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Summary 
 
 
Fibrotic diseases are a major health concern in the developed world with only limited treatment 

options. Persistent tissue damage, dysregulated regeneration and repair processes or aging and 

autoimmunity are all factors that have been discussed as reasons for fibrosis. Fibrotic destruction 

of the lung leads to pulmonary fibrosis, in which the lung parenchyma scars over time. Disease 

progression can lead to loss of lung function, reduced pulmonary gas exchange, and ultimately 

organ failure. Most cases of so-called interstitial lung disease (ILD) respectively diffuse 

parenchymal lung disease are associated with a fibrotic remodeling of the lung parenchyma thus 

pulmonary fibrosis. ILDs encompass a very heterogeneous group of diseases. Since in a 
subgroup of ILD the cause of the disease has not been clarified yet, these types are also referred 

to as "idiopathic" interstitial pneumonia. Among the different types of ILDs, idiopathic pulmonary 

fibrosis (IPF) is characterized by a particularly progressive clinical course and a poor prognosis. 

As the name suggests, the genesis of IPF has not yet been fully clarified. While 

immunosuppressive therapy can improve many other ILDs, such therapies have been shown to 

be potentially harmful in IPF. There are only two antifibrotic drugs approved for IPF (pirfenidone 

and nintedanib) which do not cure IPF, but can slow down the disease progression. It is therefore 

of great interest to both clinicians and basic scientists to further explore the pathophysiology of 
ILDs and in particular of IPF in order to be able to identify new therapeutic approaches. In recent 

years, there have been increasing indications that autoimmunity might be involved in the genesis 

of ILD. 

 

The aim of this work was to first analyze common and different characteristics of fibrosis in various 

fibrotic diseases at the molecular level. For the analysis of the tissue proteome mass spectrometry 

was used. Since fibrotic diseases lead to an unphysiological accumulation of extracellular matrix 
(ECM), this work aimed to further investigate the nature of the ECM proteome, the so called 

matrisome, in specific tissues and diseases. In the first part of the work, different forms of ILDs 

and tissue samples obtained from patients with localized scleroderma, which represents fibrosis 

in an autoimmune disease, were examined and compared with healthy donor samples. The 

analyzes detected common and disease-specific protein regulation in fibrosis. Interestingly, an 

elevated amount of marginal zone B and B1 specific protein (MZB1)-positive plasma B cells were 

found in both types of organ fibrosis. This was confirmed by immunostaining and Western blot 

supporting the theory of autoimmune processes in the genesis of fibrosis. In a second, larger 
cohort of patients with ILD, a negative correlation between tissue MZB1 levels and lung function 

was found, which suggests a clinical connection. There was also an association between MZB1 

and total immunoglobulin G (IgG) levels in the lung parenchyma which leads to the question 

whether some of these IgGs could be (possibly disease-causing) autoantibodies. 

 

The second part of the thesis continues this question and deals with the identification of potential 

autoantibodies in patients with IPF. Due to the limited treatment options for IPF, the detection of 

autoantigens associated with IPF could enable the development of suitable preclinical models to 
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investigate the role of specific antigens in the development of idiopathic forms of organ fibrosis. 

Since previous work on autoantigens in IPF has mostly been based on the use of synthetic 

antigens, the aim in the second part of this work was to establish a mass spectrometry-based 

method that can be used to screen for autoantibodies in the plasma of patients with ILD in an 

unbiased way and with high throughput. Our so-called Differential Antigen Capture (DAC) assay 

includes immunoprecipitation of proteome extracts from ILD and healthy donor lung tissue and 

plasma IgGs and then quantitative mass spectrometry. As a comparison, samples from patients 
with autoimmune-associated ILD (connective tissue disease-related ILD; CTD-ILD) and healthy 

controls in a total of two ILD cohorts from Munich and Hannover were examined. Using the DAC 

approach, disease-specific and common autoantibodies could be found in IPF and CTD-ILD, 

whereas patients with CTD-ILD did not have a higher number of detected autoantigens. To enable 

a translational approach, the results were correlated with clinical data such as lung function and 

survival. We found autoantigens and autoantigen signatures that were associated with worse 

survival in both IPF and CTD-ILD. These analyzes provide a basis for further research on 

autoantigens which might help to learn more about B cell-mediated autoimmunity in IPF. 
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Zusammenfassung 
 
 
Fibrotische Erkrankungen stellen in den Industrienationen ein großes Gesundheitsprobleme mit 

nur begrenzten Behandlungsmöglichkeiten dar. Als Ursachen für eine Fibrose werden anhaltende 

Gewebeschäden, fehlregulierte Regenerations- und Reparationsvorgänge oder auch Altern und 

Autoimmunität diskutiert. Ein fibrotischer Befall der Lunge führt zur Lungenfibrose, bei der es mit 

der Zeit zu einer Vernarbung des Lungengewebes kommt. Das Fortschreiten dieser Erkrankung 

kann zu einem Verlust der Lungenfunktion, einem reduzierten Gasaustausch und letztendlich 

Organversagen führen. Die meisten Fälle der so genannten interstitiellen Lungenerkrankungen 

(engl.: interstitial lung diseases; ILD) beziehungsweise diffusen Lungenparenchymerkrankungen 
(engl.: diffuse parenchymal lung disease) gehen mit einem fibrotischen Umbau des 

Lungenparenchyms und somit einer Lungenfibrose einher. ILDs umfassen dabei eine sehr 

heterogene Gruppe von Erkrankungen. Da bei einem Teil der Patienten mit ILD die Ursache der 

Erkrankung bisher noch nicht geklärt ist, werden diese Formen als „idiopathische“ interstitiellen 

Pneumonien bezeichnet. Unter den ILDs kennzeichnet sich die idiopathische pulmonale Fibrose 

(IPF) durch einen besonders progressiven Verlauf und eine schlechte Prognose aus. Wie der 

Name vermuten lässt, ist die Genese der IPF bisher noch nicht vollständig geklärt. Während bei 
vielen anderen ILDs eine immunsuppressive Therapie eine Verbesserung bringen kann, kann 

diese bei Patienten mit IPF sogar schädlich sein. Für die Behandlung der IPF sind lediglich zwei 

antifibrotische Medikamente zugelassen (Pirfenidon und Nintedanib), die zwar die IPF nicht 

heilen, aber den Krankheitsverlauf verlangsamen können. Daher ist es sowohl für Kliniker als 

auch für Grundlagenwissenschaftler von höchstem Interesse die Pathophysiologie der ILDs und 

im Besonderen der IPF weiter zu erforschen um neue Therapieansätze identifizieren zu können. 

Es haben sich in den letzten Jahren zunehmend Hinweise ergeben, dass auch Autoimmunität in 

die Genese von ILDs involviert sein könnte. 
 

Das Ziel dieser Arbeit war es zunächst gemeinsame und unterschiedliche Merkmale von Fibrose 

bei unterschiedlichen Erkrankungen auf molekularer Ebene zu analysieren. Hierfür eignet die 

Analyse des Proteoms mittels Massenspektrometrie. Da es bei fibrotischen Erkrankungen zu 

einer unphysiologischen Anhäufung von extrazellulärer Matrix (engl. extracellular matrix; ECM) 

kommt, war es Ziel dieser Arbeit, die Natur des ECM-Proteoms, des sogenannten Matrisoms, in 

bestimmten Geweben und Krankheiten weiter zu untersuchen. Im ersten Teil der Arbeit wurden 

sowohl verschiedene Formen von ILDs als auch Gewebeproben von Patienten mit lokalisierter 
Sklerodermie, welche eine Fibrose bei einer Autoimmunerkrankung darstellt, untersucht und mit 

gesunden Vergleichsproben verglichen. Die Analysen detektierten gemeinsame und 

krankheitsspezifische Proteinregulierungen bei den verschiedenen Fibroseformen. 

Interessanterweise wurde bei beiden Arten der Organfibrose eine erhöhte Menge von marginal 

zone B and B1 specific protein (MZB1) -positiven Plasma-B-Zellen gefunden.  Dies konnte mittels 

Immunfärbung und Western blot bestätigt werden, was die Theorie unterstützt, dass autoimmune 

Prozesse bei der Genese von Fibrose involviert sind. In einer zweiten, größeren Kohorte von 
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Patienten mit ILD fand sich zudem eine negative Korrelation zwischen MZB1 Gehalt im Gewebe 

und der Lungenfunktion, was einen klinischen Zusammenhang vermuten lässt. Außerdem fand 

sich ein Zusammenhang zwischen MZB1 und dem Gesamt-Immunglobulin G (IgG) im 

Lungenparenchym. Daraus ergibt sich die Frage, ob es sich bei einem Teil dieser IgGs um 

(möglicherweise krankheitsauslösende) Autoantikörper handeln könnte. 

 

Der zweite Teil der Arbeit knüpft direkt an dieser Stelle an und beschäftigt sich mit der 
Identifizierung von potenziellen Autoantikörpern bei Patienten mit IPF. Aufgrund der begrenzten 

Therapieoptionen bei IPF könnte die Detektion von mit IPF assoziierten Autoantigenen die 

Entwicklung geeigneter präklinischer Modelle ermöglichen, um die Rolle spezifischer Antigene 

bei der Entstehung idiopathischer Formen der Organfibrose zu untersuchen. Da bisherige 

Arbeiten zu Autoantigenen bei IPF meist auf der Verwendung von synthetischen Antigenen 

stützen, war es im zweiten Teil dieser Arbeit Ziel eine Massenspektrometrie-basierte Methode zu 

etablieren, mit der unvoreingenommen und mit großem Durchsatz nach Autoantikörpern im 

Plasma von Patienten mit ILD gesucht werden kann. Unser so genannter Differential Antigen 
Capture (DAC) Assay beinhaltet die Immunpräzipitation von Proteomextrakten aus ILD und 

gesundem Spenderlungengewebe und Plasma-IgGs, gefolgt von quantitativer 

Massenspektrometrie. Als Vergleich wurden Proben von Patienten mit autoimmun-assoziierter 

ILD (engl.: connective tissue disease related ILD; CTD-ILD) und gesunde Kontrollen in insgesamt 

zwei ILD-Kohorten aus München und Hannover untersucht. Mittels DAC Ansatz konnten 

krankheitsübergreifende und -spezifische Autoantikörper bei IPF und CTD-ILD gefunden werden, 

wobei Patienten mit CTD-ILD keine höhere Anzahl an nachgewiesenen Autoantigenen 

aufwiesen. Um einen translationalen Ansatz zu schaffen wurden die Ergebnisse mit klinischen 
Daten wie Lungenfunktion und Überleben korreliert. Hier fanden sich sowohl bei IPF auch bei 

CTD-ILD Autoantigene und Autoantigen-Signaturen, die mit einem schlechteren Überleben 

vergesellschaftet sind. Diese Analysen bieten eine Grundlage um entsprechende Autoantigene 

in zukünftigen Arbeiten weiter zu erforschen und möglicherweise mehr zu erfahren über B Zell-

vermittelte Autoimmunität bei der IPF. 
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1. Introduction 
 

1.1 Pulmonary fibrosis 
 
 
Chronic respiratory diseases affect millions of people worldwide. A study including 195 countries 

detected that in the past three decades, the number of deaths due to chronic respiratory disease 
has risen continuously (Li et al. 2020). In 2017, chronic respiratory diseases were responsible for 

3.9 million deaths, which corresponds proportionally to 7% of all deaths around the world (Li et 

al. 2020). Although, globally, respiratory disease belongs to the most common diseases, the 

general awareness of the severity and extent of the disease is still insufficient. While onset and 

clinical course can vary enormously, many chronic respiratory diseases share similar pathological 

mechanisms. This includes, for example, a higher burden of disease in poorer regions of the world 

and further well-established risk factors like ageing, smoking, environmental pollution and body 
weight (Li et al. 2020). However, the knowledge about molecular mechanisms of respiratory 

disease is still limited.  

 

While mortality rates for chronic obstructive pulmonary disease (COPD) and pneumoconiosis 

declined, the mortality rates for interstitial lung disease (ILD) and sarcoidosis raised over the last 

years (Li et al. 2020). ILD, also called diffuse parenchymal lung disease, are a heterogenous 

group of diseases, which are characterized by fibrotic and chronic inflammatory processes 

destructing the lung parenchyma ultimately leading to the loss of intact lung tissue and respiratory 
failure (Raghu et al. 2011, Behr 2013). Since therapeutic options for patients with ILD are limited 

it is of urgent need to better understand pathophysiological mechanisms of the disease and 

identify potential therapeutic targets. 

 
 

1.1.1 Evolution of pulmonary fibrosis 
 
In ILD, inflammatory, granulomatous and/or fibroproliferative tissue reactions result in repetitive, 
multifocal alveolar damage with consecutive excessive and uncontrolled wound healing (Behr 

2013). Generally, wound repair is a complex biological process and an essential property of 

multicellular organisms (Gurtner et al. 2008). After an injury, wound healing is initiated by 

replacement of damaged or dead cells with connective tissue leading to the formation of a scar. 

This provisional matrix is an important biological process as it prevents excessive blood loss and 

functions as barrier for the invasion of pathogens until re-epithelialization has taken place (Hecker 

and Thannickal 2011). In the process of wound repair and tissue remodeling in the lung, multiple 

pathways are activated inducing wound healing in four distinct stages: clotting and coagulation, 
inflammation, fibroblast migration and new tissue formation and tissue remodeling and/or 

resolution (Gurtner et al. 2008, Wynn 2011) (Figure 1). 
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Figure 1. Concept of pulmonary wound healing and tissue remodeling. Wound repair consists of four stages: 
(1) activation of platelets with clotting and coagulation, (2) migration of inflammatory cells and secretion of 
pro-fibrotic factors, (3) migration, proliferation and activation of fibroblasts and secretion of extracellular 
matrix (ECM) components by activated fibroblasts and myofibroblasts to build a provisional repair matrix and 
(4) tissue remodeling and resolution. Fibrosis can develop if any of these steps is dysregulated or when the 
damaging trigger persist. Figure taken and legend adapted from (Wynn 2011). 

 

 

The first step after tissue injury is the release of inflammatory mediators by endo- and/or epithelial 
cells which in turn activates circulating platelets (Wynn 2011). An antifibrinolytic coagulation 

cascade initiates clotting and prevents further blood and fluid loss and infection. A provisional 

fibrin matrix becomes the scaffold for infiltrating cells. Secondly, the aggregation and 

degranulation of platelets leads to the secretion of chemokines which induce the dilation of blood 

vessels and increase permeability which in turs allows migration of neutrophils, macrophages, 

lymphocytes, and eosinophils. At the site of the injury activated macrophages and neutrophils 

fight invading pathogens and remove cell debris (Wynn 2011). Additionally, inflammatory cells 

secrete various cytokines and chemokines including transforming growth factor beta (TGF-β), 
platelet derived growth factor, tumor necrosis factor alpha (TNFα) and interleukin six and 13 (IL-

6 and IL-13) which in turn reinforce the inflammatory response. This triggers the activation, 

migration, proliferation and recruitment of fibroblasts and myofibroblasts. Yet, the origin of 

myofibroblasts is not fully understood but includes local mesenchymal cells, so-called fribrocytes 

which are bone marrow progenitor cells and epithelial cells which transdifferentiate into fibroblast-

like cells (Kisseleva and Brenner 2008, Wynn 2011). After activation of fibroblasts, they transform 

into α-smooth muscle actin–expressing myofibroblasts which produce and secrete distinct 

extracellular matrix (ECM) components that can form new tissue. Finally, myofibroblasts induce 
wound contraction which triggers epithelial and endothelial cells to split up and move over the 

provisional ECM matrix to re-epithelialize and reconstitute the parenchymal tissue architecture 

(Gurtner et al. 2008, Hecker and Thannickal 2011, Wynn 2011). 

 

However, if one of these multiple steps becomes dysregulated or if the lung-damaging stimulus 

persists, it can cause the formation of a persisting fibrotic scar, which consists of excess 

deposition of ECM components (Wynn 2011). In pulmonary fibrosis, it is currently assumed that 
repeated (subclinical) injury causes harm to the alveolar epithelial cells and the subsequent tissue 

repair response activates mesenchymal cells to produce a specialized ECM, which includes, e.g. 

interstitial collagens, proteoglycans, fibronectin and hyaluronic acid  (Wynn 2011, Wuyts et al. 
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2013). The lung has a remarkable capacity to regenerate (Hogan et al. 2014), and thus, in normal 

physiology, the provisional ECM that was deposited after injury is being remodeled after 

completion of epithelial regeneration so that interstitial fibrosis resolves. Due to dysregulated 

repair mechanisms, in pulmonary fibrosis, however, regeneration is insufficient or incomplete, 

which leads to permanent scarring and remodeling of the lung interstitium (Wuyts et al. 2013). 

 
 

1.1.2 Interstitial lung diseases 
 

The prevalence of ILD is estimated to be 67,5 per 100.000 in females and 80,9 per 100.000 in 

males (Coultas et al. 1994). There are over 200 clinically defined ILD sub entities with a broad 

variety in terms of etiology, radio morphology, prognosis and therapeutic options among them. 

Since the molecular pathophysiology in most ILD entities is unclear, it is still a major challenge to 

diagnose and stratify patients into groups that are relevant for prognosis and therapy initiation. 
Only 35-40% of patients with ILD are diagnosed with a known etiology [pneumoconiosis, 

hypersensitivity pneumonitis, drug or radiation induced ILD or post-infectious ILD], while most 

ILDs have an unknown etiology (sarcoidosis, idiopathic interstitial pneumonias) (Thomeer et al. 

2001). According to a consensus classification ILDs can be subdivided into four main groups: ILD 

with known origin (e.g. drug-induced ILD, connective tissue disease related ILD; CTD-ILD), 

idiopathic interstitial pneumonia, granulomatous ILD (e.g. sarcoidosis) or other ILD (e.g. 

lymphangioleiomyomatosis) (American Thoracic and European Respiratory 2002, Behr 2013, 

Travis et al. 2013).  
 

Idiopathic interstitial pneumonias can further be subdivided into the ‘rare idiopathic interstitial 

pneumonias’ (< 1%) and ‘major idiopathic interstitial pneumonias’, which include chronic fibrosing 

idiopathic interstitial pneumonias like idiopathic pulmonary fibrosis (IPF; approx. 50%) and 

idiopathic non-specific interstitial pneumonia (NSIP; approx. 25%), smoking related idiopathic 

interstitial pneumonias (e.g. respiratory bronchiolitis ILD; approx. 10%) and acute/subacute 

idiopathic interstitial pneumonias like cryptogenic organizing pneumonia (COP; approx. 5%) 
(Travis et al. 2013, Neurohr and Behr 2015). Another 10-14% of patients with idiopathic interstitial 

pneumonias are so called unclassifiable idiopathic interstitial pneumonias, leaving patients and 

physicians dissatisfied (Ryerson et al. 2013, Troy et al. 2014, Guler and Ryerson 2018).  

 

In some patients with ILD, pulmonary fibrosis can develop into a progressively fibrosing clinical 

phenotype associated with rapidly worsening dyspnea, loss of lung function, potentially reduced 

response to immunosuppressive treatment and limited survival (Cottin et al. 2018). Figure 2 

depicts ILD entities which are more likely to develop such a progressive-fibrosing clinical 
phenotype, including IPF, which might be considered representative for this phenotype (Cottin et 

al. 2018). Given the highly diverse clinical course and therapeutic options an early and correct 

diagnosis of ILD is crucial for the patients’ outcome. 
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Figure 2. Scheme of different interstitial lung diseases (ILDs). Printed in bold are types of ILD that rather 
experience clinical deterioration known as a “progressive-fibrosing phenotype. Abbreviations: idiopathic 
interstitial pneumonias (IIPs), interstitial lung disease (ILD). Figure taken and legend adapted from (Cottin 
et al. 2018). 

 
 

1.1.3 Idiopathic pulmonary fibrosis (IPF) 
 
Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive fibrotic ILD of unknown etiology 

(Raghu et al. 2018). In Europe, the prevalence of IPF ranges between 1.25 and 23.4 per 100.000 

and the yearly incidence is estimated to range between 0.22 and 7.4 per 100.000 inhabitants, 
which makes it a rare disease (orphan disease) (Nalysnyk et al. 2012). Nevertheless, IPF is the 

most common representative of idiopathic interstitial pneumonias (Raghu et al. 2018). It is 

characterized by interstitial fibrosis which is confined to the lungs and associated with the typical 

usual interstitial pneumonia (UIP) pattern, which can be found on computed tomography and 

histopathology (Raghu et al. 2018) (Figure 3). Due to repetitive, multifocal injury to the alveolar 

compartment excessive reparation processes and chronic inflammation are induced (Burgstaller 

et al. 2017). This induces fibroblast proliferation and myofibroblast differentiation followed by an 

increased collagen secretion, ECM deposition as well as fibrosing and scarring of the lung 
parenchyma leading to an ultimately fatal disorder. The further understanding of the molecular 

pathophysiology in IPF is still limited. The evaluation process of IPF is complex and other reasons 

for ILD need to be ruled out prior to a definite, final diagnosis. IPF is most prevalent in male 

patients over the age of 60 years with a history of smoking, which is often years ago (Raghu et 

al. 2018). There is also a familial form of IPF in which two or more related family members are 

affected  (Raghu et al. 2018). Since clinical diagnostics have evolved enormously in the past few 
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years, recently, an updated international guideline for the diagnosis of IPF has been published by 

the American Thoracic Society, European Respiratory Society, Japanese Respiratory Society und 

Latin American Thoracic Society (ATS/ERS/JRS/ALAT) (Raghu et al. 2018). Based on this 

guideline, the German Respiratory Society (Deutsche Gesellschaft für Pneumologie) and other 

associations have developed a new German-language S2k guideline (Behr et al. 2020, Behr et 

al. 2021). 

 

 

 
Figure 3. Usual interstitial pneumonia (UIP) pattern on high-resolution computed tomography. Computed 
tomography depicts the typical subpleural predominance and an apicobasal gradient of honeycombing in 
transverse (A-C) and coronal reconstruction (D). (E) A magnified view (left lower lobe) demonstrate 
characteristic patterns of honeycombing, comprising grouped cystic airspaces with surrounding walls and 
variable size. Honeycombing can occur in variable layering (see arrows). Figure taken and legend adapted 
from (Raghu et al. 2018). 

