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Abstract

Basement membranes help to establish, maintain, and separate their associated tissues. They also
provide growth and signaling substrates for nearby resident cells. The internal limiting membrane
(ILM) is the basement membrane at the ocular vitreoretinal interface. While the ILM is essential
for normal retinal development, it is dispensable in adulthood. Moreover, the ILM may constitute a
significant barrier to emerging ocular therapeutics, such as viral gene therapy or stem cell
transplantation. Here we take a neurodevelopmental perspective in examining how retinal neurons,
glia, and vasculature interact with individual extracellular matrix constituents at the ILM. In
addition, we review evidence that the ILM may impede novel ocular therapies and discuss
approaches for achieving retinal parenchymal targeting of gene vectors and cell transplants
delivered into the vitreous cavity by manipulating interactions with the ILM.
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1. Introduction

Our understanding of the internal limiting membrane (ILM) at the vitreoretinal junction has
evolved with the advancement of microscopy. Almost two centuries ago, Gustav Retzius
used silver nitrate staining and light microscopy to examine human and animal retinas,
leading him to postulate that the terminal footplates of Mdiller glia form the ILM (Retzius,
1871). This speculation was later challenged using Mallory trichrome stain, which labels the
ILM blue and radial cellular fibers red, indicating the ILM and Mdller glial processes are
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separate structures (Wolff, 1937). Advanced imaging techniques in the modern era further
catalyzed a revolution in observational capabilities, which helped paint the current prevailing
view that the Miiller glia plasma membranes do not constitute the ILM, but are likely
involved in ILM formation (Cohen, 1961; Heegaard et al., 1986; Pedler, 1961).

Understanding the biochemical composition and mechanical properties of the ILM is
scientifically and clinically relevant. ILM components function as key substrates in
molecular and cellular interactions between the basement membrane and the developing
retina. These interactions play a central role in developmental patterning of the retinal
vasculature and neuroretinal lamellae. In addition, the ILM components define its
biomechanical properties including thickness, stiffness, and elasticity. These attributes
influence cellular interactions at the vitreoretinal interface (Halfter et al., 2014), and can
potentially contribute to pathologic tractional forces on the mature retina. Modern proteomic
analyses combined with ultrastructural imaging have identified compositional and structural
changes in the ILM that occur with advancing age and in pathologic disease states (Halfter
etal., 2015, 2013), underscoring the need to understand the roles that the ILM plays in
clinical vitreoretinal disorders. Indeed, the ILM is involved in the development of
vitreomacular traction, epiretinal membrane, macular hole, diabetic fibrovascular
proliferation, and proliferative vitreoretinopathy, as has been reviewed extensively
elsewhere, and will not be further discussed here (Chatziralli et al., 2018; Pastor et al., 2016;
Pournaras et al., 2011; Schechet et al., 2017; Steel and Lotery, 2013).

In recent years, clinical interest in the ILM has expanded with increasing recognition that its
barrier properties may hamper translation of novel ophthalmic therapies. Emerging evidence
suggests that the ILM poses a significant impediment to retinal transduction by intravitreally
delivered viral gene therapy vectors and to the retinal integration of cell transplants. The
ILM also poses an obstacle to intravitreally administered antibodies and nanoparticles, as
elegantly reviewed recently (Peynshaert et al., 2019).

Understanding the biochemical composition of the ILM and identifying its molecular
binding partners could accelerate the development of innovative treatments for overcoming
the ILM barrier. In fact, modifying surface proteins on viral capsids and nanoparticles to
enhance ILM diffusion has improved retinal therapeutic targeting (Woodard et al., 2016).
Furthermore, surgical removal or bypass of the ILM has been shown to enhance viral
transduction in intravitreally administered gene therapy (Comander et al., 2016).

Mitigating the ILM barrier in cell replacement therapy for treating optic neuropathies is a
more complex challenge. Lessons from retinal development teach us that neuronal
migration, cellular polarization, and axonal growth all depend on specific molecular
interactions with the extracellular matrix (ECM) (see below). Thus, modulating the
interactions between cellular transplants and the ILM, rather than completely removing the
ILM, may be key to advancing cell transplantation therapy.

Cell transplantation for RGC replacement is still very much in an exploratory phase, but
experimental evidence suggests that targeting the ILM may facilitate functional integration
of donor neurons into the recipient neurocircuitry. Methods that have proven beneficial for

Exp Eye Res. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang and Johnson Page 3

circumventing the ILM for AAV delivery might be repurposed for cell delivery. This review
examines the composition of ILM, its functions during development, and the rationale for
ILM disruption or circumvention to aid in development of innovative ocular therapies.

2. Properties of the ILM

2.1 Morphology and composition

The ILM is the basement membrane (BM) that separates the retina from the vitreous cavity
(Heegaard et al., 1986). The retinal side of the ILM faces the plasma membrane of Miiller
glial endfeet. Muller glia are radial macroglia with cell somas and nuclei residing in the
inner nuclear layer and radial processes spanning the entire depth of the neuroretina, from
the ILM to the outer limiting membrane (OLM). In contrast to the ILM, the OLM is not a
true basement membrane but rather a cellular structure composed of junctional complexes
(including heterotypic adherens junctions and desmosomes) between Muller glia and
photoreceptor inner segment plasma membranes (Omri et al., 2010). Essential for
maintaining ionic balance of the extracellular space, Muller glia also regulate acid-base
balance and provide metabolic support to inner retinal neurons (Guidry, 2005). The vitreous
side of the ILM anchors a loose network of collagen fibers emanating from the vitreous
cortex (Hogan, 1963; Rhodes, 1982). Under high resolution transmission electron
microscopy (TEM), the ILM appears as a layer of electron dense lamina densa sandwiched
in between two thin layers of lamina lucida, and external to cellular Maller footplates
(Halfter et al., 2008; Krdger and Mann, 1996). Fibrillar deposits from the vitreous cortex
rest on top of the ILM. Our lab has shown that ex vivo cultures of organotypic retinal
explants maintain the integrity of a continuous ILM for at least 7 days, as demonstrated by
TEM (Figure 1), making this a good model system in which to study the ILM.

Similar to BMs elsewhere in the body, the ILM is composed of networks of secretory ECM
proteins including collagen IV, laminins, nidogens, and heparan sulfate proteoglycans (Table
1) (Kleinman et al., 1982; Timpl et al., 1979; Vracko, 1974). The general assembly of the
BM is built on collagen 1V and laminin protein scaffolds, with nidogens facilitating their
molecular linkage (Fox et al., 1991; Yurchenco and Patton, 2009). These macromolecules
contain multiple peptide domains that self-polymerize or bind to other BM proteins (Timpl
and Brown, 1996). Basement membrane assembly also requires binding of ECM
components to cellular receptors such as integrins and dystroglycan (Fassler and Meyer,
1995; Henry and Campbell, 1998).

