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Zusammenfassung 

Die Membranöse Nephropathie (MN) ist eine Autoimmunerkrankung der Niere, welche 

Podozyten, spezialisierte Zellen der Niere, betrifft. Diese sind an der Filtration des 

Blutes und der Synthese der glomerulären Basalmembran beteiligt. Die MN wird durch 

primäre Autoantikörper gegen Podozytenantigene wie THSD7A, welche an den 

Fußfortsätzen exprimiert werden, ausgelöst. Die entstehenden Immunkomplexe 

werden entlang der glomerulären Filtrationsbarriere abgelagert und führen zu einer 

Zerstörung der glomerulären Filtrationsbarriere. In den letzten Jahren wurden neben 

den primären Autoantikörpern weitere MN-assoziierte Autoantikörper identifiziert, die 

unter anderem gegen intrazelluläre Proteine gerichtet sind und vermutlich als 

sekundäre Immunreaktion auftreten. Es ist unklar, ob diese zur Pathogenität der MN 

beitragen, allerdings zeigen MN-Patienten, die solche sekundären Autoantikörper 

aufweisen, eine Verschlechterung des Krankheitsverlaufs. Einige MN-Patienten 

weisen spezifisch Autoantikörper gegen das in geschädigten Podozyten de novo 

exprimierte, intrazelluläre deubiquitinierende Enzym Ubiquitin C-terminale Hydrolase 

L1 (UCH-L1) auf. Hypothese dieser Arbeit ist, dass diese sekundären anti-UCH-L1 

Antikörper durch ihre Präsenz an der glomerulären Filtrationsbarriere oder durch die 

Beeinflussung der UCH-L1 Protein Aktivität, zu einer Verschlechterung der MN führen. 

Um die Pathogenität sekundärer anti-UCH-L1 Antikörper im Zusammenhang mit der 

MN zu untersuchen, wurden Versuche in etablierten humanen Zellkulturpodozyten und 

Maus Modellen der THSD7A-MN durchgeführt. Nach MN-Entwicklung wurden anti-

UCH-L1 Antikörper als sekundäre Behandlung appliziert (THSD7A-MN+2nd hit). Um 

einen pathogenen Einfluss zu haben, müssen Antikörper Zugang zu dem 

entsprechenden Antigen haben. Dies konnte in MN-Patienten und dem THSD7A-MN 

Maus Modell durch die Lokalisierung an der Podozytenfußfortsatzmembran gezeigt 

werden. Die Applizierung des sekundären anti-UCH-L1 Antikörpers führte zu einem 

verschlechterten Krankheitsverlauf mit verstärkter Proteinurie und 

Fußfortsatzverschmelzung. Morphologisch-funktionell zeigten THSD7A-MN+2nd hit 

Mäuse zudem eine erhöhte Antikörper Last an der glomerulären Filtrationsbarriere und 

eine Veränderung in der Kollagen IV Produktion hin zu einer Form, welche nur im sich 

entwickelnden Glomerulus vorkommt. Weiterhin wurde beobachtet, dass der 

podozytäre UCH-L1 Gehalt anstieg und das Protein in Podozyten aggregierte. Mittels 

Zellkultur- und Urinuntersuchungen konnte eine vermehrte Abgabe von 
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Extrazellularvesikeln gezeigt werden, welche mit anti-THSD7A Antikörpern beladen 

sind. Zusätzlich enthielten die Extrazellularvesikel nicht-funktionales UCH-L1 ebenso 

wie ein proteolytisch gespaltenes THSD7A, wodurch Extrazellularvesikel eine 

mögliche Austrittspforte für geschädigte Antigene darstellen. Zusammenfassend gibt 

die zugrundeliegende Arbeit gibt einen ersten Hinweis auf einen 

krankheitsverschlechternden Einfluss der sekundären anti-UCH-L1 Antikörper und 

trägt zu einem besseren Verständnis der Faktoren bei, welche zu einer 

Verschlächterung der MN führen. Sie zeigt somit auch die Notwendigkeit weitere 

mögliche (sekundäre) Antigene und ihren Einfluss zu untersuchen. 
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Abstract 

The autoimmune disease membranous nephropathy (MN), affects podocytes, 

specialized cells of the kidney, which contribute to the filtration of the blood and the 

secretion of glomerular basement membrane (GBM) components. MN is caused by 

primary autoantibodies directed against foot process (FP) proteins such as THSD7A, 

binding their target antigen and accumulating as immune complexes along the 

glomerular filtration barrier (GFB). In the past years next to the primary autoantibodies 

a multitude of putative MN-associated autoantibodies were discovered, which among 

others are directed to intracellular proteins and might occur as a secondary immune 

response. Altghough their relation to MN pathogenesis is unclear, MN patients with 

secondary autoantibodies against intracellular proteins are linked to a poor clinical 

outcome. A subset of MN patients presents with secondary autoantibodies directed 

against the intracellular deubiquitinating enzyme Ubiquitin C-terminal Hydrolase L1 

(UCH-L1), which is de novo expressed in injured podocytes. Hypothesis of the current 

work is that secondary anti-UCH-L1 antibodies lead to a worsening of MN either 

through their presence at the GFB or by interference with UCH-L1 functionality. To 

investigate the pathogenicity of those secondary antibodies in MN, experiments were 

performed in established human podocyte cell culture and THSD7A-MN mouse 

models. After MN induction, secondary anti-UCH-L1 antibodies were applied to 

achieve a second hit (THSD7A-MN+2nd hit). For pathogenicity, antibodies need to have 

access to the antigen, which could be verified through a foot process/plasma 

membrane localization of UCH-L1 in the THSD7A-MN setting. The THSD7A-MN+2nd 

hit led to an aggravation of the disease, demonstrated by increased proteinuria and a 

worsening of FP effacement. Mechanistically 2nd hit anti-UCH-L1-abs exhibited 

pathogenicity through a higher antibody load at the GFB, especially within the 

glomerular immune complex containing protein fraction. Additionally, GBM synthesis 

was dysregulated with a shift in collagen IV α-chain synthesis towards a form 

expressed by podocytes during GBM development. Furthermore, protein amounts of 

UCH-L1 were elevated in THSD7A-MN+2nd hit and showed aggregates in podocytes. 

Investigations in podocyte cell culture medium as well as human and mouse urine were 

significant for an increased release of THSD7A antibody loaded extracellular vesicles 

(EVs). Those EVs furthermore contained non-functional UCH-L1, next to proteolytically 

processed THSD7A, demonstrating that EVs represent a potential exit route for MN 

antigens. This could potentially represent a first step towards antigen-spreading in MN. 
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In conclusion anti-UCH-L1 antibodies aggravate clinical and morphologic podocyte 

injury by contributing to GFB damage and binding membrane-bound UCH-L1. This 

work contributes to a more detailed understanding of factors leading to a poor clinical 

outcome of MN and demonstrate the necessity for investigations on other putative 

secondary antigens. 
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1 Introduction 

1.1 The kidney and renal filtration 

Membranous nephropathy (MN) as the most common cause of nephrotic syndrome [1] 

affects the kidney, a major excretory organ. The kidney comprises several functions 

including the removal of metabolic waste, volume and electrolyte control of body fluids, 

acid-base balance, and reabsorption of nutrients such as glucose and amino acids [2]. 

Kidney function starts with the filtration of blood wherein about 20% of the cardiac 

output or approximately 1-1.2 L blood per minute are filtered. This requires a relatively 

high amount of metabolic energy (approximately 10% of basal O2 consumption) [3]. 

The kidneys are supplied with blood through a single renal artery arising from the 

abdominal aorta, which branches into two or three segmental arteries and further into 

several interlobar arteries. Structurally the kidney is divided into two distinct regions, 

the outer region (cortex) and the inner region (medulla) (Scheme 1 A). The smallest 

functional unit of the kidney is the nephron. It consists of the glomerulus, a capillary 

tuft encapsuled by the Bowman’s capsule followed by the proximal tubule, the loop of 

Henle, the distal tubule and the collecting duct (Scheme 1 B). Within the nephron actual 

filtration and urine production take place in the glomerulus, which produces a primary 

filtrate that is further modified by selective reabsorption and secretion of specific 

substances along the tubular segments of the nephron [4]. Glomerular filtration of the 

blood occurs through the glomerular filtration barrier (GFB), a three-layered structure 

which comprise of fenestrated glomerular endothelial cells, the glomerular basement 

membrane (GBM) and visceral epithelia cells, the podocytes [5]. This structure serves 

a selective permeability with water and small molecules (glucose, salt and amino acids) 

are free to pass, while it is partial impermeable towards albumin. Of the GFB, 

podocytes are thought to be the most affected cells in the pathogenesis of MN [6]. 
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Scheme 1: Structure of the kidney and nephron. (A) Longitudinal section of the kidney with the most 
important anatomic structures labeled, modified from [4, 7]. (B) Scheme of two nephrons, the smallest 
functional unit of the kidney, modified from [4, 7]. Created with BioRender. 

 

1.1.1 The podocyte 

Podocytes are highly differentiated cells, which derive from the mesenchyme during 

nephrogenesis [8]. Their main biologic functions are to synthesize GBM components, 

maintain and stabilize the GFB and regulate glomerular filtration through the slit 

diaphragm additional to the clearance of the GFB [6]. Morphologically podocytes 

comprise a cell body with long branching cellular processes, the so called major 

processes which further branch into foot processes (FP) [5] (Scheme 2 A). 

Furthermore, podocytes exhibit an apical-basal polarity, perpendicular to the GBM to 

orient the podocyte between the GBM and the urinary space. This polarity is separated 

by cell-cell junctions connecting the interdigitating FPs, also called the slit diaphragm 

(SD) [9]. The SD serves as a molecular sieve, limiting the passage of albumin and 

other macromolecules [5]. Furthermore, it appears as a continuous band between 

adjacent FP [10], with the type 1 transmembrane protein nephrin spanning the gap and 

probably overlapping in trans configuration in the middle of the gap. Besides nephrin, 

neph1 and podocin are essential for the development and maintenance of the SD [11]. 

Nephrin and neph1 together provide an adjustable morphology of the barrier, in which 

the shorter neph1 molecules are located to the more basal parts of the SD close to the 

GBM and the longer nephrin molecules more apically [12]. Podocin, a cytoplasmic 

anchor protein, however, is thought to act as a linker between the plasma membrane 

and the cytoskeleton [13]. Next to the filter function, protein components of the SD 
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serve as a signaling complex to regulate FP plasticity, connect the SD to the actin 

cytoskeleton and anchor the FP to the GBM [11]. The cytoskeleton is important for 

contractility, cell shape and polarity of podocytes [5]. Major processes and the cell body 

contain microtubules as well as intermediate filaments [14]. In podocyte FPs the 

cytoskeleton is composed of actin filaments, which run longitudinally in the FP as a 

central actin bundle and a cortical actin network at the cell periphery [15]. Together with 

α-actinin and myosin, actin forms the contractile apparatus of the FP [14]. Actin bundles 

of the FP connect to the intermediate filaments and microtubules of the major 

processes [16]. Furthermore, FP are attached to the GBM through adhesion 

complexes via integrins and dystroglycans [17], to be able to withstand filtration forces 

[18]. Next to the podocytes, the GBM is another key component of the GFB and 

through the regulation of its components by podocytes affected by MN as well.  

1.1.2 The glomerular basement membrane 

The glomerular basement membrane (GBM) is responsible for the size selectivity of 

the GFB [19]. It is formed during nephron development by the fusion of two separate 

basement membranes which are produced by endothelial cells and podocytes [19, 20]. 

The GBM is comprised of laminin, collagen IV, nidogen and the proteoglycans agrin, 

perlecan and collagen XVIII [21], with laminin and collagen forming the two major 

networks [22] (Scheme 2 B). Laminins are heterotrimeric glycoproteins comprising α-, 

β- and γ-chains, which are essential for the formation of a functional GBM [19]. During 

glomerular development and maturation laminin and collagen IV isoforms change [20]. 

While in the developing GBM laminin α1β1γ1 and α5β1γ1 and collagen IV α1α1α2 

isoforms are expressed, the mature GBM contains laminin α5β2γ1 and collagen IV 

α3α4α5 isoforms. Proper GBM assembly involves the α-chain of laminin α5β2γ1 

binding to the α-subunit of integrin α3β1 or α-dystroglycan, to mediate adhesion of 

podocyte FP to the GBM. Laminin α5β2γ1 molecules polymerize through binding of 

their N-terminal arms and further connect to the collagen IV network through nidogen 

[19]. Collagen IV comprises the three α-chains α3α4α5 which assemble in the 

extracellular space and form a network through cross linking of four 7S domains at the 

N-terminus or two neighboring C-terminal NC domains of collagen IV [19, 22].  
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Scheme 2: The podocyte and the glomerular basement membrane in the glomerulus. (A) 
Schematic view of a glomerular capillary with endothelial cells (red), the glomerular basement 
membrane (GBM, grey) and the podocyte (blue). The interdigitating foot processes two podocytes (blue 
and light blue) are connected by the slit diaphragm (green), as a specialized cell-cell. Modified from [23]. 
(B) Detailed scheme of the glomerular basement membrane (GBM) with its most prominent 
components. Modified from [19]. Created with BioRender. 

 

1.2 Membranous nephropathy 

Membranous nephropathy (MN) is next to focal segmental glomerulosclerosis (FSGS), 

minimal change disease (MCD) and diabetes, the most common cause of nephrotic 

syndrome, the clinical hallmark of podocyte injury. Nephrotic syndrome is 

characterized by proteinuria of 3.5 g/24h (normal protein excretion <150 mg/24h [24]), 

hypoalbuminemia, edema and hyperlipidemia [1]. MN is classically divided into primary 

and secondary MN, where about 70-80% of MN cases are of primary origin [25]. 

Primary MN, also referred to as idiopathic MN is an autoimmune disease caused by 

autoantibodies towards an intrinsic antigen [26]. Those autoantibodies are directed 

against podocyte FP antigens, which initiate disease by binding their targets. The 

hallmarks of MN are electron-dense immune deposits which comprise IgG (IgG4 

predominantly) and to date only partially identified corresponding antigens, a thickened 

GBM [27] and podocyte FP effacement [28] (Scheme 3). Immune deposits are 

described to activate the complement system and further co-localize with the 

membrane attack complex of the complement, which inserts into the podocyte 

membrane and cause cell injury [29, 30]. Further, oxidative stress occurs through 

production of reactive oxygen species (ROS) [31], and alterations in protein 
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degradation systems are found in MN [32]. The disease outcome of MN is very 

heterogenous, with about 40% of patients undergoing spontaneous remission, while 

another 30% face end-stage renal disease (ESRD) with the need of dialysis or a kidney 

transplant. About 40% of patients which received a kidney transplant are likely to face 

recurrence of MN or even lose their graft [27], caused by high serum levels of anti-

PLA2R1 autoantibodies [33, 34]. Secondary MN occurs within systemic autoimmune 

diseases such as systemic lupus erythematosus (SLE), infections with for example 

hepatitis B or C, or is drug- or malignancy-related [26], and is not further described and 

investigated in this study.  

The first identified human antigen in idiopathic MN was the neutral endopeptidase 

(NEP) by Debiec et al. in 2002. This antigen was identified in an alloimmune antenatal 

MN, in which neonates develop renal complications due to NEP antibodies produced 

by the NEP-deficient mother [35, 36]. In 2009 the predominant MN antigen 

phospholipase A2 receptor 1 (PLA2R1) was discovered [37], followed by 

thrombospondin type-1 domain containing 7A (THSD7A) in 2014 [38]. Both are 

podocyte foot process-located transmembrane glycoproteins [29]. Depending on the 

investigated cohort, 50-80% of MN patients exhibit autoantibodies against PLA2R1 and 

only 1-3% against THSD7A [39]. Approximately 70% of MN cases are either positive 

for PLA2R1 or THSD7A. About 30% of patients remain of unknown target. However, in 

recent years, new potential target antigens have been discovered. Those include the 

intracellular proteins aldose reductase (AR), superoxide dismutase 2 (SOD2) [40], α-

enolase (αENO) [41] and Ubiquitin C-terminal Hydrolase L1 (UCH-L1) [32, 42]. Even 

though patients exhibit antibodies (of IgG4 subtype) directed against AR, SOD2 and 

αENO, it is not clear whether those antibodies are causative of disease induction [40, 

41]. Similar observations were made for the deubiquitinating enzyme UCH-L1, which 

is de novo expressed in podocytes in MN [32, 42]. Likewise, autoantibodies directed 

against UCH-L1 could be found in MN patients [40, 43]. By using mass spectrometry 

analyses of micro-dissected glomeruli, further antigens have been described [44]. 

Among those were exostosin 1/2 (EXT 1/2), which were present along the GBM. 

Nevertheless, antibodies against EXT1 or EXT2 could not be detected in patients [45]. 

Exostosins are glycosyltransferases that are involved in synthesis of the heparan 

sulfate backbone which in turn is essential for heparan sulfate proteoglycans, a major 

component of the GBM [45]. The neural epidermal growth factor-like 1 protein (Nell-1) 

was found to be another dominant antigen with approximately 10% of MN patients 
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exhibiting antibodies against Nell-1 [39, 46]. Nell-1 is a secreted protein, which is 

strongly expressed in neurons and in MN patients was found to deposit along the GBM 

[46]. Further semaphorin 3B could be identified as an antigen, specifically present in 

pediatric MN patients with circulating antibodies. Semaphorins are secreted or 

transmembrane bound proteins which were first identified as axon guidance proteins 

in neurons [47]. Apart from that the neural cell adhesion molecule 1 (NCAM1) was 

identified by Caza et al. in 2021, especially in patients with systemic lupus 

erythematosus. In addition to mass spectrometry analysis of micro-dissected 

glomeruli, a protein G immunoprecipitation was performed from frozen kidney tissue to 

confirm NCAM1 as a putative antigen. Next to the typical co-localization with IgG, anti-

NCAM1 antibodies were found in the sera of MN patients [48]. Additionally, seven other 

putative MN antigens have been identified in 2023, namely FCN3, CD206, EEA1, 

SE6L2, NPR3 MST1 and VASN, which accumulate within the patient glomeruli. 

However, no circulating antibodies against those proteins have been found yet [49]. 

Together these findings demonstrate a high degree of heterogeneity in terms of 

antigens involved in MN pathogenesis.  

Autoantibodies, especially for PLA2R1, Nell-1 and THSD7A are found circulating in 

patient sera and further lead to in situ formation of immune complexes [27]. Those 

antibodies were found to be causative of MN as reoccurrence of THSD7A-associated 

MN could be observed in a patient after kidney transplantation [50]. A similar 

observation was made in a PLA2R1-associated MN patient [33]. Apart from that, 

studies demonstrated a correlation of autoantibody levels as well as intramolecular 

epitope spreading and remission risk in PLA2R1-associated MN patients [51]. The 

concept of epitope spreading encompasses that new epitopes within the same antigen 

are additionally recognized by autoantibodies over time. PLA2R1-associated MN 

patients which exhibit autoantibodies against the predominant PLA2R1 epitope (CysR) 

as well as “secondary” PLA2R1 epitopes (CTLD1 and CTLD7) show a poor clinical 

outcome [52]. In addition to patients with intramolecular epitope spreading, a subset of 

patients was found to exhibit intermolecular epitope spreading. Those patients exhibit 

additional autoantibodies directed against the intracellular antigens SOD2 and αENO 

next to the “primary” PLA2R1 antigen and are found to have worse clinical outcomes. 

The authors proposed that autoantibodies targeting the intracellular proteins appear 

during pathogenesis of MN as a “second wave”, possible due to intermolecular epitope 
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spreading [53]. How antigens reach the immune system for this to occur, is not known, 

as podocytes reside within an immunologically protected niche [54]. 

Together these findings indicate that MN is a heterogeneous disease [44]. Therefore, 

it is critical to further characterize MN antigens and different autoantibodies in respect 

of their propensity to initiate disease, and influence disease progression.  

 

Scheme 3: Hallmarks of membranous nephropathy (MN). Schematic view of the glomerular capillary 
during MN conditions with in situ formation of immune deposits, which consist of autoantibodies that 
bind their respective antigen (PLA2R1 or THSD7A) at the base of the foot processes. Morphologic 
hallmarks of MN are, foot process effacement and GBM thickening. UCH-L1 is de novo expressed in 
injured podocytes, especially in MN. Modified from [55]. Generated with BioRender.  

 

1.3 Rodent models of membranous nephropathy  

To investigate pathomechanisms of MN in depth, animal models are beneficial. They 

have the advantage of a whole organism in comparison to rather basic single cell 

investigations and further circumvent ethical policies in regard of human material. 