 

 
IPF patients experience highly diverse clinical courses, ranging from slow to rapid progressive 

(King et al. 2011). If an acute exacerbation (AE) of ILD occurs, diseases progression can even 
be accelerated. Currently, AEs occur with unpredictable probability and they are associated with 

a high mortality (Collard et al. 2016). AEs are characterized by a diffuse alveolar damage and 

vast acute lung injury (Oda et al. 2014), which is probably caused by an intrinsic or extrinsic trigger 

like viral infections or micro aspiration (Collard et al. 2016).  

 

Overall, the prognosis of IPF is limited with an estimated survival of two to five years after 

diagnosis  (Nathan et al. 2011, Raghu et al. 2018). Although the clinical course of patients with 

ILD can vary enormously, even within a defined entity, the therapy of choice is usually a non-
specific anti-inflammatory and immunosuppressive therapy (Behr 2013). However, in IPF, 
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immunosuppressive therapy is ineffective and can also be harmful as it was shown with the 

combined therapy of prednisone, azathioprine, and N-acetylcystein in the so-called PANTHER-

IPF trial  (Idiopathic Pulmonary Fibrosis Clinical Research et al. 2012, Wells et al. 2012). For only 

a few years now, two antifibrotic drugs, pirfenidone and nintedanib, have been approved and are 

recommended by the guidelines for the therapy of IPF (Raghu et al. 2015). For both medications 

it has been shown that in comparison to placebo the loss of lung function can be reduced and the 

progression-free survival is longer under therapy (Noble et al. 2011, King et al. 2014, Richeldi et 
al. 2014). 

 

Regardless of the therapeutic breakthrough with antifibrotic drugs, there is no cure for IPF, yet.  

As antifibrotic therapies can “just” counteract the loss of lung function but cannot cure the disease, 

so far, the only definite therapeutic option remains a lung transplantation in patients who qualify 

for it (Raghu et al. 2018). Further research is therefore urgently needed in order to learn more 

about the pathogenesis of IPF and uncover possible targets for future therapies. 

 
 

1.1.4 Pathogenesis and risk factors for idiopathic pulmonary fibrosis 
(IPF) 

 
The pathogenesis of IPF is of high complexity and still poorly understood. Histological hallmarks 

of IPF include excessive deposition of ECM, fibroblast foci and spatially heterogenous fibrosis, 

which is characterized by areas of fibrosis next to normal lung tissue (Wynn 2011, Fernandez and 
Eickelberg 2012, Heukels et al. 2019). It is assumed that cellular homeostasis in the lungs is lost, 

which in turn leads to a dysregulation of wound healing and an aberrant remodeling of the alveolar 

wall (Hecker and Thannickal 2011). The excessive production and deposition of ECM finally leads 

to fibrosis of the lung tissue thereby destroying the original function of the organ (Hecker and 

Thannickal 2011). The organ malfunction results in an impaired gas exchange and eventually 

death from respiratory failure (Wynn 2011). It can be assumed that fibrosis typically only develops 

if these conditions persist over several weeks, months or years (Wynn 2011, Wuyts et al. 2013, 
Rockey et al. 2015).  

 

Currently it is assumed that in the pathogenesis of IPF (repetitive) epithelial injury could initiate 

pro-fibrotic reprogramming on an epigenetic level, persistent senescence of epithelial cells and   

dysregulated increased production of fibrotic mediators as well as constant activation of 

fibroblasts in a genetically predisposed elderly person (Martinez et al. 2017). The combination of 

all of these factors together could lead to the uncontrolled wound repair which ultimately results 

in IPF (Martinez et al. 2017) (Figure 4). The pathomechanisms in IPF are multifactorial and  during 
the development of fibrosis the innate and the adaptive immune system are also involved (Wynn 

2011). One of the key-pathways in IPF is TGF-ß signaling (Heukels et al. 2019). 
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Despite a currently not fully understood etiology, multiple possible risk factors for IPF have been 

recognized such as genetic predisposition, environmental agents (e.g. viruses), behavioral factors 

(e.g. history of smoking >20 pack years) and asymptomatic gastro-esophageal reflux disease 

(Raghu et al. 2011, Behr 2013). Moreover, there is an increasing body of evidence that 

autoimmune processes might be involved in the genesis of IPF. However, autoimmunity and IPF 

leads to controversial discussions since, if IPF is suspected, a systemic autoimmune disease 

must be excluded prior to diagnosis (Raghu et al. 2018). In addition, as mentioned earlier, in the 
past it has been shown that a systemic immunosuppressive combination therapy consisting of 

cortisone, azathioprine and N-acetylcysteine is harmful for patients with IPF  (Idiopathic 

Pulmonary Fibrosis Clinical Research et al. 2012). Nevertheless, there is data that autoimmune 

processes take place in IPF. For example, the detection of autoantibodies shows that further 

investigations regarding autoimmunity and IPF should be pursued. 

 
 

 

 
Figure 4. Processes potentially involved in the pathogenesis of idiopathic pulmonary fibrosis (IPF). The 
combination and interplay of genetic susceptibility, ageing and environmental factors lead to an epigenetic 
reprogramming promoting dysregulated epithelial activation potentially resulting in IPF. The process might 
be induced by repetitive microinjuries. Impaired wound healing then triggers a remodeling of the lungs with 
fibrotic tissue. Figure taken and legend adapted from (Martinez et al. 2017) 

 

 

1.2 The human immune system 
 
Appreciation for the potential role of immune responses in the etiology and/or progression of 

fibrotic diseases including ILD is growing (Hoyne et al. 2017). Hereafter, the cells of the immune 

system will be introduced with a specific focus on B cells including important central and 

peripheral checkpoints and mechanisms to escape and allow break of tolerance in these cells. 
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1.2.1 Cells of the innate and adaptive immune system 
 
The immune system consists of innate and adaptive components and there is intensive crosstalk 

between these two (Figure 5). While the innate immunity reacts immediately to pathogens, the 

adaptive immunity is highly specific and antigen-driven. The innate immune reaction comprises 

dissoluble components, like the complement system, as well as immune cells like macrophages, 
granulocytes (basophils, eosinophils and neutrophils), dendritic cells, mast cells, and natural killer 

cells (Dranoff 2004, Yamauchi and Moroishi 2019). Innate immunity triggers the first 

immunological processes in response to the detection of bacteria, viruses, and cancer and 

responds within hours. This is because the innate immune response encompasses various cell-

surface molecules and pattern-recognition receptors which can quickly detect microbial-derived 

proteins and initiate an inflammatory response (Janeway 2001, Dranoff 2004). 

 
In contrast, the response of the adaptive immunity takes longer as it is an antigen-specific defense 

mechanism. While the adaptive immunity takes days to develop the immune protection is long-

lasting (Yamauchi and Moroishi 2019). The adaptive immunity comprises B cell-mediated 

humoral immunity via antibodies and CD4+ and CD8+ T cell-mediated immunity (Yamauchi and 

Moroishi 2019). The increase of rare lymphocytes is needed as they contain somatically 

transformed immunoglobulin components or T cell receptors which recognize microbial 

constituents or peptide fractions offered and shown by major histocompatibility complex (MHC) 

molecules (Zinkernagel 2003). 
 

 

 
Figure 5. Cells of the immune system. The innate immunity, the first immunological mechanism to respond 
after contact with an infectious agent, includes soluble components (e.g. the complement system) and 
immune cells such as granulocytes, mast cells, macrophages, dendritic cells and natural killer cells. The 
adaptive immunity, consisting of antibodies, B cells, and T cells, reacts slower but in an antigen-specific 
manner. Further, the adaptive immunity has the ability to develop an antigen-specific memory. Cytotoxic 
lymphocytes (natural killer cells and γδ T cells) represent a link between innate and adaptive immune 
system. Figure taken and legend adapted from (Dranoff 2004) 
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Cytotoxic T lymphocytes, such as the natural killer cells and γδ T cells have their function in 

between innate and adaptive immunity (Dranoff 2004). Also, macrophages and dendritic cells 

have innate and adaptive characteristics as they are considered as professional antigen-

presenting cells with the ability to induce adaptive immunity by presenting antigens to T and B 

cells (Yamauchi and Moroishi 2019). 

 
 

1.2.2 B cell checkpoints and break of tolerance 
 
The primary function of the complex interactions of the immune system is to defend the host from 

infection. However, there are two major scenarios where the immune system itself can cause 

pathology: immune deficiency syndromes and autoimmune diseases (Wang et al. 2015). The 

inability of the immune system to properly distinguish between self and non-self and therefore the 
underlying mechanism of autoimmune diseases is often termed “break of tolerance”. Autoimmune 

diseases affect 3-5% of the population (Wang et al. 2015). While autoimmune thyroid disease is 

the most common one, there are nearly 100 autoimmune diseases, some of which do only affect 

one organ such as primary biliary cirrhosis and others that affect multiple organs (e.g. systemic 

lupus erythematosus) (Yu et al. 2014).  

 

Several mechanisms are in place to ensure immune tolerance including central tolerance, 

peripheral tolerance and others, such as T regulatory cells and produced cytokines and 
chemokines (Figure 6). The existence of autoreactive T and B cells per se does not necessarily 

lead to pathology which is why autoimmunity can be termed as “physiological” and “pathological” 

(Avrameas and Selmi 2013, Salinas et al. 2013). There are currently theories which suggest that 

(pathological) autoimmune diseases develop preferentially in patients with a genetic 

predisposition when additional environmental factors occur causing the immune system to initiate 

processes destructing the tissue (Wang et al. 2015). 

 
Given the success of B cell targeting therapies, B cells seem to be crucially involved in various 

human autoimmune diseases, including rheumatoid arthritis (Edwards and Cambridge 2005). B 

cells are most likely part of the pathological processes by generating harmful autoantibodies, 

inducing  cytokines which initiate inflammation as well as activating T cells (e.g. via antigen 

presentation) (Reijm et al. 2020).  
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Figure 6. Overview of the development of autoimmune disease. Despite several central and peripheral 
checkpoints, a small number of autoreactive T and B cells can escape into the periphery. These cells will 
not be pathological unless a patient has a genetic predisposition to autoimmune disease and experiences 
an environmental trigger. Figure taken and legend adapted from (Wang et al. 2015) 

 

B cell first develop in the bone marrow and begin to express B cell receptors. The part of the B 
cell receptor which recognizes antigens comprise so called light and heavy chains. Light chains 

consist of variable (V) and joining (J) gene segments, while heavy chains additionally include 

diversity (D) gene segments. Due to the random association of these gene segments, B cell 

receptors encompass highly varying antigen-binding sites (Tonegawa 1983). Further variety 

during V(D)J-recombination is generated using the integration of palindromic- and non-templated 

nucleotides (Lewis et al. 1984, Lewis et al. 1985). Moreover, the variable domain of the B cell 

receptor experiences additional diversity via the combination of heavy and light chains. All of 
these processes together allow a highly diverse B cell receptor repertoire and B cell population 

which is why various different structures and molecules can be specifically identified (Reijm et al. 

2020). This includes self-reactive B cell receptors and therefore recognition of self-molecules. 

 

To prevent self-reactive B cells from leaving the bone marrow, negative selection processes take 

place. In this B cell central tolerance mechanism receptor-editing and clonal deletion helps to 

remove a significant amount of self-reactive B cells (Reijm et al. 2020) (Figure 7 a). However, a 

certain number of self-reactive B cells will be able to “leak out” into the periphery. To prevent 
humoral autoimmunity there are also a number of checkpoints and peripheral tolerance processes 

in the periphery. Peripheral checkpoints first include follicular exclusion of immature self-reactive 

B cells as they are in competition with mature B cells to go in the primary follicles (Cyster and 

Goodnow 1995). After entering the primary follicles, B cells reach germinal centers where they 

get in contact with antigen-presenting follicular dendritic cells (FDC) and obtain commands to 

survive (Allen and Cyster 2008). In the next selection step activated B cells enter the border 

between T and B cells in order to show antigens while being supported by T helper cells (Reijm 

et al. 2020). Afterwards, B cells proliferate and experience so called somatic hypermutation 
followed by FDC driven selection (Mandel et al. 1981, MacLennan 1994). It is known from mouse 

models that selected B cells are able to leave the germinal centers or return to them as so called 

“memory B cells or plasmablasts /cells” that secrete isotype-switched antibodies with high affinity 

(Reijm et al. 2020). Again, for the B cell survival and activation, the presentation of antigens on 
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the cell surface by FDCs and the promotion of support from T helper cells are important control 

points in the periphery as they prompt vital signals to B cells (Reijm et al. 2020).The presence of 

diseases-specific autoantibodies shows that despite these central and peripheral checkpoints 

negative selection fails to completely eliminate all self-reactive B cells. Nevertheless, many times 

it is still unclear how or at which time point autoreactive B cells are activated (Reijm et al. 2020). 

One of the main mechanisms how B cells can escape peripheral checkpoints seem to be 

generation of self-reactive B cells during somatic hypermutation where the B cell receptor 
reactivity is directed against self-antigens (Figure 7 b). Secondly, in the event of cross-reactivity, 

the B cell receptor can recognize foreign microbial/environmental or structurally similar self-

antigens. Since T cells, which are not autoreactive, might support these B cells, they might be 

able to then bypass important checkpoints (Reijm et al. 2020). 

 

 
Figure 7. Potential ways for self-reactive B cells to bypass selection processes of the immune system. (a) 
B cells evolve in the bone marrow and periphery by passing through multiple checkpoints. Autoreactive B 
cells which might arise during variable/(joining)/diversity gene segment [V(D)J] recombination of the B cell 
receptor (BCR) might be eliminated by clonal deletion and receptor editing. In the periphery B cells have to 
pass further checkpoints. (b) Potential mechanisms which allow autoreactive B cells to escape from these 
checkpoints are somatic hypermutation (SHM) and cross-reactivity of T and B cells with foreign or structurally 
similar self-antigens. Figure taken and legend adapted from (Reijm et al. 2020) 
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1.3 Autoimmunity in pulmonary fibrosis  
 
 

As mentioned above, the role of autoimmunity in the genesis of a range of fibrotic diseases is 

increasingly recognized (Hoyne et al. 2017). While some forms of ILD are closely connected to 

an underlying autoimmune disease, known as CTD-ILD, idiopathic interstitial pneumonias such 
as IPF do usually require the exclusion of an underlying autoimmune disease. Nevertheless, the 

presence of lymphoid aggregates in IPF lungs and circulating autoantibodies propose a role of 

immune cells in the genesis or progression of the disease (Hoyne et al. 2017). Therefore, in the 

following section, autoimmunity in the context of ILD will be discussed and data on B cell-mediated 

autoimmunity in IPF will be highlighted. 

1.3.1 Connective tissue disease related interstitial lung disease (CTD-ILD) 
 
At present, in Western countries, autoimmune diseases are among the third most common 

causes of morbidity and mortality (Degn et al. 2017). Though connective tissue disease (CTD) 

comprise various immune diseases with unambiguous and distinctive characteristics, they share 

the presence of auto-reactive T cells and B cells which generate and secrete autoantibodies 

causing chronic inflammation and harm the tissue (Wells and Denton 2014, Cottin et al. 2018). It 

seems that the environment and genetics can contribute to the genesis of CTDs (Wells and 

Denton 2014).  
 

Pulmonary involvement is a major complication in patients with autoimmune rheumatic diseases 

leading to an increased risk for mortality (Wells and Denton 2014). Overall, approximately 10% 

of all patients with ILD suffer from CTD-ILD (Grund and Siegert 2016). With idiopathic interstitial 

pneumonias (including IPF) being the most frequent diagnosis of patients presenting in ILD 

referral centers, CTD-ILD is the second most common diagnosis (Hyldgaard et al. 2014, Ahmad 

et al. 2017). Around 80% of CTD-ILD patients suffer from systemic sclerosis (SSc), but also 
patients with rheumatoid arthritis can develop ILD (Fischer and du Bois 2012, Grund and Siegert 

2016). Beside SSc and rheumatoid arthritis, CTD-ILD is most prevalent in autoimmune myositis, 

systemic lupus erythematosus, sjogren’s syndrome and undifferentiated collagenases (Doyle and 

Dellaripa 2017). In this context, depending on the underlying disease and the current stage of the 

disease, a combination of pulmonary fibrosis and inflammation can be observed (Heukels et al. 

2019). On high resolution computed tomography, NSIP is the most common pattern, but UIP 

pattern can also be found in CTD-ILD requiring differentiation from IPF (Cottin 2016). While 

dyspnea is present in 35% of patients with SSc, 32% have restrictive lung function parameters 
and in 52% an ILD can be found on computed tomography (Meier et al. 2012). In comparison, the 

prevalence of clinically significant ILD for patients with rheumatoid arthritis is lower with only 10%, 

but strong serum positivity and men with a history of smoking have been shown to be at risk for 

developing ILD (Olson et al. 2011, Kelly et al. 2014). In patients with rheumatoid arthritis, however, 

a UIP pattern is more frequently found on high resolution computed tomography, which in turn is 
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associated with poorer survival and an increased risk of AEs (Suda et al. 2009, Kelly et al. 2014, 

Solomon et al. 2016). Though, the increased occurrence of AEs could be due to the fact that the 

UIP pattern itself is associated with an increased risk of AE (Leuschner and Behr 2017). Further, 

data have recently been published suggesting that similar mechanisms might contribute to the 

genesis of lung fibrosis in IPF and ILD in rheumatoid arthritis (Juge et al. 2018).  

 

Overall, compared to patients with IPF, patients with CTD-ILD are assumed to have a less severe 
disease process (de Lauretis et al. 2011). In contrast to IPF and although medical therapy does 

not reduce the fibrotic changes in the lungs, immunosuppressive therapy can partially slow down 

the progression of CTD-ILD (de Lauretis et al. 2011). Very recently, it has been shown that 

nintedanib can reduce FVC decline in patients with SSc-ILD, which led to the approval of the 

treatment with nintedanib in SSc-ILD in 2020 (Distler et al. 2019).  

 

1.3.2 Interstitial pneumonia with autoimmune features (IPAF) 
 
Given the different prognosis and treatment options, it would be desirable that patients could 

always be clearly classified as CTD-ILD or idiopathic interstitial pneumonias. However, in clinical 

practice there are patients with ILD who present with features of CTD but cannot be formally 

designated as such as they do not qualify for the CTD diagnosis criteria. Recently, a European 

Respiratory Society/American Thoracic Society research statement introduced criterions for these 

patients proposing the term “interstitial pneumonia with autoimmune features” (IPAF) (Fischer et 
al. 2015). The statement considers the three domains “clinical” (particular extra-thoracic features), 

“serological” (particular autoantibodies) and “morphological” (particular chest imaging, 

histopathologic or pulmonary physiologic features) suggestive of CTD (Fischer et al. 2015). 

Classification criteria for IPAF requires (1) evidence of an interstitial pneumonia either on high 

resolution computed tomography or surgical lung biopsy, (2) the exclusion of an alternative 

etiology of ILD despite a complete clinical evaluation, (3) incomplete features of a specific CTD, 

and (4) a minimum of one characteristic from two or all three domains “clinical”, “serological” and 

“morphological” (Fischer et al. 2015). 
 

The prevalence of IPAF among patients with ILD is reported to range between 7 and 34% 

(Chartrand et al. 2016, Oldham et al. 2016, Ahmad et al. 2017). In comparison to patients with 

CTD-ILD patients with IPAF seem to have a significantly worse survival (Oldham et al. 2016) 

(Figure 8 a). Interestingly, patients of the IPAF cohort without a UIP pattern show an improved 

survival while IPAF patients with UIP pattern have a more unfavorable survival (Figure 8 b). Due 

to the fact that data about IPAF treatment is limited to case series further research is needed and 

treatment must be based on an individual case-by-case decision (Fernandes et al. 2019).  
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Figure 8. Survival of patients with idiopathic pulmonary fibrosis (IPF), interstitial pneumonia with 
autoimmune features (IPAF) and connective tissue disease related interstitial lung diseases (CTD-ILD). (a) 
Kaplan–Meier survival curves depict a significantly worse survival of patients with IPAF in comparison to 
patients with CTD-ILD. (b) IPAF patients with a UIP pattern (radiological and/or histological) had a similar 
survival curve to patients with IPF while survival of IPAF patients without UIP appeared to be similar to CTD-
ILD. Abbreviations: idiopathic pulmonary fibrosis (IPF), interstitial pneumonia with autoimmune features 
(IPAF), connective tissue disease related interstitial lung disease (CTD-ILD), usual interstitial pneumonia 
pattern (UIP). Figure taken and legend adapted from (Oldham et al. 2016) 

 

1.3.3 The role of autoimmunity in idiopathic pulmonary fibrosis (IPF) 
 
So far, the importance of the innate and adaptive immune system in the genesis of IPF is unclear 

and it is focus of controversial discussions. However, recent studies suggest, that innate and 
adaptive immune cells could play a role in the evolution of IPF or at least promote clinical 

progression of the disease. In fact, there is data for almost every cell of the immune system to 

take part in the pathogenesis of IPF including neutrophils, macrophages, monocytes, T 

lymphocytes and B lymphocytes (Scott et al. 2019). This is especially interesting as new, “patient-

individualized therapy strategies” may be found in this context. 

 

Macrophages, representing innate immunity cells, can increase the production and secretion of 

TGF-ß and platelet-derived growth factor, which are pro-fibrotic mediators (Kolahian et al. 2016). 
Neutrophils are known to contribute to the control of ECM homeostasis particularly via the 

production of pro-fibrotic matrix metalloproteinases, such as matrix metalloproteinase-2, 

metalloproteinase-8 and metalloproteinase-9 (Henry et al. 2002, Ikezoe et al. 2014). Further, the 

neutrophil elastase, which is the main component that is produced during proteolysis of alveolar 

neutrophils, can stimulate the proliferation of fibroblasts and the differentiation of myofibroblasts 

in vitro, promoting ECM deposition (Gregory et al. 2015). Very recently, in a retrospective, 

multicenter study it has been shown that an increased CD14+ monocyte count is a biomarker for 
reduced transplant-free survival in IPF (Scott et al. 2019). Another study published in 2021 

confirmed that in IPF an increased monocyte count is linked to an increased risk for disease 

progression and mortality (Kreuter et al. 2021) Moreover, in a post-hoc analysis, that pooled data 

from the pirfenidone phase III trials CAPACITY and ASCEND, the cytokine CCL18 which is 

secreted by cells from the innate immune system (such as dendritic cells, monocytes and 
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macrophages) was identified as being closely associated with disease progression in IPF 

(Neighbors et al. 2018). In the past, several potential therapies targeting the innate immune 

system have been evaluated but did not show the expected effect including the direct inhibition 

of macrophages via TNFα neutralization by the TNFα receptor etanercept (Raghu et al. 2008), or 

the therapy with carlumab, a monoclonal antibody against C-C chemokine ligand 2, which is 

important for recruitment of macrophages (Raghu et al. 2015). 