Although considered the BM of the retinal neuroepithelium, the ILM and its components are
not produced by the retina itself. Based on /n situ hybridization of oligonucleotide probes
that recognize laminin and collagen IV mRNAs, the genes that encode these proteins are
primarily transcribed by, and proteins ultimately secreted from, the lens epithelium and
ciliary body, respectively (Dong et al., 2002; Halfter et al., 2008). In fact, all of the ILM
proteins in chick, except for agrin (Mann and Krdger, 1996), are of extraretinal origin. All
ILM proteins can be detected in the vitreous at high concentrations during early
embryogenesis and rapidly decline postnatally (Halfter et al., 2008, 2005), suggesting that
the vitreous acts as a temporary reservoir of molecular components for ILM assembly during
stages of rapid eye growth. The ILM does not reconstitute after surgical removal in adult
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humans (Piven and Moisseiev, 2010), further supporting the temporary extrinsic reservoir
hypothesis.

Enzymatic disruption of the ILM followed by microscopic observations of ECM structural
changes provided early evidence of its biochemical composition. For instance, upon fixation
with glutaraldehyde and TEM visualization, the mouse ILM exhibits focal globular electron
dense material on the inner lamina lucida, as well as electron dense fibrils in the outer
vitreous cortex (Rhodes, 1982). The globular material in the lamina lucida disappears after
hyaluronidase treatment, but the vitreal filamentous network is not affected, indicating that
the globular material along the BM is composed of hyaluronic acid. Furthermore, the
fibrillary meshwork was postulated to contain oligosaccharide chains associated with
vitreous proteins, based on its structural stability after glutaraldehyde fixation, the staining
patterns with Alcian blue, and its association with collagen fibrils. In nonhuman primate
eyes, hyaluronidase digestion causes the globular material on the lamina lucida to become
scattered, and the fibrillary meshwork to be irregular (Heegaard et al., 1986). However,
chondroitinase treatment does not alter the ILM morphology, suggesting that chondroitin
sulfate plays a minor role in ILM structure. Neither hyaluronidase nor chondroitinase
treatment results in significant structural changes to the remaining retina. However,
collagenase treatment considerably distorts the fibril meshwork and alters retinal layers.
Pronase-E, a mixture of proteolytic enzymes derived from Streptomyces griseus, produces
even more marked disruption. Most of the ILM is digested without leaving traces of the
fibril meshwork, but at a concentration of 1%, it also resulted in significant structural
compromise to the neuroretinal layers, particularly the photoreceptor layer (Heegaard et al.,
1986). Of note, the proteolytic effects from Pronase-E are concentration dependent, as our
laboratory has demonstrated that Pronase-E concentration can be titrated to produce areas of
focal breaks in the ILM without damaging underlying retinal neurons or glia in organotypic
retinal explant cultures (Zhang et al., 2021) (Figure 2).

2.2 ILM mechanical properties and polarity

Traditional imaging methods requiring tissue fixation and dehydration contributed to an
underestimation of ILM thickness (Candiello et al., 2007), which had been cited as
measuring less than 100nm in humans (Candiello et al., 2010). More recent examinations of
ILM thickness with confocal microscopy and atomic force microscopy (AFM) detail this
structure in its native, undehydrated form. According to AFM measurements, the ILM
thickness is up to four times thicker than previously recorded, with water-bound
glycosaminoglycan (GAG) chains making up a significant proportion of BM thickness
(Candiello et al., 2010)(Balasubramani et al., 2010). ILM thickness can also vary
substantially across different regions of the retina and with age. The ILM is thickest near the
fovea at approximately 400nm, and the thinnest in regions near the optic disc and the
periphery of the retina, measuring only 70nm (Bu et al., 2015; Matsuo et al., 1963). ILM
thickness and rigidity increase with age, owing to a relative increase in collagen and
decrease in laminin concentrations (Candiello et al., 2010; Halfter et al., 2008). Interestingly,
enzymatic digestion reveals no regional differences in the biochemical composition of the
ILM (Heegaard et al., 1986).
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Like most BMs, the ILM has a polarity, or “sidedness” that is demonstrable by molecular
and physiological assays. Gross examination of ILM from human donors reveals a smooth
vitreal surface opposite a highly irregular retinal surface (Halfter et al., 2013). When
isolated, the ILM naturally curls according to the native curvature of the retina by rolling in
toward the vitreal side. This observation supports biomechanical studies showing that the
retinal surface has a 50% higher stiffness than the vitreal side (Halfter et al., 2013).

Cell adhesion assays also differentiate the functional sidedness in the ILM. Plating corneal
epithelial, retinal, and vascular endothelial cell suspensions on flat-mounted human ILM for
15 minutes results in cellular attachment only to the retinal surface of the ILM. Pretreatment
of the ILM with either chondroitinase or hyaluronidase does not affect cell adhesion,
suggesting that the interaction is mostly dependent on ILM protein components (Halfter et
al., 2013).

Side-specific distribution of ECM proteins in the human ILM can be demonstrated by
immunohistochemistry (Halfter et al., 2013). Laminin staining in retinal whole mounts and
cross sections shows higher abundance of laminin on the retinal surface of the ILM, while
polyclonal antibody directed against collagen IV uniformly labels both sides of the ILM.
However, monoclonal antibody against the C-terminus of the collagen polypeptide
preferentially labeled the vitreal side, whereas monoclonal antibody against the N-terminal
domain almost exclusively labeled the retinal side. These results, together with asymmetric
mechanical and functional properties, reveal inherent structural polarity in the ILM.

The ILM permits passive diffusion of various ions, glucose, lactate, and ascorbate (Levin,
2011). These small molecules freely cross the ILM through a meshwork of porous channels
varying from 10-25nm in diameter (Nishihara, 1991). The upper size limit for exogenous
materials delivered into the vitreous cavity to traverse the ILM is unclear, but large particles
have longer vitreal retention times thus hindering diffusion rate before even reaching the
ILM (Xu et al., 2013). In a bovine explant model studying nanoparticle delivery system,
negatively charged 40nm polystyrene particles could pass through the ILM, while similar
beads of 100-200nm size were blocked by the ILM (Peynshaert et al., 2018). Another study
comparing the particle exclusion limit of the human ILM to those of porcine, bovine, and
rabbit ILM found a common range of 60-90kDa (Jackson et al., 2003).

