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Abstract

The human eye is a complex organ consisting of multiple compartments with unique and 

specialized properties that reflect their varied functions. Although there have been advancements 

in ocular imaging and therapeutics over the past decade, the pathogenesis of many common eye 

diseases remains poorly understood. Proteomics is an invaluable tool to gain insight into 

pathogenesis, diagnosis, and treatment of eye diseases. By 2013, when the Human Eye Proteome 

Project (also known as the EyeOme) was founded, there were 4842 nonredundant proteins 

identified in the human eye. Twenty-three recent papers on the human eye proteome were 

identified in PubMed searches. These papers were used to compile an updated resource of 9782 

nonredundant proteins in the human eye. This updated catalogue sheds light on the molecular 

makeup of previously undescribed proteomes within the human eye, including optic nerve, sclera, 

iris, and ciliary body, while adding additional proteins to previously characterized proteomes such 

as aqueous humor, lens, vitreous, retina, and retinal pigment epithelium/choroid. Although 

considerable advances have been made to characterize the complete proteome of the human eye, 

additional high-quality data are needed to confirm and quantify previously discovered eye proteins 

in both health and disease.
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1. Introduction

Globally, there are an estimated 253 million people living with visual impairment, 36 

million of whom are blind and 217 million of whom have moderate to severe visual 

impairment.[1] Chronic eye diseases account for the majority of vision loss, with uncorrected 

refractive errors and unoperated cataract being the top two causes of visual impairment 

world-wide. Other important causes for visual impairment include age-related macular 

degeneration (AMD), glaucoma, diabetic retinopathy (DR), and to a lesser extent, trachoma 

and onchocerciasis. In 2010, the global health cost of visual impairment and blindness was 

an estimated $3.2 trillion.[2] Although it is widely quoted that 80% of blindness worldwide 

is preventable and treatable, increasing proportions of visual impairment are caused by 

chronic ocular diseases such as AMD or glaucoma, for which there is no effective prevention 

or cure.[3] Improvement in the understanding of the molecular pathogenesis of common 

ocular diseases could assist in development of novel therapeutics and is attainable through 

proteomic study.

The eye is a unique organ composed of various tissues that work together to capture and 

focus light, converting it to the neural signals that are processed by the brain as visual 

images. Integral to this process are the tear film, cornea, conjunctiva, aqueous humor, iris, 

lens, vitreous humor, retina, retinal pigment epithelium and choroid, optic nerve and sclera, 

as well as surrounding tissues such as the lacrimal apparatus, extraocular muscle, orbit, and 

eyelids. To support these functions, each tissue within the eye must hold exclusive physical 

and biochemical properties. The cornea and lens must maintain their clarity; the ciliary body 

must relax and contract in response to visual stimuli; the lens must maintain dynamic ability 

to change shape; and the retina must convert light signals to electrical signals. The diverse 

and complex properties of each tissue within the human eye create a rich proteomic 

landscape that can now be characterized by modern advanced mass spectrometry 

instruments.

Proteomics provides an important tool to identify and quantify proteins, including their 

isoforms, variants and posttranslational modifications, in the compartments of the eye in 

both health and disease. Potential applications of proteomics include an improved 

understanding of the molecular underpinnings of common ocular diseases, identifications of 

biomarkers of disease for improved diagnostics and prognostics, and monitoring of 

treatment response. There is also the opportunity for development of new therapies and drug 

repurposing.[4] For more easily accessible tissues, such as tears, aqueous humor or vitreous 

humor, better characterization of the proteome may allow disease prognostication on an 

individual level or better delivery of personalized medicine.[5] The Human Eye Proteome 

Project (HEPP), an open initiative of the Human Proteome Organization (HUPO), aims to 

facilitate these goals by establishing standards for ocular proteome research and ultimately 

identifying and quantifying proteins in the human eye. The goal of this review is to provide 

an updated database of proteomic investigations of the human eye and to highlight recent 

findings since 2013.[6]
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2. Methods

We identified 23 proteomic papers on the human eye published since our initial review of the 

EyeOme in 2013 with 27 compartment-specific datasets available in their supplementary 

files. Candidate papers were identified through PubMed searches that used the terms 

“proteome,” “proteomics,” “mass spectrometry” and “eye,” “conjunctiva,” “cornea,” “tears,” 

