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Abstract
Autoantibody profiling has gained increasing interest in the research field of glaucoma promising the detection of highly
specific and sensitive marker candidates for future diagnostic purposes. Recent studies demonstrated that immune
responses are characterized by the expression of congruent or similar complementarity determining regions (CDR) in
different individuals and could be used as molecular targets in biomarker discovery. Main objective of this study was to
characterize glaucoma-specific peptides from the variable region of sera-derived immunoglobulins using liquid chromatogra-
phy-—mass spectrometry (LC-MS)—based quantitative proteomics. IgG was purified from sera of 13 primary open-angle glau-
coma patients (POAG) and 15 controls (CTRL) and subsequently digested into Fab and Fc by papain. Fab was further purified,
tryptic digested and measured by LC–MS/MS. Discovery proteomics revealed in total 75 peptides of the variable IgG domain
showing significant glaucoma-related level changes (P<0.05; log2 fold change�0.5): 6 peptides were high abundant in POAG
sera, whereas 69 peptides were low abundant in comparison to CTRL group. Via accurate inclusion mass screening strategy
28 IgG V domain peptides were further validated showing significantly decreased expression levels in POAG sera. Amongst
others 5 CDR1, 2 CDR2 and 1 CDR3 sequences. In addition, we observed significant shifts in the variable heavy chain family
distribution and disturbed j/k ratios in POAG patients in contrast to CTRL. These findings strongly indicate that glaucoma is
accompanied by systemic effects on antibody production and B cell maturation possibly offering new prospects for future
diagnostic or therapy purposes.

Introduction

Glaucoma is a chronic neurodegenerative disease character-
ized by a progressive loss of retinal ganglion cells (RGC) and
their axons, leading to optic nerve damage and gradual loss of
the visual field (1). It is one of the primary causes of blindness
worldwide and around 80 million people will be suffering from
glaucoma by 2020 (2). Primary-open angle glaucoma (POAG),
the most common form of glaucoma, is associated with an

elevated intraocular pressure (IOP) which represents the major
risk for developing this eye disease (1). Nevertheless, around
30% of the glaucoma patients never develop an elevated intra-
ocular pressure, which then is defined as normal tension glau-
coma (NTG) (3). Although the pathomechanism of glaucoma is
still poorly understood, many other risk factors are involved
such as advanced age (4), reduced ocular blood flow (5), apo-
ptotic processes (6), genetic predisposition (7,8) and increased
glutamate or nitric oxide levels (9). In the last decade a
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multitude of studies demonstrated that autoimmunity plays
an essential role in the pathogenesis of glaucoma and altered
autoantibody profiles were observed in sera and aqueous hu-
mor of glaucoma patients (10,11). Many autoantibodies (AAB)
against ocular and optic nerve antigens have been identified
so far such as heat shock proteins (12), gluthathione S-trans-
ferase (13), alpha fodrin (14), glycosaminoglycans (15), gamma
enolase (16) and myelin basic protein (17). However, the exact
participation of AAB in the pathogenesis of glaucoma is not
well understood and literature concerning the effects of auto-
immunity is ambiguous. Tezel et al. (2000) (18) observed that
anti-HSP27, up-regulated in glaucoma patients, promotes apo-
ptotic cell death in vitro and may act as proinflammatory mole-
cule. On the other hand, our group already showed that down-
regulated AAB against gamma-synuclein, 14-3-3 and glial
fibrillary acidic protein (GFAP) have an anti-apoptotic effect on
stressed RGCs as well as retinal explants and are hypothesized
to function as protective components of the immune system
(19–22). In general, human immunoglobulins G (IgG) consist of
two identical heavy chains and two identical light chains.
Each light chain contains a variable (VL) and a constant do-
main (CL: j or k chain), whereas the heavy chain is composed
of one variable domain (VH) and three different constant re-
gions (CH1, CH2 and CH3). The variable part along with the
first constant region forms the antigen-binding fragment
(Fab) and the other three constant parts represent the
crystallisable fragment (Fc) (23). Furthermore, the variable
parts are subdivided into six hypervariable sequences called
complementarity-determining regions (CDR) surrounded by
relatively constant sequences termed framework regions (FR)
(24). The CDR sequences determine the antigen specificity of
the antibody and particular the highly diverse CDR3 of the VH
domain plays a key role in the antigen recognition process
(25). It is estimated that the diversity of antibodies is between
1011 and 1058 triggered by somatic recombination and hyper-
mutations and makes it highly unlikely to find identically mu-
tated CDR sequences among different individuals (23,26,27).
Regardless to this widespread immunological concept, other
research groups already demonstrated the successful identifi-
cation of overlapping or similar CDR sequences in unrelated
HIV as well as leukemia patients and disproved that B cell
maturation (antibody production) is not a fully random pro-
cess (28,29). VanDuijn et al. (2010) (30) provided further evi-
dence that the immunization of individual rats with selected
antigens leads to the expression of congruent CDR sequence
phenotypes apparently driven by (auto-)antigenic pressures.
Currently a research group introduced a novel proteomic ap-
proach for studying variable regions of immunoglobulins us-
ing liquid chromatography - mass spectrometry (LC-MS)
without the requirement of previously known antigen panels
(31,32). Employing this strategy they were able to identify
disease-specific marker peptides of the variable IgG domain
shared between lung cancer patients (33), multiple sclerosis
patients (34) and paraneoplastic syndrome patients (35). All
previous studies exploring the complex AAB profiles in glau-
coma were based on conventional techniques such as micro-
array or western blot analysis, a targeted analysis of the
antibody structures itself is still missing. For this reason,
the main objective of this study was to identify peptides of the
variable IgG domain, particular CDRs, shared between POAG
patients in comparison to healthy subjects. Schematic
Workflow of the sample preparation protocol is illustrated in
Figure 1.

Results
Discovery proteomics of glaucoma-related IgG Fab
peptides

Fab isolation of individual sera samples was confirmed by 1-D
SDS PAGE for all CTRL and POAG subjects (Fig. 2 and
Supplementary Material, Fig. S1A and B). The protein bands
around 28 kDa show the Fab fragments, the protein bands around
49 kDa represent non-reduced F(ab’)2 fragments and the protein
bands around 62 kDa contain traces of albumin. Protein identifi-
cations were determined by MS and were in accordance with lit-
erature (31). Protein pattern of all subjects showed a high degree
of congruency and densitometric analysis of Fab protein spots
provided an average area of 57 275 6 7594 dpi (Supplementary
Material, Fig. S2 and Table S1). As only very low contamination
was detectable we decided to perform an In-solution trypsin di-
gestion for further LC-MS analysis. In total 3752 peptides
were identified in CTRL and POAG group with FDR< 1%
(Supplementary file 1). The identified peptides were aligned to V-,
J- and C- germline sequences derived from the IMGT database us-
ing NCBI IgBLAST algorithm. The best-matching IMGT database
hit was selected for further analysis and an alignment match
score of 70% was set as cutoff value. In that way, 3287 peptides
were assigned to the V region, 183 peptides to the J region and
117 peptides to the C region of the IgG framework. Within the VH
domain, 227 peptides were annotated as CDR1, 309 as CDR2 and
41 as CDR3. In contrast, within the VL domain it was possible to
identify 425 peptides as CDR1, 489 as CDR2 and 59 as CDR3
(Supplementary Material, S1). Nevertheless, around 4% of the
identified peptides showed to less similarity to IMGT germline se-
quences and were therefore excluded from the analysis.

