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In Brief

Liu et al. characterized the proteome
of aqueous humor from three types
of glaucoma. Fifty-seven primary
acute angle-closure glaucoma
(PAACG), 50 primary chronic angle-
closure glaucoma (PCACG), 35
neovascular glaucoma (NVG), and
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Highlights

e Aqueous humor proteome of different glaucoma (PACG, NVG) was profiled.
e Potential protein biomarkers for glaucoma were proposed.

e Potential mechanism of glaucoma was described.

e SERPIND1 was discovered to have potential value for glaucoma diagnosis.
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Glaucoma is the leading cause of irreversible blindness
worldwide. The proteome characterization of glaucoma is
not clearly understood. A total of 175 subjects, including
57 primary acute angle-closure glaucoma (PAACG), 50
primary chronic angle-closure glaucoma (PCACG), 35
neovascular glaucoma (NVG), and 33 cataract patients,
were enrolled and comparison proteomic analysis was
provided. The samples were randomly divided into dis-
covery group or validation group, whose aqueous humor
proteome was analyzed by data-independent acquisition
or by parallel reaction monitoring. The common proteome
features of three types of glaucoma were immune
response, lipid metabolism, and cell death. Three proteins,
VTN, SERPIND1, and CD14, showed significant upregula-
tion in glaucoma and could discriminate glaucoma from
cataract. Mutual differential proteomic analysis of PAACG,
PCACG, and NVG showed different proteome character-
ization of the three types of glaucoma. NVG was charac-
terized with activated angiogenesis. PAACG was
characterized with activation of inflammation response.
SERPIND1 was discovered to play vital role in glaucoma
occurrences, which is associated with eye transparency
decrease and glucose metabolism. This study would
provide insights in understanding proteome character-
ization of glaucoma and benefit the clinical application of
AH proteome.

Glaucoma is the leading cause of irreversible blindness
worldwide (1). It is a progressive optic neuropathy accompanied
by retinal ganglion cell (RGC) loss, optic nerve atrophy, and visual
field loss (2). An elevated intraocular pressure (IOP) is considered
ahallmark of glaucoma (3). The two commonly occurring types of
glaucoma are primary open-angle glaucoma (POAG) and pri-
mary angle-closure glaucoma (PACG), based on the presence of
an open or closed iridocorneal angle (4). More than 50% of
glaucoma-caused blindness is attributed to PACG, particularly in

Asians (5). Primary acute angle-closure glaucoma (PAACG) is a
type of PACG and an important cause of blindness in East Asia.
PAACG occurs when the anterior chamber angle is suddenly
obstructed, and the IOP rises rapidly to high levels (6). Primary
chronic angle-closure glaucoma (PCACG,) is caused by perma-
nent closure of the angle due to peripheral anterior synechiae
(PAS), inducing an increase in IOP. PCACG shows an increasing
prevalence with age and frequently coexists with cataract (7).
Besides primary glaucoma, neovascular glaucoma (NVG) is a
type of secondary glaucoma, which is caused by the growth of a
fibrovascular membrane secondary to a local angiogenic stim-
ulus over the trabecular meshwork and obstructing the outflow of
aqueous humor (8). NVG is most common in patients with dia-
betes, occlusions of major retinal vessels, carotid artery
obstructive disease (9).

Glaucoma is a complex neurodegenerative ocular disease
with unclear molecular mechanisms. Previous reports have
focused on quantitative proteomics analysis of the AH protein
profile in glaucoma (2, 3, 10-12), with multiple genetic and
nongenetic risk factors. Accordingly, a high IOP is a major risk
factor for glaucoma, and therapeutic pressure reduction can
significantly delay disease progression [4], but the molecular
mechanisms regarding how IOP leads to RGC death and optic
nerve damage remain unclarified (12). Additionally, aging
(13-15), genetic predispositions (16), oxidative stress (17),
mitochondrial dysfunction (18), inflammatory (5, 11, 19, 20),
vascular dysregulation (21), and lipid metabolism (1) have
been reported to be associated with glaucoma. However, the
precise etiology of glaucoma remains unclear and the mo-
lecular mechanisms of RGC loss and optic nerve atrophy
remain elusive. Thus, identifying the factors that contribute to
the pathogenesis and progression of this disease is crucial.

The aqueous humor (AH) directly contacts the critical site of
pathogenesis in glaucoma. It serves important functions of
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supplying nutrients to the cornea, lens, and trabecular
meshwork while maintaining refraction and the IOP of the eye
(10). Therefore, it may provide insights into understanding the
pathophysiology of glaucoma (12). Additionally, the discovery
of proteomic biomarkers could improve our understanding of
the molecular mechanisms of diseases and become a helpful
diagnostic and risk-stratification tool, allowing individualized
treatment for safer and more effective therapies (22). Previous
reports have focused on quantitative proteomics analysis of
the AH protein profile in glaucoma (2, 3, 10-12). In 2016,
Kaeslin et al. (11) analysed the AH proteome in patients with
POAG and a control group based on SWATH technology.
They identified 448 proteins and found 87 proteins differen-
tially expressed between glaucomatous and control aqueous
humor. In 2018, Adav et al. (12) analysed the AH proteome in
patients with PACG and cataract. They identified 1363 pro-
teins and found that more than 50% were differentially
expressed in PACG. An altered AH proteome in human PACG
indicates oxidative stress in neuronal damage that precedes
vision loss. In 2018, Kaur et al. (10) compared the total AH
proteome of PACG, POAG, and age-related cataract eyes.
They highlighted significant differences in the AH of PACG
eyes compared with that of POAG and cataract eyes. The
above results and differentially expressed proteins provide
novel insights into understanding the disease mechanism and
yielding potential prognostic biomarkers.

