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PURPOSE. Human aqueous humor (hAH) provides nutrition and
immunity within the anterior chamber of the eye. Character-
ization of the protein composition of hAH will identify mole-
cules involved in maintaining a homeostatic environment for
anterior segment tissues. The present study was conducted to
analyze the proteome of hAH.

METHODS. hAH samples obtained during elective cataract sur-
gery were divided into three matched groups and immunode-
pleted of albumin, IgG, IgA, haploglobin, antitrypsin, and trans-
ferrin. Reduced and denatured proteins (20 �g) from each
group were separated by gel electrophoresis. Thirty-three gel
slices were excised from each of three gel lanes (n � 99),
digested with trypsin, and subjected to nanoflow liquid chro-
matography electrospray ionization tandem mass spectrometry
(nano-LC-ESI-MS/MS). The protein component of hAH was also
analyzed by antibody-based protein arrays, and selected pro-
teins were quantified.

RESULTS. A total of 676 proteins were identified in hAH. Of the
355 proteins identified by nano-LC-ESI-MS/MS, 206 were found
in all three groups. Most of the proteins identified by nano-LC-
ESI-MS/MS had catalytic, enzymatic, and structural properties.
Using antibody-based protein arrays, 328 cytokines, chemo-
kines, and receptors were identified. Most of the quantified
proteins had concentrations that ranged between 0.1 and 2.5
ng/mL. Ten proteins were identified by both nano-LC-ESI-
MS/MS and antibody protein arrays.

CONCLUSIONS. Proteomic analysis of hAH identified 676 nonre-
dundant proteins. More than 80% of these proteins are novel
identifications. The elucidation of the aqueous proteome will
establish a foundation for protein function analysis and identi-
fication of differentially expressed markers associated with
diseases of the anterior segment. (Invest Ophthalmol Vis Sci.
2010;51:4921–4931) DOI:10.1167/iovs.10-5531

Human aqueous humor (hAH) is a complex mixture of
electrolytes, organic solutes, growth factors, cytokines,

and additional proteins that provide the metabolic require-
ments to the avascular tissues of the anterior segment.1–5 It is
produced from the nonpigmented ciliary body epithelium
through active transport of ions and solutes and secreted into
the posterior chamber.1,6,7 From the posterior chamber, aque-
ous flows between the lens and iris into the anterior chamber.

hAH exits the anterior chamber via the trabecular meshwork/
Schlemm’s canal (conventional outflow pathway) and through
the ciliary muscle bundles into the supraciliary and supracho-
roidal spaces (uveoscleral pathway). A balance between the
production and the drainage of hAH is important for maintain-
ing the normal physiological intraocular pressure that is essen-
tial to maintaining the optical and refractive properties of the
eye.8

The protein component of hAH is minimal, containing be-
tween 120 and 500 ng/�L of protein.9,10 The proteins in hAH
are thought to arise from plasma as the result of filtration
through fenestrated capillaries of the ciliary body stroma via
the iris root.3 However, hAH is not a simple diffusate of plasma,
since it has both qualitative and quantitative differences in
protein and ion content in comparison with plasma.9–11 Fur-
thermore, proteins in hAH that are secreted from the anterior
segment tissues may have a significant role in the pathogenesis
of various eye diseases.12 Several reports have indicated that
changes in hAH proteomics can correlate with the prognosis of
eye disorders.13–15

Identifying the protein component of tissues or fluids is vital
to understanding the role these proteins have in normal phys-
iology. Proteomic approaches have been used to identify pro-
teins in plasma, cerebrospinal fluid, and vitreous.16–21 An ex-
haustive database search and review of the protein component
of plasma identified 1175 nonredundant proteins,22 and the
Human Proteome Organization (HUPO) plasma proteome
project database (http://www.bioinformatics.med.umich.edu/
hupo/ppp/ provided in the public domain by the University of
Michigan Medical School, Ann Arbor, MI) contains more than
3000 proteins and protein isoforms.23 In comparison, literature
searches identified less than 150 proteins in hAH. Many of
these proteins were identified as individual proteins based on
targeted molecules of interest by Western blot analysis or
enzyme-linked immunosorbent assay (ELISA). Others were
identified using proteomic approaches such as Multidimen-
sional Protein Identification Technology (MudPIT)24 and differ-
ential protein expression.25 Other studies using one- and two-
dimensional gel electrophoresis coupled with mass spectrometry
have relied mostly on comparative studies (between control and
disease eyes).25–27 Studies on rabbit aqueous humor identified
98 proteins,28 but extrapolation to hAH is difficult due to
species variation. A large variation in protein identification
exists in the various studies, and only a few of the proteins
have been confirmed across studies. Therefore, it is reasonable
to suggest that little is known about the protein composition of
hAH.

