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Summary

Proteomic analysis is important in the examination of complex extracellular matrices such as the

vitreous where several tissues both inside the eye and remote to the eye contribute to the diseased

state. In these cases, genomic analysis of local tissue gene expression may be insufficient or

misleading. By switching the emphasis from diagnostic biomarkers to biomarkers with therapeutic

potential, we can create rationale therapeutic strategies for blinding vitreoretinal diseases. The

same strategy can extend to other ocular tissues. We are just beginning to understand the

molecular constituents of the vitreous in health and disease, and translational proteomics may

more effectively direct efforts to cure blindness.

The vitreous is an extracellular matrix gel that covers the retina, ciliary body, and lens and

fills 80% of the inner eye [1]. It is optically clear and estimated to be over 98% water [2].

The remaining molecular constituents include proteins, polysaccharides, proteoglycans, and

metabolites, but the composition and function of this fraction is poorly understood [3]. In

utero, the vitreous undergoes major tissue changes important for normal eye development

[2]. After birth, the physiologic function is thought to be comparatively less important. The

vitreous undergoes a natural, age-related liquefaction and is routinely removed during

surgery to treat various retinal diseases [4].

The physical interaction between the vitreous and retina has been studied extensively, since

many retinal diseases involve the vitreoretinal interface [2]. Surgical therapy for

vitreomacular traction, macular hole, retinal detachment, epiretinal membrane, proliferative

diabetic retinopathy, and proliferative vitreoretinopathy has benefited from the rapid

advances in surgical instrumentation and techniques to dissect vitreous from its intraocular

interfaces. Medical therapy for these diseases has lagged but could benefit from recent

advances in proteomic analyses if applied to the vitreous. The recent approval of intravitreal

ocriplasmin injections to relieve vitreomacular traction and close macular holes through

proteolytic cleavage of vitreous proteins supports further study of pharmacological targeting

of vitreous proteins. [5]. In this article we discuss challenges and opportunities in

translational vitreous proteomics. The necessary infrastructure to collect and store vitreous

specimens in biorepositories is described in our accompanying review.
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Normal vitreous is a non-homogenous tissue that must be divided into distinct anatomical

regions for therapeutic dissection during surgery (Figure 1). The vitreous base, for example,

is impossible to separate from the ciliary body, while the vitreous cortex can be peeled off

the retina. The vitreous cortex is elastic and more adherent at the optic nerve, within the

macula and along blood vessels. Many diseases are specifically localized to the vitreous

cortex or base. However, only the vitreous core is sampled in proteomic studies, because it

is more liquid and less adherent to the surrounding structures. To address this issue, our lab

dissected the vitreous substructures in normal postmortem eyes and found protein

compositional differences [6]. Obtaining samples from these structures in diseased eyes will

be more complex, but it is likely to yield enriched samples for proteomic analysis of

disorders such as pars planitis, retinal detachment, and epiretinal membrane.

Sampling the vitreous core has, nevertheless, yielded important proteomic insights that

indicate the vitreous is not a passive tissue limited to structural space filling. Instead, it is a

physiologically active, complex tissue containing diverse proteins that originate from both

within and outside the eye. The ciliary body, lens, and retina are known to synthesize

vitreous proteins, but a large fraction seems to be synthesized elsewhere before being

trafficked to the vitreous [7, 8]. A clinically interesting fact that has received little attention

is the vitreous’s high levels of immunoglobulin and albumin (approximately 80% of the

protein composition) [1]. Careful analysis of vitreous immunoglobulin should help refine

our concept of immune privilege in the eye [9]. Extracellular albumin exerts oncontic

pressure that may be important in conditions with retinal edema and breakdown of the

blood-retinal barrier such as diabetes. Albumin also carries a number of other proteins [10],

which studies have overlooked since albumin is typically removed prior to proteomic

analysis to identify lower abundant proteins.

Vitreous proteomic studies revealed expression of functionally related groups of proteins.