 
Concerning adaptive immunity, several subpopulations of T lymphocytes were found to be 

enriched in the lung parenchyma and BAL fluid of patients with IPF (Fireman et al. 1998, Desai 

et al. 2018). However, T helper cells (e.g. Th2 and Th17 cells) are the subpopulation of T 

lymphocytes which are best studied in IPF (Desai et al. 2018). A theory that has been studied 

intensively is the imbalance between Th1 and Th2 cells. While Th1 cells and their secretory 

products [(IL-12, an inducer of interferon gamma (IFNγ)] are considered to be involved in anti-

fibrotic processes, Th2 cells and associated mediators (IL-4 and IL-13) are thought of as pro-

fibrotic (Desai et al. 2018). In IPF, IFNγ has been reported to be reduced in BAL and blood (Prior 
and Haslam 1992), while Th2 cells and secreted cytokines were detected as being increased in 

IPF tissue and blood (Liu et al. 2002, Saito et al. 2003, Kimura et al. 2006). Another cell type, 

Th17 cells secrete proteins like IL-17, which are on the one hand protective for the host in the 

context of an infection, but on the other hand can also induce inflammatory processes, like those 

seen in autoimmune diseases (Onishi and Gaffen 2010). IL-17 is known to promote production 

and deposition of ECM production but also the TGF-ß pathway (Wilson et al. 2010). In IPF, IL-17 

is increased in lung tissue, BAL and serum (Desai et al. 2018). Different medical treatments 

targeting T cells were not successful in the past: in a randomized, double-blind, multinational trial 
the medical treatment with IFNγ-1b had no positive effect on progression-free survival and 

pulmonary function (Raghu et al. 2004). Further, the neutralization of IL-13 via the monoclonal 

antibodies tralokinumab and lebrikizumab did not affect FVC decline in two phase II studies 

(Parker et al. 2018, Maher et al. 2021). 

 

In addition to T cells, also B lymphocytes accumulation were found in the lung parenchyma of 

patients with IPF (Todd et al. 2013, Xue et al. 2013). B cells represent an additional part of the 
adaptive immune system and are primarily known for their capability to produce antibodies. 

Increased numbers of CD20+ B cells have been detected in IPF lung tissue (Todd et al. 2013), 

and in line with this, several studies identified various autoantibodies in patients with IPF which 

could be an indication of a loss of tolerance in the immune system. These autoantibodies include 

novel neoepitopes which are mainly structural cell proteins such as annexin-1, cytokeratin 18, 

cytokeratin 19, desmoplakin, periplakin, and vimentin (Fujita et al. 1999, Dobashi et al. 2000, 

Yang et al. 2002, Kurosu et al. 2008, Taille et al. 2011, Mathai et al. 2016). Such antibodies, which 

are directed against self-antigens lead to inflammation with repeated injury and potentially 
dysregulated wound repair in IPF (Heukels et al. 2019). 
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Taken together, the data give evidence for B cell accumulation in the lungs of patients with IPF 

and support the theory of humoral autoimmunity against antigens which can foster and perpetuate 

inflammation in IPF. However, it remains unclear whether the immune system is already involved 

in the initiation of IPF or whether it favors the disease progression over time. Concerning 

therapeutic options, a pilot trial indicated that reduction of autoantibodies using therapeutic 

plasma exchanges and rituximab, followed by intravenous immunoglobulin therapy might be 

beneficial in some severely-ill IPF patients with an AE (Donahoe et al. 2015). Though, data from 
a phase II study evaluating autoantibody reduction therapy in patients with IPF (ART-IPF) 

(NCT01969409) is still ongoing. 
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2. Objectives 
 

2.1 First chapter 
 
 
Organ fibrosis is an increasing clinical challenge in the developed world and therapeutic options 

are limited, so far. The origin of fibrosis is, in many cases, not yet known, which is why these 
entities are called “idiopathic” fibrosis. Reasons for idiopathic fibrosis can be the result of 

persistent tissue damage, dysregulated regeneration and repair mechanisms, aging or 

autoimmunity (Schiller et al. 2017). Most data on fibrosis are obtained from gene expression 

analysis with only limited knowledge on the full-scale quantitative proteome. As the ECM is 

crucially involved in pathological mechanisms in fibrosis, the proteome of the ECM, the so called 

matrisome, needs to be further investigated in specific tissues and diseases (Schiller et al. 2017). 

Analysis of the proteome using mass spectrometry (MS) has been significantly improved in recent 
years with increasing sensitivity, which allows a reliable identification of peptides even from 

minimal input material (Aebersold and Mann 2016). Recently, a MS-based, quantitative detergent 

solubility profiling (QDSP) method was developed, improving previous challenging technical 

limitations in the analysis of the tissue proteome and matrisome (Schiller et al. 2015). 

 

The aim of the study was to identify common and disease specific features in human tissue 

fibrosis. Therefore, the specific aims of the first chapter were as follows: 
 
 

1. Identification of common and diseases-specific features in human lung and skin fibrosis 
 

Organ tissue fibrosis can be present not only as an idiopathic form, but also in the context of an 

underlying autoimmune disease, such as in CTD-ILD. To identify common and disease specific 

features, the first aim was to match the proteomic data sets from patients with ILD and patients 

with skin fibrosis due to localized scleroderma, which represents fibrosis in an autoimmune 

disease (Schiller et al. 2017). Localized scleroderma is a very good model system as involved 
skin and uninvolved skin can be analyzed in the same patient. Tissue section of patients with 

different types of ILD and healthy donors were used to extensively study and characterize the 

nature of the ECM proteome in ILD (Schiller et al. 2017). Findings derived from proteomic analysis 

in ILD and localized scleroderma were verified using immunostainings and Western blot analysis 

in larger patient cohorts. Further, lung function and other clinical parameters of patients with ILD 

were used to correlate MS-based findings with clinical features. 

 

 
2. Analysis of IgG subclasses 

 
The results from the last-mentioned objective revealed the detection of plasma B cells in human 

ILD and skin fibrosis to an unexpectedly large extent (Schiller et al. 2017). Therefore, the second 
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part of the first chapter of this thesis aimed to analyze IgG subclasses distribution in patients with 

ILD using the obtained proteomic data and Western Blot analysis.  

 

 

2.2 Second chapter 
 
The production of autoantibodies might either be the cause of a disease, perpetuate it or solely 

be the consequence of tissue damage without having feedback effects. To find out more about 

these different scenarios, first, it is necessary to characterize autoimmune response and analyze 
the identity and diversity of autoantibodies. As an unbiased and high throughput screening 

method MS-based proteomic assays can provide such a personalized patient characterization. 

Given the limited therapy options in IPF, the identification of autoantigens associated with IPF 

might enable the development of appropriate pre-clinical models to investigate the role of specific 

antigens in the genesis of idiopathic forms of organ fibrosis. The present study aimed to extend 

the current knowledge of B cell mediated autoimmunity in ILD using an unbiased MS- driven 

autoantigen discovery method. Specific aims of the second chapter were as follows: 

 

 

1. Discovery of autoantigens in ILD 

 

While in some cases autoantibodies can be used to diagnose a specific disease, they might also 

be involved in the genesis of the disease. The identification of autoantigens is therefore crucial to 

learn more about the involvement of autoimmunity in human disease. First, the study aimed for 

the establishment of a MS-driven autoantigen discovery method to discover novel autoantigens 
in human ILD. In addition, the method was planned to work objectively and with high through-put. 

The basis of the assay presented here is immunoprecipitation. Therefore, extracts of human lung 

proteomes were incubated with serum/plasma from ILD patients to capture potentially pathologic 

immunoglobulins. Subsequently, quantitative MS was performed. Scl-70 antibodies against 

topoisomerase is an autoantibody which can be identified in some patients with SSc (Vij and Strek 

2013). Patients with CTD-ILD due to SSc served as test subjects for the evaluation of sensitivity 

and specificity of the method. The findings generated by the assay were compared to previously 

obtained results from clinically established Scl-70 ELISA tests. 
 

 

2. Detection of IPF and CTD-ILD specific autoantigens 

 

As with the Scl-70 antibodies in patients with SSc, other connective tissue diseases can be 

accompanied by the formation of special auto-antibodies. In contrast to IPF, pulmonary fibrosis 

in CTD-ILD occurs in the context of a systemic disease with organ involvement of the lungs. Using 

the MS-assay, the second aim of the study was to identify common and disease specific 
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autoantibodies in plasma and serum samples from IPF and CTD-ILD from two ILD-centers. 

Plasma samples from healthy age-matched controls were used as control group. 

 

 

3. Stratification of patient groups based on autoantigen profiles 

 

Autoimmunity cannot only be presented by one individual autoantigen but also by a signature of 
several autoantigens. Therefore, the third aim of this study was to identify and stratify patient 

groups based on autoantigen profiles. In addition, the presence of autoantibody profiles may 

predict disease progression and therefore be of direct benefit in stratifying patient risk. Therefore, 

clinical meta-data were integrated to enable the correlation with clinical features such as lung 

function parameters and transplant-free survival.   
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3. Material and Methods 
 

3.1 Material and Methods for proteome profiling of human 
tissue fibrosis project 

 

3.1.1 Study cohort and human patient material 
 
Human lung tissue was derived from the BioArchive at the Comprehensive Pneumology Center 

in Munich (BioArchive CPC-M) (Schiller et al. 2017). Human lung tissue resections were originally 

obtained from human lung and explant material during lung transplantation at the University 

Hospital of the Ludwig-Maximilians University in Munich, Germany. For the proteome analysis, 

tissue of eleven patients with end-stage ILD and three healthy donors was used (Schiller et al. 

2017). For the Western blot analysis biopsies from 34 patients with ILD and seven healthy donors 
were analyzed (Schiller et al. 2017). Clinical data of ILD patients included information about 

demographics (gender, age) and therapy prior to transplantation (long term oxygen therapy, 

immunosuppressive therapy, antifibrotic therapy). The most recent pulmonary function test prior 

to transplantation was collected and included vital capacity (VC) (% pred.), VC (l), total lung 

capacity (TLC) (% pred.), TLC (l), residual volume (RV) (% pred.), RV (l), forced expiratory volume 

in 1 second (FEV1) (% pred.), FEV1 (l) and diffusing capacity of the lung for carbon monoxide 

(DLCo) (SB) (% pred.). 

 
Skin biopsies were obtained from six patients with localized scleroderma (morphea) from the 

University Hospital of Cologne, Germany (Schiller et al. 2017). From each patient, tissue samples 

were obtained from regions, which clinically presented with sclerotic and inflammatory lesions 

(involved area) and also from areas with no signs of tissue fibrosis (uninvolved area) and promptly 

snap-frozen in liquid nitrogen. 

 

All study participants gave written informed consent. The study was approved by the local ethics 
committee of the Ludwig-Maximilians University of Munich, Germany (333-10) and the University 

Hospital of Cologne, Germany (08144) (Schiller et al. 2017). 

 
 

3.1.2 Sample preparation for proteome analysis 

Approximately 100mg (wet weight) of fresh frozen tissue biopsies (human lung and skin tissue) 

was put to a mixture of 500 μl phosphate-buffered saline (PBS) with protease inhibitor cocktail 

and homogenized in an Ultraturrax homogenizer (Schiller et al. 2017). The soluble proteins were 
collected after centrifugation. Using the QDSP protocol (Schiller et al. 2015), proteins were 

obtained from the insoluble pellet by using different buffers with increasing stringency. This was 
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done in three steps with the following buffers: buffer 1: 150 mM NaCl, 50 mM 

Tris(hydroxymethyl)aminomethane (TRIS)–HCl (pH 7.5), 5% glycerol, 1% IGEPAL® CA-630 

(Sigma, #I8896), 1 mM MgCl2, 1× protease inhibitors [+ ethylenediaminetetraacetic acid (EDTA)], 

1% benzonase (Merck, #70746-3), 1× phosphatase inhibi- tors (Roche, #04906837001); buffer 

2: 50 mM TRIS–HCl (pH 7.5), 5% glycerol, 150 mM NaCl, fresh protease inhibitor tablet (+EDTA), 

1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1% 
benzonase (Merck, #70746-3); and buffer 3: 50 mM TRIS–HCl (pH 7.5), 5% glycerol, 500 mM 

NaCl, protease inhibitor tablet (+EDTA), 1.0% IGEPAL® CA-630, 2% sodium deoxycholate, 1% 

SDS, 1% benzonase (Merck, #70746-3) (Schiller et al. 2015). Separation of the insoluble pellets 
into soluble and insoluble material was done by resuspension in the respective detergent-

containing buffers and incubation for 20 minutes (buffer 1 and 2: on ice, buffer 3: at room 

temperature) followed by centrifugation for 20 minutes at 16,000 g (Schiller et al. 2017). The 

soluble fraction from buffer 1 (NP40) was pooled with the earlier obtained PBS from the tissue 

homogenate. This fraction, the two fractions obtained by using buffer 2 and 3 (ionic detergent 

extraction) and the insoluble pellet were prepared for LC-MS/MS analysis (Schiller et al. 2017).  

Using 80% acetone, precipitation of soluble proteins was carried out and digestion was performed 

in-solution according to a modified, formerly published protocol (Kulak et al. 2014): First, proteins 

were reduced in 10mM TCEP and alkylated in 50 mM chloroacetamide simultaneously in 6 M 

guanidinium hydrochloride (100 mM Tris–HCl pH 8.5) at 99°C for 15 min (Schiller et al. 2015). 
Afterwards, protein digestion was performed first with LysC (1:50 enzyme to protein ratio) in 10 

mM Tris–HCl (pH 8.5) containing 2 M guanidinium hydro- chloride (Gdm), 2.7 M urea, and 3% 

acetonitrile at 37°C for two hours. As second step, fresh LysC (enzyme to protein ratio 1:50) and 

trypsin (enzyme to protein ratio 1:20) in 600 mM Gdm, 800 mM urea, and 3% acetonitrile were 

used at 37°C overnight (Schiller et al. 2017). Since insoluble ECM proteins were found to a great 

extent in the insoluble pellet, an extended protocol including ultrasonication-aided digestion and 

substantial mechanical disintegration was used to allow an optimized in-solution digestion 

(Schiller et al. 2015). In order to minimize the size of the particles within the insoluble protein 
complex, the insoluble pellets were boiled and reduced, followed by an alkylation in 6 M Gdm for 

15 minutes followed by insertion into a micro-Dounce device with 200 strokes (Schiller et al. 

2017). This was followed by the above explained digestion protocol which contains two digestion 

steps. In addition, during both digestion steps, the material was exposed to ultrasonication 

(Bioruptor, Diagenode) for 15 minutes, respectively. 

Purification of peptides was done with stage tips comprising a poly(styrene-divinylbenzene) 

copolymer modified with sulfonic acid groups material (3M, St. Paul, MN, USA) (Schiller et al. 

2015). Peptides were divided in two groups for QDSP analysis by using sequential elution from 

the stage tips (buffer 1:150 mM NH4HCO2, 60% acetonitrile, 0.5% FA; buffer 2: 5% ammonia 

and 80% acetonitrile). The peptides of the four different fractions, which were in guadinium 

hydrochloride (enzyme/protein ratio 1:50) and derived from LysC and trypsin proteolysis were 
purified on stage-tips (Schiller et al. 2015). 
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3.1.3 LC-MS/MS analysis 
 
For MS Data acquisition, a Quadrupole/Orbitrap type Mass Spectrometer (Q-Exactive, Thermo 

Scientific, Waltham, MA) was used as previously described (Schiller et al. 2015, Schiller et al. 

2017). Using a four-hour gradient on a 50 cm long column (75-μm inner diameter), approximately 

2 µg of peptides were separated with ReproSil-Pur C18-AQ 1.9 μm resin (Dr. Maisch GmbH). 
Columns were packed in-house beforehand. For reverse-phase chromatography an EASY-nLC 

1000 ultra-high pressure system (Thermo Fisher Scientific) was linked to a Q-Exactive Mass 

Spectrometer (Thermo Scientific) (Schiller et al. 2017). Loading of the peptides was first 

performed with buffer A (0.1% (v/v) formic acid) and then elution was done with a nonlinear 240 

min gradient of 5–60% buffer B (0.1% (v/v) formic acid, 80% (v/v) acetonitrile) using a flow rate 

of 250 nl/min (Schiller et al. 2017). Washing of the columns after each cycle was done in buffer B 

(95%) and for reequilibration buffer A was used. An oven with a Peltier element (Thakur et al. 
2011), which was constructed in-house, enabled the constant temperature of the column at 50°C 

degree (Schiller et al. 2017). The SprayQC software was used to control the operational 

parameters immediately  (Scheltema and Mann 2012). Proteomics data were collected using a 

shotgun proteomics method. A full scan is carried out in each cycle which gives a summary of the 

complete isotype pattern composition present at that specific moment (Schiller et al. 2017). In the 

shotgun proteomics protocol (top10 method), a full scan is followed by a maximum of ten MS/MS 

scans which depend on the generated data on the isotypes that are most abundant not yet 

sequenced in the respective cycle (Michalski et al. 2011). For the complete scan MS spectra, the 
value that was targeted was 3 × 106 charges in the 300−1,650 m/z range with a maximum time 

for injection of 20 ms and a resolution of 70,000 at m/z 400 (Schiller et al. 2017). Precursors were 

isolated with the quadrupole at window of three Thompson (Th) (Schiller et al. 2017). 

Fragmentation of precursors was performed using higher-energy collisional dissociation (HCD) 

and a normalized collision energy of 25%. For calculation of an adequate energy, these 25% were 

taken as well as m/z and charge state of the precursor (Schiller et al. 2017). MS/MS scans were 

obtained with an ion target value of 1 × 105 charges, a maximum time for injection of 120 ms, a 
fixed first mass of 100 Th and a resolution of 17,500 at m/z 400 (Schiller et al. 2017). An attempt 

was made to avoid repetitive peptide sequencing by exclusion of the assorted peptides for 40 

seconds. 

 
 

3.1.4 Bioinformatic analysis of MS data 
 
The MaxQuant software (version 1.4.3.20) was used to process MS raw files (Cox and Mann 
2008). Using the Andromeda search engine (Cox et al. 2011), the generated peak lists were 

compared to the human Uniprot FASTA database (version May 2013) as well as a database for 

frequent contaminants including 247 entries (Schiller et al. 2015, Schiller et al. 2017). Cysteine 

carbamidomethylation was applied for fixed modification and hydroxylation of proline and 
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methionine was used for variable modifications. For peptides and proteins with a minimum length 

of seven amino acids, a reverse database was searched and the false discovery rate (FDR) was 

set at 10% (Schiller et al. 2017). The specificity of enzymes was determined as C-terminal to 

arginine and lysine with an allowed maximum of two missed cleavages in the search against the 

database (Schiller et al. 2017). For the identification of peptides, the mass deviation of the 

precursor was allowed to have a maximum of 4.5 ppm after time-dependent mass calibration and 

a fragment mass deviation of 20 ppm was allowed (Schiller et al. 2017). Label-free quantification 
in MaxQuant was acquired with a minimum ratio count of two. The matching between runs was 

performed with a retention time alignment window of 30 minute and a match time window of 1 

minute (Schiller et al. 2017). 

 

 

3.1.5 Immunohistology stainings  
 
For immunostainings, paraffin embedded lung tissue sections from patients with ILD and controls 

(tissue tumor-free areas) were obtained from the BioArchive CPC-M. Immunofluorescence 

staining was performed as described before (Schiller et al. 2015, Strunz et al. 2020). In brief, first, 

slides were deparaffinized overnight in the incubator at 60°C and then rehydrated by immersion 

in xylol (twice, each five minutes), followed by 100% ethanol (twice, each for two minutes), 90% 

ethanol (three minutes), 80% ethanol (three minutes), 70% ethanol (three minutes), and finally 

ethanol was washed away under running distillated water (30 seconds). As next step, antigen 
retrieval was done by putting the slides in citrate buffer solution (pH 6.0) in a Decloaking Chamber. 

The chamber was heated up to 125°C for 30 seconds, then to 90°C for ten seconds followed by 

slow cooling to room temperature. Afterwards, TRIS buffer was used three times to rinse the 

slides in (Schiller et al. 2017). To avoid non-specific binding, this was followed by blocking of the 

slides in 5% bovine serum albumin – TRIS buffer solution for one hour. Staining with the primary 

antibody was performed by adding the antibody to 1% bovine serum albumin in PBS and placing 

the slides in a wet chamber at 4°C, overnight. The primary and secondary antibodies used are 
shown in Table 1. Next, slides were washed twice with PBS (ten minutes, each) which was 

followed by incubation with the secondary antibody at room temperature for two hours avoiding 

light. Afterwards, slides were washed twice with PBS (ten minutes, each), followed by the 

counterstaining with 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich; St Louis, MO, USA) for 

20 minutes. The slides were again washed twice with PBS (ten minutes, each) and covered with 

Fluorescence Mounting Medium (Dako, Hamburg, Germany). Immunohistology images were 

taken using the LSM 710 microscope (Zeiss) (Strunz et al. 2020).  
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Primary anti-human antibody Biological source Firm 
anti-MZB1 rabbit Sigma-Aldrich, HPA043745 
anti-CD3 rabbit Abcam, ab16669 
anti-CD20 mouse Dako, MO755 
anti-CD27 rabbit Abcam, ab49518 
anti-CD38 mouse Santa Cruz, sc-374650 
anti-CD45 mouse Sigma-Aldrich, AMAb90518 
anti-CD138 mouse Sigma, SAB4700486 
anti-desmin goat Santa Cruz, sc-7559 
anti-IgG [EPR4421] rabbit Abcam, ab109489 
Secondary antibody   
anti-goat AF 488 donkey Invitrogen, A11055 
anti-mouse Alexa Fluor (AF) 647 donkey Invitrogen, A-31571 
anti-rabbit AF 568 donkey Invitrogen, A10042 

 

Table 1. Primary and secondary antibodies for immunostaining 

 
 

3.1.6 Protein isolation 
 

Human tissue biopsies (lung and skin) were frozen in liquid nitrogen and homogenized using a 

microdismembrator (Sartorius, Göttingen, Germany), as described previously (Staab-Weijnitz et 

al. 2015). Therefore, frozen lung pieces were put in 2 ml tubes (Eppendorf, Hamburg, Germany) 

together with a cryobead and placed in liquid nitrogen. The tubes were placed in the 

microdismembrator and after complete pulverization, the cryobeads were removed and the 

tissues homogenates were lysed in a Radio-Immunoprecipitation Assay buffer (50 mM TRIS HCl 
pH 7.4, 150 mM NaCl, 1% Triton X100, 0.5% sodium deoxycholate, 1 mM EDTA, 0.1% SDS) 

including a mixture of phosphatase inhibitor and protease inhibitor (both Roche; Penzberg, 

Germany) and incubated for 30 minutes (Knuppel et al. 2017). Next, lysates were shortly 

sonificated and centrifugated for 15 minutes at 13.000 runs per minute (rpm) and 4°C degree for 

clarification (Staab-Weijnitz et al. 2015). The  supernatants were collected thereafter and 

concentration of the proteins was determined with a Pierce Bicinchoninacid Assay Protein Assay 

(Thermo Fisher Scientific; Waltham, USA). 

