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ABSTRACT 
As a neurodegenerative disease, glaucoma is not curable with currently available 

treatments. Nowadays, only the prevention of further vision loss by delaying disease 

progression is possible. The focus for glaucoma management lies in the lowering of the 

intraocular pressure by eye drops, laser treatment or surgery. A timely start of treatment 

is crucial to prevent glaucoma-caused blindness. Therefore, early diagnosis plays a 

particularly important role. 

The pathomechanisms of glaucoma are not conclusively discovered, but different 

studies have shown an involvement of immunological processes in the pathogenesis 

of glaucoma. One aspect of glaucoma pathogenesis is related to processes of 

humoral immunity, resulting in altered serological levels of autoantibodies. In this 

scope, altered abundance of several specific autoantibodies to ocular antigens, in 

retina and optic nerve, were found in serum and aqueous humour of glaucoma 

patients. 

The trabecular meshwork (TM) is a critical site in glaucoma pathogenesis, too. It is 

subjected to major structural changes in the course of the disease. Dysregulation of 

extracellular matrix deposition, the actin cytoskeleton and cell-cell / cell-matrix 

connections enhance tissue rigidity and thereby increase aqueous humour outflow 

resistance. This lead to the hypothesis that these major structural and biomechanic 

alterations in the glaucomatous TM are accompanied by shifts in the abundance of 

autoantibodies in natural autoimmunity as well. The aim of this doctoral thesis was the 

identification of antigens in the TM and the investigation of their possible association 

with glaucoma, using different immunoproteomic techniques. 

The potential of these autoantibodies as diagnostic biomarker candidates was also 

evaluated. The research focused on primary open-angle glaucoma (POAG) as the 

most common form of the disease, however, altered levels of serological antibodies 

were also analysed for other forms of open-angle glaucoma. Although, it remains 

unclear if these changed autoantibody levels are cause or consequence of 

glaucoma, the identification of antibodies to self-antigens in serum is a promising 

approach towards the discovery of diagnostic and prognostic biomarkers. These 

biomarkers could facilitate the decision making upon treatment options of 

ophthalmologists and promote early diagnosis of the disease. 

With the application of “serological proteome analysis” (SERPA) and ensuing protein 

microarray analysis, three new biomarker candidates were identified. Autoantibodies 

to Caldesmon, Voltage-dependent anion-selective channel protein 2 and 

Phosphoglycerate mutase 1 showed significantly higher levels in POAG patients (p < 

0.05) in comparison to a non-glaucomatous control group. Antibody levels of these 

markers and to two previously known glaucoma-related autoantigens, mitochondrial 
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60 kDa heat shock protein and Vimentin, were used to classify POAG patient from 

controls via artificial neural networks. With the panel of these potential biomarkers it 

was possible to classify the groups with a sensitivity of 81% and a specificity of 93%. 

In another approach “mass spectrometry-based antibody-mediated identification of 

autoantigens” (MS-AMIDA) was used for initial autoantibody profiling. Sixty-six 

autoantigens were identified as targets of the natural autoantibodies. Twentyone of 

these showed an association with POAG. Subsequent protein microarray validation 

revealed a significant (p < 0.05) increase of autoantibodies to Threonine--tRNA ligase 

1, Complement component 1 Q subcomponent-binding protein and Paraneoplastic 

antigen Ma2 in POAG patients compared to a non-glaucomatous control group. 

Furthermore, an association of the identified glaucoma-related autoantigens with the 

“platelet-derived growth factor receptor β” pathway that is known to be involved in 

glaucoma-related fibrosis in the trabecular meshwork was discovered. 

Data retrieved from an explorative microarray experiment analysing sera of POAG, 

normal tension glaucoma (NTG) and pseudoexfoliation glaucoma (PEXG) patients 

versus a control group, revealed altered levels of serological autoantibodies in all three 

manifestations of OAG. The analysis showed especially low levels of anti-clathrin 

antibodies in sera of PEXG patients and significantly higher levels of β-2 adrenergic 

receptor antibodies in POAG and NTG patients. 

In summary, the results in this doctoral thesis provide novel biomarker candidates and 

give new insights into the characteristics of autoantibodies in glaucoma., whilst 

demonstrating these to be part of natural immunity. Furthermore, pathways with an 

enrichment of immunogenic proteins were identified, which delivers additional 

findings to our knowledge of the natural autoimmunity. These results form the basis for 

further analysis of autoantibodies in health and disease. 

 

 



Zusammenfassung 

 

 

3 

ZUSAMMENFASSUNG 
Das Glaukom ist eine neurodegenerative Erkrankung, die mit den derzeit verfügbaren 

Mitteln nicht heilbar ist. Gegenwärtig ist lediglich die Verhinderung von weiterer 

Verschlechterung des Visus durch Verzögerung des Fortschreitens der Krankheit 

möglich. Der Fokus im Krankheitsmanagement beim Glaukom liegt auf der Reduktion 

des intraokulären Drucks mittels Augentropfen, Laserbehandlung oder operativen 

Eingriffen. Ein frühzeitiger Start der Behandlung ist essenziell, um glaukombedingte 

Erblindung zu verhindern. Aus diesem Grund spielt die Glaukom-Früherkennung eine 

besonders wichtige Rolle. 

Die Pathomechanismen des Glaukoms sind noch nicht abschließend erforscht, jedoch 

haben verschiedene Studien eine Beteiligung immunologischer Prozesse in der 

Pathogenese gezeigt. Ein Aspekt der Glaukompahtogenese steht in Verbindung zur 

humoralen Immunantwort, die eine Veränderung der serologischen 

Autoantikörperspiegel bedingt. In diesem Zusammenhang wurden einige 

Autoantikörper spezifisch für diverse okuläre Antigene, in Retina und Sehnerv, in 

veränderter Menge in Serum und Kammerwasser von Glaukompatienten gefunden.  

Das Trabekelmaschenwerk (TM) ist auch eine kritische Stelle in der 

Glaukompathogenese. Das TM ist im Verlauf der Krankheit großen strukturellen 

Veränderungen ausgesetzt. Eine Dysregulation der extrazellulären 

Matrixablagerungen, des Aktin-Zytoskeletts und der Zell-Zell / Zell-Matrix-Verbindungen 

erhöht die Gewebestarrheit und erhöht dadurch den Abflusswiderstand des 

Kammerwassers. Dies führte zu der Hypothese, dass diese wesentlichen strukturellen 

und biomechanischen Veränderungen im glaukomatösen TM auch mit 

Verschiebungen in der Menge von Autoantikörpern bei der natürlichen 

Autoimmunität einhergehen. Ziel dieser Doktorarbeit war die Identifizierung von 

Antigenen im TM und die Untersuchung ihrer möglichen Assoziation mit dem Glaukom 

unter Verwendung verschiedener immunoproteomischer Techniken. 

Das Potenzial dieser Autoantikörper als Biomarker-Kandidaten wurde ebenfalls 

evaluiert. Die Forschung konzentrierte sich auf das primäre Offenwinkel-Glaukom 

(POWG) als der häufigsten Ausprägung der Krankheit, wobei veränderte Spiegel von 

serologischen Antikörpern auch in anderen Formen des Offenwinkel-Glaukoms 

untersucht wurden. Es bleibt jedoch weiterhin unklar, ob die veränderten 

Autoantikörperspiegel Ursache oder Folge der Glaukomerkrankung sind. Dennoch ist 

die Identifizierung von Antikörpern gegen Selbstantigene im Serum ein 

vielversprechender Ansatz zur Entwicklung von diagnostischen und prognostischen 

Biomarkern. Solche Biomarker können die Entscheidungsfindung von Ophthalmologen 

über die passende Behandlung erleichtern und eine frühe Diagnose der Krankheit 

fördern. 
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Durch die Anwendung einer serologischen Proteom Analyse (SERPA) und 

anschließender Analyse mittels Microarray konnten drei neue Biomarker-Kandidaten 

identifiziert werden. Autoantikörper gegen Caldesmon, Voltage-dependent anion-

selective channel protein 2 und Phosphoglycerate mutase 1 zeigten signifikant höhere 

Level in POWG Patienten (p < 0.05) im Vergleich zu einer nicht-glaukomatösen 

Kontrollgruppe. Antikörperspiegel dieser Marker, sowie zwei weiterer zuvor bekannter 

Glaukom-bezogener Autoantigene, mitochondrial 60 kDa heat shock protein und 

Vimentin, wurden verwendet um POWG Patienten von der Kontrollgruppe mittels 

künstlichen neuralen Netzwerken zu klassifizieren. Mit dem Panel dieser potenziellen 

Biomarker war es möglich die Gruppen mit einer Sensitivität von 81% bei einer Spezifität 

von 93% zu unterscheiden. 

In einem weiteren Ansatz zu dieser Untersuchung, wurde die Technik der 

Massenspektrometrie-basierten, Antikörper-vermittelten Identifizierung von 

Autoantigenen (MS-AMIDA) zum initialen Autoantikörper-Profiling eingesetzt. Damit 

konnten 66 Autoantigene als Ziele von natürlichen Autoantikörpern identifiziert 

werden. Einundzwanzig davon wiesen einen Bezug zum POWG auf. Die anschließende 

Protein-Microarray Analyse zeigte signifikant erhöhte Autoantikörperspiegel gegen 

Threonine--tRNA ligase 1, Complement component 1 Q subcomponent-binding 

protein und Paraneoplastic antigen Ma2 im Serum von POWG Patienten im Vergleich 

zur nicht-glaukomatösen Kontrollgruppe. Weiterhin wurde eine Verbindung der 

Glaukom-assoziierten Autoantigenen zum Platelet-derived Growth Factor Receptor β 

– Signalweg entdeckt, der dafür bekannt ist an der Glaukom-bedingten Fibrose des 

TM beteiligt zu sein. 

Daten, die aus einem explorativen Microarray-Experiment gewonnen wurden, bei 

dem Seren von POAG-, NTG- und PEXG-Patienten im Vergleich zu einer Kontrollgruppe 

analysiert wurden, zeigten auch bei Manifestationen des primären 

Offenwinkelglaukomes veränderte Spiegel an serologischen Autoantikörpern. Die 

Analyse zeigte besonders niedrige Spiegel an Anti-Clathrin-Antikörpern in Seren von 

PEXG-Patienten und signifikant höhere Spiegel an β-2-adrenergen Rezeptor-

Antikörpern bei POAG- und NTG-Patienten. 

Zusammenfassend liefern die Ergebnisse dieser Dissertation neue Biomarker-

Kandidaten, sowie neue Erkenntnisse über die Eigenschaften von Autoantikörpern 

beim Glaukom, aber auch im Rahmen der natürlichen Immunität. Darüber hinaus 

wurden Signalwege mit einer außergewöhnlichen Häufigkeit immunogener Proteine 

identifiziert, die zusätzliche Erkenntnisse zu unserem Wissen über die natürliche 

Autoimmunität beitragen. Diese Ergebnisse bilden die Grundlage für weitere Analysen 

von Autoantikörpern im gesunden und kranken Organismus. 
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INTRODUCTION 

Blindness 
The evolutional acquisition of the ability to see implied a major advantage in terms of 

natural selection. Eyesight favoured the search for food and the avoidance of 

environmental dangers or predators. A sudden loss of this ability is fatal in a natural 

environment. Through our cultural and technical advances in our developed society, 

blindness no longer means the demise of an individual. Nonetheless, the loss of vision 

is a significant restriction in the life of an affected person. Beneath the obvious 

difficulties in managing everyday life, blindness can lead to severe depression and the 

tendency to commit suicide is not uncommon among blind people 1. There are a 

plethora of possible causes for the loss of vision. Besides injuries and genetic mutations, 

ophthalmic diseases constitute the most important reason for blindness. The 

characterization and investigation of eye disorders on a molecular level is the pursuit 

of basic research in the field of ophthalmology. The gained knowledge is the 

foundation for the development of new treatment options that help to improve 

disease management. A common cause for irreversible blindness is represented by a 

group of neurodegenerative eye diseases summarized under the term glaucoma, 

which is the research field of this dissertation. 

 

Glaucoma 
Glaucoma is acknowledged as optic neuropathy that is characterised by a 

progressive loss of retinal ganglion cells (RGCs) and their axons in the optic nerve. The 

clinically relevant signs of glaucoma are a characteristic optic nerve head (ONH) 

cupping that is accompanied by progressive visual field loss. If left untreated, the 

accumulating damage will eventually lead to complete loss of vision.  

Several known forms of the disease can be generally divided into types with an open 

iridocorneal angle and a closed angle. These forms are referred to as ‘open-angle 

glaucomas’ and ‘angle-closure glaucomas’ respectively. In a second instance, the 

subtypes are categorized according to the circumstances of their development as 

‘primary’ or ‘secondary’ disease forms. A selection of glaucoma forms relevant in this 

doctoral thesis is shown in Table 1. 
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Table 1 Overview of open-angle - glaucoma forms relevant in this doctoral thesis.  

Classification Name Abbreviation Main Characteristics 

Primary Primary open-

angle glaucoma 

POAG Open-angle;  

IOP ≥21mmHg;  

ONH cupping 

 Normal-tension 

glaucoma 

NTG Open-angle;  

ONH cupping 

Secondary Pseudoexfoliation 

glaucoma 

PEXG Accumulation of 

pseudoexfoliation 

material in the anterior 

chamber 

Other Ocular 

hypertension 

OHT Repeatedly measured 

elevated IOP without 

glaucomatous 

damage 

 

The major risk factor for glaucoma is a high intraocular pressure (IOP) 2-4. Patients 

showing permanently increased IOP without showing signs of glaucoma suffer from 

the condition termed ocular hypertension (OHT). OHT patients have a chance of ~10% 

to convert to glaucoma in the course of five years 5. In contrast, around 30% of 

glaucoma patients never show an elevated IOP that is thus referred to as normal-

tension glaucoma (NTG) 6. Other factors have been identified to favour the 

development of glaucoma. Among these, advanced age (above 60 years of age) 

3,4, ethnicity 7 and a family history of glaucoma 8 are the most significant. 

An elevated IOP is still considered the most critical risk factor for the development of 

glaucoma. Elevated IOP is defined as a pressure of ≥ 21mmHg. The designation was 

defined as the upper boundary of normal IOP by adding two times the standard 

deviation to the population mean IOP (15.5mmHg). If left untreated, an increased IOP 

was shown to convert to glaucoma in 9.5% of the affected patients over five years 9. 

Causes for increased IOP, however, can vary between different forms of glaucoma. 

While the outflow of aqueous humour (AH) in primary open-angle glaucoma (POAG) 

is impaired by molecular changes in the trabecular meshwork (TM) concerning 

augmentation of the actin cytoskeleton and excessive production of extracellular 

matrix (ECM), the outflow resistance in pseudoexfoliation glaucoma (PEXG) is highly 

elevated by the accumulation of pseudoexfoliation (PEX) material. However, 

glaucomatous damage to the optic nerve can also occur independent from high IOP 

10 and alterations in the TM, as known from NTG. On the other hand, patients with 

ocular hypertension do not necessarily develop glaucoma. This indicates that other 

mechanisms besides the mechanical stress induced by high IOP need to be 
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considered as pathogenesis driving factors. These will be elaborated in a later 

chapter.  

Globally, the prevalence of the different forms of glaucoma is not consistent among 

all ethnic groups. A population-based study in the United States showed a higher 

prevalence of glaucoma in the black population in comparison to white residents 7. 

The highest prevalence for POAG was observed in Africa (4.2% of the population aged 

40 – 80 years) whilst showing the lowest frequency among the Asian population (Figure 

1). In contrast, the highest prevalence for primary angle-closure glaucoma (1.09% of 

the population aged 40 – 80 years) can be found in Asia 11. 

 

 

 

Figure 1 Prevalence of POAG in different regions worldwide in 2013. 

Incidence is shown as a percentage. Data derived from 11. 

 

 

Next to an elevated IOP, increasing age is the most important risk factor for glaucoma,  

with 64.3 million affected people at the age of 40 – 80 worldwide (as of 2013)11. 

Although the decay of retinal nerve cells also occurs with an average loss of 5000 - 

9000 RGC per year 12,13 as an inevitable consequence of the ageing process, the 

progression of cell death is highly accelerated in glaucoma patients. 

According to predicitions for Germany, the number of people aged 67 and older will 

increase by 32% from 2020 to 2040 14. The increase in the elderly population is also 

reflected by the estimated 47% increase of glaucoma cases worldwide among 40 – 
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80 year-olds from 2020 to 2040 11. From 2010 to 2050, the number of people in the US 

with glaucoma is expected to increase by 133%, from 2.7 million to 6.3 million 15. The 

demographic change will also lead to increased costs for health care and represents 

a major challenge in the future, not only in the field of ophthalmology. 

 

DIAGNOSTICS 
The slow progression of the disease often leaves patients unaware of their illness and 

thus undetected for enhanced periods10. The Barbados Eye Study showed that 53% of 

125 study participants with an open-angle glaucoma (OAG) were not aware of their 

disease 16. Because of the asymptomatic onset, professional help is often firstly sought 

in advanced stages of the disease. An earlier diagnosis could highly improve the 

effectiveness of respective treatment approaches. As of today, a combination of 

various diagnostic tools is used to examine the hallmarks of glaucoma pathogenesis. 