3. Role of the ILM in neuroretinal development

The embryonic eye develops as an outpouching of the neural tube that then invaginates,
forming the optic cup. At this stage the neuroectoderm is composed of two monolayers of
epithelial cells, the outer retinal pigment epithelium (RPE) and the inner retinal
neuroepithelium. The neuroblasts of the inner monolayer become tightly packed and
attached to each other by adherens junctions on their apical side nearest RPE (Harris and
Tepass, 2010). The basal surface, facing the vitreous cavity, becomes anchored to the basal
lamina of the ILM. It is on the ILM that the RGCs, the first differentiated retinal cell type
(Austin et al., 1995; McCabe et al., 1999), extend their growing efferent axons toward the
optic nerve head. Accessing the BM provides signals that define RGC polarity. In zebrafish
with defective junctional complex protein Pals-1, the retinal pigment epithelium is disrupted,
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allowing RGCs to extend axons towards Bruch’s membrane, the basal lamina of the RPE
(Zolessi et al., 2006). Aberrant contact with Bruch’s membrane reverses RGC polarity.
Studies elucidating the roles that retinal basement membrane plays in retinal development
have utilized a number of genetic knockout paradigms, and relevant animal models are listed
in Table 2.

One significant extracellular signal required for proper RGC migration, lamination, and
axon orientation is laminin, a family of heterotrimeric glycoproteins which serves as an
ECM ligand for integrins on the RGC plasma membrane (Lei et al., 2012). Laminin
activation of RGC integrin signaling through the p1-integrin subunit is sufficient to promote
directional microtubule assembly and axon initiation in cultured neurons. Disruption of this
signaling cascade by genetically knocking out /fgb1 (the gene encoding pB1-integrin) or its
Crk-associated substrate (Cas) cytosolic adaptor gene in mice causes loss of RGC layer
single-cellularity, RGC aggregation and protrusion ectopically through the ILM, and
secondary disorganization of the ILM itself (Riccomagno et al., 2014). Interestingly, ectopic
RGCs still project axons to retinorecipient thalamic targets. In zebrafish, contact-mediated
cues from laminin both /in vitroand in vivo are sufficient to guide axon extensions in newly
differentiated RGCs (Randlett et al., 2011). In the absence of laminin a1, RGCs retain a
multipolar morphology and exhibit dynamic neurite extension and retraction without axon
elongation. Though transgenic deletion of /amb2 or lamc3alone causes minimal change in
the ILM, double knockout of the B2 and y3 /faminin genes in mice disrupts ILM integrity,
resulting in a poorly organized ganglion cell layer and ectopic RGCs extruding through the
ILM and into the vitreous (Pinzén-Duarte et al., 2010).

RGC-ILM interactions are important for RGC survival. Enzymatic ILM disruption with
collagenase in chick embryos on E5 leads to a dramatic decline in RGC survival, but RGC
death can be rescued by injection of exogenous laminin protein soon after collagenase
treatment (Halfter et al., 2005). Interestingly, the role of ILM on developing RGC survival
seems to be temporary, since collagenase treatment on E7 did not cause decline in RGC
number. Indeed, in our work transplanting terminally differentiated RGCs onto organotypic
retinal explants, pretreatment of recipient retina with Pronase E did not lead to changes in
neuronal graft survival (Zhang et al., 2021).

The ILM also contains a diverse group of heparan sulfate proteoglycans (HSPGs) including
perlecan, agrin, and collagen XVIII, with important roles in retinal development (Clark et
al., 2011). Heparinase treatment of the developing chick retina greatly reduces RGC neurite
growth rate and density, suggesting axonal development is partly dependent on HSPGs of
the ILM (Chai and Morris, 1999). Based on previous discoveries that proteoglycans can act
as a reservoir for growth factors (Hardingham and Fosang, 1992), the same authors
demonstrated that HSPGs in the ILM bind basic fibroblast growth factor (bFGF), and
heparinase disruption of the ILM eliminates the ability for bFGF to promote neurite
outgrowth. Neurite extension in heparinase-treated ILM can be rescued with exogenous
administration of heparin and bFGF, an effect not observed when heparin is restored in
isolation. These results suggest that the neurotrophic activity provided by HSPGs in the ILM
depend on the binding and sequestering of growth factors. Chondroitin sulfate proteoglycans
(CSPGs), another ECM component of the ILM, are produced by retinal glia and are
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implicated in axonal pathfinding in early development. These proteoglycans are heavily
glycosylated with GAG side chains, and can facilitate ligand binding interactions and
diffusible ligand sequestration (Bishop et al., 2007).

4. Role of the ILMin retinal glial and vasculature development

Normal integrity of the ILM during retinal vascular development ensures intact substrate for
astrocyte migration and the formation of astrocytic networks that, in turn, provide the
template for endothelial cell migration (Dorrell et al., 2002). Hyaloid vessels first arise from
the optic nerve head, extending through the vitreous and wrap around the developing lens
(Fruttiger, 2007). These fetal vessels then regress secondarily and are replaced by the retinal
vasculature. Failure of hyaloid vascular regression results in persistent fetal vasculature
(PFV), a congenital eye disorder that accounts for 5% of childhood blindness (Mets, 1999).

Animal models with transgenic disruption of ILM molecular components exhibit abnormal
retinal vasculature (Edwards et al., 2010; Fukai, 2002; Hurskainen et al., 2005; Lee et al.,
2005). An example includes the £Lama™""223 mouse strain, in which a point mutation in
laminin-a 1 leads replacement of tyrosine-265 with cysteine within the N-terminal domain,
which is critical for interactions with other laminin subunits and numerous receptors
including integrins, perlecan, alpha-dystroglycan, and netrins (Edwards et al., 2010). The
ILM in these mice appears normal throughout most of the retina where it is present, but has
frequent small breaks (Edwards et al., 2011). Early on in retinal vasculature development,
the mutant retina exhibits a vascular apron around the optic nerve head, indicating that
normal endothelial cell differentiation and migration from the optic nerve are preserved.
However, in the ensuing days, retinal vessels cease to develop, and astrocytes migrate across
the ILM breaks to envelope the fetal hyaloid vessels in the vitreous. Hyaloid vasculature that
normally regresses instead persists and invades into retinal layers on the scaffold formed by
ectopic astrocytes. The dense astrocytic ensheathment around the fetal vasculature persist
into adulthood and resembles PFV in humans. Indirect ophthalmoscopy of adult Lama™m223
mice reveal white retinal spots, vitreal fibroplasia, and vessel tortuosity (Edwards et al.,
2010). Interestingly, the Lama"™223 mutation does not affect the localization of other ILM
components such as collagen 1V, perlecan, and dystroglycan, nor does it alter Maller cell
endfeet attachment to the ILM. These results may indicate that the persistence of hyaloid
vasculature is mainly dependent on astrocytes bridging the retinal and vitreal domains
through ILM defects.