Numerous immune system effectors, for example, are present. These include complement

cascade proteins, macrophage migration inhibitory factor (MIF), and matrix

metalloproteinases (MMPs) [11–13]. These proteins may be especially important since the

vitreous does not normally contain cells and the eye is immune privileged. The vitreous also

contains groups of oxidative stress and anti-inflammatory proteins that are important for

maintaining the balance of local free radicals and preventing tissue damage. Some of these

enzymes may be differentially localized to vitreous substructures [6, 14]. A surprising

finding has been the abundance of intracellular proteins in this extracellular space, such as

crystallins and metabolic intermediates [15]. These proteins may either be functionally

active or degraded protein fragments released from the surrounding tissues. Some vitreous

crystallins might represent retinal disease biomarkers [15]. Degraded retinal proteins

secreted into the vitreous make possible indirect retinal biopsy through vitreous biopsies.

Human vitreous biopsies are typically preformed in the operating room with a vitreous cutter

instrument. Most proteomic studies have used vitreous obtained with this technique, so they

are limited to the investigation of surgical diseases. Needle biopsies can be performed in

outpatient clinics, but the use of this technique is infrequent. We found that the proteomic

vitreous composition did not vary significantly with either biopsy technique using LC-

MS/MS [16]. The use of needle vitreous biopsies was also validated in protein microarrays
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[17]. A needle biopsy of the anterior chamber fluid is straightforward and has been

suggested as a surrogate to vitreous biopsies. A comparison between anterior chamber and

vitreous proteins, however, indicated there were significant differences in specific protein

levels [18]. Needle biopsies of the vitreous make it possible to study numerous nonsurgical

retinal diseases, such as age-related macular degeneration [19, 20]. With the high volume of

intravitreal injections, insertion of needles into the vitreous has become routine. Needle

vitreous biopsies could significantly expand the application of vitreous proteomics to

important ophthalmic disorders.

Comparing normal and diseased vitreous proteomes is used to identify disease biomarkers.

Due to ethical issues, normal vitreous is not sampled from healthy individuals. The

collection of normal vitreous from brain-dead individuals during donor organ harvesting is

an alternative, but it has not been explored. Instead, vitreous from autopsy eyes of clinically

milder conditions, such as macular hole and epiretinal membranes, are used as comparative

controls for more severe conditions. In diabetic retinopathy and proliferative

vitreoretinopathy, the vitreous gel composition undergoes physical changes suggesting

proteins may be differentially expressed [21–23]. Frequently identified biomarkers of

diabetic retinopathy include vascular endothelial growth factor (VEGF), interleukin-6

(IL-6), phosphatidylinositol-glycan biosynthesis class F protein (PIGF), pigment epithelium

derived factor (PEDF), angiotensin II (Ang II), transforming growth factor beta (TGF-beta),

intercellular adhesion molecule 1 (ICAM-1), hepatocyte growth factor (HGF), monocyte

chemotactic protein 1 (MCP-1), complement component C3, angiostatin, endostatin, and

angiogenin [11, 15, 24–27]. Although elevated VEGF was not originally identified through

proteomics studies, proteomic findings would have strongly supported testing of anti-VEGF-

therapy, which has emerged as a highly effective treatment for diabetic macular edema [28,

29]. PEDF, along with prostaglandin-D2 synthase and interphotoreceptor retinoid-binding

protein [30], was identified in an alternative proteomic strategy to compare vitreous and

serum proteomes [30]. Proliferative vitreoretinopathy is a poorly understood fibrotic

reaction following retinal detachment and is difficult to treat surgically. Frequently

identified biomarkers for proliferative vitreoretinopathy include VEGF, IL-6, interleukin-8

(IL-8), ICAM-1, MCP-1, PDGF, fibroblast growth factor (FGF), HGF, PEDF, TGF-beta,

and tumor necrosis factor (TNF) [24, 31]. The overlap of proteomes and biomarkers

between PVR, diabetic retinopathy, and other nonophthalmic fibrotic diseases may allow for

transfer of biologic therapies between seemingly unrelated diseases.

There are highly advanced bioinformatic algorithms to effectively match proteins to the

thousands of peptide mass-spectral data generated in experiments. Meaningful organization

of these protein lists into the context of disease remains a challenge. It is relatively simple to

focus on a handful of single, differentially expressed proteins. Systems analyses, however,

can identify global relationships between groups of proteins. Current software can perform

gene ontology categorization, unbiased cluster analysis, and pathway representation. We and

others found with gene ontology that the vitreous contains numerous intracellular proteins

that might originate from the retina. Pathway analysis identified glucose metabolism

enzymes. Identifying groups of proteins that physically interact is another important

relationship, such as the proteins that combine to form the membrane attack complex from

the complement cascade. However, interactome databases are largely based on prior
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intracellular protein interaction studies, so there is a paucity of data for extracellular protein

interactions relevant to the vitreous. Only now are methods being developed to identify

extracellular protein interactomes [32]. So, it will be important to reanalyze vitreous

proteomics data in the future as these interactome databases develop.

