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Abstract

Introduction: Hyalocytes are sentinel macrophages residing within the posterior vitreous
cortex anterior to the retinal inner limiting membrane (ILM). Following anomalous PVD and
vitreoschisis, hyalocytes contribute to paucicellular (vitreo-macular traction syndrome, macular
holes) and hypercellular (macular pucker, proliferative vitreo-retinopathy, proliferative diabetic
vitreo-retinopathy) diseases.

Areas covered: Studies of human tissues employing dark-field, phase, and electron microscopy;
immunohistochemistry; and /n vivo imaging of human hyalocytes.

Expert opinion: Hyalocytes are important in early pathophysiology, stimulating cell migration
and proliferation, as well as subsequent membrane contraction and vitreo-retinal traction.
Targeting hyalocytes early could mitigate advanced disease. Ultimately, eliminating the role of
vitreous and hyalocytes may prevent proliferative vitreo-retinal diseases entirely.
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1. Introduction

Hyalocytes play an important role in proliferative vitreo-retinal diseases that feature
prominent hypercellular membranes such as macular pucker (MPK), proliferative diabetic
vitreo-retinopathy (PDVR), and post-retinal detachment proliferative vitreo-retinopathy
(PVR). There are also paucicellular vitreo-maculopathies such as macular holes (MH)
and vitreo-macular traction syndrome (VMTS) where hyalocytes might play a role.

The fundamental pathogenetic conditions common to all these conditions are anomalous
posterior vitreous detachment (APVD) and vitreoschisis (VS).

The first article in this series of expert reviews on hyalocytes focused on the origin and
turnover of hyalocytes, cell morphology, and imaging[1], while the second article exploits
technical advances in molecular biology to elucidate the functions of hyalocytes during
development and in adult homeostasis as well as in inflammatory and neurodegenerative
disorders[2]. The current article, which is the third in this 3-part series, will summarize the
pathogenesis and progression of these conditions emphasizing the critical contribution(s)
of hyalocytes. Improved understanding of the role of hyalocytes in pathophysiology may
lead to targeted therapies directed at these cells, which may be particularly potent given
the role of hyalocytes in the early stages of proliferative vitreo-retinal diseases. Moreover,
based upon our current understanding of vitreous anatomy, the pathologic phenomena of
anomalous PVD and vitreoschisis, as well as the role of hyalocytes, preventative strategies
have already arisen and are being implemented, most notably in the prevention of PVR.
Indeed, eliminating the roles of vitreous and hyalocytes in PVR serves as a paradigm

for how to one day induce an innocuous posterior vitreous detachment and substantially
mitigate, if not entirely prevent proliferative vitreo-retinal diseases.

2. Anomalous posterior vitreous detachment (APVD) and vitreoschisis

(VS)

In youths, vitreous is a solid clear gel composed of water (98%) and structural
macromolecules (collagen and hyaluronan), as well as critical extracellular matrix
constituents[3-5]. Aging, myopia, and diabetes are associated with fibrous liquefaction
and degeneration of the vitreous body, destabilizing the entire vitreous body. When

there is concurrent weakening of vitreo-retinal adhesion, dehiscence at the vitreo-retinal
interface and collapse of the vitreous body result in an innocuous posterior vitreous
detachment (PVD)[6,7]. However, if there is excess fibrous liquefaction/degeneration
internally and/or insufficient weakening of vitreo-retinal adhesion, an anomalous PVD can
occur[8-10]. There are various consequences of anomalous PVD, which differ based upon
the topographic location of vitreo-retinal separation and whether or not the outer vitreous
shell, called the posterior vitreous cortex, remains intact (Fig 1).
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Splitting between the lamellae of the posterior vitreous cortex, known as vitreoschisis[10,11]
(Fig 2), plays a critical role in the pathophysiology of hypercellular proliferative vitreo-
retinopathies[12,13]. This is because persistent attachment of the outer lamellae of the
posterior vitreous cortex to the retina can contain many hyalocytes. These cells are no longer
modulated, regulated, or tempered by overlying vitreous (which is known to possess anti-
migratory and anti-proliferative properties[4,5]) since it is displaced anteriorly following
vitreous separation.

This alteration of normal vitreo-retinal homeostasis begins a cascade of events initiated
by hyalocyte recruitment of cells from the circulation (monocytes) as well as cells from
the local environment, such as retinal glial cells, retinal pigment epithelial cells (when
there is a retinal break), and vascular endothelial cells (in the case of neovascularization).
The following will explore how anomalous PVD and vitreoschisis influence the particular
features of hyalocyte engagement in the pathophysiology of specific proliferative vitreo-
retinal disorders.

3. Hypercellular tractional vitreo-retinopathies

Hyalocytes are an important cell type in hypercellular, tractional premacular membranes,
contributing mightily to pathogenesis in macular pucker (MPK), proliferative vitreo-
retinopathy (PVR), and proliferative diabetic vitreo-retinopathy (PDVR). In contrast, non-
tractional premacular proliferation consists mostly of glial cells[5,14].

3.1 Macular pucker

First described in 1865 by lwanoff[15], macular pucker (MPK) is defined as a premacular,
avascular, fibrocellular membrane with folds and striae in the underlying inner retina,
accompanied by disturbed cytoarchitecture in the outer retina[16,17]. The term “epiretinal
membrane (ERM)” is not as accurate as the term “premacular membrane (PMM)”, which
is the tissue that causes macular pucker, the term that correctly refers to the effects of this
membrane on the macula. Although the term “idiopathic” is common in the literature, it
is no longer appropriate because MPK is now known to be caused by vitreous pathology.
The prevalence of MPK is between 6% and 11.8%[18-20]. Over the age of 70 years

the prevalence is as high as 15.1%[20], with bilateral involvement between 19.5%][18]
and 31%[19] of cases. Chinese may have a higher prevalence than Caucasians, African
Americans, or Hispanics[21]. The most common patient complaints are metamorphopsia
and blurring, although micropsia and monocular diplopia have also been reported[22].

