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1 Summary 

The innate immune system is the first line of host defense that senses invading pathogens by 

various surveillance mechanisms, involving pattern recognition receptors (PRRs) such as Toll-

like receptors (TLRs). Furthermore, in response to stress, tissue injury or ischemia, cells 

release endogenous danger-associated molecular patterns (DAMPs) which activate PRRs in 

order to prompt an effective immune response. Activation of PRRs by DAMPs initiates 

signaling transduction pathways which drive sterile inflammation by the production of pro-

inflammatory effector molecules. Biglycan, a class I small leucine-rich proteoglycan (SLRP), is 

proteolytically released from the extracellular matrix (ECM) in response to tissue stress and 

injury or de novo synthesized by activated macrophages. In its soluble form, biglycan operates 

as an ECM-derived DAMP and triggers a potent inflammatory response by engaging TLR2 

and TLR4 on immune cells. By selective utilization of TLR2/4 and the TLR adaptor molecules 

adaptor molecule myeloid differentiation primary response gene 88 (MyD88) or TIR domain-

containing adaptor-inducing interferon-β (TRIF) biglycan differentially regulates the production 

of TLR downstream mediators or inflammatory molecules. In this way, biglycan triggers the 

activation of mitogen-activated protein kinase (MAPK) p38, extracellular signal-regulated 

kinase (Erk) and nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) in a 

primarily MyD88-dependent manner. In contrast, biglycan induces the expression of (C–C 

motif) ligand (CCL)5 and chemokine (C-X-C motif) ligand (CXCL)10 over TLR4/TRIF, heat 

shock protein 70 (HSP70) production over TLR2 and the synthesis of tumor necrosis factor 

(TNF)-α, CCL2 and CCL20 by utilizing TLR2/4/MyD88. As a consequence, biglycan promotes 

the recruitment of immune cells such as neutrophils, T cells, B cells and macrophages into the 

inflamed tissue. Research over the past years showed that biglycan-induced inflammation is 

involved in the pathogenesis of various inflammatory diseases such as lupus nephritis (LN), 

sepsis and renal ischemia/reperfusion injury (IRI), whereby genetic deletion of biglycan or 

TLR2/4 alleviated disease outcome. Unfortunately, the selective interaction of biglycan to TLRs 

and TLR adaptors complicates the identification of an efficient pharmacological target in 

biglycan-mediated inflammation. Yet, the necessity of possible co-receptors in biglycan 

signaling such as cluster of differentiation 14 (CD14) which was found in a high molecular 

complex with biglycan was not addressed so far. 

In the first part of the present study, by utilizing primary peritoneal murine macrophages we 

demonstrated that the biglycan-induced expression and synthesis of TNF-α and CCL2 via 

TLR2/4/MyD88, CCL5 through TLR4/TRIF and HSP70 over TLR2 is blunted in CD14 deficient 

mice, proving that CD14 is essential in TLR2- and TLR4-mediated biglycan signaling. Pre-

incubation of macrophages with an anti-CD14 antibody significantly reduced the protein levels 
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of TNF-α, CCL2, CCL5 and HSP70. In line with these data, pharmacological inhibition of CD14 

alleviated the transcriptional activation of NF-κB by biglycan in HEK-Blue cells expressing 

hTLR2/CD14 as well as hTLR4/CD14/MD2 supporting CD14-dependency for biglycan/TLR2/4 

signaling. Western blot analysis of phosphorylated p38, p44/42 and NF-κB in WT and CD14 

deficient mice revealed that activation of biglycan-mediated TLR downstream signaling is 

CD14-dependent. Accordingly, biglycan-induced activation and nuclear translocation of p38, 

p44/42 and NF-κB was blocked in Cd14-/- mice as analyzed by confocal microscopy. Co-

immunoprecipitation studies combined with microscale thermophoresis analysis showed that 

biglycan is in complex with CD14 in macrophages and in vitro binds directly with high affinity 

to CD14, thereby sustaining the concept that CD14 is a novel co-receptor in biglycan-mediated 

inflammation. Additionally, we provided proof-of-principle of our concept in an in vivo mouse 

model of renal IRI. Transient overexpression of biglycan in WT mice exacerbated the 

expression and production of TNF-α, CCL2, CCL5 and HSP70 in a CD14-dependent manner. 

Interestingly, pLIVE or pLIVE-hBGN-injected Cd14-/- mice displayed lower chemo- and 

cytokine levels in reperfused kidneys as compared to respective WT controls during renal IRI 

(30 h), indicating a renoprotective effect by CD14 deficiency. Flow cytometry analysis of kidney 

homogenates underlined the pivotal effect of CD14 in biglycan signaling as biglycan-mediated 

infiltration of CD11b- and F4/80-positive renal macrophages was abolished in Cd14-/- mice. 

Additionally, pLIVE or pLIVE-hBGN-injected CD14 deficient mice displayed lower numbers of 

renal CD11b- and F4/80-positive cells during renal IRI compared to WT mice. Analysis of 

F4/80- and CD38-positive cells isolated from mononuclear cell extracts from kidney 

homogenates of pLIVE or pLIVE-hBGN-injected WT and Cd14-/- mice revealed that biglycan 

triggers the polarization of pro-inflammatory M1 macrophages in a CD14-dependent manner. 

In line with this, Cd14-/- mice, either injected with pLIVE or pLIVE-hBGN, showed less F4/80- 

and CD38-positive cells during renal IRI than the respective WT control. As a corroboration of 

our data PAS-stained renal sections of pLIVE- or pLIVE-hBGN-injected WT or Cd14-/- mice 

uncovered that biglycan worsens tubular damage in IRI-subjected mice via CD14. At the same 

time, tubular damage was significantly reduced in IRI-subjected Cd14-/- mice as compared to 

WT mice. In correlation with these data, serum creatine levels were increased in pLIVE-hBGN-

injected WT mice during renal IRI. In contrast, serum creatine levels were significantly less 

increased in pLIVE- or pLIVE-hBGN-injected Cd14-/- mice than in WT littermate controls. In 

conclusion we demonstrated that CD14 is a new high affinity ligand for biglycan-mediated pro-

inflammatory signaling over TLR2 and TLR4 in macrophages. In vivo, soluble biglycan triggers 

the expression of various inflammatory mediators by utilizing the co-receptor CD14. Ablation 

of CD14 abolishes biglycan-induced renal macrophage infiltration and M1 macrophage 

polarization as well as overall kidney function by reduced tubular damage and serum creatinine 
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levels. Therefore, this study identifies CD14 as a promising therapeutic target to ameliorate 

biglycan-induced inflammation.  

 

Whether sterile or pathogen-induced inflammation during innate immunity persists is based on 

the balance of inflammatory and resolution pathways. Uncontrolled inflammation results in 

various inflammatory diseases leading to chronicity and autoimmunity. Therefore, several 

mechanisms and proteins ensure a tight regulation of the inflammatory response. As such, 

A20 binding inhibitor of NF-κB1 (ABIN-1) is a potent inhibitor of inflammation by suppressing 

TLR-induced NF-κB signaling. ABIN-1 inhibits inflammation and apoptosis by binding to 

polyubiquitinated target proteins via its ubiquitin-binding domain of ABIN and NEMO (UBAN), 

thereby mediating their inactivation or proteasomal degradation. The UBAN domain of ABIN-

1 shares sequence homology to the one present in optineurin, which exhibits similar functions 

in NF-κB suppression but as well functions as a selective autophagy receptor. As selective 

autophagy is implicated in regulating inflammation in a broad range of inflammatory diseases 

we decided to analyze if ABIN-1 is involved in autophagy.  

In the second part of this study we analyzed the interactome of ABIN-1 during pathogen-

induced inflammation in spleen samples and compared the whole proteome of macrophages 

derived from WT and ABIN1[D485N] mice under basal conditions. ABIN1[D485N] mice carry 

a mutation in ABIN-1 which alters its ability to bind polyubiquitin. Surprisingly, interactome 

analysis revealed that ABIN-1 binds to various proteins connected to autophagy such as ATG8 

proteins and to proteins involved in the selective degradation of damaged mitochondria by 

autophagy. Additionally, proteome analysis demonstrated that several autophagy related 

proteins were upregulated in macrophages from ABIN1[D485N] mice. Thus, we postulated that 

ABIN-1 by simultaneously binding polyubiquitinated cargo proteins and ATG8 proteins would 

serve as an autophagy receptor mediating the target-orientated and selective degradation of 

cargo proteins by autophagy. Sequence analysis of ABIN-1 identified two undescribed and 

conserved LC3-interacting region (LIR) motifs in ABIN-1. By utilizing Co-immunoprecipitation 

(Co-IP) studies in HeLa cells overexpressing HA-tagged ABIN-1 we could show that ABIN-1 is 

in complex with LC3B in a LIR-dependent manner. In line with this, reciprocal Co-IP validated 

complex formation of ABIN-1 and LC3B. By employing bacterial expressed ABIN-1 and GST-

tagged LC3A and LC3B, we showed direct binding of ABIN-1 to LC3 proteins. Mutation of both 

LIR domains abrogated the binding of ABIN-1 to LC3A or LC3B and did not affect the binding 

of ABIN-1 to polyubiquitin. Moreover, mutation of the UBAN domain of ABIN-1 did not influence 

the binding properties of ABIN-1 to LC3A or LC3B. Co-localization of mEGFP-ABIN-

1/mCherry-LC3B or mEGFP-ABIN-1/LAMP-1 was visualized by confocal microscopy in HeLa 

cells stimulated either with BafilomycinA1 (BafA1) with or without Torin-1, confirming that 

ABIN-1 is localized to LC3B-positive autophagosomes and LAMP-1-positive 
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autophagolysosomes. Moreover, Western blot analysis of ABIN-1 and p62 showed that ABIN-

1 protein levels are increased upon blocking the fusion of autophagosomes with lysosomes by 

BafA1 at various time points. Autophagic flux of ABIN-1 and p62 protein levels was confirmed 

at 4 h by treatment with either rapamycin and/or BafA1. In line with our mass spectrometry 

data, ABIN-1 involvement in mitophagy was shown by translocation of ABIN-1 to damaged 

mitochondria upon oligomycin/antimycin A (OA) treatment in HeLa cells stably expressing 

mCherry-Parkin. CRISPR/Cas9-mediated deletion of ABIN-1 in mCherry-Parkin expressing 

HeLa cells treated with OA demonstrated that a loss of ABIN-1 slows the selective degradation 

of mitochondrial outer membrane (OMM) proteins by mitophagy. Importantly, by using HeLa 

cells stably expressing Parkin and the fluorescence reporter mt-mKEIMA we could show by 

FACS analysis that a siRNA-mediated knockdown of ABIN-1 significantly decreased the 

overall percentage of lysosomal-positive mitochondria. In contrast, FACS analysis of HeLa 

cells, expressing the fluorescence reporter mKEIMA-LC3B, revealed no effect of a siRNA-

mediated knockdown of ABIN-1 on overall autophagy levels. In summary, we show for the first 

time that ABIN-1 binds directly to ATG8 proteins via two undescribed LIR motifs and 

specifically localizes to autophagosomes and autophagolysosomes upon autophagy induction. 

Furthermore, ABIN-1 protein levels are processed via the autophagic pathway. Importantly, 

ABIN-1 is involved in the selective elimination of mitochondria by mitophagy. ABIN-1 

translocates to damaged mitochondria, regulates the degradation of OMM proteins during 

mitophagy and influences overall mitophagic activity. This study determines ABIN-1 as a new 

selective autophagy receptor for damaged mitochondria and provides the basis for future 

studies elucidating the involvement of ABIN-1 in inhibiting inflammation by selective 

autophagy.  
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Zusammenfassung 
 
Das angeborene Immunsystem ist die erste Verteidigungslinie des Körpers die eindringende 

Pathogene durch Mustererkennungsrezeptoren wie Toll-like Rezeptoren (TLRs) erkennt. In 

Folge von Stress, Gewebeschäden oder Ischämie setzen Zellen endogene danger-associated 

molecular patterns (DAMPs) frei, die zur Aktivierung von Mustererkennungsrezeptoren führen 

und eine effektive Immunantwort auslösen. Die Aktivierung der Mustererkennungsrezeptoren 

durch DAMPs initiiert eine Signaltransduktion, die durch die Produktion von inflammatorischen 

Molekülen eine sterile Entzündungsreaktion hervorruft. Biglykan ist ein Klasse I leucinreiches 

Proteoglykan welches zum einen durch Gewebsverletzungen mit Hilfe von proteolytischer 

Spaltung aus der extrazellulären Matrix (ECM) freigesetzt wird oder de novo von aktivierten 

Makrophagen synthetisiert wird. In seiner löslichen Form fungiert Biglykan als DAMP und ruft 

durch die Bindung an TLR2 und TLR4 auf Immunzellen eine starke inflammatorische Reaktion 

hervor. Durch die selektive Nutzung von TLR2/4 und den TLR Adaptermolekülen adaptor 

molecule myeloid differentiation primary response gene 88 (MyD88) oder TIR domain-

containing adaptor-inducing interferon-β (TRIF) reguliert Biglykan die Produktion von TLR 

nachgeschalteten Mediatoren oder inflammatorischen Molekülen. Auf diese Weise löst 

Biglykan die Aktivierung von mitogen-activated protein kinase (MAPK) p38, extracellular 

signal-regulated kinase (Erk) und nuclear factor kappa-light-chain enhancer of activated B cells 

(NF-κB) in einer hauptsächlich MyD88-abhängigen Weise aus. Dagegen ruft Biglykan die 

Expression von (C–C motif) ligand (CCL)5 und chemokine (C-X-C motif) ligand (CXCL)10 

durch die Verwendung von TLR4/TRIF hervor, wobei die Expression von heat shock protein 

70 (HSP70) über TLR2 und die Synthese von tumor necrosis factor (TNF)-α, CCL2 und CCL20 

über TLR2/4/MyD88 gesteuert wird. Dadurch fördert Biglykan die Rekrutierung von 

Immunzellen wie Neutrophile, T-Zellen und Makrophagen zu dem entzündeten Gewebe. Die 

Forschung der vergangenen Jahre konnte nicht nur zeigen, dass eine Biglykan-induzierte 

Inflammation in der Pathogenese von verschiedenen inflammatorischen Krankheiten wie etwa 

Lupus Nephritis (LN), Sepsis und renalem ischämischen Reperfusionsschaden (IRI) involviert 

ist, sondern auch, dass eine genetische Deletion von Biglykan oder TLR2/4 das Krankheitsbild 

abschwächt. Unglücklicherweise kompliziert die selektive Interaktion von Biglykan mit TLRs 

und TLR Adaptermolekülen die Identifikation eines leistungsstarken pharmakologischen 

Angriffspunktes für eine Biglykan-induzierte Inflammation. Nichtsdestotrotz wurde die 

Notwendigkeit von Ko-Rezeptoren für die Biglykan Signalgebung wie etwa cluster of 

differentiation 14 (CD14), welches bereits zuvor in einem Komplex mit Biglykan gefunden 

wurde, bisher nicht untersucht. 

