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Purposk. Evidence supporting the immune system involvement
in glaucoma includes increased titers of serum antibodies to
retina and optic nerve proteins, although their pathogenic
importance remains unclear. This study using an antibody-
based proteomics approach aimed to identify disease-related
antigens as candidate biomarkers of glaucoma.

MEerHODS. Serum samples were collected from 111 patients
with primary open-angle glaucoma and an age-matched control
group of 49 healthy subjects without glaucoma. For high-
throughput characterization of antigens, serum IgG was eluted
from five randomly selected glaucomatous samples and
analyzed by linear ion trap mass spectrometry (LC-MS/MS).
Serum titers of selected biomarker candidates were then
measured by specific ELISAs in the whole sample pool
(including an additional control group of diabetic retinopathy).

Resurts. LC-MS/MS analysis of IgG elutes revealed a complex
panel of proteins, including those detectable only in glau-
comatous samples. Interestingly, many of these antigens
corresponded to upregulated retinal proteins previously
identified in glaucomatous donors (or that exhibited increased
methionine oxidation). Moreover, additional analysis detected
a greater immunoreactivity of the patient sera to glaucomatous
retinal proteins (or to oxidatively stressed cell culture
proteins), thereby suggesting the importance of disease-related
protein modifications in autoantibody production/reactivity. As
a narrowing-down strategy for selection of initial biomarker
candidates, we determined the serum proteins overlapping
with the retinal proteins known to be up-regulated in
glaucoma. Four of the selected 10 candidates (AIE cyclic
AMP-responsive element binding protein, ephrin type-A
receptor, and huntingtin) exhibited higher ELISA titers in the
glaucomatous sera.
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Concrusions. A number of serum proteins identified by this
immunoproteomic study of human glaucoma may represent
diseased tissue-related antigens and serve as candidate bio-
markers of glaucoma. (Invest Opbthalmol Vis Sci. 2012;
53:8222-8231) DOI:10.1167/i0vs.12-10076

here is increasing awareness that glaucomatous neurode-

generation has an immune-mediated component. Besides
multiple evidences supporting local immune/inflammatory
responses and complement activation in human glaucoma
and animal models (as reviewed by Tezel'), patients with
glaucoma exhibit a complex repertoire of serum antibodies
reacting with ocular antigens.?-> Although multiple laborato-
ries worldwide have commonly detected increased serum
antibodies in glaucoma, the pathogenic importance of these
antibodies is under intensive investigation and debate.®
Similarities in autoantibody production in different subtypes
of human glaucoma and experimental animal models with
induced ocular hypertension’ suggest that serum antibodies
(also evident in many other diseases) may reflect a native
response to tissue injury to facilitate phagocytic removal of the
opsonized cell debris as a necessary step for tissue cleaning and
healing. However, besides histopathologic evidence of immu-
noglobulin deposition in the glaucomatous human retina,®
there is ex vivo evidence in human donor retinas that supports
the possibility of antibody-mediated collateral damage to retinal
ganglion cells (RGCs).? In addition, recent in vivo studies
evaluating the possibility of immunogenic injury have included
animal models induced by immunization with ocular antigens,
and resulted in findings that suggest antibody-mediated RGC
loss. %11 However, a more recent study of Ragl knockout mice
lacking mature T and B lymphocytes has not detected a
significant difference in the rate of glaucomatous RGC loss or
axon damage relative to wild-type controls.'? Another view
pertinent to serum antibodies, which are also present in
healthy people, suggests their potential role in maintaining the
immune homeostasis.'>14 While the studies evaluating the
pathogenic importance of serum antibodies are ongo-
ing,'*1L.1516 ap independent research aim related to serum
antibodies is the assessment of these antibodies and their target
antigens as disease biomarkers in glaucoma.® Regardless of the
causative role of serum antibody response in glaucoma, the
potential usefulness of serum antibodies as correlative bio-
markers is supported by the unique antibody pattern among
glaucoma patients (which exhibits specificity and sensitivity of
approximately 93%),!” and the similarities in complex antibody
profiles among different ethnic populations.!8:19

Identification of glaucoma-specific molecular biomarkers
presents great importance to facilitate early disease detection,
prognosis prediction, and the follow-up of treatment respons-
es, but exhibits many challenges as recently discussed in the
ARVO/Pfizer Ophthalmic Research Institute Conference, 2011
(proceedings upcoming). One of the important challenges of
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serum biomarker detection is related to much lower abun-
dance of most proteomic biomarkers than some disease-
irrelevant serum proteins. However, antibody response holds
the relative advantage of signal amplification for biomarker
discovery in glaucoma. By using this advantage, we sought to
identify antigenic targets of serum antibodies using an
antibody-based immunoproteomics approach for high-through-
put characterization and initiated validation studies for selected
biomarker candidates. In addition, complementary experi-
ments aimed to determine whether glaucoma-related protein
modifications affect serum immunoreactivity. Here, we present
the proteins that may represent diseased tissue-related antigens
and serve as candidate biomarkers for glaucoma.

