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Abstract 

Glaucoma is a neurodegenerative eye disease manifested by the slow progressive loss of 

retinal ganglion cells (RGC) and their axons, leading to optic nerve damages and visual field 

defects. Although glaucoma is clinically well known for many years by now, the elevated 

intraocular pressure (IOP) remains the major risk factor for the development of glaucoma and 

IOP-lowering medications still represent the gold standard in glaucoma therapy. However, 

rather than preventing or even curing the neurological damages the current therapeutic 

approaches can just delay and slow down the disease progression. These circumstances 

emphasize the urgent need for the development of new diagnostic or therapeutic strategies 

in order to provide a personalized medical management for each glaucoma patient.  

The main objective of this doctoral thesis was to characterize the highly diverse antibody 

repertoire by liquid chromatography-mass spectrometry (LC-MS)-based quantitative 

proteomics and to identify new specific and sensitive biomarker candidates. As most 

important result, we identified 75 peptides of the variable IgG domain as potential biomarkers 

in primary-open angle glaucoma (POAG) patients. Moreover, we observed significant shifts in 

the variable heavy chain family distribution and disturbed κ/λ ratios in POAG patients 

strengthening the assumption of glaucoma-induced effects on the systemic humoral immune 

response. As second part of the project, we proved the neuroprotective potential of synthetic 

glaucoma-associated complementarity-determining regions (CDR) on RGCs ex vivo. 

Particularly, the treatment with CDR1 peptide ASGYTFTNYGLSWVR resulted in about 30 % 

significant higher RGC survival rates which can possibly be traced back to the active inhibition 

or modulation of the molecular function of mitochondrial protein serine protease HTRA2. This 

specific peptide-protein interaction led to significant lesser cellular stress responses and 

increased activation of antioxidative signaling pathways in the CDR-treated retinal explants. 

As final part of this doctoral thesis, we compared the analytical performance of two 

solid-phase extraction (SPE) methods for sample clean-up and peptide enrichment prior to 

LC-MS analysis. The retinal proteome of the house swine (Sus scrofa domesticus) provides 

excellent requirements for this qualitative as well as quantitative MS-based comparison and 

delivered convincing results in terms of ocular proteomics. Both SPE systems worked equally 

well regarding sensitivity, reproducibility and protein/peptide recovery. But in terms of 

analysis speed and semi-automation, the centrifugal-based SPE technology (SOLAµTM HRP) 

clearly benefits compared to the pipette tip-based SPE method (ZIPTIP® C18).  
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In conclusion, the present doctoral thesis provided deep and detailed insights into the 

complex autoimmune processes in the pathophysiology of glaucoma and emphasized 

synthetic CDR peptides as innovative new strategy in future glaucoma therapy. Moreover, the 

faster and more standardized analytical procedure for the LC-MS analysis will facilitate the 

management as well as coordination of high-throughput study designs and will significantly 

increase the quality of large-scale research projects in future. 
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Zusammenfassung 

Das Glaukom beschreibt eine neurodegenerative Erkrankung des Auges, charakterisiert durch 

den langsamen, progressiven Verlust der retinalen Ganglionzellen (RGZ) und deren Axone, 

gefolgt von Schäden am Sehnerv und irreversiblen Gesichtsfeldausfällen. Seit vielen Jahren ist 

ein erhöhter Augeninnendruck (IOD) als wichtiger Hauptrisikofaktor für die Entwicklung eines 

Glaukoms bekannt und IOD-senkende Medikamente bilden nach wie vor den Goldstandard in 

der Glaukom-Therapie. Nichtsdestotrotz führen die derzeitig verfügbaren Therapieansätze 

nur zu einer Verlangsamung des eigentlichen Krankheitsverlaufs, aber können ein 

Fortschreiten der neurologischen Schäden weder verhindern noch heilen. Aus diesen Gründen 

ist es von entscheidender Bedeutung neue diagnostische oder therapeutische Strategien zu 

entwickeln, um eine personalisierte und angemessene medizinische Behandlung der 

Glaukom-Patienten zu gewährleisten. 

Das Hauptziel dieser Forschungsarbeit war es, dass hochdiverse Antikörperrepertoire mit tels 

der Hochflüssigkeitschromatographie-massenspektrometrisch (LC-MS)-basierten Proteomik 

zu analysieren und neue spezifische sowie sensitive Immun-Peptidmarker zu detektieren. Als 

primäres Resultat konnten wir 75 Peptide der variablen IgG Domäne als potenzielle Biomarker 

des primären Offenwinkelglaukoms (POWG) identifizieren. Des Weiteren konnten wir 

signifikante Unterschiede innerhalb des variablen Gensegment-Expressionsprofils der 

schweren Kette sowie gestörte κ/λ-Verhältnisse in POWG-Patienten feststellen, die auf 

Glaukom-induzierte Effekte innerhalb der systemisch humoralen Immunantwort hindeuten. 

Im weiteren Rahmen dieser Arbeit wurde das neuroprotektive Potenzial von synthetischen 

Glaukom-assoziierten hypervariablen Regionen (HVR) auf RGZ ex vivo überprüft. Vor allem das 

HVR1-Sequenzmotiv ASGYTFTNYGLSWVR konnte eine um 30 % signifikant erhöhte 

RGZ-Überlebensrate induzieren, welche wahrscheinlich auf die aktive Inhibierung oder 

Modulierung der Proteinaktivität der mitochondrialen Serinprotease HTRA2 zurückzuführen 

ist. Außerdem führte diese spezifische Peptid-Protein Interaktion zu einer signifikant 

verminderten zellulären Stressantwort und zu einer vermehrten Aktivierung von 

antioxidativen Signalwegen in den HVR-behandelten retinalen Explantaten. Zum Abschluss 

dieser Forschungsarbeit wurden zwei Festphasenextraktionsmethoden (FPE) , welche 

hauptsächlich zur Probenaufreinigung bzw. Peptidanreicherung vor der LC-MS Analyse 

dienen, hinsichtlich ihrer analytischen Leistungsfähigkeit miteinander verglichen. Das retinale 

Proteom des Hausschweins (Sus scrofa domesticus) bietet exzellente Voraussetzungen für 



  Zusammenfassung 

4 

diesen MS-basierten qualitativen als auch quantitativen Vergleich und sollte daher auch eine 

aussagekräftige Beurteilung beider Systeme hinsichtlich der Anwendung auf 

Augen-spezifische Proteinmarker erlauben. Beide FPE-Systeme zeigten vergleichbare 

Resultate bezüglich der Sensitivität, Reproduzierbarkeit und der spezifischen 

Protein/Peptid-Detektionsrate während der LC-MS Analyse. Allerdings in Anbetracht der 

Analysegeschwindigkeit und des halbautomatisierten Anwendungsprotokolls bietet die 

Zentrifugen-kompatible FPE-Technologie (SOLAµTM HRP) deutlich mehr Vorteile als das 

Pipettenspitzen-basierte FPE-System (ZIPTIP® C18). 

Die Ergebnisse dieser Forschungsarbeit konnten einen tiefen und detaillierten Einblick in die 

komplexen, autoimmun-assoziierten Prozesse der Glaukom-Erkrankung geben und belegen 

darüber hinaus das große, neuroprotektive Potenzial von synthetischen HRP-Peptiden in der 

zukünftigen Glaukom-Therapie. Darüber hinaus wird das schnellere als auch standardisierte 

FPE-basierte Probenvorbereitungsprotokoll für die LC-MS Analyse die Planung und 

Koordination von Hochdurchsatz-orientierten Studiendesigns deutlich erleichtern und die 

Qualität von zukünftigen Großforschungsprojekten erheblich steigern. 
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1 Introduction 

1.1 Glaucoma - Pathology, diagnostics and treatment 

Glaucoma is defined as a multifactorial neurodegenerative disease manifested by a slow 

progressive loss of retinal ganglion cells (RGC) and their axons, and optic nerve damages 

resulting in visual field defects and irreversible blindness (see Figure 1) [1]. It is one of the 

leading causes of blindness worldwide and at the age of 70 around 7 % of the population are 

suffering from glaucoma. From 2010 to 2020 it is expected that the prevalence for glaucoma 

will increase from 64.3 million to 76.0 million people in the whole world and will end up with 

111.8 million people affected by glaucoma in 2040 [2]. One major risk factor for developing 

glaucoma is an elevated intraocular pressure (IOP), but besides this there are many other 

pathologic factors discussed such as advanced age [3], vascular blood flow [4], apoptosis [5], 

mitochondrial dysfunction [6] or genetic predisposition [7]. In the past recent years it was also 

extensively shown that autoimmunity plays an essential role in the pathogenesis of glaucoma 

[8,9], which will be discussed in detail in chapter 1.4.

 

Figure 1: Condition of the optic nerve head in healthy and glaucomatous eyes. (A) Fundoscopy of a healthy and 
glaucomatous optic nerve head. Glaucomatous optic nerve disk is enlarged and deepened. Arrow indicates an 
optic disc haemorrhage in the glaucoma eye (B) Longitudinal cross-section of the optic nerve head of a 
glaucomatous eye and a healthy control eye. An excavation of the optic nerve disk and a loss of retinal nerve 
fiber layer (RNFL) can be observed in the glaucoma eye. Il lustration was published by Weinreb et al. (2004) [10]. 

Approximately 70 % of the patients show an elevated IOP (> 21 mmHg) and are classified as 

primary open-angle glaucoma patients (POAG). A much more rare type of this eye disease 

represents the angle-closure glaucoma (ACG) or acute glaucoma, which is characterized by 

the mechanic blockade of the drainage canals in the angle of the anterior chamber resulting 
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in a tremendous increase of the IOP [11]. However, 30 % of all glaucoma patients never 

develop an elevated IOP (10 to 21 mmHg) and are termed as normal-tension glaucoma 

patients (NTG) [12]. Particularly this type of glaucoma is generally believed to occur because 

of the reduced blood flow to the optic nerve and vascular dysfunction accompanied by 

ischemia of the surrounding tissues [12]. Moreover, around 4-7 % of the people over the age 

of 40 show a prevalence for an ocular hypertension (OHT, IOP > 21 mmHg), but only around 

1 % of this risk group develops glaucoma per year [13]. These findings indicate that an elevated 

IOP is not the sole reason for the development of glaucoma strengthening the assumption 

that the etiopathology of this eye disease is influenced by many other factors. Besides this, 

glaucoma can also occur as secondary disease as e.g. in pseudoexfoliation syndrome (PEXG) 

patients, who are developing this kind of eye disorder probably because of abnormal protein 

deposits in the trabecular meshwork followed by reduced aqueous humor outflow and IOP 

increase [14].  

At present, the most promising therapeutic approaches (e.g. medications, laser treatment or 

surgery) aim for lowering the IOP, which slows down the disease progression but does not 

cure or prevent the disease [1,15]. In general, IOP-lowering drugs can be divided into 5 major 

classes comprising prostaglandin analogs, beta-blockers, diuretics, alpha agonists and 

cholinergic agonists [15]. As first-line treatment, prostaglandin analogs or beta-blockers are 

prescribed to the patients as monotherapy or in combination, since these medications already 

showed reliable IOP-lowering efficacy in long-term study designs [16,17]. Prostaglandin 

analogues lower the IOP by increasing the uveoscleral outflow of the aqueous humor, whereas 

beta blockers show this effect by decreasing aqueous humor production [1,15]. If the 

IOP-lowering effects are still missing, the patients will be treated additionally with second-line 

drugs with other mechanism of action in order to accomplish successful and continuous IOP 

reduction. Nevertheless, many of the current available medications have a multitude of local 

adverse effects such as stinging, burning, blurred vision, eye redness and discomfort through 

to serious systemic adverse effects such as bradycardia, irregular pulse, low blood pressure 

and  asthma attacks [15,18]. In the absence of beneficial effects during medical management 

or because of pre-existing conditions of the patients, laser therapies or trabeculectomy 

represent currently the methods of choice for successful glaucoma therapy. Selective laser 

trabeculoplasty (SLE), for instance, represents the most widely used and accepted laser 

therapy for several forms of glaucoma (reviewed in [19]) and was shown to reduce the IOP 
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more than 20 % from baseline during the first 6 months of treatment [20]. However, it was 

also proved that SLE-induced IOP reduction decreased in 50 % of the patients after two years 

post-surgery [21] and serves nowadays mainly as additional treatment, especially if medical 

management alone does not lower the IOP adequately [19]. Altogether, there is no proper 

cure available for glaucoma so far, highlighting the importance of research going on in the 

ophthalmologic field in order to unravel the molecular mechanism and signaling pathways 

involved in the complex pathophysiology of glaucoma. 

Besides the lack of proper treatment possibilities in glaucoma therapy, the diagnosis is also a 

very challenging task, since classical symptoms such as reduced reading ability or clinically 

detectable vision field defects for long time periods do not cause any symptoms. Due to that 

reason, they can only be detected at advanced stages of the disease using the routine clinical 

examinations. At early stages the visual field defects can be compensated by the brain and 

any sensation of pain is missing. Current routine investigations for the diagnosis of glaucoma 

are performed via repeated measurement of the IOP (tonometry), visual field tests 

(perimetry) as well as several imaging techniques such ophthalmoscopy and optical coherence 

tomography (OCT) to identify optic disc cupping. However, none of the present diagnosis 

techniques provides a reliable screening strategy for early stages of glaucoma or only 

identifies cases if neuronal damage already has developed. Although monitoring the individual 

patient’s IOP may promote an earlier diagnosis and therapy prior to the initiation of 

neurodegenerative events, but it also neglects patient cohorts with IOP-independent forms of 

glaucoma. It is estimated that at least 25 to 35 % of RGC loss is associated with early 

abnormalities in automatic perimetric tests [22] and up to 41 % of RGC loss is accompanied by 

first observable glaucomatous damage [23]. Furthermore, around 50-90 % of true glaucoma 

subjects are still undiagnosed in the whole world, whereas nearly 50 % of positive diagnosed 

individuals are over-treated without any need [24]. All these findings indicate that there is an 

urgent need of new examination strategies for early glaucoma diagnosis in order to implement 

an appropriate and personalized diagnosis and medical management for each patient.  

1.2 Immune system, autoimmunity and immune-privileged regions 

Main ability of the immune system is to differentiate between endogenous and foreign 

substances, which is defined as immunotolerance. In general, the immune system is divided 

into the innate and the adaptive immunity. The innate immune system comprises the first line 

defense against many common bacteria or other pathogens, which is mainly triggered by 
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specialized immune cells such as macrophages, neutrophils or dendritic cells. These immune 

responses are elicited by the recognition of pathogen-associated molecular pattern (PAMPs), 

which are represented by highly conserved structural motives such as lipopolysaccharides, 

lipids or peptides [25]. Particularly, Toll-like receptors play an essential role in the recognition 

process of these conserved structures and are initial for the innate immune response [26]. The 

adaptive system, in contrast, consists of two major bulks of lymphocytes called B and T cells. 

T cells mature in the thymus and are involved in the cell-mediated immunity, whereas B cells 

mature in the bone marrow and build the foundation for the humoral immune response.  The 

adaptive immune response is characterized by the secretion of highly specific antibodies by B 

cells and the activation of specific T cells several days after the initial encounter with the 

pathogen. In general, the adaptive immune system is hallmarked by the immunological 

specificity, the self-non-self-discrimination as well as the long-term memory and can be clearly 

differentiated from the innate immune system [25]. 

During maturation to B or T cells the precursor cells undergo positive and negative selection 

events in the primary lymphoid organs, also known as central tolerance. Positive selection 

triggers the survival rate of precursor cells with properly arranged anti gen receptors (BCR 

or TCR), whereas negative selection promotes the elimination of autoreactive B or T cells with 

high affinity for self-antigens [27]. Since the number of presented autoantigens is limited in 

the generative lymphoid organs (thymus or bone marrow), the central tolerance mechanism 

cannot eliminate all autoreactive B and T lymphocytes. Peripheral tolerance mechanism 

include the anergy of autoreactive lymphocytes after activation without costimulation, clonal 

deletion after exposure to high antigen concentrations or suppression by regulatory 

T cells [27]. However, despite the large number of tolerance mechanisms, each individual 

person has a panel of autoreactive B and T cells as well as a natural repertoire of 

autoantibodies (AAB), also termed as natural autoimmunity [28]. In general, these naturally 

occurring AABs do not show any pathogenic or destructive properties and seem to be 

consistent along healthy individuals [29]. Nevertheless, any disruption of this equilibrium state 

may result in autoaggressive conditions and may promote the development or progression of 

autoimmune-related diseases. Several hypotheses to as how natural autoimmunity may 

become autoaggressive, exist. Besides genetic susceptibility [30], it is also believed that 

defective selection processes during lymphocyte maturation or specif ic environmental 

triggers (e.g. infections) may promote the increased development of autoreactive B and T cell 
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populations [31]. Ageing is also one important risk factor for autoimmunity, because of a 

disturbed immunocompetence and a decreased T lymphocyte generation in the elderly 

population [32]. Also, gender-specific differences such as pregnancy, sex hormones or 

epigenetics are suspected to influence autoreactive responses and to promote the formation 

of autoimmune-related diseases [33]. 

Regarding the prevention of autoimmune-induced tissue damage, several organs are able to 

suppress inflammatory immune responses, which is also known as the immune privilege. 

These regions include the central nerve system (CNS), testicles, placenta, fetus, brain and most 

importantly the eyes [34]. Since macrophage-mediated immune responses are characterized 

by neurotoxic effects followed by swelling of the tissue, the immune privilege aims to suppress 

inflammatory activities in favor of tissue preservation. On the one hand, this immune privilege 

will be achieved by physical separation of the compartments such as the blood-brain (BBB) or 

blood-retina barrier (BRB) in order to avoid an unregulated penetration of immunocompetent 

cells during immune responses [34]. On the other hand, these immune-privileged sites are 

possessed with specific immunosuppressive properties such as complement system inhibitors, 

immunosuppressive cytokines (e.g. TGF-β) or the increased occurrence of regulatory T 

cells [34]. Especially the aqueous humor of the eye contains several growth factors, cytokines 

and neuropeptides suppressing the proliferation and cytokine production of T cells after 

antigenic stimulation [35]. Furthermore, it is known that the retinal pigment epithelium (RPE), 

the iris and the ciliary body not only inhibit stimulated T cells, but also promote their 

conversion into regulatory T cells [36]. In summary, all these immunosuppressive mechanisms 

aim for the maintenance of the visual system and for the prevention of inflammatory-induced 

neurological damage. 