Early theories on the pathogenesis of MPK focused on the retina and largely ignored the role
of vitreous[23]. The two contemporary theories on etiology are breaks in the inner limiting
membrane (ILM) with consequent glial cell migration, and anomalous posterior vitreous
detachment (PVD) (Fig 1)[8] with vitreoschisis[13]. (Fig 2). The latter theory highlights

the role of hyalocytes. Common to both theories is the role of PVD, which is found in
80-95% of cases[24-29]. Admittedly, the methods used to diagnose PVD in many of these
studies may be suspect, making it possible that many cases diagnosed with total PVD are
incomplete[13]. However, this prevalence is significantly higher than the 53% prevalence of
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PVD in the general population over age 50[30,31]. Furthermore, it is probable that PVD in
cases of MPK is anomalous with vitreoschisis.

The retinal break/glial cell theory postulates that microbreaks in the ILM resulting from
PVD create pores through which glial cells migrate to proliferate along the retinal surface.
This theory is supported by the fact that the cells in MPK membranes resemble glial cells

in both morphology[32] and immunofluorescence[33]. Evidence against this theory is that
retinal breaks have not been documented on histologic examination. The hyalocyte theory
more directly implicates vitreous, as it involves anomalous PVD[8] with vitreoschisis[11,12]
(Fig 2). Spectral domain OCT found vitreoschisis in 42% of MPK eyes[13], although the
true prevalence is likely higher as future studies employing swept source OCT will likely
demonstrate. Indeed, at surgery, 80% of MPK eyes have evidence of vitreoschisis[34]. The
level (plane) through which vitreoschisis occurs influences pathology[13]. If vitreoschisis
splits the posterior vitreous cortex farther anteriorly, more hyalocytes will remain adherent
to the macula in the premacular membrane and begin the process of MPK by recruiting
monocytes from the circulation and glial cells from the retina. This could be the
pathophysiology underlying lamellar hole associated preretinal proliferation (LHEP)[35].
Further, it has been shown that hyalocytes embedded within this vitreous layer are found
within the premacular membranes excised from patients with MPK (Fig 3)[3,23,36].

Lastly, hyalocytes transdifferentiate into myofibroblasts[37,38] causing tangential membrane
contraction exerting inward (centripetal) tangential force on the retina. It is this action that
causes the irregular (corrugatead) retinal contour typical of MPK.

Vogt and colleagues[36] found that the cellular composition of premacular membranes in
MPK included glial cells, myofibroblasts, and fibroblasts, implicating the possibility of
transdifferentiation of hyalocytes into myofibroblasts[36]. Indeed, Kohno and colleagues[39]
found that exposing cultured hyalocytes to TGF-B2 induced contraction, and cells were
positive for aSMA and negative for GFAP, indicating a conversion into myofibroblasts;
astrocytes did not exhibit such changes. Additionally, immunofluorescence of surgically
removed premacular membranes showed GFAP stained cells in non-contracted areas, and
aSMA positive cells in areas of contraction. The investigators hypothesized that TGF-
B2 induces hyalocyte transdifferentiation into myofibroblasts[39]. TGF-p2 also induces
hyalocytes to secrete connective tissue growth factor (CTGF), which was found in

higher concentrations in vitreous from eyes with proliferative vitreo-retinal disorders[40].
Platelet derived growth factor (PDGF) has also been implicated as working with TGF-p2
to phosphorylate myosin light chains (important in contraction of both muscle fibers

and non-muscle cells) via Rho-Kinase[41]. Thus, Rho Kinase inhibitors could alter and
possibly prevent hyalocyte-mediated membrane contraction in MPK[37]. This concept is
supported by the findings of Vogt et al. who studied premacular membranes excised

from humans with MPK, finding that hyalocytes, macroglia, and microglia comprised
the main cell composition with trans-differentiation of cells, suggesting therapeutic value
in anti-fibrosis treatment strategies (see below)[36]. Currently, however, vitrectomy with
membrane peeling is the cure[42]. Pre-operative vision depends upon whether there are
multiple centers of retinal contraction[26] (Fig 4), the presence of macular edema[43],
alterations in the photoreceptor layer[44—46], and integrity of the inner segment/outer
segment junction[44,45,47,48].
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3.2 Proliferative vitreo-retinopathy

Proliferative vitreo-retinopathy (PVR) is a fibroproliferative disorder characterized by the
formation of preretinal contractile, fibrocellular membranes which can lead to retinal
break re-opening/formation and recurrent retinal detachment. Subretinal membranes can
also develop, as well as intraretinal gliosis, although the cell types in these membranes
may differ, and rather than induce tangential traction, these membranes induce retinal
stiffness and shortening. PVVR can occur after primary rhegmatogenous retinal detachment
(RRD), surgical intervention, or trauma. The development of PVR in the peripheral
fundus is the primary cause for surgical failure after RRD repair, which occurs in

10-15% of cases[49]. Similar pathogenic mechanisms result in proliferative membranes
on the posterior pole causing MPK[50-52]. Although PVR and MPK have similarities

in cell distribution and immunoreactivity, there are differences in cell composition[53],
with hyalocytes predominating in premacular membranes causing MPK in one study[14].
Another study using imaging mass cytometry showed that surgically excised preretinal
PVR membranes consist of numerous IBA1-positive myeloid cells (hyalocytes and/or
microglia) that simultaneously co-express a-SMA, strongly suggesting transdifferentiation
of myeloid cells into myofibroblasts as a common pathophysiological feature during PVR
formation[54]. All studies emphasize the importance of transdifferentiation by hyalocytes
into myofibroblasts with strong contractile properties.