The cup-to-disc ratio is evaluated by ophthalmoscopy to assess the advancement of 

excavation of the optic disc as a measure of progressive loss of RGCs. The loss in 

cellularity can also be assessed regarding the thickness of the retinal nerve fibre layer 

by optical coherence tomography (OCT). The standard procedure for testing the 

progression of glaucoma-related loss of vision is the visual field test by perimetry. For 

more precise determination of the glaucoma form, the assessment of IOP by 

tonometry is essential. Further, the status of the iridocorneal angle is observed by 

gonioscopy and allows the distinction of an open- or closed-angle form of glaucoma. 

The combination of the outcome of these tests allows the ophthalmologist to diagnose 

the presence and manifestation of glaucoma. Sometimes these diagnostic 

parameters cannot deliver unambiguous results. Patients occasionally cannot 

undoubtedly be diagnosed with “definite” or no glaucoma. These patients are then 

categorised as “glaucoma suspects” and follow up examinations are necessary to 

monitor possible progression of disease hallmarks. These circumstances call for more 

objective and sophisticated criteria for early and explicit glaucoma diagnosis. The 

establishment of serological biomarkers can be a promising diagnostic tool. Especially 

the measurement of circulating autoantibodies in serum and other body fluids can 

deliver valuable insights into disease states. This approach has already been taken in 

other neurodegenerative diseases 17,18, and previous studies also proposed the 

potential of autoantibodies as glaucoma biomarkers 19. The identification and analysis 

of glaucoma-related autoantibodies and the judgment on their feasibility as disease 

biomarkers are covered in this dissertation and are presented in the following 

chapters.  
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TREATMENT 
As of today, there is no cure for glaucoma. Vision loss caused by damage to the ON 

cannot be recovered. Much research is conducted with the aim of efficient 

neuroprotection 20-22 and regeneration 23, but the field is stil in its beginnings. At present, 

no causative treatment for the disease is available. Currently, the only effective 

treatment option for POAG is the lowering of  IOP and thereby (in the majority of 

patients) preventing its progression. The reduction of IOP also slows disease progression 

in NTG patients. This can be achieved by topical application of diverse classes of IOP 

lowering drugs (e.g. β-blockers, prostaglandins, α-2 adrenoreceptor agonists) 

provided as eye drops. These classes affect different mechanisms to lower IOP. 

Prostaglandins facilitate the AH drainage via the uveoscleral outflow pathway that is 

only responsible for 10 – 20% of the outflow under physiological conditions 24, while β-

blockers reduce the AH production in the ciliary body. Surgical options are also 

available to increase AH outflow. The most widely used technique is the 

trabeculectomy, where a small portion of the TM is removed, allowing the AH todrain 

under the conjunctiva. All these approaches are merely able to decrease the speed 

of disease progression and do not represent a cure. Furthermore, IOP lowering 

procedures are not effective for every patient. Therefore, several new treatment 

options are currently under investigation. These involve approaches to achieve 

neuroprotection 22 or even regeneration of optic nerve cells 23. Especially research 

projects investigating the protective role of antibodies have been implemented in pre-

clinical cell culture 25-28 and animal models 29. Clinical trials involving human subjects 

to confirm the observed neuroprotective effects of the applied anitbodies are still 

outstanding. 

 

GLAUCOMA PATHOGENESIS 
Glaucoma is considered a neurodegenerative disease with a multifactorial 

pathogenesis. The most striking correlation in glaucoma is the relationship between 

increased IOP and RGC death. An elevated IOP is the major risk factor for POAG 

concerning 70% of the diseased individuals 6. It is based on a misbalance of AH 

production in the ciliary body and its efflux via the TM to Schlemm’s canal (Figure 2). 

The TM is responsible for about 90% of the outflow of aqueous humour from the anterior 

chamber, the remaining 10% drain via the uveoscleral outflow pathway. The tissue 

shows smooth muscle-like properties and is actively involved in the AH outflow and IOP 

modulation by contractile movements. The TM comprises three different regions 

(Figure 2 b). AH outflow through the tissue starts from the uveal meshwork, adjacent to 

the anterior eye chamber, further to the corneoscleral and finally the juxtacanalicular 

region 30. The inner endothelial wall builds a border to Schlemm’s canal. Here, the AH 

outflow follows either the transcellular or the intercellular route 30. Outflow resistance is 

caused by the cells and ECM of the juxtacanalicular meshwork, which are constantly 
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remodelled to adapt to changes in IOP. The most common cause for an elevated IOP 

is a defect in these functions of the TM. Alteration of Transforming growth factor 

receptor β (TGFβ) signalling has been identified as one of the major causes for these 

pathological changes. TGFβ levels were found to be elevated in the AH of glaucoma 

patients. This leads to an activation of the downstream signalling effector ‘connective 

tissue growth factor’ (CTGF) that causes an augmentation of the actin cytoskeleton, 

ECM proteins and associated integrins 31 (Figure 2 c). Another mechanism increasing 

tissue stiffness is the formation of cross-linked actin networks (CLANs), which is inducible 

by TGFβ 32 (Figure 2d). Induced TM fibrosis increases the rigidity of the tissue and, thus, 

increases outflow resistance 33. Increasing age, the second most important risk factor 

for glaucoma,  is also proportional to the tissue stiffness in the TM 34. However, the 

molecular mechanisms of IOP regulation in health and disease are not entirely 

understood. 
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Figure 2 POAG-related alterations in the TM. Schematic representation, resources from 

‘Biorender.com’. (a) Anterior eye with cornea, anterior chamber, iris, lense and 

vitrious. The TM is located in the iridiocorneal angle, adjacent to Schlemm’s canal and 

the scleral spur. (b) The TM consists of three different regions: The uveal, corneoscleral 

and juxtacanalicular TM. The juxtacanalicular portion provides the highest outflow 

resistance. AH flows from the anterior chamber through the intercellular space 

towards the inner endothelial wall of Schlemm’s canal (indicated by blue arrows). The 

AH can drain into Schlemm’s canal via  an intercellular or a transcellular route. The TM 

in POAG provides an overall increased outflow resistance, hence, the AH outflow is 

impeded, causing an increase of IOP. The glaucomatous TM shows increased tissue 

stiffness caused by an augmentation of the ECM and actin cytoskeleton, as well as 

altered contractility of TM cells. (c) TM cells of the juxtacanalicular region. During 

POAG pathogenesis, several alterations occur in the TM cell. Accumulation of ECM 

and the remodelling of the actin cytoskeleton are majorly associated with increased 

outflow resistance. (d) Reorganization of the actin cytoskeleton has been reported to 

involve formation of cross-linked actin networks (CLANs) that are inducible by TGFβ2. 

These three-dimensional structures consist of various hubs and spokes, able to increase 

TM cell stiffnes and thereby outflow resistance.  
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The neurodegeneration in glaucoma is mainly driven by apoptosis of RGCs 35. The ON 

exits the eye through the lamina cribrosa (LC), a mesh-like tissue with similar 

characteristics as the TM 36. In the event of an elevated IOP, mechanical stress is 

applied to the LC and the tissue is compressed. This eventually leads to axonal 

damage to the RGCs and impaired axonal transport. The resistance of the LC tissue 

decreases with age, making it more susceptible to damage from elevated IOP 37.  

Another noteworthy cause of glaucoma is the so-called astronauts' glaucoma 38. 

Triggered by exposure to a low gravity environment in space flight, astronauts are 

prone to develop a lower cerebrospinal fluid pressure (CSFP). CSFP and IOP interrelate 

at the level of the LC. This can lead to LC compression and axonal damage even 

though the IOP is at a normal level. This threat, however, is not only observed in 

astronauts but can also occur in the general population, as a very low CSFP can also 

lead to glaucomatous damage to the ON. This is especially the case for patients 

suffering from NTG and is hypothesised to be the main influence in the 

etiopathogenesis of this glaucoma subtype 39,40. This also reinforces the importance of 

the biophysical balance in the interplay of AH production, outflow and susceptibility 

to axonal injury dependent on LC resistance. The measurement of the CSFP, however, 

is not conducted in a routine examination in glaucoma diagnostics, as it demands 

surgical intervention and complications can not be excluded. 

In around 10% of the glaucoma cases, a genetic mutation can be associated with the 

disease 41. The most important gene locus identified is the MYOC gene. MYOC 

(myocilin) mutations are often found in juvenile open-angle glaucoma 42 but are also 

found in  2 - 4% of adult POAG onset 43. Other genes linked to glaucoma are OPTN 44, 

CAV1/2 45 and CDKN2BAS 46. 

Apart from genetic factors and various forms of impaired ocular pressure homeostasis, 

other factors play an important role in the progression of glaucoma. This is a necessary 

conclusion as the disease continues to progress in some patients even though the IOP 

could be significantly reduced 47. This was observed in several major trials as the Early 

Manifest Glaucoma Trial (EMGT) 48 or the Advanced Glaucoma Intervention Study 

(AGIS) 49. Additional to that, many individuals with OHT never develop any 

glaucomatous damage. The conversion rate for OHT patients to actual glaucoma is 

only around 1 – 2% per year 5. These circumstances highly support the necessity for 

additional components to be effective for the development of glaucoma. 

Being regarded as a multifactorial disease, other aspects in the glaucoma 

pathogenesis have shown to be influential. These comprise vascular factors 50, 

including retinal ischemia and reperfusion damage, mitochondrial dysfunction 51 and 

glutamate excitotoxicity 52. Scientific evidence has accumulated showing the 

involvement of the immune system in glaucoma pathogenesis. This manifests in the 
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occurrence of neuroinflammation and in alterations in the adaptive immunity, 

described in the following chapter. 

 

INVOLVEMENT OF IMMUNITY IN GLAUCOMA PATHOGENESIS 
Various aspects of the immune system in glaucoma have been analysed. The 

manifestation of such involvement shall be elucidated in this chapter. As these topics 

are of relevance to this thesis, the focus lies on glaucoma-related affection of immune 

cells and involvement of autoantibodies. 

The immune system is the organisms defence line against exogenous pathogens of 

various forms. It consists of innate and adaptive immunity, providing defence on a 

broad unspecific base, as well as targeted protective mechanisms. These comprise a 

cellular and the humoral immune response. Beneath its purpose to defend the 

organism from pathogens, the immune system can act on cells and molecules of the 

organism itself, which is referred to as autoimmunity. 

In general, autoimmunity describes the response of the immune system against 

endogenous self-antigens. Involvement of autoimmune processes in glaucoma 

pathogenesis have previously been described. On one hand, cellular immunity is 

involved, as alterations in the lymphocyte repertoire of glaucoma patients were 

observed. This includes changed serum levels of different T cell types like specific CD4+ 

T cells and regulatory T cells (Treg). Treg cells have a suppressive function on the immune 

system and are suggested to be responsible for the induction and maintenance of 

peripheral tolerance 53. The number of Treg cells is increased in POAG demonstrating a 

connection between cellular and humoral immunity 54. Evidence supports the 

hypothesis that these CD4+ CD25+ cells are possible regulators of antibody-producing 

B cells 55. However, the distribution of CD4+ and CD8+ T cells, as well as T helper cells 

shows no differences in glaucomatous and non-glaucomatous serum samples 56. 

Increased levels of HSP60 and HSP27-specific CD4+ T cells were observed in the sera of 

a mouse glaucoma model following the transient elevation of IOP, and were also 

increased in sera of POAG and NTG patients 57. In the mouse IOP model, T cells were 

able to infiltrate the retina and cause sustained neurodegeneration preceeding the 

initial damage. The authors linked the occurrence of these T cells to a cross-reaction 

of highly conserved heat shock proteins in humans and bacteria of the commensal 

microflora that activate T cells through molecular mimicry 57. They also evaluated the 

involvement of B cell immunity in RGC degeneration but could only observe 

attenuated effects in comparison to the T cell mediated impact. In contrast, 

autoantibody mediated RGC loss was detectable in experimental autoimmune 

glaucoma (EAG) animal models immunized with HSP27, HSP60 or myelin basic protein 

58-60. Here, the authors attest RGC loss primarily to autoantibody mediated effects, 

however, aspects of cellular immunity were not investigated. In addition, merely the 
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correleation with increased autoantibody levels were attested, without providing their 

evidence for causality. 

In summary, in both cases, T and B cell-mediated immunity, an elevated IOP was 

shown as a trigger for persisting neuronal damage, caused by T cell infiltration in the 

retina and autoantibodies targeting retinal antigens 57,61. However, RGC loss can also 

be observed independently of IOP in immunized animals showing elevated 

autoantibody levels to retinal antigens 58-60. 

Under the paradigm of the ‘horror autotoxicus’, shaped by Paul Ehrlich, autoimmunity 

was long regarded to be inevitable of pathological nature. The field of immunology, 

however, has evolved from these strict perceptions and now acknowledges the 

presence of natural antibodies as part of physiological immunity. Also in glaucoma, 

they seem to play an important role in its pathogenesis. 

For the case of humoral immunity, evidence has shown that antibodies of the IgA and 

IgG class, but especially of the IgM class, are abundant in human body fluids even 

under physiological conditions as part of the natural autoimmunity. The cause and 

purpose for their existence are not revealed in conclusion but they are attested several 

other functions beyond mere self-destructive characteristics. Those natural 

autoantibodies are polyreactive and show a mild affinity for their respective antigens. 

In 1963, Boyden firstly described these antibodies in sera of healthy individuals and 

shaped the term “natural autoantibodies” (cited in 62). IgM class autoantibodies are 

known to be generated by B1 Lymphocytes during orthogenesis, while IgG class 

antibodies are produced via T cell-dependent activation of B2 cells 63. As part of the 

innate immune system, natural autoantibodies serve as a front line in the defence 

against pathogens before adaptive immunoglobulins are produced 64. The natural 

antibody repertoire is also assumed to have protective effects, especially in the 

prevention of autoimmune disease and for decreasing inflammatory processes 65,66. 

This, for instance, was shown in mouse models, where depletion of IgM led to an 

increment of pathogenic IgG that resulted in lupus-like symptoms 67. Natural 

autoantibodies also play a role in the clearance of cellular debris of apoptotic cells 

and thereby ensure homeostasis of the organism 68. The involvement of autoantibodies 

in pathologies other than autoimmune diseases is especially well examined in cancer. 

Several tumour-associated autoantibodies have been identified in relation to different 

forms of malignancies. Apart from the more obvious oncoviral and cancer-specific 

antigens, a series of protein alterations is held responsible for the immunogenicity of 

the tumour-associated autoantibodies. These include mutations, overexpression and 

post-translational modifications 69. Alterations in the IgG class autoantibody repertoire 

were also found in neurological disorders such as Parkinson’s and Alzheimer’s disease, 

as well as in the blood of multiple sclerosis patients 70. While the number of IgM 
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autoantibodies and their respective B1 cell levels decrease with increasing age, the 

amount of IgG autoantibodies show a linear increment with age 70,71. 

Up to now, a plethora of different studies showed alterations of the natural 

autoantibody repertoire of open-angle glaucoma patients. Wax et al. were the first to 

report elevated anti-HSP60 autoantibodies in NTG patients 72. In the following years, 

more alterations in the autoantibody profiles of glaucoma patients were found in 

serum and AH. These include altered levels of anti-Vimentin 73,74, anti-α-Fodrin 75, anti-

GFAP 74, anti-MBP 74, anti-γ-Enolase 76,77, anti-γ-Synuclein antibodies 25 and more. Table 

2 lists the so far identified antigens of IgG class autoantibodies showing altered 

serological levels in comparison to non-glaucomatous controls. In addition, the novel 

autoantibodies discovered in the course of this dissertation are contained. 

 

Table 2 Glaucoma-related autoantigens (n.a. = ‘not available’). Antigens discovered 

and/or validated through the efforts of this dissertation are highlighted in bold letters.  

Protein name Gene ID Glaucoma 

subtype 

Method References 

HSP60 HSPD1 NTG ELISA 72 

HSP27 HSPB1 POAG, NTG Microarray, 

ELISA 

19,78 

HSP70 HSPA1 NTG WB+MS 73 

α A-crystallin CRYAA NTG ELISA 78 

α B-crystallin CRYAB NTG WB+MS, 

ELISA 

73,78 

β-L-crystallin CRYB POAG Microarray 19 

Annexin 5 ANXA5 POAG Microarray 19 

Ubiquitin (isoform not 

specified) 

POAG Microarray 19 

Glial fibrillary acidic 

protein 

GFAP POAG,  Microarray 19,74 

14-3-3 (isoform not 

specified) 

POAG Microarray 26 

α Fodrin SPTAN1 NTG ELISA 75 

Phosphatidylserine n.a. NTG ELISA 79 

Gamma enolase ENO2 POAG, NTG WB + 

Edman 

sequencing 

76,77 

Glycosaminoglycans n.a. POAG, NTG ELISA 80 

Vimentin VIM NTG, POAG WB+MS 73,74 

Myelin basic protein MBP POAG Microarray, 

WB+MS  

19,74 
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Protein name Gene ID Glaucoma 

subtype 

Method References 

Retinaldehyde-

binding protein 

RLBP1 OHT WB+MS 81 

Glutathione-S-

transferase 

GST NTG, POAG WB+MS 82 

Retinal S-antigen SAG POAG/OHT/NTG WB+MS 81 

Histone H4 H4 POAG WB+MS 81 

α 1 antitrypsin SERPINA1 POAG Microarray 19 

Gamma synuclein SNCG POAG Microarray 25 

Voltage-dependent 

anion-selective 

channel protein 2 

VDAC2 POAG SERPA & 

Microarray 

83 

Caldesmon CALD1 POAG SERPA & 

Microarray 

83 

Phosphoglycerate 

mutase 1 

PGAM1 POAG SERPA & 

Microarray 

83 

Threonine--tRNA 

ligase 1, cytoplasmic 

TARS1 POAG MS-AMIDA 

& 

Microarray 

84 

Complement 

component 1 Q 

subcomponent-

binding protein, 

mitochondrial 

C1QBP POAG MS-AMIDA 

& 

Microarray 

84 

Paraneoplastic 

antigen Ma2 

PNMA2 POAG MS-AMIDA 

& 

Microarray 

84 

β-2 adrenergic 

receptor 

ADRB2 POAG / NTG Functional 

Assay // 

Microarray 

85,86 // Beutgen et 

al. (unpublished 

Publication 3) 

Clathrin CLTA/B/C PEXG Microarray Beutgen et al. 