1.3 Antibodies – Structure, classes and functions 

Antibodies are mainly produced by B cells and are presented as membrane -bound protein 

receptors (B cell receptor, BCR) or can be secreted as protein molecules by antigen-stimulated 

B cell clones. In general, antibodies can be divided into five major classes (isotypes) termed as 

IgA, IgD, IgE, IgG and IgM [25]. Moreover, in human IgA and IgG isotypes can be further divided 

into closely related subtypes called IgA1 and IgA2 and IgG1, IgG2, IgG3 and IgG4. The C region 

of each isotype (or subtype) contains a unique amino acid sequence and triggers different 

kinds of effector functions. The basic structure of each antibody represents a large Y-shaped 

protein consisting of two identical heavy chains (HC) and two identical light chains (LC) 
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connected by disulfide bonds. In human, IgM and IgE antibodies contain four constant tandem 

Ig domains (CH1-CH4), whereas IgA, IgD and IgG molecules contain only three constant 

tandem Ig domains (CH1-CH3, see Figure 2). In addition, each heavy chain inherits a variable 

part (VH), which represents the antigen binding site of the antibody. The light chain, in 

contrast, is formed by one variable region (VL) and one constant Ig domain (CL). Each antibody 

molecule consists either two κ LCs or two λ LCs and is naturally expressed in the ratio 3:1 in 

human individuals [25]. Furthermore, the variable parts (VH and VL) with the first constant Ig 

domains (CH1 and CL) form the antigen-binding fragment (Fab) and the other two constant 

domains (CH2 and CH3) represent the crystallizable fragment (Fc) of the antibody molecule 

(see Fig. 2). Closer inspection of the variable region on the sequence level illustrates the 

classification of the V domain into complementarity-determining regions (CDR) and 

framework regions (FR) [37]. CDRs are hypervariable sequence motives resulted from somatic 

recombination and hypermutations events during B cell maturation or affinity maturation and 

determine the antigens specificity of the antibodies [38]. Each VH and VL fragment contains 

three different CDR sequence motives (CDR1, CDR2 and CDR3) and provides in total six CDRs 

per antibody molecule for antigen recognition and binding. In addition, each CDR sequence 

motive is surrounded by FR regions (FR1, FR2, FR3 and FR4), which represent moderately 

mutated sequence parts of the V domain and are primary not responsible for the antigen 

specificity of the antibody. 

 

Figure 2: Structure of an IgG antibody molecule. Each IgG molecule consists of two identical heavy chains and 
two identical l ight chains connected by disulfide bonds. The variable part with the first constant domain (VH, 
VL and CL, CH1) forms the antigen-binding fragment (Fab), whereas the other two constant domains (CH2  and 
CH3) determine the crystall izable fragment (Fc) of the IgG antibody molecule. 
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The effector functions of the antibodies are mainly determined by the heavy chain constant 

region (Fc) of the Ig molecule and depends on the properties of the specific Ig isotype. Most 

of the effector functions require the binding to specific Fc receptors, which are expressed on 

various immunocompetent cells such as macrophages or neutrophils. The effector functions 

of antibodies compromise a multitude of activities such as neutralization of toxins, 

opsonization and phagocytosis of pathogens, activation of the complement system or 

antibody-dependent cellular cytotoxicity (ADCC) [25]. Particularly, conserved N-glycosylation 

sites of the Ig heavy chain mediate the binding affinity to the Fc receptors and greatly influence 

the efficiency of the respective effector functions [39]. 

1.4 Autoimmune processes in glaucoma disease 

In recent years, it was extensively shown that the pathogenesis of glaucoma greatly influences 

the natural autoantibody (AAB) repertoire in human subjects and leads to significant changes 

in autoreactivities against several neuronal and ocular antigens. Wax and colleagues (1994) 

[40] were the first who provided evidence for increased AAB titers in sera of normal -tension 

glaucoma (NTG) patients against proteins such as Sjögren's syndrome A antigen or heat shock 

protein 60 (HSP60). During the last two decades, AAB profiling was performed for several 

other glaucoma phenotypes, not only focusing systemic occurring autoreactivities, but also 

local changes in the AAB profiles close to the site of damage (e.g. aqueous humor or tears) 

[41–43]. Within this scope, many of the studies performed immunoproteomic or mass 

spectrometry (MS)-based technologies for the detection and characterization of the targeted 

autoantigens. Besides the identification of ubiquitous proteins with chaperone properties 

such as HSP27 [44], HSP60 [45] or α-/β-crystallines [44], also neuronal or structural proteins 

such as myelin basic protein (MBP) [46], α-fodrin [47], glial fibrillary acidic protein (GFAP) [46], 

vimentin [46], and glycosaminoglycans [48] were discovered. Furthermore, many 

autoreactivities against functional proteins such as γ-enolase [49], neuron-specific enolase 

[50] or glutathione S-transferase (GST) [51] were observed, representing essential proteins for 

the maintenance of the cell homeostasis.  

Interestingly, a high degree of congruence between systemic and local occurring 

autoreactivities (in sera and aqueous humor) were observed [8,41,42,52], strengthening the 

hypothesis that the pathogenesis of glaucoma goes along with significant changes in the 

humoral immune response. Besides that, it is also remarkable that POAG patients show 

preferential autoreactivities against retinal autoantigens, whereas the NTG patient cohort is 
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mainly characterized by increased autoreactivities against structures of the optic nerve 

head [53]. However, the exact role of these highly diverse AAB repertoires is still unknown and 

it is elusive if they are an epiphenomenon (e.g. develop as a consequence of the disease) or 

of causative nature. Probably some of the AAB titers, particularly which are increasing during 

disease progression, can be traced back to epiphenomenal conditions, nevertheless it remains 

unclear to what extend they are influencing the pathophysiology of glaucoma. Particularly, 

autoreactivities against the protein MBP are known to correlate with disease progression in 

multiple sclerosis (MS) patients and are currently under discussion as diagnostic and 

prognostic marker candidate [54,55]. With respect to glaucoma, many of the targeted 

autoantigens (e.g. several HSPs and GST) are associated with cellular stress responses and 

show high expression levels particularly in a pro-inflammatory environment. The protein GST, 

for instance, catalyzes the conjugation of glutathione and radical oxygen species (ROS)  and 

prevents ROS-induced tissue damage during stress responses [56]. Yang et al. (2001) [51] 

assumed that increased AAB titers against GST in glaucoma patients may be considered as 

general immune response to glaucomatous tissue damage events and represent subsequently 

a secondary product. In contrast, Tezel et al. (2000) [57] observed that the treatment of retinal 

tissues with anti-HSP27 antibody, also up-regulated in glaucoma patients, resulted in 

increased apoptosis rates of RGCs in vitro possibly by inactivating or attenuating the biological 

function of native HSP27. Beyond that, another study showed that systemic immunization of 

rats with different ocular antigens leads to continuous RGC loss in vivo accompanied by 

altered AAB profiles in the immunized animals [58]. In conclusion, it could be assumed that 

increased AAB titers automatically result in autoaggressive conditions and may be causative 

for the pathomechanism of the respective disease.  

Nevertheless, many of the previous AAB profiling studies also confirmed decreased 

autoreactivities against a range of ocular antigens (e.g. GFAP or α-/γ-synuclein) in glaucoma 

patients in comparison to healthy controls [46]. Shoenfeld and colleagues (2005) [59] ascribed 

a protective role to these AABs in the cellular homeostasis and emphasized their clinical 

importance as well as therapeutic potential. Recent studies performed in our group agree with 

this hypothesis and provide evidence of AAB-induced effects in several in vivo / ex vivo 

glaucoma models. Amongst others, our group demonstrated neuroprotective activities of 

anti-GFAP, anti-14-3-3 anti-γ-synuclein on stressed RGCs in different in-vitro designed cell 

culture experiments and an ex vivo glaucoma model [60–63]. Consistent with that, our group 
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further verified decreased neurological damage and increased RGC survival rates in an 

IOP-dependent glaucoma animal model after intravitreal injection of anti-α-synuclein [64]. All 

study designs are accompanied with interesting retinal proteomic changes triggering the 

increased expression of neuroprotective and antiapoptotic proteins (e.g. cofillin-1 or 

glutamine synthetase). 

However, despite the large numbers of studies focusing the humoral autoimmunity in 

glaucoma, it is still unclear how exactly these different AABs influencing the pathophysiology 

or the course of the disease. Nevertheless, it can be concluded that glaucoma does not present 

a ‘classical’ autoimmune disease due to increased as well as decreased AAB titers in various 

biological fluids of glaucoma patients. Furthermore, it still has to be determined if these 

abnormal autoreactivities in the humoral immune response are in accordance with other 

glaucoma-associated proteomic changes in the retina, which might promote or antagonize the 

neurodegenerative processes of RGCs in vivo. 

1.5 Proteomics and biomarker discovery 

The term proteomics was coined first by the Australian researcher Marc Wilkins in 1994 and 

originally combines the words ‘protein’ and ‘genome’. Proteomics describes the entire 

composition of proteins in a cell, tissue or an organism during a specific set of conditions. It 

represents a large-scale study to investigate the structure, function and interaction of large 

protein networks and to evaluate their versatile role in complex biological systems [65]. 

In contrast to the genome, the proteome defines a highly dynamic platform, which is 

characterized by qualitative and quantitative proteomic changes at certain points in time 

mainly caused by external stimuli (e.g. environmental factors or therapeutic agents). 

However, in general proteins are composed of several amino acids, which are arranged to a 

single polypeptide chain or to multiple polypeptide subunits. Proteins provide many important 

biological activities for cell survival and homeostasis ranging from metabolic functions, cell 

signaling, energy supply, transport properties till molecules of the cytoskeleton and 

components of the immune response system [65]. Furthermore, many proteins are chemically 

modified by posttranslational modifications (PTMs) influencing the structure, folding, stability 

and biological activity of these macromolecules. Particularly, common PTMs such as 

glycosylation and phosphorylation are of great interest in basic research, because of their 

great importance in signaling cascades and pathway activation and also represent promising 

indicators for several kinds of diseases [66].  
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Mass spectrometry (MS) represents the instrument of choice  for the qualitative and 

quantitative characterization of various proteomes in a single experiment providing high 

accuracy and sensitivity. Nevertheless, prior to MS analysis a prefractionation step is urgently 

needed due to the high complexity of various biological samples. This separation step is 

routinely performed by gel-based approaches (1D- or 2D-gel electrophoresis) and/or in 

combination with high-performance liquid-chromatography (HPLC) systems. Subsequently 

after separation, the purified protein species are either detected as intact protein molecules 

(top-down) or as enzymatically digested protein peptides (bottom-up) by high-resolution MS 

systems [67].  

Bottom-up proteomic approaches, also termed as ‘shotgun proteomics’, are routinely used 

for the analysis of complex protein mixtures. Thus, the characterization of the respective 

protein species is based on the detection of unique and specific fragment peptides. 

Identification of the proteins/peptides is performed by fragmentation of the precursor ions 

(MS/MS) in the collision cell of the MS and by matching the experimental data with in-silico 

generated MS/MS spectra from public protein databases. Label -free quantification (LFQ) is 

based on the intensity of the precursor ions in the first MS scan and allows a statement about 

the relative frequency of the proteins/peptides between two or more groups. Particularly, 

clinical study designs apply the shotgun proteomics approach for biomarker discovery in 

various biological fluids of diseased and healthy control subjects. Abnormal protein expression 

levels may give essential insights into the involved protein signaling pathways and interaction 

networks and provide important information about the complex pathophysiology of the 

respective disease [68]. In contrast, top-down proteomics is more suitable for the structural 

analysis of highly purified protein species, which are injected directly as intact molecules into 

the MS [67]. Major advantage of this approach is the universal detection of all existing protein 

modifications (proteotypes) in one MS spectrum and provides much more structural 

information than conventional shotgun proteomic analyses. 
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1.6 Aims of the thesis 

The pathophysiology of glaucoma is clearly associated with significant changes in the natural 

autoantibody (AAB) repertoire, but it is still unclear, if those are considered either as 

epiphenomenon or of causative nature. Conventional immunoproteomic profiling strategies 

such as microarray or western blot analysis require a predefined panel of proteins serving as 

potential epitope targets for the highly diverse AABs. Major disadvantage of these screening 

technologies is the lacking structural information about the active binding sites (paratopes) of 

the AAB molecules and their great potential as biomarker candidates in future.  

Recent studies already proved the applicability of high-resolution mass spectrometry (MS) for 

the characterization of highly diverse AAB repertoires in various diseases and was applied in 

the present thesis to investigate disease-related IgG V domain peptides sequences, 

particularly CDRs, in POAG patients (manuscript I). Main objective of this project was to gain 

a fundamental understanding about the biological activity and function of  AABs and acquire 

new knowledge how autoimmunity influences the pathogenesis and progression of glaucoma. 

As second part of the thesis, we investigated the neuroprotective potential of two in glaucoma 

low abundant CDR peptides on RGCs ex vivo (manuscript II). State-of the-art MS-based affinity 

capture experiments were used for epitope target identification (interaction partner) of the 

CDR peptides in the pig retina. An adolescent retina organ culture of the house swine in 

combination with immunohistochemical staining techniques were  used to evaluate 

CDR-induced effects on RGCs ex vivo. Accordingly, shotgun proteomic analyses of the retinal 

explants were performed to unravel the CDR-induced signaling pathways and interaction 

networks, which might also play important key functions in the course of glaucoma. 

At the end of the project, two solid-phase extraction (SPE) methods for sample clean-up and 

peptide enrichment prior to MS analysis were compared with respect to analytical 

performance, reproducibility and analysis speed (manuscript III). The selection of proper SPE 

materials represents a crucial step for LC-MS-based proteomic study designs and greatly 

influences the quality and sensitivity of the acquired proteomic data. Due to that reason, we 

investigated the retinal proteome of the house swine for the  technical performance of both 

SPE methods. The house swine represents a promising animal model for studying human eye 

diseases including glaucoma due to its anatomical similarities to human eyes and provides 

interesting biomarker candidates for the protein recovery analysis of both SPE methods.
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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.
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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.
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Supplementary Material is available at HMG online.
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Abstract 

The pathogenesis of glaucoma is strongly associated with the occurrence of autoimmune-

mediated loss of retinal ganglion cells (RGCs) and recently it was proven that specific antibody-

derived signature peptides are significantly differentially expressed in sera of primary-open 

angle glaucoma patients (POAG) compared to healthy controls. Synthetic antibody-derived 

peptides are known since several years to modulate various effector functions of the immune 

system and to act as antimicrobial or antiviral molecules. The present study shows for the first 

time that polyclonal-derived complementarity-determining regions (CDRs) significantly 

increased the survival rate of RGCs in an ex vivo glaucoma model (P=0.013) by using 

immunohistochemical staining techniques. Affinity capture experiments verified serine 

protease HTRA2 (mitochondrial) as high-confident retinal epitope target of CDR1 sequence 

motive ASGYTFTNYGLSWVR. Quantitative proteomic analysis of the CDR-treated retinal 

explants revealed increased expression of various anti-apoptotic and anti-oxidative proteins 

(e.g. VDAC2 and TXN) compared to untreated controls (P<0.05) and decreased expression 

levels of cellular stress response markers (e.g. HSPE1 and HSP90AA1) were observed. 

Mitochondrial dysfunction, protein ubiquitination pathway and oxidative phosphorylation 

were annotated as the most significantly affected signaling pathways and can possibly be 

traced back to the CDR-induced inhibition or modulation of the master regulator HTRA2. 

These findings emphasize the great potential of synthetic polyclonal-derived CDR peptides as 

therapeutic agents in future glaucoma therapy and provide an excellent basis for affinity-

based biomarker discovery purposes. 

Key words: Glaucoma; Autoimmunity; Synthetic CDR peptides; Neuroprotection; HTRA2; Sus 

scrofa domesticus 
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1 Introduction 

Glaucoma is defined as a neurodegenerative ocular disease characterized by the progressive 

loss of retinal ganglion cells (RGCs) and their axons, resulting in an optic nerve damage und 

visual field defects [1]. Elevated intraocular pressure (IOP) is one of the most common risk 

factors for the development of glaucoma and can be detected in approximately 70 % of all 

patients, which is termed as the primary open-angle glaucoma (POAG) [1]. However, in recent 

years the participation of an autoimmune component, including autoantibodies (AAB), has 

become a focus of attention in glaucoma research providing new attractive targets for future 

diagnostic or therapeutic purposes [2–7]. A multitude of AABs against different kinds of retinal 

or optic nerve antigens were identified such as several heat shock proteins (HSP27, HSP60 and 

HSP70) [8,9], various crystallins (α- and β-crystallin) [10,8], vimentin [10], glycosaminoglycans 

[11] or α-fodrin [12]. Interestingly, many of these autoreactivities showed a high degree of 

congruence in sera as well as aqueous humor of glaucoma patients [13,14] and also remain 

remarkably stable between different study populations [12]. Besides the great potential of 

these immune-related biomarker candidates for diagnostic applications [14], several recent 

studies of our group have also provided important evidence of neuroprotective effects of 

various AAB molecules (e.g. against GFAP, 14-3-3, α- and γ-synuclein) on RGCs in a range of in 

vivo and ex vivo glaucoma models [15–19]. These findings underline the important therapeutic 

potential of AABs found in low abundant titers in glaucoma patients and could also serve as 

an additional treatment option in glaucoma therapy in combination with IOP-lowering 

medications. However, many of these therapeutic macromolecules such as antibodies have 

several disadvantages such as immunogenic properties, poor tissue penetration and high 

manufacturing costs, thus limiting their application spectrum in daily clinical routine [20].  