Laminins also serve as ligands for dystroglycans (Colognato and Yurchenco, 2000), which
are found at high density in Mller cell endfeet adjacent to the ILM (Noél et al., 2005).
Mdiller glial-1LM interactions are important in several ways. Genetic deletions of laminin
subunits can result in disrupted Muller glial polarity, disarray of Mdiller cell endfeet, vitreal
glial cell process retraction, and decreased Miller cell survival (Pinzon-Duarte et al., 2010).
In a reciprocal fashion, absence of Miiller cell dystroglycans in development leads to ILM
degeneration, defective axon guidance for RGCs, and impaired RGC dendritic stratification
in the inner retina (Clements et al., 2017). Glycosylation of Muller cell dystroglycans alters
their interactions with laminin. Mutation in the glycosyltransferase Large leads to disrupted
ILM and abnormal astrocyte migration in mice (Zhou et al., 2017). Binding between laminin
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and dystroglycan is impaired in Large mutants, indicated by a weak signal around
dystroglycan in laminin overlay assays. In this assay, wildtype or mutant retinal lysate is first
bound to PVDF membranes, which is then incubated with a solution containing laminin;
after washing the PVDF membranes, any bound laminin is then detected by Western blots.
H&E staining of the ILM in mutant mice demonstrate intact gross structure, but electron
microscopy exhibits focal breaks. Similar to the findings in Lama™""223 mutants, Large
mutant astrocytes can migrate into the vitreous cavity and ensheathe the hyaloid vessels, and
fundus examination with indirect ophthalmoscopy reveals retinal vessel tortuosity, persistent
hyaloid vessels, and vitreal fibroplasia reminiscent of PFV.

The regulation of astrocyte migration essential for proper angiogenesis may also depend on
ILM proteoglycan expression. Ablation of proteoglycan GAG chains in the neuroretina by
knocking out the key synthesis gene Ugah leads to BM disruption (Tao and Zhang, 2016). In
the a-Cre/UgahX/flox mouse mutant, which restricts the loss of GAG synthesis to the
peripheral retina (Cai et al., 2011), astrocytes fail to invade the peripheral retina (Tao and
Zhang, 2016). Astrocyte migration initiates postnatally, whereas retinal cell differentiation
begins embryonically, and interestingly Ugdh mutants show normal retinal cell
differentiation. However, clusters of photoreceptors forming rosettes, a hallmark of retinal
degeneration, are observed in the peripheral retina. Indeed, extensive cell death, detectable
by TUNEL staining in the mutant, results in severely hypoplastic peripheral retina.
Immunostaining with laminin and collagen IV in whole mount retinas of a-Cre/Ugadh
knockouts reveal many large holes in the peripheral retina, often associated with persistent
hyaloid vessels. The ILM defect in Ugdh-deficient retinas resembles that of neonatal
wildtype retinas treated with both heparinase and chondroitinase ABC. Interestingly, treating
wildtype retina with either enzyme alone only produces partial laminin network disruption,
suggesting that heparan sulfate and chondroitin sulfate may compensate for each other
during ILM assembly. Therefore, ILM-derived astrocyte migration defects manifest with
significant neuroretinal degeneration at the affected eccentricities.

EXx vivo astrocyte migration assays demonstrate the critical role of an intact ILM in astrocyte
migration (Tao and Zhang, 2016). Placing PDGF-coated beads near the edge of an ILM void
leads astrocytes to migrate toward the beads as efficiently as they would in wildtype retina.
Placing the beads inside the ILM void causes astrocytes to move toward but remain
aggregated at the boundary of intact retina, unable to migrate into the ILM-deficient region.
These findings suggest that, while PDGF is a chemoattractant for astrocyte migration, ILM
components regulate cell adhesion during astrocyte migration.

5. Role of the ILM in ocular gene therapy

Hereditary retinal dystrophies cause irreversible blindness and are candidates for gene
therapy. Ophthalmic adeno-associated virus (AAV) delivery has emerged as a preferred
method for therapeutic gene transfer due to its relatively high transduction efficiency and
safety (Ellis et al., 2013). While the limited repertoire of currently approved retinal gene
therapies utilize a subretinal approach designed to transduce photoreceptors (Peng et al.,
2017), subretinal delivery is associated with photoreceptor stress as it creates a de facto
iatrogenic retinal detachment. On the other hand, intravitreal (IVVT) injection may have more
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desirable safety profile and the potential to achieve larger retinal surface coverage
(Ochakovski et al., 2017). It may also be more relevant for treating inherited optic
neuropathies in which RGCs are the retinal neuron of interest. One critical limitation of IVT
AAV delivery at present is relatively poor transduction efficiency due to vector accumulation
at the ILM (Dalkara et al., 2009; Mowat et al., 2014). Therefore, methods of improving the
efficacy of IVT AAV delivery have been a focus of research.

Viral gene transfer in eyes with ILM disruption or in animal disease models with
compromised ILM integrity has been shown to improve retinal transduction (Cehajic-
Kapetanovic et al., 2011; Park et al., 2009). Mild enzymatic digestion of the ILM with
Pronase E enhances transduction efficiency by several AAV serotypes and produces robust
GFP reporter expression in RGCs, Miiller cells, photoreceptors and RPE without perturbing
retinal electrophysiology (Dalkara et al., 2009).

The effects of I\VT-delivered glycosidic (rather than proteolytic) enzymes on viral
transduction have also been investigated. When comparing the transduction efficiency of
AAV-2 driving GFP reporter expression, mouse eyes treated with chondroitinase ABC or
heparinase produce 50- to 150- fold increases in retinal fluorescence compared to treatments
with either collagenase or hyaluronan lyase, which individually produce limited change in
transduction (Cehajic-Kapetanovic et al., 2011). The modest effect by hyaluronan lyase
could be explained by its enzymatic activity limited to the vitreous matrices, where
hyaluronic acid is concentrated, thereby facilitating the migration of viral vehicle toward the
retina, but not necessarily through the ILM. The greatest enhancement in transduction was
achieved with chondroitinase ABC and heparinase Il in combination. Furthermore, retinas
treated with chondroitinase ABC and heparinase 111 appear morphologically intact, retain
normal ERG response, and exhibit GFP expression into the outer nuclear layer. This
improved penetrance beyond the inner retina is likely due to enzymatic break down of retinal
ECM high in CSPG and HSPG (Chai and Morris, 1994; Clark et al., 2011), either making
the ILM and retinal layers more porous, or modulating the adhesive interactions between the
viral capsid and the ECM, thus altering vector migration towards deeper layers of the neural
retina (as discussed below).