(unpublished 

Publication 3) 

 

The cause for the occurrence of these autoantibodies is not entirely clarified. Their role, 

origin and causality of their alterations in the pathogenesis of glaucoma still needs to 

be specified comprehensively. However, several studies including animal and cell 

culture models have provided valuable information about the possible effects of the 

deranged autoantibodies in glaucoma. Tezel and Wax showed that autoantibodies 

to HSP27 are internalized to retinal cells and lead to retinal neurodegeneration via 
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apoptosis 87. Serological autoantibodies to ADRB2 were found in connection to an 

elevated IOP in POAG and OHT 85. Moreover, autoantibodies showing decreased 

levels in glaucoma patients (anti-GFAP and anti-SNCG antibodies) mediated 

neuroprotective effects in retinal cell and organ culture, which appear to be lost in 

glaucoma etiopathogenesis 28. Although an elevated IOP can initiate retinal 

neurodegeneration and provoke alterations of the serological autoantibody 

repertoire, these effects cannot be eliminated by inhibition of the B cell response 61. 

This indicates, that B cell immunity might play only a minor role in glaucomatous 

neuronal damage, whereas the T cell response to retinal antigens appears as a major 

driving force in persisting RGC and axonal destruction 57. Therefore, a though 

autoantibodies may not be causative for glaucoma onset, altered immune reactions 

triggered by an elevated IOP could have synergetic effects that amplify disease 

progression. 

Despite the unresolved origin and effects of glaucoma-specific autoantibodies, they 

might serve as valuable disease biomarkers and facilitate glaucoma diagnostics. In a 

previous study, POAG patients could be classified from non-glaucomatous subjects 

with good precision (area under roc curve = 0.93) by measuring their autoantibody 

profiles in a protein microarray approach with subsequent deployment of an artificial 

neuronal network algorithm 19. Thus it can be assumed that the identification of new 

antibodies to self-antigens in serum is a promising approach towards the discovery of 

new diagnostic biomarkers. 

 

Immunoproteomics in Biomarker discovery 
According to the definition of the National Institute of Health, a biomarker is “a 

characteristic used to measure and evaluate objectively normal biological processes, 

pathogenic processes, or pharmacological responses to a therapeutic intervention”. 

When looking at biomarkers on a molecular level, current research reaches out in 

multiple directions. The main aspects encompass Genomics, Proteomics, 

Metabolomics as well as Lipidomics. In each one of these fields, disease-specific 

alterations may occur that could be useful as diagnostic biomarkers. Another major 

field in the discovery of disease biomarkers, which our research-group takes special 

interest in, is immunoproteomics. Aim of immunoproteomics is the identification and 

mapping of different proteomic actors of the immune system in its physiological state, 

as well as in pathological conditions. Especially serological antibodies are already 

widely used as biomarkers in various diseases, such as Rheumatoid arthritis 88, several 

autoimmune diseases 89,90, cardiovascular disease 91 and multiple types of cancer 92, 

where specific autoantibodies to tumour antigens can be found. Recent findings also 

suggest their usability as biomarkers in other non-autoimmune diseases such as the 

neurodegenerative disorders Alzheimer’s 18,93 and Parkinson’s disease 94,95. Diagnosis of 
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these neurological diseases was attempted by the analysis of an autoantibody 

biomarker panel, consisting of 10 – 50 features. With this approach, the discrimination 

of patients and healthy subjects was possible with high accuracy. We therefore 

believe that that serological autoantibodies could also be efficiently used as 

biomarkers in the diagnosis of glaucoma. 

 

 

Figure 3 Biomarker pipeline. 

 

The discovery of biomarkers suitable for clinical routine passes through different stages, 

summarized as the “biomarker pipeline” (Figure 3). The first step is the discovery of 

candidate biomarkers. At first, the number of possible candidates is very high and the 

methods used for initial profiling only allow a low through-put of samples. This discovery 

stage of the biomarker pipeline has the purpose of identifying targets that seem 

promising and should be further examined. To this end, several different 

immunoproteomic methods have been developed. Techniques such as “serological 

identification of antigens by recombinant expression cloning” (SEREX) 96, “serological 

proteome analysis” (SERPA) 97, “luciferase immunoprecipitation systems” (LIPS) 98 or 

“antibody-mediated identification of autoantigens” (AMIDA) 99 are frequently applied 

at this stage. In the qualification phase, the putative biomarkers are evaluated using 

orthologous methods. With the reduced number of candidates more samples can be 

tested at a time. After passing the qualification phase, these candidates are 

evaluated in several hundred samples, ideally from various study populations. Here, 

the usage of high-throughput methods, such as the microarray technology, are most 

feasible (Figure 4). 
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Figure 4 Customized in-house protein microarray production. (a) Array slides are printed using 

a piezo-electric non-contact dispenser (SciFlexarrayer; Scienion). (b) Example of scanned 

antigen microarray after incubation with serum and fluorophor-labelled anti-human IgG 

secondary antibody. Antigens were printed in triplicates. Each array can contain 70 – 90 

antigens to be tested simultaneously. 

 

The microarray setup used in our lab enables the simultaneous analysis of up to 90 

features, measured in triplicates. Over 250 samples can be analysed in one batch, 

requiring minimal volumes. Through several quality control steps and normalization 
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strategies, we achieve small coeficients of variation. These characteristics make the 

protein microarray an ideal platform for biomarker studies. The end result ideally is the 

development of clinical assays and their validation in extensive clinical studies. These 

assays can be provided in various format as point-of-care devices such as lateral flow 

assays, but also other formats requiring more extensive laboratory equipment are 

possible options. The development of precise biomarker-based diagnostic tests for 

glaucoma is a work in progress. The research in this dissertation comprises the first two 

steps of the biomarker pipeline and identifies promising new candidates that can be 

evaluated in further studies in clinically applicable assays. 

Overall, further analyses of the physiological and pathological autoantibody 

repertoire via immunoproteomic techniques and high-throughput approaches are 

mandatory as a step towards more personalized diagnostic test that allows easy and 

individual monitoring of disease states. Also, it can help to characterized different 

diseases more accurate and perhaps define them in a new holistic way in the scope 

of systems medicine. 
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AIMS OF THE PROJECT 
The numbers of glaucoma patients are steadily increasing and this, as well as other 

age-related diseases, will be a progressively higher burden to the national health care 

systems. The disease remains asymptomatic often until later stages and many people 

are not aware of their disease. The current diagnostic tools require ophthalmic 

professionals, and are time and cost intensive. The growing number and increasing 

age of the population will lead to an overall increased workload for medical 

professionals in general. Therefore, new diagnostic approaches need to be evaluated 

to overcome these challenges. The availability of easy monitorable diagnostic 

biomarkers is essential to promote early diagnosis and thereby reduce the prevalence 

of blindness. Suitable biomarkers can help to reduce the costs of disease 

management and reduce personnel expenditure of ophthalmic specialists. 

In the past years, a multitude of different studies have shown an involvement of 

immunological components in the pathogenesis of glaucoma. Foremost, changes in 

specific autoantibody levels have been described. These alterations in immunity bear 

the potential as useful indicators of disease state and might be used as biomarkers in 

glaucoma diagnostics. The abundance of specific autoantibodies can predict the 

presence and state of a disease, as shown not only in autoimmune diseases but also 

in cancer and cardiovascular disease. This project aimed to identify and analyse new 

potential autoantibody biomarkers for the diagnosis of glaucoma and also gain new 

insights into autoantibodies in health and disease. To achieve this, autoantibodies to 

antigens originating in the TM were identified, and their biomarker potential was 

evaluated. Combinations of immunoproteomic techniques, including sophisticated 

mass-spectrometric analysis and a high-throughput protein microarray platform, 

enable the identification of potential autoantibody biomarkers for the diagnosis of 

OAG. The identification of antibodies to self-antigens in serum that can be collected 

with minimal-invasive blood-sampling is a promising approach to the discovery of 

diagnostic and prognostic biomarkers.  
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Publication 3 (manuscript) 
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microarray. Manuscript submitted. 
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Additional Data 
The data presented in this chapter has not been published previously but provides 

important additional information for the discussion of the results in this dissertation. 

Methods and results are presented in this chapter and are discussed in the respective 

sections of the chapter “Comprehensive discussion”. 

 

GENE-DISEASE ASSOCIATION ENRICHMENT OF GLAUCOMA-RELATED 

ANTIGENS 
 

Introduction 

To characterize the yet identified glaucoma-related antigens further, a search for 

similarities among these proteins was conducted. It was searched for gene-disease 

association (GAD) as an additional functional annotation. 

 

Method 

Enrichment GAD term enrichment was analysed with DAVID 

(https://david.ncifcrf.gov/home.jsp) 100. Whole human proteome was defined as the 

background for the analysis. 

As input for the analyses, Uniprot IDs from target proteins were used as displayed in 

Table 3. 

 

Table 3 Input for enrichment analyses. 

GENE ID UNIPROT 
ID 

HSPD1 P10809 

HSPB1 P04792 

HSPA1A P0DMV8 

CRYAA P02489 

CRYAB P02511 

CRYBA1 P05813 

ANXA5 P08758 

UBB P0CG47 

GFAP P14136 

YWHAZ P63104 

SPTAN1 Q13813 

ENO2 P09104 

VIM P08670 

MBP P02686 

RLBP1 P12271 

https://david.ncifcrf.gov/home.jsp
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GENE ID UNIPROT 
ID 

GST P09488 

SAG P10523 

H4 P62805 

SERPINA1 P01009 

SNCG O76070 

VDAC2 P45880 

CALD1 Q05682 

PGAM1 P18669 

TARS P26639 

C1QBP Q07021 

PNMA2 Q9UL42 

ADRB2 P07550 

CLTA P09496 

 

Results 

The GAD disease classes “Vision” and “Neurological” were significantly enriched 

among the input proteins (Table 4). The antigens are also associated with “Aging”, 

“Immune”, “Infection”, as well as “Normal variation”, “Reproduction” and “Renal”, but 

were not significantly enriched. 

 

 

Table 4 DAVID functional annotation. Gene annotations of respective glaucoma-

related antigens.  GAD (gene-disease association) disease classes from GAD 

database curated from genetic association studies.  Homo sapiens proteome as 

background. 

Term: 

GAD 

disease 

class 

Count % PValue Genes List 

Total 

Fold 

Enrichment 

Benjamini 

VISION 7 25.0 0.001 P12271, P07550, 

P10523, 

P0DMV8, 

P09488, P02489, 

P05813 

24 5.491 0.018 

NEURO-

LOGICAL 

13 46.4 0.002 P45880, 

O76070, 

P07550, P02511, 

P10809, P08670, 

P14136, 

P0DMV8, 

P01009, P09488, 

P09104, P04792, 

P63104 

24 2.431 0.015 

AGING 6 21.4 0.023 P07550, P02511, 

P08670, P14136, 

24 3.421 0.130 
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Term: 

GAD 

disease 

class 

Count % PValue Genes List 

Total 

Fold 

Enrichment 

Benjamini 

P0DMV8, 

P09488 

IMMUNE 11 39.3 0.024 P07550, P02511, 

Q05682, 

P10809, P10523, 

P02686, 

P0DMV8, 

P01009, P09488, 

P08758, P04792 

24 1.991 0.102 

INFECTION 9 32.1 0.027 P07550, P10809, 

P02686, 

P0DMV8, 

P45880, 

Q07021, 

P01009, P09488, 

Q13813 

24 2.258 0.093 

NORMAL-

VARIATION 

4 14.3 0.062 P07550, P10809, 

P01009, P09488 

24 4.181 0.174 

REPRO-

DUCTION 

5 17.9 0.086 P07550, 

P0DMV8, 

P01009, P09488, 

P08758 

24 2.815 0.206 

RENAL 6 21.4 0.098 P07550, P02686, 

P0DMV8, 

P01009, P09488, 

P08758 

24 2.288 0.208 

 

 

GENE ENRICHMENT ANALYSIS OF MOST ABUNDANT NATURAL 

AUTOANTIBODIES 
 

Introduction 

In Publication 2 84 molar quantities of identified antigens of the natural immunity were 

measured by mass spectrometry using MaxQuant iBAQ values. Here, a gene 

enrichment analysis was used to determine, which biological processes are 

significantly represented by the twelve most abundant autoantibodies. To reveal 

pathways that contain antigens that are targeted by the majority of all natural 

autoantibodies. The results described here are discussed in the section “Natural 

autoantibodies in health and disease” of the chapter “Comprehensive discussion”. 
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Method 

The Metascape analysis was carried out on April 24th 2020 using standard settings 

(https://metascape.org/) 101. A detailed description of the settings can be found in the 

Appendix under “Pathway and Process Enrichment Analysis”. Input for the analysis 

were the target antigens of the twelve most abundant autoantibodies as identified by 

iBAQ values in Publication 2 84, Figure 1. 

 

Results 

The analysis revealed a significant enrichment of the terms “cellular response to stress”, 

“DNA conformation change”, “cell cycle” and “negative regulation of organelle 

organization” (Figure 5). 

 

Figure 5 Enriched terms among the 12 most abundant natural autoantibodies 

identified by MS-AMIDA. 

  

https://metascape.org/
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METASCAPE ANALYSIS OF NATURAL AUTOANTIBODIES 
 

Introduction 

Metascape is an online tool for the identification of protein-protein interaction 

networks and gene ontology (GO) enrichment analysis of a provided list of proteins. 

Here, a Metascape analysis was carried out using the 66 antigens being identified as 

part of natural immunity in Publication 2, Table 3. The results described here are 

discussed in the section “Natural autoantibodies in health and disease” of the chapter 

“Comprehensive discussion”. 

 

Method 

The Metascape analysis was carried out on April 23th 2020 using standard settings 

(https://metascape.org/) 101. A detailed description of the settings can be found in the 

Appendix under “Settings for Metascape analysis”. 

 

Results 

The Metascape analysis revealed several enriched pathways and cellular processes. 

The Top 20 most significantly enriched terms are displayed in Figure 6. The results are 

shown in an interaction network showing connections between the enriched terms 

(Figure 6 a). The terms that were most significantly enriched among the 66 antigens 

are “Translation”, “Translation initiation complex formation”, “Metabolism of RNA and 

the Cellular response to stress (Figure 6 b). These terms also appear in close connection 

in the interaction network, indicating a strong interlacing of these processes. 

The protein-protein interaction enrichment analysis revealed that 64 of the 66 antigens 

show a direct connection to at least one of the other antigens (Figure 7 a). Across this 

network, the MCODE algorithm revealed four clusters of densely functional connected 

antigens (Figure 7 b). Antigens in these clusters are connected via direct interactions 

and their role in a common pathway or cellular process. Cluster MCODE_1 contains 18 

proteins that are related to cell cycle and actin/tubulin folding processes (Figure 7 c). 

MCODE_2 comprises 8 proteins set in cellular processes involved in translation (Figure 

7 d). The third cluster, MCODE_3, contains 4 antigens involved in mRNA splicing and 

pre-RNA processing (Figure 7 e). Lastly, MCODE_4 includes 3 antigens that are part of 

the multisynthetase complex related to tRNA aminoacylation (Figure 7 f). 

https://metascape.org/
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Figure 6 Cytoscape network of Top 20 enriched terms. (a) Proteins coloured by cluster 

ID, where nodes that share the same cluster ID are typically close to each other; (b) 

Bar graph of enriched terms across the list of the 66 input proteins, coloured by p-

values. 
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Figure 7  Protein-protein interaction network and MCODE components. (a) Protein-

protein interaction network. (b) List of densely connected network components 

identified by the MCODE algorithm based on interaction and significant enrichment 

in GO terms. (c) MCODE_1 cluster; (d) MCODE_2 cluster; (e) MCODE_3 cluster; (f) 

MCODE_4 cluster. 
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COMPREHENSIVE DISCUSSION 
 

Overview of results 
OAG is an increasing threat to the ever-ageing population in developed countries 

and treatment is limited to decrement of IOP by medical or surgical interventions. 

These treatments, however, are no cure but can merely delay or stop disease 

progression. To prevent major vision loss, IOP lowering therapies must be induced as 

soon as possible. This can only be achieved when diagnostic tools are available that 

can detect early stages of the disease. Many people are not aware of their disease 

and suffer from glaucoma-related accelerated RGC degeneration that could be 

prevented with an early diagnosis and treatment start. New diagnostic tools should be 

inexpensive and easy to use, so they can find utility as a point-of-care device in 

precautionary examinations. This would facilitate disease management and facilitate 

the decision making of clinicians concerning the handling of each patient. The 

development of autoantibody biomarkers could be the basis for diagnostic tests that 

can fulfil these criteria. Once reliable biomarker candidates are found, they can be 

implemented into immunological assays, for example in the format of lateral flow tests 

that can be easily implemented to clinical routine examinations. Furthermore, there is 

growing evidence showing that serological autoantibodies are not only able to 

indicate the mere presence of a disorder but can also give insights into disease 

progression. This can deliver important information for clinicians to adapt the 

respective treatment as needed. To make autoantibody profiles available for 

diagnostics is a huge chance to improve health care and open another path towards 

personalized medicine making an individual treatment of each patient possible. 