In this study we tried to characterize the proteome pattern
of glaucoma with a large-scale sample size, and the proteome
characterizations of different glaucoma were also investi-
gated. The AH samples were recruited from 175 individual
patients, including PAACG, PCACG, NVG, and age-related
cataract. First, in the discovery cohort, the AH proteome
characteristics of PAACG, PCACG, and NVG with cataract

were compared using the DIA approach. Second, the AH
proteomic features of three types of glaucoma, PAACG,
PCACG, and NVG, were mutually compared. In the validation
cohort, the key proteins of the above comparison were vali-
dated by PRM approach. The possible mechanisms of
different glaucoma types were explored by functional anno-
tation of differential AH proteins. This study not only provides
common proteome patterns of glaucoma but also helps to
understand the potential mechanism of the different types of
glaucoma.

EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale

The purpose of this study was to measure the AH proteome of
different types of glaucoma, PCACG, PAACG, and NVG to assess the
potential mechanism of glaucoma. Two cohorts were enrolled as
discovery cohort and validation cohort (Table 1). Glaucoma-
associated proteins were firstly discovered in the discovery cohort
using data-independent data acquisition (DIA) strategy and further
validated in the validation cohort using parallel reaction monitoring
(PRM) strategy. A mixture sample pooled from all samples was pre-
pared as quality control (QC). QC sample was injected frequently to
monitoring reproducibility of the method. Samples were randomized
using random function of Microsoft Excel 2010. iRT was used as
retention time reference, and MS1 data were acquired. A library was
created (details described in spectral library generation) using a
sample measured with data-dependent acquisition (DDA) from each
experimental condition (n = 4). Principal component analysis (PCA)
and heatmap virtualization were implemented using the Wukong data
analysis  platform  (https://www.omicsolution.org/wkomics/main/).
Nonparameter Wilcoxon rank-sum test was performed for significance
evaluation of proteins between groups (23). The proteins that pre-
sented a fold change above 1.5 and a p-value less than 0.05 were
considered differentially expressed proteins. Function and pathway
were analyzed using ingenuity pathway analysis software (QIAGEN), a

TaBLE 1
Demographic and clinical characteristics of the patients

Characteristics PAACG PCACG NVG Cataract
Discovery set
Total number of eyes/cases 33/32 35/33 25/25 23/23
Age, mean (SD), year 68.4 (7.9) 61.9 (13.6) 64.12 (16.4) 69.2 (12.5)
Sex, M/F 7/26 17/18 13/12 716
IOP, mean (SD), mmHg 46.2 (13.1) 37.0 (12.3) 50.6 (14.2) 15.8 (2.0)
MD, median (SD) -18.8 (7.5) -22.7 (8.0) - -
VFI, mean (SD) 52.5 (29.0) 34.8 (28.1) - -
Subjects with hypertension or diabetes 8 15 15 5
Validation set
Total number of eyes/cases 24/23 15/14 17/14 10/10
Age, mean (SD), year 67.8 (7.8) 63.9 (12.6) 57.1 (9.1) 73.1 (12.2)
Sex, M/F 3/21 8/7 15/2 5/5
I0OP, mean (SD), mmHg 51.7 (11.2) 34.1 (10.6) 50.5 (11.9) 15.0 (2.4)
MD, median (SD) -19.70 (8.8) -19.9 (10.8) - -
VFI, mean (SD) 47.2 (35.5) 55.5 (34.5) - -
Subjects with hypertension or diabetes 12 8 14 2

Abbreviations: IOP, the highest intraocular pressure; MD, mean defect; NVG, neovascular glaucoma; PAACG, primary acute angle-closure
glaucoma; PCACG, primary chronic angle-closure glaucoma; SD, standard deviation.
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repository of biologic interactions and functions created from millions
of individually modeled relationships that range from the molecular
(proteins, genes) to organism (diseases) level.

Subjects Enrollment

The study was approved by the Institutional Review Board of the
Institute of Basic Medical Sciences, Chinese Academy of Medical
Sciences. Informed consent was obtained from each participant
before enrollment. All the subjects underwent a thorough ophthalmic
evaluation, including IOP measurement, best corrected visual acuity
measurement, gonioscopy testing, and fundus examination. The in-
clusion criteria for PAACG and PCACG were as follows: most of the
angle was closed, intraocular pressure was increased, fundus
changes and visual field defects were found in glaucoma optic nerve
injury. The inclusion criteria for NVG were as follows: neo-
vascularization in the angle and iris, increased intraocular pressure,
and extensive ischemic changes in the retina. Patients with autoim-
mune diseases, malignant tumors, severe liver disease, and previous
ocular surgery were excluded. The clinical parameters including age
and IOP were collected for all patients and are presented in Table 1.
To avoid the drug effects on AH proteome, the glaucoma patients
recruited were treated with the same drug (topical alpha receptor
agonists, topical carbonic anhydrase inhibitors, topical beta-blockers,
and systemic carbonic anhydrase inhibitors). The studies in this work
abide by the Declaration of Helsinki principles.