“aqueous,” “iris,” “ciliary body,” “lens,” “vitreous,” “retina,” “choroid,” “retinal pigment 

epithelium,” “sclera,” and “optic nerve.” PubMed search was conducted for papers 

published from January 2013 to October 2017. Inclusion criteria for papers were that they: 

(1) described the proteome of the human eye, (2) had tables, supporting data, and 

supplementary files that provided extensive protein lists, (3) used liquid chromatography-

tandemmass spectrometry (LC-MS/MS) to identify peptides and proteins. Exclusion criteria 

for papers were: (1) studies involving in vitro culture of human eye tissue cells, (2) studies 

using 2DE, since these provide limited coverage of the proteome, (3) studies that provided 

insufficient data on proteins that were identified. Data were extracted from supplementary 

files. The authoritative knowledge platform used for assigning UniProt numbers to 

individual proteins was NeXtProt (Swiss Institute of Bioinformatics). For those datasets that 

did not include UniProt numbers, protein accession numbers were converted to UniProt 

numbers by searching for the gene name against the UniProt database and confirming the 

entry based on protein name and in some cases, by online BLAST (National Library of 

Medicine, National Center for Biotechnology Information) searches of peptide sequences. 

Immunoglobulins and proteins with no “reviewed” UniProt number were excluded. Isoforms 

were not included unless the authors validated the isoform by peptide sequence. UniProt 

numbers for proteins newly discovered in each compartment of the eye were added to the 

existing database in a compartment-specific manner.[6]

3. Proteomes of Human Eye Tissues and Fluids

There has been considerable progress in characterizing the proteome of the various tissues of 

the human eye and its associated fluids since 2013. The biological samples, groups of 

subjects, sample processing, instrumentation, and criteria for peptide and protein 

identification in the 27 proteomic datasets of the human eye are summarized in Supporting 

Information, Table 1. The recent proteomic studies are highlighted below. We review 

advances in updating previously characterized proteomes of ocular compartments including 

tears, aqueous humor, lens, vitreous humor, retina, and retinal pigment epithelium (RPE)/

choroid and review data on previously uncharacterized proteomes including iris, ciliary 

body, sclera, and optic nerve. A complete list of nonredundant proteins found in each 

compartment and for the entire eye is reported in Supporting Information, Table 2. A 

summary of the total number of proteins in the different compartments is shown in Figure 1.

3.1. Tears

A thin layer of tear film protects and lubricates the ocular surface, providing oxygen and 

nutrients to underlying avascular tissues. The tear film is organized into an outer lipid layer, 

middle aqueous phase, and an inner glycocalyx or mucous layer that overlies the cornea and 

conjunctiva.[7] Tears contain a variety of molecules including proteins and peptides, lipids, 
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metabolites, and electrolytes in varying quantities. At the time of our review in 2013, the 

proteome of the human tear film had been well characterized in health[8–12] and in diseases 

such as Sjogren’s syndrome,[13] dry eye syndrome (DES), blepharitis,[14] keratoconus,[15–17] 

thyroid eye disease,[18,19] glaucoma[20,21] and DR.[22] An additional 128 proteins have been 

localized to the tear proteome since our review in 2013—although the apparent number has 

decreased from 1698 proteins to 1509 due to the exclusion of cDNA and immunoglobulins 

in the updated database. The proteome of human tears is of particular interest due to their 

ease of accessibility and the potential use of candidate proteins as biomarkers of ocular and 

systemic disease.

Since our 2013 review, the human tear proteome has been studied in DES and thyroid-

associated orbitopathy (TAO). DES is an increasingly common, multifactorial pathology of 

the ocular surface that results in discomfort and in some cases decreased visual acuity.[23] A 

number of groups have investigated the tear proteome in patients with DES,[13,24–29] 

demonstrating the downregulation of protective antibacterial proteins such as lacto-ferrin, 

lysozyme, and IgA-alpha compared with controls.[25,29] Particular phenotypes of DES may 

be characterized by distinct alterations in protein expression.[30] Perumal et al. explored the 

differences in proteomic profiles between patients with these three DES phenotypes 

compared with controls, employing label-free quantification.[31] They identified 79 proteins 

that were differentially expressed in at least one DES subgroup compared to controls, 42 of 

which were novel protein associations with DES. Interestingly, low-abundance proteins were 

more likely to be differentially expressed between the three subtypes, demonstrating the 

importance of utilizing high-sensitivity MS techniques. A second study on patients with 

known TAO utilized Tandem Mass tag 6-plex experiments to identify 712 tear-associated 

proteins. Alpha-1 antichymotrypsin and cystatin c were found to be significantly upregulated 

and retinal dehydrogenase was significantly downregulated compared to controls. The 

authors suggested the use of these proteins as potential biomarkers in diagnosis of TAO, 

which frequently shares many common features with other diseases causing dry eye.[19]