Recently it was shown that liquid-chromatography mass spectrometry (LC-MS) represents a 

powerful instrument for the reproducible identification and quantification of peptides from 

the variable domain of highly diverse antibodies without any prior knowledge about the 

targeted (auto-)antigens [21–24]. By implementation of the MS-based analytical approach we 

were able to identify several polyclonal IgG V domain peptides, particularly complementarity-

determining regions (CDR), which were significantly differentially expressed in the protein 

backbone of sera-derived IgG between POAG patients and healthy controls [25]. In addition, 

this procedure facilitates the direct sequencing of Ig-derived peptide motives which are 
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shared between several B cell clones and is independent of predefined protein panels 

providing the basis for AAB profiling via microarray or Western Blot analysis. However, CDRs 

are hypervariable sequence motives (paratope) of the variable Ig domain and determine the 

active bindings sites of the antibodies which are primary responsible for the antigen 

specificity [26]. Many previous studies already highlighted the versatile biological functions of 

synthetic CDR-derived peptides ranging from immunomodulatory or immunoregulatory 

effects [27,28] to antiviral, antibacterial or antitumor activities [29–31], which are 

independent of the antigen specificity of the native antibodies. On the one hand, Rabaça et 

al. (2016) [32] demonstrated that a synthetic CDR-related peptide, encoding the VH CDR3 of 

murine monoclonal antibody AC 1001, displayed cytotoxic effects on murine and human 

melanoma cells ex vivo by inducing reactive oxygen species (ROS) and apoptotic signaling 

pathways. On the other hand, another synthetic tolerogenic CDR peptide showed 

ameliorating effects in different animal models for Systemic Lupus Erythematosus (SLE) by 

triggering immunomodulatory and immunosuppressive activities [33–35], favoring the 

general application of synthetic CDR peptides as therapeutic agents in other 

autoimmune-related neurodegenerative diseases. 

Based on these previous observations, the main objective of the present study was to evaluate 

if selected synthetic glaucoma-associated CDR1 peptides (comprising ASGYTFTNYGLSWVR and 

ASQSVSSYLAWYQQK) may trigger any neuroprotective or even neurodamaging events on 

RGCs in an ex vivo glaucoma model. Furthermore, both CDR1 sequence motives were 

screened for potential interaction partners (epitope targets) in the retinal porcine proteome 

by using state-of-the-art affinity capture LC-MS technologies. Due to this reason, the present 

work provides important information about the applicability and effectiveness of synthetic 

CDR peptides in future glaucoma therapy and aims to unravel the complex biological function 

of these highly specific immune-related biomarker candidates. 
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2 Methods & Materials 

2.1 Retina isolation and homogenization 

Retina tissues were prepared from freshly removed eye bulbs (N = 20) from house swine Sus 

scrofa domestica Linnaeus, 1758 individuals (sacrificed at 3-6 month, female: male = 3:2) 

provided by local slaughterhouses (Landmetzgerei Harth, Stadecken-Elsheim, Germany; 

Hofgut Acker, Bodenheim, Germany). Preparation of the eye bulbs was performed under 

sterile conditions not later than 3 h after slaughtering.  First, eye bulbs were disinfected with 

70 % ethanol (EtOH) and subsequently radially opened with a scalpel to remove lens, vitreous 

body, iris and ciliary body. Next, retina tissues were carefully separated from the retinal 

pigment epithelium (RPE) with a paintbrush and cut off from the optic nerve head with pair of 

scissor. Samples were transferred into 2 ml screw cap microtubes, snap-frozen in liquid 

nitrogen and stored at -80° C. Prior to homogenization, 1.4/2.8 mm ceramic balls 

(VWR International GmbH, Darmstadt, Germany) were added to frozen retinal tissues and 

filled with 1 ml Tissue Protein Extraction Reagent (T-PER, Thermo Fisher Scientific, 

Rockford, USA). Retina samples were subjected for homogenization with Precellys® 24 

homogenizer (VWR International GmbH, Darmstadt, Germany) for 45 s three times at 

5000 rpm. Retinal homogenates were centrifuged at 10,000x g for 12 min at 4° C and the 

supernatant was collected into new 2 ml reaction tubes. To avoid sample contamination by 

insoluble cell components the centrifugation step was repeated once again and the 

supernatant containing soluble retinal proteins was exchanged in 300 µl phosphate-buffered 

saline (PBS) using an Amicon 3 kDa centrifugal filter device (Millipore, Billerica, USA). The 

concentrated protein lysates were pooled and protein measurements were performed using 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, USA) according to the 

manufacturer’s protocol. Protein lysate pool was diluted in the ratio of 1:20, 1:30 and 1:40 in 

PBS (v/v) and measured three times using a Multiscan Ascent photometer (Thermo Fisher 

Scientific, Rockford, USA) at a wavelength of 570nm. 

2.2 CDRs and scrambled as control peptides 

Two complementarity-determining regions (CDRs), which were associated with 

glaucoma  [25], were synthesized in cooperation with the Translational Oncology Mainz of the 

Johannes Gutenberg University (TRON, Mainz, Germany) and PEPSCAN (Lelystad, 

Netherlands). CDR peptide sequences were synthesized as followed: ASGYTFTNYGLSWVR 
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(CDR1) and ASQSVSSYLAWYQQK (CDR1). In the first stage, both CDR peptides were 

synthesized with an N-terminal Biotin-[TTDS] linker for epitope identification experiments (see 

section 2.3). CDR peptides (ASGYTFTNYGLSWVR) with successful identified interaction 

partners were further synthesized without modification and their respective scrambled 

peptide analogs as proper controls (YVWAGSTLSRTGNFY; without modification and N-terminal 

Biotin-[TTDS] linker) 

2.3 Identification of CDR-specific epitope targets 

The synthetic CDR peptides with N-terminal Biotin-[TTDS] linker were immobilized on Pierce™ 

Streptavidin Magnetic Beads (Thermo Fisher Scientific, Rockford, USA) according to the 

supplier’s protocol (N=3). In brief, 50 µl of the magnetic beads were washed two times with 

200 µl PBS using a magnetic stand and labeled for 1 h at room temperature (RT) with 80 µg of 

the N-terminal biotin-labeled synthetic peptides. As control group (N=3), biotin-labeled 

(0.5 mg/ml) magnetic beads were included in the experiment to distinguish unspecific from 

CDR-specific binders. After peptide immobilization, magnetic bead fractions (N=3) were 

washed twice with PBS followed by incubation and gentle mixing with 5 mg homogenized pig 

retina (see section 2.1) at 4° C overnight. Next day, the unbound protein fraction was 

discarded and the labeled magnetic beads were extensively washed with 300 µl PBS for three 

times to diminish unspecific bindings. The remained attached proteins were eluted with 100 

µl PierceTM IgG Elution Buffer pH 2.0 (Thermo Fisher Scientific, Rockford, USA) and transferred 

into reaction tubes containing 10 µl 1M Tris ∙ HCl pH 8.5. The eluate fractions were evaporated 

in the SpeedVac (Eppendorf, Darmstadt, Germany) for 30 min at 30° C until dryness and stored 

at -20° C prior to further in-solution trypsin digestion. As spike-in experiment for the 

verification of the interaction partner, recombinant HTRA2/Omi (Human Serine Protease, 

cat. no. C760) was purchased from Novoprotein (Summit, USA). Spike-in experiment also 

included a scrambled peptide analog as proper control to confirm sequence specificity for the 

CDR peptide-protein interaction. 

2.4 Retinal explants and immunohistology 

The adolescent retina organ culture (Sus scrofa) represents an excellent ex vivo glaucoma 

model and was already used to study the neuroprotective effects of specific AABs on RGCs 

[17]. The optic nerve cut (ONC) during slaughtering initiated the neurodegeneration process 

and lead to a significant decrease of RGCs after 24 h of incubation. Preparation of the retina-
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RPE complexes (5x5 mm) was performed in accordance to previous publication [17] and were 

cut in the dorsal periphery above the visual streak to ensure homogeneous distribution of 

RGCs in each experiment. Afterwards, the retinal explants were cultured in neurobasal A 

medium supplemented with 2% B27, 1% N2, 0.8 mM L-alanyl-L-glutamine and 1% 

penicillin/streptomycin in an incubator at 37°C and 5% CO2 for 24 h. Control explants were 

cultured for 24 h without any synthetic peptides (N=4). In addition, further retinal explants 

were treated with 25 µg/ml synthetic CDR peptide (ASGYTFTNYGLSWVR) or 25 µg/ml 

scrambled peptide analog (YVWAGSTLSRTGNFY) as proper control (N=4 for each group). After 

cultivation, control and treated retinal section were carefully removed from the RPE, washed 

twice with PBS and fixed in 4 % paraformaldehyde (PFA) for 30 min. Retinal flatmounts were 

washed twice with PBS and subsequently blocked and permeabilised for 2 h with 200 µl 0.3% 

Triton-X-100 (Sigma-Aldrich, St. Louis, USA) and 10% fetal calf serum (Merck Millipore, 

Darmstadt, Germany) in PBS. Afterwards, the blocking buffer was discarded and the 

flatmounts were stained with 1: 250 goat anti-Brn3a (Santa Cruz Biotechnology, Dallas, USA) 

overnight at 4° C. Next day, the retinal flatmounts were washed twice with PBS and incubated 

with 1:400 Alexa Flour 568 donkey anti-goat (H+L; Thermo Fisher Scientific, Rockford, USA) for 

2 h in the dark. Subsequently, after the staining a TUNEL assay via In Situ Cell Death Detection 

Kit, Fluorescein (Roche, Basel, Switzerland) was performed according to the supplier’s 

protocol at 37° C for 1 h. Retinal flatmounts were washed three times with PBS and stained 

with 1:2500 4′,6-Diamidin-2-phenylindol (DAPI; Thermo Fisher Scientific, Rockford, USA) in 

PBS for 5 min at RT. After washing, the retinal flatmounts were mounted with vector shield 

mounting medium (Vector Laboratories, Burlingame, USA) on Superfrost Plus™ slides (Thermo 

Fisher Scientific, Rockford, USA). Fluorescence microscopy was performed with a Nikon Eclipse 

TS100 microscope (Nikon Instruments, Tokyo, Japan) combined with a DS-Fi1-U2 digital 

camera and NIS elements software. Eleven high-resolution pictures (20-fold magnification) 

were taken from each the retinal flatmount at different positions, resulting in 44 pictures per 

experimental group (TRITC, FITC and DAPI channel). High-resolution fluorescent images were 

analyzed randomized via open-source ImageJ software package (http://imagej.nih.gov/ij/) by 

experienced laboratory workers. Brightness and contrast of the high-resolution fluorescent 

images was adjusted to facilitate the manual counting of the Brn3a+ and TUNEL+ cells. The 

number of RGCs (Brn3a+) was extrapolated to RGC/mm2 and the percentage distribution of 

Brn3a+ and TUNEL+ was calculated. 

http://imagej.nih.gov/ij/


8 
 

2.5 In-gel and in-solution trypsin digestion 

For the identification of the CDR-specific interaction partners the eluate fractions 

(see section 2.3) were subjected for further in-solution trypsin digestion as described 

elsewhere [25,36,37]. In brief, the eluate fractions were dissolved in 30 µl of 50mM 

ammonium bicarbonate (ABC) and sonicated for 5 min on ice. Subsequently, 6 µl of 100mM 

dithiothreitol (DTT) in 50 mM ABC were added and incubated for 30 min at 56° C. Next, 6 µl of 

200mM iodoacetamide (IAA) in 50 mM ABC were added and incubated for 30 min at RT in the 

dark. The reduced and alkylated proteins were digested overnight with 0.2 mg/ml trypsin 

(Promega, Madison, USA) in 50 mM ABC 10 % acetonitrile (ACN) at 37° C. Next day, the 

digestion was quenched with 10 µl of 0.1 % formic acid (FA), evaporated in the SpeedVac for 

30 min at 30° C to dryness and stored at -20° C. To unravel the CDR-induced proteomic 

changes in the retinal explants (see section 2.4), in-gel trypsin digestion for mass spectrometry 

(MS)-based proteomics was performed. CDR-treated and untreated retinal explants (N=3 per 

group) were transferred into 2 ml screw cap microtubes and subsequently frozen in liquid 

nitrogen. Frozen explants were filled with 400 µl T-PER buffer and 1.4/2.8 mm ceramic balls 

were added. Protein extraction was performed using the Precellys® 24 homogenizer and 

homogenates were exchanged in 200 µl PBS by using an Amicon 3 kDa centrifugal filter device 

(as described in detail in section 2.1). Total protein amounts of the retinal explants were 

determined by Pierce BCA Protein Assay Kit and Multiscan Ascent photometer. Up to 40 µg of 

protein lysate per explant were separated under reduced conditions on 10-well NuPAGE 12 % 

Bis-Tris minigels (Thermo Fisher Scientific, Rockford, USA) by using NuPAGE™ MOPS SDS 

Running Buffer 20X (Thermo Fisher Scientific, Rockford, USA) in accordance to the supplier’s 

protocol. 1-DE SDS PAGE was run at 150 V for 1.5 h at 4 °C and subsequently stained by using 

Novex Colloidal Blue Staining Kit (Thermo Fisher Scientific, Rockford, USA) according to the 

manufacturer’s introduction. Gels were destained overnight and scanned using an Epson 

Perfection V600 Photo Scanner (Seiko Epson Corporation, Suma, Nagano, Japan) at 700 dpi. 

Each lane was subdivided into 17 slices and subjected to further in-gel trypsin digestion as 

described in previous publications [38,39,36,40]. Prior to LC-MS/MS analysis the tryptic 

peptides of the in-solution or in-gel digest were purified by SOLAµ™ HRP SPE spin plates 

(Thermo Fisher Scientific, Rockford, USA) according to the manufacturer’s protocol [41]. 



9 
 

2.6 LC-MS/MS analysis 

LC-MS/MS measurements were performed with the hybrid linear ion trap - Orbitrap MS 

system (LTQ Orbitrap XL; Thermo Fisher Scientific, Rockford, USA) as described in detail 

elsewhere [36,38,40–42]. Solvent A consisted of 0.1 % formic acid (FA) in water and solvent B 

consisted of 0.1 % FA in ACN. Peptides of the in-solution tryptic digest were eluted within 120 

min using following gradient program: 10–20 % B (0-5 min), 15–20 % B (5–15 min), 20–35 % B 

(15–85 min), 35–90 % B (85–105 min) and 10 % B (105–120 min). In contrary, peptides of the 

in-gel tryptic digest were eluted within 60 min using following gradient program: 15–40 % B 

(0-30 min), 40–60 % B (30–35 min), 60–90 % B (35–45 min) and 10 % B (45–60 min). LTQ 

Orbitrap operated with a resolution of 30.000 in the positive ion mode and the target 

automatic gain control (AGC) was set to 1 x 106 ions. The lock mass for internal calibration was 

set to 445.120025 m/z (polydimethylcyclosiloxane). Dynamic exclusion (DE) mode was 

enabled with the following settings for the in-solution digest: repeat count = 2, repeat 

duration = 30 s, exclusion list size = 250, exclusion duration = 300 s and exclusion mass 

width= ± 10 ppm. For the in-gel digest the DE setting exclusion duration was set to 90 s. 

High-resolution MS scan of the Orbitrap-FTMS analyzer provided the selection of the 5 most 

intense peptide ions for collision induced dissociation (CID) fragmentation in the ion trap 

employing a normalized collision energy of 35 %. Quality control of the total ion current (TIC) 

chromatogram was performed by using Qual Browser v. 2.0.7 SP1 (Thermo Fisher 

Scientific, Rockford, USA). 

2.7 Protein identification and quantification 

For protein identification and quantification the acquired tandem MS spectra were analyzed 

with the computational proteomics platform MaxQuant version 1.6.1.0 (Max Planck Institute 

of Biochemistry, Martinsried, Germany). Output data were searched against SwissProt 

databases with the taxonomies Homo sapiens (Date: 07/18/2018, 20.385 sequences) and 

Sus scrofa (Date: 07/18/2018, 1424 sequences) with following settings: peptide mass 

tolerance of  30 ppm, fragment mass tolerance of  0.5 Da, tryptic cleavage, a maximum of 

two missed cleavages, carbamidomethylation as fixed modification, acetylation (Protein 

N-terminal) and oxidation as variable modifications.  In addition, proteins were filtered with a 

false discovery rate (FDR) of < 1 % and MaxQuant specific feature “match between run” was 

enabled. 
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2.8 Data analysis and bioinformatics 

Statistical analysis of the MaxQuant generated output data (“proteins.txt”) was performed by 

using software program Perseus version 1.5.5.0 (Max Planck Institute of Biochemistry, 

Martinsried). At first, intensities of the detected proteins were log2 transformed prior to 

further analysis. Data matrix was filtered for contaminants, reversed hits, “only identified by 

site” and for a minimum number of 3 valid values in at least in one study group. Missing 

intensity values were imputed by random numbers received from the normal distribution 

(width: 0.3, down shift: 1.8). For the identification of CDR-specific interaction partners 

(see section 2.3) only missing values of the control bead group were imputed in accordance 

to previous publication [43]. Afterwards, two-sided t-test statistics with P values < 0.05 was 

applied in order to identify significant changed protein species. For the illustration of the heat 

map the log2 transformed protein abundances were standardized by z-score. Further 

statistical analyses and graphical presentation of data were performed by using Statistica 

version 13 (Statsoft, Tulsa, USA) or excel 2013 functions. Functional annotation and pathway 

analyses were performed with web-based biological database STRING version 10.5 (Search 

Tool for the Retrieval of Interacting Genes/Proteins) and Ingenuity Pathway Analysis software 

version 1-04 (IPA, Ingenuity QIAGEN Redwood City, USA; www.qiagen.com/ingenuity), as 

described in detail in previous publications [44,37]. 
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3 Results 

3.1 Identification of CDR-specific epitope targets 

To proof the concept and the feasibility of the MS-based epitope identification workflow 

(see Fig. 1 and method section 2.3), we choose two in glaucoma low abundant CDR1 peptide 

sequences (see Fig. 2) for the affinity capture experiment. Both CDR1 sequence motives 

(ASGYTFTNYGLSWVR homologous to IGHV1-18*02 and ASQSVSSYLAWYQQK homologous to 

IGKV3-11*01) were significantly lesser expressed in the protein backbone of polyclonal, 

sera-derived IgG molecules in glaucoma patients in contrast to healthy controls and provide 

attractive targets for the MS-based epitope identification [25]. Binding efficiency of both 

synthetic N-terminal biotinylated CDR1 peptides to magnetic streptavidin beads was 

confirmed by LC-MS (see supplementary Fig. 1). 