Im ersten Teil dieser Arbeit wurde anhand von primären peritonealen Mausmakrophagen 

gezeigt, dass die Biglykan-induzierte Expression von TNF-α und CCL2 über TLR2/4/MyD88, 

die Expression von CCL5 über TLR4/TRIF und die Synthese von HSP70 über TLR2 in CD14 
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defizienten Mäusen komplett inhibiert ist. Dies zeigt, dass CD14 ein essenzieller Bestandteil 

in der TLR2- und TLR4-induzierten Signalgebung von Biglykan ist. Eine Prä-Inkubation von 

Makrophagen mit einem anti-CD14 Antikörper zeigte eine signifikante Reduktion der 

Proteinlevel von TNF-α, CCL2, CCL5 und HSP70. Im Einklang mit diesen Daten schwächte 

eine pharmakologische Inhibition von CD14 die transkriptionelle Aktivierung von NF-κB in 

HEK-Blue Zellen die hTLR2/CD14 oder hTLR4/CD14/MD2 exprimieren und stärkte damit die 

beobachtete Abhängigkeit von Biglykan/TLR2/4 von CD14. Durch Western Blot Analysen von 

phosphoryliertem p38, p44/42 und NF-κB in WT und CD14 defizienten Mäusen konnte gezeigt 

werden, dass eine Biglykan-ausgelöste Aktivierung von TLR nachgeschalteten Mediatoren in 

Abhängigkeit zu CD14 steht. Im Einklang damit konnte mit Hilfe von konfokaler Mikroskopie 

bewiesen werden, dass eine Biglykan-induzierte Aktivierung und nukleäre Translokation von 

p38, p44/42 und NF-κB von CD14 abhängig ist. Ko-Immunopräzipitationsstudien in 

Makrophagen zeigten eine Komplexbildung von Biglykan mit CD14. Mit Hilfe von Microscale 

Thermophorese konnte in vitro gezeigt werden, dass Biglykan mit einer hohen Affinität direkt 

an CD14 bindet. Dies unterstützt das Konzept, dass CD14 ein neuartiger Ko-Rezeptor für 

Biglykan ist. Darüber hinaus erbrachten wir den Beweis unseres Konzeptes in einem in vivo 

Mausmodell der renalen IRI. Eine transiente Überexpression von Biglykan in WT Mäusen 

erhöhte die Genexpression und Proteinsynthese von TNF-α, CCL2, CCL5 und HSP70 in 

Abhängigkeit von CD14. Interessanterweise zeigten pLIVE oder pLIVE-hBGN-injizierte Cd14-/- 

Mäuse eine renoprotektive Wirkung, ersichtlich durch verringerte Chemokin- und Zytokin-

Levels in Nieren von IRI-operierten (30 h) Tieren im Vergleich zu WT Mäusen. Analysen mit 

Durchflusszytometrie (FACS) von Nierenhomogenaten zeigten, dass eine Biglykan-induzierte 

Infiltration von CD11b- und F4/80-positiven renalen Makrophagen in CD14 defizienten Mäusen 

verringert wurde und bestätigte damit den bedeutsamen Einfluss von CD14 für die Biglykan 

Signalgebung. Zusätzlich wiesen pLIVE oder pLIVE-hBGN-injizierte CD14 defiziente Mäuse 

nach renaler IRI eine reduzierte Anzahl von infiltrierenden CD11b- und F4/80-positiven Zellen 

auf im Vergleich zu WT Mäusen. Eine Analyse von F4/80- und CD38-positiven Zellen aus 

mononukleären Zellextrakten von Nierenhomogenaten von pLIVE oder pLIVE-hBGN-

injizierten WT und Cd14-/- Mäusen zeigte, dass Biglykan die Polarisierung von Makrophagen 

in einen pro-inflammatorischen M1 Phänotyp in Abhängigkeit vom Ko-Rezeptor CD14 steuert. 

Darüber hinaus wiesen IRI-operierte Cd14-/- Mäuse die entweder mit pLIVE oder pLIVE-hBGN-

injiziert wurden weniger F4/80- und CD38-positive Zellen auf als die entsprechenden WT 

Kontrollen. In Unterstützung zu unseren Daten zeigten PAS-gefärbte Nierenschnitte von pLIVE 

oder pLIVE-hBGN-injizierten WT und Cd14-/- Mäusen, dass Biglykan tubuläre Schäden in IRI 

in Abhängigkeit von CD14 hervorruft. Weiterhin zeigten IRI-operierte Cd14-/- Mäuse reduzierte 

tubuläre Schäden im Vergleich zu WT Mäusen. In Korrelation zu diesen Daten bewirkte eine 

pLIVE-hBGN-Injektion in WT Mäusen eine Erhöhung der Serumkreatinin Level während 
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renaler IRI. Im Gegensatz dazu wurden signifikant verringerte Serumkreatinin Level in pLIVE 

oder pLIVE-hBGN-injizierten Cd14-/- Mäusen im Vergleich zu entsprechenden WT Mäusen 

nachgewiesen.  

Zusammenfassend konnten wir in dieser Studie demonstrieren, dass CD14 ein neuer Ligand 

mit hoher Affinität für Biglykan in Makrophagen ist, der für alle untersuchten Biglykan-

abhängigen inflammatorischen Signalwege über TLR2 und TLR4 erforderlich ist. In vivo 

steuert Biglykan die Expression von verschiedenen inflammatorischen Mediatoren über die 

Nutzung des Ko-Rezeptors CD14. Eine Ablation von CD14 inhibiert vollständig die Biglykan-

induzierte renale Makrophageninfiltration und die M1 Makrophagenpolarisation und verbessert 

die Nierenfunktion durch eine Reduzierung von tubulären Schäden und gesenkten 

Serumkreatininspiegeln. Daher identifiziert diese Studie CD14 als ein neues 

vielversprechendes therapeutisches Ziel um eine Biglykan-induzierte Inflammation 

aufzuheben. 

 

Ob eine sterile oder Pathogen-induzierte Inflammation während der angeborenen 

Immunantwort andauert, ist von einem Gleichgewicht zwischen inflammatorischen und 

krankheitsrückbildenden Signalwegen abhängig. Eine unkontrollierte Inflammation führt zu 

verschiedenen inflammatorischen Krankheiten und zu Chronifizierung oder Autoimmunität. 

Daher existieren verschiedene Mechanismen und Proteine, die eine stringente Regulation der 

inflammatorischen Antwort bewerkstelligen. Ein solches Protein ist ABIN-1, ein 

leistungsstarker Inhibitor der Inflammation, der die TLR-induzierte NF-κB Signalgebung 

unterdrückt. ABIN-1 inhibiert Inflammation und Apoptose durch die Bindung von 

polyubiquitinierten Proteinen anhand seiner Ubiquitin Bindungsdomäne in ABIN und NEMO 

(UBAN). Dadurch bewirkt ABIN-1 eine Inaktivierung oder proteasomale Degradation der 

Zielproteine. Die UBAN Domäne von ABIN-1 zeigt Sequenzhomologien zu derer, die auch in 

Optineurin vorhanden ist, welches ebenfalls in der NF-κB Inhibierung beteiligt ist aber auch als 

selektiver Autophagie-Rezeptor fungiert. Da selektive Autophagie in der Regulation von 

Inflammation bei einer großen Zahl von inflammatorischen Krankheiten impliziert wird, haben 

wir uns entschlossen die Rolle von ABIN-1 in der selektiven Autophagie zu analysieren.  

Im zweiten Teil dieser Arbeit analysierten wir das Interaktom von ABIN-1 während einer 

Pathogen-induzierten Inflammation in Milzproben und verglichen das komplette Proteom von 

Makrophagen aus WT und ABIN1[D485N] Mäusen unter basalen Konditionen. ABIN1[D485N] 

Mäuse tragen eine Mutation in ABIN-1, die das Protein unfähig macht Polyubiquitin zu binden. 

Erstaunlicherweise zeigte die Interaktomanalyse, dass ABIN-1 an zahlreiche Proteine bindet, 

die an Autophagie beteiligt sind, wie z.B. Proteine der ATG8 Familie, sowie Bindungen zu 

Proteinen, die in der selektiven Degradierung von schadhaften Mitochondrien beteiligt sind. 

Zusätzlich zeigte die Proteomanalyse, dass einige Autophagie-assoziierte Proteine in 
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Makrophagen von ABIN1[D485N] Mäusen hochreguliert waren. Daher postulierten wir, dass 

ABIN-1 durch eine simultane Bindung von polyubiquitinierten Cargo und ATG8 Proteinen als 

selektiver Autophagie-Rezeptor fungiert, der den zielgerichteten Transport und die selektive 

Degradation von Zielproteinen durch Autophagie bewirkt. Sequenz-Analysen von ABIN-1 

deckten auf, dass ABIN-1 zwei bisher unbeschriebene LC3-interacting region (LIR) Motive 

besitzt. Durch Ko-Immunopräzipitationsstudien (Co-IP) in HeLa Zellen, die HA-getaggtes 

ABIN-1 exprimieren, konnten wir eine Komplexbildung zwischen ABIN-1 und LC3B in einer 

LIR-abhängigen Weise zeigen. Einhergehend damit konnten wir durch eine reziproke Co-IP 

diese Komplexbildung bestätigen. Durch die Verwendung von bakteriell exprimierten ABIN-1 

und GST-getaggtem LC3A und LC3B zeigten wir, dass ABIN-1 direkt an LC3A und LC3B 

bindet. Eine Mutation beider LIR Domänen von ABIN-1 hob diese Bindung auf, 

währenddessen die Bindung zu Ubiquitin unbeeinträchtigt blieb. Zusätzlich beeinträchtigte 

eine Mutation der UBAN Domäne von ABIN-1 die Bindung zu LC3A oder LC3B in keiner 

Weise. Mit Hilfe von konfokaler Mikroskopie konnten wir in HeLa Zellen, die mit BafilomycinA1 

oder Torin-1 stimuliert wurden, eine Kolokalisation von mEGFP-ABIN-1/mCherry-LC3B oder 

mEGFP-ABIN-1/LAMP 1 visualisieren und damit validieren, dass ABIN-1 in LC3B-positiven 

Autophagosomen und LAMP-1-positiven Autophagolysosomen lokalisiert ist. Darüber hinaus 

zeigten Western Blot Analysen von ABIN-1 und p62, dass die Proteinlevel von ABIN-1 durch 

Applikation des Autophagosom-Lysosom Inhibitors BafA1 zu verschiedenen Zeitpunkten 

erhöht vorliegt. Daneben wurde der autophagische Fluss von ABIN1- und p62 Proteinen nach 

Behandlung mit BafA1 mit oder ohne Rapamycin nach 4 h validiert. Als Bestätigung unserer 

Daten aus der Massenspektrometrie konnte eine Involvierung von ABIN-1 bei der Mitophagie 

anhand einer Translokation von ABIN-1 zu schadhaften Mitochondrien in Folge von 

Oligomycin/Antimycin A (OA) Behandlung in HeLa Zellen, die mCherry-Parkin stabil 

überexprimieren, gezeigt werden. Eine CRISPR/Cas9-vermittelte Deletion von ABIN-1 in 

mCherry-Parkin exprimierenden Zellen zeigte nach OA Applikation, dass ein Verlust von 

ABIN-1 die selektive Degradierung von mitochondrial outer membrane (OMM) Proteinen durch 

Mitophagie signifikant verlangsamt. Die FACS Analyse von HeLa Zellen, die Parkin und den 

Fluoreszenzreporter mt-mKEIMA exprimieren, zeigte, dass ein siRNA-vermittelter Knockdown 

von ABIN-1 den Anteil an lysosomal-positiven Mitochondrien während der Mitophagie 

verringert. Dagegen konnte eine FACS Analyse in HeLa Zellen mit dem Reporter mKEIMA-

LC3B keine Effekte eines Knockdowns von ABIN-1 auf die gesamtheitliche Autophagie 

demonstrieren.  

Zusammengefasst zeigen wir zum ersten Mal, dass ABIN-1 direkt an ATG8 Proteine über zwei 

bisher unbekannte LIR Domänen bindet und speziell in Autophagosomen und 

Autophagolysosomen lokalisiert, sobald Autophagie induziert wird. Darüber hinaus werden 

ABIN-1 Proteinlevel über den autophagischen Abbauweg reguliert. Abschließend zeigen wir, 
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dass eine Translokation von ABIN-1 zu beschädigten Mitochondrien, die Degradierung von 

OOM Proteinen während der Mitophagie reguliert, und dass ABIN-1 die mitophagische 

Aktivität direkt beeinflusst. Diese Arbeit identifiziert damit ABIN-1 als neuen selektiven 

Autophagie-Rezeptor für beschädigte Mitochondrien und stellt die Basis bereit für 

nachfolgende Studien, die die Involvierung von selektiver Autophagie in der ABIN-1-

vermittelten Inhibition von Inflammation aufklären könnten. 
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2 Introduction 

2.1 Proteoglycans 

Proteoglycans (PG) are macromolecules mainly found in the extracellular matrix or on the cell 

surface consisting out of a core protein with one or more covalently linked glycosaminoglycan 

(GAG) chains. GAGs are built of linear negatively charged polysaccharide chains made of 

repeating disaccharide building blocks either highly sulfated or non-sulfated, resulting in the 

differentiation between heparan sulfate (HS), heparin (He), chondroitin sulfate (CS), dermatan 

sulfate (DS), keratan sulfate (KS) or hyaluronic acid (hyaluronan) [1, 2]. The multitude of 

combinations of protein cores with or without different GAG chain subtypes provides the 

structural basis for a plethora of biological processes in which PGs are involved. PGs are not 

only classified by their protein core, or GAG chain composition but also by their cellular and 

subcellular localization, dividing them into 4 different classes: Intracellular, cell surface, 

pericellular or extracellular PGs [1, 3]. Up to now, serglycin represents the only intracellular 

PG with functions in protease packaging and the regulation of inflammation [4, 5]. Cell surface 

PGs are associated with cell adhesion and migration and facilitate the binding of various growth 

and morphogenic factors to their respective receptors [6]. Similar, functions are reported for 

pericellular PGs which are closely connected to the cell surface either by being anchored 

through integrins and receptors or through their localization in the basement membrane zone 

[6, 7]. In contrast, extracellular PGs have a fundamental role as structural constituents of 

tendon or cartilage by binding to fibrous matrix proteins like collagen [8-10]. Extracellular PGs 

contain the subgroup of small leucine-rich PGs (SLRPs) which bind to cell surface receptors, 

growth factors, cytokines and various other components of the ECM, thereby affecting a 

multitude of biological processes such as cell proliferation, migration, adhesion, differentiation, 

cancer, innate immunity and inflammation [1, 11-16]. 

2.2 Biglycan 

Biglycan is a ubiquitously expressed extracellular matrix-derived protein which belongs to the 

class I small leucine-rich proteoglycans (SLRPs) [1, 6, 17, 18]. It is built of 10 leucine-rich 

repeats (LRRs) with a core protein size of 42-kDa and harbors one or two tissue specific 

chondroitin sulfate and/or dermatan sulfate GAG side chains, covalently bound to its N-

terminus [19-21]. The protein core of biglycan facilitates various interactions to collagen types 

such as I, II, III and VI or elastin to mediate collagen fibril assembly and its fragmentation [22-

27]. Therefore, it is of no surprise that biglycan knockout mice display an abnormal phenotype 
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with structural anomalies in collagen fibrils of bone and tendon together with decreased bone 

length and mineral density [28, 29]. The interactions of biglycan to fibrous matrix proteins lead 

to its tight sequestration into the ECM of most organs, providing stability and organization [30]. 

Over the past years, it became increasingly clear that biglycan originally thought to be merely 

a structural element of the ECM, exerts potent signaling capabilities. Biglycan interacts with 

Toll-like receptors 2/4 [31], various cytokines like tumor necrosis factor (TNF)-α, growth factors 

such as transforming growth factor β (TGF-β) [32, 33] or vascular endothelial growth factor 

(VEGF) [34], bone morphogenetic protein (BMP)-2, -4, -6, chordin [35-38], Wnt-1-induced 

secreted protein 1 (WISP1) [39], Wnt3a/LRP6 [40], activin like kinase 6 (ALK6) [36] and class 

A scavenger receptor (SR-A) [41]. Through this magnitude of interactions biglycan modulates 

various biological processes, for example osteogenesis [34-36, 42], degeneration or loss of 

muscle tissue [43, 44], synapse stability [45], angiogenesis [34, 46, 47], cell growth [14, 48, 

49], tumorigenesis [14, 50], autophagy [12, 14, 51] and inflammation [11, 16, 31, 52]. 