While proteolytic and glycosidic digestion of ILM components have shown enhancement of
IVT viral transduction and encouraging safety profiles in rodent models, translating this
approach to larger animals or non-human primates (NHP) may be challenging due to
differences in ILM thickness and retinal biology (Mowat et al., 2014; Yin et al., 2011).
Larger eyes of NHP also result in greater dilutional effects on viral vectors in the vitreous.
Perhaps the most important consideration is the potential humoral immune response elicited
in the non-immune-privileged vitreous humor (Kotterman et al., 2015; Ye et al., 2015). For
example, NHP develop inflammation after ILM disruption during viral vector delivery
(Comander et al., 2016). Another consideration is provided by the recombinant protease
ocriplasmin (truncated human plasmin), which holds enzymatic activity against laminin and
fibronectin and has been used as a nonsurgical alternative to induce vitreous liquefaction for
treating vitreomacular adhesion (Stalmans et al., 2012). In this condition, the posterior
vitreous cortex that normally adheres to the ILM by means of proteoglycan linkage persists
in a pathogenic configuration with vitreoretinal traction forces that lead to development of
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macular hole and visual impairment (Schneider and Johnson, 2011). While ocriplasmin can
induce a posterior vitreous detachment and relieve macular traction, several studies have
reported relatively rare ocular adverse events, including intraocular inflammation,
electroretinogram changes, reduction in visual acuity, and other visual phenomena to be
significantly higher in patients receiving ocriplasmin compared to placebo (Johnson et al.,
2015; Kaiser et al., 2015; Kim, 2014). Thus, ocriplasmin may provide cautionary data
relevant to the widespread clinical use of intravitreally administered proteolytic or glycosidic
enzymes.

Alternative strategies to improve transduction nonenzymatically are under development for
eventual clinical application of gene therapy. One potential method is to enhance vector
localization to the retina by altering AAV capsid constituents that facilitate entry through the
ILM or neuronal plasma membranes. For instance, /n vitro assays demonstrate that heparin
sulfate proteoglycans on HeLa and CHO-K1 cell membranes mediate AAV-2 attachment and
transduction, and transgenic deletion or enzymatic removal of cell surface heparans greatly
reduces viral infectivity (Summerford and Samulski, 1998). In contrast, applying rational
mutagenesis to capsid proteins in AAV-1 and AAV-8, two serotypes lacking HSPG binding
sites (Woodard et al., 2016), mutant AAV-1 and AAV-8 with HSPG affinity can dramatically
increase retinal accumulation of viral vehicle and achieve higher transduction than wild type
vehicle controls.

AAV-5, another serotype lacking HSPG affinity, depends on sialic acid for capsid binding
(Kaludov et al., 2001). Because the ILM lacks sialic acid, AAV-5 is unable to dock at the
vitreoretinal junction, resulting in poor retinal transduction (Dalkara et al., 2009). However,
ILM disruption with Pronase E leads to robust retinal transduction of this sialic acid-
dependent serotype (Dalkara et al., 2009).

Further illustrating the barrier effect that the ILM imposes on viral gene therapy, inherited
X-linked retinoschisis (XLRS) with compromised ILM is associated with increased retinal
transduction efficiency (Park et al., 2009). XLRS is caused by a recessive mutation in the
RS1 gene coding for retinoschisin, a soluble protein secreted by photoreceptors and bipolar
cells and involved in retinal cell adhesion (Tolun et al., 2016). Mutations in retinoschisin
lead to disorganized retinal layers and cystic cavity formation causing retinal layer
separations (schisis cavities) (Molday, 2007), particularly involving the macula and
decreasing visual acuity (Tantri et al., 2004). The extensive retinal separations result in
fragile retina and pathological changes in the ILM permeability (Park et al., 2009). Studies
in Rs1-KO mice, which phenocopy those with XLRS, have shown that AAV-8 vectors
delivering RSI gene can successfully transduce all layers of the retina after IVT injection,
whereas the same administration performed in wild-type retina fail to transduce (Bush et al.,
2016; Park et al., 2009). This approach of delivering RS1 gene has now moved to human
trials (ClinicalTrials.gov: NCT02317887) and has demonstrated positive safety profiles
(Cukras et al., 2018). Similarly, Mdiller cell transduction has been demonstrated to be more
efficient in Dp7Z-null mice, which are deficient in dystrophin Dp71 and consequently have
much thinner ILM compared to wildtype (Vacca et al., 2014). Surgical ILM peeling also
demonstrates enhanced transduction in a variety of animal studies (Takahashi et al., 2017;
Teo et al., 2018). This procedure combined with IVT AAV-2 delivery in NHPs results in
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increased fluorescence intensity and depth of retinal penetration to the outer nuclear layer,
whereas transduction is confined to the GCL in sham controls (Teo et al., 2018).

A novel “sub-ILM” injection technique that delivers viral vectors between the ILM and
neuroretina has shown efficacy in experimental NHP models (Boye et al., 2016; Gamlin et
al., 2019). By circumventing the ILM completely, AAV2-GFP transduction was achieved in
RGCs, Muller glia, bipolar cells, and photoreceptors in the region underneath the injection
bleb. Additional benefits include sequestration of the vector near the target cells, reduction
of exposure to immune surveillance, and maintenance of high concentrations at low delivery
volumes. However, efficacy of this approach is localized to the injection site, performance
requires concomitant pars plana vitrectomy, and ILM detachment and retinal layer
disorganization are important potential drawbacks. Further development of sub-ILM
injection is needed to supplant the conventional IVT injection, which boasts good safety
profile and is a simple office-based procedure.

Exosome-associated AAV (exo-AAV) has gained interest as an alternative to circumventing
the ILM without surgical or enzymatic disruption. Exosomes are lipid vesicles secreted by
cells and can package and transfer both proteins or RNA (Gyérgy et al., 2011). These exo-
AAV vectors have demonstrated increased transduction compared to conventional AAV
vectors, and have additional advantages of resistance to neutralizing antibodies and the
ability to cross the blood brain barrier (Gyorgy et al., 2014; Yang et al., 2015). IVT injected
ex0-AAV show increased retinal penetration as well as transduction of more retinal cell
types compared to AAV-2 vectors not packaged in exosomes (Wassmer et al., 2017). The
exact mechanism explaining increased cellular tropism is not understood, but exosomes are
involved in multiple transport pathways, including passive diffusion and receptor mediated
endocytosis and phagocytosis (Mulcahy et al., 2014).

