ated with basement membranes (see Section 3.2.3), a wide variety of proteoglycans in-
cluding decorin, biglycan, fibromodulin, prolargin (PRELP), opticin, chondroadherin-like
protein and podocan have been found [13].

3.4. Other Proteins

A few additional proteins have been investigated in the ECM of ERMs. They include
microfibrillar, adhesive and matricellular proteins.

3.4.1. Fibrillin

Fibrillin is a microfibrillar protein of the elastic system. It is found as a component of
oxytalan, elaunin and elastic fibers. The elastic system of the ECM has been studied by
light and transmission electron microscopy only in samples of PVR where oxytalan fibers
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have been observed either in subretinal or in ERMs [48]. In iERMs, proteomic analysis
constantly found fibrillin 1 [13].

3.4.2. Fibronectin

FN is an adhesive protein of the ECM that is expressed in all ERMs, including iERMs
[18,19,21,23,35,46,49-51]. In iERMSs, FN is usually found close to the cell layer (see Section
4) where it partially co-localizes with collagen IV [18,21]. FN can exist as a soluble or a
cell-associated form. The latter form differs from the soluble one by the presence of highly
conserved alternatively spliced FN type III repeats termed Extra Domain A (EDA) and
Extra Domain B (EDB). Both soluble and cellular forms co-exist in PVR-associated ERMs,
[52] and the presence of cellular FN has been confirmed by confocal microscope detection
of FN EDA. Interestingly, FN EDA immunofluorescence appears in close relationships
with myofibroblasts. Alignment of myofibroblast stress fibers with FN fibrils suggests an-
chorage through fibronexus [7]. Cell-associated FN is also actively produced in iERMs as
demonstrated by proteomic analysis and by the presence of EDB FN mRNA [13,25].

3.4.3. Vitronectin

Vitronectin is another adhesive protein of the ECM. Its immunolocalization, to our
knowledge, has been studied only in ERMs associated with PVR [49,51], where it is ob-
served pericellularly along with FN, though FN staining appears more diffuse throughout
membranes [49]. In iERMs, vitronectin has been detected by proteomic analysis [13].

3.4.4. Thrombospondin 1

Thrombospondin 1 is an ECM protein with multiple functions. It is a matricellular
protein and, as such, it is highly expressed upon tissue injury [53]. Thrombospondin 1 has
been found expressed only in PVR-associated ERMs [50,54].

3.4.5. Osteonectin/SPARC

An important role in the development of PVR-associated ERMs has been proposed
for osteonectin [55]. Osteonectin is a matricellular protein that is also called Secreted Pro-
tein Acidic and Rich in Cysteine (SPARC). It has been observed predominantly within
cells in retinas affected by PVR [55]. A convincing demonstration of osteonectin in iERMs
is lacking, even by proteomics [13].

3.4.6. Periostin

Periostin is another matricellular protein that is highly expressed in PVR-associated
ERM:s. Its highest expression, however, is found in ERMs associated with PDR. Similar to
osteonectin, periostin has been shown within ERM cells [56]. Proteomic profiling did not
detect thus protein in iERMs [13].

3.5. Glycosaminoglycans (GAG)

GAG constituents of ERMs are a completely uncharted territory. Interestingly, in-
travitreal injection of chondroitin-6-sulfate triggers the development of experimental
ERMs [57]. One might expect that this finding should have prompted researchers to in-
vestigate GAG composition of ERMs, either idiopathic or secondary. Surprisingly, this
was not the case.

4. ECM Arrangement in iERMs

The iERMs have an apparent plain bilayered structure consisting of an outer ECM
layer, attached to the ILM, and an inner cell layer that faces the vitreous camera. The for-
mer layer is composed of a great number of molecules and, despite them seeming ran-
domly deposited, this layer conceals an ordered molecular architecture that a systematic
immunohistochemical approach has just started unveiling. Though we still have large
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gaps of knowledge on iERM ECM composition that wait to be filled (e.g., proteoglycans,
GAGs), we already have some information, particularly on collagens, that outline some
basic aspects of its arrangement. Few studies have addressed this issue and only recently
has an attempt been made by confocal microscopy on multiple-labelled semithin epon-
embedded sections that generates images with highly preserved details [12,20,21]. In gen-
eral, the thickness of the ECM layer is highly variable, having either very thick or very
thin regions within the same specimen [21]. With the exceptions of areas thinner than 2-3
um, iERMs preferentially show a collagen-based lamellar structure (Figure 2) [20,21].
When loosely associated, lamellae can be recognized by light microscopy, whereas when
more compactly arranged, their resolution may require electron microscopy [20,58]. With
the exception of a thin layer containing collagen II attached to the ILM [18], collagen fibrils
are predominantly made of collagen I which apparently spans the entire thickness of
iERMs, from the ILM to the cell layer [20,21]. Moreover, collagen VI and III, presenting a
distribution very similar to collagen I, possibly span the entire ERM thickness [21]. Ac-
cording to Kritzenberger et al. [19], collagen VI is barely detectable or absent in the pre-
retinal macular fibrosis subtype of iERMs. Though in our experience collagen Vl1is present
in all iERMs [21], a greater amount of collagen VI content in the cellophane macular reflex
subtype is supported by Western blotting analysis [19]. Proceeding inward (i.e., towards
the vitreous), the [a1(IV)]2a2(IV) isoform of collagen IV makes its appearance (Figure 2).
A distinct collagen IV layer located just below the cell layer has been previously hypoth-
esized [18]. However, double labelling experiments have demonstrated that collagen IV
is intermingled with collagens I (Figure 2), III and VI and that it co-localizes with other
basement membrane proteins such as nidogen 1, laminin 111 and possibly minor amounts
of an a5 chain-containing laminin [20,21]. Collagen IV immunofluorescence on histologic
sections increases progressively towards the cell layer. Finally, just beneath the cells, the
ECM appears enriched by an irregular network of EN fibrils [21]. In summary, the sheet
of ECM just below the cell layer is presumably formed by collagens I, III, IV and VI, nido-
gen 1, laminin 111 and FN.

Figure 2. The iERM lamellar pattern of the ECM as a contributing factor to the tractional proper-
ties of the membranes. Confocal microscopy of an iERM detached from the ILM and labelled with
anti-collagen I (green) and anti-collagen IV (red) antibodies. The vitreal (V) and retinal (R) sides of
the membrane are indicated. The retinal side of the membrane is exclusively collagen I-immunore-
active, whereas the vitreal side is double labelled. Short strands of double-labelled matrix on the
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vitreal side of the membrane bridges the extremities of longer segments of the retinal side of the
membrane. As a result, the membrane appears producing foldings that can be transferred on the
underlying retina if the membrane is adherent enough to the inner limiting membrane. Magnifica-
tion bar =20 pm.

The lamellar arrangement of the ECM and its adhesiveness to the ILM may bear rel-
evance in determining the furrowing of the retinal surface observed in macular packers.
It has been observed that ECM lamellae tend to grow shorter, proceeding from the ILM to
the cell layer (Figure 2) [21]. Hence, as the ECM is gradually deposited, the inner lamellae,
shorter than the outer ones that are attached to the ILM, can exert a progressively stronger
tangential traction on the underlying retina. On the other hand, if the ECM layer detaches
from the ILM, it can fold on itself under the cell layer creating very thick knot-like ar-
rangements [21]. The adhesiveness to the ILM is likely the result of the interactions be-
tween the ECM of the iERM and the very thin inner layer of the ILM made of collagens I
and VI along with the [a1(IV)]202(IV) isoform of collagen IV [12,21].