2.2.1 Soluble biglycan - an endogenous danger signal from the matrix 

Under physiological conditions, biglycan is tightly bound to the ECM. In contrast, following 

tissue stress and injury biglycan is liberated from its ECM-bound form mainly by proteolytic 

cleavage by proteinases [52] or de novo synthesis of soluble biglycan in macrophages and 

resident cells [31]. So far, many proteinases are identified which mediate the proteolytic 

cleavage of biglycan into fragments such as BMP-1, matrix metalloproteinase (MMP)-2, MMP-

3, MMP-8, MMP-9, MMP-12-14, a disintergrin and metalloproteinase with thrombospondin 

motifs (ADAMTS)-4, ADAMTS-5 and granzyme B [52]. Accordingly, soluble biglycan is 

released into the circulation during inflammatory conditions [31, 53]. The fact that soluble 

biglycan can be found in the bloodstream or synovial fluid in many acute or chronic 

inflammatory diseases gave rise to the evaluation of biglycan as a potent biomarker for 

inflammation [52-62]. Once freed from the ECM, soluble biglycan operates as a damage-

associated molecular pattern (DAMP) and engages the innate immune pattern recognition 

receptors (PRRs) TLR2 and TLR4 on macrophages [31], dendritic cells [63] or chondrocytes 

[53], thereby mimicking the microbial gram-positive and gram-negative response [31]. Notably, 

only fully glycanated biglycan seems to be able to activate TLR2/4 [53, 64]. Downstream of the 

engagement with TLR2/4, soluble biglycan triggers the activation of mitogen-activated protein 

kinase (MAPK) p38, extracellular signal-regulated kinase (Erk) and nuclear factor kappa-light-

chain enhancer of activated B cells (NF-κB) [31, 53, 64, 65]. In turn, this leads to the expression 

of various pro-inflammatory cyto- and chemokines like interleukin (IL)-1β, TNF-α, chemokine 

(C–C motif) ligand (CCL)2, CCL3, CCL5 as well as chemokine (C-X-C motif) ligand (CXCL)1, 

CXCL2 and CXCL13 [31, 53, 61, 66]. As a consequence, immune cells such as neutrophils, 

T cells, B cells and macrophages are recruited into the inflamed tissue [31, 53, 61, 66, 67]. 
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Interestingly, biglycan-induced inflammation extends to various chronic and acute 

inflammatory pathologies such as lupus nephritis (LN) [53, 62], diabetes [54, 62, 68], 

autoimmune perimyocarditis [69], calcified aortic valve disease (CAVD) [70], atherosclerosis 

[71, 72], fibrosis [64, 73], sepsis [31] and renal ischemia/reperfusion injury (IRI) [61, 74].  

2.2.2 TLR and TLR adaptor molecules orchestrate biglycan-mediated signaling 

Mounting evidence over the past years brought to light that biglycan-induced downstream 

signaling is tightly regulated by selective interaction of biglycan with TLR2/4 and their adaptor 

proteins adaptor molecule myeloid differentiation primary response gene 88 (MyD88) or TIR 

domain-containing adaptor-inducing interferon-β (TRIF) (Fig. 2.1) [62, 66, 67, 74] .  

Biglycan clusters the purinergic receptors P2X7/P2X4 with the innate immune receptors TLR2/4 

to induce the NOD-like receptor pyrin domain-containing-3 (NLRP3) inflammasome, followed 

by caspase-1 activation, leading to the release of mature IL-1β [64]. Later studies could show 

that biglycan triggers the expression and maturation of IL-1β over TLR2/4 through NADPH 

oxidase (NOX)1/NOX4-derived reactive oxygen species (ROS) production in macrophages 

[74]. At the same time, biglycan induces an anti-inflammatory effect by restricting the 

expression and maturation of IL-1β by triggering Nox2 expression in a TLR4/TRIF-dependent 

manner. In a second step, NOX2 is activated via TLR4/MyD88 and inhibits the biglycan-

induced expression of IL-1β [74]. Surprisingly, biglycan counteracts its anti-inflammatory effect 

by inducing heat shock protein 70 (HSP70) expression in a TLR2-dependent manner. HSP70 

binds to NOX2 and impairs its inhibitory function on biglycan-induced IL-1β expression. 

Accordingly, NOX2 deficient mice lacking endogenous biglycan display lower Ccl2 and Il1β 

levels and are protected from the hyper-inflammatory phenotype as well as macrophage 

infiltration in a model of renal IRI [74].  

Moreover, biglycan works in concert with sphingosine kinase (SphK)1-mediated lipid signaling 

to regulate the expression of CCL2 and CCL5 [67]. Biglycan triggers by selective utilization of 

TLR4/TRIF the expression of SphK1. In return, SphK1 impacts on biglycan-driven Ccl2 and 

Ccl5 expression by affecting biglycan-mediated downstream signaling of p38, Erk1/2 and 

NF-κB. Importantly, Sphk1 deficient mice exhibit reduced Ccl2 and Ccl5 levels as well as renal 

macrophage infiltration after biglycan-overexpression [67].  

Overexpression studies with biglycan support the notion that biglycan regulates immune cell 

infiltration by selective interaction with TLRs and TLR adaptor proteins. Studies with MyD88, 

TRIF and double-deficient mice revealed that biglycan triggers renal neutrophil infiltration in a 

MyD88-dependent manner while T cell and macrophage recruitment is regulated exclusively 
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Figure 2.1. Biglycan-induced signaling in renal inflammation. (Upper panel) In macrophages, 

soluble biglycan induces the expression of NOX2 via TLR4/TRIF and Hsp70 expression by signaling 

exclusively over TLR2/MyD88. Interaction of Hsp70 and NOX2 leads to proteasomal degradation. 

Biglycan triggers IL-1β production over TLR2/4/MyD88 by involving TLR2/4-dependent NOX1-/NOX4-

derived ROS. Additionally, biglycan leads to the synthesis of CXCL13 over TLR2/4/NOX, thereby 

promoting B cell recruitment. (Lower panel) Soluble biglycan induces pro-IL-1β, CXCL1 and TNF-α 

production in a TLR2/4/MyD88-dependent manner. At the same time, biglycan clusters the purinergic 

receptor P2X7 with TLR2/4 to induce the NLRP3 inflammasome, consequently leading to the activation 

of caspase-1 and to the maturation of IL-1β. Furthermore, by cross talk with SphK1, biglycan utilizes 

TLR2/4/MyD88 to trigger the production of CCL2, whereas CCL5 synthesis is mediated solely over 

TLR4/TRIF. In turn, the release of CCL5 and CCL2 promotes the recruitment of macrophages and T 

cells. Figure is reproduced from [11]. 
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via MyD88 and TRIF [66]. A recent study utilizing a murine model of lupus nephritis in 

combination with biglycan overexpression or deficiency showed that biglycan is a portent 

trigger of renal Th1 and Th17 cell recruitment [62]. In macrophages, biglycan triggers the 

expression and secretion of CXCL9 and CXCL10 in a TLR4/TRIF-dependent manner, leading 

to the infiltration of chemokine (C-X-C) motif receptor 3 (CXCR3)-positive Th1 and Th17 cells 

into the kidney. Consequently, Th1 and Th17 cells release interferon (IFN)-γ and IL-17, 

respectively. IFN-γ creates with biglycan a positive feedback loop to induce the expression of 

CXCL9, subsequently leading to Th1 and Th17 recruitment. In contrast, biglycan triggers renal 

CCR6-positive Th17 cell infiltration by inducing the expression of CCL20 over TLR2/4/MyD88 

[62].  

Interestingly, a current study shows that biglycan induces autophagy by binding to the cell 

surface glycoprotein CD44 with high affinity [51]. In macrophages, biglycan triggers autophagy 

in a TLR4/CD44-dependent manner, thereby regulating cytokine levels [51]. Moreover, stable 

overexpression of biglycan was marked with increased infiltration of macrophages in various 

organs and elevated autophagy levels. Despite the role of biglycan as a classical TLR-

dependent DAMP during inflammation, in vivo experiments using a mouse model of renal IRI 

showed that biglycan-induced macrophage autophagy triggers tissue repair by impacting on 

the polarization of infiltrating macrophages, consequently lowering renal damage [51]. 

Furthermore, engagement of biglycan with TLRs is also found in non-immune cells. By 

selective interaction with TLR2, biglycan triggers the synthesis of erythropoietin (Epo) in the 

kidney and liver [75]. This is caused by biglycan-mediated stabilization of hypoxia-inducible 

factor (HIF)-2α on protein level in a TLR2-dependent manner. Constitutive overexpression of 

biglycan in mice gives rise to secondary polycythemia, evident by an increased abundance of 

red blood cells, enhanced total iron binding capacity and elevated hemoglobin concentrations 

in the blood [75].  

2.3 Toll-like receptors 

Toll-like receptors (TLRs) are a family of PRRs receptors originated from the toll gene family 

identified in Drosophila melanogaster [76, 77]. PRRs such as TLRs, NOD like receptors (NLR) 

and RIG like receptors (RLR) play a crucial role in innate immunity by sensing distinct 

pathogen-associated molecular patterns (PAMPs) and DAMPs as well as discriminate 

between self- and non-self-antigens [78]. TLRs have a typical structure containing an 

extracellular leucine-rich repeat domain, responsible for ligand recognition and an intracellular 

Toll/IL-1R homology (TIR) domain which mediates TLR downstream signaling pathways [79, 

80]. There are more than 10 TLRs described which have different cellular localization patterns 

and are expressed in immune cells like macrophages, T and B cells, natural killer (NK) cells 
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as well as in non-immune cells such as epithelial cells and endothelial cells [78]. TLRs can be 

grouped according to their localization into those that are expressed either at the cell surface 

(TLR1, TLR2, TLR4, TLR5 and TLR6) or cytosolic compartments like endosomes (i.e. TLR3, 

TLR7, TLR8 and TLR9). Engagement of PAMPs or DAMPs with TLRs at their ectodomain 

triggers receptor dimerization of the TIR domains. Subsequently, the association of the TIR-

TIR domains provides scaffold for a variety of adaptor proteins such as MyD88, MyD88 

adaptor-like molecule (MAL), TRIF, TIR domain–containing adaptor molecule (TIRAP) and 

TRIF-related adaptor molecule (TRAM), leading to either NF-κB or interferon regulatory factor 

(IRF) activation [80]. Ultimately, this leads to the induction and secretion of various pro-

inflammatory cytokines, chemokines and co-stimulatory molecules as well as anti-

inflammatory mediators to create an effective immune response [77, 81, 82]. 

Ligand recognition and signaling of TLR2 is mediated by heterodimerization with TLR1, TLR6 

or TLR10 on the cell surface, followed by internalization of the receptor complex into 

endosomes [83, 84]. In general, TLR2 heterodimers with TLR1 are formed when recognizing 

triacylated lipopeptides from gram-negative bacteria, while TLR2-TLR6 complexes are formed 

in response to diacylated lipopeptides from gram-positive bacteria [85, 86]. This differentiation 

is mediated by different binding pockets of TLR1 and TLR6. Consequently, this enables TLR2 

to bind to a broad range of microbial agonists but as well endogenous ligands including high-

mobility group box 1 protein (HMGB1), HSP70, biglycan, versican and decorin [31, 86-89]. The 

variety of ligands that TLR2 recognizes is expanded by its ability to form heterodimers with co-

receptors such as cluster of differentiation (CD) 36, CD14, integrins or Dectin-1 [90-93]. 

Notably, CD14 and CD36 are primarily not absolutely necessary for TLR2 ligand recognition, 

they rather lower the threshold of required ligand concentrations to activate TLR2 and amplify 

the signaling [83, 86, 94, 95]. For example the recognition of ligands like dUTPase from 

Epstein-Barr virus [96], FSL-1 lipopeptide [94] or Toxoplasma gondii 

glycosylphosphatidylinositols by TLR2 is independent on the presence of CD14 [97].  

The ligand spectrum of TLR4 ranges from PAMPs such as bacterial components like the 

bacterial lipopolysaccharide (LPS) from gram-negative bacteria [98] to viruses und fungi. 

Furthermore, TLR4 binds a variety of endogenous ligands including hyaluronan, biglycan, 

fibronectin and HMGB1 [31, 99-101]. Signaling of TLR4 is initiated by receptor 

homodimerization which induces mutual interactions of the TIR domains. Importantly, TLR4 is 

the only TLR which involves both the MyD88/NF-κB- and TRIF/IRF3-dependent pathway with 

their respective adaptor proteins TIRAP and TRAM [85, 102]. Moreover, TLR4 forms a complex 

at the cell surface with several different co-receptors such as CD14 and myeloid differentiation 

2 (MD2) to detect specific ligands. Notably, the availability of CD14 is not a requirement for 

ligand recognition via TLR4. For instance, ligands such as hyaluronan are independently 

recognized by TLR4 without the need of CD14 [103].  
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TLRs are essential PRRs of the immune system, counteracting infection with an early 

inflammatory response [104], while at later stages they initiate the adaptive immune response 

[105]. Therefore it is of no surprise that dysregulated TLR2 and TLR4 signaling is associated 

with various autoimmune diseases like rheumatoid arthritis (RA) [106], systemic lupus 

erythematosus (SLE) [107], diabetes [108] or multiple sclerosis (MS) [109, 110]. Moreover, 

TLR2 and TLR4 signaling is an important modulator of infectious diseases like sepsis and non-

infectious diseases such as IRI, atherosclerosis, osteoarthritis or Alzheimer's disease [111]. 

Given the role of TLR2 and TLR4 in the regulation of inflammation they became very attractive 

pharmacological targets in order to control acute and chronic inflammatory diseases in which 

excessive chemo- and cytokine production plays a role [110, 112-114].  

2.4 Cluster of differentiation 14 (CD14) 

CD14 is a glycosylphosphatidylinositol-anchored glycoprotein containing 10 leucine-rich 

repeats in its structure [115]. It is primarily expressed in monocytes, macrophages and 

neutrophils [115] and exists either as a membrane bound or soluble form (sCD14) in a variety 

of body fluids [116]. CD14 belongs to the class of PRRs of the innate immune system and is 

best known for its prominent role as a co-receptor in mediating LPS delivery to the TLR4/MD2-

complex, yet on itself cannot induce downstream signaling [117, 118]. Upon binding to the 

LPS-binding protein (LBP) LPS is disaggregated and transferred as LPS monomers to CD14. 

This greatly enhances the efficiency of CD14 binding to LPS [119, 120]. In turn, CD14-LPS 

complexes are delivered to the TLR4/MD2 complex [121], triggering its dimerization and 

activation of the MyD88-dependent pathway, thereby resulting in the production of pro-

inflammatory cyto- and chemokines as well as adhesion molecules to mediate a local 

clearance of pathogens [95, 122]. Afterwards, the LPS/TLR4/MD2 complex is internalized by 

endocytosis in a CD14-dependent manner [123] and triggers the TRIF-dependent pathway, 

leading to type I interferons production [124]. Consequently, CD14 mediates both ligand 

delivery and internalization of the TLR4 complex. Besides the beneficial effects of LPS 

recognition by CD14, the activation of TLR4/CD14/MD2 during sepsis leads to an uncontrolled 

cytokine storm, ultimately inducing organ failure [112]. Accordingly, CD14 deficient mice are 

protected in response to otherwise lethal doses of LPS, showing a reduced pro-inflammatory 

cytokine production such as TNF-α and IL-6 and an overall mitigated systemic septic shock 

[125].  

Apart from TLR4, CD14 functions as a co-receptor for TLR2, TLR3, TLR7 and TLR9 [117]. For 

instance, CD14 induces heterocomplex formation of CD14/TLR2/TLR1 in order to detect 

triacylated lipoproteins while the CD36/CD14/TLR2/TLR6 complex is triggered by lipoteichoic 

acid as well as diacylated lipoproteins [117]. Furthermore, the CD14/TLR2 complex is involved 
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in pro-inflammatory signaling of carcinoma-derived versican in myeloid cells [126] and 

Alzheimer´s disease [127]. Moreover, CD14 mediates pro-inflammatory cytokine production in 

mouse immune cells over TLR7 and TLR9 as well as the TLR9-dependent innate immune 

response in mice [128]. Similarly, CD14 is important for inflammatory cytokine production in 

macrophages and mice in response to polyinosine-polycytidylic acid (pIpC) exposure over 

TLR3 [129].  