In total, 175 subjects, including 57 with PAACG, 50 with PCACG, 35
with NVG, and 33 with age- and gender-matched cataract as a con-
trol, were recruited for this study. The samples were divided into two
sets. Set |, including 116 AH samples, was used as the discovery
group and analyzed in the DIA mode. Set Il, including the remaining 59
samples, was used as the validation group for PRM analysis. To
evaluate the technical reproducibility of the LC-MS experiments, QC
samples were generated by pooling all the samples in sets | and Il in
equal amounts and repeatedly analyzing them throughout the entire
MS process.

Sample Preparation

AH samples were obtained from glaucoma patients during surgery.
Each sample was approximately 50 to 200 ul and was aspirated from
the anterior chamber using a 26-gauge needle before the start of
surgery. All the samples were then immediately stored at —80 °C for
further analysis.

The protein concentration of the AH samples was determined by
the Bradford method. Protein digestion was carried out using the filter-
aided sample preparation technique (FASP) method. For each group,
a pooled sample of equal amounts of proteins from each sample was
used for library generation. The proteins were denatured by incubation
with 20 mM dithiothreitol at 95 °C for 5 min and then were alkylated in
55 mM iodoacetamide in the dark for 45 min. Trypsin (1:50) was added
to these samples, which then were incubated at 37 °C overnight.

High-pH RPLC Separation

The pooled peptide sample of four groups was separated by high-
pH RPLC columns (4.6 mm x 250 mm, C18, 3 um; Waters), respec-
tively. Each pooled sample was loaded onto the column in buffer A1
(H20, pH 10). The elution gradient was 5% to 30% buffer B1 (90%
ACN, pH 10; flow rate, 1 ml/min) for 30 min. The eluted peptides were
collected at one fraction per minute. After lyophilization, the 30 frac-
tions were resuspended in 0.1% formic acid for the cataract group.
For the three glaucoma groups, the 30 fractions were resuspended in
0.1% formic acid and then were concatenated into ten fractions by
combining fractions 1, 11, 21, and so on.

LC-MS Analysis

The Orbitrap Fusion Lumos Tribrid (Thermo Scientific) coupled with
an EASY-nLC 1000 was used for LC-MS analysis. The digested
peptides were dissolved in 0.1% formic acid and separated on an RP
C18 self-packing capillary LC column (75 pm x 150 mm, 3 pm). The
eluted gradient was 5% to 30% buffer B2 (0.1% formic acid, 99.9%
ACN; flow rate, 0.3 pl/min) for 60 min.

To generate the spectral library, the fractions from RPLC were
analyzed in the DDA mode. The parameters were set as follows: the
MS was recorded at 350 to 1500 m/z at a resolution of 60,000 m/z; the
maximum injection time was 50 ms, the auto gain control (AGC) was
1e6, and the cycle time was 3 s. MS/MS scans were performed at a
resolution of 15,000 with an isolation window of 1.6 Da and a collision
energy at 32% (HCD); the AGC target was 50,000, and the maximum
injection time was 30 ms.

Each sample and the QC samples were analyzed in the DIA mode.
For MS acquisition, the variable isolation window DIA method with 38
windows was developed. The specific window lists were constructed
based on the DDA experiment of the pooled sample. The window list
of the DIA method is appended in supplemental Table S1A. The full
scan was set at a resolution of 120,000 over the m/z range of 400 to
900, followed by DIA scans with a resolution of 30,000; the HCD
collision energy was 32%, the AGC target was 1E6, and the maximal
injection time was 50 ms.

Spectral Library Generation

To generate a comprehensive AH spectral library, the pooled AH
sample from each group was processed. The DDA data were pro-
cessed using Proteome Discoverer 2.1 (Thermo Scientific) software
and searched against the human Swiss-Prot database (Homo sapiens,
20205 SwissProt, 2017_09 version) appended with the iRT fusion
protein sequence. A maximum of two missed cleavages for trypsin
was used, cysteine carbamidomethylation (+57.021 Da) was set as a
fixed modification, and methionine oxidation (+15.995 Da), asparagine
and glutamine deamidation (+0.984 Da), lysine carbamylation
(+43.006 Da) were used as variable modifications. The parent and
fragment ion mass tolerances were set to 10 ppm and 0.02 Da,
respectively. The applied false discovery rate (FDR) cutoff was 0.01 at
the protein level. The results were then imported to Spectronaut Pulsar
(Biognosys) software to generate the library (24). Spectronaut Pulsar
software allows the generation, merging, and management of spectral
libraries. Next, we merged the four libraries to one AH spectral library,
which contained all the information generated from the different
libraries.

Data Analysis

The DIA raw data were loaded to the Spectronaut 12 to calculate
peptide retention time based on iRT data. And Spectronaut provided
protein identification and quantitation by matching the retention time,
m/z, etc., to peptide library. The retention time prediction type was set
to dynamic iRT, and interference correction at the MS2 level was
enabled. The MS1 and MS2 tolerance strategy was set to dynamic. It
applied a correction factor to the automatically determined mass
tolerance. The correction factor for ms1 and ms2 was all set as 1. The
precursor posterior error probability (PEP) cutoff was set to 1. And
precursors that do not satisfy the cutoff will be imputed. The top N
(min: 1; max: 3) precursors per peptide were used for quantify
calculation. The top N ranking order is determined by a cross-run
quality measure. Peptide intensity was calculated by summing the
peak areas of their respective fragment ions for MS2. Cross-run
normalization was enabled to correct for systematic variance in the
LC-MS performance, and a local normalization strategy was used.
Normalization was based on the assumption that on average, a similar
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number of peptides are up- and downregulated, and the majority of
the peptides within the sample are not regulated across runs and
along retention times. Protein inference, which gave rise to the protein
groups, was performed on the principle of parsimony using the ID
picker algorithm as implemented in Spectronaut Pulsar. All results
were filtered by a Q value cutoff of 0.01 (corresponding to an FDR of
1%). Protein intensity was calculated by summing the intensity of their
respective peptides. Proteins identified in more than 50% of the
samples in each group were retained for further analysis. Missing
values were imputed based on the k-nearest neighbour method (25).
PCA was implemented using the Wu-kong data analysis platform
(https://www.omicsolution.org/wkomics/main/). Nonparameter Wil-
coxon rank-sum test was performed for significance evaluation of
proteins between groups. The proteins that presented a fold change
above 1.5 and a p-value less than 0.05 were considered differentially
expressed proteins.