 

3.1.7 SDS-Page and Western blot analysis 
 

For Western blot analysis, 20 µg of proteins were used. First, to ensure denaturation, the samples 

were mixed with Laemmli buffer (65 mM TRIS-HCl pH 6.8, 10% glycerol, 2% SDS, 0.01% 
bromophenolblue, 100 mM dithiothreitol) and shaken at 99°C degree for 5 minutes (Staab-

Weijnitz et al. 2015).  
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For electrophoretic separation of proteins, protein samples were loaded on 12% sodium dodecyl 

sulfate polyacrylamide gels (SDS-PAGE) together with a protein marker. Gels were prepared by 

the PhD student herself by mixing components listed in Table 2 which were then poured into the 

casting chamber (Bio-Rad, Hercules, USA). To enable the formation of a proper interface, 

immediately after pouring the resolving gel solution it was overlaid by isopropanol. After full 

polymerization of the resolving gel, the isopropanol layer was removed using MilliQ® water 

(Merck Millipore, Darmstadt, Germany). Then, the stacking gel (Table 2) was put into the casting 
chamber. After loading of the samples and marker, electrophoresis was started with 100 V 

voltage, which was increased gradually to a maximum of 190 V when samples had passed the 

stacking gel.  

 

Component SDS resolving gel 12% 

Volume per gel 

SDS stacking gel 3.6% 

Volume per gel 
4x Resolving buffer  10 ml --- 
4x Stacking buffer --- 2 ml 
dest. water 13.2 ml 5.04 ml 
30% acrylamide 16 ml 960 µl 
TEMED 60µl 24 µl 
10% Ammonium persulfate 400µl 100 µl 

 

Table 2. Composition of 12% SDS polyacrylamide gels  

 

After complete electrophoresis, gels were transferred to polyvinylidene difluoride membranes via 

immunoblotting. Polyvinylidene difluoride membranes were first activated using methanol and 

immunoblotting was performed with 360 mA for 90 minutes. 

To avoid nonspecific binding, 5% milk in tris-buffered saline-tween (0.1% Tween 20, tris-buffered 

saline) was used for five minutes to block the membranes which were afterwards incubated in 

Roti®Block (Carl Roth, Karlsruhe, Germany) for one hour (Staab-Weijnitz et al. 2015). Next, 

membranes were incubated overnight at 4°C degree with the primary antibody in Roti®Block. 
Anti-human primary antibodies were used as described in Table 3. Membranes were washed 

three times for ten minutes with tris-buffered saline-tween and afterwards incubated with anti-

rabbit IgG secondary antibody for one hour at room temperature. Finally, tris-buffered saline-

tween was again used to wash the blots three times for ten minutes and membranes were then 

developed with an enhanced chemiluminescence system (Thermo Fisher Scientific, Waltham, 

MA, USA) and analysis was done with exposing to film (Staab-Weijnitz et al. 2015). For 

quantification, the ChemiDocXRS+ imaging system (Bio-Rad, Munich, Germany) and the 

software Image Lab (version 3.0, Bio-Rad, Hercules, CA) was used (Staab-Weijnitz et al. 2015). 
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Primary anti-human 
antibody 

Biological 
source 

Dilution Firm 

anti-MZB1 rabbit 1:500 Sigma-Aldrich, HPA043745 
anti-IgG1 rabbit 1:1000 Abcam, EPR4417 
anti-IgG2 rabbit 1:1000 Abcam, EPR4419 
anti-IgG3 rabbit 1:1000 Abcam, EPR4419 
anti-IgG4 rabbit 1:1000 Abcam, EP4420 
Secondary antibody    
anti-rabbit IgG 
monoclonal (EPR25A) 

goat 1:10.000 Abcam, ab199091 

 

Table 3. Primary and secondary antibodies for Western blot 

 

3.1.8 Statistics 
 

GraphPad Prism software was used for correlation analysis, t test statistics and Box plots. The 

Perseus software package was used to perform statistics and bioinformatics like normalization, 

pattern recognition, cross-omics comparisons and multiple-hypothesis testing corrections 

(Tyanova et al. 2016, Schiller et al. 2017). To compare the generated data to a previously 

published data, microarray data of an independent cohort from the U.S. were used (Gene 
Expression Omnibus dataset GSE47460) (Bauer et al. 2015). The complete data set is accessible 

online from the Gene Expression Omnibus with the number GSE47460 

(http://www.ncbi.nlm.nih.gov/geo) and also on the Lung Tissue Research Consortium website 

(http://www. ltrcpublic.com) (Schiller et al. 2017). 

 

3.2 Material and Methods for autoantibody discovery project 
 

3.2.1 Study cohorts and clinical data 
 

Human lung tissue material from patients who underwent lung transplantation at the University 

Hospital of the Ludwig-Maximilians University Munich, was obtained from the BioArchive CPC-M 

(Leuschner et al. 2021). These tissue samples included both donor tissue (controls) and ILD 

recipient tissue (patients). Apart from the underlying disease there were no further inclusion 

criteria. For cohort 1 (Munich) plasma  was collected from patients with IPF or CTD-ILD from the 

in- and out-patient unit of the University Hospital of the Ludwig-Maximilians University Munich via 

the BioArchive CPC-M (Leuschner et al. 2021). The acquisition of plasma samples was done 
during routine visits in the ILD out-patient clinic as well as in the in-patient unit while patients 

underwent evaluation for lung transplantation. Healthy volunteers who were age-matched to the 

Munich cohort were recruited for control plasma samples and specimen were obtained from the 



3 Material and Methods 45 

BioArchive CPC-M. Inclusion criteria for healthy controls were the absence of signs of infection 

and/or respiratory symptoms (Leuschner et al. 2021). The study was performed and approved in 

accordance with  the local ethics committee of the Ludwig-Maximilian University Munich (approval 

number 333-10 and 382-10). As part of a cooperation of the German Center for Lung Research 

(Deutsches Zentrum für Lungenforschung; DZL), serum samples of the study cohort 2 (Hannover) 

were received from patients with IPF and CTD-ILD seen at the in- and out-patient unit of the 

University Hospital of the Medizinische Hochschule Hannover (Leuschner et al. 2021). The local 
ethics committee of the Medizinische Hochschule Hannover approved the study (approval 

number 2923-2015). All patients/healthy controls were over the age of 18 years and all gave 

written informed consent to the DZL broad-consent form (Leuschner et al. 2021).  

 

The diagnosis of IPF was established and confirmed in accordance to the official 

ATS/ERS/JRS/ALAT statement on the diagnosis and management of IPF (Raghu et al.; 2011). 

This was done either by corresponding findings on high resolution computed tomography, or, if 

available, a combination of high resolution computed tomography and histopathological findings 
from surgical lung biopsies (Raghu et al. 2011). A diagnosis of CTD-ILD could be made in patients 

who had an ILD on imaging and a known diagnosis of an underlying rheumatoid arthritis, SSc, 

sjogren syndrome polyarthritis or undifferentiated CTD (Leuschner et al. 2021).  

 

Clinical parameters were collected as baseline values at the timepoint when the blood sample 

was  taken. Data comprised information about demographics like gender and age, smoking 

status, and lung function parameters including forced vital capacity (% pred.) (FVC%pred.), FVC (l), 

and DLCo (SB) (% pred.)]. Retrospectively, time to death or lung transplantation (transplant-free 
survival) after blood sampling was analyzed (Leuschner et al. 2021). 

 

 

3.2.1 Human sample preparation  
 
For plasma sampling venous blood was freshly collected in tubes coated with 
ethylenediaminetetraacetate (EDTA) (Sarstedt, Nümbrecht, Germany). Next, samples were 

centrifugated and supernatant plasma was taken and instantly stored at -80°C degree (BioArchive 

CPC-M) (Leuschner et al. 2021). The Medizinische Hochschule Hannover provided frozen blood 

samples as serum. 

 

For the protein extraction of lung tissue explants lung resections of 41 patients with ILD and twelve 

healthy donor were used (Leuschner et al. 2021). Immediately after lung transplantation the lung 

tissues were divided into portions of 0.5cm3. Liquid nitrogen was used for snap freezing of the 
pieces and storage was done at -80°C degree in the BioArchive CPC-M in a standardized way 

(Leuschner et al. 2021). Protein extraction was carried out as already reported in detail in chapter 

3.1.6. For the native lung extract pool, all samples were equally pooled. 
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3.2.2 Differential Antigen Capture (DAC) assay 
 
The Differential Antigen Capture (DAC) assay works with the principle of immunoprecipitation, for 

which specific Protein G agarose beads (Pierce, Thermo Fisher, 20399) were used (Leuschner 

et al. 2021). These beads can bind 11-15mg human IgG per ml of settled resin (50% of slurry). In 

comparison to Protein A, these recombinant protein G beads have no affinity for albumin and do 
almost not bind IgA (according to the manufacturer’s information). For every patient, 

immunoprecipitation was accomplished in triplicates, respectively (Leuschner et al. 2021).  

 
First, plasma or serum samples were gently thawed on ice. As mentioned above, blood samples 

from Munich were all plasma and blood samples from Hannover were all serum. After thawing, 
samples were centrifuged at 16.000 g for five minutes at 4°C degree. 15µl of supernatants were 

mixed with 585µl wash buffer (0.1% IPGAL, 5% Glycerol, 50 mM TRIS pH 7.4, 150 mM NaCl, 

Roche EDTA free protease inhibitor) representing a pool for triplicate measurements per 

patient/healthy control (Leuschner et al. 2021). Next, 96 well-filter plates (MultiScreenHTS-BV, 

1.2 µm, Millipore) were filled with 20µl of Protein G agarose beads and centrifuged with 200µl 

wash buffer at 100g for one minute (Leuschner et al. 2021). Afterwards, a mixture of 200µl of 

plasma or serum and wash buffer (5µl of plasma/serum supernatant and 195µl of wash buffer per 
well) was placed on beads and incubated at 900 rpm for one hour at room temperature on a 

shaker (Leuschner et al. 2021). Filter plates were now centrifuged with 100g for one minute at 

room temperature and three times washed with 200µl wash buffer with 100g for one minute. In 

the meantime, the native lung tissue extract pool consisting of explants from 41 ILD patients and 

lung resections from twelve healthy donors was thawed on ice. As a next step, wash buffer was 

added to this native lung tissue extract pool resulting in a protein concentration of 150µg in 200µl 

volume per well (Leuschner et al. 2021). The respective 200µl antigen/wash buffer mixture was 

put on IgG-loaded beads and incubated gently shaking for one hour at room temperature. After 
this step, no protease inhibitors were included in buffers anymore. Finally, several washing steps 

were carried out in which the plates were first centrifuged three times at 100g for one minute with 

wash buffer (without protease inhibitor) followed by three washing steps with PBS (at 100g for 

one minute) (Leuschner et al. 2021). 

 

 

3.2.3 Mass spectrometry (MS) 
 
In preparation for MS, an on-beat digest was performed with the samples derived from 

immunoprecipitation. Beads were incubated at 600 rpm for one hour at room temperature with 50 
µl 8 M Urea Hepes pH8, 0.5 µg LysC (Wako, #129-02541, 10 AU, in ammonium bicarbonate), 10 

mM dithiothreitol (Leuschner et al. 2021). This was followed by an incubation with 0.5µg trypsin 

(Trpysin from porcine pancreas: Sigma-Aldrich, T6567) in 200 µl 50 mM ammonium bicarbonate 

(= 50mM NH4HCO3) with 55 mM chloroacetamide at 600 rpm for one hour at room temperature 

(Leuschner et al. 2021). Afterwards, plates were centrifuged at 100g for one minute and clean 96 
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well plates were used to collect the digested peptides which flowed through the filters (Leuschner 

et al. 2021). Next, 50µl quenching buffer [2M Urea, 50 mM Thiourea, 2mM Hepes in 50 mM 

ammonium bicarbonate] was used to wash filter plates  at 100g for one minute (Leuschner et al. 

2021). Overnight, digestion was done on a shaker at 37°C degree with 600 rpm. Thereafter, 

digestion was discontinued by adding 1% trifluoroacetic acid (TFA) to the samples.  

 

For purification of peptides, stage tipping was performed with poly(styrene-divinylbenzene) 
copolymer modified with sulfonic acid groups, as described (Schiller et al. 2015). First, activation 

of stage tips was done with 100 µl acetonitrile. For equilibration, 100 µl 30%MeOH, 1% TFA ran 

over the stage tips followed by 200 µl 0.2% TFA (Leuschner et al. 2021). Peptide samples (in 1 

% TFA) were placed on stage tips which were then washed twice with 100µl isopropanol in 1% 

TFA, followed by a wash step with 200 µl 0.2% TFA. At last, elution of the samples was done with 

60µl of 5% Ammonia and 80% acetonitrile (Leuschner et al. 2021). Finally, samples were 

evaporated at 30°C degree (Eppendorf Evaporater Plus) and the dissolving of the final eluates 

was done in 6 µl buffer A* under sonication. Samples were then put into the -20°C degree freezer 
until MS-analysis were performed. 

 

For MS-analysis, one hour gradients were used to separate circa 1 µg of peptides on a column 

with an inner diameter of 75 μm and a length of 50 cm with ReproSil-Pur C18-AQ 1.9 μm resin 

(by Dr. Maisch GmbH) (Leuschner et al. 2021). Columns were packed in-house. An EASY-nLC 

1000 ultra-high pressure system (Thermo Fisher Scientific) connected to a Q-Exactive Mass 

Spectrometer (Thermo Scientific) was applied for reverse-phase chromatography (Leuschner et 

al. 2021). First, buffer A (0.1% (v/v) formic acid) was used to load the peptides . Using a flow rate 
of 250 nl/min,  this was followed by elution with a nonlinear 240 min gradient of 5–60% buffer B 

(0.1% (v/v) formic acid, 80% (v/v) acetonitrile) (Leuschner et al. 2021). 95% buffer B was applied 

to wash the columns and buffer A was used for re-equilibration after each gradient (Leuschner et 

al. 2021). An oven (designed in house) with a Peltier element (Thakur et al. 2011) was used to 

keep the temperature of the coloumn at 50°C degree. Real-time monitoring of the operational 

parameters was done with the quality monitoring system SprayQC software (Scheltema and 

Mann 2012). Proteomics data were collected using a shotgun proteomics method, described in 
detail in chapter 3.1.3 (top10 method) (Michalski et al. 2011, Schiller et al. 2017). The value that 

was targeted for the complete scan MS spectra was 3 × 106 charges in the 300−1,650 m/z range 

with a maximum injection time of 20 ms and a resolution of 70,000 at m/z 400 (Schiller et al. 2017, 

Leuschner et al. 2021). The MaxQuant software (Cox and Mann 2008) was used to process the 

acquired mass spectra raw files enabling for label free protein quantification (Tyanova et al. 2016, 

Leuschner et al. 2021). 
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3.2.4 Statistics and bioinformatic analysis 
 
Clinical data were analyzed using t test statistics, ANOVA tests, Fisher’s exact test, Cox 

multivariate regression analysis and Kaplan-Meier survival analysis with the combined endpoint 

consisting of death and lung transplantation. Either the GraphPad Prism 5 software (GraphPad 

Software, San Diego, California) or SPSS version 25.0 (IBM SPSS, Armonk, NY) was used. For 
the identification of the most commonly identified autoantigens a sum score of Student’s t test 

statistics of significantly enriched proteins (FDR<10%) was used (Leuschner et al. 2021). Only 

antigens were included in further analysis which were (1) identified in a minimum of three patients 

in one of the four study groups and (2) the sum score was >4 (arbitrary cut-off) (Leuschner et al. 

2021). All other bioinformatical and statistical operations were run with the Perseus software 

package (version 1.5.3.0 and 1.6.1.1.) (Tyanova et al. 2016), including normalization, principal 

component analysis, hierarchical clustering, annotation enrichment analysis and data integration.  
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4. Results 
 

4.1 Characterization of the human proteome in lung and skin 
fibrosis  

 
Most of the work presented in this chapter has been published as parts of a manuscript in the 

peer-reviewed scientific journal American Journal of Respiratory and Critical Care Medicine 

(AJRCCM) (Schiller et al. 2017). The AJRCCM is one of the leading journals in the field of 

pathophysiology and treatment of disease affecting the respiratory system and critically ill patients 

and publishes data on human biology and disease but also animal and in vitro studies (impact 
factor 2017: 15.239). The manuscript file is accessible through the AJRCCM website 

(https://www.atsjournals.org/journal/ajrccm) or directly via the digital object identifier (doi): 

https://www.atsjournals.org/doi/10.1164/rccm.201611-2263OC. 

 
The PhD student, as third author of this manuscript, performed all Western Blot analysis and 

organized and analyzed all clinical and patient data. MS analysis (Figure 9) and writing of the 

published manuscript was performed by Dr. Herbert Schiller (first author). Dr. Christoph Mayr 

(second author) performed immunostainings (Figure 10 – Figure 14). 

 

Data on IgG subclasses were not part of the publication and were all performed by the PhD 

student herself. 

 

 

4.1.1 Introduction  
 
Fibrotic diseases, including pulmonary fibrosis, are one of the major challenges for health care 

providers in the developed world, as they account for over 45% of deaths, both directly and 
indirectly (Cox and Erler 2011). While a dynamic remodeling and reorganization of the ECM is 

crucial for a regular organ development, wound healing and homeostasis, the uncontrolled or 

excessive replacement of normal tissue by ECM leads to scarring and fibrosis. Fibrosis can affect 

different organs including over 200 different types of lung fibrosis in humans (Travis et al. 2013).  

 

While several risk factors have been identified, yet, origin and cause of many fibrotic diseases 

are still unknown leading to the terminology “idiopathic” or “cryptogenic” (Thannickal et al. 2014). 

Reasons for the genesis of idiopathic fibrosis which are currently taken into consideration 
comprise persistent inflammation or injury, impaired repair or regeneration mechanisms, genetic 

susceptibility, aging, environment and autoimmunity (Thannickal et al. 2014). Autoimmune 

diseases have been increasingly recognized in the past decades especially in Westernized 

societies (Lerner and Matthias 2015). CTD-ILD are an excellent example for autoimmune-
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mediated fibrosis (Vij and Strek 2013). Although the diagnosis of IPF, as an idiopathic interstitial 

pneumonia, requires the exclusion of other reasons for ILD such as CTD-ILD (Raghu et al. 2018), 

autoimmune processes have also been discussed and circulating immune complexes have been 

described in the past (Dreisin et al. 1978). Still, evidence for that theory is limited.  

 

Besides, impaired regeneration and repair mechanisms which can consequentially lead to fibrosis 

are commonly associated with the dysregulation of signaling cascades like Wnt, bone 
morphogenetic protein/TGF-ß, or sonic hedgehog signaling pathways (Konigshoff et al. 2009, 

Hogan et al. 2014, Lee et al. 2014, Peng et al. 2015). Secreted morphogens of these pathways 

can interact with the ECM and impact its function in affecting tissue repair in rodent models 

(Martino et al. 2014). The structure and function of ECM is therefore of growing interest in 

translational research also because new technologies open up the possibility of getting a better 

insight into the field (Hynes 2014). The in vivo composition of the ECM proteome, the so called 

matrisome, in specific tissues and disease including architecture as well as dynamic associations 

and secreted proteins is still a poorly explored area. Recently, the QDSP method was introduced 
allowing a profound analysis of the proteome and matrisome in different tissues (Schiller et al. 

2015). This QDSP protocol can be used to analyze the proteomes from different types of fibrosis 

and identify common and disease specific molecular modifications.  

 

The following sections will summarize the results of the herein conducted investigations and 

analysis. Using mass spectrometry and the QDSP method human lung and skin fibrosis tissue 

samples were characterized. Localized scleroderma (morphea), which is limited to the skin, is an 

autoimmune-mediated disease in which chronic inflammatory processes cause the formation of 
fibrotic plaques (Kreuter et al. 2016). Using localized scleroderma as model for research on 

fibrosis has numerous advantages, as affected and unaffected areas of the skin can be examined 

in the same patient. Unexpectedly, plasma B cells positive for the marginal zone B and B1 cell 

specific protein (MZB1) were detected in large amounts in pulmonary and skin fibrosis. To assess 

reproducibility of the proteome data immunostaining of human ILD was carried out verifying the 

increased presence of MZB1 positive plasma B cells in ILD tissue including the coexpression with 

tissue IgG. To quantify the findings on MZB1, Western blot analysis were performed in a larger 
cohort of patients with ILD. Furthermore, clinical data were integrated and identified associations 

between MZB1 levels and lung function parameters.  

 

In addition, given the correlation between MZB1 and tissue IgG in ILD, IgG subclasses distribution 

was analyzed. Immunoglobulins are produced and secreted by plasma B cells. IgG represents 

the most common class of antibodies in human serum and can be further subdivided in four 

subclasses [IgG1 (approx. 61%), IgG2 (approx. 32%), IgG3 (approx. 4%) and IgG4 (approx. 3%)] 

(Vidarsson et al. 2014). Although over 90% of all IgGs are identical concerning their amino acids, 
the activation, binding of the antigen and formation of immune complexes differs individually 

between the subclasses (Vidarsson et al. 2014). 
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4.1.2 Presence of marginal zone B and B1 cell specific protein (MZB1)-
positive tissue resident plasma B cells in lung and skin fibrosis  

 
MS was used to characterize human lung and skin fibrosis tissue biopsies. Human lung tissue 

resections from three healthy donors and explant tissue from eleven patients with end-stage ILD 

were derived for proteomic analysis. Further, six patients with localized scleroderma were willing 

to donate skin biopsies with one biopsy from an involved area and one biopsy from a distant, 

uninvolved area, respectively (three females, three males; mean age 66 years). Table 4 shows 
the demographics and clinical characteristics of patients with ILD included in the MS analysis.  