Especially rodent models have been developed in the past to allow mechanistic 

studies. The first model to study MN was the so called Heymann nephritis (HN), a 

model in which MN is induced either passively or actively in rats. To induce passive 

HN, rats are immunized with sheep or rabbit tubular brush border antibodies while in 

active HN immunization takes place with a rat kidney antigen extract. Those models 

show histopathological and clinical aspects of MN, making them a suitable model to 

study pathophysiology of MN [25]. In HN, the podocyte foot processes protein megalin 

(gp330) is the main antigen, which is found in immune deposits together with 



 
Introduction 

17 
 

corresponding antibodies. Further in this model the involvement of the complement, 

especially of the membrane attack complex could be identified [56]. Megalin, however, 

is not found in humans, making this model not sufficient to study detailed mechanisms 

underlying MN in humans. With the identification of the first human MN antigens, 

antigen specific mouse models could be developed, which additionally provide the 

advantage of a broad variety of genetically modified mouse strains [25]. Since PLA2R1, 

unlike THSD7A, is not endogenously expressed in rodents, most current MN mouse 

models are based on THSD7A [57, 58]. The rodent THSD7A protein shows 90% 

sequence homology with the human protein [28]. A well-defined model is the 

heterologous model of THSD7A-associated MN (passive THSD7A-MN model). For this 

model, anti-THSD7A antibodies are produced by immunization of rabbits with full-

length THSD7A plasmids (human and mouse). Immunized rabbits then produce 

antibodies against THSD7A [59]. Purified rabbit anti-THSD7A antibodies and as a 

control purified pre-immune (before immunization took place) serum of the rabbits are 

injected into BALB/c mice to induce THSD7A-associated MN. Mice develop typical 

clinical aspects of MN such as proteinuria and hyperlipidemia over a time course of 14 

days. Further, injected rabbit anti-THSD7A antibodies can be detected in a granular 

pattern and in co-localization with THSD7A antigen along the GBM in 

immunofluorescence staining. In addition, GBM thickening as well as electron-dense 

immune deposits can be shown by ultrastructural analysis. However, the induction of 

THSD7A-associated MN is mouse strain-dependent as C57BL/6 and DBA/J1 mice do 

not develop nephrotic range proteinuria [59]. Additionally, this model lacks the 

possibility to investigate autoantibody formation. Recently Seifert et al. introduced an 

antigen-specific autoimmune model of MN (active MN model), in which BALB/c mice 

are immunized with THSD7A domain proteins, representing the predominant 

recognized THSD7A epitopes. To induce disease, mice are immunized for a total of 

four times with either immunogenic THSD7A domains or PBS as a control each in 

combination with Freud’s adjuvant. THSD7A antibodies are present after 4 weeks, and 

further proteinuria starts to occur after 5 weeks of initial disease induction. Mice show 

significant signs of MN such as hypoalbuminemia, hyperlipidemia and weight gain, 

when observed over a total period of 20 weeks. Furthermore, mouse autoantibodies 

co-localize with THSD7A along the GBM [60]. Although these two mouse models give 

detailed insights into MN pathogenesis, specific mechanisms for PLA2R1-associated 

MN development, the most common form of MN in humans, remain to be further 
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investigated in detail. As described above, mice do not express PLA2R1 endogenously, 

making the analysis more difficult than for THSD7A. By genetically generating mouse 

(m)PLA2R1-positive mice which are immunized with rabbit anti-PLA2R1 antibodies a 

novel PLA2R1-associated MN model was developed. Rabbit anti-PLA2R1 antibodies 

were generated by cDNA immunization of rabbits [61]. Those antibodies are sufficient 

to cause MN in mPLA2R1-positive mice, demonstrated by the development of 

proteinuria, hypercholesterolemia and further by the accumulation of rabbit-IgG along 

the GBM as well as the presence of electron-dense immune deposits [60]. 

The heterologous (passive) THSD7A-associated MN model [59] is of great importance 

for this work, as it is the model used for the in vivo studies. 

1.4 Protein degradation and the deubiquitinase Ubiquitin C-terminal Hydrolase 

L1 (UCH-L1) 

As described earlier an upregulation of protein degradation systems occurs in MN [32]. 

Two major pathways, the autophagosome-lysosome pathway (ALP) and the ubiquitin 

proteasome system (UPS) ensure degradation of misfolded proteins [62]. [62]. The 

ALP mainly degrades large protein aggregates or damaged organelles [63, 64]. It can 

degrade extracellular proteins, delivered via endocytosis as well as cytosolic proteins 

and organelles, delivered by autophagy [65]. Micro-autophagy, chaperone mediated 

autophagy and macro-autophagy are the three types of autophagy, with macro-

autophagy as the best characterized form that is further believed to be the predominant 

type of autophagy [62-64]. Macro-autophagy is characterized by the engulfment of the 

substrate by a double-membrane structure (phagophore), which then forms the 

autophagosome [63]. Subsequently autophagosomes fuse with lysosomes for 

degradation of their engulfed content by lysosomal hydrolases [63, 64]. While the ALP 

can degrade large extracellular as well as intracellular proteins and aggregates, the 

UPS is responsible for degradation of mostly short-lived, regulatory, damaged and 

misfolded cytosolic proteins [55]. However, recent studies could show that especially 

podocytes of the renal filtration barrier depend on an intact proteasome system [66]. 

1.4.1 The ubiquitin proteasome system 

Degradation by the proteasome is dependent on the ubiquitination of proteins. 

Ubiquitin, a 76-amino acid protein, is conjugated to proteins by an adenosine 

triphosphate-consuming enzymatic process  [55, 62]. This process involves E1, E2 and 
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E3 ubiquitin ligases, which attach ubiquitin to the substrate either as ubiquitin 

monomers or as chains (polyubiquitination). In humans over 1000 different E3 

enzymes are identified, which ensure substrate specificity of the ubiquitination process 

[55]. Proteins are tagged with either one single ubiquitin molecule (monoubiquitination) 

or with linear or branched ubiquitin chains (polyubiquitination) [62, 67]. 

Polyubiquitination occurs predominantly at lysine (lys) residues of ubiquitin, and 

especially lys48-linked polyubiquitination leads to degradation by the proteasome [55, 

62]. The proteasome is a complex protease, which exists in different structural forms. 

The 20S core particle (CP) consists of 28 subunits, which are arranged as a cylindrical 

stack with 2 outer α-rings and 2 inner β-rings. The β1, β2 and β5 subunits serve as 

three distinct proteolytic enzymes. Together with one 19S regulatory particle (RP) the 

20S CP forms the 26S, or with two 19S RPs the 30S proteasome [55]. Proteasomal 

degradation of ubiquitinated proteins involves a cascade of substrate binding, 

deubiquitination at the 19S RP, which is dependent on ATPase function of 19S RP 

subunits and protein unfolding [68]. Subsequently, proteins translocate to the 20S CP 

and are cleaved into short peptides by the β-subunits [68].  

Ubiquitination of proteins is a reversible process and is tightly regulated by 

deubiquitinating enzymes (DUBs). To prevent proteasome congestion, they control 

protein turnover and recycle ubiquitin molecules [55]. To date about 100 DUBs are 

identified in human [69], divided into two major classes, metalloproteases and cysteine 

proteases, latter being further divided into six families. Ubiquitin C-terminal Hydrolases 

(UCH) are one of the six families of cystine proteases. This family contains four 

members in mammals, UCH-L1, UCH-L3, UCH-L5 and BAP1 [70].  

The central part of cystine proteases is a reactive cystine residue, which appears in 

two different states, an inactive state containing an inactive thiol (-SH) or an active 

state with a reactive thiolate (-S-) group. Transition between active and inactive states 

is caused by conformational changes through substrate binding [70]. Deubiquitination 

occurs through hydrolyzation of the isopeptide bond [69, 70]. Cystine proteases are 

highly susceptible to oxidative stress modification, due to cystine oxidation and thus 

inhibition of the active site enzymatic activity [70]. Of the cystine protease UCH family 

the DUB Ubiquitin C-terminal Hydrolase L1 (UCH-L1) is of great interest, as the work 

centers around its role in MN. 
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1.4.2 Ubiquitin C-terminal Hydrolase L1 

UCH-L1 also known as protein gene product 9.5 (PGP9.5) is a small protein with a 

size of approximately 25 kDa [71]. It is mainly expressed in neurons where it can make 

up to 5% of total brain protein content [67]. In neurons UCH-L1 contributes to neuronal 

differentiation, regulation of synaptic structure and function as well as cell process 

formation [72]. Besides the abundant expression in neuronal tissue, UCH-L1 is found 

in the testis as well as pancreatic, colorectal and invasive breast cancer cells [67]. 

UCH-L1 is a mainly cytosolic protein, which can associate with plasma membranes 

[73] and is also hypothesized to be expressed on the cell surface of podocytes, thus 

targetable by autoantibodies [74]. 

Structurally UCH-L1 forms a “gordian” knot, one of the most complicated protein 

structures discovered so far. The loop spanning the active site of the enzyme, restricts 

access of larger proteins to the active site, leading to a substrate specificity. Structural 

changes of UCH-L1, associated with protein unfolding, lead to the exposure of the 

hydrophobic core and a toxic gain-of-function, probably through aberrant protein 

interactions [67]. UCH-L1 function appears to be diverse. As a deubiquitinase it is 

described to have only relatively weak hydrolase activity compared to UCH-L3 but is 

also found to possess a ubiquitin ligase activity [75]. Furthermore, it is well described 

to associate with and thereby stabilize mono-ubiquitin [76, 77]. 

1.5 The role of UCH-L1 in diseases 

Alterations and loss of the complex UCH-L1 protein are associated with diseases. In 

mice a total loss of UCH-L1 through an in-frame deletion in the Uchl1 gene, cause a 

gracile axonal dystrophy phenotype which leads to sensory ataxia, followed by hind 

limb paralysis and early death [67]. In humans a genetic point mutation of UCH-L1 

leading to an exchange of isoleucine at position 93 to a methionine, the so called I93M 

mutation, is associated with Parkinson’s disease (PD) [78]. This mutation causes 

partial loss of catalytic activity [78] and is associated with decreased solubility of the 

protein [79]. In addition, oxidative modification of UCH-L1 is linked to PD and 

Alzheimer’s disease (AD) [80]. The oxidative-modified form of UCH-L1 as well as the 

I93M mutated form of UCH-L1 are described to share structural similarities. Both 

exhibit altered interaction properties with other proteins, such as tubulin [79] and the 

lysosome-associated membrane protein type 2A [81].  
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In the kidney UCH-L1 is found to be de novo expressed in podocytes of MN patients 

[32, 42], which further correlates with elevated amounts of cytoplasmic ubiquitin 

abundance [42]. Similar observations were made in Heyman Nephritis, the rat model 

of MN [82]. As UCH-L1, especially the non-functional form of UCH-L1 (I93M or 

oxidative-modified) have been shown to abnormally interact with other proteins in 

neurodegenerative diseases, it is very likely that UCH-L1 exhibits abnormal functions 

in the kidney as well. In MN UCH-L1, especially non-functional UCH-L1, is associated 

with podocyte injury. As such UCH-L1 binds to the proteasome and thereby inhibits its 

proper function [43]. UCH-L1 is also involved in podocyte hypertrophy by stabilization 

of the cell cycle regulator p27Kip1 [83] and mediates tumor necrosis factor-induced 

podocyte necroptosis [84]. Lastly, UCH-L1 expression correlates with disrupted 

homeostasis of FP proteins such as α-actinin-4 [42].  

As described previous a subset of MN patients exhibit anti-UCH-L1 autoantibodies  [40, 

43], additionally to the established MN-associated primary autoantibodies against 

PLA2R1 or THSD7A. These anti-UCH-L1 autoantibodies were found to predominantly 

recognize the non-functional form of UCH-L1 and are linked to non-remitting MN [43]. 

1.6 Extracellular vesicles 

Extracellular vesicles (EVs) might play a role in MN as a potential exit route for MN 

antigens to either contribute to the clearing of autoantibody bound antigen or to 

autoantibody formation by presenting the antigen to the immune system. EVs are 

defined as lipid bilayer membrane enclosed particles, which are released by cells [85]. 

Initially EVs were described to function as “waste carriers” for excretion of unneeded 

cellular compounds [86]. However, emerging research on EVs in the past years 

revealed more complex biological functions of EVs, including mediation of cell-cell 

interactions and signaling in homeostasis and pathology [86, 87]. Structurally, EVs 

comprise a rather heterogenous group on account of their size, origin and cargo. 

Regarding their size EVs are divided into small EVs (< 200 nm) medium (200-800 nm) 

and large sized EVs (≥ 1 µm) [85, 88]. Based on their origin EVs are either classified 

as exosomes, originating from internal cell compartments, which are released via 

multivesicular bodies, a part of the lysosomal degradation system [85, 89], or 

ectosomes, which are shed through plasma membrane budding [86]. In view of their 

heterogenicity, EV composition differs in the various EV populations and is thought to 

be related to function and origin of the respective EVs [86, 87]. Therefore, definitions 
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of EVs beyond their size and origin is difficult since no universal markers for 

ectosomes, exosomes or other EV subtypes are defined yet [85]. However, some 

proteins are found to be general present on EVs, including Annexin A1, tetraspanins 

(CD9, CD63 and CD81), TSG101, ALIX, Flotillin-1 as well as adhesion molecules such 

as integrins [86, 87].  After secretion, EVs can travel even for relatively long distances 

and reach potential recipient cells, where they either activate cell surface receptors, 

induce signaling or fuse with the target cell [86, 90].  

The role of EVs in diseases is complex and yet not fully understood. They have been 

reported to play a role in immune response via different, sometimes opposing 

mechanisms. In innate immunity, EVs are found to have pro-inflammatory as well as 

anti-inflammatory effects and further play a role in lymphocyte development and 

antigen presentation. Moreover, through their ability to carry self or donor antigens and 

by activating inflammatory pathways, EVs are involved in autoimmunity and transplant 

rejection [88].  

In the kidney, EVs are secreted by all cells facing the urinary space, namely podocytes, 

as well as cells of the proximal and distal tubule, and the collecting duct [91]. Urinary 

EVs are thought to be able to reflect the status of the kidney, and on account of that 

are associated with podocyte injury and proteinuria [90, 92].  

Therefore, EVs might play an important but not yet fully understood role in renal 

disease development through clearing mechanisms and/or by contributing to 

autoimmunity. 

1.7 Objectives 

Previous data show anti-UCH-L1 autoantibodies of MN patients predominantly 

recognize UCH-L1I93M, suggesting a secondary formation scenario towards oxidative-

modified UCH-L1 [43]. We therefore hypothesize that UCH-L1 autoantibodies 

contribute to aggravate MN. Two possible mechanisms are conceivable: 1) Antigen-

unspecific mechanisms, in which an enhanced antibody burden of glomerular 

deposition leads to enhanced podocyte injury, GBM alterations and an increased need 

for subepithelial space clearance. 2) Antigen-specific mechanisms as a result of anti-

UCH-L1 autoantibodies affecting the biological function of the deubiquitinating 

enzyme. Further it is unknown through which route these autoantibodies are formed. 



 
Introduction 

23 
 

A possible mechanism is the podocyte release of oxidative-modified UCH-L1 through 

extracellular vesicles (EVs).  

In this study the pathogenicity of secondary anti-UCH-L1 antibodies was investigated 

in in vitro as well as in vivo models in order to further the understandings in the basal 

mechanisms, leading to anti-UCH-L1 antibody formation in MN. Further, extracellular 

vesicles were examined as an antigen exit route in patient material, as well as in vitro 

and in vivo models. Together these data will provide knowledge about the 

pathophysiological significance and origin of secondary autoantibody formation.  
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2 Material and Methods 

2.1 Material 

2.1.1 Chemicals, kits and antibodies 

Table 1: Chemicals 

Chemical Supplier Order number 

Acrylamid 40%, 3.3% C, 29:1 Serva 10680.01 

Adenosine 5’ triphosphate 

disodium salt (ATP) 

Sigma-Aldrich A3377 

Agarose Sigma A-5030 

Albumin Standard  Thermo Scientific 23210 

Aqua ad iniectabilia Braun 2351744 

Bioethanol 99%, denatured Chemsolute 2211.5000 

Bovine Serum Albumin (BSA) Sigma-Aldrich A7030-50G 

Bromphenol Blue-Xylene 

Cyanole dye solution 

Sigma-Aldrich B-3269 

BupH Phosphate Buffered 

Saline 

Thermo Scientific 28372 

Carbonate-Bicarbonate Buffer Sigma Aldrich C3041-50CAP 

Chloroform J.T. Baker 7386 

Collagen type IV from human 

cell culture 

Sigma-Aldrich C6745-1ML 

Collagenase from Clostridium 

h. Typ IA 

Merk C9891-1G 

Creatinine  Sigma-Aldrich C4255-10g 

Cy5-Ub-VME UbiQ UbiQ-071 

Dimethylsulfoxide (DMSO) Roth 4720.2 

Dithiothreitol (DTT) Fluorochem M02712 

DMEM Gibco 41965-039 

DNase I Roche 101041590011 

dNTP Mix Thermo Scientific R0242 

DPBS Gibco 14190-094 
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Dodecylsulfate-Na-salt (SDS) Serva 20765.03 

DreamTaqTM Green DNA 

Polymerase 

Thermo Scientific EP0713 

EGTA Roth 3054.2 

Epoxomicin Enzo BML-PI127-0100 

Ethanol, absolute Supelco 1.00983.1000 

EZ-LinkTM Sulfo-NHS-LC-

Biotin, Sulfosuccinimidyl-6-

(biotinamido) Hexanoate 

Thermo Scientific 21335 

Fetal Bovine Serum (FBS), hi Gibco 10500-640 

FBS, exosome depleted Gibco A27208-01 

Fluoromount-G SoutherBiotech 0100-01 

Glycine Roth 3908.2 

Glycerol Sigma-Aldrich G9012 

Hank’s Balanced Salt Solution 

(HBSS) 

Gibco 14170-088 

IgG Elution Buffer Thermo Scientific 21004 

ISF-1 medium PAN Biotech P04-995968 

Isoflurane 

Sedaconda® 100% V/V 

sedanamedical  

ITS solution II PAN Biotech P07-03200 

Magnesium chloride (MgCl2) Panreac Applichem 141396.1211 

Medunasal®-Heparin 500 I.U. Sintetica 0373 

2-Mercaptoethanol Gibco 31350-010 

NaCl 0.9 % B.Braun  

N,N,N’,N’-

Tetramethylethylenediamine 

(TEMED) 

Sigma-Aldrich T9281-50ml 

Normal horse serum Vector Laboratories VEC-S-2000 

Penicillin Streptomycin Gibco 15140-122 

Phenylmethanesulfonylfluoride 

(PMSF) 

Sigma-Aldrich P7626-25G 

Phosphoric acid (H3PO4) 85% Roth 6366.1 
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Ponceau S solution Serva 33427.01 

Powdered milk Roth T145.2 

PowerUpTM SYBRTM Green 

Master Mix 

Applied Biosystems A25742 

ProLongGold Thermo Scientific P10144 

Proteinase, bacterial – Type 

XXIV 

Sigma-Aldrich P8038 

2-Propanol Roth CP41.3 

Puromycin Sigma-Aldrich P7255-25MG 

Rnase ZAP Sigma-Aldrich R2020 

RNA-Solv Reagent Omega R6830-02 

ROTI®Quant universal  Roth 0120.2 

RPMI 1604 medium, 

GlutaMAXTM-I supplement 

Gibco 61870-010 

SIGMAFASTTM Protease 

Inhibitor Cocktail Tablets, 

EDTA-Free 

Sigma-Aldrich S8830-20TAB 

Sodium azide (NaN3) Sigma-Aldrich S2002-100G 

Sodium chloride ChemSolute 6307.1000 

Sodium Pyruvate Gibco 11360-039 

SuperBlockTM Blocking Buffer 

in TBS 

Thermo Scientific 37535 

SuperSignalTM West Pico 

PLUS Chemilumminescence 

Substrate 

Thermo Scientific 34578 

SuperSignalTM West Femto 

Maximum Sensitivity 

Substrate 

Thermo Scientific 34095 

Target Retrieval Solution, 

Citrate pH 6 

Dako S236984-2 

Tissue-Tek® Sakura 4583 

TMB ELISA Peroxidase 

Substrate 

Aviva OORA01684 
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p-Toluenesulfonic acid 

monohydrate (PTSA) 

Sigma-Aldrich 402885 

T-PERTM Tissue Protein 

Extraction Reagent 

Thermo Scientific 78510 

Tris T.H. Geyer 8085.1000 

Tris Buffered Saline, with BSA, 

pH 8.0 

Sigma-Aldrich T6789-10PAK 

Trypsin-EDTA 0.05 % Gibco 25300-054 

Tween 20  Roth 9127.1 

10 % Tween 20 Bethyl E108 

T-x-100 (Triton) Sigma-Aldrich T8787 

Urea Sigma Aldrich U0631-500g 

Table 2: Isolation systems and reaction kits 

Kit Supplier Order number 

Creatinin-Kit Jaffe  Hengler Analytik 114444 

jetPEI® Polyplus-transfection 101000053 

NabTM Protein A/G Spin 

Column 

Thermo Scientific 89962 

rDNase Set Macherey-Nagel 740963 

Table 3: DNA and Protein ladder 

Marker Supplier Order number 

1 Kb Plus DNA Ladder Invitrogen 10787026 

BlueElf Prestained Protein 

Marker 

Jena Bioscience PS-105 

CozyXLTM Prestained 

Protein Ladder 

highQu <prl0302c1 
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Table 4: Antibodies and dyes 

Antibody Supplier Host Dilution 

Antibodies for disease induction 

Anti-THSD7A self-made Rabbit -  

Unspecific rabbit-

IgG 

Sigma, I5006 rabbit - 

Rabbit serum Bio & Sell, 

RAB.SE.0100 

rabbit - 

Anti-UCH-L1 

(U104) 

Own production 

(hybridoma 

monoclonal ab) 

rat -  

Unspecific rat-IgG Sigma, I4131 rat - 

Primary antibodies 

(Pan-)14-3-3 (H-8) Santa Cruz, 

Sc1657 

mouse WB 1:1000 

(Pan-)14-3-3 (H-8) 

AF546 

Santa Cruz, 

Sc1657 AF546 

mouse ImageStream 

1:100 

β-actin Sigma, A5441 mouse WB 1:10000 

Annexin A1 Abcam, ab214486 rabbit WB 1:1000 

Biotin Thermo Fisher, 

#PA126792 

goat WB 1:1000 

 

Collagen IV Southern BioTech, 

1340-01 

goat WB 1:500 

IF 1:400 

Flotillin-1 BD Biosciences, 

61082 

mouse WB 1:1000 

Mouse Albumin Bethyl, A90-134A goat ELISA 1:100 

c-Myc Santa Cruz, Sc-40 mouse WB 1:400 

Nephrin ProGene, GP-N2 guinea pig WB 1:1000 

IF 1:200 

PGP9.5 (UCH-L1) Abcam, ab27053 rabbit WB 1:1000 

THSD7A Merk (Atlas), 

HPA000923 

rabbit WB 1:1000 
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THSD7A c-

terminal 

Paul Saftig, Kiel rabbit WB 1:1000 

TSG-101 Abcam, ab125011 rabbit WB 1:1000 

UCH-L1 (PGP 9.5) Abcam, ab27053 rabbit WB 1:1000 

UCH-L1 clone 

13C4 

Abcam, AB8189 mouse WB 1:500 

UCH-L1 (U104) Own production 

(hybridoma 

monoclonal ab) 

rat WB 1:200 (milk) 