Characterization of the hAH proteome will provide new
insights into the factors involved in maintaining anterior seg-
ment homeostasis and will also establish a foundation for
biomarker discovery in various eye diseases of the anterior
segment, such as glaucoma and corneal dystrophies. In the
present study, we undertook a comprehensive nanoflow liquid
chromatography electrospray ionization tandem mass spec-
trometry (nano-LC-ESI-MS/MS) and antibody-based protein ar-
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ray approach to identifying moderate to low abundance pro-
teins in hAH.

METHODS

Collection of Human Aqueous Humor

The protocol for collection of hAH was approved by the Mayo Clinic
Institutional Review Board and conforms to the Declaration of Hel-
sinki. hAH was collected from patients undergoing elective cataract
surgery, as previously described.29,30 Briefly, a 30-gauge needle was
inserted into the midanterior chamber through a paracentesis tract.
hAH was slowly aspirated until the anterior chamber began to shallow.
The sample was immediately snap-frozen in liquid nitrogen and stored
at �80°C before screening. Patients had no other eye abnormalities
except for the cataracts. A Bradford protein assay was performed on
each hAH sample. A total of 155 hAH samples, each having a total
protein concentration within the normal range (100–500 ng/�L),9,10

were used in this study.

Immunodepletion and Electrophoresis

To ensure adequate volume and protein concentration for proteome
analysis, 85 hAH samples were divided into three groups. Each group
contained hAH acquired from individuals with similar age, sex, and
protein concentrations (Table 1). Because hAH contains several abun-
dant proteins that have been identified, an immunodepletion was
performed to ensure identification of less abundant proteins. Each of

the three hAH groups were run individually over a 4.6 � 50-mm
commercially available protein removal system (MARS6 Multiple Affin-
ity Removal System column; Agilent, Santa Clara, CA) and immunode-
pleted of albumin, transferrin, antitrypsin, haploglobin, IgG, and IgA.
The nonbound flow-through fraction (depleted fraction) was collected,
buffer exchanged into 20 mM ammonium bicarbonate, and assayed for
protein concentration. An equivalent volume of 20 �g for each sample
was concentrated to dryness in a centrifugal vacuum system. Each
sample was reconstituted in SDS-PAGE sample buffer with 5% �-mer-
captoethanol and electrophoresed on a 10% to 14.5% SDS-PAGE pre-
cast gel (Criterion; Bio-Rad, Hercules, CA). The gel was fixed and
stained with colloidal Coomassie stain (BioSafe; Bio-Rad). Thirty-three
gel slices were excised from each lane (for each group) and processed
for nano-LC-ESI-MS/MS (Fig. 1).

Nanoflow Liquid Chromatography Electrospray
Ionization Tandem Mass Spectrometry

The 99 gel slices obtained from the three SDS-PAGE gel lanes were
subjected to in-gel trypsin digestion, and the extracted peptides ana-
lyzed by nano-ESI-LC/MS/MS with a mass spectrometer (ThermoFinni-
gan LTQ Orbitrap Hybrid; ThermoElectron, Bremen, Germany) cou-
pled to a nano-LC-2D HPLC system (Eksigent, Dublin, CA). The mass
spectrometer experiment was set to perform an FT full scan from 375
to 1600 m/z, with resolution set at 60,000 (at 400 m/z), followed by
linear ion trap MS/MS scans on the top five [M�2H]2� or [M�3H]3�

ions. All MS/MS spectra were analyzed by using Mascot (version 2.2.04;

TABLE 1. Summary of Human Aqueous Humor Samples

Sample Size (n) Age (Mean � SD) Sex (M/F) Protein Conc. (�g/mL)

Mass Spectometry
Group 1 30 72.7 � 9.9 15/15 0.22
Group 2 30 72.2 � 9.7 14/16 0.20
Group 3 25 72.7 � 9.9 10/15 0.20

Protein array
L-series 507

Group 4 5 72.4 � 9.0 3/2 0.21
Group 5 5 67.8 � 8.7 3/2 0.20
Group 6 5 75.4 � 7.2 2/3 0.16
Group 7 6 69.7 � 12.5 2/4 0.17