 

 

 
Table 4. Demographics and clinical characteristics of patients with lung fibrosis included in the proteomic 
study. Abbreviations: idiopathic pulmonary fibrosis (IPF); hypersensitivity pneumonitis (HP); cryptogenic 
organizing pneumonia (COP); nonspecific interstitial pneumonia (NSIP); pulmonary function test (PFT); vital 
capacity (VC); total lung capacity (TLC); residual volume (RV); forced expiratory volume in 1 second (FEV1); 
diffusing capacity of the lung for carbon monoxide (DLCo); long term oxygen therapy (LTOT). Table taken 
and legend adapted from (Schiller et al. 2017) 
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To confirm fibrosis in the respective tissue segments, lung and skin biopsies were first analyzed 

histologically and only tissue where fibrosis was present was used for MS analysis. In ILD 

biopsies, 7907 proteins were identified and in morphea 5826 proteins. To identify similarities in 

the proteome of lung and skin fibrosis all four fractions of the QDSP analysis of both datasets 

were matched and the fold changes in both disease biopsies were compared. A two-dimensional 

annotation enrichment analysis identified ECM genes, N-glycan biosynthesis, complement 

activation, and plasma lipoprotein particles as joint components in lung and skin fibrosis (Figure 
9 A). In addition, a significant increment in the number of antibodies was found in ILD as well as 

localized scleroderma biopsies (Figure 9 A and 9 B). While the analysis of protein outliers with 

highest fold changes in ILD and localized scleroderma identified several disease specific proteins, 

the marginal zone B and B1 cell specific protein (MZB1) was the most significant upregulated 

protein in both diseases (Figure 9 B).  

 

 

 
Figure 9. Common and disease specific genes enriched in lung and skin fibrosis. (A) A scatterplot displays 
the annotation enrichment scores of gene groups for patients with interstitial lung disease (ILD) (abscissa) 
and localized scleroderma (ordinate) in comparison to healthy controls, respectively. Shared gene 
categories are found in the upper right quadrant, including immunoglobulins (red text). (B) Student’s t test 
differences of proteins in ILD (abscissa) and skin fibrosis (ordinate) in comparison to healthy controls are 
plotted against each other. While there were proteins enriched exclusively in ILD (orange) or scleroderma 
(blue), the marginal zone B and B1 cell specific protein (MZB1) was shared between both types of fibrosis. 
Again, in human lung and skin fibrosis several immunoglobulins were detected (purple squares). 
Abbreviations: false discovery rate (FDR); Kyoto Encyclopedia of Genes and Genomes. Figure and legend 
taken and adapted from (Schiller et al. 2017) 
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MZB1 is localized in the endoplasmic reticulum (ER) and mainly enriched in certain peripheral B 

cell subsets, which are characterized by their decreased Ca2+ mobilization, increased integrin 

activation and fast antibody secretion (Flach et al. 2010). To validate the findings on MZB1, 

immunostaining of human ILD (Figure 10) was performed. MZB1 was detected in cytoplasm-rich 

cells, which were rarely detected in controls but more often seen in areas of fibrotic lung tissue, 

particularly in perivascular regions. Coimmunostaining of different lineage markers identified 

MZB1-positive cells as CD3 negative (T-lymphocyte lineage marker; Figure 11 A), CD20 negative 
(B cell lineage marker; Figure 11 B) and CD45 negative (leukocyte lineage marker; Figure 12 A). 

MZB1-positive cells were unambiguously identified as terminally differentiated plasma B cells in 

ILD tissue by their co-expression with CD38 (Figure 10 C), CD138 (Figure 12 B) and CD27 (Figure 

13 A) (Nutt et al. 2015). In line with the finding that MZB1 is a marker for tissue-resident, antibody-

producing plasma B cells, MZB1-postive cells comprised a positive co-staining with human IgG 

(Figure 13 B). MZB1-postive cells were also found in scleroderma tissue (Figure 14). 

 

 

 

 
Figure 10. Detection of marginal zone B- and B1-cell–specific protein (MZB1) in tissue-resident cells. 
Immunostainings show distribution of MZB1 in human lung fibrosis of patients with interstitial lung disease 
(ILD). The co-localization with CD38 characterizes MZB1-positive cells as terminally differentiated plasma 
B cells (indicated by arrows). Staining with 4′,6-diamidino-2-phenylindole (DAPI) indicates nuclei and desmin 
was used to identify vascular smooth muscle cells and a few mesenchymal cells. Abbreviation: idiopathic 
pulmonary fibrosis (IPF). Figure and legend taken and adapted from (Schiller et al. 2017) 

MZB1

CD38

DesminDAPI

endstage ILD patient (IPF)
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Figure 11. Marginal zone B- and B1-cell–specific protein (MZB1) positive cells do not express CD3 or CD20 
in lung fibrosis. (A) CD3 is a lineage marker for T lymphocytes. (B) CD20 is a B cell lineage marker. (A, B) 
Staining with 4′,6-diamidino-2-phenylindole (DAPI) indicates nuclei and desmin was used to identify vascular 
smooth muscle cells and a few mesenchymal cells. MZB1 positive cells are displayed by arrows. Figure 
taken and legend adapted from (Schiller et al. 2017) 
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Figure 12. Marginal zone B- and B1-cell–specific protein (MZB1) positive do not express CD45 but CD138 
in human lung fibrosis. (A) CD45 is a leukocyte lineage marker. (B) CD138, also known as syndecan 1, is a 
plasma B cell marker.  (A, B) Staining with 4′,6-diamidino-2-phenylindole (DAPI) indicates nuclei and desmin 
was used to identify vascular smooth muscle cells and a few mesenchymal cells. MZB1 positive cells and 
MZB1/CD138 co-expressing cells are displayed by arrows. Figure and legend taken from (Schiller et al. 
2017) 
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Figure 13. Marginal zone B- and B1-cell–specific protein (MZB1) positive cells co-express CD27 and 
immunoglobulin G (IgG) in human lung fibrosis. (A) CD27 is a plasma B cell marker. (B) IgGs are produced 
in plasma B cells (A, B) Staining with 4′,6-diamidino-2-phenylindole (DAPI) indicates nuclei and desmin was 
used to identify vascular smooth muscle cells and a few mesenchymal cells. MZB1 positive cells, 
MZB1/CD27 double positive and MZB1/IgG co-expressing cells are displayed by arrows. Figure and legend 
taken from (Schiller et al. 2017) 
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Figure 14. Marginal zone B- and B1-cell–specific protein (MZB1) positive do also express CD38 in skin 
fibrosis of localized scleroderma. CD38 is a surface marker of plasma B cells. Staining with 4′,6-diamidino-
2-phenylindole (DAPI) indicates nuclei and desmin was used to identify vascular smooth muscle cells and a 
few mesenchymal cells. MZB1 positive cells and MZB1/CD38 co-expressing cells are displayed by arrows. 
Figure taken and legend adapted from (Schiller et al. 2017) 

 

 

 
In summary, proteomic comparison of ILD and scleroderma revealed significantly enriched 

antibodies in both diseases and MZB1 as the most significant upregulated protein in both 
diseases. MZB1+ cells were identified as CD38+/CD138+/CD27+/CD45-/CD20- plasma B cells 

in pulmonary and skin fibrosis tissue. 

 
 
 
4.1.3 Correlation of marginal zone B and B1 cell specific protein (MZB1) 

with state of diseases and tissue immunoglobulin G (IgG)  
 
To validate the findings on MZB1 in a larger and independent cohort, Western blot analysis was 

performed with seven healthy donor controls and 34 additional end-stage ILD tissues (IPF: n=14, 

HP: n=7; CTD-ILD: n=2; NSIP: n=3; unclassifiable ILD: n=12; other ILD: n=3). Demographics and 

clinical characteristics are shown in Table 5. Western blot analysis showed that compared to 

healthy donor controls MZB1 was significantly increased in patients with ILD, including IPF and 

non-IPF ILD (IPF: p=0.0004; non-IPF: p=0.0005; Figure 15 A and 15 B). Similarly, MZB1 was also 
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found more often in tissue areas with skin fibrosis in comparison to uninvolved tissue in patients 

with localized scleroderma (n=3; Figure 15 C).  

 

 

 

 

 
Table 5. Demographics and clinical characteristics of patients with lung fibrosis included in the Western blot 
analysis. Abbreviations: idiopathic pulmonary fibrosis (IPF); hypersensitivity pneumonitis (HP); cryptogenic 
organizing pneumonia (COP); nonspecific interstitial pneumonia (NSIP); pulmonary function test (PFT); vital 
capacity (VC); total lung capacity (TLC); residual volume (RV); forced expiratory volume in 1 second (FEV1); 
diffusing capacity of the lung for carbon monoxide (DLCo); long term oxygen therapy (LTOT). * n=1; ° not all 
patients were able to perform a DLCo. Table taken and legend adapted from (Schiller et al. 2017) 
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Figure 15. Identification of marginal zone B- and B1-cell–specific protein (MZB1)-positive cells in interstitial 
lung disease (ILD) and localized scleroderma using Western blot analysis. (A) Antibodies against MZB1 
were used to perform Western blot and analyze homogenated tissues of different types of lung fibrosis due 
to ILD. To uncover the relationship between MZB1 positive cells and immunoglobulin G (IgG), additionally, 
antibodies against IgG were used. Amido black served as loading control and displayed the total protein 
loading of each sample. (B) Box-and-whisker plot is used to depict Western blot quantification of healthy 
donor tissue, idiopathic pulmonary fibrosis (IPF) and non-IPF ILD [raw data from (A); results are normalized 
to amido black] and indicates significantly more MZB1 in ILD compared to donor tissue. (C) Homogenated 
tissues of un-involved and involved skin from patients with localized scleroderma were subjected to Western 
blot analysis. Antibodies against MZB1 and IgG were used and amido black served as loading control and 
displayed the total protein loading of each sample. Figure and legend taken and adapted from (Schiller et 
al. 2017) 
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The amount of MZB1 in ILD correlated significantly with the tissue IgG (r=0.48; p=0.0005; Figure 

16 A). Analyzing microarray data of an independent cohort from the U.S. with over 400 patients 

(Gene Expression Omnibus dataset GSE47460)(Bauer et al. 2015), MZB1 expression was also 

significantly increased in ILD in comparison to healthy donors (Figure 16 B). There was a 

significant negative correlation between MZB1 and DLCo (%) in both, the proteomic ILD cohort 

(r=-0.76; p=0.006; Figure 16 C) and the Western blot ILD cohort (r=-0.787; p=0.0002; Figure 16 

D). 

 

 

 
Figure 16. Marginal zone B- and B1-cell–specific protein (MZB1)-positive cells correlate positively with 
tissue immunoglobulin G (IgG) and negatively with diffusing capacity of the lung for carbon monoxide 
(DLCo). (A) Linear regression analysis of MZB1 and IgG shows a moderate, positive correlation. (B) Box-
and-whisker of MZB1 expression in a large U.S. microarray cohort (Gene Expression Omnibus dataset 
GSE47460 published by the Lung Tissue Research Consortium) (Bauer et al. 2015). MZB1 is significantly 
higher in ILD than in healthy donor tissue. (C) Pearson correlation of mass spectrometry data (Figure 9) 
shows a strong, negative correlation of MZB1 and DLCo (%). (D) Pearson correlation of Western blot data 
depicts a strong, negative correlation of MZB1 and DLCo (%). (A, C, D) Color code shows distribution of 
different forms of ILD. For MZB1 raw data see Figure 15A. Abbreviations: arbitrary units (AU); chronic 
obstructive pulmonary disease (COPD); connective tissue disease (CTD); hypersensitivity pneumonitis 
(HP); interstitial lung disease (ILD); idiopathic pulmonary fibrosis (IPF); nonspecific interstitial pneumonia 
(NSIP); unclassifiable ILD (unclass. ILD); Western blot (WB). Figure and legend taken and adapted from 
(Schiller et al. 2017) 
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Apart from the DLCo, however, no associations were found between MZB1 and other clinical 

parameters. MZB1 expression was independent of age (r=0.063; p= 0.694; Figure 17 A), VC (%) 

(r=-0.128; p=0.433; Figure 17 B), treatment with steroids (Figure 17 C) or antifibrotic therapy 

(Figure 17 D) and sex (Figure 17 E). 

 

In summary, MZB1 was found to be significantly increased in ILD tissue in comparison to healthy 

donors. MZB1 correlates not only with tissue IgG but is also associated with worse lung function. 
 

 

 
Figure 17. The amount of marginal zone B- and B1-cell–specific protein (MZB1) is independent of 
demographic and therapeutic factors in human lung fibrosis. (A) Linear regression analysis shows no 
correlation between MZB1 and age. (B) Linear regression analysis shows no correlation between MZB1 and 
vital capacity (VC) in %. (C – E) Box-and-whisker identifies no relationship between MZB1 tissue level and 
steroids, antifibrotic therapy and gender, respectively. (A, B) Color code shows distribution of different forms 
of ILD. (A – E) For MZB1 raw data see Figure 15A. Figure taken and legend adapted from (Schiller et al. 
2017) 

 
 
 
4.1.4 IgG subclasses in ILD  
 
As mentioned above, the level of tissue IgG correlated significantly with MZB1 in ILD (Figure 16 
A). Like MZB1, the quantification of IgG from the Western blot analysis revealed a significantly 

greater amount of IgG in ILD tissue than in healthy donor tissue (Figure 18 A). A re-analysis of 
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IgG subclasses of the published MS data (Schiller et al. 2017) identified a significantly increased 

expression of IgG4 in ILD tissue in comparison to healthy controls (Figure 18 B). 

 

The production of IgG4 is mainly induced by repeated or long-term exposure to a non-infectious 

antigen or allergen (Vidarsson et al. 2014). In general, IgG4 is associated with anti-inflammatory 

processes. An increase of IgG4 can be observed, for example, in IgE-mediated allergic diseases 

under allergen-specific immunotherapy (Jutel and Akdis 2011). Nevertheless, IgG4 seems to be 
also involved in pathological processes. While isolated IgG4 deficiency syndromes are rare and 

the clinical relevance remains unclear (Vidarsson et al. 2014), increased levels of IgG4 can, for 

example, be observed in autoimmune dermatosis pemphigus and there are so-called IgG4-

related diseases (Sitaru et al. 2007, Aalberse et al. 2009). In IgG4-related diseases, lymphocytes 

and IgG4-producing plasma cells are deposited in the tissue leading to increased plasma levels 

of IgG4 (Campbell et al. 2014, Vidarsson et al. 2014). Clinically, IgG4-related diseases can vary 

highly, however, cases of ILD have been described in association with IgG4-related diseases 

(Campbell et al. 2014, Schneider et al. 2016). Based on the findings from the re-analysis of the 
MZB1 datasets (Figure 18) distribution of IgG subclasses and especially expression of IgG4 in 

ILD were further studied using Western blot analysis (Figure 19 A-D). 
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Figure 19. Immunoglobulin G (IgG) subclasses in interstitial lung disease (ILD) tissue. (A-D) Tissue 
homogenates of healthy donors and different ILD entities were analysed by Western blot with antibodies 
against marginal zone B and B1 specific protein (MZB1) and IgG1 (A), IgG2 (B), IgG3 (C) and IgG4 (D). For 
quantification of the total protein loading blots were also stained with amido black. 

 

 

 
Tissue homogenates were derived from seven donors who served as healthy controls and 34 

end-stage ILD tissues as described in 4.1.3. Clinical characteristics have been described in Table 

5 (4.1.3). Antibodies against IgG1, IgG2, IgG3, IgG4 and MZB1 were used for staining. For the 

further quantification of the total protein loading blots were also stained with amido black (Figure 

19 A-D).  
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Western blot quantification showed a significantly lower amount of IgG3 in ILD tissue (Figure 20 

A). Although tissue IgG4 was elevated in ILD, neither the difference (Figure 20 A) nor the IgG1 to 

IgG4 ratio (Figure 20 B) did reach statistical significance when compared to healthy donors. Still, 

levels of MZB1 correlated weak but significantly with IgG2 and IgG4 (Figure 21 A-D), hinting 

towards a potential association between plasma cells and IgG4 in ILD tissue. 

 
In summary, IgG subclasses were characterized in ILD tissue. While the proteome data indicated 

an increased proportion of IgG4 in ILD tissue, Western blot analysis could not definitely validate 

this finding in general. Although the trend of a higher IgG4 expression and a higher IgG4 to IgG1 

ratio was seen, no statistical significance was reached. However, MZB1 levels correlated 

significantly with IgG4 expression. Additional efforts are needed to uncover the role of IgG4 in the 

pathogenesis of ILD. 
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Figure 21. Correlation of marginal zone B- and B1-cell–specific protein (MZB1) and IgG subclasses in 
interstitial lung disease (ILD) tissue. (A-D) Correlation of IgG1 (A), IgG2 (B), IgG3 (C) and IgG4 (D) and 
MZB1 levels identifies a positive correlation for IgG2 (B) and IgG4 (D). 
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4.1.5 Discussion 
 
Recent advances in MS-driven proteomics enable the exact detection and quantification of 

numerous proteins (Aebersold and Mann 2016). Given the remaining lack of knowledge of the 

genesis of idiopathic fibrosis, this method may provide important information to gain better 

understanding of the diseases and possibly find therapeutic targets. In the presented work 

biopsies of human lung and skin fibrosis tissue were analyzed and over 7.900 proteins were 
quantified (Schiller et al. 2017). Up to this point of time, this was the most extensive study on 

proteomics in human tissue fibrosis and also the first comparison of tissue fibrosis in different 

organ systems. Protein profiling of various forms of human ILD and localized skin fibrosis 

(morphea) revealed common and disease-specific protein regulations in different forms of fibrotic 

diseases. Surprisingly, a large number of MZB1-positive plasma B cells were present in human 

lung and skin fibrosis (Schiller et al. 2017).  

 

Since the ILD cohort of this work was heterogenous, it is not surprising, that the samples differed 
highly on the molecular level. In the future, recently developed high-throughput methods such as 

single-cell mRNA sequencing (Macosko et al. 2015) might be helpful to find out more about the 

heterogeneity of cell populations in chronic lung disease. Nevertheless, given the heterogenic 

patient cohort, it is of even more interest, that an essential amount of proteins were commonly 

enriched in all specimen. The most important shared protein in human lung and skin fibrosis was 

MZB1, which was characterized as being expressed in plasma B cells positive for 

CD38/CD13/CD27 and negative for CD20/CD45 (Schiller et al. 2017). Studies have shown that 

in respiratory immunity, B cells can be found in bronchus-associated lymphoid tissue, where 
distinct B cell follicles are present (Moyron-Quiroz et al. 2004, John-Schuster et al. 2014). Plasma 

cells were also found to be among the most common cells present in mural fibrosis and 

honeycombing areas of patients with IPF (Parra et al. 2007).  

 

In the present work MZB1-positive B cells were detected as scattered over the entire lung tissue 

with a rather predominantly perivascular localization and not primarily associated to tertiary 

lymphoid organs (Schiller et al. 2017). It has been shown that MZB1 plays an important role in 
the ER of plasma B cells, which experience ER stress, when antibody secretion is highly activated 

(Flach et al. 2010, Rosenbaum et al. 2014). MZB1 seems to be especially needed for the proper 

biosynthesis of immunoglobulin µ heavy chains under conditions of ER stress (Rosenbaum et al. 

2014). Interestingly, the results from immunostainings in the presented work revealed B cells with 

high and B cells with low expression of MZB1 hinting towards a tight regulation. Cells with high 

MZB1 expression were characterized by a large cytoplasm and co-expression of a several 

established markers for mature plasma B cells verifying these cells as tissue-resident, terminally 

differentiated antibody-producing plasma cells (Schiller et al. 2017). Besides, MZB1 levels 
correlated significantly with lung function parameters which implicates that antibody-mediated 

autoimmunity might be involved in ILD and it is associated with worse respiratory status of the 

patient. In line with this finding a previous study identified plasma B cells to be more prevalent in 
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explanted lungs in rapidly progressing patients with IPF than in slowly progressing IPF (Balestro 

et al. 2016). 

 

Further, MZB1 levels correlated strongly with tissue IgG. Although in the proteomic data the IgG 

subclass IgG4 was significantly upregulated in comparison to healthy donors, this finding could 

not be validated in Western blot analysis in a larger ILD cohort. Still, MZB1 levels correlated rather 

with IgG4 and IgG2 than with IgG1 levels, which is the most prevalent IgG subclass and also the 
IgG4 to IgG1 ratio was higher in ILD, not significant though. Since it has been described that IgG4 

related disease can cause cases of ILD (Campbell et al. 2014, Schneider et al. 2016), a higher 

secretion of this subclass in patients with ILD would be logical. In IgG4 related disease, lung 

manifestation mainly shows interstitial pneumonitis, inflammatory pseudotumor, lymphomatoid 

granulomatosis and organizing pneumonia (Morales et al. 2019). However, so far, from the data 

shown in this work, no conclusions can be drawn if there are IgG subclasses that are more present 

in lung fibrosis. Further work is needed to identify the role auf IgG subclasses distribution in ILD.  

 
It needs to be acknowledged that tissue biopsies analyzed in this work were to a large extent 

derived from patients with idiopathic interstitial pneumonia, such as IPF, idiopathic NSIP and 

unclassifiable ILD. Therefore, future studies are needed to further clarify the role of antibody-

mediated autoimmunity in idiopathic forms of fibrosis. There is increasing evidence that a lot of 

patients with idiopathic interstitial pneumonia, including IPF, may demonstrate clinical 

characteristics which would fit to an underlying autoimmune process. However, since these cases 

do not qualify for the diagnosis of CTD-ILD, the term “IPAF” has recently been proposed by a 

European Respiratory Society/American Thoracic Society task force (Fischer et al. 2015) (see 
1.3.2).  

 

In IPF, the presence of circulating autoantibodies has first been described in 1978 (Dreisin et al. 