CD14 functions as an imperative element in inflammation and is involved in the pathogenesis 

of many inflammatory diseases such as sepsis, IRI, atherosclerosis and cancer [130, 131]. An 

activation or increase in the abundance of CD14 results in exacerbated inflammation though 

various mechanisms. For example, GM-CSF enhances CD14 expression in microglia, leading 

to the production of IL-1β, IL-6, TNF-α and nitric oxide (NO) and consequently to inflammation 

in the central nervous system [132]. Furthermore, CD14 is activated by iNOS during cerebral 

ischemia, in turn mediating NF-κB activation and TNF-α expression [133]. Beyond that, CD14 

plays also an important role in the regulation of immune cells. For instance, the lectin ArtinM 

induces the polarization of pro-inflammatory M1 macrophages via TLR2 in a CD14-dependent 

manner [134]. CD14 regulates the synthesis of the pro-apoptotic factor Nur77 through 

LPS/NFAT activation in order to limit the life of differentiated dendritic cells, an effect particular 

important to control self-tolerance and autoimmunity [135]. Because of its broad involvement 

in inflammatory diseases, pharmacological targeting of CD14 became an attractive approach 

to limit inflammation [136-138]. 

However, CD14 exerts also anti-inflammatory effects. The absence of CD14 in macrophages 

lowers the amount of secreted IL-10 in response to Borrelia burgdorferi infection, leading to 

aggravated inflammation [139]. In the same way, CD14 deficiency in mice leads to higher 

chemokine production, pro-inflammatory cytokine secretion and higher neutrophil recruitment 

upon P. aeruginosa corneal infection [140]. In inflammatory bowel disease (IBD), Cd14-/- mice 

show intestinal barrier dysfunction during inflammation paired with elevated pro-inflammatory 

cytokine expression [141]. In summary, these data show that the role of CD14 is not reducible 

to a potentiation of inflammation but rather complex and likely tissue and disease dependent. 

Further studies are needed to elucidate the exact functions of CD14 in health and disease and 

could result in a promising target for future therapies. 

2.5 ABIN-1 

A20 binding inhibitor of NF-κB1 (ABIN-1) or also termed TNIP1 (TNFα-induced protein 3-

(TNFAIP3-) interacting protein 1) is an ubiquitously expressed protein located in the cytoplasm 

and in nuclear compartments [142]. ABIN-1 contains 4 functional domains that it shares with 

its homologues proteins ABIN-2 and ABIN-3, in turn named ABIN Homology Domains (AHD). 



INTRODUCTION 

18 
 

The AHD2 of ABIN-1 is characterized by the presence of an ubiquitin-binding domain of ABIN 

and NEMO (UBAN), which also shares high sequence homology to the ubiquitin-binding 

domain (UBD) in optineurin with presumed similar functions [143, 144]. In contrast, the AHD1 

of ABIN-1 mediates the binding to A20 [143], a key regulatory enzyme of NF-κB [145]. 

Additionally, ABIN-1 contains a C-terminal NF-κB essential modulator (NEMO) binding domain 

(NBD) [146]. Through the capability to bind polyubiquitinated proteins via its UBAN domain 

and by involvement of the NBD and AHD1 domains, ABIN-1 acts as a key repressor of NF-κB 

signaling (Fig. 2.2) [144, 146-148].  

The UBAN domain of ABIN-1 specifically interacts with polyubiquitin chains of at least 3 

ubiquitin moieties [148, 149]. Furthermore, the UBAN domain recognizes ubiquitin in a linkage-

dependent manner since only K63-linked as well as linear polyubiquitin chains (M1 linkage) 

but not K48-linked polyubiquitin chains are shown to bind to the UBAN domain of ABIN-1 [147]. 

Interestingly, in contrast to K48-chains which are known for proteasomal targeting of proteins, 

K63-linked polyubiquitin chains are thought to mediate signaling events by providing scaffold 

for protein complexes or activate kinases by inducing conformational changes in enzymes 

[150]. In fact, ABIN-1 does not exert enzymatic activity on its own but governs intracellular 

signaling by binding to the ubiquitin-editing enzyme A20 [151]. The ABIN-1/A20 complex binds 

and modifies polyubiquitinated proteins such as NEMO in order to impact on NF-κB signaling 

[146]. Other negatively regulated proteins by ABIN-1 which are dependent on polyubiquitin 

modification after TLR activation include TANK-binding kinase 1 (TBK1) [152], interleukin-1 

receptor-associated kinase 1 (IRAK1) [147] and receptor-interacting serine/threonine kinase 1 

(RIPK1) [149, 153]. In the complex, A20 cleaves K63-linked and at the same time constructs 

K48-linked polyubiquitin chains. Thereby, ABIN-1 represses the activity of NF-κB upstream 

signaling components by either dissolving K63-chain-mediated complex formation or triggering 

proteasomal degradation of protein interactors [144]. Binding of ABIN-1 to ubiquitin is nullified 

by mutation of the UBAN domain at conserved amino acids, in turn abolishing the inhibitory 

function of ABIN-1 on TNF-induced NF-κB signaling [143, 147]. Early studies showed that 

protein levels of ABIN-1 positively correlate with the A20-dependent deubiquitination of NEMO 

and inhibition of NF-κB, while a siRNA-mediated knockdown of ABIN-1 results in decreased 

A20-dependent removal of ubiquitin from NEMO and elevated NF-κB activity [146, 154]. 

Besides the importance of A20 for the inhibitory function of ABIN-1 on NF-κB signaling, ABIN-1 

is also capable of inhibiting signaling events independently of A20. For instance, ABIN-1 

deletion mutants lacking the AHD1 domain still show inhibitory activities on NF-κB [143]. 

Moreover, tamoxifen-induced deletion of ABIN-1 and or A20 in intestinal epithelial cells (IEC) 

showed that a double knockout of A20 and ABIN-1 causes IEC cell death and drastic mouse  
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Figure 2.2. Mechanisms of ABIN1-mediated repression of NF-κB. (A) A20-dependent regulation of 

NF-κB by ABIN-1. ABIN-1 functions as an adaptor protein which tethers A20 to K63-polyubiquitinated 

active NF-κB mediators like NEMO and RIPK1 (RIP1). The same mechanism is proposed for IRAK1, 

indicated with a question mark. Accordingly, ABIN-1 promotes A20 recruitment to NF-κB mediators 

where it modifies ubiquitin by its two ubiquitin-editing domains. Through its enzymatic de-ubiquitinating 

activity A20 removes K63-linked ubiquitin chains from NF-κB mediators, thereby leading to their 

inactivation and inhibition of NF-κB signaling. Secondly, after K63-linked ubiquitin chains are cleaved 

off, A20 functions as an E3 ubiquitin ligase by polyubiquitinating NF-κB mediators with K48-linked 

ubiquitin chains. Proteins labeled with K48-linked ubiquitin chains are targeted for proteasomal 

degradation, thereby suppressing NF-κB activity. (B) A20-independent inhibition of NF-κB by ABIN-1 

through competition. ABIN-1 competes with NF-κB mediator proteins for K63-linked ubiquitin chains, 

thus suppressing the activation of NF-κB mediators and subsequent NF-κB signaling. Figure is modified 

from [144]. 
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mortality [155]. In contrast, either A20 or ABIN-1 alone were capable of compensating IEC cell 

death and decreasing mouse mortality. Additional experiments with enteroids revealed that 

A20 and ABIN-1 function synergistically in inhibiting apoptosis and necroptosis by restricting 

TNF-induced caspase 8 activation and RIPK1 activity [155]. As ABIN-1 compensated A20 loss 

in a dose-dependent manner to rescue cell survival, ABIN-1 clearly mediates A20-independent 

functions necessary for cell survival [155]. The ability of ABIN-1 to inhibit signaling events 

independently of A20 may be attributed to a competition for polyubiquitin binding between 

ABIN-1 and protein complexes which are dependent on polyubiquitination. Interestingly, this 

phenomenon is reported for ABIN-2 which competes with TRAF6 for K63-linked ubiquitin 

chains [154].  

Negative regulation of ABIN-1 on TLR downstream molecules extends also on IRAK1 [147], 

TBK1 [152] and RIPK1 [149, 153]. In LPS-stimulated bone marrow-derived macrophages, 

interaction of IRAK1 with ABIN-1 is abrogated by mutating the UBAN domain of ABIN-1 [147]. 

Furthermore, loss of ubiquitin binding function of ABIN-1 abolished the interaction to K63-

polyubiquitinated TBK1/IKKi, leading to increased activation of IRF3 and IFN-β production 

[152]. Similarly, the interaction of ABIN-1 to RIPK1 is lost upon UBAN domain mutation, 

thereby leading to increased cell death [149]. Later studies showed that ABIN-1 is recruited to 

the TNFR1-signaling-complex (TNF-RSC) in a M1-ubiquitin-dependent manner to recruit A20 

which in turn deubiquitinates RIPK1. As a consequence, loss of ABIN-1 triggers necroptosis 

by promoting K63-linked polyubiquitination and activation of RIPK1 and RIPK3 [153]. 

Overreactive NF-κB signaling is associated with the pathogenesis and chronic inflammation in 

several autoimmune diseases including systemic sclerosis, psoriasis and SLE [156, 157]. 

Consistent with the findings that ABIN-1 regulates NF-κB signaling, gene targeting studies in 

mice revealed that alterations in ABIN-1 are associated with autoimmunity. Nanda et al. 

developed knock-in mice with an ABIN-1 mutant [D485N] defective in the UBAN domain 

consequently unable to bind polyubiquitin [147]. Even though these mice were born at normal 

ratios, they develop an age-associated form of severe autoimmunity with a lupus-like 

inflammatory phenotype characterized by enlarged spleen and lymph nodes, elevated levels 

of immunoglobulins and autoantibodies in the serum, spontaneous germinal center formation, 

higher B cell, monocyte and granulocyte numbers, overactivated B and T cells, complement 

activation and glomerulonephritis [147]. Mechanistically, immune cells in ABIN1[D485N] mice 

display an increased TLR/MyD88-mediated NF-κB activation which could be rescued by 

crossing to MyD88 deficient mice, underlining the pivotal role of polyubiquitin binding of ABIN-1 

in suppressing autoimmunity [147]. In line with this, ABIN-1 knockout mice show high levels of 

embryonic lethality, while live born animals perish within 4 months. Live born mice show a 

cachectic disease marked by various characteristics of SLE [158], highly similar to the 

phenotype observed by Nanda et al. [147]. Moreover, several other studies closely link ABIN-1 
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polymorphism to SLE and underline its role in autoimmunity [159-161]. Similarly, loss of ABIN-1 

polyubiquitin binding function in human-derived cultured podocytes leads to the expression of 

NF-κB-dependent cyto- and chemokines in response to TNF-α, resembling human SLE and 

glomerulonephritis kidney samples [162]. Interestingly, crossing ABIN1[D485N] mice to mice 

with catalytic inactive mutant forms of the TLR downstream mediators IRAK1 or IRAK4 inhibits 

autoimmunity and inflammation [163].  

Mice, engineered with a dendritic cell-specific ABIN-1 knockout challenged with TLR ligands 

show an enlargement of the spleen and abnormal lymph nodes, similar to whole ABIN-1 

knockout mice, as well as several key signs of psoriasis such as prosaic lesions, Th17 cell 

differentiation as well as altered neutrophil recruitment and proliferation [164]. Dendritic cells 

(DCs) lacking ABIN-1 display overreactive NF-κB and MAPK signaling paired with increased 

IL-23 levels, which could be rescued by DC-specific ablation of MyD88 [164], supporting the 

mechanistic findings from other mouse models [147]. Additionally, ABIN-1 also plays a role in 

non-immune cells. By using mice with keratinocyte-specific ABIN-1 deletion, it was shown that 

ABIN-1 critically contributes to the pathogenesis of psoriasis by regulating IL-17 expression 

[165].  

ABIN-1 polyubiquitin binding also impacts on cell death. By inhibiting TNF-induced FADD-

caspase 8 binding though polyubiquitin binding, ABIN-1 protects mice from programed cell 

death during late embryogenesis [149]. Mice lacking ABIN-1 display high embryonic mortality 

but are rescued by crossing to a background with TNFR1 deletion [149].  

The phenotypes observed in ABIN-1 knockout and knock-in gene targeting studies seem to be 

restricted to ABIN-1. ABIN-2 knockout mice are phenotypically inconspicuous and display no 

inflammatory symptoms [166]. Recently, ABIN-2 knock-in mice with mutated UBAN domain 

were shown to be hypersensitive to DSS-induced colitis [167]. However, ABIN-2 does not 

contribute to NF-κB inhibition in mice [166] and ABIN-3 misses the UBAN domain required for 

polyubiquitin binding [168]. Thus, NF-κB suppression is a unique feature of ABIN-1 and seems 

to be a trigger for autoimmunity and inflammation if absent [144].  

2.6 Autophagy  

Autophagy defines a process of lysosomal degradation involving cytoplasmatic material from 

the size of single proteins up to whole organelles such as mitochondria [169]. Autophagy is 

triggered as a consequence of intra- or extracellular stress conditions including hypoxia, 

starvation, growth factor depletion or osmotic stress in order to maintain cellular homeostasis. 

Autophagy can be divided into chaperone-mediated autophagy, microautophagy and 

macroautophagy. Chaperone-mediated autophagy relies on the delivery of cytoplasmatic 

soluble proteins directly into lysosome via a KFERQ-like motif [170], while microautophagy 
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mediates the engulfment of cytoplasmatic material into lysosomes or endosomes in a selective 

or unselective fashion through membrane invagination [171]. In contrast, macroautophagy (in 

the following referred to as autophagy) describes the molecular process in which double-

membraned vesicles called autophagosomes engulf cytoplasmic components. After lysosomal 

fusion, the enclosed material is degraded into its constituting amino acids, thereby being 

recycled for metabolic processes or becoming available as a source of nutrients [172]. 

Autophagy can be classified into non-selective bulk autophagy and selective autophagy. Bulk 

autophagy is characterized by the random uptake of cytoplasmic cargo and is induced mainly 

by nutrient or glucagon deprivation [172-174], in turn contributing to intracellular homeostasis 

by restoring amino acid availability [172, 175]. On the other hand, selective autophagy 

specifically targets certain components such as protein aggregates and damaged or excessive 

organelles into autophagosomes. Up to now the bandwidth of selective autophagy includes 

the degradation of protein aggregates (aggrephagy) [176], mitochondria (mitophagy) [177, 

178], peroxisomes (pexophagy) [179], lysosomes (lysophagy) [180], ribosomes (ribophagy) 

[181], secretory granules (zymophagy) [182], ER (ER-phagy) [183], nuclear laminas (nuclear 

lamina autophagy) [184], midbody rings (midbody autophagy) [185], ferritin (ferritinophagy) 

[186], glycogen (glycophagy) [187] and invading pathogens such as bacteria (xenophagy) 

[188] or viruses (virophagy) [169, 189]. Considering the broad cellular involvement of 

autophagy it is of no surprise that dysregulated or impaired autophagy has been implicated in 

a broad range of biological processes and diseases such as atherosclerosis, diabetes [190], 

cancer [191], muscular disorders, ischemia, acute and chronic inflammation [192], 

neurodegeneration [193] and ageing [194]. 

Mechanistically, induction of autophagy leads to five major steps in autophagosome formation 

namely i) initiation and nucleation, ii) expansion and cargo sequestration, iii) sealing and 

maturation, iv) fusion and v) degradation including 15 core autophagy-related proteins (ATGs) 

(Fig. 2.3) [195]. Initiation of the Unc-51-like kinase 1 (ULK1) complex consisting out of ULK1, 

ATG13, RB1-inducible coiled- coil protein 1 (FIP200) and ATG101 is commonly triggered by 

inhibition of the MTOR complex 1 (mTORC1), a potent inhibitor mediating the inactivating 

phosphorylation of ATG13 and ULK1 [196, 197]. Formation of the ULK1 complex induces the 

phosphorylation of complex II member ATG9, thereby leading to the elongation of pre-

autophagosomal membranes through absorption of lipids originating mainly from the ER [198]. 