Next, we were interested in peptides of the variable IgG do-
main, particular CDR sequences, which were significant differ-
ently distributed between POAG and CTRL group. In total 393
IgG V domain peptides were at least detectable in one of the
study groups (15 CTRL or 13 POAG subjects) and selected for fur-
ther analysis. As only 3% of the total data matrix was missing
we decided to replace the values by their respective means as-
suming that these peptides were close to the limit of detection
(36). Regarding label-free quantification (LFQ) statistics, 124 of
the IgG V domain peptides showed a significant level change be-
tween both study groups using two-sided t-test (P< 0.05) (supple
mentary file 2). To determine the most meaningful changes and
to avoid false-positive identifications a Volcano plot (Fig. 3) was
performed. The data-set was filtered at a significance level of p
value< 0.05 and log2 fold change� 0.5 revealing 75 differently
distributed IgG V domain peptides between both study groups: 6
of these peptides (filled squares) were high abundant in the
POAG group in comparison to CTRL, whereas the abundances of
69 peptides (open triangles) were decreased (Supplementary
Material, Table S2). Most peptides were annotated as framework
regions (18 FR1, 10 FR2, 22 FR3 and 3 FR4) and the remaining
peptides as complementarity determining regions (9 CDR1, 7
CDR2 and 6 CDR3). Exemplary box plots of differentially distrib-
uted IgG V domain peptides are shown in Figure 4. As further
confirmation, we manually examined the raw LC-MS data files
of a random set of CTRL subjects and POAG patients and found
that the intensity of monoisotopic precursor ion 669.84 m/z, rep-
resenting the peptide sequence NSLYLQMNSLR (FR3), was ob-
servably higher in the CTRL group in contrast to POAG (Fig. 5).
Manual inspection was also performed for peptide sequence
ASQSVSSYLAWYQQK (CDR1) as shown in Supplementary
Material, Figure S3. Moreover, based on the abundances of the
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75 glaucoma-related IgG V domain peptides a principal compo-
nent analysis (PCA) was performed. Figure 6 represents the
score plot of the first two PCs explaining more than 55.5% of the
total variance in the data. Healthy individuals are represented
by open dots and POAG subjects are indicated by filled triangles.
The first two PC allow effective separation of all individuals into
CTRL and POAG group without any overlap. POAG subjects laid
on average at positive scores at PC 1 (Ø PC1 score 4.43), whereas
CTRL subjects were clustered on average at negative values on
the same PC (Ø PC1 score -4.08).

Peptides derived from the constant region of the IgG heavy
chain were equally distributed between CTRL and POAG group
(data not shown). In addition, j/k ratios were calculated for both
groups using representative peptides from the constant region
(j chain: n¼ 17; k chain: n¼ 12) of the IgG light chain. The j/k ra-
tios of each individual were calculated as percentage distribu-
tions based on the peptide abundances. POAG group showed a
higher statistical dispersion of j/k ratios in comparison to CTRL
group, but no significant difference (P¼ 0.65) was observed be-
tween both groups (Supplementary Material, Fig. S4).

VH, VK and VK family distribution in CTRL and POAG
group

The variable genes of the heavy chain (VH) and the kappa
chain (VK) are subdivided into seven families, while the

variable genes of the lambda chain (VK) consist out of nine
families. Family classification was based on sequence similar-
ity according to previous publication (37). The family distribu-
tions of VH, VK and VK were calculated at the individual
patient level and only peptide sequences validated by MS/MS
identification were included in the analysis. Normalization of
frequencies was performed using peptide counts of each fam-
ily divided by the total number of identified peptides in a given
chain family. The average family frequencies of VH, VK and
VK were compared between both groups. Peptides used for Ig
VH family distribution showed a mean alignment match score
of 90 6 6.9% and a mean average length of 14.3 6 4.4 amino
acids. Family VH3 (Fig. 7A) was significant increased in POAG
patients compared to CTRL group (POAG: 65.3 6 3.2% and
CTRL: 62.1 6 4.3%; P¼ 0.04). On the contrary, family VH2 (Fig.
7B) was slightly but significant decreased in the POAG group
(POAG: 0.44 6 0.26% and CTRL: 0.81 6 0.43%; P¼ 0.01). The other
five family members of VH did not show significant differences
between both groups (P> 0.05) (Supplementary Material, Fig.
S5A). Identified peptides used for Ig VK and VK family distribu-
tion showed mean alignment match scores of 91 6 6.5%/91 6

7.5% and mean average lengths of 15.3 6 4.9/14.8 6 5.2 amino
acids. No significant differences in family distribution of VK
and VK chains were observed between both groups (P> 0.05)
(Supplementary Material, Fig. S5B and C).

Figure 1. Schematic Workflow of Fab (antigen-binding fragment) purification steps, LC-MS/MS measurements and the data analysis. (A) IgG was purified from individ-

ual sera samples (100 ml) from 13 patients diagnosed with primary open-angle glaucoma (POAG) and 15 controls using Capture SelectTM IgG-Fc (crystallisable fragment)

resin beads. IgG were digested into Fab and Fc by immobilized papain resin beads followed by further purification of Fab via Capture SelectTM IgG-Fc resin beads. 1-D

SDS PAGE of flow-through fraction was performed to evaluate if the Fab purification steps were successful. In-solution trypsin digestion of Fab fragments (20mg) was

performed and measured on a HPLC-coupled LTQ Orbitrap XL mass spectrometry system. (B) Peptide identification and label-free quantification (LFQ) was performed

employing bioinformatical tool MaxQuant v. 1.5 against human NCBI database (955.083 sequences). IgBLAST algorithm v. 1.4 was used to align identified peptides to V,

J and C germline sequences derived from IMGT database (ImMunoGeneTics information system). Due to the identified peptides were assigned to the complementarity

determining regions (CDR), framework regions (FR) or constant regions (C) of the IgG framework based on an alignment match score�70%. The sample preparation

protocol was published first by de Costa et al. (31,33).
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Figure 2. Exemplary 1-D SDS PAGE of the purified Fab fragments from 5 controls subjects and 4 POAG patients. The protein bands around 28 kDa represent the purified

Fab fragments. Protein bands around 49 kDa show non-reduced F(ab)2 fragments and protein bands around 62 kDa contain traces of albumin. Each sample lane con-

tains a total protein amount of 20 mg.

Figure 3. Statistical analysis of IgG V domain peptides between CTRL and POAG group detected in the discovery study. Volcano plot showing log2 fold change plotted

against -log10 adjusted P value for samples from CTRL subjects versus samples from POAG patients. Filled squares represent 6 significant high abundant peptides and

open triangles display 69 significant low abundant peptides in POAG patients in comparison to CTRL (P<0.05, log2 fold change�0.5).
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Targeted proteomics via accurate inclusion mass
screening

In order to validate the glaucoma-related IgG V domain peptides
revealed by discovery proteomics a targeted MS strategy was
performed. Accurate inclusion mass screening (AIMS) analysis
revealed in total 83 peptides (FDR< 1%) occurring at least in one
of the study groups (14 CTRL or 13 POAG subjects). Around 3% of
the total data matrix were missing and replaced by their respec-
tive means as described before (36). Exactly 64 of the detected
peptides were in accordance with the targeted peptide se-
quences (in total 124 targeted peptides) providing a detection
rate of 52%. Up to 25 of the targeted peptides fulfilled the previ-
ously defined Volcano plot criteria (p value< 0.05 and log2 fold
change� 0.5) and showed a significant decrease in the POAG
group in contrast to CTRL (see Table 1). AIMS analysis provided
3 further IgG V domain peptides which were significant de-
creased in the POAG group but not on the targeted inclusion list
(see Table 1). These identifications resulted from peptides
which have overlapping precursor masses with included pep-
tides and were therefore selected for MS/MS identification. A
validation of in glaucoma high abundant IgG V domain peptides
was not feasible. Supplementary Material, Figure S6 and File S2
show the statistical analysis of the targeted MS data-set.