Western blot secondary antibodies 

anti-goat HRP Jackson 

ImmunoResearch, 

705-035-147 

donkey 1:10000 

anti-guinea pig 

HRP 

Jackson 

ImmunoResearch, 

706-175-148 

donkey 1:10000 

anti-mouse HRP Jackson 

ImmunoResearch, 

715-035-150 

donkey 1:10000 

anti-rabbit HRP Jackson 

ImmunoResearch, 

711-035-152 

donkey 1:10000 

Mouse TrueBlot® 

ULTRA: Anti-

Mouse Ig HRP 

Rockland, 18-

8817-33 

rat 1:10000 

Rabbit TrueBlot®: 

Anti-Rabbit IgG 

HRP 

Rockland, 18-

8816-33 

mouse 1:10000 

ELISA secondary antibodies 

anti-mouse 

albumin HRP 

Bethyl, #A90-13P goat 1:40000 

Immunofluorescence secondary antibodies 
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anti-guinea pig 

AF488 

Jackson 

ImmunoResearch, 

706-225-148 

donkey 1:100 

anti-rabbit AF488 Jackson 

ImmunoResearch, 

711-545-152 

donkey 1:100 

anti-rabbit AF546 Jackson 

ImmunoResearch, 

711-165-152 

donkey 1:100 

anti-rabbit AF647 Jackson 

ImmunoResearch, 

711-175-152 

donkey 1:100 

anti-goat AF546 Jackson 

ImmunoResearch, 

705-165-147 

donkey 1:100 

anti-goat AF647 Jackson 

ImmunoResearch, 

305-606-045 

rabbit 1:100 

Dyes 

Hoechst 33342 Invitrogen, H3570 - IF 1:1000 

MemBrite Fix 

594/615 

Biotium, 30096-T - ImageStream 

1:200 

Streptavidin AF 

488 

Vector 

Laboratories, SA-

5001 

- IF 1:100 

Streptavidin HRP Pierce, 21130 - WB 1:10000 

 

2.1.2 Materials, devices and software 

Table 5: Consumable materials 

Material Supplier Order number 

BD Micro-FineTM U-100 

Insulin  

Becton Dickinson 324826 
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Cell Scraper, Small, 2-POS 

Blade 

Sarstedt 83.3950 

Cell strainer, 100 µm Sarstedt 83.3945.100 

Cover slips, 

High Precision 

Marienfeld 0107222 

Criterion Empty Cassettes, 

18 well 

BIO RAD #3459902 

Criterion Empty Cassettes, 

26 well 

BIO RAD #3459903 

CriterionTM TGX Stain-

FreeTM Precast Gels, 4-

15%, 18 Well Comb 

BIO RAD #5678084 

CriterionTM TGX Stain-

FreeTM Precast Gels, 4-

15%, 26 Well Comb 

BIO RAD #5678085 

CultureSlides, 8 chamber 

polystyrene vessel 

Falcon 354108 

DynabeadsTM M-450 

Tosylactivated 

Invitrogen 2801713 

ELISA plate, High Binding, 

F 

Sarstedt 82.1581.200 

Extra thick blot paper BIO RAD 1703958 

Filter 100 µm Sarstedt 83.3945.100 

Filter tip, 1000 µl Sarstedt 70.3060.255 

Filter tip, 100 µl Sarstedt 70.3030.255 

Filter tip, 10 µl  Sarstedt 70.3010.255 

Filter tip, 2.5 µl Sarstedt 70.3010.265 

Immobilon®-P Transfer 

Membrane (PVDF, 0.45 µm 

pore size) 

Merk Millipore Ltd. #IPVH00100 

Micro tube 1.5 ml, Safe 

Seal 

Sarstedt 72.706.400 

Micro tube 2.0 ml Sarstedt 72.691 
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MicroAmp® Optical 96-Well 

Reaction Plate 

Applied Biosystems N8010560 

MicroAmp® Optical 

Adhesive Film 

Applied Biosystems 4311971 

Microfuge Tube 

Polypropylene 

Beckman Coulter Inc. 357448 

Microtest Plate 96 Well, F Sarstedt 82.1581 

Mini-PROTEAN TGX Stain-

Free Gels, 4-15%, 10 well 

comb 

BIO RAD #4568083 

Mini-PROTEAN TGX Stain-

Free Gels, 4-15%, 12 well 

comb 

BIO RAD #4568085 

Mini-PROTEAN TGX Stain-

Free Gels, 4-15%, 15 well 

comb 

BIO RAD #4568086 

Ministart® Filter Unit Sartorius 16541-K 0.22 

Nanosep with 300K Omega  Pall Corporation OD300C34 

Nitrile Examination Gloves WRP D1100-24 

Pasteur pipette, long form Duran Wheaton Kimble 263302303 

Pipette tip, 5 ml Sarstedt 70.1183.002 

Pipette tip, 1000 µl Sarstedt 70.3050.200 

Pipette tip, 200 µl Sarstedt 70.3030.200 

Pipette tip, 10 µl Sarstedt 70.3010.255 

SafeSeal tube 0.5 ml  Sarstedt 72.704 

SafeSeal tube 1.5 ml, 

brown 

Sarstedt 72.708.001 

Scalpels Dahlhausen 11.00000.522 

Serological pipette 2 ml Sarstedt 86.1252.001 

Serological pipette 5 ml Sarstedt 86.1253.001 

Serological pipette 10 ml Sarstedt 86.1254.001 

Serological pipette 25 ml Sarstedt 86.1685.001 
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SPHEROTM Polystyrene 

Magnetic Particles, 2.5 % 

w/v, 4.17 um 

Spherotech PM-40-10 

Sterican® cannula 30G B. Braun 4656300 

Super PAP PEN Science Services N71310-N 

Syringe 0.01 – 1 ml, 

Omnifix®-F Luer Solo 

B. Braun 9161406V 

Syringe 2 ml, 

BD DiscarditTM II 

Becton Dickinson 300928 

Syringe 10 ml 

Inject® Luer Solo 

B. Braun 4606108V 

Syringe 50 ml 

Original Perfusor®, Luer 

Lock 

B. Braun 8728852F-06 

TC Dish 100, Standard Sarstedt 83.3902 

TC Flask T75, Standard, 

Vent. Cap,  

Sarstedt 83.3911.002 

TC Flask, T75, Suspension, 

Vent. Cap 

Sarstedt 83.3911.502 

TC Flask, T175, 

Suspension, Vent. Cap 

Sarstedt 83.3912.502 

TC-Plate, 6 Well, Standard, 

F 

Sarstedt 83.3920 

Tube 15 ml Sarstedt 62.554.502 

Tube 50 ml Sarstedt 62.547.254 

Tungsten Carbide Beads, 

3mm 

Qiagen 69997 

Vivaspin 20, 50 000 MWCO Sartorius VS2032 

ZebaTM Spin Desalting 

Columns, 7 K MWCO 

Thermo Scientific  89882 
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Table 6: Devices 

Device Supplier 

Analytic scale Mettler AC 100 Mettler Waagen GmbH 

(DE) 

Biological safety cabinets Maxisafe 2030i Thermo Fisher Scientific 

(US) 

HERAsafe Heraeus (DE) 

Blotter Trans-Blot® TurboTM 

Transfer System 

BIO RAD (US) 

Centrifuges Centrifuge 5427 R Eppendorf (DE) 

Centrifuge 5804 R Eppendorf (DE) 

CO2 incubator BB15 Thermo Fisher Scientific 

(US) 

Confocal microscopes LSM800 Zeiss (DE) 

LSM980 Zeiss (DE) 

Fluorescence 

microspcope 

Axio Observer A.1 Zeiss (DE) 

Fridges and freezers 4°C Liebherr (DE) 

-20°C Liebherr (DE) 

-80°C Tritec (DE) 

Hemocytometer Neubauer grid 

hemocytometer  

Brand (DE) 

ImageStream ImageStreamX MkII Cytek Biosciences (US) 

Imager Vilber Fusion FX7 Vilber Lourmat (DE) 

Light microscope Axiovert 25 Zeiss (DE) 

Magnetic hotplate stirrer HR Hei-Standard Heidolph (DE) 

Magnetic Particle 

Concentrator  

DynaMag2TM Invitrogen/Thermo Fisher 

Scientific (US) 

Microplate Photometer Multiskan FC Thermo Fisher Scientific 

(US) 

NanoPhotometer®  Implen (DE) 

Pipettes 0.5  – 5 ml Eppendorf (DE) 

100 – 1000 µl Eppendorf (DE) 
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20 – 200 µl Eppendorf (DE) 

2 – 20 µl Eppendorf (DE) 

1 – 10 µl Eppendorf (DE) 

0.1 – 2.5 µl Eppendorf (DE) 

Pipetus®  Hirschman 

qPCR Thermocycler QuantStudio 5 Applied Biosystems by 

Thermo Fisher Scientific 

(US) 

Shaker Varioshake VS 8 B Lauda (DE) 

Speed Vac Concentrator plus Eppendorf (DE) 

Spectrophotometer EL808 Ultra Microplate 

Reader 

BioTek Instruments (US) 

Spinning disk microscope Visitron SD-TIRF Visitron Systems (DE) 

Spin tissue processor STP120 Thermo Fisher Scientific 

(US) 

Steam cooker FS10 Braun GmbH (DE) 

Table centrifuge Galaxy Mini VWR (DE) 

Thermocycler T-1 Thermoblock Biometra (DE) 

Thermoblock ThermoMixer® F1.5 Eppendorf (DE) 

Ultracentrifuge OptimaTM MAX-TL 

Ultracentrifuge 

Beckman Coulter (US) 

Ultramicrotome UC6 Leica (DE) 

Vortexer BR-2000 BIO RAD (US) 

Water bath Water bath GFL, Gesellschaft für 

Labortechnik (DE) 

Table 7: Software 

Software Version Supplier 

Adobe Illustrator 29 Adobe Inc. (US) 

Adobe Photoshop 25.12.0 Adobe Inc. (US) 

BioRender  Science Suite Inc. (CA) 

GraphPad PRISM  10 GraphPad Software, Inc. 

(US) 
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ImageJ 1.52V Wayne Rasband, National 

Institutes of Health, (US) 

KC Junior  BioTek Instruments (US) 

Microsoft 365  Microsoft (US) 

QuantStudioTM Design and 

Analysis Software 

V1.51 Applied Biosystems by 

Thermo Fisher Scientific 

(US) 

SkanIt for Multiscan  Thermo Fisher Scientific 

(US) 

Vilber Fusion FX7 Edge 18.03 Vilber Lourmat (DE) 

VisiView V4 Visitron Systems (DE) 

ZEN Blue 3.8 Zeiss (DE) 

 

2.1.3 Plasmids 

Table 8: Plasmids 

Vector Insert Restriction sites Comment 

pCMV6-Entry huUCH-L1WT Sgfl/Mlul c-term. myc-flag-

tag 

pCMV6-Entry huUCH-L1I93M Sgfl/Mlul c-term. myc-flag-

tag 

pCMV6-Entry mUCH-L1WT Sgfl/Mlul c-term. myc-flag-

tag 

pCMV6-Entry mUCH-L1I93M Sgfl/Mlul c-term. myc-flag-

tag 

 

2.2 Methods 

2.2.1 Cell culture 

2.2.1.1 Hybridoma cells 

To produce monoclonal anti-UCH-L1 antibodies established hybridoma cells were 

utilized. The used U104 hybridoma clone was generated in 2013 [84] by immunizing 
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Wistar rats with purified human UCH-L1 protein. Spleen cells of the immunized rat 

were subsequently isolated and fused with the mouse myeloma cell line Ag8.653.  

For expansion, hybridoma cells were cultivated in RPMI 1640 medium, supplemented 

with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, 1 mM sodium-pyruvate 

and 50 µM beta-mercaptoethanol, at 37°C and 5% CO2 in T75 flasks for suspension 

cells. Cells were split 1:10 every 3-4 days. For antibody production cells were 

transferred to ISF-1 medium in multiple steps. First, cells growing in RPMI medium, 

were split 1:5 to ISF-1 medium (day 1). On day 3 again 1:5 to ISF-1 and on day 5 1:10 

to ISF-1. On day 8, 60% of total volume ISF-1 medium were added to the cell 

suspension and the cells were cultivated for an additional 5 days to produce antibodies. 

For antibody harvesting, the cell suspension was centrifuged at 1000 x g for 5 minutes 

at 4°C. The supernatant was filtered through a 0.22 µm filter to remove cell debris and 

was stored at -20°C until further use, the pellet was discarded.  

Rat anti-UCH-L1 U104 antibodies were used for western blot detections as well as 

treatment for 2nd hit experiments (described in 2.2.2.2). For the application as primary 

antibody in western blot detections (described in 2.2.4.11), pure supernatant was used. 

Antibodies were purified (described in 2.2.4.1) prior to the use for treatment of cells or 

mice. 

2.2.1.2 Human podocytes 

Human immortalized podocytes (a kind gift from Moin Saleem, University of Bristol), 

which are stably transduced with C-terminally myc.flag-tagged human full length 

THSD7A [93] were used for in vitro experiments. Usually, the cultivation of podocytes 

is challenging because podocytes dedifferentiate during in vitro cultivation. 

Dedifferentiation is characterized by the loss of podocyte foot processes and loss of 

podocyte-specific protein expression such as i.e., nephrin, THSD7A, PLA2R1. 

Furthermore, it is characterized by the absence of PCNA, a marker for cell proliferation 

alongside strong expression of cyclin kinase inhibitors p27 and p57, regulators of the 

cell cycle process, which results in an irreversible growth arrest of the mature podocyte 

[94]. The immortalized human podocytes generated by Saleem et al. were obtained 

from the kidney of a 3-year-old child after nephrectomy and transfected with retroviral 

constructs containing the temperature-sensitive SV40 large T antigen gene [94]. This 

SV40 large T antigen is known to force cells to re-enter the synthesis phase of the cell 
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cycle and thus escape apoptosis [95]. By using this technique, cells grow under 

permissive conditions at 32°C and a shift of the cells to non-permissive conditions at 

37°C leads to inactivation of the SV40 large T antigen which results in differentiation 

of cells [94].  

Podocytes were cultivated in vented cell culture flasks under permissive conditions at 

32°C and 5% CO2 in RPMI 1640, supplemented with 10% FBS, 1X insulin, transferrin 

selenium (ITS) and 1 µg/µl puromycin as the selection agent. For differentiation, cells 

were transferred to non-permissive conditions with RPMI 1640 medium, supplemented 

with 10% FBS and 1X ITS for 10 days at 37°C, 5% CO2. Experiments were conducted 

in either uncoated six-well plates, with 80000 cells per well, for protein-biochemical and 

molecular analyses or in collagen IV coated eight-well chamber slides, with 5000 cells 

per well, for immunofluorescent staining. For the possibility to analyze released 

extracellular vesicles, medium containing normal FBS was replaced by medium 

containing exosome-depleted FBS. This change was made after nine days of 

differentiation, one day before treatment to avoid cultivation in exosome-depleted FBS, 

and to circumvent alterations in dynamics of extracellular vesicle (EV) release, due to 

the external factor of EV depletion. 

Antibody treatment of cells was carried out at different time points. For the assessment 

of anti-THSD7A-antibody-associated effects, a time course experiment with treatments 

for 1, 6, 24, and 48 hours was performed with rabbit anti-THSD7A antibodies or 

unspecific control rabbit antibodies at a final concentration of 20 ng/µl respectively. For 

second hit (2nd hit) experiments with anti-UCH-L1 antibodies, cells were incubated with 

rabbit anti-THSD7A (20 ng/µl) or unspecific control rabbit antibodies (20 ng/µl) for 3 

hours prior to the addition of purified specific U104 rat anti-UCH-L1 antibodies or 

unspecific control rat antibodies for another 3 hours, at a final concentration of 20 ng/µl 

respectively. 

For analysis, cells and corresponding EVs released to the medium were harvested. 

Medium was collected into tubes and EVs were enriched (described in 2.2.3). Cells 

were harvested following two washes with ice cold PBS by scraping in 750 µl ice cold 

PBS. This step was repeated, and both fractions were collected. The cell suspension 

was centrifuged at 1000 x g, 4°C for 10 minutes and supernatant was discarded. Cell 

pellets were stored at -80°C until further processing. 
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2.2.1.3 Transient transfection of HEK cells 

HEK293-T (human embryonic kidney) cells were used for the expression of target 

proteins as controls for western blot analyses. Therefore, the cells were transiently 

transfected with the respective vectors.  

Cells were cultivated in DMEM medium supplemented with 10% FBS and 1% penicillin-

streptomycin at 37°C and 5% CO2. Cells with a confluency of 70-80% in a 10 cm dish 

were cultivated overnight in DMEM medium supplemented with 10% FBS and 1% 

penicillin-streptomycin at 37°C and 5% CO2. Prior to transfection the medium was 

changed to DMEM medium supplemented with 10% FBS. Transfection was carried out 

by slowly adding transfection solution, prepared according to manufacturers’ protocol 

(Polyplus-transfection), containing 10 µg of DNA. Cells were harvested 24 h after 

transfection.  

2.2.2 Animal work 

All experiments were performed in 10-15 weeks old male BALB/c mice, obtained from 

Charles River. After arrival, mice were acclimated for two weeks in the facility before 

experiments were conducted. Mice were housed with a 12 h light/12 h dark cycle at 

20-24°C and 45-65% humidity. The mice had free access to water and standard food 

(Altromin 1328 P). Starting with the experiment mice were scored daily. Experiments 

were performed according to institutional and national guidelines and were approved 

prior to experimentation by the Behörde für Justiz und Verbraucherschutz der Freie 

und Hansestadt Hamburg. 

2.2.2.1 THSD7A-MN induction 

To investigate membranous nephropathy (MN) in BALB/c mice, the heterologous 

(passive) THSD7A-associated MN model [59] was used. To induce THSD7A-MN, mice 

were exposed to 100 µl (0.75 mg) specific rabbit anti-THSD7A antibody or unspecific 

rabbit serum as a control by retrobulbar injection under 3.5% isoflurane anesthesia. 

2.2.2.2 UCH-L1-abs second hit 

Since it is currently thought that anti-UCH-L1 antibodies appear during MN 

progression, anti-UCH-L1 antibodies were administered six days after initial disease 

induction with anti-THSD7A, or unspecific rabbit antibodies, to mimic this occurrence. 



 
Material and Methods 

40 
 

Therefore, 100 µl (0.8 mg) of antibody, either U104 rat anti-UCH-L1 antibodies or 

unspecific rat-IgG as a control were injected retrobulbar under 3.5% isoflurane 

anesthesia.  

2.2.2.3 Disease score 

To evaluate disease severity a disease score was developed. On that account, points 

were allocated for different clinical parameters as follows, 1 point for 

proteinuria >10 g/g, 1 point for proteinuria >100 g/g and 1 point for serum albumin 

levels <20%, serum lipids (cholesterol or/and triglycerides) >50%, weight gain >10% 

or FSD <15% of control mice. A maximum of 6 points could be reached, indicating 

severe disease progression, while a score of 0-1 indicates healthy mice. The control 

group comprises BALB/c mice injected with control antibodies (unspecific rabbit-IgG 

and rat-IgG).  

2.2.2.4 Urine collection 

Urine was collected one day before disease induction and at different timepoints during 

the experiment, to analyze proteinuria and the amount and content of extracellular 

vesicles that were released to the urine. For urine collection, mice were injected 

subcutaneously with 1 ml 0.9% NaCl and subsequently placed in metabolic cages. 

Urine was collected for a period of 3-4 hours. 50 µl of urine were frozen directly at -

20°C for albumin and creatinine measurements. The remaining urine was prepared for 

EV enrichment (described in 2.2.3) and frozen at -80°C. 

2.2.2.5 Organ extraction  

On day 11 or day 14 after disease induction, mice were sacrificed by cervical 

dislocation under 3.5% anesthesia. Kidneys and blood were collected. To remove the 

red blood cells the blood was centrifuged at 1500 x g for 10 minutes at 4°C and the 

upper phase, containing the plasma, was transferred to a fresh tube and stored at -

20°C. 
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2.2.2.5 Glomeruli isolation 

Collagenase solution 

1.2 mg/ml Collagenase IA 

100 U/µl DNase I 

ad HBSS 

Magnetic bead solution 

50 ml  HBSS 

150 µl  SPHEROTM beads 

50 µl  DynabeadsTM 

Kidneys were perfused with 5 ml HBSS containing magnetic beads (DynabeadsTM and 

SPEROTM beads each). After perfusion, the kidney capsule was removed. Prior to 

glomeruli isolation a kidney piece was removed for histology or cryo preservation. The 

remaining kidney pieces were chopped with a scalpel and divided into two 2 ml tubes. 

Per tube 1.5 ml collagenase solution was added and digested for 15 minutes at 37°C 

and 1300 rpm. The reaction was stopped on ice and the kidney suspensions of both 

tubes were each filtered through a 100 µm cell strainer with a syringe plunger. After 

filtration the cell strainer was rinsed with 10 ml HBSS. The filtered kidney solution was 

filtered again through a 100 µm cell strainer and afterwards rinsed with 10 ml HBSS. 