5. An Interactomic Overview of iERM ECM

Mass spectrometry is the technique of choice for reliable and high throughput protein
identification from complex protein mixtures. Despite some proteomic analyses having
been carried out on vitreous and aqueous samples of eyes affected by iERMs [59-61], to
our knowledge, the most comprehensive proteomic MS/MS based approach to the defini-
tion of iERM protein composition has been carried out only recently [13]. Although we
cannot exclude that a number of iERM proteins escaped such analysis [13], because of the
applied methods and parameters, the reported proteins can be considered present in
iERMs. To shed new light on the pathological mechanisms at the bases of iERM onset and
development, we performed a functional revision on iERM protein crosstalks and dynam-
ics that we predicted by building protein—protein interaction networks on a subset of the
MS identified proteins [13]. We restricted our analysis to the proteins listed in Table S1
that have been selected according to the criteria described in Section 2. These proteins,
retained as occurring in or being correlated to the iERM extracellular environment, may
be involved in ECM deposition, composition, organization and dynamics as well as in
signaling between iERM ECM and cells. ECM represents a critical framework for cell pro-
liferation, migration and differentiation, not only by providing structural support and
molecular signals, but also by controlling the bioavailability of hormones and growth fac-
tors as well as the activity of several matrix proteases, their produced matrikines and re-
lated inhibitors. Consequently, highlighting the functional correlations existing among
iERM ECM proteins and iERM cellular proteins involved in matrix deposition and mod-
ulation in cell-cell and cell-matrix interaction and ECM/cell signaling may help us under-
stand the nature and characteristics of the membrane itself.

The abovementioned 141 selected proteins were processed by applying the direct in-
teraction and the shortest path algorithms from the MetaCore resource to outline their
interactome. According to their direct cross-linking, we generated a net including 43% (61
items) of the investigated proteins (Figure 3). As no additional protein is required for al-
lowing functional interactions among the processed proteins, the DIN visualizes highly
probable functional correlations occurring in vivo among the processed factors. Integrin
(31 OITGB1), cathepsin B (CatB), epidermal growth factor receptor (EGFR), protein-gluta-
mine gamma-glutamyltransferase 2 (TGM2) and prolow-density lipoprotein receptor-re-
lated protein 1 (LRP1) resulted as the main hubs, with individual relevance corresponding
to the order in which they have been listed. While ITGB1, EGFR and LRP1 are transmem-
brane proteins, CatB and TGM2 are multifunctional proteins that can also be found in the
extracellular space and that are involved in ECM modulation and organization as well as
in several signal transduction events.
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Figure 3. Direct interaction net. DIN of 61 proteins present in the ECM of the iERMs and selected
from those reported by Christakopoulos et al. [13]. Types of proteins and effects of their interactions
are coded according to the legend at the bottom of the figure.

Since they establish most of the outlined net functional connections and in accord-
ance with their previously described functional properties, either in the eye or in other
organs, these five hubs can be considered bona fide highly relevant for iERM formation.
Although ERMs are referred to as idiopathic when their occurrence is not associated with
any other ocular disease, several of the previously identified iERM proteins [13] are inti-
mately involved in different ocular affections, such as trauma, intraocular inflammation,
retinal detachment and vascular pathologies, as discussed hereafter.

5.1. Integrins

Integrins are the major transmembrane adhesion receptors on the plasmalemma.
These heterodimeric proteins (composed by a- and (3-subunits) allow cell interaction with
the surrounding ECM and transduce tensional forces between the ECM and the cytoskel-
eton. Such a transduction may involve dozens of factors (i.e., the integrin adhesome) and
results in specific kinase or phosphatase activation with related cellular responses, often
including modulation in gene expression as well as cytoskeleton and ECM remodeling
[62-64]. Integrins are known as regulating or intersecting the same signaling pathways of
growth factor receptors and playing essential roles in cell-cell interactions and cell-ECM
adhesion, such as cell differentiation, proliferation, migration and invasion. For their part,
ECM composition and stiffness affect integrin clustering dynamics, thus influencing their
capability of forming adhesions and eliciting different cellular responses [65].

In recent years, mechanobiology has come under the spotlight for deciphering the
etiopathogenesis of fibroproliferative disorders, and integrins have been recognized as
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critical receptors for mechanotransduction in chronic inflammation, fibrotic diseases and
cancer [66]. Since mechanosignaling is essential in tissue homeostasis, repair and fibrosis
[67], it is not surprising that ITGB1, the most frequently occurring (3 subunit in integrin
dimers, is the principal central hub in the DIN from the iERM proteins we selected. This
integrin is involved in a plethora of cell-ECM interactions and functions depending on its
dimerization with different a-subunits. Besides ITGB1, a3 and av integrins, two usual di-
merization partners of ITGB1, have been also identified in iERM [13].

Integrin avp1 is an RGD (arginine-glycine-aspartic acid)-binding integrin, a receptor
for plasma and ECM proteins such as vitronectin and FN. Highly expressed on activated
fibroblasts, a1 integrin plays a relevant role in fibrosis by binding to the latency-associ-
ated peptide of transforming growth factor (TGF)-31 and by mediating its activation [68].
Specific inhibition of avp1 integrin attenuates lung and liver fibrosis in the corresponding
murine models of the diseases [68]. In addition, avf1 integrin has recently been associated
with a non-canonical TGF-f signaling pathway that promotes procollagen I synthesis [69].
Integrin asB1 mainly mediates cell adhesion to the basement membrane [63], and its sig-
naling is implicated in epithelial phenotype maintenance and physiological wound heal-
ing. This integrin dimer is referred to as laminin receptor as it preferentially binds to lam-
inin 5. It also binds to nidogen-1 and to the non-collagenous domain of a3[IV] collagen
(a3[IVINC1) [70,71], both of which have been detected in iERM [13,21]. Interestingly, asp1
integrin acts as a negative regulator of collagen IV synthesis and deposition as its lung-
targeted downregulation is associated with increased collagen IV expression. Moreover,
in a murine model of idiopathic pulmonary fibrosis, asp1 downregulation also results in
decreased deposition of collagen I and reduced occurrence of myofibroblasts [72].

Activated integrins elicit, intersect and/or share several signaling pathways triggered
by different growth factor receptors [73,74]. In this respect, cells in iERM express EGFR
and EGFR signaling can also occur in the absence of ligands by an integrin-dependent
EGEFR phosphorylation mechanism requiring the transient formation of an EGFR-f1 in-
tegrin macromolecular complex [74,75]. Indeed, EGFR activation by [31-integrin appears
critical for cancer invasion and metastasis through the p1-integrin/EGFR/VEGF-
A/VEGFRI1 signaling axis in which Rab25 plays a bridging role between EGFR phosphor-
ylation and VEGFR1 activation [76]. Since fibrotic and metastatic processes often share
similar signaling pathways, and based on the MetaCore analysis, which highlights a tight
functional crosstalk between these receptors and ligands in the DIN (Figure 3), we suggest
that a similar functional axis might be also involved in iERM cell precursor migration,
survival and proliferation.