MATERIALS AND METHODS

Patients

We studied 111 patients with high- or normal-pressure primary open-
angle glaucoma (POAG) (mean age 66.9 = 12.7 years) and an age-
matched control group of 49 healthy volunteers without glaucoma or
any other ocular disease (mean age 69.3 * 10.6 years; P > 0.05). The
diagnosis of glaucoma was based on characteristic alterations in the
appearance of the optic nerve head and visual field in the absence of
alternative causes of optic neuropathy. Maximum recorded intraocular
pressure was less than 21 mm Hg in patients with normal-pressure
glaucoma; however, since distinction of glaucoma subgroups on the
basis of intraocular pressure is an arbitrary process, we studied all
patients with a diagnosis of POAG as a single group. In addition to
nonglaucomatous controls, to test the specificity of identified
biomarker candidates for glaucoma, we also included an additional
group of 20 patients with diabetic retinopathy (mean age 56.2 = 10.5
years) followed by the Retina Clinic at the Department of Ophthal-
mology & Visual Sciences, University of Louisville, Louisville, KY.

Blood samples were taken after a written informed consent was
obtained. The sera separated by centrifugation were stored at —80°C.
All human samples were collected after Institutional Review Board
approval. All subjects were treated in accordance with the Declaration
of Helsinki.

Isolation of Serum IgG

Serum IgG were isolated using two different purification methods: a
specific gel-based spin column purification (Melon gel IgG purification
resin; Pierce/Thermo Fisher Scientific, Rockford, IL) and protein G-
Dynabeads-based purification (Invitrogen, Grand Island, NY).

In the first method, a specific purification kit based on a resin
containing a proprietary ligand that only allows IgG to pass through the
column support was used to remove nonantibody serum proteins and
isolate serum IgG. Briefly, 100 pL sera was added to the mini-spin
columns prepared according to the manufacturer’s instructions, and
IgG was eluted by centrifuge at 2000g.

Dynabeads coupled with protein G (Invitrogen) were alternatively
used to capture IgG from serum samples by affinity purification. Briefly,
10 pL sera was added to 100 pL proteinG-Dynabeads prepared
according to the manufacturer’s instructions and incubated at room
temperature for 30 min. The beads were then pulled down using a
magnet, and after washing to remove loosely bound components,
specifically bound IgG was eluted in reducing conditions.

Eluted fractions were tested by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and immunoblotting with
antihuman IgG (1:2000; Sigma-Aldrich, St. Louis, MO).

Mass Spectrometry

IgG elutes obtained from five randomly selected serum samples from
each group were subjected to protein analysis by mass spectrometry.
Trypsin-digested samples of serum IgG elutes were individually
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analyzed (not pooled) by two-dimensional capillary liquid chromatog-
raphy and linear ion trap mass spectrometry (LC-MS/MS) as previously
described.?°-23 Protein identification from the MS/MS spectra was
based on a specific analysis system (Sequest Sorcerer; Sage-N Research,
San Jose, CA), which was set up to search a FASTA formatted human
protein database with a fragment ion mass tolerance of 1.00 Da and a
parent ion tolerance of 1.2 Da. A meta-analysis software (Scaffold,;
Proteome Software Inc., Portland, OR) was used to validate peptide and
protein identifications based on the criteria of >95.0% and 99.0%
probability and at least two peptides as specified by the Prophet
peptide?* and protein algorithms.?> The abundance of each identified
protein was determined by normalizing the number of unique spectral
counts matching to the protein by its predicted molecular weight.2°

Oxidative protein modification was determined by setting a Sequest
search parameter to identify a mass shift corresponding to addition of
the oxidation moiety to methionine (+16 Da) from the acquired MS/MS
spectra. We normalized the number of methionine oxidation to the
number of MS/MS spectra corresponding to the modified protein and
expressed the abundance of oxidation as fold difference between
glaucomatous and control samples.