3.2. Cornea

The cornea is a transparent, highly refractive and avascular tissue that consists of multiple 

layers with differing functions and properties. No additional studies of the cornea were 

identified since the time of our previous review in 2013. Prior to this, the cornea had been 

rather extensively studied in both health[32–34] and in diseases such as Fuchs’ dystrophy,
[35,36] keratoconus,[37] lattice and granular corneal dystrophy.[38]

3.3. Aqueous Humor

The aqueous humor is a colorless, transparent medium that bathes the corneal endothelium, 

lens, and iris, with primary functions of maintaining intraocular pressure and nourishing the 

lens and cornea. It is also suspected to play a role in the immune response of the eye.[39] The 

proteome of the aqueous humor is of particular interest in diseases of the anterior chamber 

but has the potential to be altered in any ocular disease. Prior to 2013, aqueous humor 

proteomics had been studied in healthy patients[40,41] and in patients with acute corneal graft 

rejection,[42] myopia,[43] Fuchs’ dystrophy,[44] glaucoma,[45–50] and AMD.[51] The number 

of known proteins in the aqueous humor has nearly doubled, from 465 to 827 proteins, since 
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our 2013 review was published. Aqueous humor proteins such as transforming growth factor 

(TGF)-beta 1 and ceruloplasmin could distinguish between eyes with AMD and healthy 

controls.[51] A study that analyzed aqueous humor protein levels in patients following 

different types of glaucoma surgery found both a postoperative increase in overall protein 

concentration as well as differences in relative quantities of proteins depending on the type 

of surgery.[52] It was postulated that differential changes in protein levels may explain the 

differences in risk of corneal decompensation following various glaucoma surgeries.[52]

Murthy et al. characterized the aqueous humor in 250 patients undergoing cataract surgery, 

identifying a total of 763 proteins, of which 386 were newly described for aqueous humor. 

Proteins they identified that had previously been identified included TGF-beta 2 and 

components of the complement pathway, which likely play a role in the immune response, 

angiogenic and anti-angiogenic proteins, and antioxidants such as glutathione and 

superoxide dismutase. The latter two classes of proteins are likely involved in maintaining 

corneal and lens clarity. They also identified sorbitol dehydrogenase (SORD), which 

functions to maintain lens clarity in the face of sorbitol,[53] filensin (BFSP1) and phakinin 

(BFSP2), two cytoskeletal proteins,[54] and various platelet-derived growth factors in the 

aqueous humor. Sorbitol dehydrogenase plays a role in the lens in converting sorbitol to 

fructose to allow diffusion out of the lens. Dysfunction of sorbitol dehydrogenase can lead to 

sorbitol collection in the lens and the development of diabetes-related cataract. BFSP1 and 

BFSP2 appear to be involved in lens fiber differentiation, and platelet derived growth factors 

are involved in angiogenesis and cell proliferation. High abundance proteins included 

enzymes involved in glycolysis, gluconeogenesis and pentose phosphate pathway, which 

most likely reflect the function of the aqueous to provide nourishment for the lens.[55]

3.4. Iris

The iris is a contractile tissue that forms the anterior most part of the uvea, with a primary 

purpose of regulating the amount of light entering the eye. The proteome of the iris is of 

particular interest due to its potential role in uveitis, or inflammation of the uvea, which is a 

common cause of decreased vision and blindness.[56] The proteome of the iris was largely 

uncharacterized prior to 2013. Using LC-MS/MS on an Orbitrap Elite mass spectrometer, 

2959 nonredundant proteins were identified in the iris of five healthy donors. Proteins found 

in the iris included myosins and tropomyosins related tomotor function, proteins related 

tomelanin pigmentation, collagens and matrix proteins and selenoproteins.[57] The same 

year, Murthy et al. utilized an LTQ-Orbitrap Velosmass spectrometer to identify 4959 

nonredundant proteins from healthy donor iris tissue.[58] Overall, a total of 4232 proteins 

have been localized to the human iris to date. Iris proteins were involved in neuroprotection, 

membrane trafficking, maintenance of Golgi apparatus, biogenesis of melanosomes, and 

immune response.