5.1.1. Integrins, VEGF and the Avascular Nature of iERMs

In contrast to other ERMs, iERM are avascular. This can be due to the binding part-
ners of asP1integrin that are thought to exert a negative role on angiogenesis acting at
several levels [77]. For instance, whereas as(1integrin interaction with a3[IV]NC1 can in-
hibit angiogenesis via a number of mechanisms, including decreased vascular endothelial
growth factor-A (VEGEF-A) expression [70], asf1 loss in mouse endothelial cells enhances
pathological angiogenesis [77]. Despite neovascularization not being found in iERM,
VEGF-A is one of the main central hubs in the MetaCore SPN (Figure S1), suggesting a
relevant role played by this factor in iERM pathogenesis. Different eye injuries may un-
leash inflammation and immune responses leading to VEGF-A upregulation. Hyalocytes
and Miiller cells, both capable of transdifferentiating into myofibroblasts and considered
main sources of iERM cell components [10,78], can produce and secrete VEGF-A [79,80].
Along with retinal pigment epithelial (RPE) cells, which may contribute to iERM cell pop-
ulation as well [81], Miiller cells are also active in angiogenic homeostasis by releasing
pigment epithelium-derived factor [82], a neuroprotective factor showing potent anti-in-
flammatory and anti-angiogenetic roles that counteract VEGF-A [83].

Another mechanism that impairs iERM neovascularization, in spite of VEGF-A ex-
pression, possibly relies on the negative regulatory role assigned to VEGF receptor
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(VEGFR)1, the VEGF receptor type identified in iERMs [13]. Cell surface VEGFR, and its
soluble counterpart are highly competitive inhibitors of the VEGFR2, which operates as a
VEGE-A pro-angiogenetic receptor [84]. Although multiple cell types could release VEGE-
A during iERM formation and development, the presence of VEGFR1 may reduce levels
of free VEGF-A, preventing its binding to VEGFR2 and/or modulating VEGFR?2 signaling
by the formation of VEGFR1/VEGFR2 heterodimers [85,86]. On the other hand, VEGF-A
binding to VEGFR2 could also be inhibited by endostatin, an anti-angiogenic fragment of
collagen XVIII that is released by cathepsins B, L, V and K action [87,88]. Interestingly,
collagen XVIII as well as cathepsins B, L and V have been found in iERM [13].

5.2. Epidermal Growth Factor Receptor (EGFR)

The EGFR, also known as ErbB1/HER], is a transmembrane glycosylated protein re-
ceptor with tyrosine kinase activity. EGFR is one of the main hubs in the DIN outlined in
Figure 3. Almost all cell types express receptors belonging to the EGFR-family. These re-
ceptors, highly expressed in cancer cells [89], deeply affect cell fate, being implied in cell
proliferation, survival, epithelial-to-mesenchymal transition (EMT), migration and inva-
sion. Recently, its direct interaction with pyruvate kinase (PKM2 in Figure 3) and its nu-
clear localization were proved, leading to the expression of genes involved in developing
a stem cell-like phenotype, thus supporting invasion and metastasis [90]. EGFR was also
detected in lung myofibroblastic foci of patients affected by idiopathic pulmonary fibrosis
[91], and its aberrant prolonged signaling was associated with increased expression of
TGEF-{31, interstitial myofibroblast proliferation and progressive fibrotic injury in the kid-
ney [92]. In the eye, RPE cells can produce epidermal growth factor (EGF), which deter-
mines autocrine-induced proliferation and migration via the EGF/EGFR/MAPK signaling
pathway. Inhibition of this pathway may reduce the development of PVR, and targeting
EGFR has been proposed as a therapeutic strategy for preventing PVR formation [93,94].
In view of its ability to induce migration and EMT, TGF-a, another EGFR-binding member
of the EGF family, has also been suggested to play a role in PVR formation [95]. Interest-
ingly, both TGF-a and VEGF-A were found significantly upregulated in the vitreous of
PVR patients [95], hence supporting once more, a relevant role that the EGFR/VEGEF-
A/VEGFR-1 signaling may exert on the development of some forms of ERMs. As we have
already noted, the part played by the EGFR might also be independent from ligand en-
gagement as it can be activated by the interaction with 1 integrin [74,75].

5.3. Galectin-3 Lattices

Galectin-3 is not one of the main hubs of the DIN shown in Figure 3. However, its
presence tightens the functional relationship between ITGB1, VEGFR and EGEFR. This [3-
galactoside-specific lectin is a cytoplasmic and nuclear protein secreted by various cells in
the extracellular space. Here, according to its concentration and environmental condi-
tions, galectin-3 oligomerizes and binds specific glycosylated ligands on the cell surface,
thus forming galectin lattices [96]. Such cell surface molecular lattices are dynamic micro-
domains fundamental in tuning the function of several receptors, including EGFR,
VEGER, fibroblast growth factor (FGF) receptor, platelet-derived growth factor (PDGF)
receptor and TGF-f3 receptor, and in controlling their lateral diffusion, clusterization, sig-
naling, endocytosis and recycling [96,97]. Its binding to glycoproteins associated with the
cell membrane (e.g., FN) and its integrin-binding and clustering induction promote integ-
rin-dependent FN fibrillogenesis and cell adhesion [96,98]. Notably, galectin-3 binding to
avprand, to a lesser extent, to asp1 integrins has been recently reported mediating cell
adhesion to the substrate [98]. On the other hand, galectin-3 may also stimulate integrin
endocytosis and focal adhesion turnover, thus reducing cell anchorage to the ECM and
affecting related signaling [96,98].

In the attempt to define the biochemical bases of iERM pathogenesis, the acknowl-
edgement of galectin-3 as a central regulator of inflammation and fibrosis is of great rele-
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vance [99,100]. Highly expressed in fibrotic tissue from different organs [101-104], galec-
tin-3 has been suggested working even as a toll-like receptor (TLR) 4 ligand [105] and as
a damage associated molecular pattern protein [106].

Galectin-3 also induces the clustering and activation of the highly glycosylated trans-
membrane protein CD147 notoriously involved in several inflammatory and fibrotic dis-
orders [107-109]. Through CD147, also referred to as extracellular matrix metalloprotein-
ase inducer (EMMPRIN/basigin), galectin-3 is indeed thought to induce expression of
metalloproteinases and to concur to myofibroblast differentiation [108,110]. CD147, ex-
pressed at significant levels by RPE cells, astrocytes and Miiller cells [111-113], has been
found in iERM [13]. In DIN (Figure 3), CD147 acts as a molecular bridge for the connection
of galectin-3 with CD44 and VEGF-A, thus stressing the relevance that galectin lattices
may have in controlling several ECM/growth-factor/membrane receptor signaling path-
ways during iERM formation and development. In particular, CD147 co-localization with
CD44, possibly mediated by galectin lattices, has been recently reported crucial in estab-
lishing proper mechanical strength for stress-fiber deposition and myofibroblast differen-
tiation [107]. Last but not least, CD147 may concur to the formation of iERM, by a galectin-
3-induced co-clustering with 31 and as integrins as previously suggested for PVR [113].

5.4. CD44 Antigen

As we have already noted, ITGBI is a key receptor of various matrix proteins and a
critical modulator of several receptors for signal transduction. In addition to EGFR and
VEGEFR-1, ITGB1 directly binds or functionally correlates to CD44 antigen. Based on DIN
and SPN, CD44 is likely a critical factor in iERM dynamics. MetaCore recognized a rele-
vant role of this protein in the SPN. Here, CD44 results in the second main hub of the net
(Figure S2). In addition, it establishes direct interactions with four of the eight central hubs
from DIN and/or SPN (i.e., ITGB1, EGFR, FN and CatB).