This provides scaffold for the recruitment of the phagophore nucleation complex III consisting 

out of phosphatidylinositol 3-kinase catalytic subunit type 3 (PI3KC3), vacuolar protein sorting 

34 (VPS34), ATG14, Beclin-1, activating molecule in Beclin-1-regulated autophagy protein 1 

(AMBRA1) and general vesicular transport factor (p115) which trigger phosphatidylinositol-3-

phosphate (PI3P) production at the characteristic ER structure, named the omegasome [171, 

195]. Then, PIP3 supports the nucleation of the phagophore by recruiting complex IV) 
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members WD repeat domain phosphoinositide- interacting (WIPI) proteins and zinc- finger 

FYVE domain- containing protein 1 (DFCP1) via their PI3P-binding domains [199, 200].  

 
Figure 2.3. Mechanical insights into the molecular autophagy process. Autophagy is initiated by 

intra- or extracellular stress responses which activate the ULK1 complex consisting out of ULK1, ATG13, 

FIP200 and ATG101. In turn, the ULK1 complex phosphorylates the PI3KC3 complex including PI3K, 

VPS34, Beclin-1, ATG14, AMBRA1 and p115. Afterwards, the PI3KC3 and ULK1 complex induce PIP3 

production at rough-ER membrane extensions (omegasomes) which serve as a platform for phagophore 

nucleation. PIP3 recruits WIPI proteins and DFCP1 to the omegasome. WIPI2 binds the AT16L1-ATG5-

ATG12 complex, thereby stimulating the ATG3-mediated conjugation of ATG8 family proteins such as 

LC3 and GABARAP to membrane-bound PE (lipidation). At the same time, membrane material from the 

plasma membrane, mitochondria, recycling endosomes and Golgi complex is delivered to the 

phagophore, partially by ATG9-containing vesicles, to help in the elongation process of the 

autophagosomal membrane. ATG8 proteins not only attract LIR-containing proteins necessary for 

autophagosome generation but are essential components for the elongation and closure of the 

phagophore membrane. Additionally, ATG8 proteins are necessary for the recruitment of labeled cargo 

into the autophagosome via LIR-containing autophagy receptors either in a ubiquitin-dependent 

or -independent manner. Sealing of the phagophore results in a double-layered vesicle, named the 

autophagosome. During maturation, PIP3 and ATG8 proteins are removed from the autophagosome by 

phosphatases and proteases. Upon fusion with the lysosome resulting in an autophagolysosome the 

containing cargo is degraded by acidic hydrolases and released into the cytoplasm. In this way, the 

cargo is recycled and used as a source of nutrients for the cell. Figure is adapted from [195]. 

 

The major downstream effect of these protein complexes is the covalent attachment of ATG8-

family proteins consisting out of microtubule- associated protein light chain 3 (MAP1LC3 or 

LC3) family proteins LC3A, LC3B and LC3C as well as the γ- aminobutyric acid receptor- 

associated protein (GABARAP) family GABARAP, GABARAPL1 and GABARAPL2 to the 
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forming phagophore membrane by lipidation. Once transition from the omegasome structure 

to phagophore expansion starts, cytosolic ATG8 proteins are processed by ATG4 and then 

conjugated to membrane-located phosphatidylethanolamine (PE) by two highly regulated 

conjugation systems by ATG proteins such as ATG3, ATG7, ATG5, ATG10, ATG12 and 

ATG16L. In this reaction, e.g. LC3-I is lipidated into the PE-conjugated form LC3-II and 

consequently anchored at the inner or outer membrane of the phagophore [169]. Lipidated 

LC3 functions as an adaptor and membrane scaffold for the attraction of LC3-interacting region 

(LIR) containing proteins such as core autophagy proteins ULK1, ATG5 and ATG12 [201, 202]. 

Secondly, they enable the LIR-dependent recruitment of selective autophagy receptors with or 

without bound cargo proteins into the phagophore [203]. Importantly, LC3 proteins are required 

for elongation and closure of the phagophore membrane, leading to the formation of a double 

layered membrane structure called the autophagosome [169, 171, 195, 204]. As LC3 is present 

over the complete life cycle of autophagosomes it is regarded as one of the main marker 

proteins for investigating autophagy. During the maturation of the autophagosome, PIP3 

phosphatases in concert with ATG4 proteases mediate the removal of PIP3 and ATG8 family 

proteins from the surface of the autophagosome [205]. Upon fusion with the lysosome, the life 

circle of the autophagosome ends as an autophagolysosome in which the containing cargo is 

degraded [206].  

2.6.1 Selective autophagy receptors 

Selective autophagy is mediated by specifically tagging cargo (proteins or organelles) and 

subsequent delivery into the autophagic machinery. The most relevant mechanism for labelling 

cargo for autophagosomal degradation is by ubiquitination, a feature also shared by the 

proteasomal pathway [207]. Selectivity is ensured through autophagy receptors which 

physically link polyubiquitinated cargos with the autophagosomal membrane by binding to 

ATG8 proteins via an evolutionary conserved LIR domain. Ubiquitin and cargo recognition by 

autophagy receptors is typically mediated by a ubiquitin binding domain. However, not all 

autophagy receptors depend on polyubiquitination for cargo recognition but rather bind them 

directly. As such, sequestosome-1 (p62) binds the autophagic substrate KEAP1 without the 

need of polyubiquitination [208-210]. Interestingly, autophagy receptors preferentially target 

proteins decorated with M1- and K63-linked ubiquitin chains for degradation by autophagy 

[211, 212]. For instance, p62 [213-215] shows higher affinity to M1- and K63-linked 

polyubiquitinated cargos while optineurin (OPTN) only binds M1- and K63-linked ubiquitin 

chains [148, 216]. In contrast, proteins labeled by K48-linked chains are delivered to 

proteasomal degradation. Accordingly, ubiquitination is regarded as a level of regulation and 

specificity during substrate recognition by selective autophagy receptors [207].  
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The first mammalian autophagy receptor was identified in 2005 by Bjorkory et al. who 

demonstrated that p62 protein aggregates are degraded via the lysosome and that 

ubiquitinated substrates are degraded in a p62-dependent manner [217]. These findings far 

exceeded the known function of p62 as a scaffold protein of the NF-ᴋB pathway [218] and 

paved the path for a rapid investigation of selective autophagy receptors. Until now, various 

autophagy receptors are identified and can be divided into two groups consisting out of either 

soluble or membrane bound autophagy receptors. Soluble autophagy receptors such as p62, 

optineurin, neighbor of BRCA1 (NBR1), nuclear dot protein 52 (NDP52) and Tax1-binding 

protein 1 (TAX1BP1) depend on diverse ubiquitin binding domains to recognize their 

substrates [206]. In contrast, membrane bound autophagy receptors including NIX (also known 

as BNIP3L), FUN14 domain-containing protein 1 (FUNDC1) or activating molecule in BECN1-

regulated autophagy protein 1 (AMBRA1) are in the majority of cases localized to their specific 

cargo such as mitochondria [169]. Yet, all autophagy receptors share the LIR domain for ATG8 

binding as a common feature in their domain architecture [219].  

Regulation of autophagy receptors is mediated by post-translational modifications (PTMs) 

such as phosphorylation. For instance, phosphorylation of optineurin by TBK1 upstream of its 

LIR enhances the affinity for LC3 and increases the clearance of Salmonella by autophagy 

[220]. Moreover, phosphorylation by TBK1 increases the affinity of optineurin to ubiquitin, 

thereby promoting the degradation of damaged mitochondria [221]. In the same way, 

phosphorylation of p62 at serine 403 by ULK1 or TBK1 enhances the affinity of its UBA domain 

for ubiquitin chains [222, 223]. Phosphorylation of p62 by ULK1 at serine 409 decreases the 

stability of p62 dimers [224] which normally inhibit p62-dependent ubiquitin binding [225]. 

Additionally, ubiquitination of autophagy receptors regulates the activity and binding affinities 

to their substrates [169, 226, 227]. 

2.6.2 Mitophagy 

Mitochondria, also known as the powerhouse of the cell, are double-membraned organelles 

with essential roles in energy production by generating ATP through oxidative phosphorylation 

[228]. Furthermore, mitochondria are hubs for biosynthetic processes such as the tricarboxylic 

acid (TCA) cycle [229] and are involved in innate immunity, apoptosis [230] and redox signaling 

[231]. During energy production, mitochondria produce large amounts of ROS which can 

trigger mitochondrial defects in protein folding and DNA mutations [232]. Accordingly, 

mitochondria developed several defense mechanisms which take place during physiological 

and pathological conditions to save the organelle from damage. Mitochondrial integrity is 

ensured by several quality control mechanisms including mitochondrial biogenesis, 

mitochondrial dynamics such as fusion, fission and division [233] as well as the degradation of 

whole mitochondria by autophagy known as mitophagy [234]. Moreover, mitochondrial quality 
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control (MQC) is essential in order to improve cell survival and enable cell growth and division 

[235]. Dysregulation in MQC ends in damaged mitochondria with detrimental effects for the 

cell such as abnormal cellular energetics, inflammasome activation, oxidative stress and 

apoptosis [230, 236]. Therefore aberrant mitophagy is implicated in various diseases such as 

cancer, Parkinson’s disease (PD), Alzheimer's disease, Huntington's disease and diabetes 

[237]. 

Mitophagy is characterized by ubiquitin-dependent or -independent targeting of mitochondria 

for autophagosomal degradation [234]. Ubiquitin-dependent mitophagy involves the two 

proteins phosphatase and tensin homologue (PTEN)-induced putative kinase 1 (PINK1) and 

Parkin who act in concert (Fig. 2.4). When mitochondria are intact, mitochondrial-bound PINK1 

is inactivated by intracellular cleavage of the inner membrane-localized protease PARL 

(presenilins-associated rhomboid-like), releasing PINK1 into the cytosol, followed by K48-

linked polyubiquitination and proteasomal degradation [238, 239]. However, if mitochondria 

are damaged, PINK1 is stabilized at the outer mitochondrial membrane (OMM) and activated 

through autophosphorylation [240]. Activated PINK1 recruits Parkin to mitochondria and 

triggers its phosphorylation, a step necessary for activating the E3-ligase activity of Parkin 

[241-243].  

 

Figure 2.4. Overview of Parkin-dependent and -independent mitophagy. Following mitochondrial 

dysfunction, PINK1 is recruited to the OMM if its cleavage by mitochondrial processing peptidase (MPP) 

and PARL proteases is inhibited. In turn, autophosphorylation of PINK1 leads to the recruitment of 

Parkin to damaged mitochondria by triggering the phosphorylation of ubiquitin and Parkin. 

Consequently, Parkin induces polyubiquitination of several OMM proteins such as VDAC1 and MFN1/2. 

Soluble selective autophagy receptors like p62, optineurin or NDP52 recognize polyubiquitinated OMM 

proteins and tether them simultaneously to LC3-positive phagophores via their LIR domains. In contrast, 

membrane-bound mitophagy receptors such as BNIP3, NIX and FUNDC1 directly bind to LC3 following 

mitochondrial damage through hypoxia. Moreover, the IMM proteins PHB2 and cardiolipin are exposed 

due to mitochondrial damage and subsequently mediate the binding to LC3. Figure is modified from 

[230]. 
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Interestingly, in a second mechanism PINK1 phosphorylates ubiquitin at serine 65, leading to 

the recruitment and partial activation of Parkin [244, 245]. Active Parkin assembles 

polyubiquitin chains on various substrates such as OMM proteins including voltage-dependent 

anion channel 1 (VDAC1) and mitofusin (MFN) 1 or 2 [246, 247]. Thus, Parkin generates a 

feed-forward mechanism in mitophagy by synthesizing polyubiquitin chains which serve as 

substrates for PINK1 [241]. Consequently, polyubiquitinated OMM proteins are recognized by 

soluble autophagy receptors such as p62, optineurin and NDP52, leading to selective targeting 

of mitochondria to ATG8/LC3-positive phagophores [248-250].  

It would be conceivable that all ubiquitin-dependent soluble autophagy receptors like p62, 

NDP52, NBR1, optineurin and TAX1BP1 are responsible for the elimination of damaged 

mitochondria by mitophagy. Surprisingly, only optineurin and NDP52 were shown to be the 

major receptors in Parkin-dependent mitophagy, nourishing the idea that autophagy receptors 

fulfill redundant roles [251]. 

Conversely, NIX, BNIP3 and FUNDC1 are receptors located at the OMM and mediate 

ubiquitin-independent mitophagy by directly associating with ATG8 proteins via their LIR 

domains [234, 252-254]. For instance, FUNDC1 mediates elimination of damaged 

mitochondria during hypoxia [253] and serves as a recruiter of ULK1 to potentially build 

phagophores around mitochondria [255]. Similarly, also NIX and BNIP3 act as mitophagy 

receptors during hypoxia [256, 257]. Finally, inner mitochondrial membrane (IMM) proteins 

such as prohibitin2 (PHB2) and cardiolipin serve as mitophagy receptors by being exposed or 

transported to the OMM due to mitochondrial damage, consequently binding to LC3B either 

via a LIR domain [258] or functioning as an elimination signal on their own [259].  

Standard methods to detect mitochondrial clearance by mitophagy include electron 

microscopy or the biochemical analysis of the degradation of mitochondrial proteins [260]. 

However, all these methods harbor several downsides in sensitivity and quantification 

potential. The discovery of fluorescence-based reporter probes significantly improved the 

quantification of mitophagy and resolved several downsides of previous methods [261]. The 

mito-mKEIMA (mt-mKEIMA) probe is specifically targeted to the mitochondrial matrix by a 

mitochondrial targeting sequence of COXVIII [261]. Under neutral to alkaline pH, mKEIMA 

excites a green signal at shorter wavelength (405 nM), whereas under acidic pH the probe 

excites a red signal at longer wavelength (561 nM). Through its resistance to lysosomal 

degradation [261], mKEIMA enables a robust quantification of healthy mitochondria (pH 8.0) 

or those undergoing lysosomal degradation (pH 4.5), consequently representing overall 

mitophagy levels [260]. Therefore, mKEIMA represents a robust tool in quantifying the whole 

mitophagic activity of a cell population. 
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3 Aim of the work 

Biglycan-associated inflammation is a key feature of acute inflammatory diseases such as 

sepsis [31, 64] and IRI [61, 74] and its expression level correlates with kidney damage [262]. 

Additionally, biglycan is involved in chronic inflammatory diseases like diabetes [54, 62, 68], 

lupus nephritis (LN) [53, 62], atherosclerosis [71, 72], fibrosis [64, 73] and calcified aortic valve 

disease (CAVD) [12, 65, 263]. Previous studies brought to light that biglycan selectively utilizes 

different signaling routes involving a combination of the PRRs TLR2 and TLR4 as well as the 

TLR adaptor molecules MyD88 and TRIF to drive and regulate the production of inflammatory 

mediators during sterile inflammation [31, 61, 62, 66, 67, 74]. The selective interaction of 

biglycan to TLRs and TLR adaptors complicates efficient pharmacological targeting of 

biglycan-mediated signaling in inflammatory diseases.  

The first part of the study was based on previous findings that biglycan is in a complex with 

MD2 and CD14 [31]. As CD14 functions as a main co-receptor for TLR4 [264] and ligand-

dependent for TLR2 [97], we assumed that CD14 plays an important role in biglycan-mediated 

inflammation. This would be verified by investigating biglycan-induced pro-inflammatory 

chemo- and cytokine levels, downstream signaling and binding properties of biglycan to CD14 

using primary murine macrophages from TLR and CD14 deficient mice. If the involvement of 

CD14 in biglycan-triggered inflammation was confirmed, the next step would be to test the 

significance of CD14 in renal IRI, a well-established in vivo model of acute inflammation. The 

ultimate goal was to identify a target protein that allows universal targeting of the TLR2 and 

TLR4 signaling axis of biglycan-associated inflammation. 