 

 

Fig. 1:  Schematic illustration showing affinity capture experiments of potential epitope targets by synthetic 
CDR-derived peptides. CDR peptides were synthesized with an N-terminal [TTDS]-biotin modification by a 
specialist manufacturer. For epitope identification the modified synthetic peptides (80 µg) were attached to 
commercial available streptavidin beads and incubated with 5 mg homogenized pig retina. To distinguish 
unspecific from specific protein binders a biotin-labeled control group was included in the analysis. After 
incubation, all bead fractions were extensively washed and the remaining attached proteins were eluted by pH 
shift. Eluate fractions were subjected for further in-solution trypsin digestion and analyzed by LC-MS/MS. 
Statistical analysis revealed high-confident epitope targets (interaction partners) of the synthetic CDR peptides. 
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Fig. 2:  Bar plot showing the expression levels of two CDR1 sequences (ASQSVSSYLAWYQQK and 
ASGYTFTNYGLSWVR) in sera of primary open-angle glaucoma patients (N=13) in comparison to healthy 
controls (N=15). Both sera-derived CDR1 sequences were significantly low abundant in POAG patients (P < 0.05) 
in contrast to healthy controls and were also validated by targeted MS via accurate inclusion mass screening 
(AIMS) strategy. Results were published previously by Schmelter et al. (2017) [25]. 

 

Affinity capture experiments revealed that serine protease HTRA2, mitochondrial represents 

a high-confident interaction partner for the CDR1 sequence motive ASGYTFTNYGLSWVR 

(see Fig. 3A and supplementary file 1, P<0.001 and log2 fold change >3). In addition, epitope 

target HTRA2 shows an overall low protein abundance (cumulative intensity) in the entire 

retinal porcine proteome (Fig. 3B) and confirms the specific interaction behavior to the 

glaucoma-associated CDR1 peptide. Furthermore, specific affinity of the CDR1 peptide to 

HTRA2 was verified by the spike-in experiment (see Fig. 3C and method section 2.3) and 

proved the unique sequence specificity of the peptide-protein interaction by use of a 

scrambled peptide analog as proper control. However, no significant interaction partner for 

CDR1 sequence motive ASQSVSSYLAWYQQK was identified by affinity capture experiments 

(see supplementary Fig. 2 and file 1, P<0.001 and log2 fold change >3). Due to that reason, 

only CDR1 peptide sequence ASGYTFTNYGLSWVR was used for further experimental analyses. 
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Fig. 3:  Identification of potential epitope targets of the CDR peptides by affinity based proteomic strategy with 
5 mg homogenized pig retina. (A) Volcano plot showing log2 fold change plotted against -log10 adjusted P value 
for samples from CDR-labeled bead group (N=3) versus samples from control bead group (N=3) (P<0.001; 
log2 fold change >3). Protein serine protease HTRA2 (mitochondrial) was identified as high-confident interaction 
partner for synthetic CDR1 peptide ASGYTFTNYGLSWVR. (B) Abundancy plot showing log2 fold change plotted 
against -log10 adjusted cumulative intensity. HTRA2 represents a low abundant protein in the porcine retina and 
confirms the specific interaction with the synthetic CDR1 peptide. (C) Spike-in experiment of 2 µg recombinant 
HTRA2 in 5 mg homogenized pig retina followed by affinity-based proteomics. In-gel trypsin digestion revealed 
that control (CTRL) beads and scrambled peptide analog recovered much lesser quantities of recombinant HTRA2 
in contrast to the original CDR peptide and confirms the sequence specificity of the interaction to HTRA2. 

3.2 CDR-induced effects in an ex vivo glaucoma model 

To address the question, if the synthetic CDR1 sequence motive ASGYTFTNYGLSWVR may 

trigger any neuroprotective or even neurodamaging activities in glaucoma, we used an 

established ex vivo glaucoma model for evaluation. The adolescent porcine retina organ 

culture [17] provides excellent requirements to study CDR-induced effects on RGCs after optic 

nerve cut (ONC) and is suitable to assess the effectiveness of synthetic CDR peptides as 



14 
 

potential drug candidates in future glaucoma therapy. And indeed, quantitative analysis of 

RGC/mm2 (see Fig. 4 A-B) in CDR-treated retinal explants (296 ± 29 RGC/mm2, N=4) revealed 

a significantly higher RGC survival rate in contrast to untreated control explants (203 ± 45 

RGC/mm2, N=4, P=0.013). 

 

Fig. 4: Effect of the CDR peptide on the number of RGC survival by Brn3a+ staining and the percentage of 
apoptotic RGC determined by TUNEL assay. Retinal explants (N=4 per group) were cultivated with control 
medium without any peptide (untreated control) or with medium with additional 25 µg/ml CDR peptide for 24 h. 
Furthermore, further retinal explants were also incubated in medium with 25 µg/ml scrambled peptide analog 
serving as proper control. (A) Brn3a+ staining of retinal flatmounts without any treatment, treated with the CDR 
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peptide or treated with the scrambled peptide analog. (B) CDR-treated explants showed significant higher RGC 
survival in contrast to untreated control group and scrambled peptide group (P<0.05). (C) Quantitative analysis 
of TUNEL+ RGC did not show any significant difference between the groups (P>0.05). 

In addition, a scramble peptide analog (YVWAGSTLSRTGNFY) was used as proper control in 

further retinal explants (197 ± 50 RGC/mm2, N=4, P=0.014) and verified the sequence 

specificity of the CDR-induced, neuroprotective effects on RGCs. However, no significant 

differences in the percentage distribution of Brn3a+ and TUNEL+ cells (see Fig. 4 C) were found 

between all three experimental groups (Untreated control: 8.8 ± 6.0 %, CDR: 7.9 ± 6.0 % and 

scrambled peptide: 12.2 ± 3.0 %, P > 0.05). 

3.3 CDR-induced proteomic changes in retinal explants 

To unravel the neuroprotective and anti-apoptotic effects of the CDR1 sequence motive 

ASGYTFTNYGLSWVR on RGCs, we performed LC-MS based quantitative proteomics of the 

untreated and CDR-treated retinal explants (N=3 per group, see supplementary file 2). In total 

354 retinal proteins were identified in both experimental groups with an FDR < 1 %. Up to 6 % 

of all identified proteins showed a significant level change (P <0.05) between the CDR-treated 

retinas and the untreated control explants (see Fig. 5). Interestingly, representative stress 

response protein markers such as heat shock protein HSP-90 alpha (HSP90AA1), 10kDa heat 

shock protein mitochondrial (HSPE1), endoplasmic reticulum resident protein 29 (ERP29) or 

cytochrome c oxidase subunit 6C (COX6C) were significantly lesser expressed in CDR-treated 

explants in contrast to untreated controls. On the other hand, proteins with neuroprotective 

or anti-oxidative properties such as voltage-dependent anion-selective protein channel 2 

(VDAC2), GTP-binding nuclear protein Ran (RAN) or thioredoxin (TXN) were significantly more 

abundant in CDR-treated samples in comparison to untreated controls. But also other 

attractive protein markers such as carbonic anhydrase 2 (CA2), putative elongation factor 

1-alpha-like 3 (EEF1A1P5) or endoplasmin (HSP90B1) showed at least a tendency to differently 

expressed between both study groups (P < 0.1; see supplementary Fig. 3). However, CDR1 

sequence specific epitope target HTRA2 (see Fig. 3) was not detected by LC-MS, probably 

because of limit of detection. Nevertheless, functional annotation and pathway analysis 

confirmed a hypothetical interaction or regulation of the CDR-induced signaling pathways by 

HTRA2 (see Fig. 6). 
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Fig. 5:  Heat map showing the most significant proteomic changes (P<0.05) in retinal explants (N=3 per group) 
cultivated with medium without any peptide (untreated control) or with medium with 25 µg/ml CDR peptide for 
24 h after optic nerve cut (ONC). 

Additionally, IPA analysis revealed that the top five significant canonical pathways involved 

include mitochondrial dysfunction, protein ubiquitination pathway, oxidative 

phosphorylation, PI3K/AKT signaling and the thioredoxin pathway (see Tab. 1). Furthermore, 

most of the significantly differentially expressed proteins participated in various biological 

activities, namely post-translational modifications, protein folding, molecular transport, 

protein trafficking and maintenance of the cellular functions (see Tab. 2). 
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Fig. 6:  Analysis of the CDR-induced signaling pathways in the retinal explants after 24h of incubation. Search Tool 
for the Retrieval of Interacting Genes/Proteins (STRING) shows the signaling pathways of the most significant 
changed proteins using medium confidence score (0.4). Epitope target HTRA2 shows at least a textmining and 
co-expression to GTP-binding nuclear protein RAN. 

Tab. 1:  List of CDR-induced top canonical pathways revealed by Ingenuity Pathway Analysis (IPA). 

Canonical Pathway -log (P-value) Molecules 

Mitochondrial Dysfunction 3.37 COX6C, ATP5MF, VDAC2 

Protein Ubiquitination Pathway 2.82 PSMA6, HSPE1, HSP90AA1 

Oxidative Phosphorylation 2.39 COX6C, ATP5MF 

PI3K/AKT Signaling 2.24 YWHAE, HSP90AA1 

Thioredoxin Pathway 2.21 TXN 

Pentose Phosphate Pathway (Non-oxidative) 2.21 TKT 

Aldosterone Signaling in Epithelial Cells 2.03 HSPE1, HSP90AA1 

Pentose Phosphate Pathway 2.02 TKT 

NRF2-mediated Oxidative Stress Response 1.89 ERP29, TXN 

 

Tab. 2:  List of top molecular and cellular functions analyzed by Ingenuity Pathway Analysis (IPA). 

Molecular and Cellular Functions P-value Number of molecules 

Post-Translational Modification 8.59∙10-7 - 8.59∙10-7 4 

Protein Folding 8.59∙10-7 - 8.59∙10-7 4 

Molecular Transport 1.31∙10-2 - 7.28∙10-6 14 

Protein Trafficking 1.25∙10-2 - 7.28∙10-6 6 

Cellular Function and Maintenance 1.48∙10-2 - 3.57∙10-5 9 
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4 Discussion 

In recent years, immunopeptidomics is one of the fastest growing research areas with 

considerable progress in the field of personalized cancer immunotherapy [45]. As the term 

“immunopeptidomics” is generally associated with the MS-based identification of 

tumor-specific neoantigens serving as basis for the targeted cancer therapy [45], the present 

study offers completely new treatment strategies for various autoimmune-related diseases 

with special focus on glaucoma. Since several years short synthetic CDR peptides are 

commonly used as remarkably active biomolecules that trigger a wide range of effector 

functions such as immunomodulatory, antimicrobial, antiviral or antitumor activities [27,29–

31,28]. Furthermore, synthetic CDR peptides have excellent properties as therapeutic agents 

mainly because of their small size, low immunogenicity, good tissue penetration 

characteristics as well as their ease and cost-effective manufacturing with structural 

modification possibilities [46]. However, all the previous studies referred to CDR peptides of 

already sequenced antibody molecules with known biological activity or antigen specificity 

and never focused on polyclonal-derived CDR sequences with unknown biological function. 

In the present study, two CDR1 sequence motives (ASGYTFTNYGLSWVR and 

ASQSVSSYLAWYQQK), which were present in low abundance in the sera of glaucoma patients, 

were investigated for potential interaction partners (or epitope targets) in the retinal porcine 

proteome and screened for potential neuroprotective or even neurodamaging effects on RGCs 

in an ex vivo glaucoma model. The established epitope identification workflow (see Fig.1) 

revealed the protein serine protease HTRA2, mitochondrial (see Fig. 3) as a high confident 

interaction partner of the CDR1 sequence motive ASGYTFTNYGLSWVR. On one hand, HTRA2 

has drawn attention as a key player in apoptotic pathways promoting the degradation of 

anti-apoptotic proteins (e.g. X-linked inhibitor of apoptosis protein, XIAP) and the activation 

of caspase-dependent and –independent pathways [47–49]. Thereby, HTRA2 is increasingly 

released from the mitochondria to the cytosol during cellular stress responses [47–49] and 

was also observed after optic nerve crush in the rat retina [50]. On the other hand, recent 

studies also indicated that transgenic htra2mnd2 mice deficient in HTRA2 activity show early 

signs of onset neurodegeneration, multiple tissue atrophy and early lethality; thereby, 

strengthening the important role of HTRA2 in neuronal cell survival and mitochondrial 
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homeostasis [51–54]. In accordance, dysfunction of HTRA2 protein activity is also associated 

with other neurodegenerative diseases such as Parkinson’s or Alzheimer’s disease and 

represents an interesting target in cancer therapy [47,55]. Interestingly, inhibition of HTRA2 

activity, particularly the catalytic protein domain, prevented myocardial dysfunction and 

inflammation-mediated tissue damaging events after ischemia/reperfusion injury in rat hearts 

in vivo [56]. However, the exact role of HTRA2 is still unknown in glaucoma and represents a 

very attractive target for future glaucoma-related study designs. Ding et al. (2009) [57] have 

already highlighted the importance of HTRA2-mediated apoptotic processes in murine RPE 

cells during oxidative stress conditions and proposed HTRA2 as one of the key players in the 

pathogenesis of the age-related macular degeneration (AMD). Due to that reason, it is not far-

fetched to speculate that HTRA2 may also play important key functions in other eye-related 

disorders. 

For the first time, we could demonstrate the CDR-induced, neuroprotective activities of 

sequence motive ASGYTFTNYGLSWVR on RGCs ex vivo (see Fig. 4 A-B) and verified the 

sequence specificity of these effects using a scrambled peptide analog as proper control. The 

number of RGC/mm2 in the dorsal periphery of the porcine retina was in the range of previous 

publications [58,59] and confirms the reliability of the obtained results. However, no 

significant differences in the number of apoptotic cells were observed between all three 

experimental groups (P>0.05, see Fig. 4 C). In general, apoptotic processes are largely 

dependent on the cell type as well as environmental stimuli and can vary from 12 to 24 hours 

[60,61]. Since the TUNEL assay only indicates the last stage of apoptosis by in situ detection of 

fragmented DNA and just covers a period about 2 to 3 hours [62,63], the considered time 

frame could be too short to detect any significant changes in the cell death rate between the 

different groups. Nevertheless, considering the quantitative proteomic results (see Fig. 5), we 

identified an increased expression of anti-apoptotic and anti-oxidative proteins (e.g. VDAC2 

and TXN) in CDR-treated retinal explants in comparison to the untreated controls 

accompanied by decreased levels of proteins associated with the cellular stress response (e.g. 

HSPE1, ERP29 and HSP90AA1). Mitochondrial VDAC2, for instance, plays an important role in 

the cell homeostasis by ROS neutralization [64] and triggers anti-apoptotic functions by direct 

inhibition of pro-apoptotic BAK [65]. In accordance, the protein TXN is responsible for the 

mitochondrial redox homeostasis and acts as important regulator of the energy metabolism 

in neuronal cells [66]. On the contrary, the proteins HSP90AA1, HSPE1, ERP29 and are mainly 
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functioning as molecular chaperone complexes essential for the maintenance of the protein 

folding, trafficking and secretion (see Tab. 2) during cellular stress responses and are a 

hallmark for various neurodegenerative diseases including glaucoma [67–69]. Interestingly, 

mitochondrial dysfunction, protein ubiquitination pathway and oxidative phosphorylation 

(Tab. 1) were annotated as the three main affected canonical pathways and have already been 

discussed for several years as the primarily responsible pathological factors in glaucoma [70–

73]. As already outlined, HTRA2 plays an essential role in the mitochondrial homeostasis by 

protein quality control (PQC) [51–54] and also already showed direct inhibitory effects on E3 

ubiquitin ligase activity [74,75], strengthening the hypothesis that HTRA2 may act as master 

regulator of the affected canonical pathways potentially by direct interaction (inhibition) with 

CDR1 sequence motive ASGYTFTNYGLSWVR. In addition, the oxidative and non-oxidative 

pentose phosphate pathway (PPP) was also affected in the CDR-treated retinal explants and 

is mainly regulated by the increased expression of the protein transketolase (TKT) [76]. 