CD44 is a single-pass transmembrane matrix adhesion receptor for hyaluronic acid
(HA) [114]. It serves as a mechanosensor and controls cell adhesion and proliferation,
ECM synthesis, deposition and degradation, and recently it has been also associated with
chondrocyte dedifferentiation in response to excessive mechanical stress loading [115]. In
the retina, CD44 is expressed by Miiller cells [116] and astrocytes [117]. In accordance with
histopathological studies, reporting glial cells as one of the main ERM cell types [118],
CD44 presence has been strongly correlated to the development of ERM, where it has also
been described on the cell membrane of myofibroblasts and macrophages [28,119,120]. In
non-resolving inflammatory events, both FN EDA isoform and HA act as matrix-derived
damage-associated molecular patterns and engage, besides TLR4, CD44 and integrins. Re-
lated signaling, in combination with the TGF- pathway, affects the wound healing pro-
gram and may lead to fibrotic responses and chronic diseases [121]. CD44 has been de-
scribed controlling the ECM HA-composition by mediating endocytosis of small oligosac-
charides derived by the hyaluronidase 2-dependent HA-degradation. As HA controls, de-
pending on its molecular weight, several properties and functions of the ECM as well as
tissue inflammation, CD44 may be crucial in ERM development. When bound to HA,
CD44 is in fact implicated in modulating cytoskeleton organization, focal adhesion func-
tionalities and proliferative induction by acting as a co-receptor of TLR2/4 and EGFR [121].
Despite many cell types in the eye exposing TLRs on their surface [122,123], to our
knowledge, TLR2/4 proteins have not been described in iERM. Therefore, it is possible
that in iERM, HA-CD44 may mainly engage EGFR with consequent MAPK/ERK signal-
ing, a-SMA expression and regulation of myofibroblast differentiation [124]. As men-
tioned above, CD44 may further support myofibroblast differentiation depending on
TGEF-B1 stimulation and CD147 mediation [107]. CD44 is known as interacting with CD74,
also referred to as the MHC class II-associated invariant chain, thus concurring to macro-
phage migration inhibitory factor (MIF) signaling [125], a cytokine classically associated
with disorders having an inflammatory component, including proliferative retinopathies.
The MIF/CD74/CD44 complex controls, through Src activation, the PI3K/NF-«B and
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ERK/NF-kB pathways. In this way, CD44 may affect gene expression of pro-inflammatory
cytokines and cell proliferation [126]. Although CD74, classically reported as the MIF re-
ceptor, has been not identified in iERM [13], MIF signaling may occur even in its absence
[127,128]. Indeed, similar to PDR [129], an active MIF/CD74/CD44 pathway might be in
place even in iERM where MIF has been detected as well [13].

In summary, CD44 may influence iERM development and ECM deposition through
a very large number of interactions that can activate several signaling pathways.

5.5. ECM Synthesis and Degradation Loop
5.5.1. Cathepsins

Based on the GO-term enrichment analysis performed by the DAVID resource to
highlight the most relevant terms annotating the iERM MS-protein list, the involvement
of both endo- and extracellular proteolytic events appear to play a key role in ERM path-
ophysiology (43 proteins shared the Biological Process GO-term “proteolysis”; p value =
1.2 x 107). After all, ERM formation and development are referred to a fibrotic process
characterized by myofibroblast transdifferentiation, aberrant migration and proliferation,
by excessive ECM production and proteolytic degradation and, finally, by myofibroblast
cytoskeletal contraction [78].

In the DIN (Figure 3), the extracellular proteolytic aspect of iERM is apparently cen-
tered on CatB. The tight crosstalk between CatB and cathepsin D, as well as their correla-
tion with previously identified other cathepsins (i.e., cathepsins H and V) and cathepsin
inhibitors (i.e., cystatins C, B and A) [13], significantly stresses the relevance that these key
signaling molecules may assume in the disorder [130]. Their sub-net may be related to an
aberrant control in protease/protease-inhibitor balance, with possible shedding of several
signaling factors associated with inflammatory cell infiltration, to the activation of TLRs
recognizing pathogen- and damage-associated molecular pattern molecules [131], to
NLRP3 inflammasome triggering [132] and to antigen processing and presentation [133].
These considerations are in line with the hypothesis that inflammation and reactive oxy-
gen species-related injury may be critical processes in ERM formation [134,135], as also
suggested by the significantly enriched DAVID GO-term “response to reactive oxygen
species” protein cluster (including 15 proteins from the list of identified proteins provided
in reference 13; p value =2.5 x 10-11). Interestingly, cathepsin release in the cytosol is related
to lysosome membrane permeabilization, a process caused by several different stimuli,
including oxidative stress associated with ionizing radiations [136].

CatB is a lysosomal cysteine proteinase whose overexpression has been widely asso-
ciated with inflammation, collagen deposition and fibrosis. CatB, which is highly ex-
pressed by microglial cells and macrophages, promotes ECM degradation by directly par-
ticipating to its proteolysis [137], by activating metalloproteinases [138] and by eliminat-
ing the tissue inhibitors of metalloproteinase (TIMPs) [139]. ECM and basal membrane
degradation by cathepsins and metalloproteinases also leads to the release of bioactive
matrix fragments, the matrikines, that are implicated in numerous biological processes
including wound healing and fibrosis [140,141]. As mentioned above (see Section 5.1.1),
CatB and cathepsin V can play an anti-angiogenic role by releasing the matrikine en-
dostatin from collagen XVIIL

Mesotrypsinogen is another CatB target found in iERM [13]. Its activation to trypsin
3 [142] may further contribute to ECM proteolysis and iERM cell precursor migration or
even concur in unbalancing the ratio between proteases and their cognate anti-proteases.
Trypsin 3, along with caspase-14, the only caspase identified in iERM by the MS-based
proteomic [13], is also involved in prosaposin processing and generation of saposins A—
D. Whereas extracellular prosaposin is a neurotrophic factor highly expressed and se-
creted by RPE [143], saposins A-D are lysosomal proteins active in the catabolism of gly-
cosphingolipids. Saposin B, associated with defective RPE secretory proteostasis [143], has
been implicated in age-related macular degeneration [144]. Though a direct involvement
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of saposins in iERM development to our knowledge has never been reported, the co-ex-
pression of mesotrypsinogen and caspase-14 supports the extracellular generation of
saposins with still unknown effects on ECM proteins.