Chemokine array
Sample 1 1 74 1/0 0.21
Sample 2 1 76 1/0 0.19
Sample 3 1 89 1/0 0.40
Sample 4 1 76 0/1 0.23
Sample 5 1 68 0/1 0.45
Sample 6 1 70 0/1 0.11
Sample 7 3 80.7 � 2.1 3/0 0.20
Sample 8 3 71.3 � 5.9 0/3 0.19
Sample 9 5 73.2 � 1.8 5/0 0.20
Sample 10 6 74.5 � 8.4 0/6 0.22

Western Blot
Sample 11 11 76.4 � 7.3 2/9 0.28

ELISA
Sample 12 1 87 0/1 0.21
Sample 13 1 71 1/0 0.19
Sample 14 1 71 1/0 0.18
Sample 15 1 86 0/1 0.12
Sample 16 1 66 0/1 0.22
Sample 17 1 60 0/1 0.19
Sample 18 1 76 0/1 0.14
Sample 19 1 72 1/0 0.40
Sample 20 1 84 1/0 0.30
Sample 21 1 78 0/1 0.10
Sample 22 1 79 1/0 0.24
Sample 23 1 52 0/1 0.13
Sample 24 1 81 1/0 0.13
Sample 25 1 91 0/1 0.48
Sample 26 1 78 0/1 0.34
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Matrix Science, London, UK;), Sequest (ThermoFinnigan, San Jose, CA;
version 27, rev. 12), and X! Tandem (www.thegpm.org; version
2006.09.15.3/ provided in the public domain by the Global Proteome
Machine Organization, Manitoba Centre for Proteomics and Systems
Biology, Winnipeg, MB, Canada). Each was set up to search the most
current SwissProt database, assuming semitrypsin or full trypsin diges-
tion with a fragment ion mass tolerance of 0.80 Da and a parent ion
tolerance of 10.0 PPM (SwissProt is provided in the public domain by
the Swiss Institute of Bioinformatics, Geneva, Switzerland, http://www.
expasy.ch/sprot/). Oxidation of methionine and iodoacetamide deriva-
tives of cysteine was specified as variable modifications. Proteomics
software (Scaffold, ver. 2.00.02; Proteome Software Inc., Portland, OR)
was used to validate MS/MS-based peptide and protein identifications.
Peptide identifications were accepted if they could be established at a
higher than 95.0% probability, as specified by the peptide prophet
algorithm.31 Protein identifications were accepted if they could be
established at a higher than 95% probability and contain at least two
unique peptides. Protein probabilities were assigned by the protein
prophet algorithm.32 Proteins that contained similar peptides and
could not be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony.

Western Blot

hAH (300 �L) was mixed in Laemmli buffer, boiled, and separated on
4% to 15% SDS-PAGE preparative gradient gels (Bio-Rad). Proteins were
transferred to a polyvinylidene diflouride membrane (Millipore, Bil-
lerica, MA) in 1� transfer buffer (50 mM Tris, 384 mM glycine, 0.01%
SDS, 20% methanol). Membranes were blocked in 20 mM Tris (pH 7.5),
150 mM NaCl, 0.05% Tween, and 2% evaporated milk. Blots were
probed with BigH3 (R&D Systems, Minneapolis, MN) and fibulin-3
(Chemicon International, Billerica, MA) monoclonal antibodies and

with myocilin polyclonal antibody (developed in our laboratory),33

followed by a secondary horseradish-peroxidase–linked anti-mouse or
anti-rabbit antibody (GE Healthcare, Piscataway, NJ) using a multi-
screen apparatus (Bio-Rad). Antibody–antigen complexes were de-
tected using ECL Western blot signal detection reagent (GE Health-
care). Autoradiograph film (BioMax XAR; Eastman Kodak, Rochester,
NY) was used to visualize the protein signals. Each film was digitized
with a photo scanner (Perfection 2400; Epson, Long Beach, CA).

Protein Array

hAH from 21 individuals were divided into four groups, with each
group having a similar age, sex, and protein concentration distribution
(groups 4–7; Table 1). Each of the groups was assayed using four
independent biotin label-based arrays (RayBiotech, Inc., Norcross, GA).
Briefly, the four groups of hAH were independently dialyzed and the
primary amine of the proteins in the sample was biotinylated, followed
by dialysis to remove free biotin. The biotinylated samples were added
to four different protein array slides (one sample group for each slide),
which were prespotted in triplicate with antibodies for 507 different
growth factors, cytokines and receptors. After incubation with Cy3-
streptavidin, the signals were visualized by fluorescence. An internal
control was included to monitor the function of the array process.
Total signal strength was based on the average of the three spots.
Proteins that had signal strength of more than threefold over the
negative control (95% confidence) were considered positive.