Enzyme-Linked Immunosorbent Assay (ELISA)

Serum titers of selected 10 proteins were measured in all samples by
sandwich ELISA as previously described.??27:28 The specific kits used
included annexin Al (sensitivity < 1.25 ng/mL), apoptosis-inducing
factor (AIF) (sensitivity < 0.078 ng/mL), baculoviral IAP repeat-
containing protein 6 (JAP6) (sensitivity < 0.05 ng/mL), cyclic AMP-
responsive element binding protein (CREB)-binding protein (sensitivity
< 0.122 ng/mL), dynein heavy chain 1 (sensitivity < 0.112 ng/mL),
ephrin type-Al (sensitivity < 0.064 ng/mL), huntingtin protein
(sensitivity < 0.055 ng/mL), neural cell adhesion molecule (sensitivity
< 0.67 ng/mL), nucleotide-binding domain, leucine-rich repeat (NLR)
containing family-pyrin domain containing 2 (NLRP2) (sensitivity <
0.05 ng/mL), and nuclear factor-kappa B (NF-xB)-binding protein
(sensitivity < 0.127 ng/mL) (Uscn Life Science Inc., Wuhan, China).
Serum samples were incubated in wells precoated with specific
antibodies, and then a horseradish peroxidase-conjugated polyclonal
antibody was added to the wells. After addition of a substrate solution,
the enzyme reaction was terminated by sulphuric acid solution, and
absorbance was measured at 450 nm using an ELISA microplate reader
(VersaMax; Molecular Devices, Sunnyvale, CA) supplied with data
acquisition and analysis software (SoftMax Pro; Molecular Devices). In
addition to duplicate samples, each plate included blank control wells
and seven serial dilutions of standards in duplicates. Concentrations
were calculated from the standard curve obtained using pre-optimized
concentration ranges.

Retinal Protein Sampling

Human retinal protein samples were obtained from donor eyes with or
without POAG (kindly provided by Markus H. Kuehn, University of
Towa, as previously documented?°-23). Protein lysation utilized a lysis
buffer containing 50 mM Hepes-KOH pH 8.0, 100 mM KCI, 2 mM
EDTA, 0.10% NP-40, 2 mM dithiothreitol, 10% glycerol, and protease
and phosphatase inhibitors as previously described.?23

Mixed co-cultures of rat retinal cells were prepared by seeding
RGCs on the monolayer of macroglial cells as previously de-
scribed.?!:27-28 During the experimental period, cultured cells were
incubated in a defined serum-free medium in the absence or presence
of oxidative stress. Oxidative stress was generated by treating the co-
cultures with H,O, (50 pM) for 24 hours, while control cultures
prepared using an identical passage of cells were simultaneously
incubated in the absence of H,O,. This treatment resulted in an
approximately 70% decrease in cell survival relative to control
cultures.?! Proteins were isolated from the harvested cells and
subjected to immunoblotting with serum samples. All animals utilized
in in vitro experiments were handled according to the regulations of
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Serum IgG-containing protein mixtures. To identify antigenic targets of serum antibodies for high-throughput characterization, serum

proteins co-eluted with IgG were analyzed by LC-MS/MS. (A) SDS-PAGE was performed to verify serum IgG elutes prior to further analysis. Shown
Sypro Ruby-stained gels include samples of the elutes whole serum and the IgG elutes isolated using two alternative methods: Melon gel spin
column purification and protein G-Dynabeads-based purification, respectively. Immunoblots of these elutes with anti-human IgG antibody detected
IgG heavy (approximately 55 kDa) and light (approximately 25 kDa) chains. Since two alternative methods for serum IgG isolation using Melon gel
spin columns or protein G-Dynabeads indicated consistent results, the following analysis used the samples eluted by spin column purification. (B)
Sypro Ruby-stained gels of IgG elutes and corresponding immunoblots with anti-human IgG antibody represent randomly selected five

glaucomatous sera that were subjected to following LC-MS/MS analysis.

the Institutional Animal Care and Use Committee. All animals were
treated in accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.

Immunoblotting

In addition to retinal proteins, immunoblotting also tested the
reactivity of serum samples and isolated IgG elutes to recombinant
proteins. The recombinant proteins included AIF (Novoprotein,
Shanghai, China), CREB-binding protein (Cayman Chemical, Ann
Arbor, MI), ephrin type-A2 (Novus Biologicals, Littleton, CO), and
huntingtin (Novus Biologicals). The proteins separated by SDS-PAGE
were electrophoretically transferred to a nitrocellulose membrane (Bio-
Rad, Hercules, CA). Following a blocking step, membranes were
probed with patient sera (1:500) or IgG elutes (15 pg), and the
secondary antibody incubation used antihuman IgG conjugated with
horse-radish peroxidase (1:2000; Sigma-Aldrich). Immunoreactive
bands were visualized by enhanced chemiluminescence using com-
mercial reagents (GE Healthcare, Pittsburgh, PA). For densitometry of
immunoblots, images were acquired using a scanning device with a
linear dynamic range (Typhoon 9400; GE Healthcare). Image analysis
used a specific software (ImageQuant; GE Healthcare), background
correction was applied to each lane by baseline subtraction, and
integral values were selected as measurement parameters.