5.5.2. Protein-Glutamine Gamma-Glutamyltransferase 2 (TGM2)

As previously reported in several fibrotic diseases, CatB may contribute to myofibro-
blast transdifferentiation by activating TGF-1 [145-147]. Among other things, TGF-[3 pro-
motes ECM protein deposition and cross-linking into proteolytic resistant complexes by
inducing TGM2 [148,149]. Not surprisingly, TGM2, also referred to as transglutaminase 2
or tissue transglutaminase, is a central hub in DIN (Figure 3) where it is functionally as-
sociated with FN and ITGB1. TGM2 not only enzymatically cross-links FN, but also acts
as an integrin-binding adhesion co-receptor for FN itself and even promotes the assembly
of the latter by interacting with the asf3: integrin [150]. TGM2 is a matrix stabilizer whose
upregulation has been observed in several disorders characterized by increased ECM pro-
tein cross-linking and matrix accumulation. It has been reported as causative for a number
of fibrotic diseases, even in the eye [148,151], and possibly necessary to tissue inflamma-
tion stabilization [149]. In addition to FN, TGM2 targets several other ECM proteins, such
as collagen, fibrinogen, laminin, vitronectin, nidogen and fibrillin-1, all identified in iERM
[12,13,21]. In particular, TGM2 stabilizes interactions between laminin and nidogen [152],
as well as between FN and collagen [153]. Obviously, dyshomeostasis in inter- and intra-
molecular cross-linking of such proteins, as well as in their aminylation with biogenic
amines/polyamines, affects their structure, solubility and function and may affect related
mechanosignaling. Interestingly, TGM2 may influence mechanosignaling even intracellu-
larly by targeting cytoskeletal proteins, including actin, tubulin, and myosin [154]. TGM2
is induced by EGF, UV light and viral infections [154]. However, TGM2 expression and
function depend on its redox state [155,156]. Indeed, TGF-B-induced TGM2 activation was
reported as a reactive oxygen species-dependent process, and its upregulation in astrocyte
cultures is caused by oxidative-stress upon glutamate prolonged exposure [157]. In aller-
gic inflammation, TGM2 is capable of controlling reactive oxygen species production as
well as histone deacetylase-3 and snail expression, by interacting with racl and NF-«B,
respectively [158]. Of relevance, the transcription factor snail, an E-cadherin suppressor,
is a crucial regulator of EMT and glial-to-mesenchymal transition [78,159]. In this respect,
snail is upregulated by TGF-f1 in iERM Miiller cells undergoing myofibroblastic trans-
differentiation [78] and in RPE cells during EMT in PVR [160].

5.5.3. High-Temperature Requirement A Serine Peptidase 1 (HTRAI)

In parallel to cathepsins, the high-temperature requirement A serine peptidase 1
(HTRA1L) (PRSS11 in DIN, Figure 3) is active on some iERM proteins, represented in DIN
by EN, vitronectin, collagen II, biglycan and a2-macroglobuline. In view of its four protein
domains (i.e., insulin-like growth factor binding domain, kazal-type motif, trypsin-like
peptidase proteolytic domain and PDZ domain), this member of the HTRA family of ser-
ine proteases is a multifunctional protein. HTRAI is active in several contexts. Specific to
fibrotic diseases and/or to the eye, HTRA1 is involved in signal transduction inhibition of
TGEF-f family proteins [161], in keloid lesion formation [162], in retinal neovascularization
[163], and even in mediating injury in RPE exposed to short-wavelength light [164].

HTRA1-dependent ECM degradation controls the bioavailability of some growth
factors including FGF and insulin-like growth factor [165,166]. The latter has been impli-
cated in ERM progression and contraction [167], and it was found in iERMs as well [26].
FGF, too, has been found expressed in iERM [26,168], where it may participate to mem-
brane formation by supporting survival and proliferation of glial cells [135] and the acti-
vation and dedifferentiation of RPE cells [169].

5.5.4. Prolow-Density Lipoprotein Receptor-Related Protein 1 (LRP1)
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Despite the outlined net of degrading enzymes, ECM is known to increase in ERM.
Two fine regulators of many pathways that can lead to the accumulation of the ECM in
iERM are represented by the LRP1, one of the central hubs in DIN (Figure 3), and by its
main target protein, the wide-spectrum proteinase inhibitor a2-macroglobulin (A2M)
[170]. They may modulate the TGM2-induced ECM stabilization and the proteolysis op-
erated by several of the iERM identified proteases, as well as the ITGB1-dependent fibro-
genic-signal transduction [170]. LRP1 is a ubiquitous highly versatile protein that, because
of its capability of interacting with more than 100 different extracellular ligands and with
several intracellular proteins, acts a fine signal pathway integration in several contexts
including cell proliferation, inflammation, wound healing and tissue repair [171,172]. Its
functions span from lipid and glucose metabolism to the modulation of ECM synthesis
and turnover [171]. It also includes regulation of cell membrane protein composition and
related signal transduction events [173], control of extracellular proteases and lysosomal
enzymes activation [174]. Regarding the built DIN (Figure 3), LRP1 can promote ITGB1
maturation and transport to the cell surface [175] and its internalization and degradation
[173,176]. LRP1 also stimulates internalization and degradation of TGM2 [177], and ser-
pin:enzyme or protease activated A2M complexes (i.e., A2M: protease complexes or
simply A2M*) [174]. Consequently, defects in LRP1 interactions with TGM2, ITGB1 or
serpin:enzyme/A2M: protease complexes result in ECM and signal transduction aber-
rances with cell adhesion and migration defects. Nonetheless, as different cell types and
related microenvironments in distinct physiological and pathological conditions have di-
verse ligands and intracellular proteins interacting with LRP1, the protective or patho-
genic roles played by this receptor are cell type-, time-, and tissue-dependent [178]. Dur-
ing lung repair, LRP1 was suggested to allow tissue repair, also limiting inflammation
and fibrogenetic risks. Prolonged LRP1 downregulation or deficiency leads to TGF-{31 re-
lease and to impaired TGM2 and metalloproteinase clearance with consequent excessive
ECM deposition, proteolysis cross-linking, increased periostin synthesis, myofibroblast
contraction and fibrotic lesion formation [172,179]. Moreover, LRP1 may control ECM sta-
bilization by mediating FN catabolism and reducing its accumulation. On the other hand,
the interaction between A2M* and LRP1 induces Miiller cell migration by controlling met-
alloproteinases activity [180]. In addition, A2M may indirectly promote proliferation of
migrated ERM precursor cells by inhibiting plasmin- and kallikrein-induced fibrin poly-
mers digestion. Indeed, it has been suggested that the matrix formed by fibrin polymers
in the vitreous allows proliferation of the surrounding cells [181]. In line with such a hy-
pothesis, increased fibrinogen levels have been detected in the vitreous from patients af-
fected by idiopathic MHs [182] or iERM [59].

Since it acts as a carrier molecule, A2M may also control local concentrations of sev-
eral growth factors and cytokines (i.e.,, PDGF, FGF2, TGF-, insulin and IL-13) with pos-
sible consequences in cell proliferation, fibrinogenic signaling and inflammation. Interest-
ingly, A2M* has been very recently recognized as the signaling ligand for the 78 kDa glu-
cose-regulated protein cell surface chaperone (GRP78/BiP) in diabetic nephropathy. A2M*
binding to GRP78 promotes the activation of the profibrotic Akt pathway, thus inducing
the production of matrix proteins and profibrotic cytokines [183]. Although GRP78 cell
surface expression is mostly due to high glucose stimulation, we cannot exclude a priori
a similar localization in iERM where this chaperone has also been identified [13].

The occurrence of A2M as well as of the non-inhibitory serpin maspin [184] in the
DIN (Figure 3) underlines the presence of a protease-inhibitory system, parallel to the
above described cystatin-centered one, downregulating ECM proteolysis in iERM. The
involvement of A2M in ERM development is further stressed by its capability to induce
CD44 and ITGB1 expression [185]. Hence, it is quite evident how a defective crosstalk
between LRP1 and A2M may have detrimental effects on iERM formation and develop-
ment.
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6. Fibrogenic Biomarkers in the Vitreous Humor: Growth Factors, Cytokines, mRNA
and miRNA

The assessment of molecule concentrations in the vitreous humor (VH) represents a
good quantitative method to evaluate the involvement of soluble and secreted molecules
in the etiopathology and progression of iERMs. Studies along this line are not numerous,
and even though the proteins found in the VH are not necessarily produced by iERM cells,
they may certainly interact and influence iERM development, with even more significance
if they are not found in the VH of control groups. Since MS-based proteomic investigation
may have missed the identification of several soluble proteins in iERMs [13], we also in-
cluded in this review studies that quantified VH cytokines and growth factors that are
known to be involved in fibrogenic responses.