3.5. Ciliary Body

The ciliary body is a muscular tissue located just posterior to the iris and is responsible for 

producing aqueous humor and changing the shape of the crystalline lens by controlling the 

zonules. The ciliary body is thought to play a key role in diseases such as primary open 

angle glaucoma and presbyopia. The proteome of the ciliary body was largely unstudied 
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prior to 2013, with less than 50 proteins identified prior to that time.[59] Since then, a total of 

3371 proteins have been localized to the human ciliary body. Goel et al. identified 2815 

proteins in the ciliary body, 95% of which had not previously been described in this tissue. 

Novel proteins identified included proteins in the vesicle mediated protein sorting family 

which play a role in recycling of membrane-associated proteins, desmin, which is associated 

with intermediate filament muscle fibers in cardiac, skeletal and smooth muscle, and 

exportins, which shuttle between the nucleus and the cytoplasm. Another study identified 

2867 proteins in the ciliary body of five healthy donors, including four “missing proteins.” 

The ciliary body contained many myosins, unconventional myosins, and tropomyosins 

which are related to ciliary muscle that controls the shape of the lens during accommodation.
[57]

3.6. Lens and Zonules

The lens is a transparent structure composed primary of epithelial and fiber cells, with a high 

proportion of structural proteins called crystallins.[60] Crystallins are known to be extremely 

long-lived proteins with very little turnover over time, making this an ideal tissue in which to 

study posttranslational modifications.[61] It has been hypothesized that posttranslational 

modifications occurring over time may predispose to cataract formation.[61] There has been 

a considerable increase in the number of known proteins in the human lens and zonule 

system from 273 in 2013 to 1117 known proteins to date. Mass spectrometry studies of the 

human lens prior to 2013 had identified deamidation,[62–64] phosphorylation,[65,66] S-

methylation, and glycation[64] as common posttranslational modifications of crystallins that 

occurred with increased aging and cataract formation. Wang et al. identified 951 proteins in 

the ocular lens of three human subjects using trypsin and pepsin digestion followed by 

HPLC-mass spectrometry-based multidimensional protein identification. In addition, 803 

unique phosphorylation sites were identified on 264 proteins. Lens membrane contained a 

high amount of glycolysis/gluconeogenesis enzymes and proteins involved in cell–cell 

communication and signaling. Lens fibers contained a large amount of actin and proteins 

involved in glutathione metabolism.[67]

Zonules are a system of elastic radial fibers connecting the crystalline lens to the ciliary 

body, playing a key mechanical role in accommodation.[68] The zonules weaken in normal 

aging and are pathologically affected in a number of eye diseases including exfoliation 

syndrome, Marfan syndrome, and homocystinuria. In 2017, De Maria et al. published the 

first proteomic exploration of the zonules in which they identified 144 proteins in human 

zonules, of which glycoproteins, primarily fibrillin (FBN1), and latent transforming growth 

factor beta binding protein 2 (LTBP2) were the most high-abundant proteins. Also notably 

present were signaling inhibitors, protease inhibitors, and cross-linking enzymes.[69]

3.7. Vitreous Humor

The vitreous humor is a transparent medium that functions to maintain the shape of the eye 

and transport nutrients. Prior to 2013, the proteome of the vitreous had been studied in both 

health[70–72] and in diseases such as DR.[73,74] Since that time, seven new studies have been 

published outlining the proteome in human vitreous in healthy eyes[75–77] and several 

diseases including DR,[78] retinoblastoma,[79] retinal vein occlusion,[80] and glaucoma[81], 
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with the number of known vitreous humor proteins increasing nearly 12-fold from 545 to 