Discussion
The main objective of this study was to identify peptides of the
variable IgG domain, particular CDR sequences, which are differ-
ently distributed between patients diagnosed with primary open-
angle glaucoma (POAG) and healthy controls (CTRL).
Autoantibody profiling studies regarding glaucoma were mainly
performed by techniques such as microarray or western blot
analysis just focusing autoreactivities against a predefined panel
of retinal or optic nerve antigens. Recently, many studies demon-
strated that high-resolution LC-MS/MS represents a powerful in-
strument to identify and quantify structures of highly diverse
antibodies without prior knowledge of the targeted (auto-) anti-
gens (31,32). This new approach provided highly specific IgG V do-
main peptides as potential biomarker candidates in diseases
such as lung cancer or multiple sclerosis (33,34) promising new
insights into autoimmune processes in glaucoma. To reduce the
complexity of the samples due to the high sequence variation of
antibodies, only tryptic peptides of purified Fab fragments were
analyzed by LC-MS as illustrated in Figure 1.

As shown in Figure 2, the Fab purification step showed a
high degree of reproducibility between the individual study
samples and was confirmed by the densitometric analysis of
the Fab protein spots. Data analysis of the discovery proteomic

Figure 4. Exemplary IgG V domain peptides sequences showing significant differences in the expression level between POAG patients (N¼13) and CTRL group (N¼15).

Peptides on the right were high abundant in the POAG group and peptides on the left were low abundant in POAG patients. Peptide abundances were revealed by

LC-MS followed by label-free quantification and statistical analysis (P<0.05; log2 fold change�0.5).
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study revealed in total 3753 peptides in both study groups with
a FDR< 1%. Around 3500 of these detected peptides were as-
signed to the variable IgG domain, whereas Singh et al. (2013)
(34) identified only around 1600 IgG V domain peptides despite a
larger study population of around 30 multiple sclerosis patients.
Instead of purifying only the Fab fragments for the analysis,
Singh et al. (2013) (34) sequenced the whole antibody structures
(heavy and light chain) using gel-based MS analysis. This may
results to the preferred detection of high abundant peptides
from the constant region of the antibodies masking the identifi-
cation of low abundant peptides from the variable region.
Tryptic IgG V domain peptides determine the antigen specificity
of the antibodies and are expected to show a higher variability
in case-control studies in comparison to peptides of the

constant IgG domain. Statistical analysis of the discovery data
revealed in total 75 peptides of the variable IgG domain showing
a significant level change (P< 0.05; log2 fold change� 0.5) be-
tween both study groups and demonstrates for the first time
that structures of the variable region of antibodies are associ-
ated to glaucoma (Figs 3–5). Most of these peptides derived from
relatively constant FR regions of the IgG framework rather than
from CDR regions. FR regions show much lesser mutations rela-
tive to hypervariable CDR sequences and are more likely to be
shared between several B cell clones. This leads to higher abun-
dances of FR peptides and favors the detection by mass
spectrometry instead of highly mutated CDR sequences.
Interestingly, around 90% of the IgG V domain peptides were
low abundant in the POAG group in contrast to CTRL. These

Figure 5. (A) Exemplary LC-MS total ion current chromatogram (TIC) displaying the exemplary identification of IgG V domain peptide sequence NSLYLQMNSLR anno-

tated as framework region 3 (FR3). The peptide sequence eluted around RT 85-89 min within a 180 min HPLC gradient. (B) MS-spectra showing the monoisotopic precur-

sor ion (m/z¼669.84) in a random set of CTRL subjects and POAG patients. Intensity of the precursor ion is observably larger in the CTRL group in contrast to POAG. (C)

Tandem MS spectra of the precursor ion (m/z¼669.84) representing the peptide sequence NSLYLQMNSLR.
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findings would be in accordance with our hypothesis that some
of these peptide sequences, incorporated in an antibody struc-
ture, may have a neuroprotective function in glaucoma and that
there loss maybe promotes the degeneration process of RGCs
in vivo (19–22). Recently, many studies demonstrated that short
synthetic peptides of CDR regions can mimic the function of
whole antibodies (mini-antibody) and exhibit antimicrobial and
antitumor activities in a range of in vitro/in vivo experiments
(38–40). Assuming that some of these low abundant IgG V do-
main peptides may promote neuroprotective activities in vivo
would offer new treatment possibilities in glaucoma therapy.
Interestingly Sohn et al. (2007) (41) and Britschgi et al. (2009) (42)
received similar results and proved that the normal ageing pro-
cess, also one main risk for glaucoma, leads to decreased sera
levels of neuroprotective antibodies against amyloidogenic pep-
tides favoring the formation of Alzheimer‘s disease in the el-
derly population. However, 28 of the IgG V domain peptides
were further validated by targeted MS showing a significant
lesser abundance in the POAG group in comparison to CTRL
(Table 1). A validation of in glaucoma high abundant peptide se-
quences was not possible.

In consideration of the fact that the antigen specificities of
the glaucoma-associated IgG V domain peptides are unknown,
it is very interesting that some of these peptide sequences are
already known in literature concerning with aberrant protein
deposits and other neurodegenerative diseases. In glaucoma
low abundant peptide sequences ASQSVSSYLAWYQQK (CDR1,
homologous to IGKV3-11*01) and ASQSVSSSYLAWYQQKPGQA
PR (CDR1, homologous to IGKV3-20*02), for instance, were iden-
tified by laser capture microdissection and LC-MS analysis as an
immunoglobulin derived deposit in the central nerve system
and are related to the disease pattern of light chain amyloidosis
(AL) (43). AL amyloidosis is defined as a rare disease caused by
proteinaceous deposits, particular immunoglobulin light chain
proteins, which occur in different parts of the body like kidney,
heart, brain or nerves (44). These abnormal protein aggregations

can dramatically interfere with proper organ function and are
also associated with plaque deposits in neurodegenerative dis-
eases like Parkinson (PD) or Alzheimer‘s (AD) disease (45–47).
Patients suffering from AL amyloidosis show increased concen-
trations of serum free light chains (FLC) and are used as bio-
marker in clinical diagnostics (44). POAG group showed a higher
statistical dispersion of j/k ratios of intact antibodies in contrast
to CTRL, but no significant difference (P¼ 0.65) was found be-
tween both groups (Supplementary Material, Fig. S4). The j/k ra-
tio of intact antibodies is about 3: 1 in healthy individuals and
was in agreement with our experimental data (24). This result
leads to the assumption that some of the cases may show a dys-
regulation in the light chain expression pattern resulting from a
disturbed B cell maturation. Moreover, representative peptides
AAPSVTLFPPSSEELQANK (C region, homologous to IGLC3*01)
and ADSSPVKAGVETTTPSK (C region, homologous to IGLC3*01)
from the constant region of the IgG light chain were also de-
tected in protein deposits of renal amyloidosis by MS (48). So
far, only some cases are known that ocular amyloidosis leads to
secondary glaucoma (49,50). However, our group proved in-
creased IgG antibody accumulations in glaucomatous donor
eyes accompanied by increased infiltration of CD27þ/IgGþ

plasma cells using immunohistochemical-staining techniques
(51). Moreover, by using an Experimental Autoimmune
Glaucoma (EAG) animal model we were able to demonstrate
that antibody deposits in the retina are associated with the neu-
rodegeneration process of retinal ganglion cells in vivo (52,53). If
these disturbed light chain expression pattern may favor the
formation of antibody deposits remains to be determined.
Gonzalez-Iglesias et al. (2014) (54) observed increased concentra-
tions of transthyretin and apolipoprotein A-1 in sera of POAG
patients by LC-MS analysis, both favoring the formation of amy-
loid deposits (55). In addition, our group verified increased levels
of transthyretin in aqueous humor of POAG patients, strength-
ening the probability of amyloid deposits close to the side of
damage (56). Another peptide sequence DIVMTQSPDSLAVSLGER

Figure 6. Principal component analysis (PCA) score plot for the 28 subjects. Clustering of the subjects was based on the abundances of the 75 significant differently ex-

pressed IgG V domain peptides. The cumulative proportions of PC1 and PC2 were 46.5% and 9%. The closer the data points in the figure the more similar are the individ-

uals to each other. PCA plot provides a clear separation of CTRL (open dots) and POAG (filled triangles) group without any overlap.
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(FR1, homologous to IGKV4-1*01), decreased in POAG patients,
was mentioned to be highly abundant in patients with presym-
tomatic AD (57). Also another study revealed many other signifi-
cant increased Ig kappa and lambda peptides in sera of AD
patients using MS-based techniques (58). D’Andrea et al. (2003
and 2005) (59,60) provided evidence of increased Ig concentra-
tions in AD brain tissues accompanied by increased neurode-
generative apoptotic effects and postulated to categorize
Alzheimer‘s disease as a novel autoimmune disease. However,
the exact role of this in glaucoma low abundant peptide se-
quence remains unclear, especially due to failed validation by
targeted MS.