Remarkably, Kuehne et al. (2015) [77] postulated an important physiological role of the 

oxidative and non-oxidative PPP in the stabilization of the redox balance system and ROS 

clearance in human skin cells and was also already associated to glaucoma [78,79]. Since 

transgenic htra2mnd2 mice with deficient HTRA2 activity are known to show an obvious heart 

enlargement with left ventricular hypertrophy accompanied by decreased mitochondrial 

energy supply and decreased glucose metabolism [52,51], HTRA2 can also be assumed as an 

important master regulator and stabilizer for the mitochondrial energy metabolism. In 

addition, Ding et al. (2009) [57] further verified a decreased amount of mitochondria and an 

abnormal mitochondrial morphology in the retina of HTRA2-deficient mice compared to 

wild-type, indicating a fundamental function of HTRA2 in the maintenance of the 

mitochondrial homeostasis in the eye. However, it still has to be determined if all these retinal 

proteomic changes are due to the direct interaction (inhibition) of HTRA2 with the CDR1 

sequence motive ASGYTFTNYGLSWVR or to other cell-mediated mechanism (e.g. receptor 

binding). Furthermore, it has to be proven if the CDR-induced protein markers represent the 

direct interaction partners of HTRA2 or if they just develop as a consequence because of CDR-

induced downstream signaling cascades. 
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5 Conclusion 

The present study shows for the first time that short synthetic disease associated CDR 

peptides without any information about the native antigen specificity provide a great 

potential for the amelioration or treatment of glaucoma. Moreover, our results support for 

the first time the mitochondrial serine protease HTRA2 as important key player in the 

pathogenesis of glaucoma and should be particularly focused in future glaucoma research 

projects. However, this innovative procedural method would also offer completely new 

therapeutic strategies in other immune mediated inflammatory and neurodegenerative 

diseases. Beyond that, we want to encourage other research groups to apply the established 

MS-based platform for CDR peptide identification [25] in combination with the present MS 

based epitope identification workflow for biomarker discovery to other autoimmune related 

neurodegenerative diseases in future study designs.  
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6 Abbrevations 

AAB  Autoantibodies    TFA Trifluoroacetic acid 

ABC  Ammonium bicarbonate   VH Variable heavy chain 

ACN  Acetonitrile 

AGC  Automatic gain control 

AMD  Age-related macular degeneration 

CDR  Complementarity-determining region 

CID  Collision-induced dissociation 

CTRL  Control group 

DE  Dynamic exclusion 

DTT  Dithiothreitol 

EtOH  Ethanol 

FA  Formic Acid 

Fab  Antigen-binding fragment 

Fc  Crystallisable fragment 

FDR  False discovery rate 

FR  Framework region 

IAA  Iodoacetamide 

IOP  Intraocular pressure 

IPA  Ingenuity Pathway Analysis 

LC-MS  Liquid chromatography-mass spectrometry 

MeOH  Methanol 

MS  Mass spectrometry 

ONC  Optic nerve cut 

PBS  Phosphate-buffered saline 

POAG  Primary open-angle glaucoma 

RGC  Retinal ganglion cells 

ROS  Reactive oxygen species 

RPE  Retinal pigment epithelium 

STRING Search Tool for the Retrieval of Interacting Genes/Proteins 

TIC  Total ion current 
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9 Supplementary Figures & Tables 

A) 

 

B) 

  

 

Supplementary Fig. 1:  Bar plot showing the intensity of synthetic biotin-[TTDS]-ASGYTFTNYGLSWVR (A) and 
synthetic biotin-[TTDS]-ASQSVSSYLAWYQQK (B) before and after coupling to commercial available magnetic 
streptavidin beads (N=3 per group). *: Groups marked with an asterisk are presented only by one replicate.      
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Supplementary Fig. 2:  Identification of potential epitope targets of the CDR peptides by affinity based proteomic 
strategy with 5 mg homogenized pig retina. Volcano plot showing log2 fold change plotted against -log10 
adjusted P value for samples from CDR-labeled bead group (N=3) versus samples from control bead group (N=3) 
(P<0.001; log2 fold change > 3). No significant interaction partner was identified for synthetic CDR1 

peptide ASQSVSSYLAWYQQK. 
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Supplementary Fig. 3:  Bar plots showing proteins with at least a tendency (P < 0.1) to be differentially expressed 
between CDR-treated retinal explants and untreated controls (N=3 per group). Retinal explants were cultivated 
either with medium without any peptide (untreated control) or with medium with 25 µg/ml CDR peptide for 24 h 
after optic nerve cut (ONC). 
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Abstract: Proper sample preparation protocols represent a critical step for liquid
chromatography-mass spectrometry (LC-MS)-based proteomic study designs and influence
the speed, performance and automation of high-throughput data acquisition. The main objective of
this study was to compare two commercial solid-phase extraction (SPE)-based sample preparation
protocols (comprising SOLAµTM HRP SPE spin plates from Thermo Fisher Scientific and ZIPTIP®

C18 pipette tips from Merck Millipore) for analytical performance, reproducibility, and analysis speed.
The house swine represents a promising animal model for studying human eye diseases including
glaucoma and provides excellent requirements for the qualitative and quantitative MS-based
comparison in terms of ocular proteomics. In total six technical replicates of two protein fractions
[extracted with 0.1% dodecyl-ß-maltoside (DDM) or 1% trifluoroacetic acid (TFA)] of porcine retinal
tissues were subjected to in-gel trypsin digestion and purified with both SPE-based workflows (N = 3)
prior to LC-MS analysis. On average, 550 ± 70 proteins (1512 ± 199 peptides) and 305 ± 48 proteins
(806 ± 144 peptides) were identified from DDM and TFA protein fractions, respectively, after ZIPTIP®

C18 purification, and SOLAµTM workflow resulted in the detection of 513 ± 55 proteins (1347 ± 180
peptides) and 300 ± 33 proteins (722 ± 87 peptides), respectively (FDR < 1%). Venn diagram analysis
revealed an average overlap of 65 ± 2% (DDM fraction) and 69 ± 4% (TFA fraction) in protein
identifications between both SPE-based methods. Quantitative analysis of 25 glaucoma-related
protein markers also showed no significant differences (P > 0.05) regarding protein recovery between
both SPE methods. However, only glaucoma-associated marker MECP2 showed a significant
(P = 0.02) higher abundance in ZIPTIP®-purified replicates in comparison to SOLAµTM-treated study
samples. Nevertheless, this result was not confirmed in the verification experiment using in-gel
trypsin digestion of recombinant MECP2 (P = 0.24). In conclusion, both SPE-based purification
methods worked equally well in terms of analytical performance and reproducibility, whereas
the analysis speed and the semi-automation of the SOLAµTM spin plates workflow is much more
convenient in comparison to the ZIPTIP® C18 method.

Keywords: mass spectrometry; glaucoma animal model; biomarkers; sample clean-up; ZIPTIP® C18
pipette tips; SOLAµTM HRP SPE spin plates
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1. Introduction

Solid phase extraction (SPE) is a crucial technique in liquid chromatography-mass spectrometry
(LC-MS)-based protein biomarker recovery, and therefore, the choice of appropriate SPE techniques
must be planned carefully. Robustness, reproducibility, sensitivity, and economic parameters
encompassing time and costs have to be addressed along with the selection of proper SPE protocols.
There is an increasing number of SPE sorbent materials feasible for LC-MS-based proteomics
in the current market, which compromises various formats; e.g., pipette tips, cartridges, discs,
multi-well-plates, magnetic beads and sorbent materials, as reviewed elsewhere [1–7]. Since the
implementation of SPE in LC-MS workflows should be cost- and time-effective while enhancing
analysis speed, reproducibility, and minimizing processing errors, an important feature of a SPE
technique is its ability for automation in compliance with a high-throughput proteomics methodology.
Moreover, the SPE technique should be also compatible with the biological material of interest;
for example, the retinal tissues in the present study. There is a growing demand to study the retina in
the field of glaucoma proteomics, because it represents the primary ocular site that is affected in this
neurodegenerative disorder, which is indicated by aberrant proteomic alterations [8]. To study these
proteomic alterations LC-MS-based proteomic workflows represent the state-of-the-art strategy that
provide sensitive and semi-quantitative information of the identified protein species [9–11]. This is
particularly important for electrospray ionization (ESI) LC-MS-based proteomic workflows, in which
the SPE platform is recommended for desalting, ionic detergent-removal (e.g., SDS) and peptide
enrichment prior to LC-MS analysis and is mandatory for proper peptide ionization. Thus far, several
different types of devices and sorbents have been developed and commercialized for proper sample
clean-up procedures [12]. Our current LC-MS-based workflow for discovery proteomic approaches
was successfully used for in-depth proteome characterization of retina samples from various species
such as rat [13,14], pig [15] and human [16]. Recently, the LC-MS-based proteomic platform was also
used for the quantitative proteomic analysis of a new established porcine retinal organ culture [17],
which allows to monitor the expression levels of retinal proteins during experimental glaucomatous
conditions. In the former retina proteomic studies, the ZIPTIP® C18 pipette tip SPE was used as a
standard operation protocol (SOP) for sample clean-up prior to LC-MS analysis. The purpose of the
present work was to evaluate the suitability of a less laborious SPE method that can be implemented
in the established LC-MS-based proteomic workflow and therefore, to compare the performance of
SOLAµTM HRP SPE spin plates with the former ZIPTIP® C18 pipette tips for the analysis of the porcine
retinal proteome. Moreover, the main focus of the present study was on specific selected retinal protein
markers, which were recently found to be associated with the pathophysiology of glaucoma [16] and
represent interesting marker candidates for quantitative protein recovery. Both SPE techniques will
be evaluated for specific protein/peptide recovery performance as well as for analysis speed of the
porcine retinal proteome characterization and possibly considering an (semi-)automated integration of
both SPE-based methods.

2. Results

2.1. 1-D SDS Page of Porcine Retinal Proteins

Both protein fractions (extracted with 0.1% DDM or 1% TFA) showed a high degree of congruency
in the mass migration pattern with respect to the 1D SDS-PAGE (see Figure 1A,B). Each lane was
subdivided into 17 slices labeled with the most abundant proteins per spot. Both protein fractions
showed specific and reproducible protein pattern and particularly the DDM fraction contained
predominantly cytoplasm-derived and membrane-associated proteins such as clathrin heavy chain
1 (≈150 kDa, highest protein score: 547, CLTC), retinol-binding protein 3 (≈98 kDa, highest protein
score: 325, RBP3), glutathione S-transferase P (≈30–20 kDa, highest protein score: 1948, GSTP1) or
reticulon-4 (≈17 kDa, highest protein score: 558, RTN4). In contrast, the TFA fraction exhibited mostly
nucleus-derived proteins such as high mobility group protein B1 (≈28 kDa highest protein score: 818,
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HMGB1), different kinds of histones (e.g., Histone H1.4 ≈ 28–17 kDa, highest protein score: 3421,
HIST1H1E), but also many mitochondrial (e.g., ATP synthase subunit beta, mitochondrial, ≈12 kDa,
highest protein score: 1352, ATP5B) as well as ribosomal proteins (e.g., 60S ribosomal protein L12;
≈12 kDa, highest protein score: 589, RPL12).
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pattern of the 1% TFA extract predominantly consists out of nucleus-derived proteins. 

Figure 1. 1-D SDS PAGE of porcine retinal proteins after extraction with 0.1% dodecyl-ß-maltoside
(DDM) or 1% trifluoroacetic acid (TFA) buffer labeled with the most abundant proteins per spot.
Each sample lane contains a total protein amount of 50 µg. (A) Protein migration pattern of the 0.1%
DDM extract mostly containing cytoplasm-derived or membrane-associated proteins. (B) Protein
migration pattern of the 1% TFA extract predominantly consists out of nucleus-derived proteins.
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2.2. Qualitative Comparison between Both SPE-Based Peptide Purification Methods

In order to evaluate qualitative differences regarding protein identifications, in total six technical
replicates of two protein fractions (DDM and TFA) were purified with two different SPE-protocols
(ZIPTIP® and SOLAµTM) prior to LC-MS/MS analysis (as described in detail in 2.4). On average the
DDM fractions provided the identification of 550 ± 70 proteins (1512 ± 199 peptides) after ZIPTIP®

C18 purification protocol, whereas SOLAµTM purification workflow resulted in the identification of
513 ± 55 proteins (1347 ± 180 peptides) using high-confident filtering criteria (FDR < 1%). In contrast,
the ZIPTIP® C18 purification technique leads to the detection of 305 ± 48 proteins (806 ± 144
peptides) in the TFA fraction, whereas SOLAµTM purification protocol identified 300 ± 33 proteins
(722 ± 87 peptides, see Supplementary Files S1 and S2). No significant differences (P > 0.05) regarding
protein and peptide identifications were observed between both SPE-based purification methods using
Student’s t-test.

In the next step of the analysis, the identified proteins were classified according to their specific
protein ion scores in order to evaluate if there are significant differences in the identification of
group–specific proteins species (see Figure 2). On average, 7 ± 3 proteins of the SOLAµTM-purified
DDM fraction showed a protein score of >3000. Up to 318 ± 70 proteins indicated a protein score
of <3000 >70 and 186 ± 25 proteins were detected with a protein score of <70. On the other hand,
the ZIPTIP® C18 procedure resulted in the detection 9 ± 3 proteins with a protein score of >3000
in the DDM fraction. On average 359 ± 78 proteins showed a protein score of <3000 >70 and
up to 183 ± 48 proteins were identified with a protein score of <70. Nevertheless, no significant
group-specific differences (Mann-Whitney U-test, P > 0.05) in terms of the protein ion score were
observed between both SPE methods. The proteins of the TFA fraction showed a similar distribution
pattern with respect to the protein ion score, but also no significant changes (Mann–Whitney U-test,
P > 0.05) were observed between both methods. Furthermore, we also clustered the identified peptides
according to their characteristic molecular weights (MW), in order to analyze if there are any significant
differences in the detection of group-specific peptide sequences between both purification protocols
(see Figure 3). On average both SPE workflows resulted in comparable peptide identification rates
(SOLAµTM: 1115 ± 149 peptides; ZIPTIP®: 1254 ± 156 peptides) within the mass range of 900 to
1800 Da in the DDM fraction. With both SPE methods the number of identified peptides (SOLAµTM:
232 ± 31 peptides; ZIPTIP®: 258 ± 45 peptides) decreased at the edges of the mass range between
600-900 Da and >1800 Da. Nevertheless, none of the groups showed significant differences (Student’s
t-test, P > 0.05) between both purification methods in the DDM fraction. In addition, the MW-classified
peptides of the TFA fraction showed a similar distribution pattern, but also no significant differences
(Student’s t-test, P > 0.05) were found between SOLAµTM - and ZIPTIP®-purified study samples.

Venn diagram analysis revealed that on average 65 ± 2% of all identified proteins were detected
with both SPE-based purification methods (SOLAµTM and ZIPTIP®) in the DDM fraction (Figure 4).
Also, the TFA fraction provided an average overlap of 69 ± 4% of all identified proteins between both
purification methods (Figure 5). Even on the peptide level both methods resulted in an overlap of
60 ± 1% in the DDM fraction and an overlap of 62 ± 5% in the TFA fraction (Supplementary Figures S1
and S2). Furthermore, around 98% of all identified proteins in both protein fractions (DDM and
TFA) could be annotated to cellular compartments according to the gene ontology (GO) analysis.
Additionally, the identified proteins from the DDM and TFA fractions did not show any conspicuous
differences regarding the cellular localization between both SPE-based purification methods (Figure 6).
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Figure 2. Distribution plot shows the classification of the identified proteins according to their specific
protein ion scores. Proteins were clustered to the protein ion scores in the range of ≥3000, <3000 to
≥1000, <1000 to ≥800, <800 to ≥600, <400 to ≥200, <200 to ≥70 and <70. (A) Ion score distribution plot
of the identified proteins in the DDM fraction after enrichment with to different solid phase extraction
(SPE)-based purification methods (SOLAµTM and ZIPTIP®). (B) Distribution profile of the identified
proteins in the TFA fraction according to their specific ion scores after enrichment with two different
SPE methods.
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Figure 3. Distribution plot shows the classification of the identified peptides according to their
characteristic molecular weight (MW). Peptides were clustered in the molecular mass range of
≥1800 Da, <1800 to ≥1500 Da, <1500 to ≥1200 Da, <1200 to ≥ 900 Da and <900 to ≥ 600 Da. (A) Bar
plot shows the MW distribution of the identified peptides in the DDM fraction after enrichment with to
different SPE-based purification methods (SOLAµTM and ZIPTIP®). (B) Distribution profiles of the MW
of the identified peptides in the TFA fraction after enrichment with to different purification methods.



Int. J. Mol. Sci. 2018, 19, 3847 7 of 16
Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  7 of 16 

 

 
Figure 4. Venn diagram showing the overlap (percentage distribution) of identified proteins in the 
DDM fraction between six technical replicates. Three technical replicates were either purified by 
ZIPTIP® pipette tips or SOLAµTM microtiter plates. On average 65 ± 2% of all identified proteins were 
detected with both SPE-based purification methods. 

 
Figure 5. Venn diagram showing the overlap (percentage distribution) of identified proteins in the 
TFA fraction between six technical replicates. Three technical replicates were either purified by 
ZIPTIP® pipette tips or SOLAµTM microtiter plates. On average 69 ± 4% of all identified proteins were 
detected with both SPE-based purification methods. 

Figure 4. Venn diagram showing the overlap (percentage distribution) of identified proteins in the
DDM fraction between six technical replicates. Three technical replicates were either purified by
ZIPTIP® pipette tips or SOLAµTM microtiter plates. On average 65 ± 2% of all identified proteins were
detected with both SPE-based purification methods.

Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  7 of 16 

 

 
Figure 4. Venn diagram showing the overlap (percentage distribution) of identified proteins in the 
DDM fraction between six technical replicates. Three technical replicates were either purified by 
ZIPTIP® pipette tips or SOLAµTM microtiter plates. On average 65 ± 2% of all identified proteins were 
detected with both SPE-based purification methods. 

 
Figure 5. Venn diagram showing the overlap (percentage distribution) of identified proteins in the 
TFA fraction between six technical replicates. Three technical replicates were either purified by 
ZIPTIP® pipette tips or SOLAµTM microtiter plates. On average 69 ± 4% of all identified proteins were 
detected with both SPE-based purification methods. 

Figure 5. Venn diagram showing the overlap (percentage distribution) of identified proteins in the TFA
fraction between six technical replicates. Three technical replicates were either purified by ZIPTIP®

pipette tips or SOLAµTM microtiter plates. On average 69 ± 4% of all identified proteins were detected
with both SPE-based purification methods.
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Figure 6. Gene ontology (GO) annotation analysis of all identified porcine retinal proteins. Proteins
were clustered according to their cellular compartments such as nucleus, mitochondrion, endoplasmatic
reticulum, golgi apparatus, ribosome, lysosome or peroxisome. DDM (A) as well as TFA fraction (B)
did not show any conspicuous differences regarding the cellular localization of the identified proteins
between both SPE-based purification methods (SOLAµTM and ZIPTIP®).