PVR is classically characterized in three overlapping stages: inflammation, cell proliferation,
and extracellular matrix (ECM) remodeling. PVR is associated with breakdown of the
blood-retinal barrier which facilitates the entry of inflammatory growth factors and
cytokines. Inflammation is known to play a crucial role in fibrosis, and multiple profibrotic
and inflammatory mediators have been identified in vitreous[14]. The early stages are
associated with significant hypercellularity in part due the aforementioned anterior level

of vitreoschisis splitting the vitreous cortex. The major cell types are myeloid cells, most
likely hyalocytes but also retinal microglia, retinal pigment epithelial (RPE) cells, and retinal
astroglia. Hyalocytes play an important role in the initiation and development of PVR, as
they can modulate immune and inflammatory processes, initiate intraretinal gliosis, and
transdifferentiate into myofibroblasts resulting in tractional fibrocellular membranes[14,37].
Other myeloid cells such as retinal microglia could play an important role later in the
pathophysiology of PVR. The transition into a final fibrotic stage is associated with
membrane maturation (fibroblast activity?) and tangential contraction.

Several studies and many years of surgical experience have emphasized the essential role of
vitreous in the development of PVR. The posterior vitreous cortex (PVC) has been shown

to provide a scaffold for fibrocellular proliferation and is an active player in the ECM
remodeling. The PVC contains sufficient profibrotic and inflammatory mediators, as well

as cells (hyalocytes) to induce ECM contraction[37]. Further, the lamellar structure of the
PVC (Fig 2, left) predisposes to vitreoschisis (VS), an important initiating event in the
pathogenesis of PVR and other vitreo-retinopathies[8,9], since after anomalous PVD the
outermost lamellae of the PVC can remain attached to the retinal surface posterior to the
vitreous base[8,9,11]. These VS-induced vitreous cortex remnants (VCR) are attached to the
peripheral (and macular) retinal surface acting as a scaffold for PVVR to develop. Hyalocytes
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are likely to be present in VCR if VS splits the PVC anteriorly. These cells are critical since
hyalocytes recruit circulating monocytes, secrete profibrotic cytokines inducing the synthesis
of ECM, and promote myofibroblast differentiation which, in turn, also induces synthesis
and contraction of the ECM[37,55].

Indeed, histopathologic analyses of PVR membranes suggest that PVR develops in the
presence of VCR, as both native collagen and newly formed ECM have been detected[53].
In addition, different areas within PVR membranes have different cell and extracellular
matrix characteristics, which could represent different stages of PVR formation. These
paucicellular, collagen-rich areas with hyalocytes (Fig 5) most likely represent vitreous
cortex remnants (VCR) that resulted from vitreoschisis (VS; Fig 2)[56]. A prevalence

of VCR on the peripheral retinal surface of around 35% has been reported in patients
undergoing vitrectomy for RRD[57,58]. Furthermore, VCR on the peripheral retina has
been linked to the development of PVR after surgery for RRD[57-60]. Cases of primary
RRD with VCR had an incidence of re-detachment of 12%, compared to 2% in cases

that did not have VS & VCRJ[57]. Interestingly, VCR on the macula has been reported in
15-41% of patients undergoing surgery for a primary RRD, and may be associated with
the development of premacular membrane proliferation and contraction causing macular
pucker[61] (see above), especially in diabetes and highly myopic eyes[13,34,50,52,53].
Additional factors that influence growth and development of these pathologic membranes
are cytokines translated by TGFBland FGF2 genes which are activated by macrophages and
mTOR stimulation by cytokine secretion predominantly in the early stages of PVR[62].

3.3 Proliferative diabetic vitreo-retinopathy

Diabetic retinopathy is the leading cause of severe vision loss in working-age adults[63]
and, given the increasing prevalence of diabetes, represents a significant medical and
socio-economic challenge. The advanced stage of the disease, proliferative diabetic
vitreo-retinopathy (PDVR), is characterized by poorly perfused retina causing a hypoxia-
induced release of pro-angiogenic growth factors eventually leading to the formation of
retinal neovascularization (RNV) and/or neovascularization of the optic disc[64]. Vascular
endothelial growth factor (VEGF) is a pro-angiogenic factor inhibited effectively via
intravitreal injections of inhibitors in routine clinical practice for the treatment of diabetic
macular edema and PDVR[65]. However, the involvement of other mechanisms in the
pathophysiology of PDVR is likely, since some patients have only a moderate or poor
response to anti-VEGF therapy[66], resulting in contractile vascular membranes at the
vitreo-retinal and vitreo-papillary interface[67]. It appears that vitreous is critical in this
process, hence the term PDVR[68]. In similar fashion to PVR (see above), vitreous plays an
important role in advanced DR, as evidenced by the facts that florid neovascularization is
muted in an eye with posterior vitreous detachment (PVD)[69] and that neovascularization
generally does not recur following vitrectomy[70]. Indeed, it has been suggested that the
mechanism by which panretinal laser photocoagulation works to mitigate neovascularization
is by inducing PVD[71,72]. Within the scaffold of collagen fibrils in the posterior vitreous
cortex reside hyalocytes, which appear to play as important a role in PDVR, just as they do
in other proliferative vitreo-retinopathies[41]. The following presents experimental as well
as clinical evidence of the role of hyalocytes in PDVR.
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3.3.1 Experimental evidence of hyalocyte involvement in PDVR—In the
“oxygen-induced-retinopathy” mouse model, myeloid cells, (retinal microglia and vitreous
hyalocytes) accumulate at sites of retinal ischemia and neovascularization[73] and may
influence the formation of pathological ocular neovascularization[74]. Similarly, studies in
the Ins24%@ mouse model revealed an increased number of myeloid cells, alterations in
their network organization, and evidence of cell shape changes regarded as classical signs
of activation. In older diabetic mice with myeloid cells deficient of Cxscrl, these changes
were exacerbated and an accumulation of Iba-1* hyalocytes was observed[75]. Furthermore,
in vitro experiments on cultured bovine hyalocytes suggest that hyalocytes are involved

in the formation of fibrous contractile membranes in vitreo-retinal disease[76], probably

in a TGF-B1-dependent manner[41], and that VEGF expression by hyalocytes is enhanced
under hypoxic conditions[77]. Human studies have further demonstrated that hypoxia in the
diabetic vitreous stimulates the expression of angiogenic and inflammatory cytokines[78].