PRM Validation

Tier 3 level of the PRM analysis was developed and applied to
validate the differentially expressed proteins as determined by DIA and
was performed using TripleTOF 5600 (SCIEX). The separation of the
peptides was performed on the RP C18 monolithic capillary LC col-
umn (50 pm x 500 mm, omics technology Co, Ltd). The eluted gradient
was 5% to 30% buffer B1 (0.1% formic acid, 99.9% ACN; flow rate,
0.3 pl/min) for 60 min. For ionization, a spray voltage of 2.20 kV and a
capillary temperature of 60 °C were used. The peptides were moni-
tored using the PRM acquisition mode performing MS/MS scans of
the precursor ions for all peptide markers along the complete chro-
matographic run. The normalized collision energy was fixed to 35%,
and the accumulated time was 100 ms.

The resulting MS data were processed using Skyline (v.3.6). The
peptide settings were as follows: the enzyme was set as trypsin [KR/
P], the maximum missed cleavages were set as 2; the peptide length
was set as 8 to 25; and the variable modifications were set as car-
bamidomethyl on cysteine and oxidation on methionine. The transition
settings were as follows: the precursor charges were set as 2 and 3;

the ion charges were set as 1 and 2; and the ion types were setas b, y.
The raw data could be downloaded from iProX (https://www.iprox.cn/)
with the dataset identifier IPX0002299000).

Protein Function Annotation

All the differential proteins were used for pathway analysis using
Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems) for
network analysis. The Swissport accession numbers were uploaded to
IPA software (QIAGEN). The proteins were mapped to disease and
function categories and canonical pathways available in Ingenuity and
other databases and were ranked by p-values.

RESULTS
Workflow of Aqueous Humor Proteome Analysis

In this study, 175 subjects were enrolled—116 in the dis-
covery phase and 59 in the validation phase (Table 1). Figure 1
shows the general workflow of this study. In the discovery
phase, we analyzed the proteome of AH samples from 33
PAACG, 35 PCACG, 25 NVG, and 23 cataract (control) pa-
tients using the DIA method. First, we compared the various
types of glaucoma to cataract, exploring and identifying pro-
teins differentially expressed between glaucoma and cataract.
Next, we identified differential proteins among the different
types of glaucoma (PAACG, PCACG, and NVG). Functional
analyses of these differential proteins were used to explore the
molecular mechanism of glaucoma and the further underlying
mechanism of different types of glaucoma. Finally, proteins
with biological significance were externally validated using an
independent cohort of patients (10 with cataract, 24 with
PAAGC, 15 with PCAGC, and 17 with NVG) using the PRM
method.

) _ [ PAACG vs Cataract |
Single-run DIA analysis DEPs for glaucoma vs. PCACG vs Cataract
Cararact | NVG vs Cataract )
PAACG =
= @ V- N
DEPs for differential PAACG vs PCACG
discrimination of glaucoma PAACG vs NVG
PeAce groups PCACG vs NVG )
NVG — - -
:o_ 10 ~1>2 r:pm:
5 A%
Z e\ N
e = 16 17 18 19
retention time
gﬁiﬁﬁ]ﬂ.
° I o0 0.0 ge 0.0 = Z:Zm ieom:::,l:y::
: JEEEJUPE S5 =
Mechanism exploration Validation by PRM Function analysis
Fic. 1. Workflow of this study.
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AH Spectral Library Generation and Protein Identification in
DIA-MS

In this study, four libraries—PAACG, PCACG, NVG and
cataract—were constructed by DDA 2D-LC/MS analysis.
Finally, a merged library from the above four libraries was
constructed by pulsar, and 12,661 precursors, 9272 peptides,
and 887 protein groups were obtained from the merged AH
spectral library (supplemental Table S1, B-G, Supplemental
Data 1). Number of proteins in PCACG and NVG library was
less than that in PAACG library, which might be associated the
characteristics of glaucoma. The detailed possible reason
needs further exploration (1). For DIA analysis, 636 AH pro-
teins were detected with a protein FDR <1%. For each sam-
ple, 520 protein groups were identified by peptide-spectrum
matching. In total, 490 protein groups with quantitative data in
more than 50% of samples in each group were selected for
further analysis (supplemental Table S2A).

DIA and PRM Data Quality Control

Technical repeatability was evaluated by calculating the CV
of the protein abundances among the 27 QC replicates. The
median and 90% quantile of technical CVs were 0.17 and
0.52, respectively. Pearson's correlation coefficients were
approximately 1 among 27 QC replicates (supplemental
Fig. S1A) and showed good technical reproducibility.