Human Chemokine Array

Quantification of several proteins identified by the antibody-based
protein array was performed (Quantikine Human Chemokine Array 1;

FIGURE 2. The number of hAH proteins identified by nano-LC-ESI-MS/
MS. (A) The Venn diagram showing proteins that are common and
unique between groups 1, 2, and 3. (B) Distribution by function of all
355 proteins identified by nano-LC-ESI-MS/MS.

FIGURE 1. Immunodepletion of hAH. (A) Eighty-five hAH samples
were divided into three groups and immunodepleted of albumin,
transferrin, antitrypsin, haploglobin, IgG, and IgA. Groups were sepa-
rated on 10% to 14.5% SDS-PAGE gradient gels. PD, predepletion; D,
immunodepleted (flow-thru); E, eluted from column. (B) Thirty-three
gel slices were isolated from each group, independently trypsinized,
and processed for nano-LC-ESI-MS/MS. G1, group 1; G2, group 2: G3,
group 3.

IOVS, October 2010, Vol. 51, No. 10 Proteome of Aqueous Humor 4923
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RayBiotech). Using a glass chip–based multiplex sandwich ELISA sys-
tem, we quantified proteins in 10 independent hAH samples (Table 1).
Briefly, 100 �L of sample diluent was added to each well of a 16-well
gasket that was fitted onto a glass slide. After an initial 30-minute
incubation, 50 �L of sample was added to the well and left on a rotator
for 1 hour at room temperature. After incubation, the samples were
decanted from the wells and rinsed with wash buffer (supplied with
the kit). Cy3-equivalent dye-conjugated streptavidin was added to each
well and incubated for 1 hour at room temperature. The wells were
washed, and signal intensity was captured with a laser microarray
scanner (GenePix 4000B; Molecular Devices, Sunnyvale, CA) at exci-
tation 555 nm, emission 565 nm, and resolution 10 �m. The fluores-
cence intensity from the array dots corresponded to the concentration
of the respective cytokine in the sample. Absolute quantification of the
cytokines was calculated (RayBio Q Analyzer software ver. 5.40; Ray-
Biotech, Inc.). Concentration of protein was established after analysis
of a serial diluted five-point standard curve for each cytokine.

Enzyme-Linked Immunosorbent Assay

A sandwich ELISA kit was used to quantify eotaxin-2 in 15 hAH samples
(Table 1, samples 11–25; RayBio Human Eotaxin-2; RayBiotech, Inc.).
Briefly, 50 �L of hAH was mixed with 50 �L sample dilution buffer,
incubated for 2.5 hours in a microtiter plate, rinsed with wash buffer
(four times), and incubated with 100 �L of biotinylated antibody for 1
hour. The solution was discarded, rinsed, incubated with 100 �L of
streptavidin for 45 minutes, rinsed again, and incubated with 100 �L of
substrate reagent (TMB One-Step; DakoUSA, Carpinteria, CA) for 30
minutes and read at 450 nm on a microplate reader (Infinite M200;
Tecan Systems, Inc., San Jose, CA). The final concentration of
eotaxin-2, expressed in pg/mL was determined by using the intersect
of the standard curve prepared by assaying known concentrations of
recombinant eotaxin-2.

RESULTS

Analysis of Aqueous Humor Proteome
by Nano-LC-ESI-MS/MS

Abundant proteins, such as albumin which constitutes nearly
50% of the protein composition of hAH, tend to diminish the
characterization of less abundant proteins. To remove abun-
dant proteins and facilitate identification of intermediately ex-
pressed proteins, we immunodepleted groups 1 to 3 of hAH
(Table 1) of albumin, transferrin, antitrypsin, haploglobin, fi-
brinogen, IgG, and IgA and separated them by gel electro-
phoresis (Fig. 1). By means of gel slice extraction and trypsin
digestion, nano-LC-ESI-MS/MS identified 355 proteins, of which
206 were in all three groups (Fig. 2A, Table 2). An additional 63
proteins were identified in two of the three groups, whereas
another 86 were found in only one of the three groups (Table
2). Most the nano-LC-ESI-MS/MS identified proteins could be
classified as having structural, enzymatic or catalytic properties
(Fig. 2B). More than than 80% of the 355 proteins identified by
nano-LC-ESI-MS/MS have not been reported in hAH. Compari-
son of our hAH protein dataset with two independent plasma
proteome databases22,23 showed that only 58% of the hAH
proteins have also been identified in human plasma.