3.3.2 Human studies—Development and progression of PDVR relate to the formation
of preretinal fibrocellular membranes[79-83]. Pathologic fibrocellular changes at the
vitreo-macular interface are present in all diabetic eyes irrespective of the stage of
DR[82,84]. Clinico-pathologic studies found multi-layered tractional membranes situated
on the vitread side of the ILM with cells embedded in masses of native vitreous cortex
collagen[79,80,82,84]. According to Gandorfer and colleagues, two types of membranes
exist: membranes with cellular components directly adjacent to the ILM, and membranes
with vitreous collagen strands interposed between ILM and cells[80]. As demonstrated

in Figure 6, the cellular composition typically consists of myeloid cells, most likely
hyalocytes, and myofibroblasts. Glial cells were also present, but without predominance

in eyes with PDVR. Hyalocytes in these pathologic eyes can be directly situated on the
retinal surface (first type alluded to above), or within the vitreous collagen fibrils that are
anterior to the ILM. Studies have found these cells to be immunopositive for CD45, CD64
and IBA1[38,85,86]. Due to their role in extracellular matrix synthesis and regulation of
intraocular inflammation, hyalocytes can change their phenotype and cell function. Similar
to PVR, hyalocytes are able to transdifferentiate into myofibroblast-like cells. Although
myofibroblasts can transdifferentiate from numerous cell types, in diabetic eyes they are
believed to predominantly originate from hyalocytes.

Myofibroblasts are the contractile components of fibrocellular membranes. Their contractile
properties and their ability to produce newly formed collagen have been demonstrated in
numerous studies of the diabetic vitreo-retinal interface[68,87]. In particular, ultrastructural
analyses of the co-localization a-SMA filaments and collagen type | and 111 proved the
presence of hyalocytes in fibrocellular membranes of diabetic eyes[84]. Hyalocytes and
myofibroblasts are usually embedded in thick layers of native vitreous collagen. In addition,
newly-formed collagen and fibrous long-spacing collagen were seen in DR representing

a remodelling process of vitreous cortex collagen[79,84,88]. Pathologic changes at the
vitreo-macular interface were present in all eyes irrespective of the presence of tractional
fibrocellular membranes.

A recent study by Boneva and colleagues showed that retinal neovascular complexes
contained a-SMA and IBA-1 positive myeloid cells, which are most likely hyalocytes
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given their proximity to preretinal PDVR membranes[89]. Their studies found an abundance
of a-SMA -positive myofibroblasts, HLA-DR (human leukocyte antigen — DR isotype)-
positive antigen-presenting immune cells, PECAM-1 (platelet endothelial cell adhesion
molecule)-positive endothelial cells, and CD8a (cluster of differentiation 8a)-positive
cytotoxic lymphocytes in RNV tissue, compared to a fainter staining for these markers

in premacular membranes excised from eyes with MPK (Fig. 7). Further /n vitro analyses
once again identified that myeloid cells, most probably hyalocytes, had the potential for
myofibroblastic transdifferentiation[89]. Finally, TGF-p was significantly upregulated in
human RNV when compared to control tissue[89]. This cytokine has been shown to induce
a-SMA (a classic myofibroblast marker) expression in cultured myeloid cells[90] and
stimulate the contraction of hyalocytes /n vitro[91]. In summary, these data suggest that
TGF-p-mediated myofibroblastic transdifferentiation of hyalocytes is a key event in the
course of contractile fibrovascular membranes formation in advanced PDVR.

3.3.3 Invivo hyalocyte imaging in PDVR—Hyalocyte clustering and altered cell
morphology have been detected in patients with PDVR using clinical OCT[92,93]. Clusters
of hyalocytes with plumper appearance in a patient with PDVR are shown in Fig. 8 and
Movie 1. In this patient, hyalocyte proliferation around the sites of neovascularization

was observed (Fig. 8). High resolution Adaptive Optics Scanning Light Ophthalmoscopy
(AOSLO) imaging of hyalocyte morphology and movement dynamics in the living human
eye without exogenous labeling has provided better understanding of the roles these cells
play in diabetic retinopathy[94]. Fig. 9 shows a comparison of hyalocytes imaged in a
healthy control and a patient with PDVR. In the healthy control, hyalocytes appear more
ramified with multiple fine and long processes, while these cells look less ramified and more
amoeboid shaped in the diabetic patient. A better understanding of these changes in cell
morphology and behavior may provide more insight into their roles in disease progression
and response to therapy by pharmacologic and non-pharmacologic means.

4. Pauci-cellular tractional vitreo-maculopathies

Following anomalous PVD, persistent full-thickness vitreo-macular adhesion, vitreoschisis,
and fibrocellular membranes cause a variety of tractional vitreo-maculopathies. In contrast
to the foregoing which described pathologies arising from pathologic hypercellular
membranes, there are paucicellular vitreo-retinopathies that result in a heterogeneous group
of macular pathologies. These include vitreo-macular traction syndrome, macular holes, and
myopic foveoschisis[8,11,12,95,96].