For PRM analysis, 423 peptides of 231 DEPs were quanti-
fied (supplemental Table S2B). The median and 90% quantile
of the technical CVs were 0.22 and 0.40, respectively. Pear-
son's correlation coefficients were approximately 1 among 26
QC replicates (supplemental Fig. S1A), indicating good tech-
nical reproducibility.

For biological replicates reliability evaluation, we applied
Hoteling’s T2 analysis.

T2 range is basically calculated as the sum over the
selected range of components of the scores in square divided
by their standard deviations in square. Hence, T2 range is the
distance in the model plane (score space) from the origin, in
the specified range of components. In present study, biolog-
ical replicates in each group were within the 99% confidence
limit (supplemental Fig. S1B).

Differential Proteomic Analysis Between Glaucoma and
Cataract

Differential Proteomic Analysis—AH proteome differences
between glaucoma and cataract were first analyzed by the un-
biased statistical method PCA. Apparent separation trends
could be observed between glaucoma and cataract. The sepa-
ration of NVG and cataract was the most obvious. Additionally,
some overlay between PCACG and cataract was observed,
indicating less separation of the groups (Fig. 2A, supplemental
Fig. S2, A-C). Next, the differentially expressed proteins in
glaucoma compared with cataract were defined using the cri-
terion of a fold change greater than 1.5 and B-H adjusted p value

less than 0.05 (supplemental Fig. S2, D-F). Thus, the numbers of
differentially expressed proteins in PAACG, PCACG, and NVG
compared with cataract were 182, 111, and 262 proteins,
respectively (supplemental Table S3A). Differential proteins with
higher levels in the glaucoma groups included apolipoproteins
(APOA1, APOA2, APOA4, APOE, APOH), complement proteins
(C1R, C2, C4A/C4B, C5, C6, C8A, C9, CFB, CFIl) , and inflam-
matory protein (SERPINA1, SERPINF2, CD14, GC, ITIH4). By
contrast, proteins with lower expression levels included IGFBP4,
IGFBP6, TGFB2, and ANXA1, which were mainly involved in
cellular movement and development.

Functional Annotation of Differential Proteins—The differ-
entially expressed proteins of glaucoma and cataract were
submitted to the canonical pathway and function analysis
using IPA. The top canonical pathways associated with im-
mune and inflammatory regulation (e.g., LXR/RXR activation,
acute phase response signaling, and the complement system)
were upregulated in PAACG, PCACG, and NVG. By contrast,
the coagulation system and intrinsic prothrombin activation
pathway were downregulated in the three glaucoma groups
relative to the cataract group (supplemental Table S3, B-D).
Disease and function analyses showed that the functions of
lipid metabolism, cell death, cell-to-cell signaling and inter-
action, and immune response were activated in glaucoma.
Additionally, cellular movement and development were
deactivated in glaucoma (Fig. 2B).

PRM Validation—To confirm the results obtained by DIA
analysis, DEPs with biological significance were further vali-
dated by the PRM method using an independent batch of
patients. The differential proteins showing significant differ-
ences in group comparison, and with the same change trend
with these detected using the DIA method, were selected.
After screening the spectra library of the AH proteome and
filtering the peptides according to previous criteria (26), 26, 15,
and 78 DEPs were validated in PAACG versus cataract,
PCACG versus cataract, and NVG versus cataract, respec-
tively (supplemental Table S3E).

AUC Evaluation—We further evaluated the accuracy of the
DEPs to discriminate PAACG, PCACG, and NVG from cata-
ract. The combination of AH proteins with the highest AUC
values is shown in supplemental Fig. S3. The ROC areas of the
three comparisons were all above 0.90. Additionally, the
sensitivity and specificity were above 80% (supplemental
Table S3F).

Common DEPs of the three comparisons reflect common
features of these three types of glaucoma. Three proteins,
VTN, SERPIND1, and CD14, were common DEPs in three
types of glaucoma relative to cataract. The three DEPs
showed the highest expression level in NVG, followed by
PAACG, and showed the lowest levels in PCACG (Fig. 2C and
Table 2). The combination of the three DEPs could separate
glaucoma from cataract with an AUC value of 0.88 for the
discovery group and 0.85 for the validation group (Fig. 2D and
supplemental Table S3G).
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set (DIA, left graph) and validation data sets (PRM, right graph).

Differential Proteomic Analysis Among the Three Types of
Glaucoma

Differential Proteomic Analysis—Compared with the cata-
ract group, the three glaucoma groups showed similar mo-
lecular features, increased lipid metabolism, cell death, and
immune response and decreased cellular movement and
development (Fig. 2B). Additionally, we further focused on the
different proteome characteristics of NVG, PAACG, and
PCACG to understand the underlying disease mechanism of
different types of glaucoma.

PCA and PLS-DA plots of the three glaucoma groups
showed separation to some extent (supplemental Fig. S4 and
Fig. 3A). The NVG and PCACG groups showed obvious sep-
aration and PAACG overlays with the other two groups. Next,
differential proteins were selected with the criterion of a fold

change greater than 1.5 and B-H adjusted p less than 0.05.
Thus, 97, 218, and 222 differential proteins in PAACG versus
PCACG, PAACG versus NVG, and PCACG versus NVG were
identified, respectively (supplemental Table S4A).