6538. In patients with varying stages of DR, 2482 proteins were identified of which 230 

were found to be higher in proliferative retinopathy rather than the nonproliferative 

phenotype. This group also showed downregulation of 72 proteins posttreatment with 

intravitreal antibodies against vascular endothelial growth factor.[78] Another group 

conducted iTRAQ-coupled ESI-MS/MS technology to analyze vitreous humor in patients 

with retinoblastoma, finding several proteins to be highly dysregulated including matrix 

metalloproteinase 2 (MMP2), tenascin C (TNC), CD44, polycomb protein SUZ12 (SUZ12), 

and cellular retinoic acid binding protein 1 (CRABP1).[79] Subjects with glaucoma were 

found to have significant downregulation of crystallins (which have also been implicated in 

neuroprotection), antioxidant proteins, and upregulation of the complement cascade, 

however it remains unclear if these alterations have clinical significance or simply reflect 

efflux of proteins from the retina.[81]

As demonstrated by Skeie and colleagues, while the primary function of the vitreous is 

thought to be structural, proteomic studies indicate the presence of proteins involved in 

immune functions, oxidative stress regulation, and energy metabolism, making the vitreous 

potentially more biologically active than previously believed.[77] Extracellular matrix 

proteins and complement factors are differentially expressed in the vitreous.[77]

3.8. Retina

The retina consists of multiple layers of neuronal cells with an underlying retinal pigment 

epithelium, with a primary function of converting light into neural signals to be processed by 

the brain. AMD and DR are the most common retinal diseases that cause decreased vision 

and blindness. Prior to 2013, the retinal proteome had been studied in both health and 

disease,[82–86] and since that time over 4000 proteins have been added to the retinal 

proteome, increasing the total number of known proteins to 4832. Proteins in the healthy 

human retina primarily include enzymes involved in the visual cycle and retinoid 

metabolism.[87] More recently, the retinal proteome has been studied in ocular hypertension,
[88] glaucoma,[81,89] X-linked retinoschisis.[90] Funke et al. showed alterations in proteins 

related to cellular development, stress, and cell death in glaucomatous retinas compared to 

healthy controls.[89] Although ocular hypertensive retinas did not show evidence of cell 

death or neuroinflammation, they had downregulated mitochondrial oxidative 

phosphorylation proteins (possibly signifying metabolic failure), and upregulation of DNA 

repair enzymes and ubiquitin proteasome pathway components.[88]

3.9. Choroid/RPE complex

The choroid is a network of blood vessels that provides nourishment to the outer retina and 

RPE. The RPE is a layer of cuboidal epithelial cells lining the posterior aspect of the retina 

that plays a role in recycling photoreceptors and reducing light scatter. Due to technical 

difficulties in separating the RPE and choroid, they are typically studied in conjunction, 

termed the choroid/RPE “complex.”[91] Since 2013, the number of known proteins in the 

human RPE/choroid complex has increased from 897 to 6049. Skeie et al. identified 4403 

unique proteins in the foveal, macular, and peripheral choroid-RPE tissues using 

multidimensional LC-MS/MS. Proteins with highest expression in the fovea and macular 
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region included inflammation-related proteins such as human leukocyte antigen (HLA)-A, 

HLA-B, HLA-C, and complement factors. Proteins with higher expression in the periphery 

included bestrophin and complement inhibitor CD55.[92] Dammali et al. identified 5309 

unique proteins in the human RPE/choroid complex.[93]

3.10. Optic Nerve

The optic nerve is a white matter tract that is formed by retinal ganglion cell axons in the 

retina, conveying visual information to the brain.[94] The proteome of the optic nerve is of 

particular interest due to its role in common diseases such as glaucoma and optic neuritis. 

Prior to 2013, the proteome of the optic nerve was not well characterized, with one study 

showing elevated peptidyl arginine deiminase 2 and citrillunated myelin basic protein in 

primary open angle glaucoma.[95] Proteomic analysis of optic nerve from five healthy adults 

using LC-MS/MS on an Orbitrap Elite mass spectrometer showed over 2000 proteins in the 

retrobulbar optic nerve. These proteins included astrocytic proteins (glial fibrillary acidic 

protein and aquaporin-4), oligodendrocytic proteins (laminin, proteolipid protein, and 

fibronectin) as well as myelin proteins (myelin basic protein, myelin-associated 

glycoprotein), paranodal structural proteins, and cytoskeletal proteins.[96] To date, there are 

2670 known proteins in the human optic nerve.