2.3. Quantitative Analysis between Both SPE-Based Peptide Purification Methods

The aim of the second part of this study was to identify if there are significant differences in
the label-free quantification (LFQ) of proteins between both SOLAµTM and ZIPTIP® C18 purification
methods. For the quantitative analysis, several glaucoma-associated retinal biomarker candidates
were selected, which showed different expression levels (P < 0.1) in retinal tissues of glaucoma
patients in contrast to healthy controls [16]. Up to 15 of these glaucoma-associated biomarker
candidates were identified in the DDM fraction, whereas the TFA fraction contained up to 10 retinal
biomarker candidates (Figure 7 and Supplementary Table S1). The three most abundant marker
candidates of the DDM fraction were elongation factor 1-alpha 1 (EEF1A1), ADP/ATP translocase
3 (SLC25A6) and ras-related protein Rab-11B (RAB11B). In contrast, the TFA fraction provided the
three most abundant biomarker candidates histone H1.0 (H1F0), α-crystallin B chain (CRYAB) and
methyl-CpG-binding protein 2 (MECP2). Approximately 96% of the identified biomarker candidates
did not show any significant differences (Student’s t-test, P > 0.05) in the LFQ analysis between
both SPE purification methods. Only protein marker MECP2 showed a significant higher abundance
(Student’s t-test, P = 0.02) in ZIPTIP®-purified replicates in contrast to SOLAµTM-purified study
samples. Verification experiment with tryptic in-gel digestion of recombinant protein MECP2 (see
Supplementary Figure S3) resulted in a slightly higher abundance in the ZIPTIP®-purified study
samples (LFQ intensity=11.5 × 107 ± 2.7 × 107, N = 9) compared to SOLAµTM-purified replicates
(LFQ intensity=10.1 × 107 ± 2.2 × 107, N = 9), however no significant difference (Student’s t-test,
P = 0.24) was found.
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Figure 7. Bar plot shows the label-free quantification results of 25 glaucoma-associated biomarker
candidates after enrichment with two different SPE purification methods (SOLAµTM and ZIPTIP®).
Marker candidates on the left were identified in the DDM fraction, whereas proteins on the right were
detected in the TFA fraction (FDR < 1%). Only protein MECP2 showed a significant (p < 0.05) higher
abundance in ZIPTIP®-purified replicates in comparison to SOLAµTM-purified study samples.

3. Discussion

The LC-MS-based proteomic analysis of the porcine retinal tissue samples provided a sensitive
view into the complex porcine retina proteome and is in confidence with recent protein catalogues
of the pig retina [15,18–20]. The present study contributes to a better characterization of the pig eye
proteome and promotes the house swine (Sus scrofa) as a suitable candidate for ocular disease model
systems [21–24]. However, the “core proteome” of the pig retina was congruently characterized with
both SPE methods via ZIPTIP® C18 pipette tips or SOLAµTM HRP spin plates (see Supplementary
Files S1 and S2), facilitating the LC-MS-based detection of high abundant proteins such as clathrin
heavy chain 1 (CLTC), pyruvate kinase isozymes M1/M2 (PKM), creatine kinase B-type (CKB),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), rhodopsin (RHO), various tubulin chains
as well as 14-3-3 proteins. Moreover, subcellular compartments were comparably distinguished with
both purification techniques, highlighting nucleus and mitochondria as the main annotated organelles
(see Figure 6). Also, both systems worked equally well concerning the identification of retinal proteins
from two different protein fractions: DDM- and TFA-containing solvents provided a high overlap
regarding protein and peptides identifications between both purification techniques (see Figures 4
and 5; see Supplementary Figures S1 and S2). Tabb et al. (2010) [25] observed that peptide lists
from several technical replicates overlapped from 35 to 60% and is in accordance with the results of
the present study. The loss of repeatability in such LC-MS-based proteomic study designs is caused
due to the complexity of the sample, ion suppression effects, precursor fragmentation efficiency or
several others factors as described in detail elsewhere [25–28]. Nevertheless, both SPE protocols also
showed a certain degree of contrary indicated by ZIPTIP® C18- and SOLAµTM-HRP exclusive protein
species (e.g., ZIPTIP®: VAMP2 and SOLAµTM: HSP90AB1, see Supplementary File S1). In accordance,
the ZIPTIP® C18 method showed a slightly increased detection rate of proteins not included in the
“core proteome” accompanied by slight tendencies of higher peptide ion scores and a higher sensitivity
over the inspected mass range (see Figures 3 and 4). However, since none of these effects was supported
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by statistical significance (P > 0.05), an almost equal analytical performance and reproducibility of
both SPE workflows can be concluded.

In terms of quantitative recovery of the glaucoma-associated retinal target proteins, there were
also no distinctive statistical differences (P > 0.05) between both SPE methods (see Figure 7). However,
for some focused retinal proteins, e.g., ADP/ATP translocase 3 (SLC25A6), guanine nucleotide-binding
protein G(i) subunit α-2 (GNAI2) or Ras-related protein Rab-11B (Rab11B), the SOLAµTM SPE method
showed tendencies of quantitatively higher protein recovery, whereas for other target proteins, e.g.,
high mobility group protein B1 (HMGB1) or α-crystallin B chain (CRYAB), the ZIPTIP® C18 technique
achieved a slightly trend to quantitatively higher protein abundances. Nevertheless, since all of
these findings were not supported by statistical significance (P > 0.05) an approximately comparable
protein/peptide recovery performance of the two tested SPE methods can be assumed. Exceptions
are the results regarding MECP2 extraction, since MECP2 was significantly (P = 0.02) recovered in
higher quantities from retinal samples purified by the use of ZIPTIP® C18 pipette tips. However,
this effect could not be reproduced by verification experiment (P = 0.24) considering the peptide
enrichment of tryptic, recombinant MECP2 with both SPE devices. The different performance in
MECP2 extraction may emphasize the special retention behavior of this protein. As a member of
intrinsically disordered proteins (IDPs), MECP2 lacks higher structural organization [29–31] providing
high plasticity for molecular interactions [32], which is reflected by its amino acid sequence. This may
have also influenced the retention behavior of MECP2-derived peptides on SPE sorbents; e.g., on HRP
representing a polymeric sorbent with polar and non-polar retention properties [33].

The SOLAµTM HRP spin plate workflow is clearly a superior method compared to the manual
ZIPTIP® C18 protocol with respect to the effort, costs, and analysis time factors. Although the ZIPTIP®

C18 method can be automated on robotic stations [34], the speed and robustness of such a fully
automated SPE pipette tip system is hampered by the lack of resistance towards errors such as trapped
air-bubbles in the resin tips or pipette tips blocked by sample debris. This error-prone procedure
can be avoided by using the SOLAµTM HRP spin plates due to the macro-porous structure of the
solid phase material, which provides continuous solvent flow-through without any sample loss [35].
Furthermore, the time factor is crucial in fully automated SPE pipette tip platforms in regard to
solvent diffusion, alterations in solvent composition, robot movement distances and robot working
cycles. In accordance, the constant need for trouble shooting in such SPE pipette tip automation
systems is an important limitation compared to the centrifugal-based SPE spin plates. Indeed,
the execution of the SOLAµTM HRP spin plate workflow still requires a certain degree of operator
handling and represents only a semi-automatic platform, nevertheless, it provides a higher degree of
standardization and reproducibility than the manual ZIPTIP® C18 pipette tip workflow. However,
due to the semi-automatic system properties and the consequent compatibility with LC-MS-based
high-throughput screening strategies, centrifugal SPE spin plates have recently been “expected to
become the mainstream method of sample processing in the future” [36] and were successfully used
in various proteomic study designs focusing on human cerebrospinal fluid [37], human serum [38],
human lung tissues [39] and HeLa cells [40].

In conclusion, the SOLAµTM HRP spin plate approach represents an attractive alternative to the
manual ZIPTIP® C18 pipette tip workflow and is particularly recommended for high-throughput
discovery proteomic platforms to enhance cost-, labor- and time-effectiveness purposes. Nevertheless,
considering the sensitive performance of the manually applied ZIPTIP® C18 tips, a targeted use of
these pipette tips for the analysis of specific marker proteins such as SLC25A6, GNAI2, Rab11B or
MECP2 should be considered. In addition, the development of a mixed-mode spin plate, benefiting
from the properties of both stationary materials (HRP and C18), could be a future innovation for
improved recovery of retinal proteins. Beyond that, fine-tuning adjustments of the SOLAµTM HRP
spin plate workflow such as centrifugal speed, time, temperature, elution volume, elution buffer
and number of repeat cycles could significantly improve the sensitivity and accuracy of the current
proteomic measurements.
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4. Materials and Methods

4.1. Sample Preparation and Protein Extraction Protocols

Retinal tissues were prepared from freshly enucleated eye bulbs (N = 45) from house swine
Sus scrofa domestica Linnaeus, 1758 individuals (sacrificed at 3–6 month, female:male = 3:2) provided
by local slaughterhouses (Landmetzgerei Harth, Stadecken-Elsheim, Germany; Metzgerei Köppel,
Mainz, Germany). Eye bulbs were equatorially opened with a scalpel to remove lens, vitreous
body, iris and ciliary body. Retinal tissues were carefully removed from the pigment epithelium
with a phosphate-buffered saline (PBS)-coated paintbrush. After this, the whole retina was cut off
from the optic nerve head and stored at −80 ◦C until further protein extraction protocols. For the
first protein extraction protocol 30 isolated retina tissues were pooled and homogenized with an
Ultra-Turrax T25 sonicator (Janke & Kunkel IKA Labortechnik, Staufen im Breisgau, Germany)
as described in detail in an earlier study [15]. After homogenization, 0.1% dodecyl-ß-maltoside
(DDM) was added to the aliquots and sonicated for 10 min on ice. Then, the samples were gently
mixed and incubated for 30 min at RT followed by centrifugation at 10,000× g for 12 min at 4 ◦C.
The supernatant was collected and stored at −20 ◦C. For the second protein extraction protocol
15 isolated retina tissues were pooled and subjected to further homogenization using a Precellys®

24 homogenizer (VWR International GmbH, Darmstadt, Germany) combined with a 1.4/2.8 mm
Precellys® Ceramic kit (VWR International GmbH, Darmstadt, Germany). Prior to homogenization,
frozen retina tissues were added to the tubes containing the 1.4/2.8 mm ceramic balls and filled with
1.5 mL PBS. Retina samples were homogenized three times for 45 s at 5000 rpm and centrifuged
afterwards at 10,000× g for 12 min at 4 ◦C. The supernatant containing mostly cytoplasm-derived
proteins was stored at −20 ◦C and the remaining pellet was resuspended in 500 µL of 1% trifluoroacetic
acid (TFA). Funke et al. (2016) [15] have previously shown that 1% TFA is a suitable buffer for the
extraction of many nucleus-derived retinal proteins. Retina samples were homogenized three times for
45 s at 5000 rpm followed by centrifugation at 10,000× g for 12 min at 4 ◦C. The supernatant containing
mostly nucleus-derived proteins was stored at −20 ◦C. Protein measurements of both protein fractions
were performed using BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA) according
to manufacturer’s instructions and measured three times with a Multiscan Ascent photometer (Thermo
Fisher Scientific, Rockford, IL, USA) at a wavelength of 570 nm. Human Recombinant protein MECP2
(Methyl-CpG-binding protein 2, cat. no. 14-1067) was purchased from Merck Millipore (Billerica, MA,
USA) and used for the validation experiment.

4.2. 1-D SDS Page

Both protein fractions (50 µg per lane) were separated on 10-well NuPAGE 12% Bis-Tris minigels
(Thermo Fisher Scientific, Rockford, IL, USA) under reducing conditions. Gels were incorporated in the
XCell SureLock™ Mini-Cell Electrophoresis System (Invitrogen, Carlsbad, CA, USA) and prepared with
NuPAGE™ MOPS SDS Running Buffer 20× (Thermo Fisher Scientific, Rockford, IL, USA) according to
the supplier’s protocol. In addition, 10 µL of the SeabluePlus 2 Pre-Stained Protein Standard (Thermo
Fisher Scientific, Rockford, IL, USA) was used as molecular weight reference and separated at 150 V
for 1.5 h at 4 ◦C. After separation, gels were fixed and stained using Novex Colloidal Blue Staining Kit
(Thermo Fisher Scientific, Rockford, IL, USA) according to the manufacturer’s instructions. Gels were
destained for at least 16 h and scanned using an Epson Perfection V600 Photo Scanner (Seiko Epson
Corporation, Suma, Nagano, Japan) at 700 dpi. Protein migration patterns were manually inspected
and subjected to further in-gel trypsin digestion.

4.3. In-gel Trypsin Digestion

In total six lanes of both protein fractions were subjected to further in-gel trypsin digestion
according to a modified protocol from a previous study [41]. At first, each protein lane was subdivided
into 17 slices according to their characteristic protein migration profile and cut into small pieces. The gel
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pieces were destained with 100 mM ammonium bicarbonate (ABC) in 50% acetonitrile (ACN) and
dehydrated with pure ACN before reduction and alkylation processes. Then, the samples were
evaporated in the SpeedVac (Eppendorf, Darmstadt, Germany) for 10 min at 30 ◦C to dryness.
Afterwards the gel pieces were resolved with 10 mM dithiothreitol (DTT) in 100 mM ABC and
incubated for 30 min at 56 ◦C followed by incubation with 55 mM iodoacetamide (IAA) in 100 mM
ABC for 30 min at RT in the dark. Then the samples were dehydrated one more time with pure ACN
and dried for 10 min in the SpeedVac at 30 ◦C to dryness. The reduced and alkylated proteins were
further digested with 10 µg/mL sequencing grade trypsin (Promega, Madison, WI, USA) in 10 mM
ABC 10% ACN and incubated overnight for at least 16 h at 37 ◦C. On the next day, the supernatant was
collected and the tryptic peptides were extracted with 10% formic acid (FA) 70% ACN for 30 min at
350 rpm. Both supernatant fractions were pooled and evaporated in the SpeedVac at 30 ◦C to dryness.

4.4. SPE-Based Peptide Purification

The extracted peptides were dissolved in 20 µL 0.1% TFA. In order to reduce technical variability
during execution of the sample preparation protocols, the slices (N = 17) of two lanes (DDM or TFA
protein fractions) were pooled to a total volume of 40 µL 0.1% TFA. Then, the peptide pools were
subsequently split into two equal amounts (each 20 µL) and subjected for further SPE purification via
SOLAµ™ SPE HRP plates (Thermo Fisher Scientific, Rockford, IL, USA) or via C18 SPE pipette tips
(Merck Millipore, Billerica, MA, USA). In total three technical replicates of each protein fraction (DDM
or TFA) were purified with both SPE methods. Purification via ZIPTIP® C18 SPE pipette tips represents
the SOP in our lab and was performed according to previous publications [9–11]. In brief, the ZIPTIP®

C18 SPE pipette tips were conditioned and equilibrated by pipetting 10 µL ACN three times followed
by 10 µL 0.1% TFA three times. Then the sample was loaded on the stationary C18 phase by aspirate
and dispense 20 times, washed three times with 0.1% TFA and finally eluted two times in 10 µL 50%
ACN 0.1% TFA. This procedure was repeated, the pooled eluate fractions (40 µL) were evaporated
in the SpeedVac at 30 ◦C to dryness and stored at −20 ◦C. The SPE-based peptide purification via
SOLAµ™ SPE HRP plates was performed according to the manufacturer’s instructions. Activation
and elution of the SOLAµTM SPE membranes was performed with 100 µL methanol (MeOH), whereas
the washing step was performed with 100 µL 5% MeOH. After each step of the sample preparation
protocol the SOLAµTM SPE plate was centrifuged at 4000× g for 3 min and the flow-through/eluate
fractions were collected in 96-well microtiter microplates (Costar Corning Incorporated, Corning, NY,
USA). Eluates were transferred into new reaction tubes, evaporated in the SpeedVac at 30 ◦C to dryness
and stored at −20 ◦C prior to further LC-MS/MS analysis.

4.5. LC-MS/MS Analysis

LC-MS measurements were performed by a Rheos Allegro pump (Thermo Fisher Scientific,
Rockford, IL, USA) downscaled to a capillary HPLC system (flow rate: 6.7 ± 0.3 µL/min) online
coupled to a hybrid linear ion trap - Orbitrap MS (LTQ Orbitrap XL; Thermo Fisher Scientific, Rockford,
IL, USA). Purified tryptic peptides were resolved in 10 µL 0.1 TFA and 6 µL were injected into a
BioBasic® C18 column system (30 × 0.5 mm pre-column + 150 × 0.5 mm analytical column; Thermo
Fisher Scientific, Rockford, IL, USA). Solvent A consists of 1.94% ACN, 0.06% MeOH, and 0.05%
FA in water and solvent B consists of 95% ACN, 3% MeOH and 0.05% FA in water. Peptides were
eluted within 50 min using following gradient program: 15–20% B (0–2 min), 20–60% B (2–35 min),
60–100% B (35–40 min), 100–0% B (40–45 min), and 0% B (45–50 min). The LTQ Orbitrap operated in
positive ionization mode and data-dependent acquisition (DDA) mode: High-resolution survey full
scan (from m/z 300 to 2000) was performed in the Orbitrap with a resolution of 30.000 at 400 m/z and
the target automatic gain control was set to 1 × 106 ions. For internal calibration the lock mass was
set to 445.120025 m/z (polydimethylcyclosiloxane). Dynamic exclusion mode was enabled with the
following settings: repeat count = 1, repeat duration = 30 s, exclusion list size = 100, exclusion duration
= 90 s and exclusion mass width= ± 20 ppm. Based on the high-resolution MS scan the five most



Int. J. Mol. Sci. 2018, 19, 3847 13 of 16

intense precursor ions were selected for further collision-induced dissociation (CID) fragmentation
in the ion trap employing normalized collision energy of 35%. Manual inspection of the total ion
current (TIC) chromatogram was performed using Qual Browser v. 2.0.7 SP1 (Thermo Fisher Scientific,
Rockford, IL, USA). LC-MS raw data were uploaded to the ProteomeXchange Consortium via the
PRIDE [42] partner repository with the dataset identifier PXD011755.