Apart from focusing on the expression levels of single IgG V
domain peptides, we also investigated the preferred usage of
specific VH, VK or VK family members. The family distributions
were calculated at the individual patient level and compared be-
tween both study groups. VH3 was significantly higher ex-
pressed in the POAG group in contrast to CTRL (P¼ 0.04),
whereas family VH2 was slightly but significant diminished in
POAG patients (P¼ 0.01). No significant differences were found
in the family distribution of VK and VK between CTRL and
POAG group. Using LC-MS measurements Singh et al. (2013) (34)
proved increased family usage of VH3 and VH4 in the CSF of
multiple sclerosis patients and hypothesized that these changes

Figure 7. Expression profile of variable heavy chain (VH) family peptides in POAG patients in comparison to the CTRL group. Dashed horizontal lines represent median

values. Peptide counts were normalized at the individual patient level and only peptide sequences validated by MS/MS identification were included in the analysis.

Percentages of variable heavy chain family peptides are plotted along the y-axis. (A) Expression level of family VH3 was significantly increased in the POAG group

(P¼0.04). (B) Family VH2 was significantly decreased in POAG patients relative to the CTRL group (P¼0.01).
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are apparently driven by specific (auto-)antigenic pressures
influencing the clonal selection and expansion process during B
cell maturation. Also other studies validated the increased us-
age of VH4 gene segments in the CSF and brain of multiple scle-
rosis patients on the transcriptional level (61,62). This leads to
the assumption that some of the glaucoma-related antigens
(e.g. HSP27 or alpha fodrin), discovered by autoantibody profil-
ing, may favor the selection of specific V gene segments during
B cell maturation resulting in predefined antigen specificities of
the circulating antibodies. Interestingly also another study
showed that VH2 gene transcripts are significant overexpressed
in ankylosing spondylitis patients (63). Ankylosing spondylitis
is described as chronic inflammatory arthritis mainly located in
the joints of the spine leading to increasing stiffness of the pa-
tients over time. To what extant the decreased family usage of
VH2 is related to the pathomechanism of glaucoma remains
unclear.

In conclusion, this proteomic study shows for the first time
that peptides of the variable region of antibodies are related to
glaucoma and can be used to discriminate POAG patients from
healthy controls. Moreover, this study design combines unbi-
ased proteomic profiling strategies for discovery with targeted
MS for verification resulting in 28 IgG V domain peptides, which
are confidently low abundant in POAG patients. If these quanti-
tative differences are driven by autoantigens and to what extent
those are related to pathogenesis of glaucoma remains to be de-
termined. In future, it will be of great importance to perform the
experimental set-up with a larger cohort of study participants
in order to increase the robustness and reliability of the ob-
tained results.

Materials and Methods
Study samples

28 subjects were included in this study compromising of 13
patients with primary open-angle glaucoma (POAG; mean age¼
60 6 7 years; #: 5 $: 8) and 15 age-matched control subjects
(CTRL; mean age¼ 56 6 5 years; #: 4 $: 11). All subjects were re-
cruited for full ophthalmologic examination at the Department
of Ophthalmology (Medical Center of the Johannes Gutenberg
University Mainz, Germany). The investigation was conducted
in accordance with the tenets of the Declaration of Helsinki.
Inclusion criteria for POAG patients were IOP> 21 mm Hg, optic
disc cupping and visual field defects according the guidelines of
the European Glaucoma Society (64). Subjects with other types
of glaucoma, any kind of retinal or corneal pathology or eye sur-
geries within the last year were excluded from the study. Based
on verbal confirmation, none of the subjects had a history of
Diabetes mellitus, Alzheimer‘s disease, Parkinson’s disease, any
kind of other autoimmune diseases or cancer to our best knowl-
edge. The control group did not show any clinical signs of glau-
coma or any other eye disorders. Ten milliliters of venous blood
was taken from each subject after they gave their informed con-
sent. Blood samples were allowed to clot for 30 min at room
temperature and centrifuged at 3000 g for 10 min at 10� C. The
supernatant containing the sera was distributed in 1.5 ml ali-
quots and stored at -80� C.

IgG Fab purification

IgG was isolated from sera samples using CaptureSelectTM IgG-Fc
(Hu) Affinity Matrix (Thermo Fisher Scientific, Rockford, USA) ac-
cording to manufacturer‘s introductions with slight modifications.

All sera samples (100ml per subject) were diluted at a ratio 1: 3 with
PBS and subsequently added to the spin columns (Thermo Fisher
Scientific, Rockford, USA) containing anti IgG-Fc Affinity Matrix.
After 10 min of incubation, the spin columns were centrifuged at
5000 g for 2 min. The IgG remained attached to the beads and the
flow-through fraction was discarded. The samples were washed
three times with 400ml PBS to avoid unspecific bindings to the ma-
trix. Finally, the IgG fraction was eluted using 400ml PierceTM IgG
Elution Buffer pH 2.0 (Thermo Fisher Scientific, Rockford, USA) and
collected into tubes containing 1 M Tris HCl pH 8.5 to neutralize
the elution liquid. This procedure was repeated two times and the
eluate fractions were pooled. Protein amounts were estimated us-
ing BCA protein Assay Kit (Thermo Fisher Scientific, Rockford,
USA) according to the supplier‘s protocol with the modification
that bovine gamma globulin (BGG) was used as internal calibration
standard. Triplicate measurements were performed using
Multiscan Ascent photometer (Thermo Fisher Scientific, Rockford,
USA) at a wavelength of 570 nm. Afterwards, 600ml of the IgG elu-
ate was exchanged in 500ml papain digestion buffer (20 mM
cysteine�HCl 20 mM sodium phosphate 10 mM EDTA pH 7.0) by us-
ing an Amicon 10k centrifugal filter device (Millipore, Billerica,
USA). IgG were digested overnight at 37� C into Fab and Fc using
papain immobilized on agarose resin beads (Thermo Fisher
Scientific, Rockford, USA) according to the manufacturer‘s intro-
duction. Next day, 750ml 10 mM Tris � HCl pH 7.5 were added to the
samples and centrifuged at 2000 g for 2 min. The supernatant con-
taining the digested mixture was collected. After this, the digested
mixture was exchanged in 300ml PBS by using an Amicon 10k cen-
trifugal filter device. To purify Fab from Fc and the undigested IgG
the samples were loaded onto spin columns filled with
CaptureSelectTM IgG-Fc (Hu) Affinity Matrix. The flow-through frac-
tion containing the Fab was collected and protein measurement
was performed as described above. To check the quality of the Fab
isolation each sample was analyzed by 1-D SDS PAGE under re-
duced conditions. After separation, gels were fixed and stained us-
ing Novex Colloidal Blue Staining Kit (Invitrogen, Carlsbad, USA)
according to the supplier‘s protocol. Gels were destained overnight
with deionized water and scanned using a DCP-9042 CDN bench
top scanner (Brother Industries Ltd., Nagoya, Japan) at 600 dpi.
Protein bands were visually inspected to determine if Fab purifica-
tion steps were successful. Open-source ImageJ software (http://
imagej.nih.gov/ij/) was used to perform densitometric analysis of
the protein spots (65).