In vitreo-macular traction (VMTS), the aforementioned age-related fibrous liquefaction/
degeneration of the vitreous body with persistent adhesion of the posterior vitreous cortex
to the ILM of the retina does not induce vitreoschisis, but instead results in full-thickness
posterior vitreous cortex traction upon the ILM in an axial direction (Fig 10). In VMTS the
vitreo-retinal adhesion site co-localizes with cell cluster formation on the ILM[38,85,97].
The presence of cell clusters thus represents the initial stage of pathologic membrane
formation, even when paucicellular. Indeed, the degree (size and strength) of persistent
vitreo-retinal adhesion at the ILM seems to affect the diversity of vitreo-macular traction
pathologies[11,96].
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Hyalocyte activation is implicated in the development of vitreo-macular traction[12,25,98],
even when paucicellular[14]. Although visualization of premacular vitreous cells /n situ

is now possible using B-scan spectral-domain OCT[92], this cannot provide conclusive

cell identification, given that the morphology and behavior of both microglia and
hyalocytes are similar because of origin and function (see article 1 in this series of expert
review on hyalocytes[1]). Previous correlative light and electron microscopy studies of
premacular cells on the ILM presented evidence for the presence of hyalocytes at the
vitreo-macular interface[98], revealing ultrastructural features of hyalocytes in the majority
of CD45-positive cells. These CD45-positive hyalocytes possessed an oval nucleus with
marginal chromatin, vacuoles, dense granules, and thin cytoplasmic protrusions (Fig 3). A
fluorescein-tagged immunonanogold particle was used as a secondary antibody which was
visualized under both the fluorescence and transmission electron microscopes. Moreover,
various immuno-histologic analyses of surgically-excised ILM specimens removed from
VMTS and macular holes revealed hyalocytes with positive immunoreactivity for CD45 or
CD64 (Fig 11)[38,85]. These premacular hyalocytes had similar ultrastructural features as
vitreous-derived hyalocytes in guinea pig, chicken, and rodent eyes[99-103]. (Fig 12 E & F)
In traumatic macular holes, hyalocytes were found on the vitread side of the ILM[104].

Transdifferentiation of hyalocytes into myofibroblasts appears to occur early in various
vitreo-retinal disorders, including paucicellular tractional vitreo-maculopathies such as
macular holes[85]. Myofibroblasts are a subset of fibroblasts distinguished by cytoplasmic
aggregates of actin microfilaments forming stress bundles. Similar to smooth muscle

cells, they are characterized by a-smooth muscle actin (a-SMA) immunoreactivity. When
cultured on collagen lattice /n vitro, human myofibroblasts were shown to generate

more potent traction forces than smooth muscle cells[37,105]. In VMTS, myofibroblasts
were reported to predominate the cellular composition of fibrocellular membranes[96].
Further, hyalocytes are not only believed to undergo phenotypic changes developing
contractile properties, but are also capable of collagen production within the premacular
cell population[98], first described by Newsome in 1976[106] and more recently reported in
a porcine hyalocyte cell line /in vitro[107]. Most hyalocytes found in pathologic membranes
are situated on a collagen fibril network identified as native vitreous collagen. In contrast,
myofibroblast-like cells were demonstrated in masses mostly embedded in layers of newly
formed collagen.

5. Therapeutic and preventative considerations

As the foregoing illustrates, there has been a growing understanding of the important

roles various cells play in different proliferative vitreo-retinopathies, both hypercellular and
paucicellular. Yet, there have been no specific targeted therapeutic strategies for preventing
conditions such as PVR and recurrent retinal detachment, or the development of macular
pucker, VMTS, and macular holes following anomalous PVD, other than attempting to
prevent PVR by infusing non-specific anti-proliferative drugs[108,109]. A recent surgical
approach, however, employed aggressive chromodissection[110] to remove all potentially
pathologic tissues from the retinal surface[56,57]. The rationale was to excise the peripheral
vitreous that remained attached to the ILM as a result of vitreoschisis, and in so doing
remove any vitreous cortex remnants (VCR) with hyalocytes to eliminate their stimulatory

Expert Rev Ophthalmol. Author manuscript; available in PMC 2022 December 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jones et al.

Page 10

role. Furthermore, this removed the scaffold for monocyte (from the circulation) as well

as glial cell (from the retina) migration, and active cell proliferation, as well as pathologic
extracellular membrane synthesis and contraction. This approach has been shown to improve
surgical outcomes and reduce PVR-induced recurrent retinal detachment and premacular
proliferation with macular pucker[52,57,59,60]. van Overdam and colleagues therefore
recommend that when performing vitrectomy for primary and recurrent retinal detachment,
it is important to completely remove all vitreous via repeated, targeted use of triamcinolone
acetonide for visualization and chromodissection[110] of vitreous and vitreous cortex
remnants, employing vitreous shaving with indentation at the vitreous base, and detection
and removal of VCR over the macula and peripheral retinal surface[37,57,111] (Fig 13).

The effects of intravitreally applied pharmacologic agents on retinal and choroidal
endothelial cells have been studied extensively[112-117]. However, little is known about
their impact on hyalocytes, which reside in the primary injection site of these drugs, the
vitreous body. Hyalocytes have been found to suppress the effects of bevacizumab and
dexamethasone in a co-culture with stimulated human retinal endothelial cells (HRECS) /in
vitro, suggesting a relevant expression of vascular endothelial growth factor (VEGF) and
inflammatory cytokines by hyalocytes[118]. The converse may also true, since bevacizumab
has been shown to reduce the intravitreal levels of VEGF and diverse inflammatory
cytokines in the vitreous fluid of proliferative diabetic retinopathy patients[119], which

is of interest as most of these molecules are expressed strongly by hyalocytes[120]. /n
vitro experiments on cultured bovine hyalocytes have demonstrated an inhibition of VEGF
production in hyalocytes by dexamethasone via an attenuation of hypoxia-inducible factor
1-alpha (HIF1a) protein levels, which points to a possible involvement of hyalocytes

in various vitreo-retinal diseases[77]. Electron microscopy studies have demonstrated the
presence of hyalocytes on the retinal ILM of macular hole patients associated with
unsuccessful ocriplasmin treatment[121], implying the accumulation of preretinal cells on
the ILM as a possible obstacle for pharmacologic vitreolysis[122-124]. In order to further
study the effects of intravitreal agents applied in the clinical routine on hyalocytes and
identify novel therapeutic options with a specific effect on hyalocytes in neovascular and
proliferative vitreo-retinal disease, state-of-the-art computational methods[54,125] should be
utilized in the future.