The filtered kidney solution was centrifuged for five minutes, 4°C, 600 x g. The 

supernatant was discarded, and the pellet was solved in 6 ml HBSS and divided onto 

four 2 ml tubes. The tubes were placed on a DynaMag2TM magnetic Particle 

Concentrator and washed for a total of three times, five minutes each with 1.5 ml 

HBSS + 0.05% bovine serum albumin (BSA). The isolated glomeruli of the four 2 ml 

tubes per animal were collected in 1 ml HBSS. The number of glomeruli and 

contamination with tubuli was counted in 10 µl glomeruli suspension under a light 

microscope. Glomeruli were centrifuged for five minutes, 4°C at 1500 x g. Pellets were 

frozen on dry ice and stored at -80°C. 

2.2.3 Enrichment of extracellular vesicles 

For the enrichment of extracellular vesicles from either human podocyte cell culture 

media, mouse urine, or patient urine, stabilization solutions (200 mM EGTA + 660 mM 

NaN3 in dest. H2O and 100 mM PMSF in ethanol) were added in a 1:100 dilution to 

the samples prior to further preparations.  
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Cell culture medium was centrifuged two times at 2000 x g for 10 minutes at 4°C to 

remove cell debris. The supernatant was transferred to a fresh tube after each 

centrifugation step and the pellet was discarded. 

For mouse urine two different centrifugation steps were performed. First, the urines 

were centrifuged at 1500 x g for 10 minutes at 4°C, then at 5000 x g for 10 minutes at 

4°C. The supernatant was transferred to a fresh tube after each centrifugation step and 

the pellet was discarded. 

Patient urine was first centrifuged at 2500 x g for 10 minutes at 4°C and then filtered 

through 5 µm syringe filters. Afterwards, the filtered urine was centrifuged through 

100 kDa cut-off filter tubes, to reduce proteins present in the highly proteinuric urine. 

All samples were stored at -80°C until further analysis. 

For EV enrichment the pre-processed samples were ultra-centrifuged at 100000 x g 

for 1.5 hours at 4°C in the Optima MAX-TL ultracentrifuge. Supernatant was removed 

and pellets were resolved in PBS. 

2.2.3.1 Podocyte-specific EV purification 

Blocking buffer 

2%  fish gelatine 

1:1 dilution SuperBlockTM 

in PBS 

Wash buffer 

0.1 M  sodium phosphate 

ad dest. H2O, adjust to pH 8 

Binding buffer 

2 mM  EDTA 

ad PBS, adjust to pH 7.4 

Collected patient urine contains EVs derived from all kidney cells. To investigate 

podocyte-specific EVs, immunoprecipitation with antibodies against the podocyte 

specific proteins Glepp1 and CD35 was performed. Therefore, magnetic DynabeadsTM 

were coupled with Glepp1 and CD35 antibodies according to the manufacturers’ 

instructions (Invitrogen). The coupled beads were incubated with blocking buffer for 1 

hour at room temperature on a rolling shaker. After washing twice with wash buffer, 

enriched EVs (described in 2.2.3) were added to the antibody coupled beads and 

binding buffer was added to a total volume of 250 µl. The EV-bead solution was 

incubated overnight at 4°C on a rolling shaker. Podocyte-specific EVs, bound to 
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magnetic beads were isolated with the DynaMag2TM magnetic Particle Concentrator 

and eluted in PBS by vortexing over 2 minutes. For SDS-PAGE a total of 1 x 1010 EV 

particles (determined via ImageStream measurement, described in 2.2.3.2) were 

loaded. 

2.2.3.2 ImageStream measurement 

Staining solution 

8% exosome-depleted FBS in PBS 

MemBrite Fix 594/615 

anti-rabbit AF488 

Total EV amounts as well as specific antibody containing EVs were determined using 

ImageStream measurements. For this, 500 µl cell culture medium, obtained from 

80000 cells, or 100 µl of mouse urine were ultracentrifuged (described in 2.2.3). The 

obtained EV pellet was resolved in staining solution and incubated for 45 minutes at 

room temperature in darkness. After incubation unbound dye and potential antibody 

aggregates were removed, using NanoSep centrifugation columns. Subsequently, 

500 µl 2% exosome depleted FBS in PBS were placed to the column and the EVs in 

staining solution were added to the 2% FBS solution. The columns were centrifuged 

for 10 minutes at 7000 x g at 4°C and EVs were removed from the column by 

resuspension in 50 µl 2% exosome depleted FBS in PBS. This solution was analyzed 

at the ImageStream. 

2.2.3.3 Nanoparticle tracking analyses (NTA) 

The size distribution of EVs derived from human cell culture podocytes was determined 

by nanoparticle tracking analyses (NTA). Per sample 30 µl of cell culture supernatant 

were added to 1.5 ml PBS. A total amount of 500 µl of this EV/PBS solution was loaded 

to the LM10 unit (Nanosight) sample chamber. Measurement was performed with a 

screen gain of 2 and camera level of 15. Five videos per sample with a duration of 1 

minute at 25°C temperature was recorded. Data was analyzed with NTA 3.0 software 

with software settings of a detection threshold of 6 and a screen gain of 10. 

2.2.4 Protein-biochemical methods 

2.2.4.1 Antibody purification 

Binding buffer 

BupH Phosphate Buffered Saline Packs (Thermo Scientific) 
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Neutralization buffer 

1 M   Tris 

ad dest. H2O, adjust to pH 8 

Elution buffer 

IgG Elution Buffer (Thermo Scientific) 

Monoclonal antibodies from hybridoma cells were purified using NabTM Protein A/G 

Spin Columns. Prior to purification, supernatant was concentrated using 50 kDa cut-

off filter tubes, in the way that 50 ml of supernatant were concentrated to 5 ml. 

Subsequently, 5 ml of concentrated supernatant were diluted in 5 ml binding buffer 

before loading onto the column. The samples were run by gravity flow through the 

column. Afterwards, the column was washed three times with 10 ml binding buffer 

each, to remove unspecific proteins. Antibodies were eluted for a total of three elution 

steps, each adding 5 ml of elution buffer. Elution fractions were collected in tubes 

containing neutralization buffer. Antibody concentrations of the elution fractions were 

quantified photometrically at the NanoPhotometer® (described in 2.2.5.6). The elution 

fractions that contained measurable concentrations were pooled and concentrated. 

Therefore, samples were centrifuged in 50 kDa cut-off filter tubes at 3000 x g and 4°C. 

During concentration three wash steps were included, in which 35 ml of PBS were 

added to the column and centrifuged at 3000 x g and 4°C until the volume was 

concentrated to approximately 2-4 ml. During the last wash step, the antibody was 

concentrated to a final concentration of 8 µg/µl. 

2.2.4.2 Biotinylation of antibodies 

Purified U104 rat anti-UCH-L1, or unspecific rat antibodies (rat-IgG, Sigma) were used 

for application in mice. A central aspect of UCH-L1 antibody treatment is the specific 

detection of the applied antibodies in the glomerulus. Unfortunately, due to cross-

species reactivity of mouse and rat antibodies, a specific differentiation cannot be 

made using secondary antibodies. Therefore, anti-UCH-L1 and unspecific rat-control 

antibodies were biotinylated using EZ-Link Sulfo-NHS-LC-Biotin. For biotinylation, a 

10 mM solution of the biotin reagent in dest. H2O was added to the desired amount of 

antibody to be biotinylated. The antibody-biotin solution was incubated for 2 hours on 

ice. Afterwards, unbound biotin was removed via ZebaTM Spin Desalting Columns by 

applying antibody-biotin solution to the columns, and subsequently were centrifuged 

for 2 minutes at 1500 x g and 4°C. The flowthrough contained the purified biotin-



 
Material and Methods 

45 
 

labeled antibody, which was afterwards tested in western blot analysis for proper 

biotinylation. 

2.2.4.3 Lysis of cells 

Lysis buffer  

T-PERTM 

1 x SIGMAFASTTM Protease Inhibitor Cocktail, EDTA free 

Cell pellets were lysed in lysis buffer for 30 minutes on ice, by vortexing every 

5 minutes. After lysis, the lysates were centrifuged at 16000 x g for 10 minutes at 4°C. 

Supernatant was transferred to a fresh tube and stored at -80°C until further analysis. 

2.2.4.4 Lysis of glomeruli 

Lysis buffer I (“T-PERTM” protein fraction) 

T-PERTM 

1 x SIGMAFASTTM Protease Inhibitor Cocktail, EDTA free 

Lysis buffer II (“urea” protein fraction) 

8 M   Urea 

10 mM   DTT 

ad 50 mM  Tris pH 8.0 

Protein analysis of isolated mouse glomeruli was performed in two distinct lysates. To 

obtain soluble proteins, glomeruli were lysed in 150 µl lysis buffer I per 5000 glomeruli. 

First, 50 µl lysis buffer were added, and glomeruli were mechanically shredded with a 

pestle. Afterwards the remaining volume of the lysis buffer I was added to the glomeruli 

suspension and incubated 30 minutes on ice with vortexing every five minutes. The 

glomeruli lysate was centrifuged at 16000 x g, 4°C, 30 minutes. Supernatant, 

containing soluble proteins, was transferred into a fresh tube and the remaining pellet 

was lysed in lysis buffer II to lyse the insoluble proteins. After adding 50 µl lysis buffer 

II to the pellet obtained from lysis I, the pellet was mechanically shredded with a pestle 

and incubated 30 minutes on ice with vortexing every five minutes. The lysate was 

centrifuged at 16000 x g, 4°C, 30 minutes and the supernatant was transferred to a 

fresh tube. The samples were stored at -80°C until further analysis. 

2.2.4.5 Antibody elution from cryosections 

Antibodies from mice with MN induction and 2nd hit treatment should be checked for 

their presence in the kidney by elution from kidney cryosections. Therefore, 
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200 x 10 µm cryosections per kidney were collected into 2 ml tubes, resuspended in 

1 ml sterile PBS and centrifuged on quick spin with a table centrifuge. The pellet was 

washed three times with 1 ml PBS each, with quick spin centrifugation in between. For 

the first antibody elution step, the pellet was resuspended in 150 µl of 25 mM citrate, 

pH 3.2 and incubated for 20 minutes on ice with vortexing every 5 minutes. The eluate 

was centrifuged on quick spin with a table centrifuge and the supernatant was 

transferred to a fresh tube containing 150 µl of 1 M Tris, pH 8 for neutralization. A 

second antibody elution was performed with 150 µl of 25 mM citrate, pH 2.5 added to 

the pellet remaining from the first elution. After incubation for 20 minutes on ice with 

vortexing every 5 minutes, the second eluate was centrifuged on quick spin with a table 

centrifuge and the supernatant was transferred to a fresh tube containing 150 µl of 1 M 

Tris, pH 8 for neutralization. Both elutions were pooled and subsequently used as 

primary antibody on western blot analyses (described in 2.2.4.11) to detect whether 

reactivity to either UCH-L1 or THSD7A was present as a readout for the specific 

deposition/binding of anti-UCH-L1/THSD7A antibodies within the kidney. 

2.2.4.6 Mouse-Albumin-ELISA (MAE) 

MAE wash buffer 

50 mM  Tris 

138 mM  NaCl 

2,7 mM  KCl 

ad dest. H2O, adjust to pH 8 

Postcoat solution 

1%  BSA 

in washing buffer 

Coating buffer 

1 capsule carbonate-bicarbonate buffer 

in 100 ml dest. H2O 

Conjugate dilutent 

0.5 ml  10% Tween20 

in 100 ml postcoat solution 

Stop solution 

5,7%  H3PO4 

ad dest. H2O 
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The amount of albumin in either mouse urine or serum was determined by a sandwich 

enzyme-linked immunosorbent assay (ELISA) using a commercially available kit 

(Bethyl). For this, high binding 96-well plates, were coated with anti-mouse albumin 

antibody, diluted 1:100 in coating buffer and incubated overnight, shaking at 4°C. The 

primary antibody was removed, and the plates were washed for a total of three times 

with MAE washing buffer. 200 µl of postcoat solution was added per well and the plate 

was incubated for 30 minutes at room temperature on a shaker. After washing for a 

total of three times with MAE washing buffer, 100 µl of in conjugate diluent diluted urine 

or serum were added per well in addition to a standard. Samples were incubated for 

1 hour at room temperature on the shaker. Then the plate was washed for a total of 

five times with MAE wash buffer, and afterwards 100 µl of secondary antibody (diluted 

1:40000 in conjugate diluent) was added to the plate and incubated for 1 hour at room 

temperature. The secondary antibody was removed, and the plate was washed for a 

total of five times with MAE washing buffer. The TMB substrate was added to the 

samples and incubated for approximately 2-5 minutes, until a color switch of the 

substrate towards a blue color could be observed. The reaction was stopped with the 

stop solution, and absorption was measured at the EL808 Ultra Microplate Reader at 

450 nm.  

2.2.4.7 Creatinine measurement from urine 

Creatinine amount in the urine was determined using Jaffe’s reaction. This method is 

based on the reaction of creatinine with picric acid in alkaline solution, which leads to 

the formation of a red-colored complex that can be measured at an absorbance of 

520 nm [96]. Therefore, 10 µl of standard or urine per well were added to a 96-well 

microwell plate. 50 µl reaction buffer (containing reagent 1 [alkaline buffer] and reagent 

2 [picric acid] from the kit in a 4:1 ratio) were added and incubated for one minute. The 

absorption was measured in a kinetic program at the EL808 Ultra Microplate Reader 

at 492 nm directly and after five minutes. 

2.2.4.8 Albumin to creatinine ratio (ACR) 

Measurements of protein loss to the urine were performed by measuring albuminuria, 

the loss of albumin through the urine. This was performed trough albumin to creatinine 

ratio (ACR) by calculating the albumin amount (mg/ml) to the creatinine (mg/ml) to 

obtain the ACR in mg/mg. 
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2.2.4.9 Serum measurement 

Mouse serum was analyzed for cholesterol and triglycerides. For this, 150 µl serum 

were used for determination of serum parameters by automated measurement using 

a COBAS (Roche) system. 

2.2.4.10 Activity-based protein profiling 

ABP buffer 

50 mM  Tris pH 7.4  

250 mM  Sucrose 

5 mM  MgCl2 

ad dest. H2O 

5 x assay buffer 

250 mM Tris pH 7.4 

25 mM  MgCl2 

5 mM  DTT 

10 mM  ATP 

ad dest. H2O 

To determine the ability of deubiquitinating enzymes to bind ubiquitin, the commercially 

available activity-based probe (ABP) Cy5-Ub-VME was used. The lyophilized powder 

was dissolved in DMSO and slowly added to the ABP buffer while vortexing, to receive 

a stock concentration of 55.95 µM. The dissolved ABP was stored in aliquots at -80°C, 

each aliquot was only thawed once.  

The ABP was added to a protein reaction solution in a final concentration of 2.24 µM. 

The reaction solution contained 5 µg protein with 5 x assay buffer, diluted to a 1-fold 

concentration in dest. H2O, and was incubated for one hour at 37°C. Afterwards the 

solution was prepared for SDS-PAGE analyses with 5 x solubilizer (diluted to a 1-fold 

concentration) and denatured for 10 minutes at 70°C. The prepared samples were 

analyzed via SDS-PAGE and western blot (described in 2.2.4.11). 

2.2.4.11 SDS-PAGE and western blot 

Migration buffer 

25 mM   Tris 

192 mM  Glycine 

0.1%   SDS 

ad dest. H2O 
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5 x solubilizer, reducing 

1.25 M   Tris pH 6.8 

50%   (w/v) glycerol 

10%   (w/v) SDS 

2.5 M   DTT 

0.25%  (w/v)  Bromphenol Blue 

5 x solubilizer, non-reducing 

1.25 M  Tris pH 6.8 

50%   (w/v) glycerol 

10%   (w/v) SDS 

0.25%  (w/v)  Bromphenol Blue 

12.5 % Tris-glycine gel 

Separating gel 

3.75 ml  aqua dest 

2.5 ml  4 x separating gel buffer (1.5 M Tris pH 8.8) 

3.2 ml   40% acrylamide (3.3% C) 

500 µl   glycerol 

100 µl  10% SDS 

50 µl  10% APS 

8 µl  TEMED 

Stacking gel 

2.84 ml aqua dest. 

1.125 ml  4 x stacking gel buffer (0.5 M Tris pH 6.8) 

450 µl   40% acrylamide (3.3% C) 

45 µl   10% SDS 

45 µl   10% APS 

5.55 µl  TEMED 

TBS-T 

1 M  NaCl 

100 mM Tris pH7.4 

0.05%  Tween 20 

ad dest. H2O 

Transfer buffer 

25 M   Tris 

192 mM  Glycine 

20% (v/v)  Ethanol 

ad dest. H2O 
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Stripping buffer 

0.2 M   Glycine 

0.1% (w/v)  SDS 

1% (v/v)  Tween 20 

ad dest. H2O, adjust to pH 2.2 

PTSA 

0.01 M para-toluenesulfonic acid 

ad dest. H2O 

Protein analyses were performed in sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) using CriterionTM TGX Stain-FreeTM Precast 4-15% 

gradient gels with corresponding Bio-Rad electrophoresis systems. The Bio-Rad Stain-

FreeTM system uses a trihalo compound which is incorporated into the precast gels. 

Tryptophan residues of proteins covalently bind to the trihalo compound and can be 

visualized through their fluorescence, when exposed to UV light (Bio-Rad).  

For SDS-PAGE and western blot analyses 5 µg protein obtained from cells or tissue, 

or 200 glomeruli were used. The samples were denatured with 5 x solubilizer (reducing 

or non-reducing), diluted to a 1-fold final concentration in dest. H2O, for 10 minutes at 

95°C. The samples and 5 µl CozyXLTM marker for molecular weight distribution, were 

loaded onto gels and the SDS-PAGE was run at 100 V for approximately 10 minutes 

then at 120-150 V for approximately 1.5-2 hours in migration buffer. Total protein 

amounts were visualized via Stain-FreeTM using UV light at the Vilber Fusion FX7 

imager, as an equal loading control, additional to housekeeping proteins. For activity-

based protein profiling self-made 12.5% Tris-glycine gels were used to separate 

especially lower molecular weight proteins. For this, samples were prepared as 

described in 2.2.4.10 and loaded to the gel. For visualization of molecular weight 

distribution, BlueElf marker was used. SDS-PAGE was run at 100 V for 10 minutes 

followed by 120-150 V for approximately 3 hours in migration buffer. Cy5-Ub-VME 

fluorescence was captured at the Vilber Fusion FX7 imager, with the 640 nm filter. 

Since those gels do not contain the Stain-FreeTM system, equal loading of total proteins 

was visualized after western blotting using ponceau S. 

To specifically quantify proteins within gels, they were transferred with the semi-dry 

western blot technique using the BioRad Trans-Blot Turbo system. Proteins were 

transferred to a PVDF membrane, which was activated with 99% bioethanol, to reduce 

the hydrophobic property of the membrane. The negative charged proteins migrate in 
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current flow direction and transfer from the gel to the membrane. Blotting was 

performed at 2.5 A and 25 V for 30 minutes. Membranes of Stain-FreeTM gels were 

directly washed in TBS-T, while membranes of self-made 12.5% Tris-glycine gels were 

stained with ponceau S to visualize total protein load. After three wash steps with TBS-

T, the membrane was blocked with 3% milk in TBS-T for one hour at room temperature, 

to avoid unspecific antibody binding and strong background signals. After blocking, 

membranes were washed four times 5 minutes each with TBS-T prior to the application 

of primary antibody solution. Membranes were incubated overnight at 4°C with primary 

antibody solution. The primary antibody solution was removed, and the membranes 

were washed again four times 5 minutes each, before adding HRP conjugated 

secondary antibody solution for one hour at room temperature. Membranes were 

subsequently washed four times 5 minutes each. Protein signals were visualized using 

SuperSignalTM West Pico PLUS Chemiluminescence Substrate reagents in a 1:1 ratio 

and incubated for 5 minutes. For weak signals SuperSignalTM West Femto Maximum 

Sensitivity Substrate reagents were added to the Pico substrate in a 1:1 ratio, diluted 

1:6 in Pico PLUS substrate. All steps were performed on a shaker. Chemiluminescence 

was visualized with the Vilber Fusion FX7 Edge and quantified using ImageJ.  

Since the amount of material is often limited, multiple proteins were quantified on the 

same membrane. Therefore, previous signals were removed using two different 

buffers. Membranes were incubated with a common stripping buffer containing glycine 

for 10 minutes before rinsing in dest. H2O and washing with TBS-T three times for 5 

minutes each, and incubated in blocking buffer for 10 minutes, or para-toluenesulfonic 

acid (PTSA) two times 5 minutes each followed by rinsing with TBS-T twice and 

washing with TBS-T twice for 5 minutes each. Subsequently, a new primary antibody 

was added to the membrane as described above. The common glycine stripping buffer 

with a pH 2.2 dissociates protein interactions such as those of primary and secondary 

antibody. PTSA however, inactivates the HRP from the secondary antibody [97], 

enabling the specific detection of the subsequent reprobe.  

2.2.5 Molecular biological methods 

2.2.5.1 RNA isolation 

RNA was isolated from cell pellets, obtained from approximately 80000 human 

podocytes. For this, the pellet was dissolved in 900 µl RNA-Solv reagent and incubated 
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5 minutes at room temperature. Afterwards, 200 µl chloroform were added, vigorously 

shaken and incubated for 10 minutes on ice, followed by 15 minutes of centrifugation 

at 10000 x g, at 4°C. The upper, aqueous phase, containing the RNA was transferred 

to a fresh tube and 500 µl ice cold isopropanol were added to precipitate the RNA. The 

samples were shaken for 1 minute and incubated for 30 minutes on ice, followed by 

centrifugation at 10000 x g for 10 minutes at 4°C. After removing the supernatant, the 

RNA containing pellets were washed in 800 µl of 70% ethanol and centrifuged for 15 

minutes at 12000 x g at 4°C, twice. To isolate RNA from mouse glomeruli, a glomeruli 

pellet was dissolved in 250 µl RNA-Solv reagent and lysed in the TissueLyzer with a 

Wolfram-Carbide Ball at 30 Hz for 1 minute. The solution was then incubated 5 minutes 

at room temperature and afterwards 50 µl chloroform were added and vigorously 

shaken. After incubation on ice for 10 minutes, the samples were centrifuged for 15 

minutes at 10000 x g, and 4°C. As for the cell pellet RNA isolation, the upper, aqueous 

phase was transferred to a fresh tube and 150 µl ice cold isopropanol were added. The 

tubes were shaken for 1 minute and incubated for 30 minutes on ice, followed by 

centrifugation at 10000 x g for 10 minutes at 4°C. The supernatant was removed, and 

the pellet was washed twice in 250 µl of 70% ethanol and centrifuged for 15 minutes 

at 12000 x g at 4°C. The RNA pellets were dried in the speed Vac and afterwards 

dissolved in RNase-free water. Concentration was determined photometrically 

(described in 2.2.5.3), and RNA was stored at -80°C until further analysis. 