To verify our mass spectrometry results, we analyzed two
random proteins, BigH3 (kerato-epithelin) and fibulin-3, by
Western blot for their presence in an independent hAH sample
(Table 1). Antibodies against both proteins confirmed the pres-
ence of BigH3 and fibulin-3 in hAH (Fig. 3). A third protein,
myocilin, which has been reported in hAH34,35 and confirmed
by our nano-LC-ESI-MS/MS study, was also identified in hAH by
Western blot (Fig. 3).

Growth Factor, Cytokine, and Receptor
Identification in Aqueous Humor

Of the 355 proteins identified by mass spectrometry, only a
small percentage of the proteins were growth factors, cyto-
kines, or receptors, which is not surprising considering their
relative low abundance. We implemented a more targeted
approach to identify growth factors, cytokines, and receptors
in hAH, where 21 hAH samples were divided into four groups
(groups 4–7, Table 1) and used to independently probe anti-
body-based protein arrays (RayBiotech). Of the 507 proteins on
the arrays, 328 were identified in hAH. A total of 217 proteins
were identified in at least three of four groups, whereas an-
other 111 proteins were found in only one or two groups
(Table 3). An illustration of the results for some of the TGF�
family members is shown in Figure 4. TGF�2 and -3 and TGF�
type I and II receptors were identified in all four groups.
TGF�1 was identified in two groups (groups 4 and 5) and
TGF�5 was not present in any of the four groups. Only 10
proteins identified by the antibody-based protein array were
also detected in nano-LC-ESI-MS/MS studies.

Quantification of Growth Factors and Cytokines

Using independent hAH samples (Table 1, samples 1–10) and a
chemokine array kit (Quantibody Human Chemokine Array 1;
RayBiotech), we quantified 25 proteins (Table 4). Most of the
growth factors and cytokines quantified had concentrations
between 0.1 and 2.5 ng/mL. Osteopontin, a member of the
matricellular protein family, originally identified in hAH by the
nano-LC-ESI-MS/MS studies had exhibited levels near 70 ng/mL.
Three additional proteins, IL-18 BPA, IL-28A, and IL-29, that

FIGURE 3. Verification of BigH3, fibulin-3, and myocilin in hAH. Three
proteins—BigH3, fibulin-3, and myocilin—were assessed by Western
blot for their presence in hAH. All three proteins were determined to
be present in the three groups by nano-LC-ESI-MS/MS and were con-
firmed by Western blot analysis.
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were analyzed on the chemokine array, but were not included
in the antibody-based protein array containing 507 proteins,
were also identified in hAH. Six additional quantified proteins

(IL-17P, MCP-3, MIP-3a, MPIF-1, TARC, and TSLP) that were not
present in the antibody-based protein array were confirmed to
be absent by the cytokine array. Eotaxin-2, which was not one

TABLE 3. Growth Factors, Cytokines, and Receptors in Aqueous Humor

In 4 of 4 Groups

Activin RIA/ALK-2
Activin RIB/ALK-4
Angiopoietin-2
Angiopoietin-4
Angiopoietin-like 1
APRIL
AR (Amphiregulin)
Artemin
Axl
B7-1/CD80
BD-1
beta-NGF
BMP-5
BMPR-IA/ALK-3
CCL28/VIC
CCR1
CCR2
CCR3
CCR4
CCR7
CCR8
CCR9
CD14
CD117
CD154
CD163
Chordin-Like 1
Chordin-Like 2
CLC
CNTF R alpha
CRTH-2

CXCL11
CXCL13
CXCL14/BRAK
CXCR2/IL-8 RB
CXCR3
CXCR4 (fusin)
CXCR5/BLR-1
DcR3/TNFRSF6B
Dkk-3
Dkk-4
DR3/TNFRSF25
Dtk
EGF
Epiregulin
ErbB3
Fas Ligand
FGF Basic
FGF R3
FGF R4
FGF-11
FGF-18
FGF-4
FGF-5
FGF-9
FGF-BP
Follistatin
Follistatin-like 1
Fractalkine
Frizzled-3
Frizzled-4