1978) and more recently there is also data suggesting that B cell mediated autoimmunity might 

also be one of the causal factors which leads to the genesis of IPF (Xue et al. 2013, Donahoe et 

al. 2015). While patients with SSc usually present with positive autoantibody testing, the role of 

circulating autoantibodies in localized scleroderma is not clear yet (Fleischmajer and Nedwich 
1972). Nevertheless, fibrotic lesions in these patients histologically reassemble fibrotic reactions 

in SSc including strong inflammatory processes surrounding the vessels (Fleischmajer and 

Nedwich 1972).  

 

As mentioned earlier, recently, autoantibodies targeting the lung specific protein BPI fold 

containing family B member 1 were found in 12% of patients with idiopathic interstitial pneumonia 

(Shum et al. 2013). The study further demonstrated that in mice, T cells specific for BPI fold 

containing family B member 1 can induce pulmonary fibrosis (Shum et al. 2013). Therefore, first, 
it is possible that autoantibodies and autoreactive T cells which target previously unidentified 

antigens could trigger or at least favor some of the idiopathic forms of ILD. Second, identifying 
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formerly unidentified autoantigens might be used to improve patient stratification and or new 

treatment strategies in the future (Schiller et al. 2017).  

 

However, future immunotherapies require the identification auf disease-specific autoantigens 

specific for the respective disease. Further, preclinical models are needed for the evaluation of a 

causal role of specific antigens for certain forms of idiopathic fibrosis.  
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4.2 Autoantigen discovery in interstitial lung disease (ILD) 
 
The work presented in the following chapter was largely included into a manuscript which was 

prepared for submission to a scientific journal. The manuscript has not been peer-reviewed yet. 

However, a preprint version of the manuscript has been published on medRxiv. medRxiv, which 

is a spin-off of the more commonly known bioRxiv, is a server and online archive which enables 

authors to publish their scientific work as complete but previously unpublished manuscripts 
(preprints) with free access to readers. It covers science form the medical, clinical, and related 

health sciences field. Both, bioRxiv and medRxiv, are run by Cold Spring Harbor Laboratory, as 

a not-for-profit research and educational institution. The file of the manuscript can be found on 

the medRxiv website (https://www.medrxiv.org) or directly via the digital object identifier (doi): 

(https://doi.org/10.1101/2021.02.17.21251826). The citation of this preprint manuscript in this 

thesis will be: (Leuschner et al. 2021). 

 

The PhD student is the first author of this manuscript and was involved in all parts of this study 
and performed most of the practical work. All human samples from Munich were organized and 

clinical data were analyzed by the PhD student. Credit goes to Dr. Christoph Mayr, for the 

organization and performance of MS runs, assistance in setting up the Differential Antigen 

Capture assay and help with analysis of the proteomics data, and Prof. Antje Prasse for supply 

of human serum and clinical data from Hannover. 

 

 

4.2.1 Introduction 
 
Among idiopathic interstitial pneumonias, IPF is the most commonly diagnosed form. As 

described before (chapter 1.1.3), so far, the disease is considered incurable and as the prognosis 

is estimated to be two to five years after diagnosis, survival is limited (Bjoraker et al. 1998). Yet, 

the only definite therapy for IPF is lung transplantation (Noble et al. 2011, King et al. 2014, Richeldi 

et al. 2014). Therefore, it is crucial to further explore the pathogenesis of IPF to identify other 
targets for future therapies. 

 

In clinical practice, to rule out the differential diagnosis of a CTD-ILD, the clinical presentation and 

a panel of autoantibodies are evaluated. Usually and in contrast to a typical patient with IPF, in 

patients with CTD-ILD antinuclear antibodies (e.g. Scl-70 antibody against topoisomerase-I in 

SSc) can be detected in the laboratory test. Such autoantibodies can help to classify patients and 

possibly also guide clinicians to a proper diagnosis. Nevertheless, there is an increasing number 

of data that many idiopathic interstitial pneumonias, including IPF, may have clinical features 
fitting to autoimmune processes. In fact, various studies have shown that positive circulating 

autoantibodies are found in up to 30% of IPF patients (Lee et al. 2013, Moua et al. 2014, 

Leuschner et al. 2018), without fulfilling the criteria which need to be present for the diagnosis of 
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CTD-ILD and IPAF (Fischer et al. 2015). Very recently, it has been shown that an antioxidant 

therapy with N-acetylcysteine is more effective in patients with IPF and positive antinuclear 

antibodies (Oldham et al. 2018). Since there are very different clinical courses in IPF, this may 

indicate that clinical phenotyping needs to be more individual in order to be able to pursue a more 

personalized therapy strategy in IPF. As shown in detail in the proteome profiling of human lung 

and skin fibrosis project (see chapters 4.1.2 – 4.1.3), recently, plasma B cells which are positive 

for MZB1 and produce and secrete antibodies were identified in tissues of patients with ILD 
(Schiller et al. 2017). MZB1 is a protein located at the ER that is increasingly expressed in B cells 

with high antibody secretion (Flach et al. 2010). Since in the study by Schiller et al. MZB1 levels 

were associated with higher tissue IgGs and worse lung function parameters, the question arises 

whether some of the detected IgGs are autoreactive. In the genesis of IPF, in addition to the data 

shown above, there are increasing indications for a B cell-mediated autoimmunity with repetitive 

damage to the lung parenchyma (Dreisin et al. 1978, Xue et al. 2013). In comparison to healthy 

controls and patients with COPD, higher plasma levels of factors essential for B cell function have 

been identified in patients with IPF in the past:  One is B lymphocyte stimulating factor, also known 
as B cell activating factor, that is needed for the proper differentiation and survival of B cells (Xue 

et al. 2013), and another factor is C-X-C motif chemokine 13, that is important for the migration 

of B-cells to foci of inflammation in the tissue (Vuga et al. 2014, DePianto et al. 2015). For both, 

C-X-C motif chemokine 13 and B lymphocyte stimulating factor, an increased concentration in the 

lung tissue appears to be associated with poorer survival (Xue et al. 2013, Vuga et al. 2014, 

DePianto et al. 2015). A possible mode of action of B lymphocyte stimulating factor might be the 

rescue of auto-reactive B cells (Thien et al. 2004). 

 
Former studies have already reported that the presence or high levels of certain autoantibodies 

could be linked to poorer survival in IPF, for example in patients positive for anti-vimentin 

antibodies (Li et al. 2017) or anti-heat-shock protein 70 antibodies (Kahloon et al. 2013). In IPF, 

autoantibodies against periplakin as well as anti-parietal cell antibodies also appear to be linked 

with a more severe course of the disease (Taille et al. 2011, Beltramo et al. 2018). Experimental 

evidence in mice suggests that T cells targeting a sole lung specific autoantigen have the ability 

to cause pronounced and irreparable lung fibrosis (Shum et al. 2013). One could therefore think 
that there are certain autoantibodies and, accordingly, autoreactive T cells that can trigger or at 

least preserve many IPF cases and that identification of unknown autoantigens can be used to 

stratify patients and to possibly develop immunotherapy options in the future for IPF. So far, 

studies about autoantibodies in IPF have only focused on specific antigens. The following 

sections will summarize the results of the investigations conducted in the discovery of unknown 

autoantibodies with regard to both disease specificity and prognosis for IPF and CTD-ILD. 

Therefore, a proteomics workflow for the exact and precise detection of autoantigens associated 

with lung diseases was established in ILD patient material from Munich. The MS-based 
autoantigen discovery platform is based on patient plasma antibody capture and 

immunoprecipitation of a pooled protein extract derived from lung explants of end stage ILD 

patients. Using this unbiased approach, a broader spectrum of autoimmunity in the individual 
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patient could be identified including the identification of common and disease-specific patterns of 

autoimmunity in patients with CTD-ILD and IPF. To assess reproducibility across patient cohorts, 

a second cohort from Hannover was analyzed and uncovered cohort-specific as well as robustly 

detected autoantigens across cohorts. The integration of clinical meta-data and autoantibody 

profiles identified novel autoantigens in IPF and CTD-ILD associated with transplant-free survival. 

 

 

4.2.2 Identification of lung specific autoantigens in interstitial lung disease 
(ILD) using a proteomic workflow  

 

For the identification of autoantigens with large-scale turnover methods, protein microarrays 

(Rosenberg and Utz 2015), or phage display libraries which represent a synthetic human 

peptidome (Larman et al. 2011), have recently been used (Leuschner et al. 2021). Nevertheless, 
for such assays synthetic antigens are needed. To discover autoantigens that are associated with 

specific lung diseases an unbiased and high throughput method, the Differential Antigen Capture 

assay (DAC), was developed. The DAC consists of immunoprecipitation of proteome extracts 

from ILD and healthy donor lung tissue and plasma IgGs. Afterwards, quantitative shotgun 

proteomics follows, which is analogical to affinity purification MS (Figure 22) (Leuschner et al. 

2021).  

 

The DAC protocol is described in detail in 3.2.2. In brief, plasma of IPF, CTD-ILD and age-
matched healthy controls was incubated with protein G beads which allow binding of plasma 

immunoglobulins. Unbound plasma components were washed off thoroughly (Leuschner et al. 

2021). Afterwards, the beads were incubated with a pooled protein extract derived from lung 

explants of ILD patients and excess tissue from healthy lungs of transplant donors representing 

an average ILD lung proteome and putative autoantigens. Specific autoantigens from native lung 

extracts can bind to the protein G-coupled immunoglobulins and form antibody-antigen-

complexes. After on bead-digest and purification, proteins were then identified and quantified 
using the latest technique and equipment of MS.  
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Figure 22. Experimental workflow of the Differential Antigen Capture assay (DAC). Immunoprecipitation was 
used to generate and enrich autoantibody-antigen complexes out of patients’ plasma and native extracts 
from end stage interstitial lung disease (ILD). Shotgun proteomics was used to quantify differential protein 
detection in diseased patients versus healthy age matched controls. Figure and legend taken and adapted 
from (Leuschner et al. 2021) 

 

Plasma samples of patients with SSc and CTD-ILD, who were clinically characterized by ELISA 

tests positive for antibodies against the antigen topoisomerase I (TOP1; specific antibody Scl-70), 

were analyzed to evaluate sensitivity and specificity of the DAC (Figure 23 A) (Leuschner et al. 

2021). Each patient sample was measured in triplicates and proteins were counted as putative 

autoantigens in the respective ILD patient if they were significantly enriched (FDR <10%) on 

beads in comparison to plasma from healthy and age matched controls (Figure 23 B). The DAC 
assay identified clinically verified Scl-70-positive patients (n=8) and Scl-70-negative patients 

(n=7) with very good specificity and sensitivity. Further, the informative value compared to the 

clinically approved ELISA test was similarly meaningful: While there was no evidence of TOP1 in 

Scl-70 negative patients, in seven Scl-70 positive patients TOP1 was identified in all three 

triplicates and one SCL-70 positive patient had evidence of TOP1 in two out of three samples 

(Figure 23 A, C, D) (Leuschner et al. 2021). In addition to the identification of TOP1, the DAC 

assay simultaneously identified a plethora of other enriched putative autoantigens (Figure 23B) 
(Leuschner et al. 2021).  

 

In summary, the DAC assay was developed to allow a multiplexed and unbiased approach to the 

identification of a broad spectrum of autoimmunity in patients with IPF and CTD-ILD. Human 

plasma antibodies were captured on Protein-G beads and used for immunoprecipitation of 

potential autoantigens from lung tissue homogenates of end stage ILDs. Using clinically approved 

ELISA test results for TOP1 revealed an exceptionally good specificity and sensitivity of the DAC 

assay. 
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Figure 23. A proteomic workflow detects autoantigens in patients with interstitial lung disease (ILD) with 
high sensitivity and specificity. (A) Proof of concept was successfully reached with plasma from patients with 
systemic sclerosis (SSc) and connective-tissue related interstitial lung disease (CTD-ILD), who were 
clinically characterized by Scl-70 antibodies (antigen topoisomerase I; TOP1) using an approved ELISA test. 
The different coloring shows the number of significant enrichments for Scl-70/TOP1 in the three replicates 
in the mass spectrometry (MS)-analysis. (B) The volcano plot is an example of a patient with SSc, in whom 
TOP1 was detected. Red colored points depict significantly enriched proteins (FDR <10%) in comparison to 
healthy age matched controls. Abscissa: x-fold difference to control-values (log2); ordinate: p-value (-
log10). (C, D) Each patient sample in the proof of concept pilot experiment was processed and analyzed 
three times (panel B). The four-field table indicates the amount of true and false positive measurements. 
The ROC analysis shows that the sensitivity of significantly enriched TOP1 (detected by MS-analysis) in 
SSc-patients in comparison to healthy controls was 96% and the specificity 100%. Figure and legend taken 
and adapted from (Leuschner et al. 2021) 

 
 
 
 
4.2.3 Study cohorts and patient characteristics 
 
For the systematic identification of potential autoantigens in IPF and CTD-ILD, the DAC assay 

was used in two independent cohorts (Munich and Hannover). Figure 24 shows a scheme of the 
two cohorts and the accessibility of data about lung function and/or survival. 
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Figure 24. Investigation of autoantibody profiling in one cohort from Munich (cohort 1) and a second cohort 
from Hannover (cohort 2). Figure taken and legend adapted from (Leuschner et al. 2021) 

 
Study cohort 1 (Munich; Table 6) consisted of IPF (n=35), CTD-ILD (n=24) and age-matched 

healthy controls (n=32; mean±SD 58.8±11.1 years, range 40-82 years) (Leuschner et al. 2021). 

The CTD-ILD patients had SSc (n=15), unspecific CTD (n=5), rheumatoid arthritis (n=4), and 

mixed connective tissue disease (n=1) (Leuschner et al. 2021). The mean±SD age of the study 

cohort was 63.0±9.1 years (IPF: 63.3±8.4 years; CTD-ILD 62.7±10.2 years). The FVC % pred. 

was significantly lower in patients with IPF than in patients with CTD-ILD (54.5±15.8 vs. 
65.7±18.9; p=0.025) (Leuschner et al. 2021). Study cohort 2 (Hannover; Table 7) also comprised 

IPF (n=40) and CTD-ILD patients (n=20; sjogren’s syndrome n=6; SSc n=5; rheumatoid arthritis 

n=5; CREST syndrome n=3; antisynthetase syndrome n=1) (Leuschner et al. 2021). The age of 

IPF patients from cohort 2 (mean±SD age 70.4±8.1 years) was significantly higher than the age 

of any of the other patient groups (p=0.003). Furthermore, in comparison to cohort 1, patients 

from cohort 2 had a significantly better lung function. Combining both cohorts, patients with CTD-

ILD had a significantly worse transplant-free survival in comparison to patients with IPF (p=0.009; 

Figure 25) (Leuschner et al. 2021). 
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  All (n=59) IPF (n=35) CTD (n=24) 

Age, years 63.0 ± 9.1 63.3 ± 8.4 62.7 ± 10.2 

Sex       

    Female 26 (42.6) 8 (22.9) 18 (69.2) 

    Male 35 (57.4) 27 (77.1) 8 (30.8) 

Ever smoker 28 (66.7)1 22 (73.3)2 6 (50)3 

Baseline lung function       

FVC% pred 59.3 ± 17.94 54.5 ± 15.8 65.7 ± 18.9 

DLCo% pred 28.3 ± 13.05 25.6 ± 10.1 29.0 ± 17.8 
 

Table 6. Demographics and clinical characteristics of patients with idiopathic pulmonary fibrosis (IPF) and 
connective tissue disease related interstitial lung diseases (CTD-ILD) from Munich (cohort 1). Data is given 
as mean (±SD) or n (%). Abbreviations: percentage of forced vital capacity (FVC%pred), percentage of 
diffusion capacity of carbon monoxide (DLCo%pred). 1 smoking status of n=42, 2smoking status of n=30, 3 
smoking status of n=12, 4 FVC of n=59 (IPF n=34, CTD-ILD n=25), 5 DLCo of n=49 (IPF n=28, CTD-ILD 
n=21). Table and legend taken and adapted from (Leuschner et al. 2021). 

 

 

 

 

  All (n=60) IPF (n=40) CTD (n=20) 

Age, years 62.7 ± 10.2 70.4 ± 8.1 62.8 ± 11.4 

Sex       

    Female 24 (40.0) 8 (20) 16 (80) 

    Male 36 (60.0) 32 (80) 4 (20) 

Ever smoker 38 (65.5)1 30 (78.9)2 8 (40) 

Baseline lung function       

FVC% pred 70.5 ± 16.6 72.1 ± 15.8 67.3 ± 18.1 

DLco% pred 54.9 ± 16.73 54.0 ± 15.3 56.9 ± 20.1 
 

Table 7. Demographics and clinical characteristics of patients with idiopathic pulmonary fibrosis (IPF) and 
connective tissue disease related interstitial lung diseases (CTD-ILD) from Hannover (cohort 2). Data is 
given as mean (±SD) or n (%). Abbreviations: percentage of forced vital capacity (FVC%pred), percentage of 
diffusion capacity of carbon monoxide (DLco%pred). 1 smoking status of n=58, 2 smoking status of n=38, 3 
DLCo of n=54 (IPF n=38, CTD-ILD n=16). Table and legend taken and adapted from (Leuschner et al. 2021). 
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Figure 25. Kaplan-Meier survival analysis shows a significantly better transplant-free survival in patients 
with connective tissue related interstitial lung disease (CTD-ILD) in comparison to patients with idiopathic 
pulmonary fibrosis (IPF). 

 

 

In summary, two clinical cohorts including patients with IPF and CTD-ILD were used to identify 

autoimmune profiles. Overall, cohort 1 was already in a more advanced stage of disease in 

comparison to cohort 2 with both cohorts together representing a broad spectrum of the respective 

diseases. 

 

 
 
 
4.2.4 Discovery of unknown autoantibodies in idiopathic pulmonary 

fibrosis (IPF) 

The DAC assay identified >500 proteins per patient in the respective patient groups in cohort 1 

and 2 (Leuschner et al. 2021). In cohort 1, on average, 586 proteins per patients were quantified 

in patients with IPF (mean±SD 633±97), CTD-ILD (mean±SD 561±150) and healthy controls 

(mean±SD 577±139; Figure 26 A) (Leuschner et al. 2021). Interestingly, gene categories did not 
show great differences between IPF and CTD-ILD with mostly cytoplasmic, nuclear and 

cytoskeletal components (Figure 26 B) (Leuschner et al. 2021).  A t test comparing IPF and CTD 

ILD was performed and identified 209 regulated autoantigens (FDR <10%), seven of which were 

enriched in CTD and 202 in IPF (Figure 26 C). In CTD-ILD, the mostly enriched antigens were 

TOP1 and the POTE ankyrin domain family member E. So far, the POTE ankyrin domain family 

member E has been recognized as cancer antigen in multiple, different types of human cancers 
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such as non-small-cell lung cancer, where it has been shown to be linked to worse survival (Wang 

et al. 2015). Recently, a study on immune cells identified POTE ankyrin domain family member 

E expression specifically in macrophages (Vekariya et al. 2019). In IPF, the greatest differences 

to CTD-ILD were observed for Alpha-centractin, the Ras-related protein Rab-1B and the Protein 

disulfide-isomerase A6 (PDIA6). Alpha-centractin, an actin-related protein and subunit of the 

dynactin complex, was recently found to be involved in toll-like receptor 2-mediated immune 

signaling (Kamal et al. 2019). Ras-related protein Rab-1B, a member of the RAS oncogene family, 
might be involved in antiviral innate immunity (Beachboard et al. 2019). Protein disulfide-

isomerase A6 might be essential for hematopoiesis (Choi et al. 2020). In cohort 2, the mean±SD 

amount of identified proteins was 535±88 in IPF and 544±72 in CTD-ILD (Figure 26 D) (Leuschner 

et al. 2021).  

 

 

 

Figure 26. Protein quantification and identification of interstitial lung disease (ILD) associated autoantigens. 
(A) Number of quantified proteins in controls, idiopathic pulmonary fibrosis (IPF) and connective tissue 
disease related interstitial lung disease (CTD-ILD) (cohort 1). (B) Categories of proteins detected in IPF (left, 
blue coulors) and CTD-ILD (right, red coulors) from cohort 1 hardly differed in both diseases. (C) Volcano 
plot showing significantly different expressed genes in IPF and CTD-ILD without accounting for differences 
to healthy controls. Red colored points depict significantly enriched proteins (FDR <10%). (D) Number of 
quantified proteins in patients with IPF and CTD-ILD from cohort 2. Panel A, B and D taken and adapted 
from (Leuschner et al. 2021).  
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Consideration of only significantly enriched proteins (compared to controls), revealed a mean±SD 

of 29±56 antigens (ranging from 0 to 279) per patient in IPF and a mean±SD of 12±19 antigens 

(ranging from 0 to 101) in CTD-ILD in cohort 1 (Leuschner et al. 2021). On average, fewer 

autoantigens were detected in cohort 2 (IPF: 6±5 antigens per patient; CTD-ILD: 6±5 antigens 

per patient). The prevalence of autoantigens in IPF was not inferior than the prevanelce in CTD-

ILD: while all patients with IPF (from cohort 1 and cohort 2) had a mean±SD number of 

autoantigens of 16±40 per patient, patients with CTD-ILD (cohort 1 and 2) had a mean±SD 
number of autoantigens of 9±15 per patient (Figure 27 A) (Leuschner et al. 2021). A wide range 

of different autoantigens was found in IPF across both of the two cohorts: while the majority of 

antigens were solely detected in one or two patients, only a very small proportion of the identified 

antigens (<10%) were found in more than four patients (Figure 27 B) (Leuschner et al. 2021). 