In summary, research into ocular AAV delivery has demonstrated myriad approaches to
circumventing the ILM. Methods that have increased efficacy in intraocular viral
transduction include enzymatic ILM digestion, surgical ILM peeling, modulating molecular
interactions with ILM, and sub-ILM injections. All these techniques facilitate intravitreal
therapeutic delivery, which may pose lower morbidity compared to subretinal injections.
Ultimately, the methodologies employed by gene delivery to overcome the ILM might be
repurposed toward addressing an even greater challenge — intraocular cell transplantation for
neuronal replacement.

6. Role of the ILM in cell transplantation

RGCs are progressively and irreversibly lost in patients with optic neuropathies, owing to
their central nervous system (CNS) lineage and negligible regenerative capacity in
mammals. This translates to permanent blindness for a subset of patients with glaucoma,
ischemic optic neuropathy, and a number of other inflammatory, traumatic, compressive,
mitochondria, toxic, or metabolic causes of RGC loss. Tremendous advancements have been
made in identifying the molecular pathways involved in RGC axonal and somal
degeneration, and a number of interventions have established that RGCs which survive a
primary injury can be induced to regenerate axons beyond the optic chiasm into central
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visual targets (de Lima et al., 2012; Li et al., 2015; Lim et al., 2016; Yungher et al., 2015).
Nonetheless, no neuroprotective or regenerative treatments for optic neuropathy have, as of
yet, successfully preserved or restored vision in human clinical trials. A critical limitation of
such approaches is that they depend on surviving endogenous RGCs, and therefore will
provide limited benefit to patients with very advanced disease and significant vision loss.

Neuronal replacement through transplantation may offer a promising therapeutic approach to
functional restoration in neurodegenerative diseases, including optic neuropathy.
Differentiation and engineering of donor RGCs for transplantation is an area of active
research and beyond the scope of this review (Ji and Tang, 2019; Lee et al., 2018; Sluch et
al., 2017). However, it is worth considering that donor cells could be genetically engineered
to secrete neuroprotective stimuli and modulate the host microenvironment to promote
endogenous cell survival and prevent further structural and functional damage (Flachsbarth
et al., 2018). Furthermore, intrinsic molecular pathways in donor cells could be engineered
to enhance their own resiliency to disease conditions in the host (Welsbie et al., 2019). Key
obstacles to be overcome in order to translate RGC transplantation to patients include
promoting and guiding axon regeneration to central brain targets and achieving functional
integration into existing neuroretinal circuitries. Though much knowledge about molecular
pathways involved in reestablishing efferent connectivity has been elucidated by studying
endogenous RGC axon regeneration (de Lima et al., 2012; Li et al., 2015; Lim et al., 2016;
Yungher et al., 2015), relatively less is understood about the obstacles preventing donor
RGCs from growing dendrites into the inner plexiform layer and synapsing with bipolar and
amacrine cells. The ILM may present one such obstacle.

Pioneering studies transplanting hippocampus-derived neural progenitor cells into the retina
demonstrated some structural integration, albeit with limited success. Grafting these cells
into adult rat eyes that have either undergone ischemia-reperfusion injury, iatrogenic retinal
scarring, or were dystrophic, resulted in donor neurite integration and cellular expression of
MAP2 and GFAP (Kurimoto et al., 2001; Nishida et al., 2000; Young et al., 2000). These
findings provided early proof of principle for the therapeutic concept of cell transplantation
within the inner retina. Since then, research has been performed assessing intravitreal
transplantation of an array of cell types, including embryonic stem cells (ESC),
mesenchymal stem cells (MSC), Miiller glial-derived cells, and primary or stem cell-derived
retinal ganglion cells (Becker et al., 2016; Bull et al., 2008; Cho et al., 2012; Divya et al.,
2017; Hertz et al., 2014; Jagatha et al., 2009; Johnson et al., 2010; Koike-Kiriyama et al.,
2007; Singhal et al., 2012; Wang et al., 2019).

ESCs have the potential to generate multiple differentiated neuronal cell lineages at large
scale, and thus are an attractive source for retinal neuronal transplantation. For example,
when induced with FGF2, ESC-derived neural progenitor cells differentiate along the RGC
lineage (Jagatha et al., 2009). Intravitreal transplantation of these ESC-derived RGC-like
cells in a mouse NMDA-induced glaucoma model led to improved light responsiveness,
though this was likely related to neuroprotection of surviving endogenous RGCs (Divya et
al., 2017). Although the graft survival rate was not reported, donor cells localized to the
retinal surface without somal integration into the parenchyma. Another group recently
generated functional RGCs from human induced-pluripotent stem cells and demonstrated

Exp Eye Res. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang and Johnson

Page 13

their viability four weeks after intravitreal injection in a murine optic nerve crush model.
Similar to the previous study, the graft survival rate was not reported, and evidence of
cellular integration into the host ganglion cell layer was limited (Rabesandratana et al.,
2020).

In culture, mammalian Miller glia exhibit neural stem cell properties (Das et al., 2006), and
have been investigated for their potential to integrate into host retinal tissue. Grafted human
Mdiller stem cells into either glaucomatous or normal rat eyes do not migrate spontaneously
into the host retinal parenchyma (Bull et al., 2008). However, intravitreal co-administration
of chondroitinase ABC leads to increased Miiller stem cells migration into the ganglion cell
layer and extension of neurites into the host. On the other hand, Mdller stem cells
transplanted into the subretinal space in rats are capable of migrating into the retina
spontaneously without host tissue modification (Lawrence et al., 2007). These results
suggest a major obstacle is situated at the vitreoretinal interface.

To identify the potential source of inner retinal blockade to intravitreal graft migration, we
previously transplanted MSCs both /in vivo and ex vivo into rat retina (Johnson et al., 2010).
Building on the hypothesis that transplanted cell migration appears to arrest at the ILM, we
mechanically removed the ILM. Whereas the majority of the transplanted MSCs remain
outside of intact ILM, regions devoid of ILM had significantly increased integration into the
retinal parenchyma. However, high levels of MSC engraftment also coincided with
significantly reduced local glial reactivity, possibly from damaging Miiller endfeet during
ILM peeling. To address this potential confounder, selective gliotoxin a.-aminoadipic acid
(AAA) was used to transiently suppress Miiller cell function without affecting other retinal
neurons or ECM architecture. AAA treatment downregulated expression of the glial
intermediate filaments GFAP, nestin, and vimentin, while preserving neuronal and ECM
protein expression and ILM integrity. Glial suppression was associated with significant
enhancement of graft migration into the inner layers of the host retina through the intact
ILM, both in retinal explants and /7 vivo. Moreover, ILM digestion with collagenase did not
improve MSC migration into the retina when gliosis was preserved. Thus, in contrast to stem
cells differentiated toward the ectodermal lineage (see below), mesenchymal stem cells can
migrate through intact ILM if reactive gliosis is suppressed. This finding suggests that cell
type specific interactions with the ILM may differentially modulate the ability to achieve
retinal integration following transplantation.