In-solution digestion

Purified Fab (20mg) were dried for 30 min in the SpeedVac
(Eppendorf, Darmstadt, Germany) and subjected for further In-
solution trypsin digestion using a method with slight adjust-
ments described earlier (66). In brief, the samples were resolved
in 30 ml 50 mM ammonium bicarbonate (NH4HCO3) and soni-
cated for 5 min. Afterwards disulfide bonds reduction of the
samples was performed with 100 mM DTT in NH4HCO3 at 56 �C
for 30 min following alkylation with 200 mM IAA in NH4HCO3
for 30 min in the dark. The reduced and alkylated Fab proteins
were further digested with 0.2 mg/ml trypsin (Promega,
Madison, USA) in 50 mM NH4HCO3 10% ACN at 37� C for 16 h.
The reaction was quenched using 0.1% formic acid and evapo-
rated in the Speedvac for 30 min until dryness. The dried sam-
ples were resolved in 20 ml 0.1% TFA and purified prior MS
analysis using ZIPTIPVR C18 solid phase extraction tips
(Millipore, Billerica, USA) according to manufacturer‘s
introductions.

4460 | Human Molecular Genetics, 2017, Vol. 26, No. 22

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/26/22/4451/4210001 by guest on 25 April 2024

Deleted Text: 4. 
Deleted Text: A
Deleted Text: 4. Materials and methods
Deleted Text: 4.1. 
Deleted Text: : 
Deleted Text: ten 
Deleted Text: utes
Deleted Text: 4.2. 
Deleted Text: F
Deleted Text: : 
Deleted Text: utes
Deleted Text: two 
Deleted Text: utes
Deleted Text: two 
Deleted Text: utes
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
Deleted Text: 4.3. 
Deleted Text: : 
Deleted Text: utes


LC–MS/MS analyses

LC-MS/MS measurements were carried out by a Rheos Allegro
pump (Thermo Fisher Scientific, Rockford, USA) downscaled to a
capillary HPLC system (flow rate: 6.7 6 0.3ml/min) online coupled
to a hybrid linear ion trap - Orbitrap MS (LTQ Orbitrap XL; Thermo
Fisher Scientific, Rockford, USA) (67,68). Six microliters of digested
Fab peptides (1.5 mg/ml) were loaded onto a BioBasicVR C18 col-
umn system (30 � 0.5 mm pre-columnþ 150 x 0.5 mm analytical
column; Thermo Fisher Scientific, Rockford, USA). Solvent A con-
sists of 2% ACN and 0.1% FA in water and solvent B consists of
80% ACN and 0.1% FA in water. Peptides were eluted within
180 min using following gradient: 5% solvent B (0–10 min), 5–50%
solvent B (10–170 min), 50–90% solvent B (170–177 min) and 90–
10% solvent B (177–180 min). For positive electrospray ionization
a low flow metal needle (Thermo Fisher Scientific, Rockford, USA)
was used, spray voltage was set to 2.15 kV and the heated capil-
lary temperature adjusted to 220 �C. LTQ Orbitrap operated in a
data-dependent acquisition method: High-resolution survey full
scan (from m/z 300 to 2000) was detected in the Orbitrap with a
resolution of 30.000 at 400 m/z and a target automatic gain control
of 1 x 106 ions. Lock mass was set to 445.120025 m/z (polydime-
thylcyclosiloxane) and used for internal calibration. Based on the
full scan the five most intense precursor ions were selected for
collision-induced dissociation (CID) fragmentation in the ion trap
applying normalized collision energy of 35%. Dynamic exclusion
settings included a repeat count of 3, repeat duration of 30 s, ex-
clusion list size of 100 and exclusion duration of 300 s. Inspection
and evaluation of the raw data was performed using visualization
tool Qual Browser v. 2.0.7 SP1 (Thermo Fisher Scientific, Rockford,
USA) and open-source software Massþþ (Shimadzu Corporation,
Kyoto, Tokyo).

Peptide identification

Acquired LC-MS profiles were analyzed by MAXQuant computa-
tional proteomics platform version 1.5.2.8 (Max Planck Institute
of Biochemistry, Martinsried) for peptide identification and
label-free quantification (69,70). Tandem MS spectra were
searched against NCBI human database (date: 05/01/16; se-
quences: 955.083 sequences) with following settings: peptide
mass tolerance of 6 30 ppm, fragment mass tolerance
of 6 0.5 Da, tryptic cleavage, a maximum of two missed cleav-
ages, carbamidomethylation as fixed modification of cysteine,
acetylation (N-terminal) and oxidation as variable modification
of methionine. Peptides were identified with a false discovery
rate< 1% (FDR) with� 6 amino acid residues. All peptide se-
quences identified in cases and controls were subsequently
aligned to variable (V), joining (J) and constant (C) germline se-
quences derived from the International ImMunoGeneTics
Information System (IMGT) database (Montpellier, France)
(71,72). According to previous studies IgBLASTp search algo-
rithm (NCBI IgBLAST version 1.4) was used to arrange the identi-
fied peptide sequences to the IgG framework (73). Peptide
alignments with a bitscore� 12.5 and alignment match� 70%
were evaluated as true hits and selected for further analysis ac-
cording to previous publications (30,34). Peptide sequences were
assigned automatically to their corresponding CDR or FR regions
according to the IMGT numbering system. Peptides were posi-
tioned in the IgG framework if a minimum of three amino acids
was part of a CDR or FR region. Since IgBLASTp algorithm was
not suitable to perform CDR3 identification automatically, se-
quence annotation was performed manually according to the
unique IMGT numbering system (74).

Statistical analysis

Results of the IgBLASTp search were combined with MaxQuant
generated output matrix containing protein hit, sequence,
length, mass, charge, score, intensity and MS/MS fragmentation
spectra of the detected peptides. The statistical analysis and
graphical presentation was performed using Perseus version
1.5.5.0 (Max Planck Institute of Biochemistry, Martinsried). At
first, the raw intensities of the detected peptides were log2

transformed for further analyses (75). Prior statistical analysis,
the output data were filtered for contaminants, reversed hits
and for a minimum number of valid values in at least one study
group (15 CTRL or 13 POAG subjects). After this, missing values
were replaced by their respective means assuming that these
peptides were close to the limit of detection (36). Finally, two-
sided t-test statistics with P values< 0.05 was applied to identify
significant glaucoma-related level changes in peptide abun-
dances. Further statistical analyses and graphical presentation
of data were performed using Statistica version 12 (Statsoft,
Tulsa, USA) and Excel 2010 function.

Targeted MS

In order to validate the glaucoma-associated IgG V domain pep-
tides observed in the discovery study a targeted MS strategy via
AIMS was performed (76). The Orbitrap MS system targets se-
lected masses on the software inclusion list in each MS scan
and requires only MS/MS spectra if a listed peptide is detected
with the accurate mass and charge state. Selection of the pep-
tides for the inclusion list was carried out manually using ex-
perimentally observable IgG V domain peptides which were
significant differentially distributed in the POAG group in con-
trast to CTRL in the discovery study (P< 0.05). The selected pro-
teolytic peptides were required to be fully tryptic with a
maximum of two missed cleavages. Purified Fab fragments
(20mg) of 14 controls and 13 POAG patients were subjected for
further In-solution trypsin digestion and analyzed individually
by targeted MS strategy. One control sample was excluded from
MS analysis because of sample material limitation. For targeted
MS analysis the Orbitrap MS system was operated with the pre-
viously described settings with some slight modifications
(68,77). The use of global parent list was enabled and the repeat
duration was set to 300 instead of 30 s. Acquired Tandem MS
spectra were searched against NCBI human database (date: 05/
01/16; sequences: 955.083 sequences) with the previous settings.
IgBLASTp search algorithm and IMGT database were used to as-
sign the identified peptides to their corresponding CDR or FR re-
gions as described above in detail.