The analyses in this piece of research focused around antigens in the TM. The TM is 

involved in 90% of the aqueous humour outflow from the anterior chamber of the eye. 

In glaucoma with high IOP, it underlies massive structural and functional modifications 

that overall lead to increased stiffness of the tissue. The so caused dysfunctionality of 

the TM is contributing to an impeded drainage of AH and finally leads to an increased 

IOP. The exact molecular mechanisms underlying IOP-mediated neurodegeneration 

of RGCs are not investigated conclusively. Regarding the involvement of the immune 

system in glaucoma pathogenesis, hypotheses arouse that a breach of the retina-

blood-barrier is mediated by the rise of the IOP. This, in turn, could trigger B and T cell-

mediated autoimmunity, which is also held responsible for sustaining 

neurodegeneration in retinal cells even after IOP returns to normal values 57. 

Autoantigens in the TM have not been investigated so far, although the presence of 

antigen-presenting cells in this tissue indicates an important role in the ocular immune 

response 102, especially as also other types of immune cells (B cells, natual killer T cells, 

mast cells, macrophages) were found in the TM103. As an important site in glaucoma 
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pathogenesis, the TM was assumed an interesting study object to further elucidate 

immunological mechanisms in glaucoma. 

The aim of the research described in this dissertation was the profiling of new 

autoantibody biomarker candidates to antigens in the TM in the serum of OAG 

patients and gathering new information on the general serological autoantibody 

repertoire as an additional goal. This was achieved with different immunoproteomic 

techniques using SERPA (Publication 1), MS-AMIDA (Publication 2) and protein 

microarrays (Publications 1 – 3). 

In the first approach, covered in Publication 1, elevated levels of anti – VDAC2, anti – 

CALD1 and anti – PGAM1 antibodies were found elevated in the serum of POAG 

patients. This was observed in an initial profiling step using SERPA, followed by a 

validation of promising candidates via protein microarray. The newly detected 

candidates were used in a biomarker panel together with anti-HSPD1 and anti-VIM 

autoantibodies, which are already known putative markers from previous studies. 

These are discussed in detail in Publication 1. With the application of an artificial neural 

network, POAG patients could be classified from non-glaucomatous subjects with a 

specificity of 93% at 81% sensitivity. 

In the second approach, a more holistic tactic not only identifying glaucoma-specific 

biomarker candidates but also giving a more detailed impression of the natural 

autoantibody repertoire to TM antigens was chosen. Using MS-AMIDA, 66 antigens 

were identified as physiological targets of autoantibodies, whereas 21 self-antigens 

appeared in relation to POAG. These antigens comprise proteins that are significantly 

enriched in the PDGFRB pathway that is possibly involved in TM fibrosis during POAG 

pathogenesis (Publication 2, Figure 6). The alteration of autoantibody levels in sera of 

POAG patients possibly reflect pathological changes in this pathway, but could also 

be directly involved. Among the POAG-related antibodies, anti – TARS, anti – C1QBP 

and anti – PNMA2 autoantibodies showed significantly higher levels in POAG patients 

compared to the control group and therefore where evaluated as putative glaucoma 

biomarkers. The application of a random forest algorithm with the microarray data set 

enabled a classification of POAG patients with an accuracy of 84%. 

To further investigate whether serological antibodies also vary in different OAG 

subgroups, serum samples of POAG, NTG and PEXG patients in comparison to a non-

glaucomatous control group were analysed by protein microarray. Here, the levels of 

ten serological autoantibodies were significantly altered among all groups. Particularly 

outstanding results were obtained for anti – ADRB2 and anti – Clathrin autoantibody 

levels. ADRB2 autoantibodies were significantly more abundant in sera of NTG and 

POAG patients, whereas anti – Clathrin antibodies were particularly low in  patients 

suffering from PEXG. With k means clustering, patients were grouped in three clusters 

according to their autoantibody profile. The first cluster primarily represented control 
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samples, the second NTG + POAG patients and the third PEXG patients. This indicates 

a potential for the detected antibodies to classify glaucoma subgroups and should 

be evaluated in a larger study group. For an insight into the common characteristics 

of previously identified glaucoma-related autoantibodies in this and other studies, a 

protein-protein-interaction analysis, as well as a gene onthology (GO) enrichment 

analysis, was carried out. The analysis revealed a densely connected network of six 

antigens by Metascapes’ MCODE algorithm. These proteins are HSPA1A, HSPD1, 

YWHAZ, ENO2, PGAM1 and VDAC2. For these, a strong GO enrichment for the cellular 

components ‘myelin sheath’ and ‘mitochondria’ was revealed. Several previous 

studies provide evidence suggesting an important role of these sites in glaucoma 

pathogenesis. 

Overall, the work described in this dissertation revealed eight potential glaucoma 

biomarkers that appeared promising as targets for further validation studies and 

possible implementation in clinical assays. Also, an antibody-based classification of 

glaucoma sub-groups seems possible. Serological antibodies covered by the data in 

the publications of this doctoral thesis appeared to be closely linked to pathological 

processes and sites in glaucoma pathogenesis. However, information on whether 

these autoantibodies are causative or an epiphenomenon of glaucoma can not be 

drawn from the data obtained. Different aspects of the results of the studies included 

in this dissertation, as well as their methodological drawbacks and short-comings, will 

be elaborated in the following sections. 
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Immunoproteomic methods for autoantibody 

profiling 
In this thesis, different immunoproteomic methods were applied to screen serum 

samples for glaucoma specific alterations in the natural autoantibody profile. The 

biggest catch for all available profiling techniques is the presence of a large amount 

of diverse natural IgG autoantibodies, compared to disease-specific antibodies that 

might only represent small population of the total IgG. Therefore, application of 

different methods seems best to increase chances for their detection. Serological 

proteome analysis (SERPA) and mass spectrometry-assisted autoantibody-mediated 

identification of antigens (MS-AMIDA) were applied as explorative methods in the 

initial discovery step. These mass spectrometry-based techniques are very time and 

resources consuming and therefore can only be applied to  relatively small sample 

sizes. This leads to a limited statistical significance of the results making further 

validation steps mandatory. To fulfil this demand, the autoantibody candidates from 

the early discovery phase were forwarded to a first validation step, taking advantage 

of the protein microarray technology. This high-throughput method allows for the 

simultaneous analysis of multiple targets in hundreds of samples, and a high number 

of biological replicates could be tested for their autoantibody reactivity against the 

selected antigen targets. Biomarker candidates, which pass through this stage are 

promising targets for further evaluation in orthologous methods that are closer to 

clinical routine testing, such as the often used ELISA. Such final candidate verification 

paves the way for development of specific clinical tests, ideally to be utilized as a 

point-of-care device. Although the methods used in this dissertation fit well to the 

demands of the biomarker pipeline, they have some limitations. To cover this in the 

context of this work, the methods shall be examined and discussed below. 

SERPA is a classical immunoproteomic method for the detection of disease-specific 

autoantibodies. The method is a combination of 2D polyacrylamide gel 

electrophoresis (PAGE), western blotting and mass spectrometric identification of 

proteins. It has been used for the detection of biomarker candidates in several 

diseases like cancer 104-106, diabetes 107 or multiple sclerosis 108. However, some known 

disadvantages come with 2D western blotting. On the one hand, the proteins that can 

be analysed with this method are restricted to a defined pH range, allowing only the 

display of proteins with corresponding isoelectric points and 2D PAGE also restricts the 

size of the analysable proteins. This implies that proteins with high or low isoelectric 

points, as well as large proteins can not be investigated by this method. Furthermore, 

SERPA favours the detection of high abundant proteins. Protein spots of high-level 

proteins can mask low abundant protein spots and prevent their identification by mass 

spectrometry. This can bias the results towards high abundant proteins and 

aggravates the detection of autoantibody reactivity to low-abundant antigens. 

Another drawback is the circumstance that only linear, non-conformational epitopes 
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can be detected with this method since proteins are denatured during sodium 

dodecylsulfate-PAGE. This infers that many natural epitopes are destroyed and the 

reactivity of serological autoantibodies might be a false negative. On the other hand, 

linear proteins could present epitopes that would never occur in a physiological state 

and therefore might represent neo-epitopes, which could induce false-positive signals. 

Results obtained by such an experimental setup therefore should be reviewed 

carefully and demand further validation steps. Besides these methodological flaws, 

the method also reveals the heterogeneity of autoantibody repertoires, as there are 

enormous differences between individual immunoblots, which was also observed in 

the study included in this doctoral thesis 83. This indicates high individual diversity of 

natural autoantibodies. These results are in line with the findings of other researchers, 

showing that the number of serological IgG varies strongly among individuals 70. 

Another approach for the de novo profiling of serological autoantibodies was the MS-

AMIDA. The idea of the AMIDA methodology was first described by Gires et al. in 2004 

99 using extracted autoantibodies as bait in an immunoprecipitation experiment, 

followed by 2D PAGE analysis and mass spectrometric protein identification. This 

approach has been performed and modified thereafter by various research gruops. 

The method has been applied, inter alia, for the identification of novel autoantibodies 

in systemic lupus erythematosus 91, immune thrombocytopenic purpura 109 and cancer 

99. As this immunoproteomic approach requires a large amount of source protein for 

the immunoprecipitation step, to enable the detection of low-abundant antigens, the 

usage of tissues with highly limited availability such as the TM are challenging. TM tissue 

biopsies are only available through trabeculectomy surgeries or as post-mortem 

material and trabeculectomy samples are too small for comprehensive proteomic 

studies. Post-mortem human eyes for research purposes are scarce, as the eye bulbs 

are often donated to be used for corneal transplants, and therefore are not available 

for research purposes.  Immortalized human cell lines yielding unlimited source 

material can bridge this gap. Using cell lysates, however, makes the method prone to 

allogenic cross-reactions 110 and viral transfection of the cells might introduce virus 

antigens to the cells and bias the results. 

In the different experiments presented within this thesis, partly different antigens were 

observed in the AMIDA and SERPA analysis. Of the 15 distinct antigens identified in the 

SERPA analysis only three were also identified in the MS-AMIDA approach with high 

confidence. The remaining were either not detected (7 antigens), were not detected 

with high confidence and reproducibility (4 antigens) or another isoform was detected 

(1 antigen). This is most likely be caused by different protein sources used for the 

experiments and usage of different protein extraction methods. For MS-AMIDA, human 

immortalised cell lines where used, whereas porcine TM tissue lysates were used for 

SERPA. Other groups have also observed differences in immunoreactivity investigated 

with the same immunoproteomic approach based on the protein source that was 
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used for the analysis 104.  Here, immunoblots inucubated with the same serum samples 

but using different cell lines and tissues as antigenic extracts failed to detect every 

antigen in every setup. 

Both profiling methods used are laborious and allow only a small number of samples 

to be tested in one experiment. Validation of the obtained results is necessary with 

orthologous methods and in larger sample sizes. To this end, the application of a 

targeted, high-throughput approach is unavoidable. The protein microarray 

technique has evolved in the last decades and enables the simultaneous analysis of 

a high number of samples and targets with high sensitivity by requiring only a small 

amount of sample. This method comprises the immobilisation of recombinant or 

purified proteins on a solid surface. Usually, microarray slides with different coatings are 

used for that purpose. There are many different surface coatings available, with 

nitrocellulose (NC), NHS and epoxy polymers being the most common ones. In the 

studies included in this thesis, NC slides were used for all array experiments. The binding 

of proteins to NC membranes is based on hydrophobic interactions and this 

immobilisation can affect the tertiary structure of the proteins. This implies that the 

antigens in microarray experiments do not necessarily retain their natural 

conformation. As already mentioned for SERPA experiments, this might destroy 

conformational epitopes and on the other hand expose unphysiological linear 

epitopes 111. Furthermore, NC as a microarray surface leads to a randomized 

orientation of the printed proteins, which can introduce poor reproducibility and low 

sensitivity of the assay 112. The method is also prone to the introduction of batch effects, 

making comparability and reproducibility of the arrays a challenging task. To tackle 

this methodological flaw, several normalisation methods have been suggested by 

different research groups, like Loess normalisation, mean/median centring or the use 

of standard samples in two-colour arrays as internal control 113,114. These normalisation 

strategies, however, have their drawbacks and might introduce new biases to the 

data 114. At this time point, no consensus of the best normalisation strategy for antigen 

microarray experiments has been reached. Our approach to this problem was the 

normalisation of signal intensities to an IgG standard included on each subarray using 

median centring. To avoid large batch effects, only single batch experiments were 

performed and samples were run on consecutive days. Another element that needs 

to be considered is that the method requires high-quality recombinant proteins. 

Ideally, antigens should be used as functional full-length proteins and be soluble in a 

buffer that does not interfere with the microarray spotter. In our case, using a non-

contact piezoelectric array dispenser, buffer composition is especially essential to the 

success of array production. Buffers with high viscosity or high concentrations of 

detergent make the solution hard to handle for the array spotting system. Furthermore, 

post-translational modifications (PTMs) can have a major impact on the binding 

affinity of the antibodies. But even though, production of recombinant proteins 
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containing relevant eukaryotic PTMs is possible, prediction, to which extent the 

pathologic target antigens underwent disease-specific PTM alterations is not possible. 

Relevant antigens could also carry other forms of modifications, like truncations, 

mutations, conformational changes etc., that arise with pathology. All these details 

can hardly be covered by reasonable means. Although, the use of recombinant 

proteins carrying a biotin carboxyl carrier protein tag from baculovirus-insect cell 

expression systems seems to be a good solution to some of the known difficulties. This 

modification promotes correct protein folding and allows uniformly oriented 

immobilisation of proteins on the array surface, increasing sensitivity and reproducibility 

115. However, the accessibility of suitable, commercially available proteins is limited 

and represents the main reason for high-quality arrays to be expensive. Peptide arrays 

could be a solution to this. Usually, oligomeric peptides are cheaper in production and 

are also easier to handle experiment-wise although, due to the loss of tertiary protein 

structure in these linear peptides, the arrays might suffer from a loss of sensitivity. 

Following initial discovery and early validation steps, an epitope screening of 

candidate antigens could reveal promising targets to be analysed via peptide arrays. 

This opens up auspicious opportunities for the usage in clinical diagnostics. 
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Characteristics of self-antigens in glaucoma-specific 

immunity 
A great variety of different studies by different research groups, including ours, have 

identified glaucoma-related autoantibodies by various immunoproteomic methods. 

A summary can be found in Table 2. Undeniably, it is of great interest to investigate the 

specific role of these autoantibodies in the course of the disease. It has not yet been 

possible to answer the question whether the antibodies are a direct cause or a 

consequence of the pathological alterations. With glaucoma being a multifactorial 

and complex disease, such investigations are no trivial task. An important aspect to 

enhance our understanding of the immunological processes that are involved in 

glaucoma is the comprehensive characterisation of the identified disease-related 

antigens. One inevitable question  concerns possible  similarities among the detected 

self-antigens. Answering this question is crucial to elucidate the causes of an 

autoantibody response, possibly as part of natural immunity. Backes et al. analysed 

the properties of antigens from different publicly available datasets, including data 

from healthy individuals and cancer patients 116. They found that highly evolutionary 

conserved proteins that are part of cellular structures are particularly prone to become 

immunogenic and elicit an antibody response. Specific sequence motifs were 

enriched among the self-antigens,  including coiled-coil motifs, ELR motifs, and Zinc 

finger DNA-binding motifs.  Also, immunogenic proteins often showed a binding 

capability to nucleic acids, including RNA, and were enriched in the cellular 

components ribosome or splicosome. Another study found a high immunogenic 

potential of evolutionarily conserved proteins and linked these to a targeted immune 

reaction against prokaryotic organisms of the commensal flora caused by molecular 

mimicry 57. 

The existence of such common characteristics have not been investigated for 

glaucoma-related antigens. GO enrichment and protein-protein interaction network 

analyses were carried out for currently known verified glaucoma-related autoantigens 

in Manuscript 3 of this thesis (Publication 3) and more specifically for identified TM 

antigens in a more explorative setting in Publication 2. In general, glaucoma-related 

antigens showed significant enrichment in biological processes including mRNA 

regulation and apoptosis on different levels. This shows a strong relation with glaucoma 

pathogenesis, especially as apoptosis is widely recognised as the main pathway for 

RGC demise in glaucoma 117,118. Furthermore, antigens were enriched in pathways 

resulting in nucleotides and nucleic acids breakdown (GO:0034655 nucleobase-

containing compound catabolic process). When considering the connection of the 

corresponding genes with known disease-relevant genes, a significant association 

with neurological or eye related diseases was apparent (Table 4). Additionally the 

results showed that ageing and immune processes are among the associated disease 

classes. A strong connection of the antigens with diseases of this spectrum, clearly 
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allows the characterisation of glaucoma as an age-related, neurodegenerative eye 

disease with probable involvement of immunity in its pathogenesis.  