Evidence of functional engraftment of purified primary mouse RGCs into live mice may
support the possibility that migration through the ILM is cell type dependent. Indeed, some
transplanted primary RGCs can migrate through an intact native ILM and localize to the host
RGC layer (Venugopalan et al., 2016). However, this is an inefficient process with less than
10% of injected eyes showing successful engraftment, and typically only 1% of injected
RGCs surviving. Although the mechanism of cellular migration through the ILM or the rate
of localization to the host RGC layer were not specified in that work, the authors of this
landmark paper do demonstrate evidence of light responsiveness of these donor cells,
confirming functional integration into the neuroretinal circuitry.
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Taken together, existing work in cellular transplantation provides evidence of limited graft
integration in a variety of donor cell types, including neuronal and mesenchymal lineage, but
suggests that the efficiency of intraretinal migration for a variety of transplanted cell types
can be improved by either mechanically peeling or enzymatically disrupting the ILM
(Johnson and Martin, 2008; Johnson et al., 2011; Singhal et al., 2008; Suzuki et al., 2007).
These works provide circumstantial evidence that the ILM is an important physical obstacle
for RGCs without directly investigating its barrier role. Recently, we provided the first direct
empiric evidence that identifies the ILM as a critical barrier to transplanted human RGC
integration (Zhang et al., 2021). Using organotypic mouse retinal explants with transplanted
human embryonic stem cell derived RGCs (hES-RGCs) we observed that hES-RGCs
encountering an intact ILM are unable to extend neurites into the recipient retinal
parenchyma. In contrast, transplanted RGCs are able to integrate neurites into the inner
plexiform layer (IPL) in areas where ILM was mechanically broken, such as near cut edges
on the explants. In order to enhance RGC neurite ingrowth, we enzymatically digested ECM
proteins with Pronase E at a concentration (0.6U/ml) that effectively increased ILM
permeability without evidence of toxic effects such as accelerated neurodegeneration or
reactive gliosis. Pronase E treatment of ILM resulted in a dramatic increase (~40 fold) in
hES-RGC neurite localization to the IPL. Ongoing work is required to translate this
approach into a method that facilitates increasing the cellular permeability of the ILM /n
vivo. Nonetheless, this finding could pave the way for achieving true functional RGC
replacement through transplantation for large numbers of donor neurons.

In addition to somal and neurite migration in the radial orientation, any transplantation
therapy must also consider the topographical distribution of engrafted donor cells along the
retinal lamellae, a previously understudied aspect of transplantation experiments. Lessons
from developmental studies have shown that interactions between immature RGCs and the
ILM govern cellular mosaicism and spatial patterning (Clements et al., 2017; Riccomagno et
al., 2014). In our organotypic mouse retinal explant model, we observe dramatic spatial
clustering of transplanted hES-RGCs on intact ILM, a phenomenon not observed on retinas
receiving proteolytic enzyme treatment (Zhang et al., 2021). The difference was quantified
in a statistically robust manner using spatial analyses previously applied to characterizing
endogenous retinal mosaicism, and which is readily repurposed for defining the topography
of transplanted RGCs (Keeley et al., 2020). This finding suggests that interactions between
hES-RGCs and the ILM promote cell clustering, and dispersion of transplanted RGCs may
ultimately be necessary to achieve widespread retinotopic coverage. Whether cell clumping
and neurite ingrowth are related will need to be determined by future work.

Molecular pathways governing retinal development inform us that neurons rely on
interactions with ECM components for survival, polarization, growth and maturation (as
discussed above). Therefore, while mechanical removal or enzymatic disruption of the ILM
enhances graft migration and neurite ingrowth into the host retina, ECM signaling may still
be required for achieving true functional integration that requires donor cell polarization,
dendrite stratification, and axon pathfinding. Thus, rather than elimination of this barrier,
manipulating cell-ILM interactions may be a preferred approach moving forward.
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Neurons interact with the ILM through cell surface receptors. The integrin family is the
main class of receptors on RGCs that are activated by extracellular matrix laminins.
Conditional deletion of integrins or their downstream Cas adaptor proteins in RGCs is
sufficient to cause ganglion cell layer disruption and ectopic migration of RGCs across the
ILM (Riccomagno et al., 2014). Therefore, approaches of genetically modifying the integrin
signaling pathways in donor RGCs may promote their migration through the ILM and
enhance integration following transplantation.

Rational mutagenesis used to enhance AAV transduction may also be translatable to cellular
transplantation. For example, gain-of-function expression of HSPG binding partners on viral
capsids dramatically increases accumulation of viral vectors at the ILM and enhances viral
transduction of retinal neurons. Repurposing this approach to genetically express HSPG
receptors on donor RGCs may improve cellular migration into retinal parenchyma.

6. Conclusions

The ILM and its associated ECM participate in key steps of retinal development by
orchestrating embryonic milestones including neuroblast migration, cell body polarization,
and axonal growth. These functional roles are mediated through specific structural
constituents of the ILM. Studying the structure of the vitreoretinal interface is pertinent to
our understanding of the pathophysiology of certain vitreoretinal diseases, and may provide
the basis for optimizing innovative retina-targeted therapies. Nonetheless, the ILM appears
dispensable in adulthood, as surgical ILM removal has been used for the treatment of
vitreoretinal disorders such as macular hole, leading to visual benefit.

Viral gene therapy and stem cell transplantation are two emerging technologies that have
significant potential for preserving or restoring vision in a host of retinal neurodegenerative
disorders. The ILM appears to be a significant obstacle for the clinical translation of these
potential therapies. Experimental evidence suggests that mitigating its barrier effect through
enzymatic and physical disruption increases the efficacy of gene and cell therapy in the
retina. Importantly, most of our knowledge regarding the roles of the ILM during retinal
development and in limiting gene and cell therapy are derived from rodent models, the
ultimate therapeutic target is human patients. While surgical methods for removing the ILM
within the central macula in human patients exist and are relatively safe, variations in overall
eye anatomy, ILM permeability, and ILM thickness between humans and laboratory animals
present challenges in translating results from animal models to human intervention. Moving
these concepts forward will likely require experimentation in larger pre-clinical models.
Moreover, the importance of ILM-retinal signaling during development suggests that overt
removal of the ILM may be inferior to transient disruption of donor RGC-ILM interactions
for achieving functional engraftment. Resolving these issues represents an important step
toward implementing ILM circumvention for the augmentation of innovative emerging
ophthalmic therapies.
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Highlights:

Retinal development is governed by molecular interactions between the
internal limiting membrane (ILM) and neurons, glia, and the vasculature.