 

In a second project, we focused on novel functions of regulators of sterile inflammation. ABIN-1 

is an ubiquitin sensor that has important functions in the regulation of TLR-induced 

inflammation and cell death by inhibiting NF-κB signaling [151]. Similar to the functional related 

optineurin which acts as a selective autophagy receptor [220], ABIN-1 binds K63- and M1-

linked ubiquitin chains, which preferentially mark cargo for the recognition of the selective 

autophagy machinery [207]. Therefore, we presumed that ABIN-1 by simultaneously binding 

to LC3 and polyubiquitinated cargo proteins would serve as an undescribed selective 

autophagy receptor.  

To probe our hypothesis, interactome and proteome studies from murine samples by mass 

spectrometry would reveal interactions with autophagy-related (ATG) proteins and possible 

cargo proteins of ABIN-1. Next, sequence alignment analysis would be used to identify 

possible LC3-interacting regions in ABIN-1 which are known to be essential in mediating the 

selective transport to ATG8-positive autophagosomes [169]. Afterwards, the association of 
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ABIN-1 with ATG proteins and other key autophagic markers would be tested in cellular 

systems in the presence or absence of autophagic stimuli. In parallel, we would verify if protein 

levels of ABIN-1 are modulated by pharmacological autophagy induction or inhibition. Finally, 

to assess whether ABIN-1, likewise other soluble autophagy receptors [221, 250, 252], is 

involved in the selective elimination of mitochondria, we would investigate the recruitment of 

ABIN-1 to damaged mitochondria and how a genetic ablation of ABIN-1 would affect 

PINK1/Parkin-dependent mitophagy. As mounting evidence emphasizes a pivotal role of 

selective autophagy in switching inflammation either into chronification or regeneration [192, 

265], the identification of ABIN-1 as a new selective autophagy receptor would provide the 

basis for new investigations regarding ABIN-1´s inhibitory function in inflammation. 
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4 Materials and Methods 

4.1 Materials 

4.1.1 Chemicals 

Table 1: List of chemicals 

Chemicals Company 

ABC-Chondroitinase Seikagaku Kogyo, Tokyo, Japan 

AccuPrime Pfx DNA polymerase Thermo Fisher Scientific, Rockford, USA 

Acetone Sigma-Aldrich, Munich 

Acrylamide/Bis Solution 30% Carl Roth, Karlsruhe 

Agarose Carl Roth, Karlsruhe 

Ambion Silencer Select Pre-designed siRNAs Thermo Fisher Scientific, Rockford, USA 

ε-Amino-N-Caproic Acid Sigma-Aldrich, Munich 

Ammonium Persulfate (APS) Carl Roth, Karlsruhe 

Ampicillin Sigma-Aldrich, Munich 

Amylose resin NEB, Frankfurt am Main 

Antimycin A  Sigma-Aldrich, Munich 

Aprotinin Merck, Darmstadt 

BafilomycinA1 (BafA1) Cayman Chemical, Ann Arbor, USA  

BCA-Protein Assay Kit Thermo Fisher, Rockford, USA 

Bovine Serum Albumine (BSA) AppliChem, Darmstadt 

Brewer Thiglycollate Medium Sigma-Aldrich, Munich 

Buprenorphine RB Pharmaceuticals Limited, Berkshire, 

UK 

Chloroform Carl Roth, Karlsruhe 

Collagenase A Roche, Mannheim 

DAPI Vector, Burlingame, USA 

Diethylpyrocarbonat (DEPC) Sigma-Aldrich, Munich 

Dimethylsulfoxide (DMSO) Merck, Darmstadt 

Dithiothreitol (DTT) Invitrogen, Karlsruhe 

Doxycycline hyclate Sigma-Aldrich, Munich 

Dulbecco's Modified Eagle Medium (DMEM) Life Technologies, Darmstadt 

Endofree Plasmid Maxi Kit Qiagen, Hilden 

Entellan Merck, Darmstadt 
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Ethanol Sigma-Aldrich, Munich 

Ethidium bromide Invitrogen, Karlsruhe 

Ethylendiaminetetraacetic acid (EDTA) Sigma-Aldrich, Munich 

Fetal bovine serum (FBS) Merck, Darmstadt 

FuGENE HD Transfection Reagent Promega, Mannheim  

GENEART Site-Directed Mutagenesis 

System 

Invitrogen, Karlsruhe 

Geneticin Disulphate solution (G418) Carl Roth, Karlsruhe 

GFP-Trap®_MA Chromotek, Martinsried 

Glutathione sepharose 4B beads GE healthcare, Frankfurt am Main 

Glycerol/Gelatine R&D Systems, Minneapolis, USA 

Glycine Carl Roth, Karlsruhe 

Heparin 25000 Ratiopharm, Ulm 

High-Capacity cDNA Reverse Transcription 

Kit 

Applied Biosystems, Darmstadt 

Hydrogen Peroxide Sigma-Aldrich, Munich 

Isopropanol Sigma-Aldrich, Munich 

Isotone NaCl solution (0.9%) B. Braun Melsungen, Melsungen 

Ketamine Pfizer, Berlin 

Lipofectamine RNAiMAX Reagent  Thermo Fisher Scientific, Rockford, USA 

LB Broth Base Invitrogen, Eggstein 

Luminaris High Green Low ROX qPCR 

Mastermix 

Thermo Fisher, Rockford, USA 

Mayer’s Hematoxylin solution Sigma-Aldrich, Munich 

β-Mercaptoethanol Ferak Laborat GmbH, Berlin 

Methanol Sigma-Aldrich, Munich 

Monolith NT Protein Labeling Kit Red NanoTemper Technologies, Munich 

Nitrocellulose membrane GE healthcare, Frankfurt am Main 

Nonidet P-40 Merck, Darmstadt 

Oligomycin A  Sigma-Aldrich, Munich 

Paraformaldehyde Sigma-Aldrich, Munich 

PCR Master Mix Bio&Sell, Feucht /Nuremberg 

Penicillin-Streptomycin (Pen Strep) Roche, Mannheim 

Pentobarbital Merial GmbH, Hallbergmoos 

Percoll GE healthcare, Frankfurt am Main 

Periodic acid Carl Roth, Karlsruhe 

Phenylmethylsulfonylchloride (PMSF) Sigma-Aldrich, Munich 
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Phosphate buffered saline (PBS) Life Technologies, Darmstadt 

Pierce Anti-HA Magnetic Beads Thermo Fisher Scientific, Rockford, USA 

Pierce ECL Western Blotting Substrate Thermo Fisher Scientific, Rockford, USA 

Platinum PCR SuperMix High Fidelity Life Technologies, Darmstadt 

QIAprep Spin Miniprep Kit Qiagen, Hilden 

QIAquick PCR purification Kit Qiagen, Hilden 

Rapamycin LC Laboratories, Woburn, USA 

Roswell Park Memorial Institute 1640 (RPMI) Life Technologies, Darmstadt 

Skimmed milk powder Sucofin, Zeven 

Sodium Deoxycholate Sigma-Aldrich, Munich 

Sodium Dodecyl Sulfate (SDS) Sigma-Aldrich, Munich 

Sodium chloride Sigma-Aldrich, Munich 

Sodium Hydroxide Sigma-Aldrich, Munich 

Sulfuric acid Merck, Darmstadt 

Super Signal West Femto Maximum 

Sensitivity Substrate 

Thermo Fisher, Rockford, USA 

TaqMan assay probes Applied Biosystems, Darmstadt 

Tetramethylethyldiamine (TEMED) Sigma-Aldrich, Munich 

TOPO-TA Cloning Kit Thermo Fisher, Rockford, USA 

Torin-1 Bio-Techne GmbH, Wiesbaden 

TRI Reagent Sigma-Aldrich, Munich 

Tris Carl Roth, Karlsruhe 

Triton X-100 Sigma-Aldrich, Munich 

Trypsin-EDTA 0.5% Life Technologies, Darmstadt 

Tween 20 Sigma-Aldrich, Munich 

Xylazine Bayer, Leverkusen 

 

4.1.2 Consumables 

Table 2: List of consumables 

Consumables Company 

Amersham Hyperfilm ECL GE healthcare, Frankfurt am Main 

Cell culture plates (6-; 12-; 24; 96-well) Greiner Bio-One, Solingen 

Cell scraper Sarstedt, Newton, USA 

Cell strainer BD Biosciences, Heidelberg 

Costar pipets (5; 10; 25 mL) Corning Incorporated, Corning, USA 

FACS tubes BD Biosciences, Heidelberg 
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Falcon tubes (15; 50 mL) Greiner bio-one, Solingen 

MaxiSorp ELISA plates Nunc, Wiesbaden 

MicroAmp Plate sealer Applied Biosystems, Darmstadt 

MicroAmp Reaction plates Applied Biosystems, Darmstadt 

Microscope Cover Glasses Thermo Fisher, Rockford, USA 

Microscope Slides Thermo Fisher, Rockford, USA 

Mixing Rotator Renner GmbH, Dannstadt 

Monolith T.115 Capillaries Standard Treated NanoTemper Technologies, Munich 

Needles BD Biosciences, Heidelberg 

Nitrile glove B. Braun Melsungen, Melsungen 

Pierce centrifuge columns Thermo Fisher Scientific, Rockford, USA 

Pipet tips (10; 100; 1000 μl) Sarstedt, Newton, USA 

Plate sealers Dynatech, Denkendorf 

Safe-lock tubes (0.5 ml; 1 ml; 2 mL) Eppendorf AG, Hamburg 

Scalpels pfm medical AG, Cologne 

Syringes B. Braun Melsungen AG, Melsungen 

Whatman 3MM paper Hartenstein, Würzburg 

 

4.1.3 Hardware 

Table 3: List of hardware 

Hardware Company 

Automatic Tissue Processor Leica, Nussloch 

AbiPrism 7500 Fast Applied Biosystems, Darmstadt 

BD LSRFortessa BD Bioscience, Heidelberg 

Mini-PROTEAN Electrophorese Bio-Rad, Munich 

CO2-Incubator Hereaus BBD 6220 Thermo Fisher, Schwerte 

FACSCanto II flow cytometer BD Bioscience, Heidelberg 

Film Developer Agfa Healthcare, Mortsel, Belgium 

Heating block, Thermomixer Eppendorf, Hamburg 

Homogeniser and sonicator Branson Schallkraft, Heusenstamm 

Light Microscope Olympus, Hamburg 

Megacentrifuge Heraeus Thermo Fisher, Schwerte 

Microplate Reader Sunrise Tecan Trading AG, Mainz 

Microtome Leica, Nussloch 

Mini-Trans-Blot System Bio-Rad, Munich 

Monolith NT.115  NanoTemper Technologies GmbH, Munich 
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Nano-Drop spectrophotometer PEQLAB Biotechnologie, Munich 

Paraffin Embedding Station Leica, Nussloch 

PCR-cycler Primus 96 MWG AG Biotech, Ebersberg 

pH meter Mettler Toledo, Giessen 

Precision Balance Kern & Sohn GmbH, Balingen 

Scantainer Scanbur Technology A/S, Karlslunde, 

Denmark 

Table centrifuge Thermo Fisher, Schwerte 

Water bath Julabo, Seelbach 

LSM780 ELYRA PS.1 Super  

Resolution confocal microscope 

Zeiss, Oberkochen 

 

4.1.4 Software 

Table 4: List of software 

Software Company 

Adobe Photoshop CS6 Adobe inc., San José, USA 

ApE Plasmid Editor M. Wayne Davis (open source software) 

FACS DIVA Software BD Bioscience, Heidelberg 

GraphPad Prism 6 Graphpad Software, Inc.  

Quantity One Bio-Rad, Munich 

Zeiss software ZEN2012 SP5 Zeiss, Oberkochen 

4.2 Methods 

4.2.1 Molecular cloning 

4.2.1.1 ABIN-1-HA  

Full length human ABIN-1 was amplified by PCR from the template of an open reading frame 

clone (GeneScript, product ID: OHu13881D) with primers containing an N-terminal BamHI 

restriction site and a C-terminal human influenza hemagglutinin (HA)-tag together with a XhoI 

restriction site. A total of 50 ng of template was mixed with Platinum PCR SuperMix High 

Fidelity, both primers and filled up with ddH2O according to the following protocol (Table 5). 
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Table 5: PCR conditions for hABIN-1-ORF 

Temperature Time Number of cycles 

94°C  2 min 
 

94°C  30 sec 

55°C  30 sec 35 

68°C  2 min  

4°C  pause   

 

The PCR product was transferred to a 1% agarose gel and purified using a QIAquick PCR 

Purification kit. Briefly, the corresponding PCR band of the size of hABIN-1 was cut with a 

scalpel. A 3-fold volume of buffer QG was added and heated at 55°C for 10 min until the gel 

piece was dissolved. Then 1 gel volume of isopropanol was added, mixed and the sample was 

put on a QIAquick column to bind the DNA. The sample was centrifuged at 13.000 rpm for 1 

min at RT. Subsequently, the column was washed with 0.5 ml of buffer QG, followed by 0.75 

ml of buffer PE. Column was dried from ethanol by another centrifugation step. Afterwards, 

DNA was eluted with 30 μl of ddH2O and the concentration was determined via Nano-Drop. 

hABIN-1-HA and the pcDNA3.1(+) vector (Invitrogen, Eggstein) were digested with BamHI and 

XhoI overnight at 37°C. The next day, samples were purified over a 1% agarose gel and ligated 

at molar ratios of vector to insert adjusted to 1:3 with T4 DNA ligase overnight at 16°C.  

In general, ligations were transformed into One Shot TOP10 Chemically Competent E. coli 

cells. One Shot TOP10 cells were thawed on ice, then 4 μl of the ligation was added and the 

reaction was incubated on ice for 30 min. Afterwards, the transformation was heat shocked for 

30 sec at 42°C in a water bath and placed on ice for 2 min. An amount of 250 μl SOC Medium 

were added aseptically and the transformation was shaked horizontally at 37°C for 1 h. The 

transformation was spreaded on ampicillin (100 μg/ml) containing LB agar plates and 

incubated for 16-18 h at 37°C. Single colonies were picked and used for plasmid isolation by 

inoculation in 4 ml of ampicillin-containing LB medium overnight at 37°C. Plasmid DNA was 

isolated using the QIAprep Spin Miniprep Kit. Bacterial overnight cultures were harvested by 

centrifugation at 8000 rpm for 5 min at RT. The bacterial pellet was resuspended in 250 μl 

Buffer P1 and transferred into a microcentrifuge tube and lysed using 250 μl P2. After 5 min of 

incubation 350 μl of Buffer N3 were added to stop the bacterial lysis reaction and the samples 

were centrifuged for 10 min at 13.000 rpm. Supernatant was applied onto QIAprep 2.0 spin 

columns and centrifuged for 1 min at 13.000 rpm at RT. Bound DNA was washed with 750 μl 

Buffer PE, followed by a centrifugation step to remove residual wash buffer. Finally, plasmid 

DNA is eluted with 50 μl ddH2O and measured by Nano-Drop. A small part of purified plasmid 

DNA was sent for sequencing (Eurofins Genomics, Ebersberg). Sequence verified constructs 

were then freed from endotoxin by utilization of the Qiagen EndoFree Plasmid Maxi kit. An 
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amount of 250 ml LB medium were inoculated either from a fresh transformation or from frozen 

bacterial stocks and incubated overnight at 37°C in a horizontal shaker. The LB culture was 

harvested by centrifugation at 6000 g for 15 min at 4°C. The pellet was resuspended in 10 ml 

of ice-cold Buffer P1 and lysed for 5 min at RT by adding 10 ml of Buffer P2. After neutralization 

with 10 ml Buffer P3, the lysate was poured into the QIAfilfer Cartridge and incubated for 10 

min at RT. The filtered lysate was put on ice, mixed with 2.5 ml of Buffer ER and incubated for 

30 min. Subsequently, the lysate was poured into a QIAGEN-tip, which was equilibrated with 

10 ml of Buffer QBT. The tip was washed 2 times with 30 ml of Buffer QC and eluted in a new 

falcon by addition of 15 ml Buffer QN. Eluted DNA was precipitated by adding 10.5 ml of 

isopropanol and centrifugation at 15.000 g for 10 min at 4°C. Supernatant was discarded and 

the DNA was washed with 5 ml of endotoxin-free 70% ethanol, followed by centrifugation at 

13.000 g for 10 min at 4°C. The supernatant was decanted and the remaining plasmid DNA 

was resuspended in an adequate amount of endotoxin-free H2O. The concentration was 

determined by Nano-Drop.  