2.2.5.2 DNA digest and cDNA synthesis 

Master mix I (per sample) 

10.5 µl   H2O  

1 µl   Random Hexamer Primer (100 ng/µl)  

1 µl   dNTPs (10 mM) 

Master mix II (per sample) 

4 µl   RT buffer,  

0.5 µl   RNase Out,  

1 µl   Reverse Transcriptase 

Prior to cDNA synthesis the RNA was treated with DNase digest, to remove DNA 

contamination. For this, the rDNase Set was used and rapid DNase was added in a 

1:10 dilution to the rDNase buffer to obtain the DNase solution. In total 200 ng of RNA 

were used for transcription into cDNA. The RNA was diluted in DNase solution to a 

concentration of 100 ng/µl and incubated for 10 minutes at 37°C. For cDNA synthesis 
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2 µl of digested RNA were first incubated with Master mix I for 5 minutes at 65°C. 

Afterwards, Master mix II was added to the RNA solution and cDNA was synthesized 

for 10 minutes 25°C, 1 hour 42°C, 10 minutes 70°C and finally held at 4°C. The cDNA 

was stored at -20°C until further analysis. 

2.2.5.3 Photometric quantification of nucleic acids 

For quantification of the RNA amount, 1 µl of RNA solution was measured at the 

NanoPhotometer® at an absorption wavelength of 260 nm. Samples were measured 

against RNase free water as a blank.  

2.2.5.4 Establishment of primer 

PCR master mix 

14,3 µl  H2O 

2 µl  10 x Dream Taq Green Buffer 

0.4 µl   dNTP’s (10 mM) 

1 µl  sense primer (fw) (5 µM) 

1 µl  antisense primer (rev) (5 µM) 

0.3 µl  Taq DNA Polymerase 

Primer were generated using Primer-BLAST (NIH NCBI) and ordered via Invitrogen. 

The primer were tested using 1 µl of cDNA, obtained from corresponding messenger 

(m)RNA, which was added to 19 µl of PCR master mix. Subsequently polymerase 

chain reaction (PCR) was performed following the same steps as the real-time 

quantitative PCR (qPCR) (Table 10). After PCR reaction, samples were evaluated for 

expected base pair size on a 3% agarose gel. The gel was run at 200 V for 

approximately one hour. Primer that showed expected base pair size and the least 

unspecific base pair bands were verified in real-time qPCR  for proper melt curves and 

afterwards used for qPCR analysis (described in 2.2.5.5). 

2.2.5.5 Real-Time qPCR 

qPCR master mix 

5 µl   SYBRTM Green  

2 µl   sense primer (fw) (5 µM)  

2 µl   antisense primer (rev) (5 µM) 

The cDNA from corresponding mRNA was used for real-time qPCR using the 

QuantStudio 5. For this, 1 µl of cDNA per reaction was added to 9 µl of qPCR master 

mix, containing the DNA binding dye SYBRTM Green and respective primer (Table 9). 
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The 18S ribosomal subunit was used as a housekeeper. For the 18S qPCR cDNA was 

diluted 1:500 in RNase free water. For quality control samples without reverse 

transcriptase and with H2O instead of cDNA were analyzed as well. 

Relative changes of target genes were quantified in comparison to the 18S 

housekeeper as the reference gene, using the ΔΔCt method [98]. 

Table 9: qPCR Primer 

Primer Sequence (5’ → 3’) Tm 

[°C] 

size 

(bp) 

human and mouse 

18S  

18S-Fw 
CAC GGC CGG TAC 

AGT GAA AC 
 

70 

18S-Rev 
AGA GGA GCG AGC 

GAC CAA A 
 

human collagen IV 

α1  

hu_COL4A1_Fw 
GGG GAG CCT GGT 

GAG TTT TA 
59,3 

163 

hu_COL4A1_Rev 
TCA ATC CTA CAG AAC 

CCG GC 
59,46 

human collagen IV 

α3 

hu_COL4A4_Fw 
TCA CAC CTC ACG ATT 

TTG ATG AA 
60,2 

108 

hu_COL4A4_Rev 
TGG CAT CTA TCC ATT 

GCT GTC TA 
60,9 

human laminin α5 

hu_Lama5_Fw 
AGA GGA GGG CAG 

GTC GG 
60,01 

129 

hu_Lama5_Rev 
TTC AGC ACA AAG 

GGC TCT CC 
60,25 

mouse UCH-L1 

(PGP9.5) 

ms_PGP9.5_Fw 
AGC TGG AAT TTG 

AGG ATG GA 
58 

111 

ms_PGP9.5_Rev 
GGC CTC GTT CTT 

CTC GAA A 
58 

mouse collagen IV 

α1 

ms_Col4a1_Fw 
ACA TCC GGC CCT 

TCA TTA GC 
60 

76 

ms_Col4a1_Rev 
ATG GTC TGA CTG TGT 

ACC GC 
60 
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mouse collagen IV 

α3 

ms_Col4a3_Fw 
TTA TGG GGG ATG TTG 

GAC CC 
59,07 

300 

ms_Col4a3_Rev 
CAC CTC TGA CAC 

CGG GAA G 
59,71 

mouse laminin α5 

ms_Lama5_Fw 
GCG GAG ATC CCA 

ATC AGA CA 
60 

95 

ms_Lama5_Rev 
ATC GAT GGC GTT GCT 

CAC A 
60 

Table 10: Real-time qPCR program 

 Temperature (°C) Time (min)  Cycles 

Hold Stage 50.0 02:00 1 

95.0 10:00 

PCR Stage 95.0 00:15 40 

60.0 01:00 

Melt Curve Stage 95.0 00:15 1 

60.0 01:00 

95.0 00:01 

 

2.2.5.6 Photometric quantification of protein solution 

Protein concentration of isolated proteins, e.g. purified antibodies was determined 

using the NanoPhotometer®. For this, 1 µl of the protein solution was measured at 

280 nm. Samples were measured against the corresponding buffer as a blank.  

2.2.5.7 Protein quantification 

To quantify the proteins concentration from cell or tissue lysates, the colorimetric biuret 

test ROTI®Quant was used. This assay is based on the reduction of copper ions in the 

alkaline milieu leading to a color change proportional to the protein amount in the 

sample, which was measured after 30 min of incubation at 37°C at an absorption of 

492 nm in the Multiskan FC reader. The protein solution was diluted in dest. H2O prior 

to the addition of the working solution, which contained ROTI®Quant reagent 1 and 

reagent 2 in a ratio of 16:1. Protein amount was quantified according to a standard 
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curve ranging from 0.6 to 10 µg protein, which was generated using an albumin 

standard. 

2.2.6 Histology and Immunofluorescence 

Blocking buffer 

5%   horse serum 

0.05%  Tx-100 

in PBS  

Prior to immunofluorescent staining, samples were fixed in 4% paraformaldehyde 

(PFA). Fixation cross-links proteins, leading to a preservation of the sample by 

inhibiting proteolytic enzymes, microorganisms and by maintaining stability of the 

sample [99]. Due to their two-dimensional structure, cell culture podocytes are more 

accessible to liquids and were fixed for 5 minutes at room temperature, while kidney 

pieces were fixed overnight at 4°C to ensure sufficient PFA penetration.  

Microscopic examinations were performed in paraffin sections. The tissues were 

embedded in paraffin automatically in the spin tissue processor by the following 

dehydration procedure (Table 11), to allow the paraffin to penetrate the tissue. 

Table 11: Dehydration and paraffin embedding protocol 

Substance Duration 

50% EtOH >2h 

60% EtOH 2h 30min 

70% EtOH 1h 

96% EtOH 1h 

96% EtOH 1h 

100% EtOH 1h 

100% EtOH 1h 

100% EtOH 1h 30min 

Xylol 1h 

Xylol 1h 

Xylol 1h 30min 

Paraffin 1h 

Paraffin 1h 30min 
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Paraffin embedded kidney pieces were cut in 1-3 µm sections using a Leica M2255 

Microtome and after stretching on a warm water bath, taken up onto super plus glass 

slides. The slides were baked overnight at 40°C, to allow water under the paraffin 

sections to evaporate and to mount the kidney sections on the slide. Prior to staining, 

the paraffin was removed from the sections by incubation in decreasing alcohol 

concentrations. Incubation steps were made as followed, 3 x xylol, 3 x 100% ethanol, 

2 x 96% ethanol, 2 x 70% ethanol and 2 x ddH2O. Paraffin sections were further 

processed for antigen retrieval, to enable epitope recognition by antibodies for 

immunofluorescent staining. For this, antigen retrieval was performed by two different 

methods. 1) Heat-induced epitope retrieval with incubation in sodium citrate (10 mM) 

buffer pH 6.1 in conjunction with boiling for 40 minutes at 98°C, followed by a washing 

step with water after cooling. 2) Protease-induced antigen retrieval using protease 

XXIV (Sigma, 5 μg/ml), where enzymes cleave protein cross-links [100]. For this, 

sections were digested for 15 minutes at 37°C, followed by a total of three wash steps 

each 5 minutes with PBS.  

Prior to immunofluorescent staining with primary antibody, samples were incubated in 

blocking buffer for 30 minutes at room temperature, to prevent unspecific antibody 

binding. Primary antibodies, diluted (as stated in table 4) in blocking buffer were applied 

on samples overnight at 4°C, followed by washing with PBS for a total of three times 5 

minutes each. The fluorochrome coupled secondary antibody diluted in blocking buffer 

(Table 4), was applied for 30 minutes at room temperature and afterwards samples 

were washed again for a total of three times 5 minutes each in PBS. The samples were 

then mounted with Fluoromount-G and visualized using the LSM800 Airyscan 1 (Zeiss) 

and LSM900 Airyscan 2 (Zeiss) and Zen Blue Software (Zeiss). 

2.2.6.1 Podocyte exact morphology measurement (PEMP) 

Podocyte foot process (FP) effacement is one of the hallmarks of podocyte injury, 

which can be examined by podocyte exact morphology measurement (PEMP). This 

technique is based on super-resolution microscopy of nephrin stained kidney sections 

and an automated quantification of the nephrin staining pattern. Nephrin is a podocyte 

slit diaphragm protein, which thus connects the interdigitating podocyte FPs [101]. 

Measurement of the nephrin signal calculated per capillary area of glomeruli describes 

the filtration slit density (FSD), which inversely correlates with the podocyte FP width 

[101]. 
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To analyze FSD values of mouse glomeruli, paraffin kidney sections were mounted on 

high precision poly-L-lysine coated cover slips and stained for nephrin (described in 

2.2.6). The stained sections were then mounted with ProLongGold and visualized at 

the Visitron SD-TIRF spinning disk microscope. Pictures were taken as z-stacks with 

0.2 µm slice distance from the whole glomerulus with the 100 x objective and SORA-

Disk and processed via Richardson-Lucy deconvolution. Z-stacks were projected 

(maximum intensity projection) as a 2D image using ImageJ. For FSD measurement 

the area of the capillary (visualized by nephrin) was encircled, and the filtration length 

was determined with the PEMP macro for ImageJ [102]. The FSD was calculated from 

the total filtration slit diaphragm length per capillary area. 3 to 8 capillary areas of 6 

glomeruli per animal were analyzed. 

2.2.7 Statistical analysis 

Statistical analyses were performed using GraphPad Prism 10. Results were 

expressed as median with individual values for single time points or mean ± SEM for 

time course analyses and significance was set at *p < 0.05. Values of four different 

treatment groups were compared using the Kruskal-Wallis test with Dunn’s multiple 

comparisons test. For comparison of two different treatment groups Mann Whitney U-

test was performed. The means in time course experiments were compared using the 

Mixed-effects analysis with Tuckey’s multiple comparisons test. Replicates used were 

biological replicates using different samples from distinct experiments. 
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3 Results 

3.1 UCH-L1 antigen expression in membranous nephropathy 

Membranous nephropathy as one of the major causes of nephrotic syndrome is a 

complex, heterogenous autoimmune disease, with antibody formation against an 

emerging number of target antigens. De novo expression of the Ubiquitin C-terminal 

Hydrolase L1 (UCH-L1), a potential target antigen is known to occur in injured 

podocytes upon kidney disease, especially in MN [42]. To identify specific localization 

patterns of UCH-L1, human kidney biopsies of a PLA2R1+-MN and a non-MN nephrotic 

minimal change disease (MCD) patient were utilized. UCH-L1 de novo expression 

appeared to be more abundant in podocytes of the MN patient, especially localized to 

the membrane of the podocyte cell body and podocyte foot processes (FPs) (Fig. 1, 

white arrows). UCH-L1 expression in the MCD patient, however, showed a different 

pattern without a clear localization of UCH-L1 to the podocyte FP membrane (Fig. 1).  

 

Figure 1: UCH-L1 localizes to the podocyte membrane and FP in MN patients. Confocal images of 

UCH-L1 (green) staining in kidney biopsies from a PLA2R1+-MN and a minimal change disease (MCD) 

patient, PLA2R1 (red), nephrin (light blue), and DNA (Hoechst, blue). Asterisks highlight podocyte nuclei; 

white arrows point towards UCH-L1 membrane pattern expression. 

Mice however lack endogenous expression of the major MN antigen PLA2R1 [57, 58]. 

As THSD7A was discovered as a novel target antigen in MN, the heterologous 

(passive) model of THSD7A-associated MN was developed, targeting THSD7A directly 

[59]. To ascertain the UCH-L1 expression in podocytes in this model of THSD7A-

associated MN, BALB/c mice were injected with specific rabbit anti(α)-THSD7A 

antibodies (abs), while control mice were treated with unspecific rabbit antibodies. The 

disease develops over the course of 14 days and mice were sacrificed on day 14. 
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UCH-L1 expression and localization were confirmed via high-resolution 

immunofluorescent imaging (Fig. 2 A). UCH-L1 localizes specifically to the cytoplasm 

of the podocytes as well as to FPs (Fig. 2 B, white arrows). Further, a high accumulation 

of mouse antibodies (msIgG) can be observed along the GBM in α-THSD7A-abs 

treated mice (Fig. 2 B). In this model, mouse anti-rabbit IgG antibodies could be shown 

to develop as an autologous reaction, about 1 week after injection of rabbit α-THSD7A-

abs [59]. This shows that mice of the THSD7A-associated MN model develop similar 

de novo expression of UCH-L1 in the podocytes as MN patients, making them a 

suitable model for further investigations on anti-UCH-L1 antibody pathogenicity and 

antigen alterations. 

 

Figure 2: UCH-L1 in the passive mouse model of THSD7A-associated MN. (A) Scheme depicting 

the treatment of male BALB/c mice with specific anti(α)-THSD7A-antibodies (abs) or control (ctrl)-rabbit 

(rb)-abs. (B) Confocal images of kidney sections show UCH-L1 (light blue) localization in the glomerulus 

of THSD7A-abs or control ctrl-rb-abs treated mice, THSD7A (red), mouse (ms)-IgG (green) and DNA 

(Hoechst, blue). Arrows point towards podocyte foot process localization of UCH-L1. 

 

3.2 Anti-UCH-L1 antibody second hit aggravates membranous nephropathy 

Previous work from our group identified anti-UCH-L1 autoantibodies to be present in 

patients with primary MN as an additional antibody, next to their initial disease-causing 

anti-THSD7A or anti-PLA2R1 autoantibodies. These anti-UCH-L1 autoantibodies 

predominantly recognize the non-functional, oxidative-modified form of UCH-L1 [43]. 

As oxidative stress is generated during MN disease progression, we hypothesize that 
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anti-UCH-L1 autoantibodies are generated as a secondary immune reaction. 

Therefore, experiments were performed with rabbit α-THSD7A antibodies for MN 

induction followed by exposure of mice, in the setting of established MN, to anti-UCH-

L1 antibodies as a second hit further referred to as “THSD7A-MN+2nd hit”, to determine 

whether these autoantibodies aggravate MN progression. Preliminary data show that 

UCH-L1 de novo expression is detectable starting at day 3 after α-THSD7A-abs 

induction (unpublished data from our lab). Further, mice exhibit a mild proteinuria at 

day 6 [59], which allows for a more specific discrimination of aggravation of proteinuria. 

The anti-UCH-L1-abs 2nd hit was therefore performed six days after MN disease 

induction with anti-THSD7A-abs. 

3.2.1 Characterization of anti-UCH-L1 antibodies 

Prior to in vivo application, anti-UCH-L1 antibodies had to be produced in sufficient 

quantities and validated for their reactivity towards the different UCH-L1 forms (intact 

and non-functional UCH-L1). Specific anti-UCH-L1 antibodies were obtained from the 

U104 hybridoma clone (rat) further referred to as “U104 anti(α)-UCH-L1-abs”, while 

unspecific purified anti-rat antibodies (ctrl-rat-abs) were commercially available. Cell 

lysates from HEK293 T cells were used, which were either transfected with myc.flag-

tagged human or murine wildtype (WT)- or I93M-UCH-L1 or non-transfected (n.t.) as 

negative control. To control and confirm specific UCH-L1 detection, murine UCH-L1WT, 

and UCH-L1KO brain lysates were added. Purified U104 α-UCH-L1-abs and ctrl-rat-abs 

were used as primary antibodies for western blot detections. The purified U104 α-UCH-

L1 antibody recognized both murine and human UCH-L1 under reducing as well as 

non-reducing conditions (Fig. 3 A). Calculations relative to the total protein load (Stain-

FreeTM) showed a slightly higher affinity for the non-functional I93M form (Fig. 3 C). 

Unspecific ctrl-rat-abs showed not immunoreactivity to UCH-L1, making them suitable 

as control antibodies (Fig. 3 B). 
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Figure 3: Characterization of the U104 anti-UCH-L1 antibody. Western blots of reducing and non-
reducing SDS-PAGEs for (A) specific anti-UCH-L1 antibodies of the U104 hybridoma clone, or (B) 
unspecific rat-IgG, β-actin and Stain-FreeTM were used to control for equal loading. (C) Graph shows 
densitometric quantification of the detection specificity towards the I93M-UCH-L1 compared to WT-
UCH-L1.  

 

3.2.2 Verification of UCH-L1 antibody localization in the kidney of the THSD7A-

MN+2nd hit mouse model 

Glomerular de novo expressed UCH-L1 specifically locates to podocytes in MN [42]. 

Apart from that, the in MN well described autoantibodies directed against foot process 

proteins (PLA2R1 and THSD7A) are deposited along the glomerular filtration barrier 

(GFB) [28]. Consequently, the applied 2nd hit U104 α-UCH-L1-abs are predicted to 

accumulate in the glomeruli as well, especially bound to podocytes if the target antigen 

is accessible. To ascertain whether this accumulation occurs, a first THSD7A-MN+2nd 

hit experiment was performed with a total number of 2 animals per group.  

To verify, if anti-UCH-L1 antibodies bound to glomerular structures, especially to 

podocytes, U104 α-UCH-L1 antibodies and their corresponding control (ctrl) anti-rat 

antibodies were biotinylated using EZ-Link Sulfo-NHS-LC-Biotin. This ensures a 

specific detection via streptavidin, since cross-species reactivity may hinder reliable 
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distinction of rat and intrinsic mouse antibodies. Acidic elution of antibodies from kidney 

cryosections allows for specific validation of the antibodies via western blot analyses, 

using them as primary antibodies for protein detection. The applied biotinylated 

antibodies (biotinylated U104 α-UCH-L1-abs and biotinylated anti-rat-abs) can be 

detected via streptavidin-HRP. Non-biotinylated eluted antibodies however can be 

detected via appropriate secondary antibodies, for example anti-rabbit-HRP for the 

rabbit α-THSD7A-abs. 

Non-reducing SDS-PAGE and western blot analyses were used to validate successful 

biotinylation as well as integrity of antibodies after the biotinylation process. Antibodies 

loaded on the gel showed specific bands at approximately 150 kDa in Stain-FreeTM 

visualization. Western blot against biotin showed specific biotinylation of the antibodies 

(Fig. 4 A), making those antibodies suitable for mouse experiments. THSD7A-MN was 

induced in male BALB/c mice by application of rabbit α-THSD7A-abs or unspecific 

control rabbit abs. Six days after disease induction biotinylated U104 α-UCH-L1-abs or 

biotinylated unspecific anti-rat-abs were applied for additional five days. Mice were 

sacrificed and samples were taken on day 11 (Fig. 4 B). First, the presence of 

biotinylated antibodies in the kidney was verified through western blot detection with 

previously described acidic eluted antibodies, using them as primary antibodies. UCH-

L1WT and UCH-L1KO mouse brain lysates were used to assure specific reactivity 

towards UCH-L1. As a proof of principle, eluted antibodies were further tested on 

THSD7A OE human cell culture podocyte lysates for specific recognition of THSD7A 

by the applied rabbit α-THSD7A-abs. Afterwards immunoblot membranes were 

reprobed with commercial antibodies for UCH-L1 and THSD7A to verify the presence 

of the specific proteins. As evident from Fig 4 C, biotinylated anti-UCH-L1-abs were 

only present in THSD7A-MN+2nd hit mice. The western blots showed specific bands at 

the expected molecular weight for UCH-L1 (25 kDa) when visualized by streptavidin-

HRP (Fig. 4 C, red asterisks). Although showing a weaker signal, anti-UCH-L1-abs 

were likewise present in control (ctrl)-rabbit (rb)-abs + U104 α-UCH-L1-abs 2nd hit 

control mice (Fig. 4 C, red asterisks). Eluted antibodies from control mice (ctrl-rb-abs 

and ctrl-rat-abs) showed no specific reactivity towards the antigens (Fig. 4 C). 