GASP-1/WFIKKNRP
G-CSF R/CD 114
GFR alpha-2
GFR alpha-3
GFR alpha-4
Glucagon
Glut1
Glut3
Glut5
Glypican 3
ICAM-2
IFN-alpha/beta R1
IFN-gamma R1
IGFBP-1
IGFBP-2
IGFBP-3
IL-1 R9
IL-12 p70
IL-12 R beta 1
IL-17E
IL-21 R
IL-23
IL-23 R
IL-3 R alpha
IL-31
IL-31 RA
IL-6 R
Inhibin B
Kremen-2
LBP

Leptin (OB)
LIF R alpha
LIGHT/TNFSF14
Lipocalin-1
L-Selectin (CD62L)
Luciferase
Lymphotoxin beta R
MCP-1
MCP-2
M-CSF
M-CSF R
MFG-E8
MFRP
MIF
MIP-1b
MMP-10
MMP-11/Stromelysin-3
MMP-13
MMP-15
MMP-24/MT5-MMP
MMP-7
MMP-8
MMP-9
NAP-2
NCAM-1/CD56
Neuropilin-2
Neurturin
NGF R
NOV/CCN3
Orexin B

Osteocrin
OX40 ligand/TNFSF4
PD-ECGF
PF4/CXCL4
Pref-1
RELM beta
S100 A8/A9
Smad 8
Soggy-1
SPARC
Spinesin
TACI/TNFRSF13B
TCCR/WSX-1
TGF-beta 2
TGF-beta 3
TGF-beta RI/ALK-5
TGF-beta RII
Thrombospondin-1
Thrombospondin-2
TLR1
TLR4
TRAIL R4/TNFRSF10D
TREM-1
TROY/TNFRSF19
TSG-6
VCAM-1 (CD106)
VE-Cadherin
VEGF-B
VEGI
WIF-1

In 3 of 4 Groups

6Ckine
Activin RII A/B
Adiponectin
AgRP
Angiopoietin-like factor
Angiostatin
BCMA/TNFRSF17
beta-Catenin
BIK
CCL14
CCR6
Cerberus 1
Chem R23
Decorin

EDA-A2
EDG-1
Eotaxin/CCL11
Eotaxin-2/MPIF-2
ErbB4
Erythropoietin
E-Selectin
FAM3B
FGF-20
FGF-7/KGF
Frizzled-1
GASP-2/WFIKKN
GCP-2/CXCL6

Glut2
HRG-beta 1
ICAM-1
IGFBP-rp1/IGFBP-7
IL-1 F7/FIL1 zeta
IL-1 R6/IL-1 Rrp2
IL-1 F10/IL-1HY2
IL-13 R alpha 2
IL-17F
IL-17RC
IL-18 R beta/AcPL
IL-20
IL-20 R alpha

IL-20 R beta
IL-24
Inhibin A
IP-10
Kininostatin
Kremen-1
Latent TGF-beta bp1
Lck
Lefty - A
LRP-6
Lymphotoxin beta
MCP-4/CCL13
MDC

Osteoprotegerin
PDGF-D
Persephin
PIGF
RELT/TNFRSF19L
SDF-1/CXCL12
sFRP-1
Siglec-9
SLPI
Thrombopoietin (TPO)
Thrombospondin-4
TLR3
VEGF-D

In 2 of 4 Groups

Activin A EDAR GDF1 HGFR MMP-14
Activin B EGF R/ErbB1 GDF3 IGF-II MMP-16/MT3-MMP
Activin C EG-VEGF/PK1 GDF5 IL-1 F6/FIL1 epsilon MSP alpha chain
Activin RIIA Endoglin/CD105 GDF8 IL-1 F9/IL-1 H1 MSP beta-chain
Angiogenin Endostatin GDF9 IL-17RD NT-4
Angiopoietin-like 2 EN-RAGE GDF11 IL-18 R alpha/IL-1 R5 PLUNC
APJ Eotaxin-3/CCL26 GDF-15 IL-8 P-selectin
BDNF Fas/TNFRSF6 GFR alpha-1 IL-9 sgp130
beta-Defensin 2 FGF-12 GITR Ligand Insulin R TFPI
BMP-2 FGF-19 GM-CSF Leptin R TGF-beta 1
BMP-6 FGF-21 GREMLIN LIF Thrombospondin
BMP-15 FGF-8 GRO-a Lymphotactin/XCL1 TMEFF2
CTACK/CCL27 GCSF Hepassocin MIP-1a

(continues)
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of the cytokines spotted on the cytokine array, was assayed by
ELISA (Table 1, samples 11–25). Eotaxin-2 was confirmed to be
present in hAH with a concentration of 49 � 31 pg/mL
(mean � SD, n � 15).