4.2.1.2 Site directed mutagenesis of ABIN-1 

The GENEART Site-Directed Mutagenesis System (Invitrogen) was used to generate ABIN-1 

mutants with defective LIR domains. For this purpose, 20 ng of pcDNA3.1(+) hABIN-1-HA was 

mixed with overlapping primer pairs carrying the desired LIR mutations (Table 6) and 

AccuPrime Pfx DNA polymerase. The PCR was performed using the following parameters. 

 

Table 6: PCR conditions for mutagenesis of hABIN-1 

Temperature Time Number of cycles 

37°C  20 min  

94°C  2 min  

94°C  20 sec  

57°C  4 min 18 

68°C  2 min   

68°C 5 min  

4°C pause  

 

The PCR product was used for the in vitro recombination reaction to boost mutagenesis 

efficiency. 4 μl of PCR sample was mixed with 4 μl of 5x Reaction Buffer, 10 μl of PCR grade 

water and 2 μl of 10x Enzyme mix. The reaction was incubated for 10 min at RT and stopped 

by addition of 1 μl of 0.5 M EDTA. Afterwards the reaction mix was put on ice and used for 

transformation using One Shot MAX Efficiency DH5-T1R competent cells. Purified plasmid 

DNA was checked by sequencing for correct mutagenesis and used for further experiments.  
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4.2.1.3 TOPO cloning of mCherry-Parkin and mEGFP-hABIN-1 

Primers containing SfiI restriction sites were used to amplify mCherry-Parkin (Table 7) from 

the mCherry-Parkin donor vector (a gift from Richard Youle; Addgene plasmid # 23956) using 

the Platinum PCR SuperMix High Fidelity. Platinum PCR SuperMix High Fidelity contains a 

high fidelity Taq DNA polymerase, which generates 3′ A-overhangs, necessary for subsequent 

TOPO cloning. The following parameters were used for the PCR. 

 
Table 7: PCR conditions for mCherry-Parkin 

Temperature Time Number of cycles 

94°C  2 min  

94°C  30 sec  

55°C  30 sec 35 

68°C  2 min  

4°C pause  

 

For the TOPO cloning reaction, 4 μl of fresh PCR product containing 3′ A-overhangs were 

mixed with 1 μl of Salt Solution, 1 μl of TOPO vector and incubated for 30 min at RT. Then, 

the reaction was placed on ice and transformed into One Shot TOP10 Chemically Competent 

cells as described before. Kanamycin (50 μg/ml) containing LB agar plates were used for 

selection. Plasmid DNA was digested with SfiI restriction enzyme at 50°C overnight to yield 

the corresponding insert of mCherry-Parkin flanked by two SfiI sites. Subsequently, mCherry-

Parkin was cloned into the pSBtet-Pur (Addgene plasmid # 60507) or pSBtet-Neo (Addgene 

plasmid # 60509) vectors (a gift from Eric Kowarz). Purified plasmid DNA was verified by 

sequencing before performing endotoxin-free plasmid purification and subsequent 

experiments.  

Similarly, to generate mEGFP-hABIN-1, hABIN-1 was amplified from the ORF clone 

(GeneScript, product ID: OHu13881D) using primers containing a HindIII and BspE1 restriction 

site (Table 8). In this case, the same PCR protocol as for HA-tagged ABIN-1 was used. The 

resulting PCR product and mEGFP-C1 vector (a gift from Michael Davidson; Addgene plasmid 

# 54759) were both digested using HindIII and BspE1 at 37°C overnight and gel purified on 

the next day. Insert and vector were ligated at molar ratios of 1:3 with Quick Ligase (NEB). For 

this purpose, 10 μl of 2x Quick Ligase Reaction Buffer, 50 ng vector, the corresponding amount 

of insert and 1 μl of Quick Ligase were mixed and incubated at RT for 5 min. The reaction was 

stopped by placing the mixture on ice and transformed using One Shot TOP10 Chemically 

Competent cells. After plasmid purification, the correct insertion of hABIN-1 into the mEGFP-

C1 vector was verified by sequencing before performing an additional PCR with primers 

containing SfiI restriction sites (Table 8) and the Platinum PCR SuperMix High Fidelity. TOPO 
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cloning was performed as described before. Finally, mEGFP-hABIN-1 was cloned into the 

pSBtet-Pur and pSBtet-Neo vector. Correct insertion was validated by sequencing. 

 

Table 8: Primer table of ABIN-1 and Parkin constructs 

Primer Sequence 5´- 3´ 

hABIN-1 fwd CGCGGATCCACCCTCATGGAAGGGAGAGGACCGTACCGG

AAAC 

hABIN-1-HA rev CCGCTCGAGTCAAGCGTAATCTGGAACATCGTATGGGTAC

TGAGGCCCCTCACGGTCATTTTTTG 

LIR1 [F83A/L86A] fwd CCCTCCTTGGGCTCCGCCGACCCCGCGGCTGAGCTCACA

GGA 

LIR1 [F83A/L86A] rev TCCTGTGAGCTCAGCCGCGGGGTCGGCGGAGCCCAAGGA

GGG 

LIR2 [F125A/V128A] fwd GGCACCTCCTCTGAAGCTGAAGTGGCCACTCCTGAGGAGC

AG 

LIR2 [F125A/V128A] rev CTGCTCCTCAGGAGTGGCCACTTCAGCTTCAGAGGAGGTG

CC 

UBAN [D472N] fwd GTGAAGATCTTCGAGGAGAACTTCCAGAGGGAGCGCAGT 

UBAN [D472N] rev ACTGCGCTCCCTCTGGAAGTTCTCCTCGAAGATCTTCAC 

mCherryParkin fwd GACGGCCTCTGAGGCCGCCACCATGGTGAGCAAGGGCGA

GGAGG 

mCherryParkin rev GACGGCCTGACAGGCCTTACACGTCGAACCAGTGGTCCCC

CATG 

ABIN-1ORF 3 fwd GACTCCGGAATCATGGAAGGGAGAGGACCGTACC 

ABIN-1ORF 5 rev GACAAGCTTTCACTGAGGCCCCTCACGGTCA 

mEGFP-C1-hABIN-1 fwd GGCCTCTGAGGCCGCCACCATGGTGAGCAAGGGCGAGGA

GC 

mEGFP-C1-hABIN-1 rev GGCCTGACAGGCCTCACTGAGGCCCCTCACGGTCATTTTT

TGG 

4.2.1.4 Plasmid construction of human biglycan and human CD14 

In order to generate the pcDNA3.1(+) human biglycan- (hBGN) expressing vector, full length 

human biglycan cDNA was reverse transcribed by qRT-PCR from human kidney tissue. From 

this template hBGN was generated by PCR using primers containing BamHI and XhoI 

restriction sites. The PCR product and the pcDNA3.1(+) plasmid empty vector were both 

digested with BamHI and XhoI overnight at 37°C and subsequently gel-purified. PCR product 

and vector were ligated, transformed and plasmid DNA was purified. For the generation of 
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human biglycan protein core, site-directed mutagenesis was utilized to generate hBGN 

[S42AS47A]. In this mutant version of biglycan, both serine GAG attachment sites were 

mutated into alanine using two overlapping primers including the nucleotide mutations (Table 

9). Afterwards, a 6xHis-tag was introduced at the C-terminus of biglycan right before the stop 

codon.  

For the generation of the vector expressing the extracellular domain of human CD14 (Met1-

Asn345), cDNA was reverse transcribed from human monocytes as a template. Then, a 

forward primer containing a BamHI restriction site and a reverse primer including a XbaI 

restriction site as well as a 6xHis-tag were used to amplify hCD14 by PCR. After digestion of 

the pcDNA3.1(+) vector as well as hCD14 with BamHI and XbaI, the hCD14 constructs was 

inserted into the pcDNA3.1(+) vector. All plasmids were checked by sequencing prior to 

transfection into HEK293 cells. The expression of human biglycan was described before [266].  

 

Table 9: Primers for amplification of hBGN 

Primer Sequence 5´- 3´ 

hBGN BamHI fwd TCTGGATCCGCCATGTGGCCCCTGTGGCGC 

hBGN XhoI rev ACTCTCGAGCTACTTTTTGTAGTTGCCAAACTG 

hBGN [S42AS47A] fwd GAACGATGAGGAAGCTGCGGGCGCTGACACCGCAGGCGTCC

TGGACC 

hBGN [S42AS47A] rev GGTCCAGGACGCCTGCGGTGTCAGCGCCCGCAGCTTCCTCA

TCGTTC 

hCD14 BamHI fwd TGCAGGATCCACCATGGAGCGCGCGTCCTGCTTG 

hCD14-6xHis XbaI rev TGCTCTAGATTAGTGGTGATGGTGATGATGCAGCACCAGGGT

TCCCGACAC 

4.2.2 Purification of recombinant intact human biglycan 

Purification of native biglycan with intact glycosaminoglycan chains was achieved by 

harvesting the conditioned medium of HEK293 cells, stably overexpressing biglycan. In turn, 

soluble biglycan is released into the cell culture medium (conditioned media). The conditioned 

media was collected and supplemented with 0.1% Triton X-100, 20 mM Tris-HCl pH 7.4 and 

proteinase inhibitors. Afterwards the media was passed over a DEAE-Tris acryl-M packed 

column to specifically bind GAG chains and glycoproteins. For elution, 1 M NaCl in 20 mM 

Tris-HCl, pH 7.4 was added onto the column. The products were dialyzed for 2 h against 20 

mM Tris-HCl, pH 7.4, containing 150 mM NaCl and separated on high performance liquid 

chromatography on a TSK-GEL-DEAE-5PW column by a discontinuous binary NaCl gradient. 

Biglycan was then dialyzed against PBS and checked for purity by silver staining on SDS gel 

electrophoresis. 
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4.2.3 Purification of His-tagged proteins 

His-tagged human biglycan protein core or CD14 were purified using Ni-NTA agarose 

according to manufacturer’s instructions. Briefly, the conditioned media from His-tagged 

human biglycan protein core- or CD14-expressing HEK293 cells were mixed with Ni-NTA 

agarose beads at 4°C on a rotary shaker for 2 h. After incubation, samples were transferred 

onto PierceTM centrifuge columns and washed with 20 mM imidazole (pH 8.0) containing 50 

mM NaH2PO4 and 300 mM NaCl. Subsequently, His-tagged proteins were competitively eluted 

by addition of 250 mM imidazole (pH 8.0) containing 50 mM NaH2PO4 and 300 mM NaCl. 

Finally, proteins were dialyzed against PBS. 

4.2.4 Cell culture 

Cells were cultured at 37°C with a concentration of 5% CO2 and 95% relative humidity. HeLa 

cells (ATCC, USA) were passaged twice a week. For passaging, cells were washed with 5 ml 

of PBS, followed by 3 ml of 0.5% Trypsin-EDTA for cell detachment. 8 ml of fresh growth 

medium was added to block trypsinization and cells were centrifuged at 1000 rpm for 5 min at 

RT. Cells were then resuspended in 1 ml of medium and split into a new cultivation flask. All 

cells were regularly tested for the presence of mycoplasma contamination. 

4.2.4.1 Freezing and thawing of cells 

In order to store cells for long-term, cells were diluted in their corresponding medium without 

antibiotics containing 10% DMSO and 20% FBS and transferred into Cryo tubes. The tubes 

were put into a Cryo Freezing container that enabled slow freezing overnight at -80°C. The 

next day, Cryo tubes were transferred into a liquid nitrogen tank for storage. Cells that had to 

be thawed were defrosted at 37°C in a water bath, then resuspended in 9 ml growth medium 

and centrifuged at 1000 rpm for 5 min at RT to remove the DMSO. Afterwards, cells were 

resuspended in their respective medium and cultured as described before. 

4.2.4.2 Cell counting, seeding and treatment 

Cells were detached using 0.5% Trypsin-EDTA, filled up with 8 ml of medium and centrifuged 

at 1000 rpm for 5 min. Supernatant was discarded and cells were resuspended in 1 ml of 

medium. 10 µl of a 1:10 dilution of the cells was counted in a Neubauer chamber. An 

appropriate number of cells was then diluted in growth medium to achieve the required cell 

density depending on the experimental setup. The final amount of medium including treatment 

substances was defined as followed: 100 μl/well in 96-well plates, 1 ml/well in 12-well plates, 

2 ml/well in 6-well plates and 10 ml per 100 mm-dish. For analysis of hABIN-1 protein levels 

upon autophagy induction or inhibition, 0.3x106 HeLa cells were seeded in 6-well plates 24 h 



MATERIAL AND METHODS 

41 
 

before treatment. The next day, growth medium was replaced including either DMSO as 

control, Torin-1 (1 μM), rapamycin (100 nM) or Bafilomycin A1 (200 nM or 10 nM for overnight 

treatment) for the indicated time points.  

4.2.4.3 Transfection and generation of stable cell lines 

Exemplarily, HeLa cells were seeded 24 h before transfection in a 6-well plate at a density of 

0.3x106 cells. For transfection, 250 µl of Opti-MEM were mixed with e.g. 1.5 µg of EGFP-LC3 

(a gift from Karla Kirkegaard; Addgene plasmid # 11546) vector DNA. Then, FuGENE HD 

transfection reagent was added at a ratio of 3:1 to the reaction. The transfection mix was 

incubated for 10 min and then pipetted dropwise onto the cells. Cells were incubated for 24-

48 h for protein expression.  

The sleeping beauty (SB) expression vector system was utilized [267] to generate stable 

overexpressing cells. This system is based on transgene integration via transposons. Over 

inverted terminal repeats (ITRs) present in the pSBtet vectors together with the addition of a 

transposase-encoding vector the plasmid DNA gets stably integrated into the target genome. 

To this end, pSBtet-Pur or pSBtet-Neo vectors either containing mCherry-Parkin or mEGFP-

hABIN-1 were transfected into HeLa cells using FuGENE HD transfection reagent. 

Additionally, pCMV(CAT)T7-SB100 (a gift from Zsuzsanna Izsvak; Addgene plasmid # 34879) 

was co-transfected at a ratio of 1:20 to enable plasmid DNA integration. After 48 h consumed 

medium was discarded and replaced by medium containing either 3 µg/ml puromycin or 800 

µg/ml G418 (selection for neomycin resistance) to select for those cells, which had 

incorporated the plasmid of interest. Cells were selected in case of puromycin for at least 5 

days whereas cells were treated with G418 for a period of 14 days. Medium containing 

antibiotics was exchanged every 3 days. To guarantee antibiotic selection, parental cells were 

treated with the same dosage of antibiotics to observe successful cell death. Afterwards, stable 

cell lines were kept under 1.5 µg/ml puromycin or 400 µg/ml G418 until utilized for further 

experiments. 

4.2.4.4 siRNA-mediated knockdown of ABIN-1 

Transient knockdown of ABIN-1 was performed by using Ambion Silencer Select Pre-designed 

siRNA targeting gene ID (10318). HeLa cells were seeded in 6-well plates in antibiotic-free 

medium to reach a confluency of roughly 70% at the day of transfection. HeLa cells were 

transfected with siRNAs using Lipofectamine RNAiMAX. In general, 9 μl Lipofectamine or 4 μl 

siRNA with a concentration of 5 μM were diluted in 150 μl Opti-MEM. The siRNA-Opti-MEM 

mixture was transferred to the Lipofectamine-Opti-MEM mixture, mixed carefully by pipetting 

up and down and incubated for 5 min at RT. Afterwards the lipid complex was added to the 
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adherent cells topped with a calculated amount of antibiotic-free medium to reach a final siRNA 

concentration of 5 nM. As a negative control, Silencer Select Negative Control No. 1 siRNA 

was utilized in parallel in the same concentration. Knockdown efficacy was controlled after 48 

h from the same cells used for the experimental setup by Western blot analysis. The following 

Silencer Select siRNAs were used for gene knockdown of ABIN-1. 