Subsequently, immunofluorescent staining of kidney sections demonstrated a specific 

pattern of biotinylated anti-UCH-L1 antibodies, when stained with streptavidin-AF488 

for biotin. Antibodies were localized along the GBM (Fig. 4 D, white arrows, red 

bordered) and in podocytes, especially at the FP membrane in THSD7A-MN+2nd hit 
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mice (Fig. 4 D, white arrowheads, red bordered). Unspecific biotinylated anti-rat-abs 

however, shoed only weak background signal (Fig. 4 D). 

Taken together these results revealed a specific deposition of biotinylated U104 α-

UCH-L1-abs in the glomeruli podocytes and moreover along the GBM in THSD7A-

MN+2nd hit mice. This shows that this experimental setup is suitable for investigations 

on the pathogenicity of anti-UCH-L1 antibodies in the in vivo THSD7A-MN mouse 

model. 
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Figure 4: Second hit anti-UCH-L1 antibodies are found in the kidney. (A) Non-reducing SDS-PAGE 
and western blot analyses of biotinylated U104 anti(α)-UCH-L1 and control (ctrl) rat antibodies (abs). 
(B) Treatment scheme for α-THSD7A-abs MN disease induction with respective ctrl- rabbit (rb)-abs and 
2nd hit with biotinylated U104 α-UCH-L1-abs or biotinylated ctrl-rat-abs in male BALB/c mice. (C) 
Western blots with acidic eluted antibodies from kidney cryosections as primary detecting antibodies, 
tested on UCH-L1WT and UCH-L1KO mouse brain lysates as well as human THSD7A overexpressing 
(OE) cell culture podocyte lysates. Red asterisks point to UCH-L1 detection by eluted biotinylated U104 
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α-UCH-L1-abs, blue asterisks point to THSD7A detection by rabbit α-THSD7A-abs. (D) 
Immunofluorescent staining for biotin (streptavidin-AF488, green) showing a signal at the GBM (collagen 
IV, red) (white arrows) and at podocytes (white arrowheads) in THSD7A-MN+2nd hit (α-THSD7A-abs + 
α-UCH-L1-abs) mice, rabbit-IgG (blue), DNA (Hoechst, grey). Asterisks highlight podocyte nuclei. 

3.2.3 Membranous nephropathy is aggravated in THSD7A-MN with anti-UCH-L1 

second hit in mice 

To determine the impact of anti-UCH-L1-abs on MN disease, clinical parameters were 

assessed. In vivo studies were carried out in the previous described cohort in addition 

to a larger cohort, with a total of 21 mice that received α-THSD7A-abs to induce MN, 

and 17 mice that received unspecific control (ctrl)-rabbit (rb)-abs. The 2nd hit was 

performed six days after THSD7A-MN disease induction with a total of 13 mice which 

received specific U104 α-UCH-L1-abs (THSD7A-MN+2nd hit) and another 9 mice 

unspecific ctrl-rat-abs. For the assessment of disease development and progression, 

urine was collected prior to disease induction (day -1) and on days 5, 7, 9 and 11 after 

initial disease induction, for the measurement of albuminuria (Fig. 5 A). 

At first, general disease severity was assessed according to the clinical disease score. 

The comparison of α-THSD7A-abs treated mice (THSD7A-MN) (including U104 α-

UCH-L1 and ctrl-rat-abs treated 2nd hit mice) and control-abs (unspecific rabbit-abs) 

treated mice showed a relatively mild induction of disease. THSD7A-MN mice exhibited 

a mean disease score of 1.9, with mice reaching up to 4 points while others only 

reached 1-2 points. Two mice, however presented with 0 points, and showed no 

alteration in any parameters. Control mice were not sick, with a mean disease score of 

0.4. The comparison between the different 2nd hit groups, depicted a significant 

elevation of the disease score in THSD7A-MN+2nd hit mice. The mean disease score 

showed 2.2 points and was noticeably higher than in THSD7A-MN + ctrl-rat-abs mice 

with a mean of 1.5 points. There was no difference between the ctrl-rb-abs treated 

mice with unspecific rat-abs and specific U104 α-UCH-L1-abs 2nd hit (Fig. 5 B).  

A detailed portrait of the clinical parameters showed significantly elevated levels of the 

albumin to creatinine ratio in THSD7A-MN+2nd hit animals in contrast to only α-

THSD7A-abs treated mice, relative to control mice (unspecific ctrl-rb-abs + ctrl-rat-abs) 

(Fig. 5 C). The albumin loss through the urine was furthermore depicted in the mildly 

decreased serum albumin (sAlbumin) levels of the THSD7A-MN+2nd hit mice (Fig. 5 

D). In contrast, serum lipid (sLipids) levels are not altered, although hyperlipidemia is 

a common clinical manifestation of MN [1].  
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The intactness of the glomerular filtration barrier, which consists of glomerular 

endothelial cells, the GBM and podocytes with their foot processes (FPs) spanning the 

capillaries, determines protein loss to the urine. The podocyte FPs are connected to 

FPs of neighboring podocytes via slit diaphragm spanning proteins such as nephrin. 

Podocyte FP effacement, one of the hallmarks of MN [28] leads to a disruption of the 

filtration slit. To analyze filtration slit density, podocyte exact morphology measurement 

(PEMP) was used. With this method, the nephrin-positive slit diaphragm (SD) is 

measured automatically and then calculated per glomerular area to obtain the filtration 

slit density (FSD) [102]. Lower FSD values are caused by less nephrin signal per area, 

which is a sign for foot process effacement, with broader FPs, disrupting the tight 

nephrin meanders. PEMP analyses of the two 2nd hit cohorts demonstrated a 

significant lower FSD of THSD7A-MN mice with a median of 4.1 µm-1 compared to 

control-mice (unspecific ctrl-rb-abs and ctrl-rat-abs, median 4.7 µm-1) (Fig. 5 E). 

Furthermore, THSD7A-MN+2nd hit mice had a significantly lower FSD with a median 

of 3.8 µm-1, than α-THSD7A-abs only treated mice (Fig. 5 E). A reduction of the FSD, 

due to decreased nephrin per glomerular capillary area could in theory be 

accompanied by reduced total nephrin protein in isolated glomeruli. However, no 

significant changes of total nephrin values in the different treatment groups could be 

observed by western blot analysis, relative to control mice (unspecific ctrl-rb-abs + ctrl-

rat-abs) (Fig. 5 F). Because a total amount of 200 glomeruli was loaded, no correlations 

to any housekeeper were performed. Stain-FreeTM visualization, however, showed 

general protein abundances. In addition, western blot analyses were performed for 

different elution-fractions of isolated glomeruli. The first elution with standard T-PERTM 

buffer eluted predominantly soluble, cytoplasmic proteins from the isolated glomeruli. 

The subsequent isolation with urea buffer eluted remaining insoluble, membrane-

bound proteins. Nephrin protein could be detected in both, soluble and insoluble 

fraction, however no difference between the treatment groups could be observed (Fig. 

5 F). Nevertheless, evaluation of the distribution of nephrin in the different elution 

fractions showed a distinct presence within the insoluble fraction (Fig. 5 F).  

Taken together these results exhibited an influence of anti-UCH-L1 antibodies on MN 

disease severity. Mice showed an aggravation of disease when additionally challenged 

with anti-UCH-L1 antibodies, compared to mice that only received anti-THSD7A 

antibodies. 
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Figure 5: Anti-UCH-L1-abs 2nd hit worsened disease development in THSD7A-MN mice. (A) 
Scheme depicting the experimental setup of α-THSD7A-antibodies (abs) MN disease induction with 
respective control (ctrl)-rabbit (rb)- abs and U104 α-UCH-L1-abs 2nd hit with respective ctrl-rat-abs in 
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male BALB/c mice, as well as urine collection at different time points. (B) Clinical score, based on points 
for different clinical parameters for ctrl-abs (unspecific ctrl-rb-abs treated) vs THSD7A-MN (α-THSD7A-
abs treated) mice. n≥17, min to max with line at median, upper graph; Mann Whitney U-test. And for 2nd 
hit mice relative to ctrl-abs (unspecific ctrl-rb-abs and ctrl-rat-abs). n≥8 mice, min to max with line at 
median, lower graph; Kruskal-Wallis test with Dunn’s multiple comparisons test. (C) Albumin to 
creatinine ratio in the urine relative to ctrl-abs (unspecific ctrl-rb-abs and ctrl-rat -abs) treated mice. n≥8 
mice, mean ± SEM; Mixed-effects analysis with Tuckey’s multiple comparisons test. (D) Serum (s) 
albumin and lipids (cholesterol [chol] and triglycerides [trig]) measurements relative to ctrl-abs 
(unspecific ctrl-rb-abs and ctrl-rat-abs) of n≥8 mice, median with individual values; Kruskal-Wallis test 
with Dunn’s multiple comparisons test. (E) Weight change per mouse % of weight before disease 
induction (day -1). n≥8 mice, mean ± SEM; Mixed-effects analysis with Tuckey’s multiple comparisons 
test. (F) Filtration slit density (FSD) measured via podocyte exact morphology measurement (PEMP) of 
nephrin signal per area. Measurements of 6 glomeruli from n≥8 mice violin plot with line at median and 
quartiles; Kruskal-Wallis test with Dunn’s multiple comparisons test. (G) Western blot analysis of nephrin 
levels in glomerular T-PERTM and urea lysates. Densitometric analyses of total nephrin relative to ctrl-
abs (unspecific ctrl-rb-abs and ctrl-rat-abs) and relative distribution within different lysate fractions of 
total protein (% distribution), without correlation to housekeeper, Stain-FreeTM shows general protein 
content. n≥6 mice, median with individual values; Kruskal-Wallis test with Dunn’s multiple comparisons 
test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

3.2.4 Antibody burden is increased in THSD7A-MN+2nd hit  

Disease aggravation by secondary anti-UCH-L1 antibodies can be caused by multiple 

mechanisms which potentially together lead to a pathogenic effect. As such antigen-

unspecific mechanisms can contribute to pathogenicity by influencing podocyte injury 

and antigen-specific mechanisms through directly interfering with the UCH-L1 antigen. 

A first antigen-unspecific mechanism could be caused by an enhanced antibody 

burden. After application of α-THSD7A-abs to mice, those antibodies bind to the 

THSD7A antigen, leading to THSD7A/rabbit (rb)-IgG immune deposits at the GBM. 

Challenged mice furthermore produce intrinsic autoantibodies against the foreign 

applied rabbit antibodies, which are as well found to accumulate at the GBM. An 

additional deposition of applied anti-UCH-L1-abs bound to UCH-L1, or aggravation of 

mouse autoantibody formation could in line further enhance immune deposit formation. 

To evaluate this, western blot analyses of mouse-IgG were performed in THSD7A-

MN+2nd hit experiments (Fig. 6 A), in the soluble and insoluble lysate fraction of isolated 

glomeruli. Due to species cross-reactivity a distinction between anti-mouse antibodies 

and anti-rat antibodies was not reliable possible. As can be seen from Fig. 6 B total 

mouse/rat-IgG levels showed a significantly increased amount, most prominent in 

THSD7A-MN+2nd hit mice, when calculated relative to control mice (unspecific ctrl-rb-

abs + ctrl-rat-abs). Analyses of mouse/rat-IgG distribution within the soluble or 

insoluble fraction, exhibited a predominant appearance in the insoluble fraction, when 

calculated relative to total mouse/rat-IgG amounts. Western blot signals were not 

correlated to a housekeeper, as for the soluble fraction a defined amount of 200 
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glomeruli was loaded. Furthermore, the insoluble fraction represented enriched 

immune complexes, and is assumed to contain only proteins of those, making a 

correlation to a housekeeper rather difficult. 

Furthermore, total rabbit-IgG levels were significantly increased in THSD7A-MN mice 

but were not significantly different between the U104 α-UCH-L1 2nd hit and non-2nd hit 

group, when calculated relative to control mice (unspecific ctrl-rb-abs + ctrl-rat-abs). 

Distributions within the different protein fractions showed a clear abundance of rabbit-

IgG in the insoluble fraction in MN mice. THSD7A protein levels show no significant 

alterations in total amounts when compared to control mice, but distribution analyses 

show a reduction of THSD7A protein in the soluble fraction. 

This leads to the conclusion that higher antibody burden is present as enhanced 

immune complex formation in THSD7A-MN+2nd hit mice, either through the addition of 

specific anti-UCH-L1 antibodies or enhanced intrinsic mouse autoantibody production.  
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Figure 6: Antibody burden of mouse/rat-IgG is increased in THSD7A-MN+2nd hit mice. (A) 

Treatment scheme for α-THSD7A-antibodies (abs) MN disease induction with respective control (ctrl) 
rabbit (rb)-abs and U104 α-UCH-L1-abs 2nd hit with respective ctrl-rat-abs in male BALB/c mice. (B) 
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Western blot analyses of mouse/rat-IgG (mouse autoantibodies and U104 rat α-UCH-L-abs), rabbit-IgG 
(α-THSD7A-abs) and THSD7A antigen in glomeruli T-PERTM as well as urea lysates. Densitometric 
analyses of total mouse/rat-IgG, rabbit-IgG and THSD7A relative to ctrl-abs (unspecific ctrl-rb-abs and 
ctrl-rat-abs) and relative distribution within different lysate fractions of total protein (% distribution), 
without correlation to housekeeper, Stain-FreeTM shows general protein content. n≥6 mice, median with 
individual values; Kruskal-Wallis test with Dunn’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001 

3.3.5 Collagen IV production is increased in THSD7A-MN+2nd hit 

The glomerular basement membrane (GBM) as a central part of the glomerular 

filtration barrier, plays a crucial role in the size selectivity of macromolecules [19]. 

Therefore, intactness of the GBM is important for the prevention of proteinuria. One of 

the hallmarks of MN is a thickening of the GBM [27], possibly pointing to a 

dysregulation of GBM synthesis.  

To investigate a potential influence of the U104 α-UCH-L1-abs 2nd hit on the GBM 

synthesis as another antigen-unspecific mechanism, GBM components were analyzed 

in glomeruli of the THSD7A-MN+2nd hit model (Fig. 7 A). Immunofluorescence staining 

of kidney sections revealed aggregates of collagen IV that co-stained with α-THSD7A 

rabbit-IgG, which were only present in THSD7A-MN+2nd hit mice (Fig. 7 B, white 

arrows). Further qPCR analysis showed a significant upregulation of the collagen IV 

α1 chain (Col4a1) in THSD7A-MN+2nd hit mice when compared to control mice 

(unspecific ctrl-rb-abs + ctrl-rat-abs). All other GBM components investigated, namely 

collagen IV α3 chain (Col4a3) and laminin α5 (Lama5), were not altered (Fig. 7 C). 

Additionally, an upregulation of collagen IV on protein level could be observed in the 

THSD7A-MN+2nd hit mice compared to control mice (unspecific ctrl-rb-abs + ctrl-rat-

abs). This upregulation was most prominent in the soluble protein fraction (Fig. 7 D). A 

single collagen IV α-chain has an approximate MW of 171 kDa, which consists of the 

26 kDa N-terminal 7S domain, the 120 kDa collagenous domain and the 25 kDa C-

terminal NC1 domain [103]. Therefore, all bands present at approximately 80-310 kDa 

molecular weight (MW) were analyzed. Further, denaturation of the protein during 

SDS-PAGE sample preparation might lead to processing of the α-chains, resulting in 

the appearance at different MW.  

This leads to the assumption that collagen IV synthesis is altered when specific anti-

UCH-L1 antibodies are present in the context of MN. mRNA analyses confirm this as 

the expression of the collagen IV α1 chain is induced. This points to a clear 

dysregulation, as in mature glomeruli collagen IV is assembled by α3, α4 and α5 
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chains, while α1 and α2 chains are only present during glomeruli/kidney development 

[19, 20]. 
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Figure 7: Collagen IV synthesis is altered in THSD7A-MN+2nd hit mice. (A) Scheme depicting the 
experimental setup of α-THSD7A-antibodies (abs) MN disease induction with respective control (ctrl) 
rabbit (rb)-abs and U104 α-UCH-L1-abs 2nd hit with respective ctrl-rat-abs in male BALB/c mice. (B) 
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Immunofluorescent staining of collagen IV (green) shows aggregates which co-localize with rabbit-IgG 
(red) (white arrows) in THSD7A-MN+2nd hit (red bordered). DNA (grey), asterisks show podocyte nuclei. 
(C) Quantitative (q)PCR analysis of glomerular mRNA levels of Col4a1, Col4a3 and Lama5 relative to 
ribosomal 18S housekeeper, calculated in relation to ctrl-abs (unspecific ctrl-rb-abs and ctrl-rat-abs) n≥6 
mice, median with individual values; Kruskal-Wallis test with Dunn’s multiple comparisons test. (D) 
Western blot analysis of collagen IV (Col IV) for glomeruli T-PERTM as well as urea lysates. Graphs 
showing densitometric analyses of total Col IV in glomeruli relative to ctrl-abs (unspecific ctrl-rb-abs and 
ctrl-rat-abs) and relative distribution within different lysate fractions of total protein (% distribution), 
without correlation to housekeeper, Stain-FreeTM shows general protein content. n≥6 mice, median with 
individual values; Kruskal-Wallis test with Dunn’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p 
< 0.001 

3.2.6 Anti-UCH-L1 second hit leads to an altered pattern and increased de novo 

expression of UCH-L1  

Next to antigen-unspecific effects of anti-UCH-L1 antibodies, antigen-specific effects 

directly targeting UCH-L1 function are a potential mechanism leading to disease 

aggravation. To evaluate the potential influence of anti-UCH-L1 antibodies, cell culture 

and mouse experiments were performed. 

Cell culture experiments were performed with THSD7A overexpressing (OE) 

podocytes, which were first challenged with rabbit α-THSD7A antibodies (abs) or 

unspecific control (ctrl)-rabbit (rb)-abs for 3 hours prior to application of specific rat 

U104 α-UCH-L1-abs or unspecific ctrl-rat-abs for additional 3 hours as the 2nd hit (Fig. 

8 A). At first, immunofluorescent staining for UCH-L1 antigen (performed with the U104 

anti-UCH-L1 antibody) was performed to investigate potential alterations in UCH-L1 

antigen expression and simultaneously detecting applied U104 anti-UCH-L1-abs, upon 

U104 anti-UCH-L1-abs treatment. Fig. 8 B revealed a “patch-shaped” pattern of UCH-

L1 in THSD7A-abs+2nd hit treated cells, which localized to the membrane of the 

podocyte. Those “patches” were absent in only THSD7A-abs treated cells (Fig. 8 B, 

white arrows). Further, UCH-L1 as well as rabbit-IgG were found in line-like structures 

outside of the cell in THSD7A-abs+2nd hit treated cells (Fig. 8 B, white arrowheads). 

Those were very likely proteins, which sticked to the chamber slide surface and were 

either “left behind” by the podocyte or represented thin actin-rich protrusions, found in 

THSD7A-expressing podocytes [93]. Subsequently, general protein levels as well as 

the ubiquitin-binding “activity” of UCH-L1 protein were determined. Relative levels of 

total UCH-L1 protein were clearly upregulated in THSD7A-abs only as well as 

THSD7A-abs+2nd hit treated cells (Fig. 8 C). Activity-based protein profiling (ABPP) 

using the ABP Cy5-Ub-VME was used to identify the “activity” status of UCH-L1 

represented by the ability of UCH-L1 to bind the ubiquitin (ub) of the ABP (Fig 8 D). As 

can be seen from Fig. 8 D, the majority of UCH-L1 protein was able to bind ubiquitin of 
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the ABP, suggesting it was enzymatically active. Moreover, amounts of active UCH-L1 

were significantly elevated in THSD7A-abs+2nd hit treatment when compared to ctrl-

abs (unspecific ctrl-rb-abs + ctrl-rat-abs) (Fig. 8 D). In this setting the UCH-L1 protein 

was detected using a mouse anti-UCH-L1 antibody (Abcam, clone 13C4) and an anti-

mouse TrueBlot® secondary antibody, which predominantly recognizes the non-

reduced form of mouse-IgG (Rockland). This system was used to avoid detection of 

the IgG light chain (25 kDa) of the applied treatment antibodies (rabbit-IgG and rat-

IgG) at the same MW as the UCH-L1 protein at 25 kDa. 