Functional Annotation of Differential Proteins—To explore
the molecular mechanisms and biological processes that are
altered in different types of glaucoma, we performed IPA an-
alyses on differential proteins of the three comparisons. The
top disturbed pathways were LXR/RXR activation, FXR/RXR
activation, complement system, acute phase response
signaling, and prothrombin activation pathway, with a similar
pattern in the three comparisons. Comparison of disease and
function analyses showed that the functions of cardiovascular
system development, cell-to-cell signaling and interaction,
cellular movement, inflammatory response, lipid metabolism,
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TABLE 2
Common differentially expressed proteins in the glaucoma and cataract groups

A. Three common differentially expressed proteins in the glaucoma groups relative to cataract

Group Strategy Significance P04004 P05546 P08571

PAACG/Cataract DIA FC 2.66 2.41 3.42
p value 5.42E-06 4.92E-05 7.42E-04

PRM FC 2.56 1.69 2.95
p value 2.12E-04 3.18E-02 9.29E-05

PCACG/Cataract DIA FC 2.07 2.03 1.91
p value 3.16E-05 7.52E-05 3.45E-03

PRM FC 1.8 1.57 1.64
p value 1.39E-02 2.69E-03 2.24E-02

NVG/Cataract DIA FC 5.37 6.34 9.52
p value 2.03E-08 4.34E-05 3.32E-09

PRM FC 3.84 2.55 3.36
p value 3.93E-09 1.70E-06 5.46E-06

B. Three common differentially expressed proteins among the three types of glaucoma

Group P05546 Q16568 Q96JP9

PAACG/PCACCG DIA FC 1.29 0.1 0.33
p value 3.59E-02 1.54E-03 1.72E-02

PRM FC 1.5 0.48 0.62
p value 8.72E-03 1.41E-02 2.14E-02

NVG/PAACG DIA FC 2.43 0.09 0.9

p value 7.16E-03 3.39E-02 2.57E-02

PRM FC 1.62 0.32 0.57
p value 6.93E-04 5.15E-05 1.37E-02

NVG/PCACG DIA FC 3.12 0.008 0.3

p value 4.97E-04 8.35E-06 3.99E-04

PRM FC 2.42 0.15 0.35
p value 1.71E-06 3.38E-04 4.75E-04

organismal injury and abnormalities, and cell death and sur-
vival were dysregulated in the different types of glaucoma.
Compared with the PCACG and PAACG groups, the NVG
group showed higher activation of the above functions.
Additionally, PAACG showed higher activation of these func-
tions than PCACG (supplemental Table S4, B-D). These
comparisons indicated the function dysregulation degree of
the three glaucoma types (Fig. 3B).

PRM Validation—Further PRM analysis was performed to
confirm the results obtained by DIA analysis using an inde-
pendent cohort of patients. The differential proteins showing
significant differences in group comparison, and with the
same change trend with these detected using the DIA method,
were selected. After screening the spectra library of the AH
proteome and filtering the peptides, 25, 31, and 91 proteins
were verified that showed significant differences and the same
trends as DIA analysis (supplemental Table S4E).

AUC Evaluation—We further evaluated the accuracy of the
DEPs to discriminate PAACG, PCACG, and NVG. The com-
bination of AH proteins with the highest AUC values is shown
in supplemental Fig. S5. The ROC areas for the three com-
parisons were all close to 1 in the validation group. Addition-
ally, the sensitivity and specificity were above 80%
(supplemental Table S4F).

Three proteins, SERPIND1, CARTPT, and CDHR1, were
identified and confirmed to be expressed differently among
the three group comparisons (Table 2; Fig. 3C). The combi-
nation of the three proteins could discriminate the different
types of glaucoma with AUC values of 0.74, 0.85, and 1 for
PAACG versus PCACG, PAACG versus NVG, and PCACG
versus NVG in the validation group, respectively (Fig. 3D and
supplemental Table S4G).

SERPIND1, also known as heparin cofactor I, is not only
expressed differently between the cataract control and glau-
coma groups but also shows significantly different levels
among the glaucoma subtypes. These results suggest that
SERPIND1 has potential value for glaucoma diagnosis and
differential diagnosis.

DISCUSSIONS

In this study, we compared glaucoma to cataract and
mutually compared the different types of glaucoma. The AH
proteomic results suggest that activated immune response,
lipid metabolism, and cell death in glaucoma were related to
glaucoma. Our data shed light on the proteome changes re-
flected in glaucoma AH, which could potentially help to un-
derstand the underlying molecular mechanism of different
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Fic. 3. Comparison of the AH proteomics of PAACG, PCACG, and NVG. A, PLS-DA score plot for the virtualization of PAACG, PCACG,
and NVG separation in the discovery group (DIA data). B, comparison of disease and function analyses of differentially expressed proteins
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expressed proteins in “C” in the validation group (PRM data).

types of glaucoma and expand approaches for glaucoma
diagnosis and differential diagnosis.

AH Proteomic Characterization of Glaucoma

By comparing the AH proteome in glaucoma and cataract,
we found several disturbed pathways in glaucoma, including
lipid metabolism, immune response, and cell death function.
These pathways and functions showed an activated status in
glaucoma, giving insights into glaucoma mechanism.

Lipid Metabolism in Glaucoma—Lipid metabolism was found
to be activated in glaucoma relative to cataract. Several re-
searchers have discovered lipid metabolism disturbance in
POAG (1, 27). However, no study has explored lipid metabolism
change in PCAG to our knowledge. The lipid metabolism
activation-induced higher lipid content is an important cause of
the unstable IOP in glaucoma (28). Additionally, lipid metabolism
disturbance could influence erythrocyte membrane structure,
further disturbing the material exchange of microcirculation and
optic disc capillary (28). The molecular mechanism of lipid

metabolism activation in glaucoma might be complex, and we
discuss the potential molecular mechanism as follows.