RESULTS

Prior to their mass spectrometric analysis, we validated isolated
serum IgG elutes by SDS-PAGE and immunoblotting (Fig. 1).
Based on SDS-PAGE, eluted factions exhibited a prominent
removal of most serum proteins except for the remaining few
bands. Western blot analysis using antihuman IgG antibody
verified IgG heavy and light chains in these elutes. The other

bands detectable by the SDS-PAGE of isolated 1gG elutes were
thought to correspond to serum proteins co-eluted with IgG.
When the serum IgG elutes were subjected to LC-MS/MS
analysis, we identified a list of proteins co-eluted with IgG
(Table). Our additional data (presented later in Fig. 4) indicated
that the glaucomatous serum samples and isolated IgG elutes
were indeed reactive to co-eluted proteins. These findings
collectively support that the serum proteins co-eluted with IgG
and subsequently identified by LC-MS/MS are most likely to
reflect antigenic targets of IgG, not artifacts of incomplete
purification. Since two alternative methods for serum IgG
isolation using Melon gel spin columns or protein G-Dynabeads
indicated consistent results, the following data are those from
spin column purification.

Our LC-MS/MS analysis of IgG-containing protein mixtures
identified 231 proteins by two peptides or more at the 0.4%
peptide and 0.1% protein false discovery rates. A complex
panel of proteins co-eluted with serum IgG included those
with potential relevance to glaucoma as well as seemingly
irrelevant proteins localized elsewhere. Among these proteins,
106 exhibited higher amounts in samples isolated from
glaucomatous sera compared to those obtained from non-
glaucomatous controls, while 63 proteins were detected only
in glaucomatous samples. Unlike proteins bound by normal
serum IgG, proteins bound to glaucomatous serum IgG
included a diverse group known to be expressed by neurons.
To attempt to reduce the list of candidate autoantigens based
on their potential relevance to glaucoma, we determined
whether the MS/MS data obtained from the glaucomatous
serum IgG elutes overlapped with our high-throughput
proteomic data obtained from the glaucomatous human
retina.??-23 Ninety-six proteins overlapped between the serum
and retinal proteomic data. Figure 2 summarizes the quantities
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TaBre. Serum Proteins Co-Eluted with IgG
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Protein Name

Accession Number

Integrin alpha-9 precursor

Disintegrin and metalloproteinase domain-containing protein 9 precursor*

Neural cell adhesion molecule 2 precursor

SH3 and multiple ankyrin repeat domains protein 3*
Extended synaptotagmin-1 isoform 2*

SLIT and NTRK-like protein 3 precursor
Microtubule-actin cross-linking factor 1 isoform b
Calmodulin-regulated spectrin-associated protein 2
Vesicle-associated membrane protein 7 isoform 3*
Synphilin-1

Huntingtin

Cytoplasmic dynein 1 heavy chain 1

Dynein heavy chain 2, axonemal

Dynein heavy chain 5, axonemal

Dynein heavy chain 6, axonemal

Dynein heavy chain 7, axonemal

Dynein heavy chain 10, axonemal

Ephrin type-A receptor 5 isoform a precursor
Ephrin type-A receptor 8 isoform 1 precursor
Ephrin type-A receptor 10 isofom 3

V-type proton ATPase subunit B, brain isoform
Kv channel-interacting protein 2 isoform 2
Tax1-binding protein 1 isoform b*

Serine/threonine-protein phosphatase 2A regulatory subunit A alpha isoform

Adenylate cyclase type 8
rho guanine nucleotide exchange factor 11 isoform 2
Activated CDC42 kinase 1 isoform 1

Pleckstrin homology domain-containing family A member 4 isoform 1*

Nuclear factor related to kappa-B-binding protein isoform 1
Paired box protein Pax-2 isoform a*

Zinc finger protein 496

Zinc finger protein 561*

Zinc finger protein 611 isoform a

CREB-binding protein isoform b

Protein argonaute-2 isoform 2*

Histone-lysine N-methyltransferase NSD3 isoform long*

E3 ubiquitin-protein ligase PDZRN3*

E3 ubiquitin-protein ligase RBBP6 isoform 2

268 proteasome non-ATPase regulatory subunit 1 isoform 1
Apoptosis-inducing factor 1, mitochondrial isoform 4*
Baculoviral IAP repeat-containing protein 3

Baculoviral IAP repeat-containing protein 6

Protein S100-A8

Annexin Al

NACHT, LRR and PYD domains-containing protein 2 isoform 1*
Complement C3 precursor

Complement C5 preproprotein

Complement component C8 alpha chain precursor
Complement component C8 beta chain preproprotein
Complement factor H-related protein 1 precursor®

gi|52485941
gi[4501915
gi[33519481
gi[122937241
gi| 14149680
gi|40217820
2i[33188443
gi[44955929
gi|297747292
2i[76563940
2i|90903231
2i[33350932
gi[75677365
gi[19115954
€i|194353966
gi[151301127
gi| 198442844
gi|221625401
gi|10140845
gi[150456460
gi|19913428
2i[27886670
gi[119943086
2i[21361399
gil4557257
gi[38026934
2i[56549666
gi[238859651
2i|219802034
2i[34878699
gi[14249386
gi[206725458
2i|239787080
£i|119943102
gi|257467482
gi|13699811
2i[57529737
2i[33620716
2i|25777600
gi[195927004
gi[33946285
gi[153792694
gi|21614544
gi|4502101
gi[291463275
gi[115298678
gi[38016947
gi[4557389
gi[4557391
gi|118442839