Vitreous proteomic studies have generated lists of potential biomarkers, but few of these

have been validated beyond experimental replicates; hence, several validation studies are

required. To overcome experimental and statistical bias, biomarkers require prospective

validation in secondary populations. Similar to genetic studies with multiple measurements

in large datasets, many of the markers will not pass stringent cutoffs. Biomarkers that

repeatedly emerge in different studies are more convincing. Since many proteomic platforms

identify only peptides, detection of whole proteins can be validated using ELISA, Western

blot, or immunohistochemistry of diseased tissues. Even if a biomarker is convincingly

expressed during disease, functional validation is necessary to determine its role in disease.

Functional validation of extracellular carbonic anhydrase-I (CA-I) is an important example.

This molecule was identified through proteomic differential expression of surgically

obtained vitreous from humans with diabetic retinopathy [33]. Evaluation of rat models with

elevated levels of CA-I in the vitreous demonstrated it caused an increase in retinal vascular

leakage and intraretinal edema similar to that found in proliferative diabetic retinopathy and

diabetic macular edema. Because of the diverse cellular origin of vitreous proteins,

acceptable human tissue culture models are not well-established. The use of animal models

remains an underdeveloped resource for functional validation.

The prototypic animal model for the study of human retinal degenerations is the mouse[34],

because of well established protocols for genetic manipulation [34, 35]. Histopathological

features of some inherited human vitreoretinopathies have been observed in the mouse [36],

suggesting that molecular manipulation of mouse vitreous proteins might be possible. The

vitreous volume is significantly smaller in the mouse relative to the human due to the much

larger size of the mouse lens. To overcome this perceived limitation, we developed an

evisceration technique to isolate sufficient mouse vitreous suitable for proteomic analyses

[37]. Our preliminary proteome of the normal mouse vitreous indicates many of the same

proteins found in human vitreous are present, including collagens, albumin, IgG, oxidative

stress enzymes, cytokines, and others [38]. This suggests that potential vitreous biomarkers

could be analyzed in genetically manipulated mouse models.

Personalized medicine is a new paradigm that changes the therapeutic approach from

“generic treatment ladders” to patient-specific therapies [39]. We feel that personalized

proteomes may have more value than personalized genomes in directing vitreoretinal disease

therapy. Uveitis denotes intraocular inflammation, and in more than 50% of cases, the exact

cause is not known. Noninfectious uveitis is first treated with oral and periocular

corticosteroids, then intraocular steroids, and finally with oral steroid-sparing

immunosupressives. In the case of inherited CAPN5-associated uveitis [40, 41], this

treatment paradigm was insufficient. For example, CAPN5 patients failed treatment with

infliximab, a monoclonal antibody directed against tumor necrosis factor-alpha (TNF-alpha).

In preliminary studies using a personalized vitreous proteomics strategy, we discovered

there was no TNF-alpha in a patient’s vitreous, which explained why targeting TNF-alpha
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was misguided. Instead, we found elevated levels of VEGF, IL-6, and IL-12, which are the

next logical therapeutic targets [24]. As a proof of principal, we found that intravitreal

injections of an anti-VEGF agent reversed features of CAPN5-associated uveitis. This

example points to the potential importance of profiling vitreous proteins to determine the

best therapy, especially to avoid targeting proteins that are absent. Other potential

biomarkers for uveitides have been identified [42–44].
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Figure 1. Cross sectional image of the human eye
The vitreous is optically transparent but displays different physical properties in different

locations. A vitreous cutter instrument is shown inserted through a pars plana incision into

the liquid-gel vitreous core to biopsy the vitreous core. The elastic vitreous cortex forms the

vitreoretinal interface and the dense vitreous base interfaces with the ciliary body. The

proteomic profiles of these distinct vitreous regions are unique, explaining their unique

mechanical properties and regional disease susceptibility. Proteins in the vitreous core can

contain native vitreous proteins, systemically derived biomarkers, or proteins secreted by the

retina. Proteomic profiling of the vitreous core collected during vitrectomy surgery has

given insight into disease mechanisms and provided potential therapeutic targets.
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