DISCUSSION

Avascular tissues of the anterior chamber receive their external
cues from components of aqueous humor. Changes in protein
or ionic concentrations within aqueous humor may have sig-
nificant effects on cellular function and cell–matrix communi-
cation. However, only approximately 150 proteins have been
identified in hAH. Using an approach that included multiple

proteomic techniques and multigroup comparisons, we have
identified 676 nonredundant proteins in hAH. More than 80%
of the proteins are novel identifications for aqueous humor. To
date, this study provides the most comprehensive list of pro-
teins present in hAH.

Aqueous humor maintains a normal homeostatic environ-
ment and is essential to the proper functioning of anterior
chamber tissues. Therefore, it is not surprising that most of the
proteins identified by nano-LC-ESI-MS/MS have catalytic and
enzymatic functions. For example, one of the functions of
aqueous humor is to maintain a pathogen-free environment.
Being immunoprivileged, the anterior chamber relies on com-
plement to successfully rid the chamber of pathogens. Our
proteomic data supports the presence of both the classic and
alternative complement pathways. In all, 23 complement pro-
teins were identified in hAH including C1q, C1r, C1s, C2–9,
and complement regulatory molecules such as CD59; comple-
ment B, D, H, and I; and C1 inhibitor. The balance between
complement activation molecules and complement regulatory
molecules is important in maintaining healthy anterior segment
tissues and avoiding autoimmune reactions that would signifi-
cantly alter the function of these tissues.

FIGURE 4. Presence and absence of several TGF� family members in
hAH. Representative images of several TGF�-family members and their
corresponding fluorescent signal intensity from antibody-based protein
arrays. TGF�2, TGF�3, type I, and type II receptors were present in all
four groups (groups 4–7). TGF�1 was present in groups 4 and 5, but
was “absent” in groups 6 and 7 because of low signal strength of less
than threefold above background. TGF�5 was negative in all groups.

TABLE 3 (continued). Growth Factors, Cytokines, and Receptors in Aqueous Humor

In 1 of 4 Groups

BMP-7
BMP-8
BTC
CD40/TNFRSF5
CTLA-4/CD152
CXCR1/IL-8 RA
D6
Endocan
FGF-6
Frizzled-7

Galectin-3
Granzyme A
HCR/CRAM-A/B
HGF
HRG-alpha
IGFBP-6
IGF-I SR
IL-1 alpha
IL-1 beta
IL-1 ra

IL-11
IL-12 p40
IL-12 R beta 2
IL-17B R
IL-19
IL-2 R gamma
IL-21
IL-22 BP
IL-7 R alpha

Insulin
LRP-1
MAC-1
MIP-3 beta
MMP-3
MMP-12
Musk
Neuregulin
PARC/CCL18

Siglec-5/CD170
SMDF/NRG1Isoform
Tissue Factor
TNF-beta
TRAIL R3/TNFRSF10C
TWEAK/TNFSF12
Ubiquitin � 1
VEGF
VEFR R3

TABLE 4. Quantification of 25 Aqueous Humor Proteins

Protein hAH (pg/mL)

6Ckine 713 � 186
CTACK 1259 � 330
CCL28 220 � 56
Eotaxin-2 49 � 31*
Eotaxin-3 484 � 111
GCP-2 129 � 48
GRO 239 � 52
HCC-1 2507 � 843
IL-9 6881 � 2585
IL-17P NP
IL-18 BPA 689 � 409
IL-28A 317 � 118
IL-29 2205 � 672
IP-10 225 � 277
LIF 133 � 59
MCP-2 10 � 7
MCP-3 NP
MDC 24 � 23
MIP-3a NP
MPIF-1 NP
NAP-2 1261 � 851
OPN 69813 � 21625
PARC 1656 � 1101
TARC NP
TSLP NP

Data are expressed as the mean � SD (n � 10). NP, not present
(below assay’s sensitivity).