3.11. Sclera

The sclera is a dense, irregular connective tissue that forms the outer surface of the eye,[97] 

with a primary role of protection of the ocular contents and maintenance of the shape of the 

eye. The proteome of the sclera has not been well-characterized but is of interest due to its 

potential role in myopia, which is growing in prevalence at epidemic proportions.[98] In 

addition, the sclera is home to Schlemm’s canal which is implicated in glaucoma 

pathogenesis. The sclera was studied in conjunction with the optic nerve by Zhang et al., 

identifying 1895 nonredundant proteins after excluding immunoglobulins. The major 

proteins in the sclera were found to be collagens, including 18 different collagen chains.[96] 

Noncollagenous extracellular matrix proteins included proteoglycans such as decorin and 

fibromodulin, glycoproteins such as fibronectin and laminin, matrix metalloproteinases, and 

integrins which may be implicated in the development of myopia.[99]

4. Missing Proteins

Missing proteins are those belonging to predicted protein-coding genes that have evidence 

for existence but have not yet been characterized on the protein level.[100] It is thought that 

missing proteins might be expressed significantly only in under-researched organs,[101] 

highlighting the potential importance of a continued search for these missing proteins within 

the eye and associated biofluids. The Human Proteome Project (HPP) has established 

guidelines for high-quality detection of the 1482 missing proteins, including using (1) a 1% 

protein FDR[102] (2) two uniquely mapping nonnested peptides with a minimum length of 

nine amino acids and making the spectra publically available, and (3) including all potential 

protein sequences in the search criteria instead of only searching missing protein databases.
[103] Zhang et al. described four missing proteins in the iris based upon a 1% protein FDR, 

length > nine amino acids, and publication of the spectra.[57] In other studies, claims were 
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made for finding sixteen missing proteins in iris,[58] and two missing proteins in the 

choroid/RPE complex,[93] but the level of evidence fails to reach the high-quality guidelines 

of the HPP.

5. Recommendations and Future Directions

As evident in Supporting Information, Table 1, investigators have used a wide range of 

criteria to process mass spectrometry data, some using relatively high protein FDR and scant 

details regarding minimum peptide length, and number of peptides for protein identification. 

Manual verification of isoforms was not done in nearly all the studies. For future studies of 

the human eye proteome, we suggest that papers conform to high-quality guidelines of the 

HPP and Minimum Information About a Proteomics Experiment (MIAPE)[104,105] with 

additional suggestions in Table 1. Following the publication of our initial compilation of 

proteins identified in the EyeOme in 2013, the importance of more rigorous standards for 

protein identification was underscored.[105] Since that time, there has been considerable 

progress including increasingly common use of matching based on two peptides and use of 

lower FDR’s. The adherence to more stringent criteria is imperative to achieve the goal of 

the HUPO Biology and Disease-driven Human Proteome Project which is to improve 

understanding of the pathophysiology of eye disease and to spearhead the formation of new 

preventative and therapeutic modalities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AMD age-related macular degeneration

DES dry eye syndrome
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RPE retinal pigment epithelium

TGF-beta 1 transforming growth factor-beta 1
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Figure 1. 
Schematic diagram of the human eye with the number of nonredundant proteins identified in 

various tissues and biofluids.
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Table 1

General recommendations for generating high-confidence proteomic datasets on the human eye.

Recommendations

Samples • At least three biological replicates

Peptides • ≥7 amino acids minimum peptide length

• Minimum of two peptide match

• One peptide match if MS2 spectra manually inspected

False discovery rate • Peptide FDR cutoff ≤0.1%

• Protein FDR cutoff ≤1%

• Both protein and peptide FDR must be clearly stated in Methods

Protein identifiers • NeXtProt accession should be utilized along with protein name on NeXtProt, with other synonyms 
removed

• Peptide sequences used to identify the protein should be included in Supporting Information

Protein isoforms • Manual verification including comparing peptide amino acid sequences compared with sequence 
alignment of the different isoforms and verification of spectra manually

Missing proteins • Follow HUPO expert committee guidelines[101]

• Provide MS2 spectra in supplementary material

Mass spectrometry data • MS data should be deposited in ProteomeXchange for inspection and use by the proteomics 
community
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