The activated immune response and RXR and LXR pathway
have been reported to contribute to lipid metabolism distur-
bance in open-angle glaucoma (1). RXR and LXR activation is
the top disturbed pathway discovered in the present study.
Previous studies on glaucoma have reported that the RXR
gene interacts with the upstream regulator LXR to regulate
lipid metabolism, inflammation, and macrophage activation
(29). Additionally, our study found increased expression levels
of apolipoproteins (APOE, APOH APOA1, APOA2, APOA4) in
glaucoma, probably resulting from oxidative stress and
apoptotic damage (30). Apolipoproteins play central roles in
lipid metabolism. They are involved in the transport and
redistribution of lipids among various cells and tissues,
through their role as cofactors for enzymes of lipid metabolism
(31). Increased levels of apolipoproteins might regulate lipid
metabolism and homeostasis in glaucoma patients (32)
(Fig. 4).
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angiogenesis (47, 51).

Immune Response in Glaucoma—Previous studies have
reported that elevated IOP could cause pathophysiological
stress, further damaging the optic nerve and subsequently
triggering secondary immune or autoimmune responses
(5, 33). Studies have shown that high IOP is the direct cause
of the immune response in early glaucoma (34). T-cell im-
mune dysfunction caused by high intraocular pressure is an
important factor of glaucomatous neurodegeneration (33). In
this study, immune-response-related proteins (e.g., SER-
PINF2, CD14, GC, ITIH4, SERPIND1) and complement pro-
teins (e.g., C1R, C2, C4A/C4B, C5, C6, C8A, C9, CFB, and
CFI) showed higher expression levels in glaucoma compared
with cataract. Most of these proteins were reported to
regulate inflammatory function and to be upregulated in AH
proteomics in POAG (1, 2, 35). CD14, a pattern recognition
receptor, could enhance innate immune responses to
infection by sensitizing host cells to bacterial lipopolysac-
charide, lipoproteins, lipoteichoic acid, and other acylated
microbial products (36). Higher expression of CD14 in
glaucoma perhaps activates TLR4/MD2/CD14 receptor
complex formation and induces the release of inflammatory
cytokines (37), such as ITIH4, TIMP1, F2, and APOA1/2,
which were discovered to show a higher expression level in
glaucoma relative to cataract in this study (Fig. 4). VTN was
a significantly upregulated common protein in three glau-
coma subtypes. VTN, a prominent inflammatory regulatory
glycoprotein and adhesion molecule, had been detected to
be upregulated in vitreous humor in retinal vein occlusion
(38). It was involved in complement regulation, T-cell

cytolysis, and cellular adhesion. Its functions are dependent
on its binding to various matrix and cellular components
(89), which in turn stabilizes or activates a variety of bio-
logical macromolecules. One of the multiple functions of
VTN is to act as a regulator of the complement system. The
complement system is a powerful effector mechanism in
inflammatory response, during which VTN acts as an
important regulator (38). The present demonstration of
increased levels of VTN supports the notion that the incre-
ment in vitronectin activates the complement cascade,
promoting inflammatory response during glaucoma
occurence.

Increased Cell Death in Glaucoma—Cell death was
increased in the glaucoma groups relative to the cataract
group. A crucial element in the pathophysiology of all forms of
glaucoma is the death of RGCs. The mechanism is complex
and involves various molecular signals—acting alone or in
cooperation to promote RGC death—such as axonal transport
failure, toxic proneurotrophins, activation of intrinsic and
extrinsic apoptotic signals, mitochondrial dysfunction, and
oxidative stress (40). In this study, 17 proteins associated with
cell death showed significant differences between glaucoma
and cataract, such as HSPs, CAT, and TXN. CAT and TXN,
factors that protect cells from the toxic effects of hydrogen
peroxide, were downregulated in glaucoma. Oxidative-stress-
induced damage could subsequently contribute to cell death
in glaucoma patients (41). Additionally, TXN could inhibit
caspase-3 activity by nitrosylating the active-site Cys of
CASP3 in response to nitric oxide (42). Low expression of TXN
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probably promotes cell apoptosis in glaucoma through
CASP3 regulation (Fig. 4).

Cataract patients were enrolled as controls of glaucoma.
Since incidence rate of hypertension in cataract is much lower
than that in glaucoma (43), the number of hypertension cases
in cataract is less than that in glaucoma. Differential proteins
between glaucoma and cataract might be partly due to hy-
pertension effect. Therefore, the specific biomarkers of glau-
coma need more validation in the future. Additionally, the
glaucoma patients enrolled in present study were all treated
with same drugs, while cataract patients were not treated with
any drugs. The observed different protein expressions be-
tween glaucoma and cataract were partly due to drug effect.

Molecular Mechanism of Different Type of Glaucoma

AH proteome mutual comparison analysis showed signifi-
cantly different proteome characterisation of these three types
of glaucoma. PCACG showed less function disturbance.
Clinically, PCACG inflammation is not generally observed,
although residual inflammation may have been present from
prior iridotomies, no obvious inflammatory reaction was
observed in the aqueous humor of PCACG (44). Moreover,
elevated IOP in PCACG was suggested to be associated with
increased levels of cytokines; therefore, it is a potential stim-
ulus for their production (45).