Given the important role of vitreous and hyalocytes in various proliferative vitreo-
retinopathies, it is logical to seek even better ways to eliminate their untoward effects.
Prophylactic vitrectomy is an untenable approach, owing to the required magnitude, cost,
and attendant risks. However, the induction of innocuous PVD by pharmacologic means
may be a very effective way to prevent anomalous PVD, vitreoschisis, and various vitreo-
retinopathies (see above). Indeed, pharmacologic vitreolysis[122,123] has been shown to be
somewhat effective[124] and relatively safe[126,127]. Future studies should seek to identify
individuals at high risk of the conditions described above and develop pharmacologic means
to mitigate these risks.
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6. Conclusions

Hyalocytes play an important role in several proliferative vitreo-retinal pathologies, both
hypercellular ones, such as macular pucker, proliferative vitreo-retinopathy, and proliferative
diabetic vitreo-retinopathy, as well as paucicellular conditions such as vitreo-macular
traction syndrome and macular holes. These can all significantly impact vision and ocular
health. Owing to their residence in the preretinal posterior vitreous cortex, hyalocytes

are early responders that stimulate progressive disease by eliciting the migration and
participating in the proliferation and transdifferentiation of various cell types. Lastly,
hyalocytes can promote the contractile effects that impact the retina both posteriorly and
peripherally. Advances in visualizing hyalocytes in diseased human eyes should lead to a
better understanding of their role in pathogenesis and earlier detection of their contribution
to pathophysiology. Finally, enhanced appreciation of the role(s) of hyalocytes in health and
disease will lead to the development of ways to not only treat proliferative vitreo-retinal
disorders, but also prevent vitreo-retinal pathology and promote ocular health.

Expert opinion

Owing to a paucity of basic science information and clinical understanding of the roles of
vitreous in health and disease, this enigmatic yet exquisite structure is often overlooked as an
important participant in vitreo-retinal diseases. This is particularly true concerning current
concepts of the role(s) of hyalocytes in proliferative disorders at the vitreo-retinal interface.
That hyalocytes reside within the dense collagen matrix of the posterior vitreous cortex

(see the first article in this series[1]) makes a compelling argument for their participation in
proliferative vitreo-retinal diseases. Further, hyalocytes have been identified in all pathologic
membranes of humans with proliferative vitreo-retinal diseases. What remains to be better
elucidated, however, is the mechanism by which hyalocytes influence the pathophysiology
of these diseases.

Posterior vitreous detachment (PVD) is a common occurrence in older individuals, usually
featuring innocuous separation of the posterior vitreous cortex from the inner limiting
membrane of the retina. This typically results in complete separation without any remnants
of vitreous adherent to the retina. However, if liquefaction of the vitreous body is not
coupled with dehiscence of vitreo-retinal adhesion, anomalous PVD can occur with a
variety of consequences. If vitreoschisis (splitting between the lamellae of the posterior
vitreous cortex) occurs between anterior lamellae of the posterior vitreous cortex, hyalocytes
often remain attached to the retina. This promotes hypercellular proliferative membranes
such as those seen in macular pucker, proliferative vitreo-retinopathy following retinal
detachment, and proliferative diabetic vitreo-retinopathy. If the vitreoschisis split occurs
between more posterior lamellae, fewer hyalocytes remain adherent to the retina and
hypocellular membranes develop, such as those seen in vitreo-macular traction syndrome
and macular holes. The cellularity of these pathologic membranes is further influenced

by the capacity of hyalocytes to stimulate cell migration from the circulation (monocytes)
and retina (glial cells). Lastly, hyalocytes induce membrane contraction with untoward
effects on the retina that profoundly impact vision. Studies have shown that myofibroblasts
are important in this regard. While there is much evidence to suggest that hyalocytes
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transdifferentiate into myofibroblasts, much of the evidence is circumstantial representing

a weakness in this hypothetical mechanism of disease pathophysiology. In macular pucker,
where there is a very high prevalence of vitreous separation from the optic disc, the vector
of tangential forces is inward (centripetal) resulting in puckering of the underlying retina. In
macular holes, where there is a high prevalence of vitreo-papillary adhesion, the vector of
tangential forces is outward (centrifugal) causing dehiscence in the central macula.

A better understanding of the role of hyalocytes in the early stages of proliferative disorders
at the vitreo-retinal interface could result in new treatment strategies to prevent progression
to more advanced stages of disease. In that context, the prevention of anomalous PVD

and vitreoschisis could mitigate the role of hyalocytes in proliferative vitreo-retinopathies.
Should anomalous PVD induce vitreoschisis, however, then treatment strategies to mitigate
the effects of hyalocytes could prevent progression to more advanced stages of disease,
especially in PVR following retinal detachment, and in proliferative diabetic vitreo-
retinopathy. Alternatively, the induction of innocuous (total) PVD early in the natural
history of disease could prevent hyalocyte-mediated proliferative vitreo-retinal disorders
entirely. This is already being done in rhegmatogenous retinal detachment where aggressive
surgical removal of peripheral vitreous and hyalocytes has had very beneficial preventative
effects. Pharmacologic vitreolysis might provide similar beneficial effects without surgical
intervention, representing a worthy path of future research and development.
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premacular membrane
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vascular endothelial growth factor
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OCTA Optical Coherence Tomography Angiography
MIPAV Medical Image Processing, Analysis, and Visualization
HREC human retinal endothelial cell
HIFla hypoxia-inducible factor 1-alpha
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Avrticle highlights

Following anomalous PVD and vitreoschisis, hyalocytes often remain
attached to the retina.