 

 

 
Figure 27. Significantly enriched antigens in patients from two independent cohorts. (A) The amount of 
identified potential autoantigens (significantly enriched) in patients with idiopathic pulmonary fibrosis (IPF) 
and connective tissue diseases related interstitial lung disease (CTD-ILD) from the Munich (cohort 1) and 
Hannover (cohort 2). Patients with IPF from Munich had the highest number of autoantigens. (B) The bar 
graph shows that in IPF most antigens were only detected in 1-2 patients, while only a small number of 
antigens were found in more than 7 patients. This distribution pattern was similar in Munich and Hannover. 
Figure and legend taken and adapted from (Leuschner et al. 2021) 

 
 
Antigens that were most frequently identified in IPF patients from cohort 1 were RuvB-like 2 

(28.6%; n=10), Histone H3 (25.7%; n=9) and Tubulin beta-8 chain (TUBB8; 25.7%; n=9) 

(Leuschner et al. 2021). So far, anti-RuvB-like 1/2 antibodies were detected as novel biomarkers 
related to SSc with association to male gender, older age at disease onset, myositis overlap and 

diffuse cutaneous involvement (Kaji et al. 2014). Additionally, anti-RuvB-like 1/2 antibodies were 

also identified in SSc patients negative for anti-nuclear antibodies (Pauling et al. 2018). Yet, the 

role of anti-RuvB-like 2 in IPF is unknown as there are no data on it. Patients with RuvB-like 2 in 

this analysis were mainly male (70%) and were not characterized by clinical signs for SSc or 

autoimmune features. While no differences in FVC were observed in IPF patients from cohort 1 

with and without antibodies against RuvB-like 2 and Histone H3, (Figure 28 A, B), antibodies 
against TUBB8 were associated with significantly higher FVC (Figure 28 C) (Leuschner et al. 
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2021). Concerning survival data, IPF patients from cohort 1 with the detection of RuvB-like 2 had 

a trend for a superior survival (p=0.052; Figure 28 D) and patients with TUBB8 had in fact a 

significantly better transplant-free survival (Figure 28 E) (Leuschner et al. 2021). In patients with 

IPF from cohort 2, the most frequently identified autoantigens were Ficolin-3 (FCN3; 32.5%; 

n=13), 60S ribosomal protein L35 (RPL35; 25%; n=10) and Alpha-1-antitrypsin (SERPINA1; 

22.5%; n=9) (Leuschner et al. 2021). The presence of none of the antigens just listed was linked 

to differences in FVC (Figure 28 F - 28 H) (Leuschner et al. 2021). FCN3, which is found in lung 
and liver, is a protein which can activate the lectin pathway of the complement system (Endo et 

al. 2007, Munthe-Fog et al. 2009). Recently, it has been shown in humans, that an acute 

pulmonary inflammation caused by lipopolysaccharide leads to an increase of alveolar FCN3 

(Plovsing et al. 2016).  

 

 
Figure 28. Most frequently identified autoantigens in idiopathic pulmonary fibrosis (IPF) from both cohorts. 
(A-C) In patients with IPF from the Munich cohort, RuvB-like 2 (RUVBL2) (A), Histone H3 (HIST2H3PS2) 
(B) and Tubulin beta-8 chain (TUBB8) (C) were the autoantigens which were most frequently detected. 
Differences in forced vital capacity (FVC) were only found in TUBB8 positive versus TUBB8 negative 
patients. (D-E) While the benefit for transplant-free survival for patients with RuvB-like autoantigens did not 
reach significance (D), the Kaplan-Meier survival showed a significantly longer time to death or 
transplantation for patients positive for TUBB8 (E). (F-H) In the Hannover IPF cohort, Ficolin-3 (FCN3) (F), 
60S ribosomal protein L35 (RPL35) (G) and Alpha-1-antitrypsin (SERPINA1) (H) were most frequently 
detected but the FVC values were similar in patients positive and negative for the respective autoantigens. 
Figure taken and legend taken and adapted from (Leuschner et al. 2021). 
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There were essential variations across diagnoses and cohorts concerning the significantly 

increased autoantigens as the majority of autoantigens (66.6%) were either specifically found in 

IPF or CTD-ILD or in only one of the two cohorts (Figure 29): we identified 279 cohort- and ILD 

entity-specific autoantigens in IPF from cohort 1, 26 in IPF from cohort 2, 49 in CTD-ILD from 

cohort 1 and 13 in CTD-ILD from cohort 2, respectively (Leuschner et al. 2021).  

 

The high number of individually identified autoantigens in patients with IPF from cohort 1 (50.6% 
of all identified antigens) was partially driven by four patients with a very high autoimmune 

signature (range 69 to 279 autoantigens per patient). Although these four patients had 240 

antigens, which were significantly enriched in comparison to the other IPF patients from cohort 1 

(Figure 30 A), clinically, they showed no signs for CTD-ILD or IPAF. Furthermore, FVC (Figure 

30 B) and transplant-free survival (Figure 30 C) were similar to the other IPF patients from cohort 

1. 

 

 
 

 
Figure 29. Common and individual autoantigens in idiopathic pulmonary fibrosis (IPF) and connective tissue 
diseases-related interstitial lung diseases (CTD-ILD). Individual and common autoantigens in IPF and CTD-
ILD in the Munich and Hannover cohort are displayed in a Venn diagram. The dashed rectangle provides 
information about the composition of IPF-specific autoantigens (n=279) of cohort 1. The majority (70.6%) of 
autoantigens were exclusively derived from four patients with high autoimmune signature. Figure and legend 
taken and adapted from (Leuschner et al. 2021). 
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Figure 30. Subgroup of patients with idiopathic pulmonary fibrosis (IPF) from Munich and high autoimmune 
signature. (A) Volcano plot showing enriched antigens in four individual IPF patients in comparison to the 
other IPF patients from cohort 1. The color code indicates the number of patients (out of four) with 
significantly enriched antigen. (B) The forced vital capacity (FVC%pred.) did not differ between the  four IPF 
patients with high autoimmune signature and other IPF patients. (C) Transplant-free survival was similar 
between both IPF groups. 

 

 

 
A subanalysis of IPF from cohort 1 showed that the four IPF patients with high autoimmune 

signature (see Figure 27 A and Figure 30) accounted for the majority (70.6%) of IPF-specific 
autoantigens (Figure 29, dashed rectangle). However, there were 18 (3.3%) autoantigens, which 

were shared and exclusively found in both IPF cohorts and 4 (0.7%) autoantigens, including 

TOP1, which were identified only in the two CTD-ILD cohorts (Figure 29) (Leuschner et al. 2021). 

Analyzing the distribution of the 18 IPF-specific autoantigens across patients with IPF from both 

cohorts, the least frequently detected autoantigens were present in two (2.7%) and the most 

frequently detected autoantigen was found in 9 patients (12.0%; Figure 31 A) (Leuschner et al. 

2021). The most commonly identified autoantigen in IPF was Apolipoprotein A-IV (APOA4; n=9), 
and in comparison to patients without APOA4 its detection was connected to a significantly better 

FVC (p=0.016; Figure 31 B). None of the other IPF-specific autoantigens was associated with an 

elevated or reduced FVC in IPF patients (Figure 31 C - 31 Q) (Leuschner et al. 2021).  
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Figure 31. Identified autoantigens specific for idiopathic pulmonary fibrosis (IPF). (A) The bar graph shows 
all autoantigens specifically and exclusively detected in patients with IPF in two independent cohorts. The 
color code displays the distribution between Munich and Hannover. (B) Patients positive for Apolipoprotein 
A-IV (APOA4) had a higher forced vital capacity (FVC) than patients in whom APOA4 was not detected as 
autoantigen. (C-Q) The FVC showed no differences in patients with the respective autoantigen compared to 
all other IPF patients. Figure and legend taken and adapted from (Leuschner et al. 2021). 

 
 
In addition to cohort- and entity-specific autoantigens, we also identified 17 shared autoantigens 

in all four groups (Figure 29). The most frequently shared and detected autoantigens were 

epidermal fatty acid-binding protein, FCN3 and SERPINA1 (Figure 32 A) (Leuschner et al. 2021).  
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Figure 32. Most commonly identified autoantigens in idiopathic pulmonary fibrosis (IPF) and connective 
tissue disease related interstitial lung disease (CTD-ILD). (A) The bar graph pictures autoantigens which 
were shared between all patient groups from Munich and Hannover. The color code provides information 
about the frequency distribution within the groups. (B) Bar graph shows autoantigens that were found in at 
least three patients in both IPF groups and were therefore the most frequently identified autoantigens in IPF. 
(C) Bar graph shows autoantigens that were found in at least two patients in both CTD-ILD groups and were 
therefore the most frequently identified autoantigens in CTD-ILD. (D) All antigens which were detected in a 
minimum of three patients in one of the four groups are displayed in a heat map. The color code of these 
most commonly identified autoantigens gives information about the so called “sum score” which was derived 
from the Student’s t test statistics of significant proteins with FDR <10%. Arbitrarily, a minimum value of >4 
was chosen which resulted in a number of 116 most frequently identified autoantigens. Figure and legend 
taken and adapted from (Leuschner et al. 2021). 
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To find out more about reproducibly occurring antigens in IPF, a threshold was now set that 

required an antigen being found in a minimum of three patients in both respective IPF cohorts. 

Using this threshold detected 15 autoantigens of which FCN3 was the most frequently identified 

(Figure 32 B) (Leuschner et al. 2021). Interestingly, none of these was exclusively found in IPF. 

Given the lower number of identified autoantigens, to repeat this approach for CTD-ILD, a 

threshold was set requiring an antigen being detected in a minimum of two patients in both 

respective CTD-ILD cohorts. Hereby, 9 autoantigens were found, whereby one of them was 
TOP1, which is CTD-ILD specific (Figure 32 C) (Leuschner et al. 2021). SERPINA1 was the most 

commonly present autoantigen in CTD-ILD.  

 

Next, a sum score of Student’s t test statistics of significantly enriched proteins (FDR<10%) was 

used for all antigens, that were found in a minimum of three patients in one of the four patient 

groups. Using an arbitrary limit of >4 for the sum score, 116 top autoantigens were detected with 

IPF patients from cohort 1 presenting the greatest autoantibody repertoire (Figure 32 D) 

(Leuschner et al. 2021).  
 

In summary, using the DAC assay, a wide range of autoreactivity was identified in patients with 

IPF and CTD-ILD from two independent ILD-cohorts. Compared to CTD-ILD, the amount of 

autoreactive antibodies was not lower in IPF and detected autoantigens were common, disease- 

and cohort-specific. Yet, the burden of autoimmunity was very individual for each patient.   

 

 

4.2.5 Association between novel autoantigens and transplant free survival  
 
 
The generated autoantibody data were linked to clinical meta-data to determine a predictive 

potential and clinical relevance of detected autoantigens in IPF. In further analyses, only 

autoantigens were considered which were present in both IPF cohorts. Further, autoantigens had 

to be found in a minimum of three IPF patients to enable a statistical evaluation, requiring 

presence in at least two patients in one of the two cohorts. Following these requirements, 58 
autoantigens were detected (Leuschner et al. 2021). Of note, in eleven patients (cohort 1: n=8; 

cohort 2: n=3) none of these autoantigens were identified. Kaplan-Meier survival analysis was 

individually performed for each of the respective 58 autoantigens, grouping patients in antigen 

positive or antigen negative. Combining cohort 1 and 2, the mean±SD follow-up was 1.7±1.1 

years. During the follow-up, four patients from cohort 1 and ten patients from cohort 2 died. While 

17 patients from cohort 1 underwent lung transplantation, no patient from cohort 2 underwent lung 

transplantation (Leuschner et al. 2021).  
 

Combining IPF patients from both cohorts, detection of APOA4 or Glutathione peroxidase 1 

(GPX1), a downstream antioxidant factor of the oxidative stress-related factors Nrf2/Bach1 (Liu 
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et al. 2017), was associated with a significantly better transplant-free survival (Leuschner et al. 

2021). In contrast, patients who were positive for thrombospondin-1 (THBS1; n=6; 8.0%; p=0.002; 

Figure 33 A), tubulin beta-1 chain (TUBB1; n=5; 6.7%; p=0.019; Figure 36 B) and CD5L (n=3; 

4.0%; p=0.0015; Figure 36 C) had significantly reduced transplant-free survival time compared to 

patients who had no evidence for the respective autoantigen (Leuschner et al. 2021). The 

glycoprotein THBS1 plays a role in matrix interactions  and cell-to-cell communication (Lee et al. 

2014). TUBB1 encodes the tubulin β-1 chain, which is one of nine beta-tubulin isotypes in 
mammals and majorly expressed in megakaryocytes and platelets (Burley et al. 2018). Along with 

alpha tubulins, beta tubulins are main components of microtubules, that are important elements 

of the eukaryotic cytoskeleton. Concerning the lung, beta tubulins are targets of a number of 

chemotherapeutic agents, including paclitaxel and vinca alkaloids (Zhou and Giannakakou 2005). 

CD5L, also known as apoptosis inhibitor of macrophage has been found in macrophages and 

inhibits apoptosis (Amezaga et al. 2014). 

 

 

 

 

 
Figure 33. Kaplan-Meier curves for survival in patients with idiopathic pulmonary fibrosis (IPF) and specific 
autoantigens. (A-C) The presence of autoantibodies against thrombospondin-1 (THBS1) (A), tubulin beta-1 
chain (TUBB1) (B), or CD5L (C) was associated with a shorter transplant-free survival. Figure and legend 
taken and adapted from (Leuschner et al. 2021). 

 
Interestingly, while THBS1 was detected in six patients (cohort 1: n=3; cohort 2: n=3), five of these 
patients were concurrently positive for TUBB1 (cohort 1: n=2; cohort 2: n=3). In the multiple 

regression analysis THBS1 was an independent predictor for transplant-free survival when 

controlling for the cofounders age, FVC and gender (HR: 3.98; 95%-CI: 1.432-11.074; p=0.008; 

Table 8) (Leuschner et al. 2021). Separate Kaplan-Maier analysis of the two cohorts showed that 

patients positive for THBS1 had significantly shorter transplant-free survival in cohort 1 

(p=0.0016) and cohort 2 (p=0.0319), respectively (Figure 34) (Leuschner et al. 2021). Controlling 

for the same cofounders (age, FVC and gender), corresponding results were seen for TUBB1 in 

the multiple regression analysis, as TUBB1 was also an independent predictor for mortality/lung 
transplantation (HR 3.469; 95%-CI: 1.150 - 10.464; p=0.027) (Leuschner et al. 2021). Since 

TUBB1 was indeed detected in three patients from cohort 2 but, in contrast to THBS1 only in two 

patients from cohort 1, no separate Kaplan-Meier analysis was carried out for both cohorts. 
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variable HR 95%-CI p-value 

FVC 0.959 0.939 – 0.981 <0.001 

Age 0.621 0.952 – 1.030 0.621 

Gender 1.603 0.554 – 4.639 0.384 

THBS1 3.98 1.432-11.074 0.008 
 

Table 8. Multiple regression analysis in idiopathic pulmonary fibrosis (IPF) for transplant-free survival. 
Autoantibodies against thrombospondin-1 (THBS1) are an independent predictor for transplant-free 
survival. Table taken and legend taken and adapted from (Leuschner et al. 2021). 

 
 

 

 

 
Figure 34. Kaplan-Meier curves for transplant-free survival in patients with idiopathic pulmonary fibrosis 
(IPF) either positive or negative for thrombospondin-1 (THBS1) autoantibodies. In patients with 
autoantibodies against THBS1, survival was shorter in both the Munich (A) and the Hannover cohort (B), 
respectively. Figure and legend taken and adapted from (Leuschner et al. 2021). 

 
 

 
Next, given the co-expression of THBS1 and TUBB1 associated with a greater risk for 
mortality/lung transplantation, autoimmune profiles and shared autoantigen repertoires should be 

identified. Hierarchical clustering was used to display IPF patients from cohort 1 and cohort 2 

which uncovered again the broad, individual heterogeneity of autoantigens (Figure 35) 

(Leuschner et al. 2021). Two major gene clusters dominated in the depiction, one of which 

comprised 20 distinct autoantigens (cluster 1) depicting 13 patients (cohort 1: n=11; cohort 2: 

n=2) and one of which was based on six autoantigens (cluster 2) depicting a group of six patients 

(cohort 1: n=3; cohort 2: n=3). The six genes from cluster 2 were Zyxin (ZYX), epididymis 
secretory protein Li 112 (HEL-S-112), Latent-transforming growth factor beta-binding protein 1 
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(LTBP1), TUBB1, THBS1 and Talin 1 (TLN1) (Leuschner et al. 2021). LTBP1 plays a role in the 

TGF-ß signalling (Miyazono et al. 1991). TLN1 is a cytoplasmic protein that participates in the 

conformation of the integrin lymphocyte function-associated antigen-1, which in turn induces slow 

rolling and arrest of neutrophils (Lefort et al. 2012).  

 

Patients were now grouped using a principal component analysis (PCA) of the values of the Z-

scored Student’s t test statistics of the 58 autoantigens. The PCA separated one patient group 
(PCA group 1) in component 1, that explains 21.3% variability of the data. A second patient group 

(PCA group 2), that is responsible for 7.8% variability of the data, was separated in component 2 

(Figure 36 A) (Leuschner et al. 2021). Of note, the patients in the PCA group 1 (cohort 1: n=8; 

cohort 2: n=3) were all included in cluster 1 in der hierarchical clustering (Figure 35). Similarly, 

six of the nine (66.7%) patients from PCA group 2 (cohort 1: n=4; cohort 2: n=5) were from cluster 

2 in the hierarchical clustering (Figure 35). With the help of a scatter plot which displays the 

loading proteins of the respective PCA component it could be shown that component 1 was mainly 

driven by T-complex protein 1 subunit eta (CCT7), histidine triad nucleotide-binding protein 1 
(HINT1), myeloid cell nuclear differentiation antigen (MNDA), vesicle-fusing ATPase (NSF), 

proteasome subunit alpha type-6 (PSMA6), Ras-related protein Rac1 (RAC1), 40S ribosomal 

protein S25 (RPS25), protein transport protein Sec31A (SEC31L1) and signal transducer and 

activator of transcription 3 (STAT3), which were all part of the heat map cluster 1 except for Ras-

related protein Rac1 (Figure 36 B) (Leuschner et al. 2021). Component 2 was enriched for 

TUBB1, THBS1, TLN1, LTBP1, ZYX, epididymis secretory protein Li 112 (HEL-S-112), the LIM 

and senescent cell antigen-like-containing domain protein 1 (LIMS1) and caldesmon, which were 

all part of cluster 2 of the hierarchical cluster except for the last two mentioned autoantigens 
(Figure 35). Kaplan-Meier analysis showed similar transplant-free survival curves for patients 

from PCA-group 1 and all other IPF patients from the two cohorts (Figure 36 C) (Leuschner et al. 

2021). In contrast, the transplant-free survival of patients included in PCA-group 2 was 

significantly shorter compared to other IPF patients (median survival 0.9 years versus 3.4 years; 

p=0.046; Figure 35 D) (Leuschner et al. 2021). There were neither significant differences in terms 

of age (p=0.282) nor in FVC (p=0.155) between patients from PCA group 2 and all the other IPF 

patients. 
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Figure 35. Hierarchical clustering of potential autoantigens in idiopathic pulmonary fibrosis (IPF). 
Hierarchical clustering displays 58 genes. These had to be (1) present in IPF patients from Munich and 
Hannover and (2) detected in a minimum of two patients in one of the two groups. Two autoantigen clusters   
were identified (cluster 1 and cluster 2). Figure and legend taken and adapted from (Leuschner et al. 2021). 

 



4 Results 89 

 
Figure 36. Potential predictive autoantigens in idiopathic pulmonary fibrosis (IPF). (A) Grouping of patients 
based on the same 58 proteins as used in Figure 35 by a principal component analysis (PCA). (B) The 
loadings of component 1 and 2 of the PCA from panel A are displayed with a color code for the top antigens 
of component 1 (blue) and component 2 (purple). (C) The survival curve of patients from PCA group 1 is 
similar to all other IPF patients. (D) Kaplan-Meier curve identifies IPF patients from PCA group 2 as having 
a significantly reduced transplant-free survival. Figure and legend taken and adapted from (Leuschner et al. 
2021). 
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To assess if similar to the IPF cohort associations between autoimmune profiles and survival can 

be found for CTD-ILD, the data from patients with CTD-ILD from both cohorts were integrated 

with clinical meta-data. Likewise, autoantigens were only included in this analysis, if they were 

found in both CTD-ILD cohorts and in one of the both cohorts the respective antigen had to be 

present in at least two patients. Using this approach, in total, 19 autoantigens were identified. 

Seven patients had none of these 19 autoantigens. The mean±SD follow-up of CTD-ILD patients 

was 4.2±6.6 years. During the follow-up two patients from cohort 1 underwent lung transplantation 
and two patients from cohort 2 died. Performing Kaplan-Meier analysis for transplant-free survival, 

the presence of Protein argonaute-1 (AGO1) and FCN3 was linked to a significantly worse 

transplant-free survival in CTD-ILD (p=0.022 and p=0.037, respectively; Figure 37 A and 37 B). 

A heat map of the 19 autoantigens identified four clusters of patients (Figure 38). Cluster 1 (cohort 

1: n=4; cohort 2: n=4) was mainly based on Apolipoprotein E, cytoplasmatic Alanine-tRNA ligase, 

and Histone H1.2, cluster 2 (cohort 1: n=2; cohort 2: n=3) was primarily driven by SERPINA1, 

Interferon alpha-inducible protein 6, Nascent polypeptide-associated complex subunit alpha 

(NACA) and FCN3, cluster 3 (cohort 1: n=1; cohort 2: n=5) consisted of poly(rC)-binding protein 
2, HCG1994130, isoform CRA_a (hCG_1994130), Protein ERGIC-53 (LMAN1), 60S ribosomal 

protein L22 and epidermal fatty acid-binding protein and cluster 4 (cohort 1: n=5; cohort 2: n=1) 

was related to AGO1, TOP1, myosin regulatory light chain 12A (MYL12A), TUBB1 and GPX1.  

 

 

 

 
Figure 37. Kaplan-Meier curves for survival in patients with connective tissue disease related interstitial lung 
disease (CTD-ILD) and specific autoantigens. (A-B) The presence of autoantibodies against Protein 
argonaute-1 (AGO1) (A) and Ficolin-3 (FCN3) (B) was associated with a shorter transplant-free survival. 
Patients with the respective autoantigen are shown with dashed line. 
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Figure 38. Hierarchical clustering of 19 potential autoantigens in patients with connective tissue disease 
related interstitial lung disease (CTD-ILD). The autoantigens had to be (1) present in CTD-ILD patients from 
Munich and Hannover and (2) detected in a minimum of two patients in one of the two groups. The clustering 
depicts four distinct autoantigen-cluster (cluster 1-4). 