Neovascular glaucoma is a kind of secondary glaucoma,
often secondary to retinal vein occlusion, diabetic retinopathy
(DR), ocular ischemic syndrome, and central retinal artery
obstruction (8). VTN, APOA4, CD14, and CFB, as biomarkers
of retinal inflammation in patients with DR (46), were highly
expressed in the AH of NVG patients in our studies. Except for
inflammation-related proteins, 35 differential proteins in NVG
were associated with neovascularization. Neovascularization
is a multistep process that involves complex interactions of
various angiogenic actors. New vessel formation in the eye is
affected to a large extent by an imbalance among proangio-
genic factors, such as antiangiogenic factors (e.g., pigment
epithelium-derived factor) (47). Pigment epithelium-derived
factor, also known as SERPINF1, is downregulated in NVG
and is an antiangiogenic factor that inhibits blood vessel for-
mation (48). SERPIND1, which shows the highest level in NVG,
is likely an angiogenesis factor. SERPIND1 promotes angio-
genesis via the upregulation of endothelial cell movement and
the AMP-activated protein kinase-endothelial nitric-oxide
synthase signaling pathway (49). Additionally, in NVG pa-
tients, glucose metabolism disorder is marked by down-
regulated glycolytic enzymes involved in the glycolysis and
gluconeogenesis pathways and carbon metabolism. These
results suggest that energy metabolism reduction (disorder) in
NVG likely counters oxidative stress through tissue repair or
the removal of damaged tissues that also requires energy
costs (50).

Compared with PCACG, PAACG showed activation of
inflammation response, cellular movement, and cell-to-cell

signaling interaction, marked with activation of leukocytes,
neutrophils, myeloid cells, and phagocytes. These results
indicated a more severe immune response in PAAGC, a finding
that corresponds with clinical symptoms that PAAGC shows an
early “acute inflammatory” condition (51). Inflammatory-related
molecules, including APCS, C4A, CD14, CD44, GRN, and
SAA1, were found to be upregulated in PAACG relative to
PCACG. C4A is a protein of the complement system, which is
another defence system besides innate immune cells. The
activated complement system clears cell and tissue debris.
There is accumulating knowledge that complement disorder is
responsible for numerous immune-mediated and inflammatory
disorders, including glaucoma (52). C4A has been reported to
be associated with activation of the acute phase response (53),
which occurs during PAACG occurrence.

SERPIND1, a Vital Protein in Glaucoma

SERPIND1, also known as heparin cofactor Il, was
expressed at significantly higher levels in PAACG, PCACG,
and NVG, relative to cataract. Additionally, SERPIND1 showed
significant differences in differential comparisons of PAACG,
PCACG, and NVG. The above results indicate the vital func-
tion of SERPIND1 in glaucoma.

SERPIND1 is a serine protease inhibitor (serpin) involved in the
negative regulation of endopeptidase activity. It could further
influence the transparency of ocular tissues (54), which is a
common symptom in these three types of glaucoma. Addition-
ally, SERPIND1 has the function of inactivating thrombin action,
which is associated with glucose metabolism. Higher expression
of SERPIND1 in glaucoma could probably regulate glucose ho-
meostasis in a beneficial direction (55). The highest level of
SERPIND!1 is likely the response to glucose disorder, especially
in the NVG group accompanied by diabetes. Glucose is essential
for the first step of energy metabolism, glycolysis. During low
oxygen availability, lactate is formed from glucose. It is tempting
to suggest that glaucomatous neurodegeneration may be
correlated with lactate homeostasis (56). Recent studies suggest
a neuroprotective role of lactate in the retina (57). Additionally,
lactate is the preferred energy source for most abundant retinal
glial cells, Mdiller cells (56). Furthermore, SERPIND1 plays an
important role in the angiogenesis process, especially in NVG
patients, as discussed above.

In present study, pathways of immune response and lipid
metabolism showed activated in glaucoma, which could act
as potential intervention target in clinic. For example, in clinical
work, clinicians have used topical steroids to reduce anterior
chamber inflammation and immune response in glaucoma
patients (58). Additionally, lipid-related interventions could
have potential value for glaucoma treatment. Glaucoma-
related proteins could act as drug targets. Thus, we
screened these differential proteins with clinical targeted
drugs as shown in supplemental Table S3A. Overall 39 dif-
ferential proteins have targeted drugs in clinic, which have
potential value for glaucoma intervention. For example,
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complement C5 showed significantly upregulated in glau-
coma. The monoclonal antibody against complement factor
C5 could prevent optic nerve damage in glaucoma model.
Therefore, complement inhibition could serve as a new ther-
apeutic tool for glaucoma (59). Up to date, there have no
diagnostic biomarkers in clinic. In present study, we tried to
discover potential biomarkers for glaucoma. Protein panels
were proposed to show high diagnosis accuracy for glau-
coma, including TIMP1, CD14 for PAACG, APOA1, VTN, and
ANXA1 for PCACG, VTN for NVG. These proteins have po-
tential value for glaucoma diagnosis.

CONCLUSION

Our work explored the differential proteome of glaucoma and
cataract. Three types of glaucoma, PAACG, PCACG, and NVG,
were individually analyzed to investigate common features
relative to cataract and different features among the three types
of glaucoma. Our results suggest that lipid metabolism, im-
mune response, and cell death were significantly activated in
glaucoma relative to cataract, and these functions showed
different disorder degree among the three types of glaucoma.
This study demonstrated that the AH proteome could reflect the
characteristics of glaucoma. This might help to understand the
glaucoma mechanism, diagnose disease much better in the
future, and identify novel treatments.
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