A list of all identified peptides is provided in Supplementary
File S1. Information about the statistical analysis of discovery
and targeted MS data-set is listed in Supplementary File S2.

Supplementary Material
Supplementary Material is available at HMG online.

Conflict of Interest statement. None declared.

Funding
This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

4461Human Molecular Genetics, 2017, Vol. 26, No. 22 |

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/26/22/4451/4210001 by guest on 25 April 2024

Deleted Text: 4.4. 
Deleted Text:  
Deleted Text:  
Deleted Text: : 
Deleted Text: x
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: econds
Deleted Text: econds
Deleted Text: 4.5. 
Deleted Text: : 
Deleted Text: 4.6. 
Deleted Text: : 
Deleted Text: as
Deleted Text: 4.7. 
Deleted Text: : 
Deleted Text: accurate inclusion mass screening (
Deleted Text: )
Deleted Text: econds
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddx332#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddx332#supplementary-data
Deleted Text: s
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddx332#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddx332#supplementary-data
Deleted Text: Funding


References

1. Weinreb, R.N., Aung, T. and Medeiros, F.A. (2014) The patho-
physiology and treatment of glaucoma: a review. JAMA, 311,
1901–1911.

2. Quigley, H.A. and Broman, A.T. (2006) The number of people
with glaucoma worldwide in 2010 and 2020. Br. J.
Ophthalmol., 90, 262–267.

3. Gutteridge, I.F. (2000) Normal tension glaucoma: diagnostic
features and comparisons with primary open angle glau-
coma. Clin. Exp. Optom., 83, 161–172.

4. Guedes, G., Tsai, J.C. and Loewen, N.A. (2011) Glaucoma and
aging. Curr. Aging Sci., 4, 110–117.

5. Flammer, J., Orgul, S., Costa, V.P., Orzalesi, N., Krieglstein,
G.K., Serra, L.M., Renard, J.-P. and Stefansson, E. (2002) The
impact of ocular blood flow in glaucoma. Prog. Retin. Eye Res.,
21, 359–393.

6. Garcia-Valenzuela, E., Shareef, S., Walsh, J. and Sharma, S.C.
(1995) Programmed cell death of retinal ganglion cells during
experimental glaucoma. Exp. Eye Res., 61, 33–44.

7. Kumar, S., Malik, M.A., Goswami, S., Sihota, R. and Kaur, J.
(2016) Candidate genes involved in the susceptibility of pri-
mary open angle glaucoma. Gene, 577, 119–131.

8. Tikunova, E.V. and Churnosov, M.I. (2014) Genetic studies of
primary open-angle glaucoma. Vestn. Oftalmol., 130, 96–99.

9. Harada, T., Harada, C., Nakamura, K., Quah, H.-M.A.,
Okumura, A., Namekata, K., Saeki, T., Aihara, M., Yoshida, H.
and Mitani, A. (2007) The potential role of glutamate trans-
porters in the pathogenesis of normal tension glaucoma.
J. Clin. Invest., 117, 1763–1770.

10. Grus, F.H., Joachim, S.C., Hoffmann, E.M. and Pfeiffer, N.
(2004) Complex autoantibody repertoires in patients with
glaucoma. Mol. Vis., 10, 132–137.

11. Grus, F.H., Joachim, S.C. and Pfeiffer, N. (2003) Analysis of
complex autoantibody repertoires by surface-enhanced la-
ser desorption/ionization-time of flight mass spectrometry.
Proteomics, 3, 957–961.

12. Wax, M.B., Tezel, G., Kawase, K. and Kitazawa, Y. (2001)
Serum autoantibodies to heat shock proteins in glaucoma
patients from Japan and the United States. Ophthalmology,
108, 296–302.

13. Yang, J., Tezel, G., Patil, R.V., Romano, C. and Wax,
M.B. (2001) Serum autoantibody against glutathione
S-transferase in patients with glaucoma. Invest. Ophthalmol.
Vis. Sci., 42, 1273–1276.

14. Grus, F.H., Joachim, S.C., Bruns, K., Lackner, K.J., Pfeiffer, N.
and Wax, M.B. (2006) Serum autoantibodies to alpha-fodrin
are present in glaucoma patients from Germany and the
United States. Invest. Ophthalmol. Vis. Sci., 47, 968–976.

15. Tezel, G., Edward, D.P. and Wax, M.B. (1999) Serum autoanti-
bodies to optic nerve head glycosaminoglycans in patients
with glaucoma. Arch. Ophthalmol., 117, 917–924.

16. Maruyama, I., Ohguro, H. and Ikeda, Y. (2000) Retinal gan-
glion cells recognized by serum autoantibody against
gamma-enolase found in glaucoma patients. Invest.
Ophthalmol. Vis. Sci., 41, 1657–1665.

17. Joachim, S.C., Reichelt, J., Berneiser, S., Pfeiffer, N. and Grus,
F.H. (2008) Sera of glaucoma patients show autoantibodies
against myelin basic protein and complex autoantibody pro-
files against human optic nerve antigens. Graefes Arch. Clin.
Exp. Ophthalmol., 246, 573–580.

18. Tezel, G. and Wax, M.B. (2000) The mechanisms of hsp27
antibody-mediated apoptosis in retinal neuronal cells. J.
Neurosci., 20, 3552–3562.

19. Wilding, C., Bell, K., Beck, S., Funke, S., Pfeiffer, N., Grus, F.H.
and Vavvas, D. (2014) gamma-Synuclein antibodies have
neuroprotective potential on neuroretinal cells via proteins
of the mitochondrial apoptosis pathway. PLoS ONE, 9,
e90737.

20. Bell, K., Wilding, C., Funke, S., Pfeiffer, N. and Grus, F.H.
(2015) Protective effect of 14-3-3 antibodies on stressed neu-
roretinal cells via the mitochondrial apoptosis pathway.
BMC Ophthalmol., 15, 64.

21. Bell, K., Wilding, C., Funke, S., Perumal, N., Beck, S., Wolters,
D., Holz-Muller, J., Pfeiffer, N. and Grus, F.H. (2016)
Neuroprotective effects of antibodies on retinal ganglion
cells in an adolescent retina organ culture. J. Neurochem.,
139, 256–269.

22. Wilding, C., Bell, K., Funke, S., Beck, S., Pfeiffer, N. and Grus,
F.H. (2015) GFAP antibodies show protective effect on oxida-
tively stressed neuroretinal cells via interaction with ERP57.
J. Pharmacol. Sci., 127, 298–304.

23. Abbas, A.K., Lichtman, A.H. and Pillai, S. (2011) Cellular and
Molecular Immunology. Saunders Elsevier, Philadelphia, PA.

24. Schroeder, H.W. Jr and Cavacini, L. (2010) Structure and func-
tion of immunoglobulins. J. Allergy Clin. Immunol., 125, 52.

25. Xu, J.L. and Davis, M.M. (2000) Diversity in the CDR3 region of
V(H) is sufficient for most antibody specificities. Immunity,
13, 37–45.

26. Saada, R., Weinberger, M., Shahaf, G. and Mehr, R. (2007)
Models for antigen receptor gene rearrangement: CDR3
length. Immunol. Cell Biol., 85, 323–332.

27. Li, Z., Woo, C.J., Iglesias-Ussel, M.D., Ronai, D. and Scharff,
M.D. (2004) The generation of antibody diversity through so-
matic hypermutation and class switch recombination. Genes
Dev., 18, 1–11.

28. Hoogeboom, R., van Kessel, K.P.M., Hochstenbach, F.,
Wormhoudt, T.A., Reinten, R.J.A., Wagner, K., Kater, A.P.,
Guikema, J.E.J., Bende, R.J. and van Noesel, C.J.M. (2013) A
mutated B cell chronic lymphocytic leukemia subset that
recognizes and responds to fungi. J. Exp. Med., 210, 59–70.