Taken together, these results indicate that anti-UCH-L1-abs treatment leads to 

alterations in UCH-L1 protein abundance and distribution but does not influence its 

ability to bind ubiquitin. 
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Figure 8: UCH-L1 expression pattern is altered in human cell culture podocytes. (A) Scheme 
depicting the experimental setup of α-THSD7A antibodies (abs) or respective control (ctrl)-rabbit (rb)-
abs treatment and rat U104 α-UCH-L1-abs or ctrl-rat-abs 2nd hit treatment in human THSD7A 
overexpressing (OE) cell culture podocytes. (B) Confocal images of human podocytes show “patch-like” 
structures of UCH-L1 (green) (white arrows) in THSD7A-abs+2nd hit treated cells. Staining for rabbit-IgG 
(red) shows THSD7A-abs and DNA (blue). Arrowheads point towards rabbit-IgG and UCH-L1 structures 
presumably outside of the cell. (C) Western blot analyses of total UCH-L1 protein in podocytes. Graph 
depicts densitometric analyses of total UCH-L1 protein relative to ctrl-abs (unspecific ctrl-rb-abs and ctrl-
rat-abs) correlated to the housekeeper β-actin, of n≥7 per treatment group. (D) Scheme depicting the 
mechanism of activity-based protein profiling (ABPP), with the DUB ABP Cy5-Ub-VME, which binds to 
enzymes, that are accessible for ubiquitin. ABPP analyses, using the DUB ABP Cy5-Ub-VME show 
intact (35 kDa, “active”) vs non-functional (25 kDa, “inactive”) UCH-L1 in the western blot of podocyte 
lysates. Densitometric analysis of intact “active” (35 kDa) or non-functional “inactive” (25 kDa) UCH-L1 
relative to ctrl-abs (unspecific ctrl-rb-abs and ctrl-rat-abs) correlated to the housekeeper β-actin, for n≥7 
per treatment group is shown. PC = positive control, UCH-L1WT mouse brain lysate; NC = negative 
control, UCH-L1KO mouse brain lysate. Statistical analysis (C-D): median with individual values; Kruskal-
Wallis test with Dunn’s multiple comparisons test. **p < 0.01, ***p < 0.001, ****p < 0.0001 
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Alongside the cell culture experiments, mouse 2nd hit experiments were analyzed 

regarding UCH-L1 transcript expression, protein amount as well as activity (Fig. 9 A). 

Firstly, UCH-L1 mRNA levels showed a significant increase in THSD7A-MN+2nd hit 

glomeruli in comparison to glomeruli isolated from control mice (unspecific ctrl-rb-abs 

+ ctrl-rat-abs). The other treatment groups, including THSD7A-abs treatment, showed 

no alterations of glomerular UCH-L1 transcript expression levels when compared to 

control mice (Fig. 9 B). Next, total glomerular UCH-L1 protein levels were determined 

by western blot analysis, which showed a significantly increased amount in glomeruli 

of THSD7A-MN+2nd hit mice in comparison to control mice (Fig. 9 C). The glomerular 

UCH-L1 activity, measured by Cy5-Ub-VME, showed an increase of inactive (non-

functional) UCH-L1 in THSD7A-MN+2nd hit glomeruli which, however, did not reach 

significance (Fig. 9 D). Here, only the T-PERTM lysate fraction could be analyzed, due 

to too high amounts of mouse/rat-IgG light chain in the urea lysate fraction which would 

be present at the same MW as the UCH-L1 protein at 25 kDa. To circumvent this 

problem in the T-PERTM lysate fraction, UCH-L1 protein was detected via biotinylated 

rat anti-UCH-L1 antibodies (U104), which is highly sufficient to detect UCH-L1 in 

BALB/c mouse glomeruli, followed by a goat anti-biotin antibody and an anti-goat 

detection antibody.  

These analyses demonstrate that UCH-L1 de novo mRNA expression is increased 

when anti-UCH-L1 antibodies are applied as a 2nd hit, which however does not lead to 

increased UCH-L1 activity suggesting the enhanced presence of non-functional UCH-

L1 in THSD7A-MN+2nd hit glomeruli. 
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Figure 9: UCH-L1 antigen levels are elevated in THSD7A-MN+2nd hit. (A) Treatment scheme for α-
THSD7A-antibodies (abs) MN disease induction with respective control (ctrl) rabbit (rb)-abs and U104 
α-UCH-L1-abs 2nd hit with respective ctrl-rat-abs in male BALB/c mice. (B) Quantitative (q) PCR 
analysis of glomerular mRNA levels of Uchl1 relative to ribosomal 18S housekeeper, calculated relative 
to ctrl-abs (unspecific ctrl-rb-abs and ctrl-rat-abs). (C) Western blot analyses of T-PERTM lysates of 
glomeruli. Graph depicts densitometric analyses of total UCH-L1 protein calculated relative to ctrl-abs 
(unspecific ctrl-rb-abs and ctrl-rat-abs) without correlation to housekeeper β-actin. (D) ABPP with the 
DUB ABP Cy5-Ub-VME of glomeruli T-PERTM lysates. Graphs depict densitometric analyses of intact 
“active” (35 kDa) or non-functional “inactive” (25 kDa) UCH-L1 protein relative to ctrl-abs (unspecific ctrl-
rb-abs and ctrl-rat-abs). PC = positive control, UCH-L1WT mouse brain lysate; NC = negative control, 
UCH-L1KO mouse brain lysate. Statistical analysis (B-D): glomeruli of n≥6 mice were analyzed, median 
with individual values; Kruskal-Wallis test with Dunn’s multiple comparisons test. *p < 0.05   

3.3 Extracellular vesicles as an exit route for MN antigens 

Extracellular vesicles (EVs) could contribute to the clearance of antibody bound 

antigen such as THSD7A from the glomerular filtration barrier or of non-functional 

intracellular proteins such as UCH-L1, as they were initially described as “waste 

carriers” [86]. Furthermore, EVs are known to interplay with the immune system directly 

by acting as antigen presenters or by activating inflammatory pathways [88]. Therefore, 
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they can potentially contribute to the formation of autoantibodies especially for 

secondary intracellular antigens like UCH-L1. In this section EV release dynamics as 

well as the presence of non-functional antigens were assessed in the setting of 

THSD7A-MN and THSD7A-MN+2nd hit. Detailed investigations were conducted in cell 

culture podocytes since this system enables faster and easier access as well as higher 

amounts of EVs. However, mouse and MN patient urinary EVs were analyzed 

regarding MN antibody presence and UCH-L1 presence respectively.  

3.3.1 EV release is increased in MN 

EV release dynamics of MN challenge in cell culture podocytes and mice were 

analyzed, as it could be shown that stress conditions such as hypoxia, inflammation 

and oxidative stress increase EV release [90].  

Cell culture experiments were performed in a α-THSD7A-abs time course experiment 

Therefore, human THSD7A overexpressing (OE) podocytes were challenged for 

different time points with specific rabbit α-THSD7A antibodies (abs) or as a control with 

unspecific control (ctrl)-rabbit (rb)-abs, to mimic aspects of THSD7A-associated MN in 

a cell culture setting. Cells and their corresponding EVs were harvested 1, 6, 24 and 

48 hours after treatment to investigate the time-dependent dynamics of antigen and 

EV release (Fig. 10 A). Total EV amounts released from a defined number of cells 

(80,000 for ImageStream and 240,000 for western blot analyses) were analyzed after 

enrichment from cell culture media by ultracentrifugation. Western blot analysis for the 

general EV markers Flotillin-1, TSG101, 14-3-3 and Annexin A1 revealed elevated 

amounts of all analyzed EV markers, which were significant only for Annexin A1 of 

specific (α-THSD7A-abs) as well as unspecific (ctrl-rb-abs) antibody treatment in 

comparison to untreated (UT) controls (Fig. 10 B). EV leves were showed dynamic 

changes especially after 1 and 6 hours of treatment. Because of that, the 6-hour 

timepoint was selected for detailed analyses of released EV amounts via ImageStream 

and size via nanoparticle tracking analysis (NTA). EVs were stained with MemBrite® 

Fix Stain (Mb594), a fluorescent dye reacting with cell surface proteins, validated to 

stain EVs and rabbit-IgG (rbIgG) to stain for rabbit α-THSD7A-abs which were bound 

to their target antigen. Significantly increased amounts of rabbit-IgG positive EVs were 

released by α-THSD7A-abs treated podocytes compared to UT or unspecific ctrl-rb-

abs treated podocytes (Fig. 10 C). Further, analysis of the EV size via NTA 
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measurement showed an increased size of EVs derived from antibody treated cells 

(Fig. 10 D).  

 

Figure 10: Characterization of human cell culture podocyte-derived extracellular vesicles. (A) 
Treatment scheme of human THSD7A OE cell culture podocytes. 8 x 104 cells were seeded per well in 
a 6-well plate and treated with either specific rabbit α-THSD7A-antibodies (abs) or unspecific control 
(ctrl) rabbit (rb)-abs for 1, 6, 24 or 48 hours. Control cells were not treated with any antibody (untreated 
[UT]). (B) Western blot analysis for the EV marker Flotillin-1, TSG101, 14-3-3 and Annexin A1. Stain-
FreeTM shows overall protein abundance. Graphs show densitometric quantification relative to UT 
without correlation to StainFreeTM, of n ≥ 4 per time point and group, mean ± SEM; Mixed-effects analysis 
with Tuckey’s multiple comparisons test. (C) ImageStream analysis of EVs from 6-hour treated cells 
stained for rabbit-IgG (green) and MemBrite Fix 594/615 (Mb594, purple). Graph shows values for 
Mb594 and rabbit (rb)-IgG double positive EVs from n=5 independent experiments calculated relative 
to UT, median with individual values; Kruskal-Wallis test with Dunn’s multiple comparisons test. (D) 
Nanoparticle tracking analysis (NTA) of EVs from 6-hour treated cells of 5 measurements from n=1 
experiment calculated relative to UT, Kruskal-Wallis test with Dunn’s multiple comparisons test. *p < 
0.05, ****p < 0.0001  

Subsequently, theTHSD7A-MN+2nd hit mouse cohorts as detailed previously (Fig. 11 

A) were analyzed for their urinary EV release dynamics. As for the cultured podocytes 

amounts of specific rb α-THSD7A-abs containing EVs were determined via 

ImageStream analysis of Mb594 and rabbit-IgG. The analysis showed an increased 
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release in THSD7A-MN mice. Measurements of urine collected prior to α-THSD7A-abs 

treatment (day -1) showed no staining for rabbit-IgG, pointing to a specific staining of 

rabbit α-THSD7A-abs, bound to their target antigen (Fig. 11 B). Over the course of 

disease, the amount of rabbit-IgG positive EVs increased, and reached significance on 

day 11 (Fig. 11 B). However, detailed analyses of the different 2nd hit treatment groups 

showed no significant differences. Unspecific ctrl-rb-abs + U104 α-UCH-L1-abs treated 

mice exhibited lower levels of rabbit-IgG positive EVs, when compared to rabbit-IgG 

control animals with rat-IgG 2nd hit. However, values of rabbit-IgG positive events were 

below 10% of total EVs in both groups, and therefore relatively low, which makes a 

definite statement difficult. Rabbit-IgG positive EV amounts were slightly but not 

significantly increased in THSD7A-MN+2nd hit mice compared to only α-THSD7A-abs 

treated animals (Fig. 11 C). 

 

Figure 11: EV release is increased in MN conditions. (A) Treatment scheme of the experimental 
setup of α-THSD7A-antibodies (abs) MN disease induction with respective control (ctrl) rabbit (rb)-abs 
and U104 α-UCH-L1-abs 2nd hit with respective ctrl-rat-abs in male BALB/c mice, as well as urine 
collection at different time points for urinary EV analysis. (B) ImageStream analysis of Mb594 and rabbit 
(rb)-IgG double positive EVs enriched from the urine of THSD7A-MN relative to control (unspecific ctrl-
rb-abs and ctrl-rat-abs), n≥13 mice. (C) Detailed analysis of different 2nd hit groups ctrl-rb-abs with U104 
α-UCH-L1-abs 2nd hit relative to ctrl-abs (unspecific ctrl-rb-abs and ctrl-rat-abs) and THSD7A-MN + 2nd 
hit relative to only α-THSD7A-abs treated mice4, n≥9 mice. Statistical analysis (B-C) mean ± SEM; 
Mixed-effects analysis with Tuckey’s multiple comparisons test. **p < 0.01 
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Taken together these results demonstrate, that the release of α-THSD7A-abs 

containing EVs is triggered upon THSD7A-MN challenge. The anti-UCH-L1-abs 2nd hit, 

however, only slightly further increases this release. 

3.3.2 UCH-L1 is released in EVs as a non-functional form 

As a first step to determine whether EVs are an exit route for non-functional UCH-L1, 

podocyte-specific EVs obtained from urine of different patients, including two MN 

patients (PLA2R1-associated and Nell1-associated) as well as a non-MN nephrotic 

patient with focal segmental glomerulosclerosis (FSGS) were analyzed via ABPP with 

the ABP Cy5-Ub-VME and western blot analysis for the presence of UCH-L1 protein 

and its enzymatic activity.  

Podocyte-specific EVs were isolated from enriched urinary EVs via an 

immunoprecipitation with antibodies against the podocyte-specific proteins Glepp1 and 

CD35 (Fig. 12 A). To ensure the comparability of the antigen amount within the EV 

fraction of the different patients, a total of 1 x 1010 EV particles (determined by 

ImageStream measurement) were used for each EV subgroup. Furthermore, EVs were 

analyzed for the general EV markers TSG101, Annexin A1, and Flotillin-1. As shown in 

Fig. 12 B, UCH-L1 could only be detected in podocyte-specific EVs from MN patients 

(red asterisks), while in the FSGS patient UCH-L1 could only be observed in the total 

EVs and the non-podocyte-specific “rest” EVs (black asterisk). Apart from that, UCH-

L1 protein released within in EVs, was not able to bind ubiquitin, thus is non-functional 

(Fig. 12 B).  
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Figure 12: Non-functional UCH-L1 is found in urinary EVs in MN patients. (A) Scheme depicting 
the workflow of podocyte-specific EVs isolation from patient urine via immunoprecipitation with 
Glepp1/CD35 coupled magnetic beads. (B) In PLA2R1+- and Nell1+-MN patients UCH-L1, which is not 
able to bind the ABP, can be detected in podocyte-specific EVs (red asterisks), while in the FSGS patient 
podocyte specific EVs, no UCH-L1 can be found (black asterisks). A total amount of 1 x 1010 EV particles 
was loaded for total EVs, podocyte EVs as well as rest EVs. PC = positive control, UCH-L1WT mouse 
brain lysate; NC = negative control, UCH-L1KO mouse brain lysate. 

Dynamics of UCH-L1 protein release within EVs and the biochemical properties of EV-

released UCH-L1 were in detail investigated in cell culture 2nd hit experiments. As 

detailed previously, THSD7A OE human podocytes were challenged with α-THSD7A-

abs or unspecific control (ctrl)-rabbit (rb)-abs, followed by U104 α-UCH-L1-abs or ctrl-
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rat-abs 2nd (Fig. 13 A) and total EV amounts released from a defined number of cells 

were analyzed after enrichment from cell culture media.  

As detailed in Fig. 13 B, ImageStream analysis showed an increased release of rabbit-

IgG positive EVs from α-THSD7A-abs challenged cells. Interestingly, no difference 

between α-THSD7A-abs and U104 α-UCH-L1-abs 2nd hit treated cells could be 

observed (Fig. 13 B). Furthermore, western blot analysis of the EV markers Flotillin-1, 

14-3-3 and Annexin A1 revealed no differences in the abundance of these EV markers 

in the enriched total EV particles between the treatment groups (Fig. 13 C). Next to EV 

dynamics, UCH-L1 antigen presence was evaluated with respect to abundance and 

biochemical properties. Western blot analyses showed no alterations in total UCH-L1 

amount in the EVs (Fig. 13 D). However, UCH-L1 protein released within EVs was not 

detectable by western blotting under non-reducing SDS-PAGE analyses by any of the 

available anti-UCH-L1 antibodies. Western blot analysis for the corresponding 

podocytes of the same membrane however, showed detectable amounts of UCH-L1 

protein under reducing as well as non-reducing conditions (Fig. 13 D). In addition, 

ABPP with the Cy5-Ub-VME ABP showed that UCH-L1 in EVs was not able to bind 

ubiquitin, demonstrated by the presence of mainly “inactive”, non-functional UCH-L1 

at 25 kDa, which was not bound to the Cy5-Ub-VME ABP (Fig. 13 E). As detailed 

previously for the podocytes, UCH-L1 levels were detected via biotinylated U104 anti-

UCH-L1 antibodies. 

Together these data indicate that EVs represent a glomerular exit route for non-

functional UCH-L1. However, release dynamics are not affected by α-THSD7A-abs or 

α-THSD7A-abs+2nd hit treatment. 
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Figure 13: UCH-L1 antigen is altered in EVs. (A) Treatment scheme of α-THSD7A antibodies (abs) 
or respective control (ctrl)-rabbit (rb)-abs treatment and rat U104 α-UCH-L1-abs or ctrl-rat-abs 2nd hit 
treatment in human THSD7A overexpressing (OE) cell culture podocytes. (B) Graph showing 
ImageStream analyses for Mb594 and rabbit-IgG of n=6 per treatment group, calculated relative to ctrl-
abs (unspecific ctrl-rb-abs and ctrl-rat-abs). (C) Western blot analyses of EVs for the EV marker Flotillin-
1, 14-3-3 and Annexin A1. Graphs showing densitometric analyses of n≥4 per treatment group, 
calculated relative to ctrl-abs (unspecific ctrl-rb-abs and ctrl-rat-abs). (D) Western blot analyses of 
reducing and non-reducing SDS-PAGEs showing total UCH-L1 protein in EVs. Graph shows 
densitometric analyses for n=5 per treatment group, calculated relative to ctrl-abs (unspecific ctrl-rb-abs 
and ctrl-rat-abs). (E) ABPP analyses, using the DUB ABP Cy5-Ub-VME show intact (35 kDa) vs non-
functional (25 kDa) UCH-L1 in EVs. Densitometric analysis of intact “active” (35 kDa) or non-functional 
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“inactive” (25 kDa) UCH-L1 for n≥7 per treatment group is shown, calculated relative to ctrl-abs 
(unspecific ctrl-rb-abs and ctrl-rat-abs). PC = positive control, UCH-L1WT mouse brain lysate; NC = 
negative control, UCH-L1KO mouse brain lysate. Statistical analysis (B-E): median with individual values; 
Kruskal-Wallis test with Dunn’s multiple comparisons test. *p < 0.05 

3.3.3 THSD7A is released as a proteolytically cleaved protein within cell culture 

podocyte derived EVs 

To investigate in detail whether podocyte-specific EVs carry altered amounts or 

modified forms of the established antigens such as THSD7A, time course cell culture 

experiments were conducted as detailed above (Fig. 14 A). 

Release dynamics of THSD7A as the primary antigen were evaluated using western 

blot analyses of the podocytes and their corresponding released EVs. As can be seen 

in Fig. 14 B, the majority of THSD7A antigen was released in EVs within the first 6 

hours after α-THSD7A-abs treatment in comparison to cells treated with control 

antibodies. Interestingly, a shift in the size of THSD7A protein towards a 230 kDa form 

could be observed in the released EVs derived from α-THSD7A-abs treated cells (Fig. 

14 B, blue arrowhead). To further investigate, if this could represent a proteolytically 

cleaved (shed) extracellular domain (ECD) of THSD7A, in which the observed size 

shift could be attributed to the loss of the C-terminal intracellular domain (ICD), western 

blot analysis with an anti-myc antibody was well as with a self-made specific antibody 

directed against the C-terminal domain were performed. As can be observed in Fig. 14 

C, the anti-myc-tag western blot showed no specific signal in the EVs, while a reprobe 

with an anti-THSD7A antibody directed against the ECD of the protein exhibited clear 

bands for THSD7A. Mock cells, which expressed an empty backbone vector were used 

as a negative control. Secondly, western blot analyses with the C-terminal α-THSD7A 

antibody showed only a slight band at the expected 245 kDa MW of THSD7A and was 

missing the smaller approximately 230 kDa fragment. Moreover, a band at about 

17 kDa could be observed which was absent in mock cells, confirming that this was 

the ICD of THSD7A. However, there was no difference in abundance of the 17 kDa 

ICD THSD7A fragment in the EVs derived from the different treatment groups (Fig. 14 

C). 

Taken together, these observations indicate that EVs are an exit route for a cleaved 

form of the THSD7A protein.  
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Figure 14: THSD7A is predominantly present as a cleaved fragment in EVs in MN conditions. (A) 
Treatment scheme of human THSD7A OE cell culture podocytes. 8 x 104 cells were seeded per well in 
a 6-well plate and treated with either specific rabbit anti-THSD7A-antibodies (abs) or unspecific control 
rabbit-abs for 1, 6, 24 or 48 hours. Control cells were not treated with any antibody (untreated [UT]). (B) 
General THSD7A-levels were evaluated by western blot analyses of time course experiments in 
THSD7A OE human podocytes and EVs. Note: the smaller 230 kDa THSD7A fragment in EVs (blue 
arrowhead). Graphs show densitometric quantification of both THSD7A fragments, correlated to the 
housekeeper β-actin for podocytes and without correlation for EVs, of n=5 per time point and group, 
mean ± SEM; Mixed-effects analysis with Tuckey’s multiple comparisons test *p < 0.05, **p < 0.01 (C) 
Detailed analysis of the smaller 230 kDa extracellular domain (ECD) of THSD7A in EVs with western 
blot analysis against the myc-tag and an anti-THSD7A antibody directed against the intracellular domain 
(ICD). β-actin was used as loading control for podocytes, and Flotillin-1 as a general EV marker, to show 
general EV abundance. IC = intracellular, ICD = intracellular domain, EC = extracellular, ECD = 
extracellular domain, fl = full length. 
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4 Discussion 

4.1 UCH-L1 expression in membranous nephropathy  

To exhibit pathogenic effects, (auto)antibodies need to be able to interfere with the 

antigen. For the primary antigens PLA2R1 and THSD7A, which possess an 

extracellular domain, an interference of antibody and antigen could be already proven, 

which leads to the formation of immune deposits [30]. The by injured podocytes de 

novo expressed Ubiquitin C-terminal Hydrolase L1 (UCH-L1), however, is an 

intracellular protein [42], which makes its accessibility to (auto)antibodies 

conceptionally more difficult. Nevertheless, intracellular proteins could be accessible 

to antibodies by two different mechanisms. First through their localization at the inner 

leaflet of the cell membrane, which “flips” over during plasma membrane alterations in 

stress situations, or by the uptake of antibodies i.e. through endocytosis by the cell.  