4.6. Peptide Identification and Quantification

For protein identification acquired LC-MS profiles were analyzed with software package Proteome
Discoverer (Version 1.1; Thermo Fisher Scientific, Rockford, IL, USA) using the mascot search engine
(version 2.2.07) to obtain peptide scoring information. Tandem MS spectra were searched against
SwissProt database (SwissProt_150301) with a combination of Homo sapiens and Sus scrofa as taxonomies
with following settings: peptide mass tolerance of ± 30 ppm in the range of 150–2000 Da, fragment mass
tolerance of ± 0.5 Da, tryptic cleavage, a maximum of one missed cleavages, carbamidomethylation as
fixed modification, acetylation (Protein N-terminal) and oxidation as variable modification. Output
data were filtered considering a false discovery rate (FDR) < 1%. Given the fact that there is a limited
access to proper public proteomic databases of the house swine (Sus scrofa) [43,44], we included
the species-related proteomic database of Homo sapiens for protein search in order to maximize the
protein identification results. Label-free quantification (LFQ) of the proteins was performed with
MaxQuant computational proteomics platform version 1.5.2.8 (Max Planck Institute of Biochemistry,
Martinsried, Germany). Tandem MS spectra were searched against a user-defined database, containing
glaucoma-associated proteins (SwissProt_170531), with the previously described database search
settings. In addition, MaxQuant specific feature “match between run” was enabled and proteins were
identified considering FDR < 1%. Glaucoma-associated human protein database contains a selection
of retinal protein sequences which showed at least a tendency (P < 0.1) to be differentially expressed
between glaucoma patients and healthy controls according to a recent publication [16].

4.7. Data Analysis

Graphical presentation and t-test statistics for the qualitative analysis of the MS output data was
performed with software package Statistica version 13 (Statsoft, Tulsa, OK, USA). Normal distribution
of the data-sets was verified by the Shapiro–Wilk test. Student’s t-test was applied for parametric
data and Mann–Whitney U-test for non-parametric data. Venn diagram analysis was performed
with statistics program R version 3.2.0 with VennDiagram package version 1.6.17 (Available online:
https://www.r-project.org/). Combined protein lists from the SOLAµTM- and ZIPTIP®-purified
protein fractions were subjected to gene ontology (GO) analysis using software program Cytoscape
version 2.8.3 with BINGO 2.44 plugin ((Available online: www.cytoscape.org). Thereby, the GO
category “cellular component” was screened for potential annotations. Statistical analysis of the
MaxQuant generated output data was performed using software package Perseus version 1.5.5.0
(Max Planck Institute of Biochemistry, Martinsried, Germany). At first, LFQ intensities of the detected
proteins were log2 transformed for further analysis [45]. Prior to statistical analysis the output data
were filtered for contaminants, reversed hits, “only identified by site” and for a minimum number of
three valid values in at least in one group. Finally, two-sided t-test statistics with P values <0.05 was
applied in order to identify significant level changes in protein abundances between both SPE-based
purification methods (SOLAµTM and ZIPTIP®).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/
12/3847/s1. A list of all identified proteins and peptides is provided in Supplementary Files S1 and S2. The
mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [42]
partner repository with the dataset identifier PXD011755.
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3 Summary of the results and discussion 

Glaucoma is a multifactorial disease and the exact pathophysiology of this neurodegenerative 

eye disorder is still poorly understood. Elevated IOP remains the major risk factor for the 

development and progression of glaucoma, even if up to 30 % of all patients never showed 

this clinical symptom [12]. Moreover, up to 7 % of the population over the age of 40 show a 

prevalence for ocular hypertension (IOP > 21 mmHg), but lesser then 1 % of this group develop 

glaucoma per year [13]. Nowadays, IOP-lowering drugs still represent the gold standard in 

glaucoma therapy and also show beneficial effects in patients without IOP elevation. However, 

this treatment option just slows down the course of the disease and the threatening blindness 

of the patients but does not cure or prevent the pathological processes. Due to these reasons, 

it is of great importance to develop new sensitive screening and treatment strategies in 

glaucoma therapy to provide an appropriate and personalized medical management of each 

patient. 

Biomarker discovery represents a very challenging and time-consuming task in many clinical 

study designs and depends on the availability, amount and quality of the biological samples. 

With respect to glaucoma research, most of the collected biological fluids in clinical trials are 

restricted to blood serum or tear samples from the different patient cohorts. Collection of 

more interesting tissue samples such as retinae from human donor eyes, close to the side of 

damage, are limited to post mortem analyses and are much rarer. The sampling of aqueous 

humor, in contrast, is only accomplishable during cataract surgery or other intraocular 

surgeries and is strictly forbidden during clinical routine diagnostics in Germany. Furthermore, 

the complexity and structure of the biological material  greatly influences the selection of 

proper sample preparation protocols and the application of appropriate analytical 

instruments. LC-MS-based proteomics has become the instrument of choice for the 

quantitative protein profiling in various diseases and provides excellent requirements for the  

identification of new potential biomarker candidates. The present doctoral thesis 

compromises a LC-MS-based de novo profiling strategy for the identification of highly specific 

immune-related biomarker candidates (manuscript I), which also might represent interesting 

target molecules for future diagnostic or therapeutic purposes. Based on these results, we 

investigated the neuroprotective potential of two immunoproteomic marker candidates on 

RGCs ex vivo to evaluate their potential effectiveness as future therapeutic agents in glaucoma 

therapy (manuscript II). Finally, we evaluated the performance of two SPE methods for sample 
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clean-up prior to proteomic analyses in order to increase the speed, robustness and sensitivity 

of the current LC-MS based analytical platform (manuscript III). In addition, the optimized and 

improved performance of the proteomic workflow will also be beneficial for the previous parts 

of the doctoral thesis, because it’s accelerates the high-throughput MS analysis of larger study 

populations and will significantly increase the statistical robustness of study results  or 

validation experiments in future. 

3.1 Proteomic profiling of de novo immune-related biomarker candidates in 

primary-open angle glaucoma (POAG) 

Main ability of the immune system is to differentiate between self and foreign antigens and 

to provoke immune responses against bacterial pathogens or helminths. However, during the 

last decades it was extensively proven that each individual exhibits a natural panel of 

self-reactivity comprising autoantibodies (AAB), which seem to be important for the 

maintenance of the immunological homeostasis. However, the exact role of the natural AAB 

repertoire is still unclear, but it is assumed that they have regulatory functions and might play 

a protective role in the cellular homeostasis [59,69]. Furthermore, it is hypothesized that any 

disruption of the immunological equilibrium state may result in proinflammatory or 

autoaggressive conditions favoring the formation of autoimmune-related neurodegenerative 

diseases. Due to that reason, represents the humoral immune response system, particularly 

AABs, an early and sensitive indicator for pathological  conditions and may be used as reliable 

marker for early diagnostic purposes.    

The pathogenesis of glaucoma is also accompanied by significant changes in the natural 

autoimmune response indicated by decreased as well as increased systemic AAB titers agai nst 

various retinal proteins, e.g. HSP27 and MBP. So far, AAB profiling studies were mainly 

performed by conventional immunoproteomic techniques such as microarray or western blot 

analysis and are dependent on predefined protein panels providing the basis for the detection 

of specific antigen-antibody interactions. Major drawback of these approaches are the missing 

structural information about the active binding sites (paratopes) of the AAB molecules and 

the sequence variation of the paratopes along the different individuals. Recent studies have 

already demonstrated the high structural convergence and sequence coverage of 

disease-specific AABs in unrelated HIV as well as leukemia patients [70,71]. Furthermore, 

active immunization of individual rats with specific antigens led to the development of 
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congruent paratope sequence motives [72] and highlighted the humoral immune response as 

sensitive indicator for pathological or immunostimulating conditions. All these findings 

underline the importance of antigenic pressures during humoral immune responses and may 

explain the convergent development of (auto-)antibodies in different individuals. Based on 

this fundamental knowledge, de Costa and colleagues (2010) [73] established an LC-MS-based 

proteomic platform for the reproducible sequencing and quantification of constant IgG 

fragments and the antigen-binding fragments (Fab) of antibodies. This analytical approach 

does not require any previous information about the targeted (auto-)antigens and resulted in 

the identification of highly specific immune-related biomarker candidates in lung cancer [74] 

and multiple sclerosis patients [75]. In addition, it was possible to develop a 

12-antibody-peptide model for the discrimination of lung cancer patients from healthy 

controls with a sensitivity of 84 % and specificity of 90 % and achieved much higher 

identification rates than conventional CT screening technologies [74].  

Within the scope of the present thesis, the established LC-MS-based analytical platform was 

applied for the first time for the de novo screening of immune-related biomarker candidates 

in sera of POAG patients in comparison to healthy controls. In brief, all sera-derived IgG 

molecules were purified from each subject and prepared as described in detail in manuscript I: 

chapter 2.1; IgG Fab was subjected for further in-solution trypsin digestion and subsequently 

measured by LC-MS-based quantitative proteomics. Statistical analysis revealed in total  75 

peptides of the variable IgG domain, which were significantly differentially distributed 

between POAG patients and healthy controls and provided a group-specific clustering of all 

subjects by the principal component analysis (PCA). Sequence annotation analysis identified 

9 CDR1, 7 CDR2 and 6 CDR3 sequences, whereas most of the peptides were assigned to the 

framework regions (18 FR1, 10 FR2, 22 FR3 and 3 FR4) of the antibodies. CDRs are 

hypervariable regions determining the antigen specificity of the antibodies surrounded by 

moderately mutated sequence motives termed as FRs [76]. This also explains the preferred 

identification of FR regions by MS, because lesser mutated parts of the antibodies are more 

likely to be shared between several B cell clones and therefore easier to detect compared to 

highly diverse CDR sequences. Remarkably, up to 90 % of these marker peptides were much 

lesser expressed in the IgG Fab structure of POAG patients in comparison to healthy controls. 

If the systemic low abundance of most of the signature peptides result from either increased 

protein deposits or increased antibody clearance rates in POAG patients remains to be 



  Summary and discussion 

22 

determined. However, our group already demonstrated increased IgG accumulations in 

glaucomatous retinal tissues of human donor eyes [77] followed by increased infiltration of 

IgG-secreting B cells. Moreover, we were able to verify IgG deposits in an experimental 

glaucoma animal model which were strongly associated by increased numbers of Iba1+ 

microglia cells and increased caspase 3 activity in RGCs indicating apoptotic processes [58,78]. 

In addition, Kuehne et al. (2006) [79] also showed increased expression levels of specific 

complement system molecules (C1q and C3) in the retina of a chronic glaucomatous rat model 

and proved the potential occurrence of (auto-)antibody-induced cell death of RGCs in vivo. 

Besides the identification of specific signature peptides of the variable IgG domain, the 

present study also evaluated the overall expression profiles of specific VH or VL (κ or λ) family 

gene segments in the systemic immune response. As final result, the gene segment VH3 was 

on average significantly higher expressed in the IgG Fab structure of POAG patients in contrast 

to healthy controls, whereas the gene segment VH2 was significantly lesser presented in the 

POAG group. Interestingly, also other studies demonstrated the increased expression of VH3 

and VH4 gene segments in the CSF of multiple sclerosis patients [75] and decreased VH3 family 

expression in patients with late stage HIV-1 disease [80]. Particularly in HIV research it is 

supposed that the VH3 deficiency in the late stage of the disease may contribute to impaired 

immune responses to infections and vaccines [80–82]. With respect to glaucoma, our group 

could induce glaucomatous-like damage in the retina of rats by active systemic immunization 

with a mixture of optic nerve antigens [83] or with recombinant HSP60 [84]. These findings 

clearly indicate that specific (auto-)antigenic pressures can promote or even initiate the 

development of glaucomatous-like damages in vivo and are consistent with the disturbed VH 

gene family distribution in the humoral immune response of glaucoma patients. 

3.2 Neuroprotective effects of polyclonal-derived CDR sequence motives on RGCs 

in an ex vivo glaucoma model 

In recent years, short synthetic CDR peptides became known as highly active molecules 

triggering different kinds of biological functions, which are independent of the antigen 

specificity of the native antibodies. The CDR-induced effects vary from protective functions 

such as antimicrobial, antifungal or antitumor activities [85–88] to more regulatory functions 

such as immuno-modulatory, -suppressive or -stimulatory properties [89–92]. In terms of 

glaucoma, our group recently demonstrated neuroprotective effects of disease -associated 
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AABs (e.g. against GFAP, 14-3-3, α- and γ-synuclein) on RGCs in different cell culture 

experiments [60–63] and in an IOP-dependent glaucoma animal model [64]. However, major 

disadvantages of antibodies for therapeutic purposes are the high-manufacturing costs, 

inadequate pharmacokinetic properties or poor tissue accessibility hampering their 

application in daily clinical routine [93]. Moreover, all therapeutic antibodies have to be 

humanized for the medical applications by means of laborious procedures such as CDR 

grafting or phage-display technologies in order to reduce the immunogenic properties of the 

antibody molecules [94,95]. To overcome these limitations, synthetic CDR peptides provide 

an attractive alternative to antibody-based immunotherapy, because of their small size, ease 

and cost-effective production, low immunogenicity and their good tissue penetration 

characteristics [96]. Promisingly, many studies already highlighted the beneficial effects of a 

synthetic tolerogenic CDR1 peptide in different Systemic Lupus Erythematosus (SLE) animal 

models by triggering the immunosuppressive cytokine production in B and T cells [90,91,97] . 

Based on this knowledge, synthetic CDR peptides provide a great therapeutic potential for the 

treatment of various autoimmune-related neurodegenerative diseases with special focus on 

glaucoma. 

Main objective of the second part of this doctoral  thesis was to evaluate if polyclonal-derived 

IgG V domain sequence motives (revealed from manuscript I: chapter 2.1) show 

neuroprotective or even neurotoxic effects on RGCs in an ex vivo glaucoma model. Due to 

that, we selected two disease-associated CDR1 sequence motives (ASGYTFTNYGLSWVR 

homologous to IGHV1-18*02 and ASQSVSSYLAWYQQK homologous to IGKV3-11*01), which 

were significantly lesser expressed in the IgG Fab structure of POAG patients in contrast to 

healthy controls. In comparison to previous study designs [85–93], the present synthetic CDR 

peptides show a polyclonal origin shared between several B cell clones and are not derived 

from native antibody molecules with known antigen specificity and biofunction. However, to 

investigate the CDR-induced effects on RGCs we applied the adolescent retina organ culture 

from the house swine (Sus scrofa domesticus) for the experimental analyses. This ex vivo 

glaucoma model is based on the production of retina–retinal pigment epithelium (RPE) 

explants of freshly removed eye bulbs from local slaughterhouses and the cultivation of these 

explants for 24 h as described in detail in manuscript II: chapter 2.2. Stress factor for the RGCs 

in this model represents the optic nerve cut (ONC) by the slaughterer and was already used to 

confirm the neuroprotective effects of specific AABs against GFAP and γ-synuclein [63].  
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Interestingly, incubation of the stressed retinal explants with CDR1 sequence motive 

ASGYTFTNYGLSWVR (25 µg/ml) resulted in about 30 % higher RGC survival rates in comparison 

to untreated controls. Sequence specificity of these effects were verified by use of a scrambled 

peptide analog (YVWAGSTLSRTGNFY) as further control, which did not show any effects on 

RGCs ex vivo compared to the untreated retinal explants.  

State-of-the-art LC-MS-based affinity capture experiments identified the mitochondrial serine 

protease HTRA2 as significant interaction partner (epitope target) of CDR1 sequence motive 

ASGYTFTNYGLSWVR in the retinal porcine proteome. The specificity and uniqueness of this 

peptide-protein interaction was further verified by spike-in experiment of recombinant 

HTRA2, even if the scrambled peptide analog (YVWAGSTLSRTGNFY) also showed some low 

affinity for the target molecule. Interestingly, Fellouse et al. (2004) [98] and Koide and 

colleagues (2009) [99] demonstrated the dominant role of tyrosine (abbr. Y) residues in 

antigen recognition processes and the importance for the formation of proper protein-protein 

complexes. Particularly, both highlighted the specific physicochemical properties of tyrosine 

(e.g. amphipathic characteristics) as important requirements for the formation of nonpolar, 

hydrogen-bonding and cation-π interactions to other molecules. Due to these facts, it can be 

assumed that especially tyrosine residues Y(4) and Y(9) of the CDR1 sequence motive, in the 

respective distance to each other, are primarily responsible for the proper binding of HTRA2. 

However, despite the loss of this important binding motive in the scrambled peptide analog, 

it still seems to have some low affinity for the target protein, probably because of single 

tyrosine residues Y(1) or Y(15). In accordance, several studies already provided evidence for 

the significance of single tyrosine residues in the maintenance and stability of entire 

protein-protein interaction complexes [100–102]. In addition, affinity capture experiments 

revealed no significant retinal interaction partner of CDR1 sequence motive 

ASQSVSSYLAWYQQK and therefore it was not tested in the ex vivo glaucoma model. 

Epitope target HTRA2 represents a very promising biomarker candidate in glaucoma research, 

because of its contradictory functions as either pro-apoptotic molecule [103–105] or as 

important regulator of the mitochondrial homeostasis and neuronal cell survival (see Figure 3) 

[106–109]. On the one hand, HTRA2 is increasingly released from the mitochondria to the 

cytosol during cellular stress responses and promotes the degradation of anti -apoptotic 

proteins and the activation of caspase-dependent apoptotic pathways [103–105]. On the 

other hand, HtrA2/Omi knockout mice deficient in HTRA2 protein activity are characterized by 
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a lethal neurodegenerative phenotype [106–109] accompanied by an increased accumulation 

of misfolded proteins in the mitochondria [110]. However, to unravel the complex 

CDR-induced, neuroprotective effects on RGCs in the ex vivo glaucoma model, we performed 

LC-MS based quantitative proteomic analyses of the CDR-treated and untreated retinal 

explants. 