By enzyme-linked immunosorbent assay, several molecules have been found upreg-
ulated in the VH of eyes with iERM, and accordingly, they have been proposed as iERM
promoting factors for migration and/or proliferation of cells. Among the fibrogenic fac-
tors, TGF-f is certainly the most powerful. In line with the observations that TGF-{32 is the
main TGF-{3 family member expressed in the eye [186,187], levels of TGF-f32 have been
found significantly increased in VH samples from eyes with iERM compared to control
groups [188,189]. Furthermore, a positive correlation has been found in the vitreous fluids
between the levels of TGF-[32 and the soluble form of the low-density lipoprotein receptor-
relative with 11 ligand-binding repeats (LR11) [188]. LR11 is a type I membrane protein
that plays a key role in the migration of immature vascular smooth muscle cells [190].
Soluble LR11 (sLR11) is released from the cell surface by proteolytic shedding and its lev-
els in VH and sera are increased in diabetic patients either developing or non-developing
PDR [191]. Interestingly, sLR11 has also been described to inhibit the activation of the
signaling pathway downstream of the bone morphogenetic protein-7, a member of the
TGEF-{ receptor superfamily with antifibrotic activity that antagonizes TGF-{32-mediated
PVR development [192]. Thus, even though the site of sSLR11 origin has not been identified
yet, it has been speculated that vitreous sLR11, in association with TGF-{32 signals, may
cooperate in promoting the pathological migration and proliferation of cells concurring to
the formation of iERMs [188]. Moreover, sLR11 may also potentiate TGF-[32-induced fi-
brogenesis by blocking the signaling of molecules playing antagonistic roles. However,
the level of TGF-f32 in VH from patients with iERMs is still a controversial issue. A survey
of 43 growth factors and chemokines by multiplex beads analysis in the VH of a large
group of patients (31 with iERMs and 30 with idiopathic MHs as control group) did not
demonstrate any significant increase of TGF-1, TGF-32 or TGF-33 [193]. In contrast, lev-
els of 31 cytokines (CCL21, CXCL13, CCL27, CXCL5, CCL24, CCL26, CCL11, CCLes,
CXCL1, CXCL2, CCL1, IFN-c, IL-10, IL-16, IL-1b, IL-2, IL-4, IL-6, IL-8, CXCL11, CCLS,
CCL7, CCL13, CCL22, CXCL9, CCL3, CCL19, CCL23, CXCL12, CCL25 and TNF-o) were
higher in the VH of eyes with iERM, a result compatible with the activation of fibrotic and
inflammatory processes. Levels of TGF-31 in the VH, on the other hand, seem to be unaf-
fected by the presence of iERMs [189,193,194]. This does not mean that TGF-$1 has no role
in iERM development as its expression was detected within iERMs [25,195]. TGF-1 and
TGF-$2 influence iERM progression and matrix deposition as at least a subpopulation of
ERM cells express the TGF- receptor. In particular, the TGF-3 receptor 2 subunit with
kinase properties has been demonstrated in iERMs cells [7], mostly in GFAP-/vi-
mentin*/aSMA* myofibroblast-like cells that also express heat shock protein 90 [12].

PDGEF-AA is the only protein among a battery of 29 growth factors/cytokines tested
by multiplex protein array that has been found at a considerable higher level in the VH
than in the aqueous humor of patients with iERMs [193]. Gene expression analysis has
also shown the presence of PDGFB mRNA iniERMs [26], as if to say that PDGF-AB and/or
PDGEF-BB can also be produced by iERM cells. Whereas PDGF-AA was described as a
potent fibroblast mitogen [196], PDGF-AB isoform has been recently proved to promote
collagens I, III and VI deposition in an in vitro model of dermal fibroblasts [197]. To our
knowledge, expression of the PDGF receptor has never been investigated in iERMs. On
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the other hand, both PDGF and its receptor have been frequently detected in other types
of ERMs [198,199].

Nerve growth factor (NGF) is another growth factor that has been found increased
in the VH of patients affected by iERMs with respect to control eyes [189]. NGF is a small
protein that binds to and induces dimerization of tropomyosin receptor kinase A (TrkA)
and p75 neurotrophin receptor (p75N'). In addition to its well-known neurotrophic ac-
tion, NGF has been more recently associated with pro-fibrogenic responses [200]. In par-
ticular, NGF promotes myofibroblast differentiation [200,201], inducing a-SMA expres-
sion and collagen I and III synthesis and deposition [201-203]. As both NGF and its recep-
tor have been found expressed in iERM myofibroblasts [194], their involvement in the
deposition of membrane ECM is plausible, though the relevance in the overall process is
still undetermined.

In spite of its repeated detection in iERMs [13,26,195,204], VEGF-A has not been
found in the VH of iERM patients [59,205,206]. These apparently contrasting results can
be explained by the avascular nature of iERMs that, conversely to neovascular ERMs
[207,208], may easily correlate with low or undetectable levels of VEGF-A in the VH. On
the other hand, as discussed above, VEGF-A can be produced by Miiller cells [80], which
also express its primary signaling receptor VEGFR?2, suggesting the existence of an auto-
crine role for VEGF-A in iERM Miiller cell survival, as previously demonstrated in the
adult mouse retina [209].

The example of VEGF-A is emblematic of how studies carried out on the VH should
not be used as an indirect way to study iERMs protein expression. To this aim, they should
be contextualized and corroborated by direct findings on the membranes. Indeed, the ob-
servation that the VEGF-A mRNA extracted from irrigation solution samples collected
during vitrectomies from eyes with iERM is increased compared to samples from eyes
with MHs [210] supports the notion that VEGF-A is produced within iERMs though it
does not diffuse to the VH in detectable amounts.

As just observed, RNA molecules present in the VH can be informative. However,
the same caution expressed for results obtained from enzyme-linked immunosorbent as-
say tests on the VH should be applied for quantitative RT-PCR as well. Indeed, the source
of mRNA molecules may be other than just iERM cells. Gene expression analysis, per-
formed through quantitative real time polymerase chain reaction, confirmed some find-
ings previously described, including TGF-32 and NGF upregulation [194,210]. In the VH
of iERM Myojin and coworkers also assessed upregulation of IL-6, CXCL1 and the NF-«xB
subunit RELA [210], all related to aging and inflammation. However, the actual source of
these molecules in eyes with iERM:s is still unknown.

RNA molecules retrievable from VH are not limited to mRNA but also comprise miR-
NAs, as recently also shown in patients affected by iERMs. Five miRNAs appear differen-
tially expressed in iERM VH with respect to the VH recovered by control subjects affected
by MHs: four upregulated (miR-19b, miR-24, miR-155 and miR-451) and one downregu-
lated (miR-29a) [211]. Interestingly, miRNA-19b and miRNA-24 have been reported to
modulate TGF-f3 signaling, indirectly supporting a correlation between TGF-{ expression
and iERM development and suggesting a significant role for these miRNAs in TGF-{3-
mediated fibrogenesis [211-215].