The investigations performed in this project identify a potential UCH-L1 localization at 

the podocyte cell membrane. By immunohistological staining of a PLA2R1-associated 

MN patient kidney biopsy, a specific localization of UCH-L1 at the podocyte foot 

process (FP) membrane was observed. Similar to the patient observation, the passive 

THSD7A-MN mouse model exhibited specific UCH-L1 de novo expression which 

likewise located to the podocyte FP membrane close to the THSD7A antigen. These 

morphologic analyses suggest that UCH-L1 antigen could in theory be accessible to 

antibodies at the plasma membrane of injured podocytes.  

However, because of the limitation of confocal microscopy images, which are two-

dimensional images of a three-dimensional system, no precise assumption can be 

made according to an actual association of UCH-L1 with the membrane. However, 

posttranslational modification of proteins by farnesylation, which is a lipid modification, 

causes an increased molecular hydrophobicity of the protein, allowing the farnesylated 

protein to interact with the cell membrane [104]. UCH-L1 is found to be farnesylated 

and in this setting to associate with the cell membrane [73]. Therefore, a potential 

farnesylation of UCH-L1 could be investigated. Another potential mechanism by which 

anti-UCH-L1 antibodies could access the intracellular protein is by the uptake of the 

antibodies by the cell. This could be accomplished by pinocytosis more precisely 

macropinocytosis, an endocytosis mechanism. Macropinocytosis is described in 

podocytes, where it is thought to be involved in the clearance of plasma proteins which 

cross the glomerular basement membrane (GBM) [105]. Reactive oxygen species 
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(ROS), a common feature of MN [31], are described to cause lysosomal membrane 

permeabilization, leading to a damage of lysosomes [89]. Antibodies, internalized by 

macropinocytosis could then escape the endo-lysosomal pathway through damaged 

lysosomes to the cytoplasm. Another mechanism by which antibodies are internalized 

by cells is through Fc receptors. Immunoglobulin G (IgG) is bound by Fcγ receptors 

through its Fc fragment which initiates phagocytosis. In human and mouse podocytes 

the only to date validated Fc receptor is the neonatal Fc receptor (FcRn) [106]. This 

receptor is mainly expressed intracellularly where it is described to contribute to 

transcytosis of the bound IgG to the urinary space or returning it back to the cell surface 

[107, 108]. However, it can be present at the cell surface [107] where it contributes to 

the uptake of IgG into the cell. Investigations of increased membrane localizations of 

the FcRn could further contribute to the understanding of its role in IgG internalization. 

Together these findings provide a first hint for a localization of UCH-L1 towards the 

podocyte cell membrane, an important requirement for accessibility to anti-UCH-L1 

antibodies and a therefore pathogenic role of those. Furthermore, they verify the UCH-

L1 de novo expression next to its membrane localization in the THSD7A-MN mouse 

model used for this study, making it a suitable model for investigating a potential 

pathogenic role of anti-UCH-L1 antibodies. However, more detailed analyses on an 

actual membrane association of UCH-L1 or other mechanisms by which antibodies 

could interfere with the antigen could shed light on mechanisms involved in 

pathogenesis and further reveal potential sites of therapeutic interventions.   

4.2 MN is worsened in the THSD7A-MN+2nd hit mouse model  

Membranous nephropathy is initiated by circulating autoantibodies against “primary” 

antigens such as PLA2R1 and THSD7A. Autoantibodies bind their target and form 

immune complexes which accumulate in the subepithelial space along the GBM which 

in the course of disease lead to a thickening of the GBM and foot process effacement 

[27, 28]. This further leads to a break-down of the GFB and thereby causing proteinuria, 

the loss of proteins to the urine [29]. In addition, hypoalbuminemia and hyperlipidemia 

are common clinical characteristics of nephrotic diseases such as MN [1]. The disease 

outcome, however, appears to be heterogeneous as 40% of MN patients undergo 

spontaneous remission [27, 28] and another 30% face end-stage renal disease 

(ESRD) with the need for dialysis or a kidney transplant [27, 28]. Factors influencing 

disease outcome are to date only partly understood [27]. High levels of circulating 
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autoantibodies in patients’ sera, intramolecular epitope spreading as well as 

intermolecular epitope spreading with autoantibodies directed against intracellular 

proteins, are linked to a high risk of ESRD [40, 52]. Previous studies of our group [43] 

and others [40] found autoantibodies directed against the intracellular protein UCH-L1 

in MN patient sera. Moreover, these autoantibodies were found to predominantly 

recognize a non-functional form of UCH-L1 (I93M), which shows structural and 

biochemical similarity with the oxidative modified protein [43]. As oxidative stress 

occurs during MN disease development [31], which could alter de novo expressed 

UCH-L1 protein structure, we postulated that anti-UCH-L1 autoantibody formation 

occurs as a secondary immune response. Those secondary autoantibodies could 

aggravate the disease through either antigen-unspecific mechanism such as a higher 

antibody burden or antigen-specific mechanisms by interfering with UCH-L1 protein 

and thereby modifying protein function. Therefore, we used an established THSD7A-

MN mouse model to perform a second hit (2nd hit) with anti-UCH-L1 antibodies (abs) 

(THSD7A-MN+2nd hit) to mimic this situation.  

Verification analysis of the used U104 α-UCH-L1-abs demonstrated that those 

recognized both human and murine UCH-L1 with a slight preference for the non-

functional I93M form. Evaluations in the mouse model revealed that applied U104 α-

UCH-L1-abs accumulated along the GBM, the site of MN disease development 5 days 

after U104 α-UCH-L1-abs application. This verified the used model as suitable for 

detailed investigations of pathogenic effects of anti-UCH-L1 antibodies. 

To be able to identify even mild changes towards worsening or even possible 

improvement of disease outcome, and to not risk a severity which might lead to 

termination of the experiment, a relatively “mild” disease development was intended. 

Therefore, quantity of anti-THSD7A antibodies and rabbit-IgG respectively were 

adjusted to 0.75 mg instead of the described 1.4 mg per mouse [59]. THSD7A-MN 

mice from two different cohorts exhibited a mean disease score of 1.9 out of 6 points 

maximum, confirming a mild disease development. Comparison of THSD7A-MN and 

THSD7A-MN+2nd hit revealed a slightly higher disease score for mice with U104 α-

UCH-L1-abs 2nd hit. Detailed analyses of the clinical parameters showed a particularly 

higher proteinuria accompanied by a more severe foot process effacement in THSD7A-

MN+2nd hit mice, pointing to a greater leakiness of the GFB originating from structural 

and morphological podocyte alterations. 
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These investigations provide evidence for a pathogenic effect of anti-UCH-L1 

antibodies which occur as a secondary immune response in MN, manifesting in a 

worsening of clinical parameters. 

4.3 A higher antibody burden and altered GBM synthesis contribute to the 

worsening of MN in the anti-UCH-L1-abs 2nd hit 

As mentioned earlier, primary autoantibodies cause disease by accumulating together 

with their antigen (PLA2R1 or THSD7A) in immune complexes along the GFB, causing 

damage [30]. Anti-UCH-L1 secondary immune response antibodies could exhibit 

pathogenic effects through antigen-unspecific mechanisms by causing alteration and 

further damage on the GFB, without directly altering the function of UCH-L1 protein. 

Investigations on the glomerular antibody load revealed an increased accumulation of 

mouse/rat-IgG in immune complexes. This could point either towards an accumulation 

of the applied U104 α-UCH-L1 antibodies (rat-IgG) or enhanced production of intrinsic 

unspecific mouse antibodies (mouse-IgG) as a reaction to the foreign applied 

antibodies from rabbits or rats. However, mouse and rat antibodies could not be 

distinguished in these settings, due to the cross-species reactivity of the mouse and 

rat IgG. Nevertheless, the verification analyses of the used biotinylated U104 α-UCH-

L1-abs showed a clear accumulation along the GFB of the anti-UCH-L1-abs. 

Furthermore, Prunotto et al. who discovered the secondary anti-SOD2 and anti-αENO 

antibodies in MN patients could demonstrate a localization of those antibodies in 

immune deposits along the GFB [40]. Together these findings indicate indeed an 

accumulation of anti-UCH-L1-abs in immune deposits along the GFB. The current 

understanding of MN disease development includes immune deposits to initiate 

complement activation, leading to an insertion of the membrane attack complex of the 

complement system to the plasma membrane, leading to sublytical podocyte stress 

and reactive oxygen species (ROS) production [30]. This process could be enhanced 

by the additional deposited anti-UCH-L1 antibodies. However, complement activation 

as well as ROS production have not been tested in this study. 

Another finding of this study was an alteration in the synthesis of the GBM component 

collagen IV. In THSD7A-MN+2nd hit, but not THSD7A-MN only mice, the mRNA 

expression of the premature collagen IV α1 isoform as well as general collagen IV 

protein levels were increased in the soluble fraction of isolated glomeruli. As collagen 

IV is synthesized inside the cell and assembled as the α-chain trimer, which then is 
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trafficked outside of the cell [109], this points towards an actual upregulation of the 

collagen IV synthesis. Studies on MN patient biopsies and the rat MN model showed 

accumulations of laminin especially the β1 subunit and collagen α3α4α5 within the 

thickened GBM [110, 111]. In late stages of MN disease development Kim et al. could 

identify the collagen IV α1 and α2 chains to be increased in the subendothelial space 

of the GBM [110]. The increased expression of the collagen IV α1 could either be due 

to the worsening of the disease in THSD7A-MN+2nd hit mice or to a direct effect of the 

anti-UCH-L1 antibodies on collagen synthesis in podocytes. As collagen IV mRNA 

levels of the α3 chain are not increased significantly, this may point towards a 

dedifferentiation of the podocytes. However, because of the analysis of total glomeruli 

no differentiation according to the origin of collagen IV α1 secretion can be made. To 

further evaluate this, experiments could be performed in isolated podocytes and 

endothelial cells using the timMEP technique. This technique enables cell-type specific 

analyses of the three glomerular cell types, namely podocytes, mesangial cells and 

endothelial cells [112]. Nevertheless, the premature collagen IV α1α1α2 is reported to 

be less resistant to proteolysis and less cross-linked compared to collagen IV α3α4α5, 

leading to a decreased stability of the GBM [113]. Furthermore, observations in Alport 

syndrome-associated mice, in which deletion of the Col4a3 gene led to a shift of 

collagen IV synthesis towards α1α1α2, found this form to locate adjacent to podocytes 

[114], which is not the case for collagen IV α3α4α5 in the healthy GBM, as it is located 

at the center of the GBM, surrounded by the laminin network [19, 114]. It is postulated 

that the location of collagen IV α1α1α2 towards the podocyte foot processes could 

further perturb podocyte-GBM interaction or impact organization of other components 

within the GBM [115]. Together these findings provide an explanation for the observed 

increased proteinuria in THSD7A-MN+2nd hit mice, due to a collagen IV dysregulation-

induced GFB damage. However, a distinct localization of the increased collagen IV α1 

towards podocytes in THSD7A-MN+2nd hit could not be performed yet. Another 

hypothesis was postulated by Butt et al., as a compressed GBM is required for its 

proper function as a selective barrier. This GBM compression is regulated by the two 

forces affecting the GBM, namely the filtration pressure from the blood and the 

counteracting buttress force from podocyte foot processes. Podocyte injury with foot 

process effacement would therefore result in a reduced ability of the podocytes to 

counteract the filtration force, leading to a reduction of GBM fiber density and a 

subsequently increased permeability of the GBM to protein [116]. An increased 
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podocyte foot process effacement, which was observed in the THSD7A-MN+2nd hit 

mice by a decreased filtration slit density (FSD), could hence result from the 

aforementioned collagen IV dysregulation and lead to a further thickened GBM which 

is less compressed and then lead to the observed increased proteinuria. In addition to 

that, future work could be conducted on the evaluation of the GBM thickness in 

THSD7A-MN+2nd hit mice.  

Next to the increased synthesis, collagen IV was observed in aggregates co-localizing 

with rabbit-IgG in the urinary space in THSD7A-MN+2nd hit mice, which were absent in 

THSD7A-MN only mice. This could be a potential clearing mechanism of collagen from 

the subepithelial space, preventing further GFB damage. However, the antibody used 

for collagen IV detection is described to generally recognize collagen IV without any 

distinction between the different α-chains. Therefore, no assumptions can be made 

regarding the collagen subtype in those aggregates.  

Together these data showed that anti-UCH-L1 antibodies exhibit pathogenicity through 

antigen-unspecific mechanisms, which involve a higher antibody burden at the GFB 

and a dysregulation of GBM synthesis. These mechanisms contribute to the 

breakdown of the GFB, leading to the previously described aggravation of the disease. 

4.4 UCH-L1 de novo expression is altered by anti-UCH-L1-abs 2nd hit while 

activity (ubiquitin binding) is not impaired 

As described earlier UCH-L1 was found to localize at the podocyte FP membrane. 

Investigations in THSD7A-abs+2nd hit treated cell culture podocytes showed a specific 

staining for UCH-L1 and the applied U104 α-UCH-L1-abs in “patch-like” structures. 

This further proves that in vivo applied α-UCH-L1-abs indeed can bind their mainly 

intracellular target antigen. Therefore α-UCH-L1 antibodies could exhibit antigen-

specific mechanisms next to the previous mentioned antigen-unspecific mechanisms. 

UCH-L1 is well characterized to function in the stabilization of monoubiquitin levels 

[77], and is further reported to exhibit ubiquitin hydrolase as well as a highly debated 

ligase function [75]. Dysregulation of UCH-L1 expression and function are associated 

with neurodegenerative diseases [67, 80]. In detail, alterations in UCH-L1 protein 

structure such as mutations (e.g. I93M) or oxidative modifications lead to a toxic gain-

of function represented by altered protein interactions [79, 81], a partial loss of catalytic 

activity [78] and a decreased solubility of the protein [79]. In previous studies of our 

group, non-functional UCH-L1 (I93M) was shown to aberrantly interact with the 
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proteasome, the central complex of the protein degrading ubiquitin-proteasome system 

(UPS), by blocking its activity [43]. In addition to the dysregulation of UCH-L1 in MN, a 

subset of patients was found to exhibit autoantibodies targeting UCH-L1, especially 

the non-functional form [40, 43]. However, it is not known in which manner anti-UCH-

L1 autoantibodies affect UCH-L1 protein function.  

As UCH-L1 is de novo expressed in injured podocytes in MN [32, 42], general UCH-

L1 protein and mRNA expression levels were evaluated. THSD7A-abs+2nd hit 

treatment showed increased UCH-L1 levels in cell culture podocytes and mouse 

glomeruli. However, UCH-L1 levels were only slightly increased in THSD7A-abs only 

treatments. This could be due to the lower dose of the applied anti-THSD7A-abs for 

disease induction which might not be sufficient to induce strong de novo expression in 

mice. 

Investigations on UCH-L1 enzymatic activity in human cell culture as well as mice 

experiments, via the ABP Cy5-Ub-VME revealed no influence of the anti-UCH-L1-abs 

on the ability of cytoplasmic UCH-L1 to bind ubiquitin. This could be due to disability of 

the antibodies to bind the catalytic site, which is usually restricted through an 

unstructured loop, until ubiquitin binding [67]. Furthermore, antibodies of the IgG 

subclass have a molecular weight of 150 kDa, which is rather “big” compared to the 25 

kDa UCH-L1 protein. This could further point towards the inability of the antibodies to 

bind within the active site of UCH-L1. Therefore, anti-UCH-L1 could exhibit their 

antigen-specific pathogenic effects through the formation of the above-described UCH-

L1/IgG aggregates rather than directly influencing its enzymatic activity. Next to its well 

described function in ubiquitin binding and mono-ubiquitin stabilization, it can hydrolyze 

ubiquitin from small C-terminal extensions [67]. Nevertheless, no assumptions can be 

made on a potential impact of anti-UCH-L1 antibodies on the UCH-L1 hydrolysis 

function. Therefore, other tests such as an Ub-AMC assay would be necessary to 

determine the hydrolase activity of UCH-L1 (functional and non-functional) in 

combination with anti-UCH-L1 antibodies.  

Together these data support the hypothesis for a dysregulation of UCH-L1 localization 

and abundance in THSD7A-MN+2nd hit conditions. Specific anti-UCH-L1-abs impact 

the localization of UCH-L1 protein within the cell as well as the amount towards 

increased UCH-L1 levels. The enzymes ubiquitin binding ability, however, is not 

influenced by the antibodies.   
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4.5 Extracellular vesicles as a potential exit route for MN antigens 

Extracellular vesicles (EVs) as membrane enclosed particles released by cells [85] 

play an important role in cell-cell interactions and signaling in homeostasis as well as 

disease [86, 87]. Kidney cells which face the urinary space, namely podocytes, cells of 

the proximal and distal tubule, and the collecting duct contribute to the secretion of 

urinary EVs [91]. Those urinary EVs are of great interest, as changes in amount and 

cargo appear during disease development [91]. Furthermore, EVs could act as exit 

routes for disease associated MN antigens. The main MN target antigen PLA2R1 was 

found to be constitutively present in urinary EVs [117]. Similar to PLA2R1, THSD7A and 

possibly UCH-L1 could leave podocytes through EVs as well. After secretion EVs can 

interact with other cells, and are found to directly interact with the immune system [88], 

thereby playing a role in the pathogenesis of diseases. As for the kidney, EVs were 

found to be taken up by tubular epithelial cells [90]. Through those routes antigens 

could be presented to the immune system and further lead to autoimmune reactions 

and trigger autoantibody production. However, those mechanisms are not yet fully 

understood in kidney diseases such as MN and need further investigations.  

The present study revealed an increased amount of EVs carrying MN causing 

antibodies (α-THSD7A-abs) in EVs released from THSD7A-abs treated cell culture 

podocytes as well as THSD7A-MN mouse urinary EVs. This could be a general 

clearing mechanism of the podocytes to release antibody bound antigens, which 

accumulate in immune deposits along the GFB. Nevertheless, application of an α-

UCH-L1-abs 2nd hit showed no significant influence on the amount of α-THSD7A-abs 

carrying EVs.  

However, more relevant than the absolute EV amounts released may be their cargo, 

as they could carry damaged proteins including MN antigens. The in this study most 

relevant secondary antigen UCH-L1 was present within podocyte-derived EVs. 

Furthermore, the UCH-L1 protein within podocyte-derived EVs was not able to bind 

ubiquitin properly (via the ABP Cy5-Ub-VME) and was structurally altered in the way, 

that commercial antibodies could not recognize the protein. However, neither THSD7A-

abs nor THSD7A-abs+2nd hit treatment exhibited an influence on the UCH-L1 amount 

released via EVs in cell culture experiments. THSD7A-abs associated UCH-L1 de novo 

expression could in theory result in an increased released (non-functional) UCH-L1 via 

EVs to prevent a potential cell damage by (non-functional) UCH-L1. Interestingly, anti-
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UCH-L1 autoantibodies found in MN patients predominantly recognize the non-

functional form of UCH-L1, which is the prominent UCH-L1 form present in podocyte-

derived EVs. Hence it is intriguing to hypothesize the released podocyte-derived EVs 

are taken up by other cells downstream of the nephron, namely proximal or distal 

tubular cells, for presentation of non-functional UCH-L1 as a neo-antigen to immune 

cells. Future experiments in which tubular cells are exposed to podocyte-derived EVs, 

could shed light on this hypothesis. Additionally, the released EVs themselves could 

activate immune cells. By this antigen presenting cells could be activated which in turn 

could lead to B cell activation and proliferation towards anti-UCH-L1 antibody-secreting 

plasma cells. This indicates that podocyte-derived EVs might represent the glomerular 

exit route for dysfunctional UCH-L1, required for the subsequent development of anti-

UCH-L1 autoimmunity. 

Next to UCH-L1, additional investigations on the primary MN antigen THSD7A revealed 

the presence of the cleaved extracellular domain (ECD) of the THSD7A protein in cell 

culture podocyte EVs. This could be proven by the expression system of a myc.FLAG-

tagged THSD7A protein in human cell culture podocytes. Through the absence of the 

myc-tag in EVs, which is located at the C-terminal intracellular domain (ICD), the 

cleaved THSD7A represents the extracellular domain of the protein. Cleavage of 

THSD7A could be mediated through the A Disintegrin And Metalloproteinase 10 

(ADAM10), which was recently shown by the Paul Saftig group (Kiel) and our group, 

to be involved in the shedding of THSD7A (Rosenbaum et al., in revision). Together 

with the increased amounts of anti-THSD7A-abs carrying EVs, this could represent a 

clearing mechanism of the antibody-bound THSD7A antigen. 

Taken together these data demonstrate that EVs play a role in the secretion of 

structurally altered antigens. Non-functional UCH-L1 is released via podocyte-derived 

EVs in cell culture and MN patients, which implicates that EVs may contribute to anti-

UCH-L1 autoimmunity. Clearance of the primary MN antigen THSD7A involves 

predominantly release of the extracellular domain of THSD7A via EVs.  

4.6 Conclusion 

Taken together this study demonstrates a pathogenic role of anti-UCH-L1 antibodies 

which occur as a secondary immune reaction in MN with antigen-unspecific 

mechanisms as well as antigen-specific mechanism having an impact. As one antigen-

unspecific mechanism an increased glomerular burden of mouse/rat antibodies 
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contributes to a worsening of disease, which manifests as enhanced foot process 

effacement and proteinuria. Furthermore, GBM collagen IV synthesis is altered 

towards a premature form pointing to an enhanced podocyte injury. Besides that, 

antigen-specific mechanisms involve an altered distribution of UCH-L1 within the 

podocyte, leading to the assumption that UCH-L1 antigen is accessible to the 

antibodies. Regarding the accessibility of the intracellular protein UCH-L1 to the 

immune system, EVs as carriers of non-functional UCH-L1 might play an important 

role. This work highlights the impact of secondary antigens in MN and their contribution 

to MN disease development. It furthermore reveals the necessity for the search for 

other putative antigens to deepen the understanding of MN pathomechanisms. 
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