 

Figure 3: Potential mechanism of action of CDR1 sequence motive ASGYTFTNYGLSWVR in the stressed retinal 
explants. Serine protease HTRA2 is increasingly released from mitochondria to cytosol during apoptotic stimuli. 
The CDR-induced inhibition or modulation of the protein activity of HTRA2 results in decreased apoptotic cell 
death rates. The specific peptide-protein interaction promotes the stabilization of the mitochondrial dysfunction, 
the activation of antioxidative defense systems and a decreased cellular stress response. 

Overall, we identified a decreased expression of proteins involved in the cellular stress 

response (e.g. endoplasmic reticulum resident protein 29, ERP29 and 14-3-3 protein epsilon, 

YWHAE) in CDR-treated retinal explants in comparison to untreated controls accompanied by 

increased levels of proteins associated with antioxidative and neuroprotective functions 

(e.g. thioredoxin, TXN and GTP-binding nuclear protein RAN, RAN). Stress marker protein 

ERP29, for instance, has important functions in protein trafficking, ER homeostasis, cell 

survival as well as apoptosis [111] and was also found to be upregulated in glaucomatous RGCs 

in rats [112]. In accordance with that, stress-associated YWHAE was significantly increased in 
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cerebrospinal fluid (CSF) of Alzheimer’s disease (AD) patients [113] and seems to play a key 

role in autophagic processes [114,115]. On the contrary, the CDR-induced expression of 

protein TXN represents an important regulator of the mitochondrial redox homeostasis as well 

as the ROS neutralization system [116] and significantly increased the life-span of transgenic 

mice overexpressing human TXN1 [117]. In addition, CDR-induced upregulation of protein 

RAN serves as important master regulator of the classical import/export cycle in the 

nucleus [118] and also seems to show a co-expression behavior to HTRA2 indicated by 

pathway analysis. Moreover, transgenic Grn-KO mice, which are also deficient in proper RAN 

expression, showed early signs of retinal neurodegeneration processes [118] indicating the 

important function of RAN in eye-related diseases. 

In summary, it can be concluded that the synthetic CDR1 peptide ASGYTFTNYGLSWVR has 

neuroprotective effects on RGCs during glaucomatous-like stress conditions by triggering 

various antiapoptotic signaling pathways and interaction networks. Nevertheless, it still has 

to be determined if all quantitative proteomic changes may be caused by direct interaction 

(inhibition) of HTRA2 with CDR1 sequence motive ASGYTFTNYGLSWVR or may result from 

other CDR-induced downstream signaling pathways. 

3.3 Comparison of two solid-phase extraction (SPE) methods for the LC-MS-based 

characterization of the retinal porcine proteome 

The selection of proper sample preparation protocols represents a crucial step prior to 

LC-MS-based proteomic study designs and greatly influences the quality, sensitivity and 

robustness of the proteomic data acquisition. Since the trend in MS is nowadays towards the 

integration of more cost-effective and faster instrumentations without any loss in sensitivity, 

the aim of the third part of the present thesis was to evaluate two commercial solid-phase 

extraction (SPE) methods with respect to analytical performance, reproducibility and analysis 

speed. The ZIPTIP® C18 pipette tips from Merck Millipore represent the current standard 

operation protocol (SOP) for sample cleanup and peptide enrichment prior to LC-MS analysis 

in our laboratory and was already used in several proteomic study designs [119–123]. 

Nevertheless, the present SOP is a time-consuming manual task with many repeat cycles per 

operator and also requires a certain degree of handling experience. In addition, pipette 

tip-based SPE platforms can only be automated to a very limited degree. Due to that reason, 

we compared the current SOP for sample clean-up with the less labor-intensive SOLAµTM HRP 



  Summary and discussion 

27 

SPE spin plates from Thermo Fisher Scientific in consideration of effort, cost and analysis time 

factors (see Figure 4). In order to evaluate these properties of both SPE-based sample 

preparation protocols, protein fractions from retinal tissues of the house swine  (Sus scrofa 

domesticus) [63] were used for the qualitative and quantitative LC-MS-based comparison. The 

house swine represents a promising model organism for studying human eye diseases 

including neurodegenerative retinal disorders and was already used as ex vivo glaucoma 

model in a former study design [63]. 

Figure 4: Schematic workflow of the two solid-phase extraction (SPE) methods. Purification and enrichment of 
the tryptic peptides was performed either with ZIPTIP® C18 pipette tips (Merck Millipore) or SOLAµTM HRP SPE 
spin plates (Thermo Fisher Scientific) prior to LC-MS/MS analysis. The ZIPTIP® C18 pipette tips were activated 
with 100 % acetonitrile (ACN), washed with 0.1 % trifluoroacetic acid (TFA) and peptides were eluted with 50 % 
ACN. The membranes of the SOLAµTM HRP SPE spin plates were activated with 100 % methanol (MeOH), washed 
with 5 % MeOH and peptides were eluted with 100 % MeOH. 

Both SPE-based sample preparation protocols provided a comprehensive characterization of 

the complex retinal pig proteome and was in accordance with previous protein catalogues of 

the pig retina [120,124–126]. The major proportion of the retinal proteins were adequately 

detected with both SPE-based purification techniques including high abundant proteins such 

as fructose-bisphosphate aldolase C (ALDOC), glial fibrillary acidic protein (GFAP) or 

alpha-enolase (ENO1). Differences in the detection profile were more presented by low 

abundant protein species indicated by low protein ions scores such as 60S ribosomal protein 

L13 (RPL13, protein ion score: 43) exclusively identified by ZIPTIP® C18 method or E3-ubiquitin-

protein ligase RBX1 (RBX1, protein ion score: 46) exclusively detected by SOLAµTM HRP 

spin plates. Indeed, the ZIPTIP® C18 pipette tip method indicated a slightly higher sensitivity 

regarding peptide/protein identifications over the inspected mass range but was not 

supported by statistical significance (P > 0.05). Also, in terms of quantitative biomarker 

recovery of specific glaucoma-associated marker candidates, both SPE methods showed an 

almost equal analytical performance. However, the ease applicability and the convenient 
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execution protocol of the SOLAµTM HRP spin plates clearly benefits compared to the 

time-consuming and labor-intensive ZIPTIP® C18 pipette tip workflow. Due to the high 

compatibility of the SOLAµTM HRP spin plates to centrifugal devices or vacuum pump 

technologies, the present SPE-based workflow is easy to establish in any common research 

laboratory and allows much more standardization and reproducibility than the manual ZIPTIP® 

C18 pipette tip protocol. Particularly, clinical research facilities with main focus on 

LC-MS-based biomarker identification are recommended to use the SOLAµTM HRP technology 

for high-throughput discovery proteomic approaches. In addition, the faster sample 

preparation protocol is also of special interest for the LC-MS-based characterization of the 

highly diverse antibody repertoire, since it will facilitate the sequencing of larger study cohorts 

in a shorter timeframe and will accordingly increase the statistical power of the proteomic 

data. 

3.4 Critical discussion 

The present doctoral thesis comprises a state-of-the-art LC-MS-based de novo profiling 

strategy for the identification of new biomarker candidates in sera of glaucoma patients. 

Serum is a complex biological body fluid containing various proteins, vitamins, hormones, 

carbohydrates, lipids, amino acids and electrolytes and was previously termed as the most 

diverse and complex human proteome [127,128]. Due to its circular flow through the body 

and the permanent contact to several tissues or organs, serum represents an attractive source 

for biomarker discovery in various diseases [129]. Nevertheless, the presence of high 

abundant proteins still interferes with the proper LC-MS-based identification and 

quantification of low abundant and disease-specific biomarker candidates. Particularly 

albumin contributes with up to 50 % to total serum proteome and hampers the LC-MS analysis 

by masking effects without previously performed prefractionation steps or depletion 

techniques [130]. 

However, the present thesis focused on the LC-MS-based analytical characterization of highly 

diverse IgG molecules, which represent a high abundant protein family in the human serum 

proteome. With a proportion of 25 % Ig molecules are the second major protein constituent 

of the serum and especially the IgG isotype represents with a bulk of 80 % the most abundant 

antibody class [130,131]. In addition, the collection of serum samples can be easily performed 

during routine clinical trials and counts as a minimally invasive procedure. Due to these 

reasons, represents the IgG antibody class a highly attractive target for LC-MS-based study 
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designs focusing the human serum proteome. The hypothesis that the theoretical diversity of 

antibodies ranging from 1011 to 1050 completely exceeds the real number of existent antibody 

molecules per individual (about 1012) has been around for many years and negates the 

concept of similar antibody structure motives (paratopes) along different individuals [38]. 

Nevertheless, current studies confirmed the occurrence of identical or similar Ig-derived 

signature peptides, particularly CDRs, in various diseases and are possibly traced back to 

common (auto-)antigenic pressures during disease progression or even before onset 

[70,71,132]. Dekker et al. (2011) [133] demonstrated the sensitive and accurate LC-MS-based 

detection of specific CDR peptides at relatively low concentration levels (in the range 

of 10-15-10-18 mol) and proved the general identification of clinically relevant CDR peptides in 

patient samples. Several studies also verified relative high concentrations of specific AABs in 

the blood serum ranging from 1 till 100 µg/ml [134,135] facilitating the potential detection of 

these immune-related biomarker candidates by LC-MS. In contrast, tumor-specific proteins 

secreted by the respective tumor cells occur in much lower concentrations in the blood serum 

(e.g. PSA from 2.6 to 4 ng/ml) due to a lower expression levels, increased degradation rates 

and specific clearance [73,136]. Based on this knowledge, antibodies provide much more 

potential as diagnostic or prognostic marker candidates than the respective antigens and are 

much easier to detect in terms of natural bioavailability. The present study (manuscript I: 

chapter 2.1) resulted in the LC-MS-based identification of several sera-derived IgG V domain 

peptide motives which may be consistent with the pathogenesis of glaucoma. Nevertheless, 

various other factors such as advanced age [32], gender-specific differences [33], genetic 

susceptibility [30] and even primary diseases or infections [31,137] are known to influence the 

complex natural AAB repertoire and hamper the identification of specific and unique 

immune-related biomarker candidates. To overcome this problem, the definition of strict 

selection criteria for the study participants are essential for the reliability and robustness of 

the respective study results. 

Furthermore, in the second part of this doctoral thesis (manuscript II: chapter 2.2) we could 

confirm that specific synthetic CDR peptides show a close connection to the pathophysiology 

of glaucoma and also have a great potential as therapeutic agents in future glaucoma therapy. 

Saying this, we have to note that the adolescent retina organ culture used as model to prove 

the CDR-induced effects on RGCs ex vivo also shows several limitations and disadvantages 

compared to the complex pathomechanism found in glaucoma patients. The optic nerve cut 
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(ONC) during slaughtering serves as stress factor for the RGCs in the ex vivo glaucoma model 

and leads to a significant loss of RGCs after 24 h of incubation. Kalesnykas et al. (2012) [138]  

demonstrated that the optic nerve crush in mice leads too much higher RGC loss and 

decreased neurite outgrowth compared to a IOP-dependent experimental glaucoma animal 

model. This highlights the importance of different stress factors on the degree of neurological 

damage in both glaucoma model systems. Nowadays, the general applicability of cell cultures 

experiments in glaucoma research is clearly restricted due to the controversial origin of the 

immortalized cell line such as RGC-5 [139] and impairs the selection of proper glaucoma model 

systems in vitro. Indeed, various in vivo glaucoma animal models are characterized by constant 

and moderate IOP elevations accompanied by glaucoma-like damages (as reviewed in [140]), 

but there is still no ideal model system which mirrors all main characteristics of glaucoma. 

Considering the trend to reduce or replace the need for animal experiments, in vitro designed 

experimental set-ups represent excellent alternatives to provide first valuable hints about the 

applicability and effectiveness of potential drug candidates. In conclusion, the present thesis 

provided important new insights into the complex autoimmune processes in glaucoma and 

emphasized synthetic CDR peptides as innovative new strategy in glaucoma therapy.  
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4 Conclusion and outlook 

The main objective of the present doctoral thesis was to unravel the complex biological 

function and activity of AABs and to evaluate their potential role in the development or 

progression of glaucoma. To answer these questions, the present work comprises a 

state-of-the-art LC-MS-based de novo screening technology to characterize highly diverse 

systemic IgG antibody molecules and to identify new immune-related biomarker candidates 

(manuscript I). Beyond that, the present project offers a completely new therapeutic strategy 

for the treatment of glaucoma based on synthetic polyclonal -derived CDR peptides. 

(manuscript II). As final part of the thesis, we compared the performance of two commercial 

SPE technologies for sample preparation and peptide enrichment to increase the speed, 

robustness and sensitivity of the current LC-MS-based proteomic platform (manuscript III). 

As first part of the doctoral thesis, the LC-MS-based discovery proteomic platform provided 

the identification of 75 peptides of the variable IgG domain serving as potential biomarker 

candidates in POAG patients. Up to 28 of these marker candidates were further validated by 

targeted MS and proved for the first time that glaucoma is accompanied by significant changes 

in the structural arrangement of the variable antibody domain. Sequence annotation revealed 

5 CDR1, 2 CDR2 and 1 CDR3 peptides serving as active binding sites of probably 

glaucoma-associated AABs. Furthermore, we observed significant shifts in the variable heavy 

chain family distribution (VH2: ↓ and VH3: ↑ in POAG) and disturbed κ/λ ratios in glaucoma 

patients providing strong evidence that the disease pattern goes along with systemic effects 

on the antibody production and B cell maturation. As future prospective, it would be of 

interest to apply the established LC-MS-based analytical platform to other glaucoma 

subgroups (NTG and PEXG) and risk groups (OHT) in order to identify new subgroup-specific 

IgG V domain peptides which may be suitable for group classification. Beyond that, the 

expression of the specific signature peptides could be also screened in longitudinal study 

designs to evaluate the prognostic potential of these immunopeptides as sensitive indicator 

for disease progression. The Gutenberg Health Study (GHS) at the University Medical Center 

in Mainz represents a prospective and population-based study center for various diseases 

including glaucoma and would offer optimal conditions for these long-term 

observations [141]. Furthermore, the application of additional endopeptidases (e.g. Asp-N) for 

the enzymatic digest could also significantly increase the identification rates of highly diverse 

CDR peptides. At the beginning of most CDR3 regions, for instance, is a lysine or arginine 
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residue determining the cleavage site for trypsin [73]. Particular the VH CDR3 plays a key role 

in antigen recognition processes and is highly important for the formation of proper 

antigen-antibody complexes [142]. Tryptic CDR3 peptides without N-terminal parts of the 

flanking sequence are difficult to sequence by LC-MS and could be avoided by multiple enzyme 

digests providing important additional sequence information. 

Based on the previous results, in the second part of the doctoral thesis we could demonstrate 

that specific glaucoma-associated CDR1 peptides show a neuroprotective effect on RGCs 

ex vivo by stabilization of the mitochondrial homeostasis and the activation of antioxidative 

defense systems. These study results confirm the immense potential of synthetic CDR 

peptides in future glaucoma therapy and emphasize their versatile functions as 

neuroprotective compounds. Particularly, CDR1 sequence motive ASGYTFTNYGLSWVR seems 

to inhibit or modulate the molecular function of retinal protein HTRA2 (mitochondrial) 

resulting in lesser cellular stress levels and higher RGC survival rates in vitro. However, if this 

specific CDR peptide-protein interaction may block important binding sites or leads to specific 

conformational changes of HTRA2 has still to be determined. Nevertheless, previous studies 

already confirmed that the specific inhibition of the catalytic domain significantly decreases 

the proteolytic activity of HTRA2 and leads to much lesser apoptotic cell death rates in vivo 

and ex vivo [143,144]. In future studies it should be focused, if further synthetic CDR peptides 

may also show neuroprotective properties on RGCs and could provide the basis for a 

synergistic combination therapy in glaucoma treatment by different mode of actions. 

As final part of the present doctoral thesis, we compared our current pipette tip-based SPE 

workflow (ZIPTIP® C18 SPE from Merck Millipore) for sample clean-up and peptide enrichment 

prior to LC-MS analysis with the centrifugal-based SPE spin plates (SOLAµTM HRP SPE from 

Thermo Fisher Scientific). Both SPE purification platforms worked equally well regarding the 

analytical performance and protein/peptides recovery properties, whereas the execution of 

the SPE spin plate workflow provides much more standardizations and time saving aspects 

compared to the pipette tip-based SPE method. In future it would be of interest to develop a 

new mixed-mode spin plate which benefits from the characteristics of both SPE materials 

(C18 and HRP). This may lead to a more sensitive and accurate MS-based detection of retinal 

proteins and would present a clear improvement for quantitative proteomic study designs.  

Moreover, the faster and semi-automatic characteristics of the new sample preparation 

protocol are also beneficial for the previous parts of the doctoral thesis, since it will facilitate 
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the high-throughput analysis of larger study cohorts and will significantly increase the 

statistical robustness and reliability of study results in future. 
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AAB Autoantibodies    PCA Principal Component Analysis 

ADCC Antibody-dependent cellular cytotoxicity PEXG Pseudoexfoliation glaucoma 

ACG Acute-closure glaucoma    POAG Primary open-angle glaucoma 

ACN Acetonitrile     RNFL Retinal nerve fiber layer 

AD Alzheimer’s disease    RGC Retinal ganglion cells 

BBB Blood-brain barrier    RPE Retinal pigment epithelium 

BBR Blood-retina barrier    SOP Standard operation protocol 

CDR Complementarity-determining region SPE Solid-phase extraction 

CH Constant heavy chain    SLE Selective laser trabeculoplasty 

CL Constant light chain    TFA Trifluoroacetic acid 

CNS Central nerve system    VH Variable heavy chain 

CSF Cerebrospinal fluid    VL Variable light chain 

CT Computer tomography 

CTRL Control group 
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Fc Crystallizable fragment 
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HIV Human immunodeficiency virus 

IOP Intraocular pressure 
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LC-MS Liquid chromatography-mass spectrometry 
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MeOH Methanol 

NTG Normal-tension glaucoma 

OCT Optical coherence tomography 

OHT Ocular hypertension 

ONC Optic nerve cut 

PAMP Pathogen-associated molecular pattern 

PD Parkinson disease   
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