Hyalocytes stimulate migration of monocytes (circulation) and glial cells
(retina).

Hyalocytes promote cell proliferation causing macular pucker, proliferative
vitreo-retinopathy, and proliferative diabetic vitreo-retinopathy.

Hyalocytes induce membrane contraction impacting the retina and vision.

A better understanding of hyalocytes in early vitreo-retinal proliferation could
result in new treatment strategies to prevent progression to advanced stages.

Preventing anomalous PVD and vitreoschisis could mitigate the role of
hyalocytes in proliferative diseases.

Prophylactic induction of innocuous PVD could prevent hyalocyte-mediated
proliferative vitreo-retinopathies.
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PATHOPHYSIOLOGY OF ANOMALOUS PVD
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Figure 1: Anomalous PVD
When gel liquefaction and weakening of vitreo-retinal adhesion occur concurrently, the

vitreous body separates away from the retina without sequelae. If the gel liquefies

without concurrent dehiscence at the vitreo-retinal interface, there can be various untoward
consequences, depending upon where vitreous is most adherent. If separation of vitreous
from retina is full-thickness but topographically incomplete, there can be different forms

of partial PVD (right side of diagram). Posterior separation with persistent peripheral
vitreo-retinal attachment can induce retinal breaks and detachments. Peripheral vitreo-retinal
separation with persistent full-thickness attachment of vitreous to the retina posteriorly can
induce traction upon the macula (VMT), known as the vitreo-macular traction syndrome.
Persistent full-thickness adherence to the macula is associated with (and may promote)
exudative age-related macular degeneration (AMD). Persistent attachment to the optic disc
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can induce vitreo-papillopathies and also contribute to neovascularization and vitreous
hemorrhage in ischemic retinopathies, as well as some cases of full-thickness macular hole.
If, during PVD, the posterior vitreous cortex splits (vitreoschisis), there can be different
effects depending upon the level (plane) of the split. Vitreoschisis more anteriorly leaves

a relatively thick, cellular membrane adherent to the macula with embedded hyalocytes
which recruit circulatiung monocytes and retinal glial cells. If there is also separation from
the optic disc (found in 90% of macular pucker cases), inward (centripetal) contraction

of this premacular membrane induces macular pucker. In the periphery, vitreoschisis in
eyes with retinal detachment can result in vitreous cortex remnants (VCRs, as named by
van Overdam[56,57]) with hyalocytes that promote proliferative vitreo-retinopathy (PVR)
and recurrent retinal detachment[111]. If the vitreoschisis split occurs more posteriorly,
the remaining premacular membrane is relatively thin and hypocellular. Persistent
vitreopapillary adhesion (VPA, present in 87.5% or more of cases of macular holes)
influences the vector of force in the tangential plane, resulting in outward (centrifugal)
tangential traction (especially nasally), opening a central dehiscnece which is recognized
clinically as a macular hole. Reproduced with permission from [10], © 2014 Springer
Science+Business Media New York.
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Figure 2: Vitreoschisis.
Left: The lamellar structure of the mammalian posterior vitreous cortex is demonstrated

in an adult monkey eye stained with fluorescein-conjugated ABA lectin stain. The retina
(below) and vitreous (above) are separated by the ILM (white arrowheads), above which

is the posterior vitreous cortex whose lamellar structure is clearly evident. These potential
cleavage planes can split apart during anomalous PVD or during vitrectomy surgery with
membrane peeling, in each instance leaving a layer of vitreous attached to the macula.

A hyalocyte (white arrow) is embedded in the posterior vitreous cortex (bar = 100 uM)
Image courtesy of G Hageman. Middle: Spectral domain OCT/SLO imaging of macular
pucker demonstrating splitting of the posterior vitreous cortex (left side of scan), known as
“vitreoschisis”. Reproduced with permission from [13], © 2011 BMJ Publishing Group Ltd.
Right: The eye shown in the middle panel underwent vitrectomy surgery with membrane
peeling and the specimen was examined histologically. The area designated as “split’ is
the site where the posterior vitreous cortex splits into the vitreoschisis cavity seen on OCT
(middle panel). The arrows indicate hyalocytes embedded in the posterior vitreous cortex
(Periodic Acid Schiff stain, magnification = 225x). Image courtesy of N Rao, Doheny Eye
Institute.
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Figure 3: Transmission electron microscopy of hyalocytes in macular pucker.
Multilayers of vitreous collagen (col) with hyalocytes (Hy) and myofibroblasts (My) are

evident in this fibrocellular membrane. Hyalocytes possess an oval nucleus with marginal
chromatin, vacuoles, dense granules, and thin cytoplasmic protrusions. Myofibroblasts are
distinguished by cytoplasmic aggregates of actin microfilaments forming stress bundles.
Image courtesy of author R Schumann.
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Figure 4: Coronal plane (en face) imaging of macular pucker.
Combined OCT-SLO imaging with superimposition of coronal plane OCT (color) onto SLO

(grayscale) images demonstrate macular pucker with multiple centers of retinal contraction
(arrows): bi-centric (left), compared to three centers of retinal contraction (right). Eyes with
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3 or 4 centers of retinal contraction were found to have a higher prevalence of intraretinal
cysts and a thicker macula than eyes with 1 or 2 centers of retinal contraction. Reproduced
with permission from [26], © 2008 The Ophthalmic Communications Society, Inc.
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Figure 5: Proliferative vitreo-retinopathy (PVR).
Intraoperative imaging before (A) and after (B) peeling of a PVR membrane, extending

from the superior arcade to the inferotemporal periphery. The dashed line indicates the area
from where the membrane was excised. (C) Light microscopy of the PVR membrane stained
with hematoxylin and eosin. Different continuous membrane areas can be distinguished,
representing different stages of PVR: paucicellular, lamellar collagen-rich areas with
hyalocytes, suggestive for VCR (1); areas with increased cellular infiltration by RPE and
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glial cells (2); more fibrotic areas with low cellularity and myofibroblasts (3). Images
courtesy of author K van Overdam.
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Figure 6: Histopathology of proliferative diabetic vitreo-retinopathy (PDVR).
Immunofluorescence microscopy (A), light (B) and transmission electron microscopy