 

Figure 8 Schematic model of biological processes involved in glaucoma pathogenesis 

mentioned in this dissertation. Pathways that are overrepresented by glaucoma-

related antigens are highlighted in green circles.  (a) Patients with OAG show 

increased levels of TGFβ2 in AH  119. This multifunctional protein can induce PDGFR 

expression, augmenting the PDGFR pathway, which is known to be implicated in tissue 

fibrosis 120. An overrepresentation of antigens belonging to this pathway was 

discovered as targets of glaucoma associated autoantibodies in this thesis, while other 

researchers found that some autoantibodies might induce PDGFR signalling 121. Fibrosis 

impairs TM function, increasing AH outflow resistance 33, which ultimately results in an 

increased IOP 122. (b) High IOP is related to RGC death by apoptosis 117. Also, 

mitochondrial dysfunction in glaucoma mediates ROS production, leading to 

caspase-independent apoptosis of RGCs 123. Autoantibodies to apoptosis-related 

pathways were identified in relation to glaucoma within this doctoral thesis. Apoptosis 

is known to produce neoepitopes, favouring the occurrence of autoantibodies  124 that 

on the other hand are involved in clearance of apoptotic cells via complement 

activation 68. (c) Autoantibodies to antigens involved in the cellular stress response 

and the RNA metabolism have been associated with glaucoma within  this thesis. 

Especially heat shock proteins and other small chaperonins involved in the stress 

response are targeted by serological autoantibodies. Newly discovered were the 

autoantibodies targeting proteins of the RNA metabolism. Virus infections can cause 
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alterations of the RNA metabolism in favour of virus protein production and trigger the 

cellular stress response, which also induces crosstalk between both pathways, 

attenuating mRNA translation 125. Stress response, particularly unfolded protein 

response, is active in glaucoma, as endoplasmic reticulum stress is largely promoting 

TM and RGC demise 126. The formation of stress granules is associated with both 

pathways and is also linked to chronic stress related to aging processes. Stress granules 

are related to neurodegeneration in other diseases 127 and can contain target proteins 

for serological autoantibodies 128. Alteration of PTMs of RNA-binding proteins regulates 

stress granule dynamics 129, but PTM alterations can also generally introduce the 

formation of neoepitopes. Whether there is a direct implication for stress granules in 

glaucoma pathogenesis remains to be determined, although few research hints in this 

direction 130,131. 

 

When now regarding solely antigens derived from the TM, a strong association of these 

proteins with processes of translation, mRNA transport and the PDGFRB pathway 

became apparent. Here, too, mRNA-related processes emerged as targets for 

autoantibodies, thereby representing signalling pathways that indicate a particular 

susceptibility to mRNA-associated proteins to become immunogenic. A cellular 

structure that could be related to these findings is an assembly of ribonucleoproteins 

(RNP) clusters that contain mRNA and a congregation of various mRNA – binding 

proteins, ribosomal units as well as decay enzymes and scaffold proteins, which are 

known as cytoplasmic RNA granules 132. They function as storage for translationally 

silenced mRNA and regulate mRNA translation or decay. These cytoplasmic features 

also can be put into relation with glaucoma pathogenesis, as mutations in RNA 

granule components have been reported in glaucoma and cataract 131. More 

precisely, loss-of-function mutations in the Tudor domain-containing 7 protein (TDRD7), 

a post-transcriptional mRNA regulator, were linked to glaucoma, as TDRD7 null mice 

develop characteristically elevated IOP and optic nerve damage. The authors further 

concluded that a lack of TDRD7 could lead to impaired protection from stress in the 

TM and thereby inducing a glaucoma phenotype. Another study also found a link to 

disturbed mRNA regulation, as glaucoma-associated alterations in the decay of some 

cytokine mRNAs in human TM cells have been suggested 133. The authors found that 

H2O2 stressed TM cells stabilize IL6 and IL8 mRNA via the binding of Hu antigen R (HuR). 

HuR is a known component of stress granules, a class of RNA granules inducible by 

different stressors. The location of HuR to distinct cytoplasmic foci suggested a possible 

formation of stress granules in TM cells exposed to oxidative stress. This could be of 

relevance as the AH  of glaucoma patients shows less antioxidative capacities in 

comparison to healthy eyes 134. Although the formation of stress granules in 

glaucomatous TM has not been conclusively proven yet, their assembly under these 

pathological circumstances seems very likely. Furthermore, transforming growth factor 

β (TGFβ), showing increased levels in AH of glaucoma patients, was revealed to 

induce the formation of RNA processing bodies, another class of RNA granules 135. 

Stress granules additionally contain proteins that are not directly involved in RNA 
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regulation. The TNF receptor-associated factor 2 (TRAF2) is localized in stress granules 

mediated by its binding to eIF4G 132. TRAF2 is involved in the regulation of cell survival 

and apoptosis but is also required for IgM to IgG antibody switching. In this context, 

the analysis of the IgM/IgG ratio of antibodies to specific antigens in glaucoma 

patients appears to be an interesting field of investigation that could deliver further 

insights. Further, the RNA-binding protein Optineurin, which is also associated with 

glaucoma, is co-localized with classical components of stress granules 136. This suggests 

a connection between stress granules, autoantibodies and glaucoma, especially 

since stress granules have already been described in connection with other 

neurodegenerative diseases 127. 

The here presented results are not the first to report RNA granules as targets for 

serological autoantibodies. Johnson et al. already reported stress granules and RNA 

processing bodies as antibody targets in systemic sclerosis 128. Overall, these findings 

strongly suggest that RNA granules could be a possible target for autoantibodies in 

glaucoma, which should be examined further in future studies. 

Farther, the PDGFRB pathway, harbouring significantly enriched amounts of self-

antigens, shows a direct connection to pathological alterations in glaucomatous TM. 

In particular, this pathway is involved in fibrotic processes increasing TM tissue rigidity 

by excessive accumulation of ECM components 137. This eventually leads to an 

impeded aqueous humour efflux that is the characteristic precursor for an elevated 

IOP in glaucoma. Further, abnormal blood coagulation was reported in POAG patients 

and a possible involvement of the observed age-dependent spontaneous 

aggregation of platelets was discussed as part of glaucoma pathogenesis 138. An 

enrichment of glaucoma-related antigens in blood coagulation underpins the 

influence of deregulated biological processes on the autoantibody repertoire, as also 

discussed in Publication 3. 

Concluding from the findings of these studies, it seems that most signalling pathways 

that show enrichment of self-antigens have a strong relation to known dysfunctions or 

pathological alterations in glaucoma pathogenesis. Pathological changes in the 

PDGFRB pathway, mRNA and apoptosis regulating processes are reflected by 

alterations in the serological autoantibody repertoire. Targets of glaucoma-related 

autoantibodies have clear connections to diseases in the neurological, vision and 

immune spectrum. This can either indicate that these molecular changes induce an 

altered antibody response or that the autoantibodies are primarily involved in the 

occurrence of such pathological alterations. However, the former does not preclude 

possible synergetic effects that might arise through the autoantibody response. The 

exact mechanisms remain unsettled for now and should be addressed by future 

investigations. 
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Altogether, this enforces the hypothesis that autoantibodies can be seen as reporter 

molecules for altered cellular processes and are surrogates for pathological changes 

on a molecular level. This, in turn, makes them excellent candidates as biomarkers for 

glaucoma diagnosis or even for monitoring the course of the disease. 
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Autoantibody biomarkers for glaucoma diagnostics 
In this day and age, tests for autoantibodies are commonly used for the diagnosis of 

autoimmune diseases. The detection of autoantibodies to disease-specific antigens is 

an important hallmark of many classical autoimmune diseases like Hashimoto’s 

thyroiditis or type 1 diabetes. Different types of radioimmunoassays and ELISAs are 

applied for this purpose. Beyond that, a plethora of studies on tumour-associated 

antibodies is emerging, investigating autoantibodies as potential early biomarkers for 

various types of cancer 139. Autoantibodies have been suggested as potential 

biomarkers for the diagnosis of neurodegenerative diseases as Parkinson’s and 

Alzheimer’s disease 17,18,95. Previous work of our and other research groups revealed 

glaucoma-specific changes in the natural autoantibody repertoire (Table 2). Many of 

these glaucoma-related autoantibodies have been reported with increased levels 

compared to non-glaucomatous controls, but levels of some autoantibodies were 

found to be decreased. These serological antibodies have been suggested as viable 

biomarkers for early glaucoma detection. Potential biomarkers were identified and 

evaluated for their diagnostic potential and it was also shown that their levels deviate 

already in an early stage of POAG 83. The usage of advanced classification models 

allowed us to discriminate glaucoma patients from non-glaucomatous controls with a 

specificity of 89 – 93% at a sensitivity of 79 – 81% 83,84, confirming earlier studies 

achieving sensitivity and specificity rates of approximately 93% 19. A comparison to the 

accuracy of conventional diagnostic tools like OCT, GDx, FDT and HRT, which have a 

reported mean sensitivity of 78.8% - 84.7% at a mean specificity of 82.8% - 91.2%, 

demonstrates the huge potential that autoantibody biomarkers offer for glaucoma 

diagnostics when used in clinical practice 140. 

Our studies have shown that the predictive value of single autoantibody biomarkers is 

very limited as they only have low sensitivity. However, a combination of different 

autoantibody biomarkers to a panel can highly increase the overall accuracy of 

disease classification. Advanced computational models such as artificial neuronal 

networks and random forest algorithms are a promising approach to reveal the full 

potential of the autoantibody biomarkers in this context. The application of such 

models can enable good discrimination potential of a selected autoantibodypanel 

of rather weak stand-alone predictors. Such complex classification algorithms usually 

require large sample sets with 1000+ cases to compute reliable models. With the given 

resources, this was not possible in the studies included in this dissertation. The sample 

sizes in the SERPA study were 60 in the POAG and 45 in the control group. For the MS-

AMIDA study, groups of 120 cases each were analysed. As this is still far from the 

recommended size of sample sets, the studies should rather be regarded as early 

stage of the biomarker pipeline and proof-of-principle studies. Whether the observed 

accuracy of the putative biomarkers can also be achieved with large sample sets 

needs to be evaluated. Generally, higher number of cases enables better model 
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building and predictions, and has the potential to improve the accuracy of disease 

classification.  

One big advantage of autoantibody tests for diagnosis is that they can eventually be 

provided as inexpensive formats like lateral flow tests. These can be used as point-of-

care devices, applicable in routine examinations to promote early detection of 

glaucoma. The achievement of such tests is of utmost importance, as no curative 

treatment for the disease exists and the immediate start of IOP-lowering therapies is 

the only way to prevent vision loss. The test for serological autoantibodies requires 

minimal sample amounts and only minimally invasive blood sampling is necessary. The 

translation of an autoantibody biomarker panel to such assay formats, however, 

remains a challenging task. The so far identified biomarker candidates are considered 

part of the natural autoimmunity and therefore are also present in healthy subjects. 

Disease relevant changes only occur on a quantitative base, which makes it 

necessary to quantify the serological levels of the autoantibodies. So far, this has not 

been achieved in a multiplexed quick test format. 

As already mentioned, elevated IOP is considered as a trigger for the onset of 

neurodegenerative events in RGCs, also via autoimmune processes 57,61. This indicates 

that pathological changes in the TM, which are causative for the increase of IOP, 

preceded the damage of RGCs. As shown in Publication 1, the detected biomarker 

candidates already showed significantly altered levels in mild forms of POAG. This, in 

turn, designates glaucoma-related antibodies to TM antigens as potential predictive 

markers and changes in autoantibody levels could generally be early reporters of 

deregulated biological processes. 

However, autoantibody-based diagnostic tests suffer from a general lack of 

specificity, since many of the identified glaucoma-related autoantibodies are also 

described in relation to other diseases. For instance, autoantibodies to α-enolase were 

reported to be found in 20% of autoimmune biomarker studies 141. Besides this, other 

glaucoma-related autoantibodies appear frequently in several diseases. For instance, 

autoantibodies to HSPD1 have also been detected in patients with different 

malignancies 104,106, and anti-VIM antibodies were also found in cancer patients 104,106, 

as well as in subjects with idiopathic pulmonary fibrosis 142 or type 1 diabetes 107 and 

antibodies to α-fodrin were also detected in the serum of patients with Sjögren’s 

syndrome 143. In this context, the citrullination of proteins seems to increase their 

immunogenicity, as shown for α-enolase and vimentin in rheumatoid arthritis 144. 

Furthermore, autoantibodies showing strong relations to diseases are also frequently 

detected in the studies control groups. This could indicate another flaw in many 

immunoproteomic studies, which is caused by the inconsistent definition of the studies 

control groups. Sometimes, patients suffering from autoimmune or neurodegenerative 

diseases are excluded 19,83, as well as subjects with any kind of other systemic diseases 
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73,145. Of course, this creates an unrealistic setup for the clinical application of 

autoantibodies as diagnostic biomarkers. The exclusion of patients having such 

features eleviates the detection of putative markers but also limits their potential to 

discriminate different diseases of the same spectrum. However, the circumstance that 

many of the detected autoantibodies are frequently detected in different diseases 

and also control groups in various studies indicates that they are part of the natural 

autoantibody repertoire, which will also be discussed in the following section. Natural 

autoimmunity is suggested to have, among other roles, regulatory functions, for 

example through receptor activation by ligand mimicking 146 or regulating clearance 

of apoptotic cells by binding to specific membrane antigens 147, and therefore their 

levels must be maintained at an equilibrium. A dysfunction of the homeostasis of 

natural autoantibodies could render the individual susceptible to pathologies. As can 

also be seen in the studies included in this dissertation, not only the presence but also 

the abundance and even the antibody properties appear to be affected in a disease-

dependent manner. 

Another aspect, regarding levels of a specific antibody being altered in multiple 

diseases, could be that the autoantibodies are representative for pathological 

processes, rather than the specific disease. Autoantibodies in sera of glaucoma 

patients are significantly enriched among proteins in the PDGFR pathway. However, 

these antibodies not only occurred in glaucoma samples with an indicated relation to 

TM fibrosis, but autoantibodies to PDGRF were also reported in patients suffering from 

systemic sclerosis, displaying fibrotic alterations as major hallmark 121. There also seems 

to be a bigger overlap of TM antigens with antigens detected in relation to systemic 

sclerosis 128. This could indicate that the autoantibodies are not exclusively disease-

specific but rather an expression of single molecular alterations that in sum lead to the 

symptoms characterizing the disease. Autoantibodies found in association with 

different diseases could represent a molecular connection between these disorders, 

for instance when sharing similar symptoms. 

This all proves the necessity of using an antibody biomarker panel for a potential 

diagnostic test, as the markers need to represent several affected biological processes 

that are characteristic for glaucoma pathogenesis. This seems to be mandatory as 

autoantibody biomarkers can be similar in other neurodegenerative or autoimmune 

diseases introducing another caveat to the implementation of autoantibody-based 

quick tests. As many of the suggested glaucoma biomarkers seem to be part of natural 

immunity, quantification, rather than determination of absence or presence of the 

antibodies is required. In combination with the need for multiplexed testing of the 

aforementioned panel of autoantibody biomarkers, the development of a reliable 

quick test that can be used with minimal equipment is a demanding task. Although 

advances are continuously made towards this goal, a lot of work and effort is still 

needed to achieve it. 
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A good approach to solve the problems discussed for autoantibody biomarkers might 

be the implementation of a tactic involving ‘multi-omics’ 148. For instance, glaucoma 

patients do not only show alterations of the serological autoantibody repertoire but 

also in other proteins and their genome. Igarashi et al. reported significantly lower 

levels of the brain-derived neurotrophic factor in serum of POAG and NTG patients 149, 

but also proteins related to oxidative stress (e.g. glutathione peroxidase and 

superoxide dismutase) or endothelin-1 show altered levels in the blood of glaucoma 

patients and have been discussed as potential biomarkers 150. Furthermore, miRNAs 

have also been suggested as viable biomarker candidates 151. To fully exploit the 

potential of all novel serological biomarkers, a combination of different marker types 

in an omics approach could yield the best results. 

Concluding, the scientific work described in the publications included in this 

dissertation revealed several novel serological autoantibodies, whose abundance is 

related to the glaucoma disease stage. After an initial discovery step, using either 

SERPA or MS-AMIDA, six candidate biomarkers passed the early qualification phase of 

the biomarker pipeline (Figure 3). The high-throughput data obtained by microarray 

analysis enabled the application of classification algorithms, with which 

computational models were build that could classify glaucomatous from non-

glaucomatous subjects with high sensitivity and specificity. Additionally, two markers 

for the discrimination of OAG subclasses were identified. For the next steps in the 

biomarker pipeline, eight biomarker candidates (Anti-VDAC2, anti-PNMA2, anti-

CALD1, anti-TARS, anti-C1QBP, anti-PGAM1, anti-ADRB2 and anti-CLTA 

autoantibodies) need to be tested in larger study cohorts, with 1000+ participants, 

ideally from different study sites. The data collected in such a study can be used to 

finally validate the antibody biomarkers and pave the way for clinical assay 

development. 
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Natural autoantibodies in health and disease 
Natural autoantibodies are antibodies against  endogenous antigens that occur 

whithin a physiological state of an organism. In general, the features of the 

physiological autoantibody repertoire is not well characterized yet, but include 

antibodies of the IgG, IgA and IgM class. Abundance of serological IgG to numerous 

antigens was reported 70, but clinical implications of this phenomenon are not 

sufficiently examined. Especially bioinformatics approaches defining overrepresented 

pathways or cellular components among the antigens, in health and disease, are not 

widely used. The slightly better-investigated isotype comprises antibodies of the IgM 

class. They are regarded to be involved in cellular homeostasis and even have been 

attributed protective effects, as described in the introduction in greater detail. The 

function and origin of IgG class autoantibodies, however, is less well investigated. 