To identify co-eluted proteins, the serum IgG elutes isolated from five randomly selected glaucomatous and nonglaucomatous sera were
individually analyzed by quantitative LC-MS/MS. Listed are 50 serum proteins detected in the glaucomatous serum IgG elutes and also known to be
present in the glaucomatous human retina. All listed proteins were identified with high confidence (< 99.0% probability assigned by the Protein

Prophet algorithm) based on at least two identified peptides.

* Methionine oxidation increased or detectable only in glaucomatous samples.

of overlapping proteins. The Table lists 50 newly identified
antigens in glaucomatous serum IgG elutes, which are also
known to be present in the glaucomatous human retina.
When we compared methionine oxidation of the identified
serum proteins, we found greater abundances in samples
isolated from the glaucomatous sera compared with age-
matched controls. Methionine oxidation counts were two or
more in 23% and 11% of proteins identified in glaucomatous

and control samples, respectively, while for 62 proteins (27%),
methionine oxidation was detectable only in glaucomatous
samples. The Table also indicates the oxidation status of listed
proteins.

We selected 10 of the listed serum proteins as candidate
biomarkers for initial validation studies and measured their
serum titers in all of our glaucomatous and control samples by
specific ELISAs. In addition, to test the specificity of these
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biomarker candidates for glaucoma, we have also included an
additional group of 20 patients with diabetic retinopathy.
Proteins selected based on their known relevance to glaucoma
included AIF, annexin A1, IAP 6, CREB-binding protein, dynein
heavy chain 1, ephrin type-A, huntingtin protein, neural cell
adhesion molecule, NLRP2, and NF-kB-binding protein. As
shown in Figure 3, three of these candidate biomarkers,
including AIF CREB-binding protein, and ephrin type-A
receptor, exhibited significantly higher ELISA titers in the
glaucomatous sera compared to serum samples from healthy
controls or patients with diabetic retinopathy (Mann-Whitney
rank sum test, P < 0.01). In addition, many samples from
patients with glaucoma (and some samples from patients with
diabetic retinopathy) exhibited higher ELISA titers for hunting-
tin protein than healthy controls, but the overall difference was
not statistically significant (Mann-Whitney rank sum test, P >
0.05). ELISA titers of other selected candidates, including
annexin Al, IAP 6, dynein heavy chain 1, neural cell adhesion
molecule, NLRP2, and NF-xB-binding protein, were not
significantly different between the glaucomatous and control
sera studied (Mann-Whitney rank sum test, P > 0.05).

After identification of biomarker candidates, we aimed to
confirm whether these proteins identified by LC-MS/MS
analysis of serum IgG elutes were antigenic targets of IgG or
contaminant of purification. To determine whether glaucoma-
tous serum was immunoreactive to proteins identified in
serum IgG elutes, we probed recombinant proteins with
glaucomatous and nonglaucomatous sera. As shown in Figure
4, glaucomatous sera exhibited prominent immunoreactivity to
AIF, CREB-binding protein, ephrin type-A, and huntingtin. As
also presented in Figure 4, isolated IgG elutes were similarly
reactive to these recombinant proteins. These observations
further support that the serum proteins co-eluted with IgG and
identified by LC-MS/MS were antigenic targets of IgG in the
glaucomatous sera.

The prominent overlap detected between serum IgG-bound
proteins in the glaucomatous sera and upregulated proteins in
the glaucomatous human retina, along with a relative increase
in oxidative modification of proteins in glaucomatous samples,
motivated us to further determine whether glaucoma-related
factors affect serum immunoreactivity to retinal proteins.
Therefore, we tested the immunoreactivity of patient sera
against retinal proteins isolated from glaucomatous versus
nonglaucomatous human retinas (Fig. 5). When tested by
immunoblotting, glaucomatous serum samples exhibited a
complex pattern of immunoreactivity to human retinal
proteins. However, serum immunoreactivity to retinal proteins
obtained from glaucomatous human donors was greater than
the immunoreactivity to human retinal proteins obtained from
nonglaucomatous donors. In order to test whether oxidative
stress affects serum immunoreactivity, we also conducted in
vitro experiments with primary cultures of rat retinal cells
incubated in the presence or absence of H,O,-induced
oxidative stress. Findings of these experiments provided
additional evidence that the immunoreactivity of glaucomatous
sera against oxidatively stressed retinal cell culture proteins
was more than their immunoreactivity to control proteins.
Band intensities of serum IgG immunoreactivity to glaucoma-
tous human retinal proteins, or oxidatively stressed cell culture
proteins, were over 2-fold greater than the band intensities
detected with retinal proteins obtained from nonglaucomatous
control donors or control cell cultures.