29. Scheid, J.F., Mouquet, H., Ueberheide, B., Diskin, R., Klein, F.,
Oliveira, T.Y.K., Pietzsch, J., Fenyo, D., Abadir, A., Velinzon,
K. et al. (2011) Sequence and structural convergence of broad
and potent HIV antibodies that mimic CD4 binding. Science,
333, 1633–1637.

30. VanDuijn, M.M., Dekker, L.J.M., Zeneyedpour, L., Smitt,
P.A.E.S. and Luider, T.M. (2010) Immune responses are char-
acterized by specific shared immunoglobulin peptides that
can be detected by proteomic techniques. J. Biol. Chem., 285,
29247–29253.

31. de Costa, D., Broodman, I., VanDuijn, M.M., Stingl, C.,
Dekker, L.J.M., Burgers, P.C., Hoogsteden, H.C., Sillevis Smitt,
P.A.E., van Klaveren, R.J. and Luider, T.M. (2010) Sequencing
and quantifying IgG fragments and antigen-binding regions
by mass spectrometry. J. Proteome Res., 9, 2937–2945.

32. Dekker, L.J.M., Zeneyedpour, L., Brouwer, E., Duijn, M.M.,
Sillevis Smitt, P.A.E. and Luider, T.M. (2011) An
antibody-based biomarker discovery method by mass spec-
trometry sequencing of complementarity determining re-
gions. Anal. Bioanal. Chem., 399, 1081–1091.

33. de Costa, D., Broodman, I., Calame, W., Stingl, C., Dekker,
L.J.M., Vernhout, R.M., de Koning, H.J., Hoogsteden, H.C.,
Smitt, P.A.E.S., van Klaveren, R.J. et al. (2014) Peptides from
the variable region of specific antibodies are shared among
lung cancer patients. PLoS ONE, 9, e96029.

34. Singh, V., Stoop, M.P., Stingl, C., Luitwieler, R.L., Dekker, L.J.,
van Duijn, M.M., Kreft, K.L., Luider, T.M. and Hintzen, R.Q.

4462 | Human Molecular Genetics, 2017, Vol. 26, No. 22

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/26/22/4451/4210001 by guest on 25 April 2024



(2013) Cerebrospinal-fluid-derived immunoglobulin G of dif-
ferent multiple sclerosis patients shares mutated sequences
in complementarity determining regions. Mol. Cell.
Proteomics, 12, 3924–3934.

35. Maat, P., VanDuijn, M., Brouwer, E., Dekker, L., Zeneyedpour,
L., Luider, T. and Smitt, P.S. (2012) Mass spectrometric detec-
tion of antigen-specific immunoglobulin peptides in para-
neoplastic patient sera. J. Autoimmun., 38, 354–360.

36. Karpievitch, Y.V., Dabney, A.R. and Smith, R.D. (2012)
Normalization and missing value imputation for label-free
LC-MS analysis. BMC Bioinformatics, 13 Suppl 16, S5.

37. Sitnikova, T. and Su, C. (1998) Coevolution of immunoglobu-
lin heavy- and light-chain variable-region gene families.
Mol. Biol. Evol., 15, 617–625.

38. Polonelli, L., Ponton, J., Elguezabal, N., Moragues, M.D., Casoli,
C., Pilotti, E., Ronzi, P., Dobroff, A.S., Rodrigues, E.G. and
Juliano, M.A. (2008) Antibody complementarity-determining
regions (CDRs) can display differential antimicrobial, antiviral
and antitumor activities. PLoS ONE, 3, e2371.

39. Rabaca, A.N., Arruda, D.C., Figueiredo, C.R., Massaoka, M.H.,
Farias, C.F., Tada, D.B., Maia, V.C., Silva Junior, P.I., Girola, N.,
Real, F. et al. (2016) AC-1001 H3 CDR peptide induces apopto-
sis and signs of autophagy in vitro and exhibits antimeta-
static activity in a syngeneic melanoma model. FEBS Open
Bio., 6, 885–901.

40. Timmerman, P., Barderas, R., Desmet, J., Altschuh, D.,
Shochat, S., Hollestelle, M.J., Hoppener, J.W.M., Monasterio,
A., Casal, J.I. and Meloen, R.H. (2009) A combinatorial ap-
proach for the design of complementarity-determining re-
gion-derived peptidomimetics with in vitro anti-tumoral
activity. J. Biol. Chem., 284, 34126–34134.

41. Sohn, J.-H., So, J.O., Kim, H., Nam, E.J., Ha, H.J., Kim, Y.H. and
Mook-Jung, I. (2007) Reduced serum level of antibodies
against amyloid beta peptide is associated with aging in
Tg2576 mice. Biochem. Biophys. Res. Commun., 361, 800–804.

42. Britschgi, M., Olin, C.E., Johns, H.T., Takeda-Uchimura, Y.,
LeMieux, M.C., Rufibach, K., Rajadas, J., Zhang, H., Tomooka,
B., Robinson, W.H. et al. (2009) Neuroprotective natural anti-
bodies to assemblies of amyloidogenic peptides decrease
with normal aging and advancing Alzheimer’s disease. Proc.
Natl. Acad. Sci. U S A, 106, 12145–12150.

43. Rodriguez, F.J., Gamez, J.D., Vrana, J.A., Theis, J.D., Giannini, C.,
Scheithauer, B.W., Parisi, J.E., Lucchinetti, C.F., Pendlebury,
W.W., Bergen, H.R.3. et al. (2008) Immunoglobulin derived de-
positions in the nervous system: novel mass spectrometry ap-
plication for protein characterization in formalin-fixed
tissues. Lab. Invest., 88, 1024–1037.

44. Baker, K.R. and Rice, L. (2012) The amyloidoses: clinical features,
diagnosis and treatment. Methodist Debakey Cardiovasc. J., 8, 3–7.

45. Vidal, R. and Ghetti, B. (2011) Characterization of amyloid de-
posits in neurodegenerative diseases. Methods Mol. Biol., 793,
241–258.

46. Koo, E.H., Lansbury, P.T., JR. and Kelly, J.W. (1999) Amyloid
diseases: abnormal protein aggregation in neurodegenera-
tion. Proc. Natl. Acad. Sci. U S A, 96, 9989–9990.

47. Dugger, B.N., Serrano, G.E., Sue, L.I., Walker, D.G., Adler, C.H.,
Shill, H.A., Sabbagh, M.N., Caviness, J.N., Hidalgo, J., Saxon-
Labelle, M. et al. (2012) Presence of Striatal Amyloid Plaques
in Parkinson’s Disease Dementia Predicts Concomitant
Alzheimer’s Disease: Usefulness for Amyloid Imaging. J.
Parkinsons Dis., 2, 57–65.

48. Sethi, S., Vrana, J.A., Theis, J.D., Leung, N., Sethi, A., Nasr,
S.H., Fervenza, F.C., Cornell, L.D., Fidler, M.E. and Dogan, A.
(2012) Laser microdissection and mass spectrometry-based

proteomics aids the diagnosis and typing of renal amyloid-
osis. Kidney Int., 82, 226–234.

49. Nelson, G.A., Edward, D.P. and Wilensky, J.T. (1999) Ocular
amyloidosis and secondary glaucoma. Ophthalmology, 106,
1363–1366.

50. Tsukahara, S. and Matsuo, T. (1977) Secondary glaucoma
accompanied with primary familial amyloidosis.
Ophthalmologica, 175, 250–262.

51. Gramlich, O.W., Beck, S., von Thun und Hohenstein-Blaul,
N., Boehm, N., Ziegler, A., Vetter, J.M., Pfeiffer, N., Grus, F.H.
and Trounce, I.A. (2013) Enhanced insight into the autoim-
mune component of glaucoma: IgG autoantibody accumula-
tion and pro-inflammatory conditions in human
glaucomatous retina. PLoS ONE, 8, e57557.