These antibodies are abundant in the serum of healthy subjects and their total 

repertoire is complex, involving reactivities to hundreds of different self-antigens 70. It 

has been hypothesized that the occurrence of IgG class autoantibodies can be 

regarded as an adaptive process to clear cellular debris from pathology-specific 

damage and thereby assist tissue homeostasis. To understand how certain proteins 

become immunogenic, it is of importance to characterize these antigens and search 

for similarities that are possibly involved in their immunogenicity. Similar to classic 

proteomic analyzes, immunoproteomics searches for disease-related deviations of the 

immune system from its physiological state. This is not limited to the investigation of 

antibodies, but this aspect is the focus of our research. To understand the changes of 

autoantibody levels in pathology it is also necessary to determine and characterize 

the physiological state of the autoantibody repertoire as a whole. 

To investigate the physiological state of the autoantibody-ome of IgG class antibodies 

to targets in the TM, the MS-AMIDA approach was used identifying 66 antigens that 

can be assigned to the natural autoantibody repertoire 84. The molar quantities of the 

antigens identified with this approach were measured by mass spectrometry using 

MaxQuant iBAQ values. Proportionality of the amount of captured antigen with the 

abundance of circulating autoantibodies can be assumed. The results show that 

twelve proteins make up 67.3% of all identified antigens (Publication 2, Figure 1). 

Thereby it can be assumed that these represent the twelve most abundant circulating, 

serological autoantibodies. Taking a closer look at these high abundant antibodies, 

using a gene enrichment analysis, it was revealed, that the target antigens are most 

significantly enriched in “cellular response to stress” (see chapter “Gene enrichment 

analysis of most abundant natural autoantibodies”; Figure 5). GO enrichment analysis 

of all 66 identified targets of natural autoantibodies showed that processes of 

Translation, Metabolism of RNA and Cellular response to stress are represented by the 

antigens highly significant (see chapter “Metascape analysis of natural 

autoantibodies”; Figure 6). A deeper analysis based on protein interaction and 
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pathway affiliation of the antigens using Metascape’s MCODE algorithm revealed four 

clusters (see chapter “Metascape analysis of natural autoantibodies”; Figure 7). Three 

of these clusters contain proteins enriched in different cellular processes involved in 

translation and RNA metabolism. Regarding these results, it appears that natural 

autoantibodies predominantly target self-antigens involved in these processes.  

That is in line with the findings of other groups. For instance, Backes et al. analysed 

data on self-antigens from different studies and found an enrichment of the 

characteristics of RNA and DNA binding 116. Their sequence-based analysis revealed 

an enrichment of RNA binding motifs among the antigens and they are often part of 

or associated with ribosomes and spliceosomes. The authors concluded that 

ribosome-associated proteins are evolutionary highly conserved and therefore, 

molecular mimicry originating from defence to pathogens might play an essential 

origin for their occurrence. Molecular mimicry in the occurrence of autoantibodies has 

been suggested to be induced by bacteria of the commensal micro-flora 57 or as a 

consequence of virus infections 152. Autoantibodies to RNA – associated antigens have 

also previously been reported in several autoimmune diseases like systemic lupus, 

Sjögren’s syndrome and other connective tissue diseases 153. 

Cross-talk occurs between cellular stress response and RNA metabolism, especially in 

response to virus infections that are also involved in the mechanism of molecular 

mimicry 125. The occurrence of mainly RNA metabolism- and stress response - 

associated autoantibodies could therefore represent a connection to an anti-virus 

response. Picornaviruses, for example, can alter the RNA metabolism of its host to 

facilitate virus reproduction 154. Here, autoantibodies could occur as a 

countermeasure to proteins of the hijacked cellular processes. Exposure to viruses is 

common and on average a history of infections with 10 viral species per person was 

reported 155. Virus infections could have major effects on host immunity indicating that 

past viral infections could significantly shape the serological autoantibody repertoire. 

Another indication for this concept is the observation that IgG levels linearly increase 

with age which could relate to the increasing number of virus infections a person has 

gone through. A comprehensive analysis of the correlations between virus infections 

and the individual autoantibody fingerprint could deliver new insights into this context. 

In general, weak affinity to self-antigens is widely considered as a normal feature of 

natural immunity, whereas high-affinity autoantibodies are regarded as a cause for 

autoimmune pathologies. Under this premise, it seems conceivable that the majority 

of autoantibodies are present at all times, either in low abundance but also with low-

affinity to their respective targets. Beyond this, slight alterations of target antigens, like 

altered PTMs, but also mutations, truncations or failures of protein folding,  can cause 

an amplification of antibody-antigen-binding properties. These changes of binding 

affinity can cause pathological alterations or synergetic effects in disease progression. 
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Most immunoproteomic techniques only refer to antibody abundance but do not 

determine their binding affinity. Possibly, antibodies with higher affinity can be 

detected with higher abundance, as the equilibrium is shifted in favour of association 

instead of dissociation. For example, the microarray technology measures the quantity 

of binding at a defined time point, which in turn is dependent on antibody quantity in 

the analysed sample as well as their binding affinity. 

These arguments promote the hypothesis, that the involvement of autoantibodies in 

various disease-related processes may mainly be driven by alterations of natural 

autoantibody affinity rather than the occurrence of newly introduced autoantibodies. 

This is supported by the findings in Publication 2 84 where differences in autoantibody 

reactivity were higher between healthy and glaucomatous antigen source as 

between the used antibody sources (non-glaucomatous vs. POAG). The immune 

system then could distinguish between “normal” and “abnormal” state of the 

organism and assure maintenance of homeostasis. This concept is also promoted by 

Poletaev et al. 156. They suggest that the immune system, including the natural 

autoantibody repertoire, permanently screens the recent antigenic situation in the 

organism, to distinguish between physiological and pathological conditions to 

eventually induce compensatory processes 156. Thus the natural autoantibody 

repertoire can monitor the physiological state of the organism and can undergo 

alterations as a response to changed antigenic properties. This could deliver 

explanations for the prevalence of autoantibodies in various diseases to components 

of disease-related pathways, like the PDGFR pathway in TM fibrosis in POAG. 

Overall, these features of the antibody-ome render it highly valuable for prognostic 

and diagnostic purposes. However, human autoantibody-ome is far from being 

deciphered. More studies need to be conducted that analyse the antibody repertoire 

in wholistic approaches to depict a complete image of the natural autoantibody 

repertoire in health and disease. 
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CONCLUSION & OUTLOOK 
Glaucoma is a growing threat to eye health, leading to increasing impairment of vision 

especially in elderly people. With the ever-ageing population, particularly in western 

countries, advances in disease management are necessary to mitigate the growing 

burden on the healthcare system. There is a demand for easy-to-use and inexpensive 

tools for a routine examination of people belonging to the glaucoma risk group. A 

reliable test, that detects glaucoma in the early stages of the disease can help to 

prevent vision loss due to glaucoma and help clinicians make correct choices for their 

treatment. Early detection of glaucoma is not only beneficial for the patient but could 

reduce overall health care expenses and prevent unnecessary medictation. Specific 

disease biomarkers play a major role in this approach.  In glaucoma, autoantibodies 

to retinal antigens are altered in sera and AH of affected patients. These features have 

previously been suggested as autoantibody biomarkers for the diagnosis of OAG. Their 

origin and their role in glaucoma pathogenesis, however, remained unclear. 

The research of this thesis aimed to further characterize the physiological 

autoantibody repertoire and investigate the potential involvement in POAG 

pathogenesis, thereby focusing on putative biomarker candidates among the altered 

autoantibody reactivities. The emphasis of the investigation was on the antigens of the 

TM. Findings of the immunoproteomic analyses proofed anew a clear involvement of 

autoimmunity in the pathogenesis of OAG. 

The de novo profiling of serological autoantibodies in patients with glaucoma but also 

non-glaucomatous subjects showed a highly complex and heterogeneous picture. 

Autoantibodies against a multitude of different proteins were observed in every 

individual. The autoantibody-antigen reactivity, however, was altered for some 

proteins in the glaucoma groups and were evaluated as potential disease biomarkers. 

The antigens identified in this work, as well as antigens discovered in previous studies, 

showed a distinct relation to glaucoma-related processes and showed a distinct 

enrichment in the GAD disease classes comprising vision and neurological associated 

characteristics. This suggests that the autoantibody repertoire could serve as a 

surrogate of the state of the antigenic proteins. How this is regulated and what exactly 

triggers can be held responsible for altered autoantibody levels and characteristics 

remains a task for future studies. With systems and personalized medicine as future 

perspectives in medical research, the usage of this phenomenon can be exploited for 

diagnostic, prognostic and predictive purposes. The exact origin and function of the 

detected autoantibodies though remain elusive and any hypotheses are rather 

speculative and need to be supported by more evidence that could not be provided 

in the scope of this thesis. 
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Although the autoantibody-ome in health and disease has not yet been deciphered, 

the evaluation of the putative autoantibody biomarkers for glaucoma diagnostics 

showed great potential for the usage of clinical tools based on this feature. Throughout 

this thesis, six novel glaucoma biomarker candidates were identified and passed the 

early evaluation step of the biomarker pipeline. Levels of antibodies to VDAC2, 

PGAM1, CALD1, PNMA2, TARS and C1QBP were elevated in the serum of patients with 

POAG. Publication 1 shows that the levels of the therein detected candidate 

autoantibody biomarkers were significantly increased already in a mild stage of 

POAG, increasing their value as potential early diagnostic markers. There is also 

evidence, that it is possibile to classify different open-angle glaucoma subtypes based 

on serological autoantibody levels, which was also implicated in earlier studies of our 

research group 81,157. The results obtained in Publication 3 show autoantibodies to 

Clathrin and the β-2 adrenergic receptor especially elevated in PEXG or NTG/POAG 

patients. 

However, the predictive power of single autoantibodies is questionable. No single 

biomarker candidate investigated in this thesis showed sufficient accuracy. It is 

mandatory to use a panel of several autoantibody biomarkers in combination with 

advanced classification algorithms for the development of a reliable diagnostic test. 

In this thesis, artificial neural networks and random forest algorithms were applied to 

the retrieved data sets. This allowed a classification with a specificity of 89 – 93% at a 

sensitivity of 79 – 81%. An important task for future studies though, is the investigation 

of the predictive potential of autoantibodies, regarding the conversion of OHT patients 

to glaucoma. This could eventually facilitate decisions on treatment options and 

prevent unnecessary medications. 

A next step towards the deployment of a diagnostic test is the evaluation of a panel 

of these putative biomarkers in a large study cohort, ideally from different study sites 

under the application of diverse methods. Should the biomarkers also overcome this 

stage, a distinct approach for the development of an actual diagnostic test to be 

used in clinical routine can be undertaken. The ideal outcome of this undertaking is 

the deployment of a test in the form of a point-of-care device that fulfils the criteria of 

cost-effectiveness and usability with minimal equipment and professional experience. 

Beyond the scope of the characterization of autoantibody profiles in relation to 

glaucoma, the IgG autoantibody repertoire was analysed more holistically. Especially 

the results obtained in Publication 2 give new insights into the characteristics of the 

general autoantibody repertoire in a physiological state of the organism. 

Autoantibodies of individuals are highly complex and heterogenous, which could be 

well observed in the 2D Western Blots in Publication 1. Each tested serum revealed a 

unique pattern of autoantibody reactivities. Up to now, litte data exists on natural 

occurring autoantibodies, especially not in holistic approaches, yielding a 
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comprehensive map of physiological antibodies of each immunoglobulin class. In this 

thesis, 66 antigens as targets of natural immunity were identified with high confidence. 

These antigens were further characterized in terms of abundance, protein-protein 

interactions and GO enrichment analysis. The results showed a strong association of 

the antigens to the cellular stress response and RNA metabolism. Whether the 

respective autoantibodies have an effect on or are affected by these pathways can 

not be concluded from the data at hand but opens up an interesting research topic 

for future studies. 

The course of autoantibodies in health and disease is a research field that is not widely 

studied and leaves a plethora of unanswered questions. A lot of work and effort needs 

to be spent to gain more insights into the functions of the immune system aside from 

the defence against pathogens. A better understanding of these processes will also 

enable us to make better use of the information we gather on alterations of the 

autoantibody repertoire in diseases. This can not only improve their usage as 

diagnostic tools but could also open up new treatment options. The optimal goal 

should be the implementation of personalized medicine in everyday life and the 

monitoring of the natural autoantibody repertoire has the potential to contribute to 

this aim. It is still a long way to go before achieving this ambitious goal but the benefits 

to be expected justify all endeavours. 

 



References 

 

 

111 

REFERENCES 
 

1. De Leo D, Hickey PA, Meneghel G, Cantor CH. Blindness, fear of sight loss, and 

suicide. Psychosomatics 1999;40:339-44. 

2. Leske MC, Connell AM, Wu SY, et al. Incidence of open-angle glaucoma: the 

Barbados Eye Studies. The Barbados Eye Studies Group. Archives of ophthalmology 

2001;119:89-95. 

3. Leske MC, Heijl A, Hyman L, et al. Predictors of long-term progression in the early 

manifest glaucoma trial. Ophthalmology 2007;114:1965-72. 

4. Le A, Mukesh BN, McCarty CA, Taylor HR. Risk factors associated with the 

incidence of open-angle glaucoma: the visual impairment project. Investigative 

ophthalmology & visual science 2003;44:3783-9. 

5. Pfeiffer N. [Results of the "Ocular hypertension treatment study"]. Der 

Ophthalmologe : Zeitschrift der Deutschen Ophthalmologischen Gesellschaft 

2005;102:230-4. 

6. Gutteridge IF. Normal tension glaucoma: diagnostic features and comparisons 

with primary open angle glaucoma. Clinical & experimental optometry 2000;83:161-

72. 

7. Tielsch JM, Sommer A, Katz J, Royall RM, Quigley HA, Javitt J. Racial variations in 

the prevalence of primary open-angle glaucoma. The Baltimore Eye Survey. Jama 

1991;266:369-74. 

8. Wolfs RC, Klaver CC, Ramrattan RS, van Duijn CM, Hofman A, de Jong PT. 

Genetic risk of primary open-angle glaucoma. Population-based familial aggregation 

study. Archives of ophthalmology 1998;116:1640-5. 

9. Weinreb RN, Aung T, Medeiros FA. The pathophysiology and treatment of 

glaucoma: a review. Jama 2014;311:1901-11. 

10. Soria J, Acera A, Merayo LJ, et al. Tear proteome analysis in ocular surface 

diseases using label-free LC-MS/MS and multiplexed-microarray biomarker validation. 

Scientific reports 2017;7:17478. 

11. Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY. Global prevalence of 

glaucoma and projections of glaucoma burden through 2040: a systematic review 

and meta-analysis. Ophthalmology 2014;121:2081-90. 

12. Brusini P. Ageing and visual field data. The British journal of ophthalmology 

2007;91:1257-8. 

13. Kerrigan-Baumrind LA, Quigley HA, Pease ME, Kerrigan DF, Mitchell RS. Number 

of ganglion cells in glaucoma eyes compared with threshold visual field tests in the 

same persons. Investigative ophthalmology & visual science 2000;41:741-8. 

14. Statistisches-Bundesamt. Ergebnisse der 14. koordinierten 

Bevölkerungsvorausberechnung. 04 July 2019 ed. 

https://www.destatis.de/DE/Themen/Gesellschaft-

Umwelt/Bevoelkerung/Bevoelkerungsvorausberechnung/Tabellen/variante-1-2-3-

altersgruppen.html2019. 

15. National-Eye-Institute(NEI). Projections for glaucoma (2010-2030-2050) July 2019 

ed. https://nei.nih.gov/learn-about-eye-health/resources-for-health-educators/eye-

health-data-and-statistics/glaucoma-data-and-statistics2019. 

16. Hennis A, Wu SY, Nemesure B, Honkanen R, Leske MC, Barbados Eye Studies G. 

Awareness of incident open-angle glaucoma in a population study: the Barbados Eye 

Studies. Ophthalmology 2007;114:1816-21. 

17. DeMarshall CA, Han M, Nagele EP, et al. Potential utility of autoantibodies as 

blood-based biomarkers for early detection and diagnosis of Parkinson's disease. 

Immunol Lett 2015;168:80-8. 

http://www.destatis.de/DE/Themen/Gesellschaft-Umwelt/Bevoelkerung/Bevoelkerungsvorausberechnung/Tabellen/variante-1-2-3-altersgruppen.html2019
http://www.destatis.de/DE/Themen/Gesellschaft-Umwelt/Bevoelkerung/Bevoelkerungsvorausberechnung/Tabellen/variante-1-2-3-altersgruppen.html2019
http://www.destatis.de/DE/Themen/Gesellschaft-Umwelt/Bevoelkerung/Bevoelkerungsvorausberechnung/Tabellen/variante-1-2-3-altersgruppen.html2019


References 

 

 

112 

18. DeMarshall CA, Nagele EP, Sarkar A, et al. Detection of Alzheimer's disease at 

mild cognitive impairment and disease progression using autoantibodies as blood-

based biomarkers. Alzheimer's & dementia 2016;3:51-62. 