DISCUSSION

This immunoproteomic study delineated a variety of new
antigens targeted by IgG in the glaucomatous sera. The serum
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Proteins identified in the
glaucomatous human donor retina

Proteins co-eluted with IgG from the
glaucomatous sera

Fiure 2. Candidate biomarkers of glaucoma. As a narrowing-down
strategy, we determined whether the MS/MS data obtained from the
glaucomatous serum IgG elutes overlapped with our previous high-
throughput proteomic data obtained from the glaucomatous human
retina. Ninety-six proteins overlapped between the serum and retinal
proteomic data.

proteins co-eluted with IgG closely mirrored the up-regulated
proteins previously identified in the glaucomatous retina. In
addition, we took advantage of our MS/MS data to determine
the oxidation status of the identified serum proteins.?*-3! In
particular, we determined methionine oxidation, because
methionine residues are an important target for protein
oxidation by almost all forms of reactive oxygen species>?33
and have been useful for examining the extent of oxidative
stress.3* We detected greater abundance of methionine
oxidation in serum proteins isolated from the glaucomatous
sera compared with age-matched healthy controls. We then
initiated validation studies for selected 10 candidate molecules,
four of which, including AIE CREB-binding protein, ephrin
type-A receptor, and huntingtin protein, exhibited higher
serum ELISA titers in our glaucomatous patient cohort.

Complementary experiments aimed to determine whether
glaucoma-related protein modifications affect serum immuno-
reactivity. We tested the immunoreactivity of patient sera
against human retinal proteins isolated from glaucomatous
versus nonglaucomatous human donors and against rat retinal
proteins obtained from cell cultures incubated in the absence
or presence of oxidative stress. We detected greater immuno-
reactivity of the patient sera to glaucomatous retinal proteins
or oxidatively stressed cell culture proteins.

The importance of our findings is 2-fold. First, the identified
serum proteins may serve as candidate biomarkers to be
validated for future clinical applications. Second, glaucoma-
related protein modifications, such as increased expression or
oxidation, may be immunostimulatory.

Candidate Serum Biomarkers of Glaucoma

Protein biomarkers are under intensive investigation to
facilitate early disease detection, prognosis prediction, and
follow-up of treatment responses. A number of techniques
with their own advantages and drawbacks, including serologic
identification of antigens by recombinant expression cloning,
serologic proteome analysis, protein microarrays, and open
reading frame phage display, have been used to identify
disease-associated antigens and their cognate autoantibodies in
cancer, autoimmune diseases,3>3¢ and uveitis.>” In glaucoma,
antibody-based approaches have included immunoblotting-
based analysis or protein arrays,>> and direct analysis of
potential proteomic biomarkers has only been applied to
profile protein patterns in aqueous humor or tear samples.>832
An important factor interfering with serum biomarker detec-
tion is the much lower abundance of most proteomic
biomarkers than some disease-irrelevant serum proteins, such
as albumin or transferrin. Isolation of serum IgG-containing
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Ficure 3. Serum ELISA titers of candidate biomarkers. Serum levels of 10 candidate biomarkers were measured in glaucomatous and
nonglaucomatous samples by specific ELISAs. In addition to healthy controls, nonglaucomatous samples also included those collected from an
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additional group of patients with diabetic retinopathy. As shown in the bar graph of mean values and the Table summarizing the serum ELISA data,
glaucomatous samples exhibited higher ELISA titers (ng/mL) for four biomarker candidates. The P values underlined indicate the statistical
difference between glaucomatous samples versus samples from healthy controls; other P values indicate the statistical difference between
glaucomatous samples versus samples from patients with diabetic retinopathy (Mann-Whitney rank sum test). The scatter graphs of serum ELISA
titers in glaucomatous and control samples present individual variability.

fractions for mass spectrometric analysis should have mini-
mized this limitation in our study.

Although IgG isolation methods we employed are common-
ly and effectively utilized, they may have technical limitations if
not used properly. These methods may also have limitations in
complete purification due to co-elution of IgG-bound antigenic
proteins. Although co-eluted proteins may limit IgG purifica-
tion studies, it was an advantage for this study that particularly
aimed to identify antigenic targets of serum IgG. Furthermore,
our SDS-PAGE and immunoblotting data presented in Figure 1,
along with the immunoreactivity data presented in Figure 4,
validated the efficiency of IgG isolation and supported that the
serum proteins co-eluted with IgG reflect antigenic targets of
IgG, not artifacts of incomplete purification. However, it is also
worth noting that even if some of the biomarker candidates
were serum proteins contaminating the IgG purification, they
would still serve for the primary purpose of this study for
biomarker discovery, and any possibility of imperfect purifica-
tion would not diminish the value of the presented data.