7. Translational Medicine in iERM: The Pharmacologic Vitreolysis

At present, there are limited therapeutic options for iERM. Because the majority of
iERMs remain relatively stable over time [216], watchful waiting seems a reasonable
choice in cases with absent/mild iERM-associated visual impairment. Surgery represents
the elective therapeutic approach at disease stages in which patients experience serious
visual symptoms. The standard intervention in these cases consists of mechanical removal
of the fibrocellular tissue from the surface of the inner retina via pars plana vitrectomy, a
procedure that is supposed to improve post-operative vision quality by relieving the ab-
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normal tractional forces that distort retinal architecture. However, while the beneficial ef-
fect of surgery in case of severe disabling iERM is widely accepted, functional outcomes
are still largely unpredictable based on the pre-operative characteristics of affected eyes,
and the value of surgery remains uncertain in case of mildly symptomatic iERM [217].
Additionally, as with any intraocular surgical procedure, this surgery carries risks of harm
from side effects [218].

Pharmacologic vitreolysis is a procedure consisting of the use of exogenous agents to
alter the biochemical and biophysical states of the macromolecules responsible for main-
taining vitreous structure and vitreo—retinal adhesion [219]. Because dynamics of vitreous
separation from the inner retinal surface play a crucial role in the pathophysiology of rel-
atively common vision-threatening conditions such as iERM and disorders of the vitre-
oretinal interface (i.e., vitreo-macular traction with or without associated full-thickness
MH), the intravitreal use of vitreolytic pharmacological agents is of clinical interest as it
may represent a minimally invasive option to prevent or treat these conditions. Research
efforts on this ground led to the approval by international public health agencies of
ocriplasmin, the first vitreolytic agent introduced into clinical practice to treat vitreoreti-
nal interface disorders. The approval of this molecule was achieved based on the results
of the Microplasmin for Intravitreous Injection-Traction Release without Surgical Treat-
ment (MIVI-TRUST) studies [220,221], two double-blind randomized controlled trials
having vitreo-macular adhesion resolution 28 days after injection, without the creation of
an anatomical defect (including MH) or the need for vitrectomy, as the primary end point.

In addition to this specific field of application, it has been postulated that pharmaco-
logic vitreolysis may have a beneficial role as an adjuvant factor in the surgical treatment
of iERMs. In fact, the use of vitreolytic agents might facilitate surgical maneuvers of fibro-
cellular membrane cleavage by interfering with the adhesion system between the epireti-
nal fibrocellular components and the inner surface of the retina. However, it is noteworthy
that the clinical value of pharmacologic vitreolysis in the treatment of iERM has not yet
been elucidated. Quite the opposite, the efficacy of pharmacologic agents in releasing vit-
reoretinal traction has been reported as inferior in case of iERM presence [222]. In this
respect, a detailed knowledge of the iERM and internal limiting membrane composition
is essential to identify appropriate targets of pharmacologic interventions and to design
new classes of vitreolytic agents that may also act on iERM. Some authors described a
layer of native vitreal collagen (type II) between the fibrocellular proliferation and the ILM
[18] and surmised that plasmin or other vitreolytic enzymes might have the potential to
degrade it [223]. Several enzymes have been proposed by other groups to partially hydro-
lyze the ECM of iERMs, possibly facilitating iERM peeling and the associated vitrectomy
[224,225].

The main constituents of the ILM are collagens IV, VI and XVIII, laminin, fibronectin,
proteoglycans, entactin and possibly hyaluronan [226-229]. A recent analysis of laminins
and collagen chain expression provided more detailed evidence that the ILM specifically
contains laminin 111, laminin 521, laminin 211, collagens I and VI and the [a1(IV)]2a2(IV)
and a3(IV)a4(IV)a5 isoforms of collagen IV [21]. However, molecules facing the vitreal
side of the ILM that can be more easily reached by vitreolytic agents are collagens I, VI
and collagen [al(IV)]2a2(IV). Laminins, entactin and collagen a3(IV)a4(IV)a5, on the
other hand, are concentrated on the retinal side [21,230]. As we have already noted, the
components of the ECM of iERMs are numerous and create an important network of in-
teractions. Each of these components could be considered a potential pharmacological ob-
jective. However, attacking the main iERM structural components (laminins, collagens
and fibronectin), or the bindings between iERM and ILM, has been the first and the only
strategy attempted so far.

Without the claim of providing an exhaustive list and accurate descriptions for which
dedicated and excellent reviews can be found [231-234], we hereby briefly report the vit-
reolytic molecules that have been studied to date, with special focus on agents targeting
the structural components of the membranes or their adhesion to the ILM.
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Vitreolytic agents can be classified based on their biologic action or chemical activity
[235]. Posterior vitreous detachment (PVD) results from concurrent liquefaction of the vit-
reous body and weakening of vitreoretinal adhesions. Those agents that primarily liquefy
the vitreous gel are referred to as liquefactants, while those that induce dehiscence at the
vitreoretinal interface are called interfactants. Several agents are considered to have both
liquefactant and interfactant effects, a favourable characteristic given that these actions
should be applied simultaneously to obtain an efficient and safe pharmacologic PVD in-
duction. With regards to their chemical properties, vitreolytic agents may be enzymatic or
non-enzymatic. Within the larger enzymatic group of agents, a further subdivision can be
made based on the substrate-specific/nonspecific action of each agent.

7.1. Collagenase

Collagenase from Clostridium histolytica has been employed because of its ability to
cleave collagen II inducing vitreous liquefaction [236]. Important side effects due to its
unrestricted proteolytic activity induced us to drop the experimentation of this vitreolytic
agent.

7.2. Hyaluronidase

Hyaluronidase is a substrate-specific enzymatic agent that targets HA, a GAG com-
posed of repeating disaccharide units of N-acetyl glucosamine glycosidically linked to
glucuronic acid. Hyaluronidase is a liquefactant agent and does not induce vitreoretinal
dehiscence and PVD. Preclinical studies demonstrated efficacy of hyaluronidase in animal
models. Phase III trials aimed to assess its superiority in accelerating vitreous hemorrhage
clearance compared to saline solution supported a therapeutic utility of ovine hyaluroni-
dase but did not provide sufficient evidence to warrant approval as a commercial product
[237].

7.3. Chondroitinase

Chondroitinase is another substrate-specific enzyme that cleaves and fragments
chondroitin-sulfate-containing GAG side chains of proteoglycan core molecules. Chon-
droitinase has the potential to be a potent interfactant agent, given that this GAG is dif-
fusely present at the vitreoretinal interface [228,238]. Despite a phase I/Il FDA study
demonstrating chondroitinase’s safety and some evidence of efficacy in inducing com-
plete PVD without gel liquefaction, further trials were not conducted to test it for clinical
use.

7.4. RGD Peptides

RGD peptides encompass the adhesive proteins present in ECMs which contain the
tripeptide arginine-glycine-aspartic acid (RGD) at their cell recognition site. The specific
binding complex RGD is important as it is present in various ECM components including
laminin, fibronectin and certain collagens, thereby playing a potentially important role at
the vitreoretinal interface. Because synthetic RGD peptides compete for integrin-binding
sites, they could disrupt integrin-ECM interaction with subsequent loosening of interface
attachments. Despite early encouraging studies in animal models [239], no further studies
have tested the efficacy of RGD peptides on human eyes.