19. Boehm N, Wolters D, Thiel U, et al. New insights into autoantibody profiles from 

immune privileged sites in the eye: a glaucoma study. Brain, behavior, and immunity 

2012;26:96-102. 

20. Pardue MT, Allen RS. Neuroprotective strategies for retinal disease. Progress in 

retinal and eye research 2018;65:50-76. 

21. Doozandeh A, Yazdani S. Neuroprotection in Glaucoma. Journal of ophthalmic 

& vision research 2016;11:209-20. 

22. Bell K, Und Hohenstein-Blaul NVT, Teister J, Grus FH. Modulation of the immune 

system for the treatment of glaucoma. Current neuropharmacology 2017. 

23. Fry LE, Fahy E, Chrysostomou V, et al. The coma in glaucoma: Retinal ganglion 

cell dysfunction and recovery. Progress in retinal and eye research 2018;65:77-92. 

24. Bill A, Phillips CI. Uveoscleral drainage of aqueous humour in human eyes. 

Experimental eye research 1971;12:275-81. 

25. Wilding C, Bell K, Beck S, Funke S, Pfeiffer N, Grus FH. gamma-Synuclein 

antibodies have neuroprotective potential on neuroretinal cells via proteins of the 

mitochondrial apoptosis pathway. PloS one 2014;9:e90737. 

26. Bell K, Wilding C, Funke S, Pfeiffer N, Grus FH. Protective effect of 14-3-3 

antibodies on stressed neuroretinal cells via the mitochondrial apoptosis pathway. 

BMC ophthalmology 2015;15:64. 

27. Wilding C, Bell K, Funke S, Beck S, Pfeiffer N, Grus FH. GFAP antibodies show 

protective effect on oxidatively stressed neuroretinal cells via interaction with ERP57. 

Journal of pharmacological sciences 2015;127:298-304. 

28. Bell K, Wilding C, Funke S, et al. Neuroprotective effects of antibodies on retinal 

ganglion cells in an adolescent retina organ culture. Journal of neurochemistry 

2016;139:256-69. 

29. Teister J, Anders F, Beck S, et al. Decelerated neurodegeneration after 

intravitreal injection of α-synuclein antibodies in a glaucoma animal model. Scientific 

reports 2017;7:6260. 

30. Llobet A, Gasull X, Gual A. Understanding trabecular meshwork physiology: a 

key to the control of intraocular pressure? News in physiological sciences : an 

international journal of physiology produced jointly by the International Union of 

Physiological Sciences and the American Physiological Society 2003;18:205-9. 

31. Braunger BM, Fuchshofer R, Tamm ER. The aqueous humor outflow pathways in 

glaucoma: A unifying concept of disease mechanisms and causative treatment. 

European journal of pharmaceutics and biopharmaceutics : official journal of 

Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik eV 2015. 

32. Bermudez JY, Montecchi-Palmer M, Mao W, Clark AF. Cross-linked actin 

networks (CLANs) in glaucoma. Experimental eye research 2017. 

33. Tellios N, Belrose JC, Tokarewicz AC, et al. TGF-beta induces phosphorylation of 

phosphatase and tensin homolog: implications for fibrosis of the trabecular meshwork 

tissue in glaucoma. Scientific reports 2017;7:812. 

34. Morgan JT, Raghunathan VK, Chang YR, Murphy CJ, Russell P. The intrinsic 

stiffness of human trabecular meshwork cells increases with senescence. Oncotarget 

2015. 

35. Agar A, Li S, Agarwal N, Coroneo MT, Hill MA. Retinal ganglion cell line apoptosis 

induced by hydrostatic pressure. Brain research 2006;1086:191-200. 

36. Steely HT, Jr., English-Wright SL, Clark AF. The similarity of protein expression in 

trabecular meshwork and lamina cribrosa: implications for glaucoma. Experimental 

eye research 2000;70:17-30. 



References 

 

 

113 

37. Zhavoronkov A, Izumchenko E, Kanherkar RR, et al. Pro-fibrotic pathway 

activation in trabecular meshwork and lamina cribrosa is the main driving force of 

glaucoma. Cell Cycle 2016;15:1643-52. 

38. Morgan WH, Balaratnasingam C, Lind CR, et al. Cerebrospinal fluid pressure and 

the eye. The British journal of ophthalmology 2016;100:71-7. 

39. Wang N, Xie X, Yang D, et al. Orbital cerebrospinal fluid space in glaucoma: the 

Beijing intracranial and intraocular pressure (iCOP) study. Ophthalmology 

2012;119:2065-73.e1. 

40. Ren R, Jonas JB, Tian G, et al. Cerebrospinal fluid pressure in glaucoma: a 

prospective study. Ophthalmology 2010;117:259-66. 

41. Kwon YH, Fingert JH, Kuehn MH, Alward WL. Primary open-angle glaucoma. The 

New England journal of medicine 2009;360:1113-24. 

42. Turalba AV, Chen TC. Clinical and genetic characteristics of primary juvenile-

onset open-angle glaucoma (JOAG). Semin Ophthalmol 2008;23:19-25. 

43. Fingert JH, Héon E, Liebmann JM, et al. Analysis of myocilin mutations in 1703 

glaucoma patients from five different populations. Human molecular genetics 

1999;8:899-905. 

44. Rezaie T, Child A, Hitchings R, et al. Adult-onset primary open-angle glaucoma 

caused by mutations in optineurin. Science 2002;295:1077-9. 

45. Thorleifsson G, Walters GB, Hewitt AW, et al. Common variants near CAV1 and 

CAV2 are associated with primary open-angle glaucoma. Nat Genet 2010;42:906-9. 

46. Wiggs JL, Yaspan BL, Hauser MA, et al. Common variants at 9p21 and 8q22 are 

associated with increased susceptibility to optic nerve degeneration in glaucoma. 

PLoS Genet 2012;8:e1002654. 

47. Vrabec JP, Levin LA. The neurobiology of cell death in glaucoma. Eye 2007;21 

Suppl 1:S11-4. 

48. Heijl A, Leske MC, Bengtsson B, Hyman L, Hussein M, Group EMGT. Reduction of 

intraocular pressure and glaucoma progression: results from the Early Manifest 

Glaucoma Trial. Archives of ophthalmology 2002;120:1268-79. 

49. AGIS-Investigators. The Advanced Glaucoma Intervention Study (AGIS): 7. The 

relationship between control of intraocular pressure and visual field deterioration.The 

AGIS Investigators. American journal of ophthalmology 2000;130:429-40. 

50. Yanagi M, Kawasaki R, Wang JJ, Wong TY, Crowston J, Kiuchi Y. Vascular risk 

factors in glaucoma: a review. Clinical & experimental ophthalmology 2011;39:252-8. 

51. Kamel K, Farrell M, O'Brien C. Mitochondrial dysfunction in ocular disease: Focus 

on glaucoma. Mitochondrion 2017;35:44-53. 

52. Dreyer EB, Zurakowski D, Schumer RA, Podos SM, Lipton SA. Elevated glutamate 

levels in the vitreous body of humans and monkeys with glaucoma. Archives of 

ophthalmology 1996;114:299-305. 

53. Zou W. Regulatory T cells, tumour immunity and immunotherapy. Nature reviews 

Immunology 2006;6:295-307. 

54. Bell K, Holz A, Ludwig K, Pfeiffer N, Grus FH. Elevated Regulatory T Cell Levels in 

Glaucoma Patients in Comparison to Healthy Controls. Current eye research 

2017;42:562-7. 

55. Weingartner E, Golding A. Direct control of B cells by Tregs: An opportunity for 

long-term modulation of the humoral response. Cellular immunology 2017;318:8-16. 

56. Yang X, Zeng Q, Goktas E, et al. T-Lymphocyte Subset Distribution and Activity 

in Patients With Glaucoma. Investigative ophthalmology & visual science 2019;60:877-

88. 

57. Chen H, Cho KS, Vu THK, et al. Commensal microflora-induced T cell responses 

mediate progressive neurodegeneration in glaucoma. Nature communications 

2018;9:3209. 



References 

 

 

114 

58. Joachim SC, Grus FH, Kraft D, et al. Complex antibody profile changes in an 

experimental autoimmune glaucoma animal model. Investigative ophthalmology & 

visual science 2009;50:4734-42. 

59. Joachim SC, Wax MB, Seidel P, Pfeiffer N, Grus FH. Enhanced characterization 

of serum autoantibody reactivity following HSP 60 immunization in a rat model of 

experimental autoimmune glaucoma. Current eye research 2010;35:900-8. 

60. Gramlich OW, Joachim SC, Gottschling PF, et al. Ophthalmopathology in rats 

with MBP-induced experimental autoimmune encephalomyelitis. Graefe's archive for 

clinical and experimental ophthalmology = Albrecht von Graefes Archiv fur klinische 

und experimentelle Ophthalmologie 2011;249:1009-20. 

61. Gramlich OW, Teister J, Neumann M, et al. Immune response after intermittent 

minimally invasive intraocular pressure elevations in an experimental animal model of 

glaucoma. Journal of neuroinflammation 2016;13:82. 

62. Palma J, Tokarz-Deptula B, Deptula J, Deptula W. Natural antibodies - facts 

known and unknown. Central-European journal of immunology 2018;43:466-75. 

63. Holodick NE, Rodriguez-Zhurbenko N, Hernandez AM. Defining Natural 

Antibodies. Frontiers in immunology 2017;8:872. 

64. Rothstein TL, Griffin DO, Holodick NE, Quach TD, Kaku H. Human B-1 cells take 

the stage. Annals of the New York Academy of Sciences 2013;1285:97-114. 

65. Wildbaum G, Nahir MA, Karin N. Beneficial autoimmunity to proinflammatory 

mediators restrains the consequences of self-destructive immunity. Immunity 

2003;19:679-88. 

66. Devitt A, Marshall LJ. The innate immune system and the clearance of apoptotic 

cells. Journal of leukocyte biology 2011;90:447-57. 

67. Gronwall C, Silverman GJ. Natural IgM: beneficial autoantibodies for the control 

of inflammatory and autoimmune disease. Journal of clinical immunology 2014;34 

Suppl 1:S12-21. 

68. Chen Y, Park YB, Patel E, Silverman GJ. IgM antibodies to apoptosis-associated 

determinants recruit C1q and enhance dendritic cell phagocytosis of apoptotic cells. 

Journal of immunology 2009;182:6031-43. 

69. Silosi I, Silosi CA, Boldeanu MV, et al. The role of autoantibodies in health and 

disease. Romanian journal of morphology and embryology = Revue roumaine de 

morphologie et embryologie 2016;57:633-8. 

70. Nagele EP, Han M, Acharya NK, DeMarshall C, Kosciuk MC, Nagele RG. Natural 

IgG autoantibodies are abundant and ubiquitous in human sera, and their number is 

influenced by age, gender, and disease. PloS one 2013;8:e60726. 

71. Griffin DO, Holodick NE, Rothstein TL. Human B1 cells in umbilical cord and adult 

peripheral blood express the novel phenotype CD20+ CD27+ CD43+ CD70. The 

Journal of experimental medicine 2011;208:67-80. 

72. Wax MB, Tezel G, Saito I, et al. Anti-Ro/SS-A positivity and heat shock protein 

antibodies in patients with normal-pressure glaucoma. American journal of 

ophthalmology 1998;125:145-57. 

73. Joachim SC, Bruns K, Lackner KJ, Pfeiffer N, Grus FH. Antibodies to alpha B-

crystallin, vimentin, and heat shock protein 70 in aqueous humor of patients with 

normal tension glaucoma and IgG antibody patterns against retinal antigen in 

aqueous humor. Curr Eye Res 2007;32:501-9. 

74. Joachim SC, Reichelt J, Berneiser S, Pfeiffer N, Grus FH. Sera of glaucoma 

patients show autoantibodies against myelin basic protein and complex 

autoantibody profiles against human optic nerve antigens. Graefe's archive for 

clinical and experimental ophthalmology = Albrecht von Graefes Archiv fur klinische 

und experimentelle Ophthalmologie 2008;246:573-80. 



References 

 

 

115 

75. Grus FH, Joachim SC, Bruns K, Lackner KJ, Pfeiffer N, Wax MB. Serum 

autoantibodies to alpha-fodrin are present in glaucoma patients from Germany and 

the United States. Investigative ophthalmology & visual science 2006;47:968-76. 

76. Maruyama I, Ohguro H, Ikeda Y. Retinal ganglion cells recognized by serum 

autoantibody against gamma-enolase found in glaucoma patients. Investigative 

ophthalmology & visual science 2000;41:1657-65. 

77. Ikeda Y, Maruyama I, Nakazawa M, Ohguro H. Clinical significance of serum 

antibody against neuron-specific enolase in glaucoma patients. Japanese journal of 

ophthalmology 2002;46:13-7. 

78. Tezel G, Seigel GM, Wax MB. Autoantibodies to small heat shock proteins in 

glaucoma. Investigative ophthalmology & visual science 1998;39:2277-87. 

79. Kremmer S, Kreuzfelder E, Klein R, et al. Antiphosphatidylserine antibodies are 

elevated in normal tension glaucoma. Clinical and experimental immunology 

2001;125:211-5. 

80. Tezel G, Edward DP, Wax MB. Serum autoantibodies to optic nerve head 

glycosaminoglycans in patients with glaucoma. Archives of ophthalmology 

1999;117:917-24. 

81. Reichelt J, Joachim SC, Pfeiffer N, Grus FH. Analysis of autoantibodies against 

human retinal antigens in sera of patients with glaucoma and ocular hypertension. 

Current eye research 2008;33:253-61. 

82. Yang J, Tezel G, Patil RV, Romano C, Wax MB. Serum autoantibody against 

glutathione S-transferase in patients with glaucoma. Investigative ophthalmology & 

visual science 2001;42:1273-6. 

83. Beutgen VM, Perumal N, Pfeiffer N, Grus FH. Autoantibody Biomarker Discovery 

in Primary Open Angle Glaucoma Using Serological Proteome Analysis (SERPA). 

Frontiers in immunology 2019;10. 

84. Beutgen VM, Schmelter C, Pfeiffer N, Grus FH. Autoantigens in the trabecular 

meshwork and glaucoma-specific alterations in the natural autoantibody repertoire. 

Clinical & translational immunology 2020;9:e01101. 

85. Junemann A, Hohberger B, Rech J, et al. Agonistic Autoantibodies to the beta2-

Adrenergic Receptor Involved in the Pathogenesis of Open-Angle Glaucoma. 

Frontiers in immunology 2018;9:145. 

86. Hohberger B, Kunze R, Wallukat G, et al. Autoantibodies Activating the beta2-

Adrenergic Receptor Characterize Patients With Primary and Secondary Glaucoma. 

Frontiers in immunology 2019;10:2112. 

87. Tezel G, Wax MB. The mechanisms of hsp27 antibody-mediated apoptosis in 

retinal neuronal cells. The Journal of neuroscience : the official journal of the Society 

for Neuroscience 2000;20:3552-62. 

88. von Muhlen CA, Tan EM. Autoantibodies in the diagnosis of systemic rheumatic 

diseases. Seminars in arthritis and rheumatism 1995;24:323-58. 

89. Pradhan VD, Patwardhan MM, Ghosh K. Anti-nucleosome antibodies as a 

disease marker in systemic lupus erythematosus and its correlation with disease activity 

and other autoantibodies. Indian journal of dermatology, venereology and leprology 

2010;76:145-9. 

90. Caturegli P, De Remigis A, Rose NR. Hashimoto thyroiditis: clinical and diagnostic 

criteria. Autoimmunity reviews 2014;13:391-7. 

91. Katsumata Y, Kawaguchi Y, Baba S, et al. Identification of three new 

autoantibodies associated with systemic lupus erythematosus using two proteomic 

approaches. Molecular & cellular proteomics : MCP 2011;10:M110 005330. 

92. Zaenker P, Gray ES, Ziman MR. Autoantibody Production in Cancer--The 

Humoral Immune Response toward Autologous Antigens in Cancer Patients. 

Autoimmunity reviews 2016;15:477-83. 



References 

 

 

116 

93. Wu J, Li L. Autoantibodies in Alzheimer's disease: potential biomarkers, 

pathogenic roles, and therapeutic implications. Journal of biomedical research 

2016;30:361-72. 

94. De Virgilio A, Greco A, Fabbrini G, et al. Parkinson's disease: Autoimmunity and 

neuroinflammation. Autoimmunity reviews 2016;15:1005-11. 

95. Han M, Nagele E, DeMarshall C, Acharya N, Nagele R. Diagnosis of Parkinson's 

disease based on disease-specific autoantibody profiles in human sera. PloS one 

2012;7:e32383. 

96. Krebs P, Kurrer M, Sahin U, Tureci O, Ludewig B. Autoimmunity seen through the 

SEREX-scope. Autoimmunity reviews 2003;2:339-45. 

97. Hardouin J, Lasserre JP, Sylvius L, Joubert-Caron R, Caron M. Cancer 

immunomics: from serological proteome analysis to multiple affinity protein profiling. 

Annals of the New York Academy of Sciences 2007;1107:223-30. 

98. Burbelo PD, Ching KH, Bren KE, Iadarola MJ. Searching for biomarkers: humoral 

response profiling with luciferase immunoprecipitation systems. Expert review of 

proteomics 2011;8:309-16. 

99. Gires O, Munz M, Schaffrik M, et al. Profile identification of disease-associated 

humoral antigens using AMIDA, a novel proteomics-based technology. Cellular and 

molecular life sciences : CMLS 2004;61:1198-207. 

100. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of 

large gene lists using DAVID bioinformatics resources. Nature protocols 2009;4:44-57. 

101. Zhou Y, Zhou B, Pache L, et al. Metascape provides a biologist-oriented 

resource for the analysis of systems-level datasets. Nature communications 

2019;10:1523. 

102. Latina M, Flotte T, Crean E, Sherwood ME, Granstein RD. Immunohistochemical 

staining of the human anterior segment. Evidence that resident cells play a role in 

immunologic responses. Archives of ophthalmology 1988;106:95-9. 

103. van Zyl T, Yan W, McAdams A, et al. Cell atlas of aqueous humor outflow 

pathways in eyes of humans and four model species provides insight into glaucoma 

pathogenesis. Proceedings of the National Academy of Sciences of the United States 

of America 2020;117:10339-49. 

104. Mustafa MZ, Nguyen VH, Le Naour F, et al. Autoantibody signatures defined by 

serological proteome analysis in sera from patients with cholangiocarcinoma. Journal 

of translational medicine 2016;14:17. 

105. Gupta P, Suman S, Mishra M, et al. Autoantibodies against TYMS and PDLIM1 

proteins detected as circulatory signatures in Indian breast cancer patients. 

Proteomics Clinical applications 2016. 

106. Lin LH, Xu YW, Huang LS, et al. Serum proteomic-based analysis identifying 

autoantibodies against PRDX2 and PRDX3 as potential diagnostic biomarkers in 

nasopharyngeal carcinoma. Clin Proteomics 2017;14:6. 

107. Massa O, Alessio M, Russo L, et al. Serological Proteome Analysis (SERPA) as a 

tool for the identification of new candidate autoantigens in type 1 diabetes. Journal 

of proteomics 2013;82:263-73. 

108. Almeras L, Lefranc D, Drobecq H, et al. New antigenic candidates in multiple 

sclerosis: identification by serological proteome analysis. Proteomics 2004;4:2184-94. 

109. Kamhieh-Milz J, Sterzer V, Celik H, Khorramshahi O, Fadl Hassan Moftah R, 

Salama A. Identification of novel autoantigens via mass spectroscopy-based 

antibody-mediated identification of autoantigens (MS-AMIDA) using immune 

thrombocytopenic purpura (ITP) as a model disease. Journal of proteomics 

2017;157:59-70. 

110. Rauch J, Gires O. SEREX, Proteomex, AMIDA, and beyond: Serological screening 

technologies for target identification. Proteomics Clinical applications 2008;2:355-71. 



References 

 

 

117 

111. Yeste A, Quintana FJ. Antigen microarrays for the study of autoimmune 

diseases. Clinical chemistry 2013;59:1036-44. 

112. Brambilla D, Chiari M, Gori A, Cretich M. Towards precision medicine: the role 

and potential of protein and peptide microarrays. The Analyst 2019;144:5353-67. 

113. Hamelinck D, Zhou H, Li L, et al. Optimized normalization for antibody 

microarrays and application to serum-protein profiling. Molecular & cellular 

proteomics : MCP 2005;4:773-84. 

114. Rosenberg JM, Utz PJ. Protein microarrays: a new tool for the study of 

autoantibodies in immunodeficiency. Front Immunol 2015;6:138. 

115. Lewis MJ, McAndrew MB, Wheeler C, et al. Autoantibodies targeting TLR and 

SMAD pathways define new subgroups in systemic lupus erythematosus. Journal of 

autoimmunity 2018;91:1-12. 

116. Backes C, Ludwig N, Leidinger P, et al. Immunogenicity of autoantigens. BMC 

genomics 2011;12:340. 

117. Guo L, Moss SE, Alexander RA, Ali RR, Fitzke FW, Cordeiro MF. Retinal ganglion 

cell apoptosis in glaucoma is related to intraocular pressure and IOP-induced effects 

on extracellular matrix. Investigative ophthalmology & visual science 2005;46:175-82. 

118. Quigley HA, Nickells RW, Kerrigan LA, Pease ME, Thibault DJ, Zack DJ. Retinal 

ganglion cell death in experimental glaucoma and after axotomy occurs by 

apoptosis. Investigative ophthalmology & visual science 1995;36:774-86. 

119. Agarwal P, Daher AM, Agarwal R. Aqueous humor TGF-beta2 levels in patients 

with open-angle glaucoma: A meta-analysis. Molecular vision 2015;21:612-20. 

120. Andrae J, Gallini R, Betsholtz C. Role of platelet-derived growth factors in 

physiology and medicine. Genes & development 2008;22:1276-312. 

121. Baroni SS, Santillo M, Bevilacqua F, et al. Stimulatory autoantibodies to the PDGF 

receptor in systemic sclerosis. The New England journal of medicine 2006;354:2667-76. 

122. Acott TS, Kelley MJ. Extracellular matrix in the trabecular meshwork. 

Experimental eye research 2008;86:543-61. 

123. Li GY, Osborne NN. Oxidative-induced apoptosis to an immortalized ganglion 

cell line is caspase independent but involves the activation of poly(ADP-

ribose)polymerase and apoptosis-inducing factor. Brain research 2008;1188:35-43. 

124. Elkon K, Casali P. Nature and functions of autoantibodies. Nature clinical 

practice Rheumatology 2008;4:491-8. 

125. Oyarzun-Arrau A, Alonso-Palomares L, Valiente-Echeverria F, Osorio F, Soto-Rifo 

R. Crosstalk between RNA Metabolism and Cellular Stress Responses during Zika Virus 

Replication. Pathogens 2020;9. 

126. Peters JC, Bhattacharya S, Clark AF, Zode GS. Increased Endoplasmic Reticulum 

Stress in Human Glaucomatous Trabecular Meshwork Cells and Tissues. Investigative 

ophthalmology & visual science 2015;56:3860-8. 

127. Wolozin B, Ivanov P. Stress granules and neurodegeneration. Nat Rev Neurosci 

2019;20:649-66. 

128. Johnson ME, Grassetti AV, Taroni JN, et al. Stress granules and RNA processing 

bodies are novel autoantibody targets in systemic sclerosis. Arthritis research & therapy 

2016;18:27. 

129. Ohn T, Anderson P. The role of posttranslational modifications in the assembly of 

stress granules. Wiley interdisciplinary reviews RNA 2010;1:486-93. 

130. Dash S, Siddam AD, Barnum CE, Janga SC, Lachke SA. RNA-binding proteins in 

eye development and disease: implication of conserved RNA granule components. 

Wiley interdisciplinary reviews RNA 2016;7:527-57. 

131. Lachke SA, Alkuraya FS, Kneeland SC, et al. Mutations in the RNA granule 

component TDRD7 cause cataract and glaucoma. Science 2011;331:1571-6. 



References 

 

 

118 

132. Anderson P, Kedersha N. RNA granules. The Journal of cell biology 2006;172:803-

8. 

133. Mochizuki H, Murphy CJ, Brandt JD, Kiuchi Y, Russell P. Altered stability of mRNAs 

associated with glaucoma progression in human trabecular meshwork cells following 

oxidative stress. Investigative ophthalmology & visual science 2012;53:1734-41. 

134. Ferreira SM, Lerner SF, Brunzini R, Evelson PA, Llesuy SF. Oxidative stress markers 

in aqueous humor of glaucoma patients. American journal of ophthalmology 

2004;137:62-9. 

135. Blanco FF, Sanduja S, Deane NG, Blackshear PJ, Dixon DA. Transforming growth 

factor beta regulates P-body formation through induction of the mRNA decay factor 

tristetraprolin. Molecular and cellular biology 2014;34:180-95. 

136. Wolozin B. Regulated protein aggregation: stress granules and 

neurodegeneration. Molecular neurodegeneration 2012;7:56. 

137. Tektas OY, Lutjen-Drecoll E. Structural changes of the trabecular meshwork in 

different kinds of glaucoma. Experimental eye research 2009;88:769-75. 

138. Ma Y, Han J, Li S, Zhang A, Cao W, Sun X. Association between Platelet 

Parameters and Glaucoma Severity in Primary Open-Angle Glaucoma. Journal of 

ophthalmology 2019;2019:3425023. 

139. Yadav S, Kashaninejad N, Masud MK, Yamauchi Y, Nguyen NT, Shiddiky MJA. 

Autoantibodies as diagnostic and prognostic cancer biomarker: Detection 

techniques and approaches. Biosens Bioelectron 2019;139:111315. 

140. Ahmed S, Khan Z, Si F, et al. Summary of Glaucoma Diagnostic Testing 

Accuracy: An Evidence-Based Meta-Analysis. J Clin Med Res 2016;8:641-9. 

141. Ganesan V, Ascherman DP, Minden JS. Immunoproteomics technologies in the 

discovery of autoantigens in autoimmune diseases. Biomolecular concepts 

2016;7:133-43. 

142. Yang Y, Fujita J, Bandoh S, et al. Detection of antivimentin antibody in sera of 

patients with idiopathic pulmonary fibrosis and non-specific interstitial pneumonia. 

Clinical and experimental immunology 2002;128:169-74. 

143. Lawind MF, Alyasky A, Elwan NM, Mourad H, Al-Bendary A. Alpha-fodrin 

autoantibodies are reliable diagnostic markers for juvenile and adult Sjogren's 

syndrome. Egypt J Immunol 2004;11:75-81. 

144. Sakkas LI, Bogdanos DP, Katsiari C, Platsoucas CD. Anti-citrullinated peptides as 

autoantigens in rheumatoid arthritis-relevance to treatment. Autoimmunity reviews 

2014;13:1114-20. 

145. Tezel G, Thornton IL, Tong MG, et al. Immunoproteomic analysis of potential 

serum biomarker candidates in human glaucoma. Investigative ophthalmology & 

visual science 2012;53:8222-31. 

146. Tassignon J, Haeseleer F, Borkowski A. Natural antiestrogen receptor 

autoantibodies in man with estrogenic activity in mammary carcinoma cell culture: 

study of their mechanism of action; evidence for involvement of estrogen-like 

epitopes. The Journal of clinical endocrinology and metabolism 1997;82:3464-70. 

147. Silverman GJ. Regulatory natural autoantibodies to apoptotic cells: pallbearers 

and protectors. Arthritis and rheumatism 2011;63:597-602. 

148. Olivier M, Asmis R, Hawkins GA, Howard TD, Cox LA. The Need for Multi-Omics 

Biomarker Signatures in Precision Medicine. International journal of molecular sciences 

2019;20. 

149. Igarashi T, Nakamoto K, Kobayashi M, et al. Serum brain-derived neurotrophic 

factor in glaucoma patients in Japan: An observational study. J Nippon Med Sch 2020. 

150. Nath M, Halder N, Velpandian T. Circulating biomarkers in glaucoma, age-

related macular degeneration, and diabetic retinopathy. Indian journal of 

ophthalmology 2017;65:191-7. 



References 

 

 

119 

151. Hindle AG, Thoonen R, Jasien JV, et al. Identification of Candidate miRNA 

Biomarkers for Glaucoma. Investigative ophthalmology & visual science 2019;60:134-

46. 

152. Fujinami RS, von Herrath MG, Christen U, Whitton JL. Molecular mimicry, 

bystander activation, or viral persistence: infections and autoimmune disease. Clinical 

microbiology reviews 2006;19:80-94. 

153. Keene JD. RNA recognition by autoantigens and autoantibodies. Molecular 

biology reports 1996;23:173-81. 

154. Holmes AC, Semler BL. Picornaviruses and RNA Metabolism: Local and Global 

Effects of Infection. Journal of virology 2019;93. 

155. Xu GJ, Kula T, Xu Q, et al. Viral immunology. Comprehensive serological profiling 

of human populations using a synthetic human virome. Science 2015;348:aaa0698. 

156. Poletaev A, Boura P. The immune system, natural autoantibodies and general 

homeostasis in health and disease. Hippokratia 2011;15:295-8. 

157. Joachim SC, Wuenschig D, Pfeiffer N, Grus FH. IgG antibody patterns in aqueous 

humor of patients with primary open angle glaucoma and pseudoexfoliation 

glaucoma. Molecular vision 2007;13:1573-9. 

 

 



List of Figures 

 

 

120 

LIST OF FIGURES 
 

Figure 1 Prevalence of POAG in different regions worldwide in 2013. ........................... 7 

Figure 2 POAG-related alterations in the TM. ..................................................................11 

Figure 3 Biomarker pipeline. ..............................................................................................18 

Figure 4 Customized in-house protein microarray production.. .....................................19 

Figure 5 Enriched terms among the 12 most abundant natural autoantibodies 

identified by MS-AMIDA. ....................................................................................................85 

Figure 6 Cytoscape network of Top 20 enriched terms. .................................................87 

Figure 7  Protein-protein interaction network and MCODE components. ....................88 

Figure 8 Schematic model of biological processes involved in glaucoma 

pathogenesis mentioned in this dissertation.. ..................................................................97 

 

 



List of Tables 

 

 

121 

LIST OF TABLES 
 

Table 1 Overview of open-angle - glaucoma forms relevant in this doctoral thesis. .... 6 

Table 2 Glaucoma-related autoantigens ........................................................................15 

Table 3 Input for enrichment analyses. ............................................................................82 

Table 4 DAVID functional annotation. Gene annotations of respective glaucoma-

related antigens. ................................................................................................................83 

 

 



Abbreviations 

 

 

122 

ABBREVIATIONS 
 

AH   aqueous humour 

CSFP   cerebrospinal fluid pressure  

EAG   experimental autoimmune glaucoma 

ECM   extracellular matrix 

ELISA   enzyme-linked Immunosorbent Assay 

FDT   frequency doubling technology perimetry 

GDx   GDx-Scanning-Laser-Polarimetrie 

GO   gene onthology 

HRT   Heidelberg Retina Tomograph 

IOP   intraocular pressure 

LC   lamina cribrosa 

LIPS   luciferase immunoprecipitation systems 

MS-AMIDA mass spectrometry-assisted autoantibody-mediated 

identification of antigens 

NC   nitrocellulose 

NTG   normal tension glaucoma 

OAG   open-angle glaucoma 

OCT   optical coherence tomography  

OHT   ocular hypertension 

ON   optic nerve 

PAGE   polyacrylamid gel electrophoresis 

PDGFR  platelet-derived growth factor receptor 

PEX   pseudoexfoliation 

PEXG   pseudoexfoliation glaucoma 

POAG   primary open-angle glaucoma 

PTM   post translational modification 



Abbreviations 

 

 

123 

RGCs   retinal ganglion cells  

RNP   ribonucleoproteins  

SEREX serological identification of antigens by recombinant expression 

cloning 

SERPA   serological proteome analysis  

TM   trabecular meshwork 

 



Appendix 

 

 

124 

APPENDIX 
 

Settings for Metascape analysis 
The following explanation for the settings of the Metascape analysis was taken over 

from the Metascape analysis output page (https://metascape.org/). 

Pathway and Process Enrichment Analysis 

For each given gene list, pathway and process enrichment analysis have been carried 

out with the following ontology sources: KEGG Pathway, GO Biological Processes, 

Reactome Gene Sets, Canonical Pathways and CORUM. All genes in the genome 

have been used as the enrichment background. Terms with a p-value < 0.01, a 

minimum count of 3, and an enrichment factor > 1.5 (the enrichment factor is the ratio 

between the observed counts and the counts expected by chance) are collected 

and grouped into clusters based on their membership similarities. More specifically, p-

values are calculated based on the accumulative hypergeometric distribution, and 

q-values are calculated using the Benjamini-Hochberg procedure to account for 

multiple testings. Kappa scores are used as the similarity metric when performing 

hierarchical clustering on the enriched terms, and sub-trees with a similarity of > 0.3 are 

considered a cluster. The most statistically significant term within a cluster is chosen to 

represent the cluster. 

Cytoscape clusters 

To further capture the relationships between the terms, a subset of enriched terms 

have been selected and rendered as a network plot, where terms with a similarity > 

0.3 are connected by edges. We select the terms with the best p-values from each of 

the 20 clusters, with the constraint that there are no more than 15 terms per cluster and 

no more than 250 terms in total. The network is visualized using Cytoscape5, where 

each node represents an enriched term and is coloured first by its cluster ID (Figure 

2.a) and then by its p-value (Figure 2.b). These networks can be interactively viewed 

in Cytoscape through the .cys files (contained in the Zip package, which also contains 

a publication-quality version as a PDF) or within a browser by clicking on the web icon. 

For clarity, term labels are only shown for one term per cluster, so it is recommended 

to use Cytoscape or a browser to visualize the network in order to inspect all node 

labels. We can also export the network into a PDF file within Cytoscape, and then edit 

the labels using Adobe Illustrator for publication purposes. To switch off all labels, 

delete the "Label" mapping under the "Style" tab within Cytoscape, and then export 

the network view. 

Protein-protein Interaction Enrichment Analysis 

For each given gene list, protein-protein interaction enrichment analysis has been 

carried out with the following databases: BioGrid, InWeb_IM, OmniPath. The resultant 

https://metascape.org/
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network contains the subset of proteins that form physical interactions with at least one 

other member in the list. If the network contains between 3 and 500 proteins, the 

Molecular Complex Detection (MCODE) algorithm has been applied to identify 

densely connected network components. Pathway and process enrichment analysis 

have been applied to each MCODE component independently, and the three best-

scoring terms by p-value have been retained as the functional description of the 

corresponding components. 
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