* Analyzed by ELISA.
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Catalytic proteins such as type IV collagen are principal
components of basement membranes36 and are one of the
major extracellular matrix proteins upregulated during glau-
coma. Other catalytic enzymes found in hAH, such as lactate
dehydrogenase, have already been suggested to have a role in
hAH outflow regulation, while showing a strong presence in
the uveoscleral tissue.37 Several respiratory pathway catalytic
enzymes such as aldolase and ketolase were also found in hAH
and may have been secreted into the hAH by cells bathed by
the fluid. The presence of strong angiogenic inducers as angio-
genin and angiogenic inhibitors PEDF,38 type IV collagen,39

and vitamin D binding protein,40 suggests the presence of an
equilibrium within hAH between proangiogenic and antiangio-
genic molecules. The balance between angiogenic and antian-
giogenic proteins may be important in the pathogenesis of
anterior segment diseases.

Our antibody-based protein array study served the purpose
of identifying proteins in the hAH that are present in low
abundance and therefore are difficult to identify by nano-LC-
ESI-MS/MS. Several members of the transforming growth factor
�, tumor necrosis factor, fibroblast growth factor, interleukin,
and growth differentiation factor families were identified. In
addition, numerous growth factor and cytokine receptors were
found in hAH, including receptors of the C-C chemokine,
tumor necrosis factor, and interleukin superfamilies. In other
biological fluids, circulating and soluble receptors play an im-
portant role in regulating growth factor and cytokine activity.
Soluble receptors are normal components of body fluids in
healthy individuals and levels of these receptors can modulate
various growth factor and cytokine activities.41 For example,
ligand binding to soluble receptors can protect the ligand from
degradation, inhibit the ligand from initiating a signaling cas-
cade or act in an agonistic manner. In the case of IL-6, the
binding of IL-6 to its soluble receptor can stimulate cells that do
not normally express an IL-6 receptor.42,43 Analysis of soluble
receptors in hAH isolated from anterior chamber disorders,
such as corneal dystrophies and glaucoma, may serve, not only
as markers for the disease but as therapeutic targets in treating
the disorder.

An important question in the midst of the description of the
hAH proteome is “where are all the proteins found in hAH
coming from?” Although hAH is considered to be a plasma
filtrate, there are considerable differences between plasma and
hAH that suggest several cells and tissues from the anterior
segment may be involved in active secretion of ions/proteins
into hAH.9–11 Bovine and primate studies suggest that hAH
proteins originate in the ciliary body capillaries and move via a
protein gradient toward the iris root where they diffuse
through the ciliary epithelium into hAH.2,44,45 However, other
studies have suggested that the ciliary epithelium and the
pigmented and nonpigmented cells of the ciliary body are
actively involved in pumping out regulatory proteins into the
hAH possibly in conjunction with tissues surrounding the an-
terior/posterior chambers.46,47 These proteins include he-
mopexin, ceruloplasmin, ferroxidase, and glutathione S-trans-
ferase, enzymatic proteins involved in detoxification and
oxidative damage protection.48 Although many of the proteins
identified may come from blood, cDNAs encoding plasma
proteins have also been identified in the ciliary body.46 Among
these are complement component C4, �2-macroglobulin, and
the plasma form of glutathione peroxidase.46 Our study con-
firmed their presence in human hAH and suggests that the
ciliary body may be one of the tissues in the anterior chamber
that has the ability to produce and secrete traditional plasma
proteins into hAH.

hAH samples obtained from patients undergoing cataract
removal has been the traditional control in studies of hAH from
patients with anterior chamber disorders, such as uveal mela-

noma, myopia, corneal rejection, and glaucoma.25–27,49,50 Al-
though considered normal, the presence of a cataract affects
the concentration and components of hAH as suggested by the
increase in �-antitrypsin, �2-macroglobulin, and �-crystallin
proteins.51,52 Although hAH collected from normal healthy
adults would have been ideal, such samples cannot be obtained
ethically.53 Therefore, it is possible that some of the proteins
identified in our study are present because of the underlying
cataract condition. Another limitation of this study was that our
growth factor, cytokine, and receptor analysis was limited to
the proteins that were present on the protein array. Therefore,
not all growth factors, cytokines, and receptors in hAH were
identified. Although our study was thorough, 676 proteins are
probably only a fraction of the overall protein profile within
hAH. Nevertheless, our study provides a comprehensive list of
the hAH proteins. This list may be considered as a reference to
look for differences in protein expression in various pathologic
conditions of the anterior segment with the possibility of
identifying novel biomarkers for the disease and possible tar-
gets for novel therapeutic treatments.
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