Similar to our study, the commonly used approach to
identify protein biomarkers is to initially select biomarker

candidates and then pursue validation studies in larger patient
populations to verify their value. Immunoassays, multiplex
assays, >4 and mass spectrometry-based multiple reaction
monitoring assays*? provide attractive options to quantitate
candidate molecules in large numbers of samples. We initiated
a similar approach to test selected biomarker candidates by
specific ELISAs or serum samples.

Many of the selected candidates, including AIE23-43 JAPR#4
dynein heavy chain,*> ephrin receptor,# neural cell adhesion
molecule,*” NLRP?3 and NF-kB,2348 have been associated with
glaucoma. Another selected candidate was annexin Al, which
is a calcium-binding protein with anti-inflammatory proper-
ties. > We have previously detected over 2-fold increased
abundance of this protein (RefSeq: NP_000691) in the
glaucomatous human retinal proteome. Serum antibodies to
annexin Al have also been suggested to be a diagnostic marker
for inflammatory diseases.>! Two other candidate biomarkers,
CREB-binding protein and huntingtin protein, were similarly
selected based on their consistent detection in the retinal
proteome of glaucomatous human donor eyes (RefSeq:
NP_004371 and NP_002102, respectively). Among the select-

A Recombinant proteins probed with serum samples

CREB-binding
AIF protein
—
—
C G C G

Ephrin Huntingtin
-—
C G C G

B Recombinant proteins probed with glaucomatous serum IgG elutes
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FIGURE 4.

Serum immunoreactivity to candidate biomarkers. (A) To test serum immunoreactivity by Western blot analysis, recombinant proteins

were probed with glaucomatous (G) and nonglaucomatous control (C) sera (1:500), IgG elutes of which were analyzed by LC-MS/MS. Western blots
indicated prominent immunoreactivity of the glaucomatous serum to studied proteins, including AIF (approximately 57 kDa), CREB-binding protein
(approximately 37 kDa), ephrin (approximately 46 kDa), and huntingtin (approximately 38 kDa). (B) When similarly tested against recombinant
proteins, isolated IgG elutes of the glaucomatous sera (15 pg) also exhibited reactivity to these proteins. Presented are the most representative
immunoreactivities. The secondary antibody incubation used anti-human IgG conjugated with horse-radish peroxidase (1:2000).
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A Retinal proteins from human donor eyes

Patient sera

B Retinal cell culture proteins
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FIGURE 5.
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Serum immunoreactivity to retinal proteins. To test serum immunoreactivity by Western blot analysis, retinal proteins were separated by
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SDS-PAGE, and membranes were cut into strips to probe with different serum samples. (A) Glaucomatous serum samples (1-5) exhibited a greater
immunoreactivity to retinal proteins obtained from glaucomatous human donors (G) relative to retinal proteins obtained from non-glaucomatous
controls (C). (B) We also tested serum immunoreactivity to retinal protein samples obtained from cell cultures. Immunoreactivity of the
glaucomatous patient sera (1-5) against oxidatively stressed retinal cell culture proteins was greater than their immunoreactivity to controls. Bar
graphs show fold increase in serum immunoreactivity to glaucomatous human retinal proteins (relative to nonglaucomatous retinal proteins), or
fold increase in serum immunoreactivity to oxidatively stressed retinal proteins (relative to control proteins) as calculated based on band intensities.
Serum dilution was 1:500, and the secondary antibody incubation used anti-human IgG conjugated with horse-radish peroxidase (1:2000).

ed 10 candidates, four proteins, including AIF CREB-binding
protein, ephrin type-A receptor, and huntingtin protein,
exhibited higher serum titers in our glaucomatous samples
relative to controls, although higher ELISA titers for huntingtin
protein were not found statistically significant.

The AIF involved in the mitochondrial apoptosis pathway
has been linked to RGC death in in vitro352 and in vivo
models®® of glaucoma and found to be significantly up-
regulated in the glaucomatous human retina.??