7.5. Dispase (Vitreolysin™)

Dispase cleaves the attachment of the posterior vitreous cortex to the ILM by degrad-
ing collagen IV and fibronectin. The low affinity of dispase for collagen II allows it to
induce a PVD without disrupting the macromolecular structure of the vitreous body.
However, dispase used at 0.025 U dosage or more caused injuries to the lens and retina in
animal models, presumably due to its non-selective proteolytic activity that might involve
degradation of non-vitreal proteic components [240].
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7.6. Plasmin and Plasminogen Activators

Plasmin is a serine protease that weakens vitreoretinal adhesion attacking fibrin as
well as other components of the ECM including fibronectin and laminin [241,242]. As it
also moderately degrades the vitreous gel, plasmin can be considered either interfactant
or liquefactant. Plasmin has a very good tolerability testified by the absence of side effects
in preclinical studies [243-245]. One major drawback is its rapid inactivation and the lack
of commercially available plasminogen, the proenzyme that must be activated soon before
its use. To circumvent this problem, clinicians are required to purify plasminogen directly
from patients’ plasma with a long and expensive procedure. Eventually, patients are in-
jected with autologous plasmin enzyme (APE) [246]. APE has been employed in a variety
of clinical situations [247-249]. However, because of the abovementioned drawbacks, APE
cannot be routinely employed.

On the other hand, plasmin can be enzymatically generated in the vitreous cavity in
the presence of plasminogen and plasminogen activators, such as tissue plasminogen ac-
tivator (tPA) and urokinase. Spontaneous presence of plasminogen in the vitreal chamber,
however, is observed only in pathological conditions which induce disruption of the
blood-retinal barrier including PVR, PDR and hemorrhages [250]. Outside these specific
clinical settings, plasminogen must be exogenously introduced [251], or its migration into
the VH can be promoted by procedures (i.e., cryopexy) that provoke the disruption of the
barrier [252]. Procedures such as the latter clearly pose problems of accurate dosage. All
in all, the clinical use of plasminogen activators in ophthalmology is limited.

7.7. Ocriplasmin

Ocriplasmin is a truncated recombinant form of human plasmin. Formerly called mi-
croplasmin, this recombinant 27 kDa serine protease has a greater effect on thrombin com-
pared to plasmin, and it binds to its primary inhibitor with weaker affinity. It exerts its
proteolytic activity on laminin and fibronectin, both major components of the vitreous
and of the vitreoretinal interface [253], and for this reason, it promotes simultaneous vit-
reous liquefaction and PVD. Ocriplasmin is the only vitreolytic agent approved for clinical
use to treat selected cases of vitreoretinal interface disorders. Despite its significant supe-
riority over a placebo in inducing the release of vitreo-macular adhesion and PVD [254],
it should be noted that the non-specific enzymatic action of ocriplasmin may produce deg-
radation of proteins in the vitreous, retina, choroid and lens, possibly causing several ad-
verse ocular events [255].

7.8. Nattokinase

Nattokinase is a non-specific serine protease extracted from natto, a Japanese tradi-
tional food made from fermented soybean. Actually, it is produced by Bacillus subtilis
which is found in natto. Nattokinase seems to promote the release of tPA from vascular
endothelial cells, and this may explain the nattokinase ability to promote pharmacologic
vitreolysis. The only study evaluating the effects of nattokinase demonstrated its efficacy
to induce PVD in rabbits [256]. However, at the highest dose employed, nattokinase also
induced preretinal hemorrhage and electroretinogram changes [256]. To our knowledge,
there have been no further publications about nattokinase pharmacologic vitreolysis.

7.9. Vitreosolve®

Vitreosolve is a nonenzymatic agent for pharmacologic vitreolysis that contains urea.
It is supposedly able to induce both liquefaction and vitreoretinal dehiscence. However,
this molecule did not demonstrate superior efficacy in inducing PVD compared to a pla-
cebo in eyes with non-proliferative diabetic retinopathy, and clinical studies were discon-
tinued [235].

7.10. Reenginered Vibrio mimicus Collagenase-Derived Fusion Proteins
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Recent novel additions to the family of vitreolytic agents are a couple of reenginered
forms of Vibrio mimicus collagenase-derived fusion proteins [257,258]. One is made of the
collagen binding domain from the native Vibrio mimicus collagenase, characterized by the
ability to destabilize the triple helix of collagen, fused with an RGD motif. Experimentally
employed in rabbits, this agent was used in conjunction with the isolated collagen binding
domain of the native collagenase determining PVD in 80% of cases. This outcome has been
referred to the combined dehiscence properties of RGD peptides with the liquefaction
ability of collagenase. Preliminary results show a good safety profile for this fusion protein
[257]. The second reenginered form of Vibrio mimicus collagenase-derived fusion protein
is made of a truncated and more stable form of the native Vibrio mimicus collagenase fused
with a small peptide that is known to specifically bind to HA [258]. The latter modification
is aimed to restrict the activity of the collagenase into the vitreous chamber. Preliminary
results appear interesting either in terms of safety or in terms of effectiveness [258].

Both the above-discussed fusion proteins are in a very early stage of experimentation,
and more data are needed to assess their clinical potentials.

8. Conclusions

Here, we have summarized the state of the art regarding our knowledge on the com-
position of the ECM of iERMs and its molecular arrangement, including the presence of
deposits of LNPC matrix. Signs of an ordered organization appear particularly evident
when considering the relationships occurring between collagen I and collagen IV. We
have also highlighted how the lamellar pattern of ECM deposition can contribute to the
tractional behavior of some iERMs. On the other hand, the ECM of iERMs is extremely
complex. Knowledge of the intimate composition of the membranes and of the factors
regulating its progress is essential to figure out the pathogenic mechanisms underlying
their development. An interactome overview on proteins involved in ECM biology, pre-
viously identified with an MS-based proteomic analysis on iERM samples [13], unveils a
set of proteins (i.e., ITGB1, EGFR, TGM2, LRP1, VEGEF-A, galectin-3, CD44, cathepsins and
cystatins, HTRA1, A2M) that, through a complex net of interactions with other iERM com-
ponents, are likely central regulators of iERM pathogenesis and progression. The bioin-
formatic approach has provided a precious step forward in understanding the molecular
bases of iERM development and in profiling novel pharmacologic targets for their treat-
ment.

So far, drugs used to treat iERM are employed in surgical settings to promote vitre-
ous and iERM detachment from the ILM. They are mainly derived from proteins with
enzymatic activity purified from other contexts. Recently, fusion proteins specifically de-
signed for targeting and acting on the vitreous to achieve vitreolysis have been synthe-
sized and are the subjects of experiments. However, the interactome of iERM proteins
extends far beyond the mere structural elements and offers a wider range of possible sites
of pharmacological intervention. Even in this case, genetic engineering may offer the tool
for synthesizing new drugs that might be employed to interfere with iERM development,
its retracting capability and even to promote their regression.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/cells11162531/s1, Figure S1: Shortest path net, trace mode visualiza-
tion centred on VEGF-A. Only proteins that directly interact with VEGF-A (in bold) are visible. The
rest of the network appears blurred in the background; Figure S2: Shortest path net, trace mode
visualization centred on CD44. Only proteins that directly interact with CD44 (in bold) are visible.
The rest of the network appears blurred in the background; Table S1: In order to facilitate net un-
derstanding, symbols used to represent the 141 experimental selected proteins in the generated nets
are listed (column A) near the MetaCore protein names (column B). We also report the correspond-
ing UniProtKB recommended protein names (column C) and identifiers (column D) of the corre-
sponding UniProtKB entries. Column E provides the main compartmental localization of the listed
proteins. Edge green-numbers (column F) indicate, for each row-protein, how many interactions are
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established by our list-proteins with other DIN hubs. Edge red-numbers (column G) specify, for
each row-protein, the number of interactions selected iERM-proteins establish within the SPN.
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