(C-F) of a fibrocellular, premacular membrane surgically removed from an eye with

PDVR. A) Flat-mounted membrane with anti-CD45 (red) positive staining merged with

cell nuclei staining (blue) indicating the presence of hyalocytes (original magnification
x400). B) Semithin section of membrane demonstrated folded fibrocellular composition with
thick collagen strands (original magnification x100). C) Ultrastructural analysis revealed
hyalocytes with elongated cell bodies and thin cell processes in abundance of native vitreous
collagen (original magnification x7000, bar = 1000 nm). D) Hyalocytes and myofibroblasts
situated on layers of vitreous collagen strands (original magnification x3000, bar = 2000
nm). E) Myofibroblasts surrounded by newly formed collagen (original magnification
X7000, bar = 1000 nm). F) Fibroblast with large cell nucleus and newly formed collagen
(original magnification x7000, bar = 1000 nm). Images courtesy of author R Schumann.
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Figure 7: Imaging mass cytometry of preretinal diabetic retinal neovascularization membranes
compared to premacular membranes in macular pucker (non-diabetic).

Imaging mass cytometry of human retinal neovascularization (“RNV”) and macular pucker
(“ERM™) tissue samples from humans. Multiplexed stainings for a-SMA (a-smooth muscle
actin, yellow), HLA-DR (human leukocyte antigen — DR isotype, green), PECAM-1
(platelet endothelial cell adhesion molecule, red), CD8a (cluster of differentiation 8a,
magenta), Histone H3 (blue) and COL1 (collagen type I, white) are presented. Higher
magnification of the sections within the dashed white squares are shown in the panels in B
and C, respectively. Scale bars correspond to 100 um (A) and 50 pm (B and C). Reproduced
from [89], licensed under CC-BY4.0 (http://creativecommons.org/licenses/by/4.0/)
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Figure 8: Imaging human hyalocytes in vivo.
In vivo imaging of hyalocytes in a 61-year-old patient with proliferative diabetic vitreo-

retinopathy using clinical OCT. Al) 3um OCT reflectance slab located above the ILM
centered at the fovea. Clustering of hyalocytes near the sites of neovascularization is
observed. A2) Corresponding OCTA image shows the foveal full vascular layer. B) 3-D
rendered and color-coded OCT reflectance image. Yellow arrows indicate neovascularization
near the margin of the foveal avascular zone. White arrows indicate clustering of hyalocytes
near neovascularization. (See also Movie 1 for a 3-D rendered and color-coded OCT
reflectance movie). Images courtesy of authors TYP Chui and RB Rosen.
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Figure 9: Human hyalocytes in vivo.
Comparison of hyalocytes imaged using non-confocal quadrant detection Adaptive Optics

Scanning Light Ophthalmoscopy in a 32-year-old healthy control (A) and a 26-year-old
patient with proliferative diabetic vitreo-retinopathy (B). Hyalocytes in the healthy control
appear more ramified with multiple fine and long processes. In contrast, hyalocytes in the
diabetic patient look relatively less ramified (top two cells) and more amoeboid shaped
(bottom two cells). Images courtesy of authors TYP Chui and RB Rosen.
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Figure 10: Vitreo-macular traction syndrome.
Anomalous PVD with persistent full-thickness attachment to the fovea can induce

significant axial traction. There is relatively less cellular involvement in this process
compared to macular pucker and PVR. Left: 3D-OCT. Image courtesy of author Michael
Engelbert. Right: Combined OCT (color) — SLO (scanning laser ophthalmoscopy, in
greyscale). Reproduced with permission from [23], © 2014 Springer Science+Business
Media New York.
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Figure 11: Immunofluorescence microscopy of ILM surgical specimen removed in vitreo-
macular traction syndrome.

(A, B) Interference microscopy shows a complex cellular membrane with numerous
cell nuclei (blue). (C, D) Positive immunostaining for anti-CD64 (green) and alpha-
smooth muscle actin (red) indicates presence of hyalocytes and large myofibroblasts
with intracytoplasmatic stress bundles. (Magnification x200). Images courtesy of author
R Schumann.
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Figure 12: Cells of the vitreo-macular interface.
(A) Spectral-domain OCT of vitreoschisis with dots (presumed cells) on retinal surface.

(B) Higher magnification of image A indicates premacular cells (arrowheads). (C,

D) Fluorescence microscopy with cell nuclei staining (blue) of IBA1-positive (green)
premacular cells of flat mounted inner limiting membrane (ILM) specimen removed during
macular surgery for macular hole. (E, F) Interference microscopy of ILM with premacular
cells in tissue culture demonstrates presence of small dot-like premacular cells that represent
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macrophage-like phenotype and behavior, consistent with their identity as hyalocytes.
Images courtesy of author R Schumann.
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Figure 13: Chromodissection of preretinal membranes in rhegmatogenous retinal detachment.
Intraoperative imaging during vitrectomy for primary rhegmatogenous retinal detachment

with presumed pre-operative PVD. After core vitrectomy and repeated, targeted use of
triamcinolone acetonide for vitreous and VCR visualization, VCR membranes were detected
(A) and removed (B) from the macula and peripheral retinal surface. Images courtesy of
author K van Overdam, and P van Etten.
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