The CREB-binding protein was first isolated as a nuclear
protein binding to CREB that has been linked to astrocyte
responses to elevated pressure,>* while cAMP signaling is
critical for RGC survival.>> The CREB-binding protein with
intrinsic histone acetyltransferase activity is now known to be
involved in the transcriptional coactivation of many different
transcription factors. A recent immunohistochemical localiza-
tion study has demonstrated that this protein is expressed in
retinal neurons and glial cells,>® and its reduced phosphory-
lation has been linked to retinal degeneration in an animal
model of excitotoxicity.>”

Ephrin receptors expressed in the retina, mainly including
RGCs, regulate developmental axon guidance and synapse
formation and determine the outcome of injury in the adult
brain.’®3% Our previous studies have detected different
subtypes of ephrin type-A receptor in the human retinal
proteome (RefSeq: NP_001396, NP_005224, NP_004429, NP-
004431, NP_065387). Based on proteomic analysis of serum
samples, ephrin receptor A2 has recently been indicated as a
candidate biomarker for acute retinal injury in a primate
model.®°

Regarding the huntingtin protein expressed in neurons, a
mutant form is implicated in Huntington’s disease. Failure in
clearance of the proteolytic fragments of huntingtin (which is
mainly through autophagy) eventually results in altered
intracellular Ca(2+) homeostasis, organelle dysfunction, dis-
rupted intracellular trafficking, and impaired gene transcrip-
tion.®1-%2 Interestingly, animal models of Hungtington’s disease
exhibit progressive retinal degeneration and dysfunction in
which mutant huntingtin aggregates in the nucleus of all
neurons, including RGCs.®3 Although we detected huntingtin
and a number of associated/interacting proteins (including
optineurin)!? in the retinal proteome of glaucomatous human
donor eyes, any connection of this protein to pathogenic
mechanisms of glaucomatous neurodegeneration remains
unknown. In this study, many glaucomatous serum samples
as well as some samples from patients with diabetic
retinopathy exhibited higher ELISA titers for huntingtin
protein; however, the overall difference between these and
control samples was not statistically significant. These findings
suggest that aging-related or other mechanisms leading to
dysfunction of the ubiquitin-proteasome and autophagy-lyso-
some pathways may provide links to similar mechanisms of
neuropathology in Huntington’s disease and other neuropa-
thies, such as glaucoma or diabetic retinopathy.

The list of biomarker candidates obtained through an
antibody-based approach in this study demands further studies
for validation. It should be recognized that the assessment of
the clinical value of identified molecules is a major standing
challenge common for biomarker discovery through different
approaches. Although the discovery phase normally takes
place using samples from a small well-characterized cohort,
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when proceeding to the validation phase, larger heterogeneous
cohorts are needed. This is critical to eliminate false positivity
and calculate the sensitivity and specificity of candidate
molecules for clinical prediction. In the case of glaucoma,
validation studies of biomarker candidates should include
patients with different types and stages of glaucoma with
different demographics and comorbidities, and also non-
glaucomatous patients with other ocular and neurodegenera-
tive diseases and disease-free controls. Particularly respecting
the individual variability in serum ELISA titers, once their
clinical correlations are established, a set of biomarkers in an
array format, rather than a single molecule, may potentially be
more useful as a diagnostic and/or prognostic clinical tool in
glaucoma.

Glaucoma-Related Protein Modifications and
Increased Serum Immunoreactivity

We detected a greater immunoreactivity of the patient serum
to glaucomatous human retinal proteins relative to retinal
proteins obtained from nonglaucomatous control donors.
This observation suggests that glaucomatous alterations in
protein expression affect the antigenic features of proteins,
increase the exposure or presentation of retinal antigens to the
immune system, and stimulate immune response by autoanti-
body production. Previous evidence consistent with the
increased recognition of ocular antigens by immune system
cells in human glaucoma includes the activation of glial
immunoregulatory functions and antigen presenting abilities
through increased expression and activation of various
immune mediators/regulators, such as MHC class II mole-
cules,®* tolllike receptors,?? pro-inflammatory cytokines,'?5%
NF-kB,!? and inflammasome components.!? Oxidative stress in
glaucoma?!-%5 appears to constitute an important component
of the immunostimulatory signals arising from glaucomatous
tissues.®® As also supported by present findings, oxidative
protein modifications®” may particularly be important to
increase the antigenicity of retinal proteins during glaucoma-
tous neurodegeneration. It is not unexpected that the immune
system reacts to post-translationally modified epitopes in
glaucoma. However, this aspect, consistent with the self-
tolerance of the immune system, encourages further research
to better determine whether modified serum proteins, as
opposed to unmodified native proteins, are particularly useful
as disease-specific biomarkers of glaucoma.

CONCLUSIONS

Despite increasing interest in the immune system involvement
in glaucoma® and ongoing efforts to validate its causative
importance,®!%15 immunogenic mechanisms of glaucomatous
neurodegeneration and the pathogenic importance of serum
antibodies remain unclear. It is also unclear whether the IgG-
bound serum proteins identified in this study reflect disease-
causing antigens. However, findings of this study support that
analysis of serum antibodies may lead us to biomarker
discovery for future clinical applications. Our initial findings
delineating a list of potential biomarker candidates await
further validation studies to determine the value of these
molecules as a clinical tool to determine diagnosis, prognosis,
and/or treatment responses in glaucoma.
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