52. Joachim, S.C., Gramlich, O.W., Laspas, P., Schmid, H., Beck,
S., von Pein, H.D., Dick, H.B., Pfeiffer, N., Grus, F.H. and Libby,
R. (2012) Retinal ganglion cell loss is accompanied by anti-
body depositions and increased levels of microglia after im-
munization with retinal antigens. PLoS ONE, 7, e40616.

53. Joachim, S.C., Mondon, C., Gramlich, O.W., Grus, F.H. and
Dick, H.B. (2014) Apoptotic retinal ganglion cell death in an
autoimmune glaucoma model is accompanied by antibody
depositions. J. Mol. Neurosci., 52, 216–224.

54. Gonzalez-Iglesias, H., Alvarez, L., Garcia, M., Escribano, J.,
Rodriguez-Calvo, P.P., Fernandez-Vega, L. and Coca-Prados,
M. (2014) Comparative proteomic study in serum of patients
with primary open-angle glaucoma and pseudoexfoliation
glaucoma. J. Proteomics, 98, 65–78.

55. Gertz, M.A. (2004) The classification and typing of amyloid
deposits. Am. J. Clin. Pathol., 121, 787–789.

56. Grus, F.H., Joachim, S.C., Sandmann, S., Thiel, U., Bruns, K.,
Lackner, K.J. and Pfeiffer, N. (2008) Transthyretin and com-
plex protein pattern in aqueous humor of patients with pri-
mary open-angle glaucoma. Mol. Vis., 14, 1437–1445.

57. IJsselstijn, L., Dekker, L.J.M., Stingl, C., van der Weiden, M.M.,
Hofman, A., Kros, J.M., Koudstaal, P.J., Sillevis Smitt, P.A.E.,
Ikram, M.A., Breteler, M.M.B. and Luider, T.M. (2011) Serum
levels of pregnancy zone protein are elevated in presympto-
matic Alzheimer’s disease. J. Proteome Res., 10, 4902–4910.

58. Hye, A., Lynham, S., Thambisetty, M., Causevic, M.,
Campbell, J., Byers, H.L., Hooper, C., Rijsdijk, F., Tabrizi, S.J.,
Banner, S. et al. (2006) Proteome-based plasma biomarkers
for Alzheimer’s disease. Brain, 129, 3042–3050.

59. D’Andrea, M.R. (2003) Evidence linking neuronal cell death
to autoimmunity in Alzheimer’s disease. Brain Res., 982,
19–30.

60. D’Andrea, M.R. (2005) Add Alzheimer’s disease to the list of
autoimmune diseases. Med. Hypotheses, 64, 458–463.

61. Owens, G.P., Kannus, H., Burgoon, M.P., Smith-Jensen, T.,
Devlin, M.E. and Gilden, D.H. (1998) Restricted use of VH4
germline segments in an acute multiple sclerosis brain. Ann.
Neurol., 43, 236–243.

62. Owens, G.P., Winges, K.M., Ritchie, A.M., Edwards, S.,
Burgoon, M.P., Lehnhoff, L., Nielsen, K., Corboy, J., Gilden,
D.H. and Bennett, J.L. (2007) VH4 gene segments dominate
the intrathecal humoral immune response in multiple scle-
rosis. J. Immunol., 179, 6343–6351.

63. Kim, Y.J., Kim, N.Y., Lee, M.K., Choi, H.J., Baek, H.J. and Nam,
C.H. (2010) Overexpression and unique rearrangement of
VH2 transcripts in immunoglobulin variable heavy chain
genes in ankylosing spondylitis patients. Exp. Mol. Med., 42,
319–326.

64. (2017) European Glaucoma Society Terminology and
Guidelines for Glaucoma, 4th Edition - Chapter 2: Classification

4463Human Molecular Genetics, 2017, Vol. 26, No. 22 |

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/26/22/4451/4210001 by guest on 25 April 2024



and terminologySupported by the EGS Foundation: Part 1:
Foreword; Introduction; Glossary; Chapter 2 Classification and
Terminology. Br. J. Ophthalmol., 101, 73–127.

65. Schneider, C.A., Rasband, W.S. and Eliceiri, K.W. (2012) NIH
Image to ImageJ: 25 years of image analysis. Nat. Methods, 9,
671–675.

66. Leon, I.R., Schwammle, V., Jensen, O.N. and Sprenger, R.R.
(2013) Quantitative assessment of in-solution digestion effi-
ciency identifies optimal protocols for unbiased protein
analysis. Mol. Cell. Proteomics, 12, 2992–3005.

67. Funke, S., Markowitsch, S., Schmelter, C., Perumal, N.,
Mwiiri, F.K., Gabel-Scheurich, S., Pfeiffer, N. and Grus, F.H.
(2016) In-depth proteomic analysis of the porcine retina by
use of a four step differential extraction bottom up LC MS
platform. Mol. Neurobiol., DOI: 10.1007/s12035-016-0172-0

68. Perumal, N., Funke, S., Pfeiffer, N. and Grus, F.H. (2016)
Proteomics analysis of human tears from aqueous-deficient
and evaporative dry eye patients. Sci. Rep., 6, 29629.

69. Cox, J. and Mann, M. (2008) MaxQuant enables high peptide
identification rates, individualized p.p.b.-range mass accu-
racies and proteome-wide protein quantification. Nat.
Biotechnol., 26, 1367–1372.

70. Cox, J., Neuhauser, N., Michalski, A., Scheltema, R.A., Olsen,
J.V. and Mann, M. (2011) Andromeda: a peptide search en-
gine integrated into the MaxQuant environment. J. Proteome
Res., 10, 1794–1805.

71. Lefranc, M.-P., Giudicelli, V., Duroux, P., Jabado-Michaloud,
J., Folch, G., Aouinti, S., Carillon, E., Duvergey, H., Houles, A.,

Paysan-Lafosse, T. et al. (2015) IMGT(R), the international
ImMunoGeneTics information system(R) 25 years on. Nucleic
Acids Res., 43, D413–D422.

72. Lefranc, M.-P. (2014) Antibody Informatics: IMGT, the
International ImMunoGeneTics Information System.
Microbiol. Spectr., 2.

73. Ye, J., Ma, N., Madden, T.L. and Ostell, J.M. (2013) IgBLAST: an
immunoglobulin variable domain sequence analysis tool.
Nucleic Acids Res., 41, W34–W40.

74. Lefranc, M.-P., Pommie, C., Ruiz, M., Giudicelli, V., Foulquier,
E., Truong, L., Thouvenin-Contet, V. and Lefranc, G. (2003)
IMGT unique numbering for immunoglobulin and T cell re-
ceptor variable domains and Ig superfamily V-like domains.
Dev. Comp. Immunol., 27, 55–77.

75. Cox, J. and Mann, M. (2012) 1D and 2D annotation enrich-
ment: a statistical method integrating quantitative proteo-
mics with complementary high-throughput data. BMC
Bioinformatics, 13, S12.

76. Jaffe, J.D., Keshishian, H., Chang, B., Addona, T.A., Gillette,
M.A. and Carr, S.A. (2008) Accurate inclusion mass screen-
ing: a bridge from unbiased discovery to targeted assay de-
velopment for biomarker verification. Mol. Cell. Proteomics, 7,
1952–1962.

77. Perumal, N., Funke, S., Wolters, D., Pfeiffer, N. and Grus, F.H.
(2015) Characterization of human reflex tear proteome re-
veals high expression of lacrimal proline-rich protein 4
(PRR4). Proteomics, 15, 3370–3381.

4464 | Human Molecular Genetics, 2017, Vol. 26, No. 22

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/26/22/4451/4210001 by guest on 25 April 2024


	ddx332-TF1