The ILM is an important obstacle to some emerging ocular treatments,
including gene therapy and cell transplantation.

Revisiting molecular interactions that are critical during retinal development
may inform methods for circumventing the ILM for cell transplantation
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Figure 1. Transmission electron microscopy demonstrating internal limiting membrane (ILM)
integrity during ex vivo organotypic retinal explant culture.

Vitreoretinal interface of adult organotypic mouse retinal explants demonstrates ILM
(arrows) separating posterior vitreous cortex (asterisk) and neuroretina. Miller glial
footplates underlie the ILM. The ILM remains intact in culture from day 0 (A) to day 7 (B).
Scalebars: 1um (A, B); 400nm (A’, B’).
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Control Pronase

Figure 2. Effects of Pronase-E digestion on ILM laminin.
Adult organotypic mouse retinal explants treated with BSS (A-C) or Pronase-E at a

concentration of 0.6 U/mL (D-F) were cultured for 7 days. Fixed tissue stained with laminin
(green) shows ILM organization. Tiled confocal microscopy of flat mount retina quadrants
are shown (A, D). Three-dimensional reconstruction of confocal microscopy z-stacks detail
ILM surfaces in control (B) and Pronase (E) treated retinas. Retinal explant cryosections
exhibit intact (C) and linear interruptions (F) in ILM, with preserved retinal layers indicated
by DAPI counterstain of retinal cell nuclei in blue. Scale bars: 500um (A, D); 100um (B, E);
50um (C, F).
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Summary of ILM structural components and their digestive enzymes

laminin (LNa5p2y1)

Major ILM components | Digestive Enzyme References
collagen IV (a5a5a6)
collagen IV (a3a4a5)

collagenase Bu et al., 2015
collagen VI
collagen XVIII
laminin (LNa.1p2y1)

pronase Dalkara et al., 2009

hyaluronic acid

hyaluronidase

Rhodes, 1982

fibronectin dispase Rhodes, 1982
nidogen 1 PNGase F, GIuC, trypsin Kunze et al., 2010; L&ssl et al., 2014; Patel et al., 2014
perlecan plasmin, stromelysin, collagenase Timpl and Brown, 1996;

Whitelock et al., 1996

dystroglycan

ureafaciens sialidase, beta(1,4)galactosidase, beta-N-
acetylglucosaminidase, Bgus, Xylsa

Briggs et al., 2016;
Clements et al., 2017;
Combs and Ervasti, 2005

agrin neurotrypsin Kroger and Mann, 1996;
Reif et al., 2007
CSPG chondroitinase ABC Clark et al., 2011
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Animals models of ECM component mutations demonstrate roles of the ILM in retinal development

Gene Protein name Mutation description Species Phenotype Reference
Col4A1 Type IV collagen, alphal | Autosomal dominant Mouse ocular dysgenesis, neuronal Labelle-Dumais
subunit mutation; disrupted splice localization defects etal., 2011
acceptor site, causing
deletion of 17 amino acids
in the collagen triple helical
domain resulting in
improper protein folding
Col18A1 Type XVIII collagen, Homozygous knock-out Mouse abnormal outgrowth of retinal Fukai, 2002;
alpha 1 subunit vessels; reduced expression of | Hurskainen et
VEGEF in retinas; increased al., 2005
retinal astrocytes; lack of
vitreous fibril insertion into
the
ILM
ltgaA6 Integrin, alpha 6 subunit Homozygous knock-out Mouse disorganized basement Georges-
membrane; ectopic Labouesse et
neuroblasts in vitreous al., 1998
ISPD-79* Isoprenoid synthase Autosomal recessive; lack Mouse ILM disruption and, defective Clements et al.,
domain-containing mature glycan chains for axon guidance for RGCs; pups | 2017;
protein dystroglycan to bind die at PO due to respiratory Wright et al.,
laminin failure 2012
Lamal Dominant-negative Zebrafish | RGC axonal projection defect; | Seminaetal.,
(baF%%) mutation; missense ectopic photoreceptors in 2006
mutation affecting disulfide inner retina; hyaloid vessels
bridge formation lack capillaries
Lamalmz23 Autosomal recessive point Mouse Normal appearing ILM; Edwards et al.,
mutation; amino acid astrocytes and vasculature 2011
substitution at receptor migrate ectopically into
binding and polymerization vitreous; astrocytes persist and
Laminin, alpha 1 subunit sites proliferate in vitreous, forming
dense mesh resembling
epiretinal membranes
[ amaltm!-olf Conditional knock-out Mouse Very thin ILM; Mller cell Alpy etal.,
driven by CMV-Cre, processes extend into vitreous 2005;
bypasses embryonic through frequent breaks in Edwards et al.,
lethality ILM 2011
Similar vascular patterns as
those found in Lama1mmf223
Lamad4 Laminin, alpha 4 subunit Homozygous knock-out Mouse retinal hemorrhage due to Stenzel et al.,
endothelial BM defect; 2011;
increased vessel branching, Thyboll et al.,
reduced vascular maturation, 2002
reduced lumen size
Lamb2 Laminin, beta 2 subunit Homozygous nonsense Mouse Mice: abnormal rod Libby et al.,
mutation created by Human photoreceptor synapse 1999
inserting stop codons into formation; abnormal Zenker et al.,
exon 3; no full length electroretinograms 2004
protein produced Humans: Pierson syndrome;
ocular defects include
microcorcia, glaucoma,
cataracts, retinal detachment
Lamc3 Laminin, gamma 3 Homozygous knock-out Mouse altered vasculature, increased Lietal., 2012
subunit created by vector targeted branching in OPL
exon 1 deletion
Lamb2/ Laminin, beta 2 & Homozygous compound Mouse Muller cells and RGC Pinzén-Duarte
Lamc3 Laminin, gamma 3 knock-out processes extend into vitreous; | etal., 2010
thickened Bruch’s membrane;
disorganized PR outer
segment; synaptic defects
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element alpha of murine
Pax6

Gene Protein name Mutation description Species Phenotype Reference
Large™? Xylosyl- And Autosomal recessive allele; Mouse disrupted ILM, ectopic cellsin | Leeetal., 2005
Glucuronyltransferase 1 intragenic deletion of the vitreous; hypoglycosylation of
glycosyltransferase gene dystroglycan; retinal vessel
Large tortuosity and leakage
a- UDP-Glucose 6- Connditional knock-out of Mouse large ILM defect in peripheral Marquardt et
Cre;Ugahfiox dehydrogenase the GAG synthesis gene retina; failed astrocyte al., 2001;
Ugdh under the control of migration to defective areas Tao and Zhang,
the retinaspecific regulatory 2016
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