 
The Z-scored Student’s t test statistics were used to generate a PCA of the 19 identified 
autoantigens. The analysis revealed three distinct patient groups in component 1, which was 

responsible for 17.2% of the variability of data and component 4, which explained 9.3% of the 

data variability (Figure 39 A). The PCA group 1 identified 4 patients, all from heat map cluster 4, 

the PCA group 2 consisted of five patients, all from heat map cluster 3 and the PCA group 3 

depicted eight patients, of which five were from heat map cluster 2. The loadings are displayed 

using a scatter plot (Figure 39 B) and showed that component 1 was mainly enriched for genes 

from heat map cluster 3 and 4, namely HCG1994130, isoform CRA_a (hCG_1994130), Protein 
ERGIC-53 (LMAN1), poly(rC)-binding protein 2, 60S ribosomal protein L22, GPX1, TOP1, 

TUBB1, LIMS1 and myosin regulatory light chain 12A (MYL12A). Component 2 was enriched for 

IFI16, SERPINA1, FCN3 and nascent polypeptide-associated complex subunit alpha, all of which 

corresponded to the genes from the heat map cluster 2. Kaplan-Meier analysis identified patients 

from the PCA group 1 and 3 as having significantly worse transplant-free survival (p=0.013 and 

p=0.001, respectively; Figure 39 C and 39 E), whereas the PCA group 2 showed no significantly 

different time to death or transplantation in comparison to the remaining CTD-ILD patients (Figure 

39 D). 
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Figure 39. Identification of predictive autoantigens in connective tissue disease related interstitial lung 
disease (CTD-ILD). (A) Based on component 1 and component 4, a principal component analysis (PCA) of 
the same 19 proteins as used in Figure 38 distinguishes three different groups of patients. (B) The loadings 
of component 1 and 4 of the PCA from panel A are displayed with a color code for the top antigens of 
component 1 (purple) and component 4 (blue). (C) Kaplan-Meier curve depicts CTD-ILD patients from PCA 
group 1 as having a significantly worse transplant-free survival. (D) Survival of CTD-ILD patients from PCA 
cluster 2 is similar to all other CTD-ILD patients. (E) Patients from PCA cluster 3 have a significantly shorter 
time to death or transplantation according to Kaplan-Meier curves.  
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In addition to the identification of potential autoantigens, a significant number of V-segments 

derived from immunoglobulin variable regions were identified in the study population. Using an 

ANOVA test, in cohort 1, 39 V-segments (Figure 40 A), and in cohort 2, 47 V-segments (Figure 

40 B) were identified as significantly different in IPF in comparison to CTD-ILD. Of these, the V2-

15 protein was identified in both cohorts and showed a high specificity for IPF: V2-15 was only 

identified in IPF patients in cohort 1 (n=5; 14.3%) and in cohort 2, it was only identified in IPF 

(n=9; 22.5%) but one CTD-ILD, where it was found in 2/3 measurements. While the Kaplan-Meier 
survival analysis revealed a significantly shortened time interval to death or transplantation in V2-

15 protein positive IPF patients from Munich, there were no significant differences observed in 

patients from Hannover (Figure 40 C).  

 

 
Figure 40. Analysis of autoantibodies reveals differential V-segment usage in idiopathic pulmonary fibrosis 
(IPF) and connective tissue disease related interstitial lung disease (CTD-ILD). (A-B) Hierarchical clustering 
of ANOVA-significant V-segments in patients with IPF and CTD-ILD from Munich (A) and Hannover (B). The 
color code depicts ANOVA significance. (C) Survival in cohort 1 and 2 in V2-15 protein positive and negative 
IPF patients. 
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In summary, integrating clinical data to findings from the DAC assay identified 58 autoantigens 

that were robustly found in IPF patients from Munich and Hannover. The merger of cohort 1 and 

cohort 2 identified two antigens, which were predictors of transplant-free survival in multiple 

regression analysis: THBS1 and TUBB1. Additionally, patients positive for THBS1 were found to 

have significantly shorter survival when analyzing cohort 1 and cohort 2 separately indicating 

reproducible predictive results. Moreover, an autoimmune signature consisting of several genes 

was found to be linked to a significantly reduced survival in IPF. Using the same approach for 
CTD-ILD, 19 autoantigens were robustly detected in both cohorts. Similar to the findings in IPF, 

two autoimmune signatures were linked to significantly shorter time to death or lung 

transplantation in CTD-ILD. Furthermore, a high number of V-segments were found in the analysis 

in IPF and CTD-ILD revealing differential V-segment usage in both diseases. 
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4.2.6 Discussion 
 
 
Until now the exact genesis of IPF is not completely enlightened but the diagnosis requires the 

exclusion of other ILDs such as autoimmunity-related, CTD-ILD (Raghu et al. 2018). Still, we and 

others have shown that there might be B cell mediated autoimmunity involved in IPF (Xue et al. 

2013, Vuga et al. 2014, Schiller et al. 2017). To learn more about immune tolerance break our 
work intended to utilize an unbiased approach for the analysis of antibody mediated autoimmunity 

in ILD. Therefore, a DAC assay was established, which enables the identification of a wide range 

of autoreactivity in both, CTD-ILD and IPF. Surprisingly, patients with CTD-ILD did not show a 

higher prevalence of autoreactive antibodies (Leuschner et al. 2021). Further, a broad number of 

the identified autoantigens were not disease specific but shared between IPF and CTD-ILD. The 

analysis detected new autoantigens in patients with IPF and CTD-ILD. Interestingly, these 

included autoantigens that were found robustly in two independent cohorts and were associated 
with a shorter transplant-free survival (Leuschner et al. 2021).  

 

Type 2 immunity, which is primarily observed in inflammation caused by allergic reactions or 

infections with parasites, can contribute to pathological fibrosing processes in many different 

organ systems including the lung (Gieseck et al. 2018). Characteristic of type 2 immunity is the 

generation and secretion of the interleukins IL-4, IL-5, IL-9 and IL-13 and accompanying cells 

including B cells, T helper 2 cells, basophils, mast cells, eosinophils, group 2 innate lymphoid 

cells and macrophages which can be activated by IL-4 and IL-13 (Nakayama et al. 2017, Gieseck 
et al. 2018). Type 2 immunity plays a role in regular repair mechanisms in human tissues and if 

these become dysregulated, exaggerated or chronic this can potentially lead to organ fibrosis 

such as ILD (Gieseck et al. 2018). A central feature of type 2 immunity is the B cell-mediated 

production of antibodies (Allen and Sutherland 2014). This is not only essential for host defense 

(as needed in a (re-) infection with parasites) but may also play a role in tissue repair processes 

(Esser-von Bieren et al. 2013, Leuschner et al. 2021). The continuous damage of the tissue and 

the resulting activation of cytokines profiles in chronic organ injury could induce a duplication of 
autoreactive germinal centers, which additionally intensifies the autoimmune reaction and 

ultimately causes tissue fibrosis which is irreversible (Degn et al. 2017). So far, neither is there 

data on such a scenario in patients with ILD nor is it known if there are other ILD entities than 

CTD-ILD which have an association with the production of antibodies. Compared to other 

currently used workflows the DAC developed in this project is highly competitive and can 

contribute important new findings in many ways: First, a big advantage is the fact that for the 

workflow only little amounts of plasma or serum is needed (20-50 µl per patient) (Leuschner et al. 

2021). Second, an unbiased approach was pursued using MS technology, and the complete 
proteome of diseased and healthy lung tissue from which autoantigens could be identified by 

immunoprecipitation. Compared to targeted assays this allowed a more comprehensive and 

higher throughput screening. Third, autoantigens can result from diseases associated 

posttranslational protein modifications, which are difficult to approach using methods based on 

recombinant proteins such as in targeted assays. Therefore, the MS data of this project were 
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checked for posttranslational protein modifications in the identified autoantigens (Leuschner et al. 

2021). 

 

A major finding of this study was the wide range of different autoantigens in IPF and CTD-ILD 

including shared, disease specific, cohort specific and individually expressed autoantigens 

(Leuschner et al. 2021). In IPF, while 12% of the patients had only one or none autoantibodies, 

another 12% had more than 30 different autoantigens. Most of these autoantigens were only 
detected in one or two patients which emphasizes the great individuality among patients. That in 

turn showed that most of the autoantigens were only found in IPF or CTD-ILD of one cohort with 

almost 200 autoantigens being exclusively expressed in four individual IPF patients. Only 18 

autoantigens were robustly detected as “IPF-specific” since they were identified in IPF patients 

from Munich and Hannover but not in any of the patients with CTD-ILD in either cohort. 

Interestingly, of these, only APOA4 was associated with differences in FVC. APOA4 was found 

in 12% of IPF patients and these patients had a significantly better FVC in comparison to the 

remaining IPF patients. Although, so far, no link between APOA4 and lung fibrosis has been 
made, there is data that plasma APOA4 is elevated in early liver fibrosis (Wang et al. 2017).  

 
Interestingly, 58 autoantigens were robustly identified by the DAC assay in patients with IPF in 

two independent clinical cohorts. It should be noted that these included both, IPF-specific and 

non-IPF-specific antigens. Of these, autoantibodies against CD5L, THBS1 and TUBB1 were 

associated with significantly worse survival. TUBB1 showed a co-expression with THBS1 of 100% 

and both were independent predictors for survival (adjusted for gender, age and FVC). THBS1 

was present in 8% of IPF patients but not IPF-exclusive, since it was also found in 7% of CTD-
ILD (Leuschner et al. 2021). THBS1 is present in different cells including platelets, endothelial 

cells,  vascular smooth muscle cells, fibroblasts and macrophages (Ide et al. 2008). The 

glycoprotein has various properties which include a role in wound healing as well as stimulation 

and inhibition of angiogenesis and tumor growth (Bornstein 1995). Apart from that THBS1 

appears to have significant activating properties for the TGF-β1 pathway (Crawford et al. 1998, 

Murphy-Ullrich and Poczatek 2000, Leuschner et al. 2021). Furthermore, THBS1 seems to be 

involved in epithelial regeneration in lung injury as THBS-1 deficient mice lack sufficient repair 

mechanisms in case of alveolar injury (Lee et al. 2014). Hence, it should be discussed whether 
THBS1 plays a key role in the development of fibrotic diseases. There is even evidence that 

THBS1 might be of predictive value in IPF. First, compared to controls and patients with 

sarcoidosis, THBS1 plasma levels are not only significantly elevated in patients with idiopathic 

interstitial pneumonia, including IPF, but also correlate inversely with FVC (Ide et al. 2008). The 

finding of elevated THBS1 plasma levels in IPF in comparison to controls was validated very 

recently in samples from patients included in the Idiopathic Pulmonary Fibrosis Prospective 

Outcomes (IPFPRO) Registry using aptamer-based proteomics (Todd et al. 2019). Furthermore, 
THBS1 was found to be significantly reduced in lung tissue of IPF patients in comparison to 

healthy controls (Murray et al. 2017). The results from this project are supporting the theory of a 

role of THBS1 in IPF, as autoantibodies against THBS1 were robustly found in two independent 

IPF cohorts. Further, THBS1 was an independent predictor for transplant-free survival in this 
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study. The coexpression of THBS1 and TUBB1 autoimmunity was unambiguously. Clustering of 

genes further identified a group of autoantigens associated with the THBS1/TUBB1 profile, 

including TLN-1, LTBP1, epididymis secretory protein Li 112 (HEL-S-112), ZYX, LIMS1 and 

caldesmon. Like THBS1, some of these proteins seem to have associations to fibrotic diseases 

(Leuschner et al. 2021). LTBP1 is crucial for the correct creation and release of TGF-β1, which in 

turn appears to affect the occurrence of LTBP1 (Miyazono et al. 1991, Taipale et al. 1994, Koski 

et al. 1999). While the relationship between THBS1 and TGFβ has been discussed above, it is 
unclear if THBS1 interacts directly with LTBPs. Interestingly, TLN-1 and ZYX have both been 

characterized as focal adhesion markers, which are reduced on the protein level in primary human 

fibroblasts that were cultured on 3D-lung tissue cultures compared to 2D plastic dishes 

(Burgstaller et al. 2018). In addition to autoantigens associated with worse survival, using clinical 

meta-data, APOA4 and GPX1 were characterized as autoantigens with a beneficial predictive 

capability in IPF. APOA4, which was one of the IPF-specific autoantigens, was not only 

associated with better lung function but also with a more favorable survival in IPF. As mentioned 

above, so far, there is no evidence of a connection between lung fibrosis and APOA4. GPX1, 
which is among others a downstream antioxidant factor of the oxidative stress-related factors 

Nrf2/Bach1, has recently been shown to be decreased in mouse lung fibroblasts after treatment 

with pirfenidone on mRNA and protein level (Liu et al. 2017). 

 

In CTD-ILD, only four robustly detected “CTD-ILD specific” autoantigens were identified, including 

TOP1. Of the 19 autoantigens, that were detected in both CTD-ILD cohorts regardless of the 

entity specificity, AGO1 and FCN3 were associated with a significantly worse survival. AGOs have 

been studied in mammals mainly for their cytoplasmic role in the biogenesis of small RNA (Muller 
et al. 2019). AGO1 is a major component of the RNA induced silencing complex (MacRae et al. 

2008), which can be programmed to target nucleic acid sequences and regulate gene 

expression (Pratt and MacRae 2009). A study on miRNA expression patterns in IPF revealed that 

in human lung biopsies of slow and rapidly progressing IPF, AGO1 was significantly reduced in 

comparison to healthy controls (Oak et al. 2011). In our study, AGO1 was exclusively detected 

as significant autoantigen in CTD-ILD of both cohorts and no IPF patient. In contrast, FCN3 was 

not CTD-ILD specific but also expressed in several IPF patients. Nevertheless, in IPF, there was 
no survival difference in FCN3 positive and FCN3 negative patients. FCN3, also called Hakata 

antigen, has the ability to activate the complement system via the lectin signaling (Endo et al. 

2007). Together with the classical and the alternative pathway, the lectin pathway is one of the 

three pathways that can activate the complement system, which has a crucial role in the innate 

immune system. FCN3 is present in the human lung and liver (Akaiwa et al. 1999), with the 

highest expression pattern in the lung in comparison to other ficolins (Hummelshoj et al. 2008). 

In the lung, FCN3 is produced in ciliated bronchial epithelial cells and alveolar epithelial cells type 

II, from where it is secreted into the bronchus and alveolus (Akaiwa et al. 1999). It has a high 
potential to activate the complement pathway (Hummelshoj et al. 2008). A case report of 

homozygote FCN3-deficiency characterized a 32-year old man with, among other conditions, 

recurrent severe pulmonary infections developing severe bronchiectasis and pulmonary fibrosis 
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(Munthe-Fog et al. 2009). Further, Miyagawa et al. found that although serum levels of FCN3 did 

not differ in control subjects and patients with SSc, decreased levels of FCN3 were linked to a 

greater prevalence of ILD (Miyagawa et al. 2017). As FCN3 serum levels correlated inversely with 

ground glass opacity in SSc, the authors assumed a role of FCN3-related innate immunity in the 

development of ILD in patients with SSc. Interestingly, Using the DAC assay in this study, FCN3 

was not only detected in SSc but also patients with rheumatoid arthritis and CREST syndrome. 

Further, using the CTD-ILD cohorts from Munich and Hannover, FCN3 was associated with IFI16, 
SERPINA1, and nascent polypeptide-associated complex subunit alpha. A second autoimmune 

signature was based on GPX1, TUBB1, TOP1, myosin regulatory light chain 12A (MYL12A) and 

LIMS1. CTD-ILD patients from one of these autoimmune profile groups had a significantly worse 

survival. As an association of TUBB1 and LIMS1 with worse survival was already seen in IPF 

patients, but GPX1 was rather associated with better survival in IPF, this displays again common 

and diverse roles of autoimmunity in both diseases.   

 

In addition to many advantages of this project, there are also limitations, which need to be 
acknowledged. First, the study included two independent ILD cohorts, which showed clear 

differences in clinical characteristics and patient samples including markedly differences in age 

and lung function parameters (Leuschner et al. 2021). Additionally, some of the heterogeneity 

between cohorts might be caused by the fact that blood samples from cohort 1 were plasma 

samples but cohort 2 were all serum samples. Several parameters can have an influence on the 

sensitivity of the DAC assay and these might differ between the various pairs of antibodies and 

antigens autoantigen/antibody pairs. The enrichment and consequently the detection of 

autoantigens can depend on (1) the titer of autoantigens in plasma/serum, (2) concentration of 
autoantigens in the native tissue extract, (3) antibody-antigen affinity, (4) other unknown factors 

(Leuschner et al. 2021). Since for the DAC assay one defined condition and protocol had to be 

established it was to be expected that some possible autoantigens would be missed. Actually, 

some autoantibodies/antigens which were previously identified and showed associations with 

severity of IPF or prognosis, were not detected by the MS-workflow, including antibodies against 

parietal cells, heat-shock protein 70 or vimentin (Taille et al. 2011, Kahloon et al. 2013, Li et al. 

2017, Beltramo et al. 2018).  
 

Finally, the data of the project show that there is a great heterogeneity of B cell driven autoimmune 

profiles in IPF and CTD-ILD with shared, disease specific, cohort specific and individually 

expressed autoantigens. In IPF, autoantibodies against THBS1 were predictors for transplant-

free survival. Moreover, in CTD-ILD and IPF, respectively, autoimmune profiles were identified 

consisting of several co-expressed genes, which were associated with worse survival. Although 

our data does not give evidence for a disease-causing IPF-specific autoantigen, autoimmune 

response seems to have an impact on a selected number of patients with IPF.  
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5. Conclusion and future directions 
 
 
IPF is a chronic disease in which the excessive deposition of ECM subsequently leads to organ 

malfunction and reduced gas exchange. The pathogenesis is still not completely clear and 

treatment options are limited, despite the two antifibrotic drugs pirfenidone and nintedanib, that 

can slow the progression of the disease. Hence, there is an urgent need to clarify the exact 

processes involved in the genesis of IPF and identify possible cellular or molecular targets for 
future effective therapies. 

 

In our first study presented here, using an unbiased proteomics approach, we identified a large 

extent of MZB1-positive B cells in different types of ILD and also in skin tissue of localized 

scleroderma (Schiller et al. 2017). MZB1 is a plasma B cell marker and it is assumed to be 

essential for the proper biosynthesis of immunoglobulin µ heavy chains under conditions of ER 

stress (Flach et al. 2010, Rosenbaum et al. 2014). Immunostainings identified MZB1-positive cells 
as tissue-resident, terminally differentiated antibody-producing plasma cells (Schiller et al. 2017). 

The significantly higher expression of MZB1 in ILD tissue in comparison to healthy donors could 

be validated in a second, larger ILD cohort. Interestingly, MZB1 levels correlated significantly and 

negatively with lung function parameters suggesting the involvement of humoral autoimmunity in 

ILD. Furthermore, we observed a strong correlation with the total tissue IgG (Schiller et al. 2017). 

While proteomic data identified an upregulation of the IgG4 subclass, this could not be verified in 

further analysis using Western blot. Therefore, further work is needed to identify the role auf IgG 

subclasses and the distribution in different types of ILD. 
 

Given the poor prognosis and limited treatment options, the immune system should be further 

investigated as a potential therapeutic target for IPF. In this regard, a therapeutic attempt with 

recombinant pentraxin, which inhibits the differentiation of monocytes into proinflammatory 

macrophages, appears promising. In a phase II study, compared to placebo, patients under such 

a therapy showed a significantly lower decline of FVC (Raghu et al. 2018). The open-label 

extension study showed persistent results on continuation over time and positive effects on FVC 

loss in patients who crossed over from placebo (Raghu et al. 2019). Another new therapeutic 
option might be PBI-4050, which is an orally active small-molecule compound that can bind the 

two G-protein coupled receptors GPR40 and GPR84 and either activate or antagonize them 

(Gagnon et al. 2018). Treatment with PBI-4050 can reduce or even reverse fibrotic processes by 

regulation of not only epithelial cells, fibroblasts and myofibroblasts but also macrophages 

(Gagnon et al. 2018). A 12-week open-label study including patients with IPF showed promising 

results for treatment with only PBI-4050 and also the combination of PBI-4050 and nintedanib 

(Khalil et al. 2019).  
 

Based on our results on tissue IgG, another approach would be, for example, the identification of 

a damaging antigen followed by an immunotherapy specifically targeting this antigen, which has 

already been successfully investigated in other diseases and is now being used experimentally. 
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Recently, chimeric autoantibody receptor T cells (CAAR-T cells) have been found to serve as 

valuable and specific therapy eliminating autoreactive plasma B cell clones while preserving the 

protective immunity (Ellebrecht et al. 2016). As already mentioned, the feasibility of  such 

therapies in the future depends on the presence and detection of autoantigens which are disease 

specific and pathogenic. In the second chapter of this work, we aimed to learn more about immune 

tolerance break and identify potential autoantigens in IPF. To enable an unbiased approach the 

DAC assay was established (Leuschner et al. 2021). We analyzed the autoantigen repertoire not 
only in IPF and healthy controls but also in patients with CTD-ILD from two independent ILD 

cohorts. Of note, the number of potential autoantigens was not higher in patients with CTD-ILD 

and a wide range of autoantigens were not diseases specific but commonly found in IPF and 

CTD-ILD (Leuschner et al. 2021). We were able to identify novel autoantigens and autoimmune 

signatures consisting of several co-expressed genes in IPF and CTD-ILD, which were detected 

in both cohorts and were associated with worse transplant-free survival. Autoantibodies against 

THBS1 were identified as independent predictor for mortality/lung transplantation in IPF patients 

(Leuschner et al. 2021). THBS1 was detected by the DAC assay in 8% of patients with IPF and 
7% of CTD-ILD, respectively.  

 

However, based on our data it cannot be determined if the identified autoantigens are disease-

causing. Nevertheless, humoral autoimmunity seems to impact a selected number of patients 

with IPF. At the experimental level, our work could benefit from further validation using sequential 

plasma samples from the same patients correlated with clinical data. This could help to determine 

if autoantibodies are present in a distinct subpopulation of patients from early stages of the 

disease on or if they occur later. Though, it is difficult to collect such samples in a standardized 
way in clinical practice. Another approach would definitely be to use the DAC assay in IPF-like 

mouse models such as the bleomycin model (Moeller et al. 2008). The advantage of a mouse 

model would be that repetitive blood sampling would be more standardized and easier to obtain 

than in humans. To further study the role of THBS1 in IPF a knock-out model might also be of 

interest in the future.  

 

Taken together, the existing literature and our work show that there is an urgent need for a better 
understanding of the pathogenesis in IPF including autoimmune processes. Overall, the herein 

presented data provide new insights into the role of B cell-mediated autoimmunity in IPF. Given 

the highly diverse clinical courses in IPF, personalized therapy options that are directed against 

autoimmune processes could be of decisive relevance in the future. 
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