Table 10: siRNA primers of ABIN-1 

siRNA Sequence 5´- 3´ 

Sense ABIN-1 GCAUCCAAGGUGCACAAGAtt 

Antisense ABIN-1 UCUUGUGCACCUUGGAUGCca 

 

4.2.4.5 CRISPR/Cas9-mediated knockout of ABIN-1 

CRISPR/Cas9-mediated knockout of hABIN-1, 3 single guide RNAs (sgRNAs) targeting PAM 

motifs of ABIN-1 in exon 3 were designed with the CRISPOR online program by selecting only 

sgRNAs with the highest scores and low off target effects. The 20-nucleotide long gRNA oligos 

contain overhangs for ligation into the pair of BbsI sites in the pSpCas9(BB)-2A-Puro vector 

while a guanine and cytosine (small letters) are added for better U6 transcription of the gRNAs. 

The pSpCas9(BB)-2A-Puro (PX459) was a gift from Feng Zhang (Addgene plasmid #62988) 

[268]. 

 

Table 10: General structure of sgRNAs 

Primer Sequence 5´- 3´ 

Sense sgRNA CACCgNNNNNNNNNNNNNNNNNNNN 

Antisense sgRNA AAACNNNNNNNNNNNNNNNNNNNNc 

 

The following sgRNAs were designed for hABIN-1. 

 

Table 11: sgRNAs for CRISPR/Cas9 of ABIN-1 

Primer Sequence 5´- 3´ 

Sense sgRNA 1 CACCGGCAAGGGATAAAGATGTTAG 

Antisense sgRNA 1 AAACCTAACATCTTTATCCCTTGCC 

Sense sgRNA 2 CACCGGAGCCTGGTCGCTTCCATCT 

Antisense sgRNA 2 AAACAGATGGAAGCGACCAGGCTCC 

Sense sgRNA 3 CACCGAGTCCCAGATGGAAGCGACC 

Antisense sgRNA 3 AAACGGTCGCTTCCATCTGGGACTC 
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sgRNAs were adjusted to a concentration of 100 µm for cloning into the pSpCas9(BB)-2A-

Puro vector for co-expression with Cas9. Then 1 µl of each sgRNA pair was mixed with T4 

ligation buffer, T4 polynucleotide kinase and filled up to a total volume of 10 µl. Afterwards, 

sgRNAs were phosphorylated and annealed in a thermocycler at 37°C for 30 min and heat 

inactivated at 65°C for 20 min. Phosphorylated and annealed oligos were then diluted 1:200, 

mixed with 100 ng of pSpCas9(BB)-2A-Puro vector, Fast Digest Buffer, 1 µl 10 nM DTT, 1 µl 

10 nM ATP, 1 µl Fast digest BbsI, T4 DNA ligase and filled up with ddH2O to a total volume of 

20 µl. The ligation mixture is then incubated with the following thermocycler protocol: 

 

Table 12: PCR conditions for Cas9 vector digestion 

Temperature Time Number of cycles 

37°C  5 min 
6 

21°C  5 min 

 

Subsequently, the ligation is treated with PlasmidSafe exonuclease to get rid of any residual 

linearized DNA and incubated at 37°C for 30 min and 70°C for 30 min. The ligation is used for 

transformation with One Shot TOP-10 bacteria and plated on an ampicillin containing LB plate. 

Bacterial clones were purified using the Plasmid Miniprep Kit and EndoFree Plasmid Maxi Kit. 

pSpCas9(BB)-2A-Puro vectors carrying the gRNAs were sequenced before transfection. All 3 

gRNAs were transfected at the same ratios at once into HeLa cells. Briefly, 833 ng of each 

sgRNA were mixed in Opti-MEM with FuGENE HD transfection reagent at a ratio of 3:1. The 

transfection mix was added dropwise to the cells after 10 min of incubation. After 48 h, cells 

were selected with puromycin at a concentration of 3 µg/ml. Following 72 h of antibiotic 

selection, cells were trypsinized, serially diluted to 1 cell/100 µl and plated in a 96-well plate in 

order to select for single clones. Medium containing puromycin was changed every 3 days. 

Cells which resulted from one single colony were expanded for 2-3 weeks and screened via 

Western blot for successful knockout (KO) of ABIN-1. ABIN-1 KO clone 16 and clone 27 

showed the highest knockout efficiency, were cultivated at 0.5 µg/ml puromycin and used for 

further experiments  

4.2.4.6 SEAP NF-κB activity assay  

A total amount of 1x105 HEK-Blue-hTLR2, HEK-Blue-hTLR2/hCD14 and HEK-Blue-

hTLR4/hCD14/hMD2 cells containing the secreted embryonic alkaline phosphatase (SEAP) 

reporter gene for monitoring the activation of the NF-κB pathway were used for the assay. To 

validate the specificity of the assay, cells were additionally stimulated with the TLR2 ligand 

peptidoglycan (PGN) and the TLR4 ligand lipopolysaccharide (LPS). Cells were pre-incubated 

for 1 h with purified NA/LE rat anti-mouse CD14 (10 µg/ml) or purified NA/LE rat IgG2b, κ 
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isotype control (10 µg/ml) and stimulated with biglycan (4 µg/ml), PGN (2 µg/ml) or LPS (2,5 

ng/ml) for 4 h. Activation of TLR2, TLR2/CD14 and TLR4/CD14/MD2 signaling was analyzed 

by measuring the secreted SEAP according to the manufacturer’s instructions. Briefly, 20 µl of 

the culture medium was mixed with 180 µl of QUANTI-Blue detection medium and incubated 

for 30 min at 37°C. The presence of SEAP (purple-blue) was measured as absorbance at 655 

nm. 

4.2.5 Mass spectrometry 

4.2.5.1 Label free IP-MS and In-Gel-Digestion 

For IP-MS of murine ABIN-1, WT mice were either injected intraperitoneal with 80 µg/g 

Lipopolysaccharide (LPS) in 0.9% NaCl solution or an equal volume of PBS. Mice were 

sacrificed after 4 h by intraperitoneal injection of pentobarbital (500 mg/kg). Spleens were 

harvested, lysed and 2 mg of protein was used for IP with 2 µg sheep anti mouse ABIN-1 

antibody (Ubiquigent, 68-0001-100) using Pierce Co-Immunoprecipitation Kit according to 

manufacturer’s instructions. Samples were eluted with 40 µl basic elution buffer (50 mM NaOH) 

for 5 min at RT and neutralized with 20 µl of 1 M Tris-HCl (pH 8.5). Afterwards samples were 

run by SDS-Page and stained for 15 min by Coomassie staining using InstantBlue Protein Gel 

Stain. Protein bands were cut into 1-2 mm3 pieces and washed 3 times for 10 min with 50 mM 

ammonium bicarbonate (ABC) containing 40% acetonitrile (ACN) at 37°C and 750 rpm 

shaking. Samples were dehydrated for 10 min in 100% ACN. Then, ACN was removed and 

gel pieces were left to dry for 10 min. Afterwards, samples were reduced with 10 mM DTT in 

50 mM ABC for 30 min at 56°C and washed for 10 min with 50 mM ABC/40% ACN. Samples 

were alkylated for 30 min the dark with 40 mM chloroacetamide in 50 mM ABC. Subsequently, 

samples were washed 2 times with 50 mM ABC/40% ACN, dehydrated in 100% ACN and dried 

for 10 min. Sample digestion was performed by adding 12.5 ng/µl trypsin in 50 mM ABC and 

incubation for 30 min at 4°C. Then, 50 mM ABC was added and samples were digested 

overnight at 37°C. The next day, 60% ACN/1% formic acid (FA) was added and samples were 

shaken for 30 min at 750 rpm. Supernatants containing the extracted peptides were collected 

in new microcentrifuge tubes. The extraction step was repeated once and corresponding 

supernatants were pooled together. Then 100% ACN was added to the gel pieces, samples 

were shaken for 10 min and the supernatant was transferred to the pooled supernatants. 

Collected supernatants were put in a SpeedVac at 30°C and reduced to a volume of less than 

50 µl. Afterwards, buffer A (0.1 % FA in MS-grade water) was added. In the meantime, stage-

tips (consisting out of 3 c18-discs) were assembled and washed with 30 µl methanol. After 

centrifugation at 2000 rpm for 2 min (stage-tips should not get dry), tips were washed with 30 

µl buffer B (80% ACN, 0.1% FA in MS-grade water), centrifuged and washed 2 times with 
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buffer A. Samples were loaded onto the stage tips and centrifuged at 2000 rpm for 4 min. After 

the samples passed, 30 µl buffer A was added to the tips, followed by centrifugation at 2000 

rpm for 2 min. Elution was performed with 30 µl buffer B. Stage-tips were incubated with buffer 

B for 15 min at RT, placed into a new microcentrifuge tube and eluted by centrifugation. Eluates 

were dried by SpeedVac to a volume of 2-3 µl and filled up with 8 µl of buffer A. Finally, samples 

were analyzed by LC-MS.  

4.2.5.2 Proteomic analysis of ABIN-1 

For proteome analysis primary murine peritoneal macrophages were isolated from WT and 

ABIN1[D485N] mice. Macrophages were plated in 100 mm dishes and cultured overnight in 

RPMI 1640 supplemented with 1% P/S and 2% FBS. The next day, cells were washed 4 times 

with PBS at RT and subsequently lysed with Proteome lysis buffer (2% SDS, 150 mM NaCl, 

50 mM Tris-HCl, pH 8.5, complete protease inhibitor tablet, 10 mM TCEP, 40 mM CAA) heated 

at 95°C at a concentration of roughly 1.5 mg/ml and transferred into 1.5 ml low binding 

Eppendorf tubes. Samples were pipetted up and down 20 times to reduce viscosity, boiled for 

10 min at 95°C and frozen at -80°C until further processing. For increased cell lysis, samples 

were sonicated for 1 min (1 sec on 1 sec off, 35% amplitude) and boiled for 5 min at 95°C. For 

protein precipitation, 4 parts ice cold methanol and 1-part chloroform was added and samples 

were vigorously vortexed. 3 parts of MS-grade water was added and samples were centrifuged 

for 5 min at 15.000 g at 4°C. The top layer was removed without disturbing the interphase 

(contains proteins) and 3 parts ice cold methanol were added. The samples were vortexed and 

centrifuged for 3 min at 15.000 g at 4°C to pellet the precipitated proteins. Washing with 3 parts 

ice cold methanol was repeated once more. Afterwards, the supernatant was removed and 

samples were washed with 1 ml ice cold methanol, vortexed and spinned down for 5 min at 

15.000 g at 4°C. Methanol was discarded and the pellet was air-dried for 5-10 min. The protein 

pellet was dissolved and denatured in 100 µl digestion buffer (8 M urea, 50 mM EPPS, pH 8.2) 

to reach approximately 1.5 mg/ml protein concentration and incubated for 20 min at 37°C at 

750 rpm in a thermomixer. Protein concentration was measured via BCA-assay. 30 µg of 

protein was filled up with EPPS buffer (50 mM EPPS, pH 8.2) to a volume of 50 µl. Lys-C at a 

final ratio of 1:100 was added in a volume of 50 µl to the samples to digest the proteins into 

large fragments. For digestion, samples were incubated for 2 h at 37°C with gentle agitation at 

550 rpm. Before trypsin digestion the samples were diluted 1:4 with EPPS buffer. Afterwards, 

trypsin was added to the samples with a ratio of 1:50 and incubated overnight at 37°C with 

agitation at 550 rpm. On the next day, the digestion was stopped by adding TFA to a final 

concentration of 1%. Sep-pak C18 cartridges were washed with 1 ml of methanol followed by 

1 ml of 80% ACN and 3x 1 ml 0.1% TFA by applying vacuum until the solution is right above 

the filter. The sample was loaded with a lower vacuum pressure and washed with 3x 1 ml 0.1% 
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TFA. Afterwards the samples were eluted into Eppendorf tubes by adding 500 µl 40% ACN 

followed by 500 µl 60% ACN to the columns and completely dried in a SpeedVac at 45°C for 

2 h. The purified dried peptides were resuspended in 20 µl EPPS (200 mM EPPS, pH 8.2, 20% 

ACN) and measured via peptide assay (Thermo Fisher Scientific, Germany). 10 µg of peptides 

were labeled by tandem mass tags (TMT) (at a ratio of 2:1; TMT:peptide) for 1 h at RT. Labeling 

process was stopped by adding 1 µl of 5% hydroxylamine and incubation for at least 15 min at 

RT. Label incorporation (>98%) and digestion efficiency (>84% without missed cleavage) was 

confirmed by C18 stage tipping a mixture of 0.5 µl of each sample followed by an analysis via 

LC-MS/MS. Peptides were fractionated into 8 fractions using the Pierce high-pH reversed 

phase fractionation kit (Thermo) according to manufacturer`s instructions, dried in a vacuum 

concentrator and resuspended in 2% ACN, 1% formic acid for LC-MS analysis. 

4.2.5.3 Mass spectrometry analyses 

Peptides were separated on an easy nLC 1200 (Thermo Fisher) and a 20 cm long, 75µm ID 

fused-silica column, which has been packed in house with 1.9 µm C18 particles (Reprosil pur, 

Dr. Maisch) and kept at 45°C using an integrated column oven (Sonation). Peptides were 

eluted by a non-linear gradient from 4-48% acetonitrile over 25 minutes (IP-samples) or 175 

minutes (fractionated proteome samples) and directly sprayed into a QExactive HF mass-

spectrometer equipped with a nanoFlex ion source (Thermo Fisher). 

For IPs, MS-settings were as follows: Full scan MS spectra (300-1650 m/z) were acquired at 

a resolution of 60.000 at m/z 200, a maximum injection time of 20 ms and an AGC target value 

of 3 x 106 charges. Up to 15 most intense peptides per full scan were isolated using a 1.6 Th 

window and fragmented using higher energy collisional dissociation (normalized collision 

energy of 27). MS/MS spectra were acquired with a resolution of 30.000 at m/z 200, a 

maximum injection time of 64 ms and an AGC target value of 1 x 105. Single charged ions, 

ions with a charge state above 6 and ions with unassigned charge states were not considered 

for fragmentation and dynamic exclusion was set to 20 s. 

For TMT-labelled, fractionated proteome samples, we used MS-settings as follows: Full scan 

MS spectra (350-1400 m/z for proteomes) were acquired at a resolution of 120.000 at m/z 200, 

a maximum injection time of 100 ms and an AGC target value of 3 x 106 charges. Up to 10 

most intense peptides per full scan were isolated using a 1 Th window and fragmented using 

higher energy collisional dissociation (collision energy of 35). MS/MS spectra were acquired 

with a resolution of 60.000 at m/z 200, a maximum injection time of 128 ms and an AGC target 

value of 1 x 105. Single charged ions, ions with a charge state above 6 and ions with 

unassigned charge states were not considered for fragmentation and dynamic exclusion was 

set to 20 s. 
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4.2.5.4 Mass spectrometry data processing 

Data analysis was done with MaxQuant [269] (version 1.6.1.0) adapted for each sample-type, 

i.e. “type” was set to “standard” with “multiplicity” set to 1 and applying the MaxLFQ algorithm 

[270] with minimum ratio count set to “1” for label-free IP-samples and “Reporter ion MS2” for 

the TMT-labelled proteome samples applying the isotope correction factors supplied with the 

TMT10-kit. Fragment spectra were searched against the Uniprot mouse reference proteome 

(downloaded September 2017, 60163 sequences), with a false discovery rate of 1% on PSM 

and protein level and requiring at least one unique peptide for identification. For IP-samples, 

the “match between runs”-option as well as “second peptides” were activated using default 

settings, while these features were switched off for the analysis of TMT data. For quantification, 

only unique peptides were considered, while unmodified versions of oxidized Methionine-

containing peptides were also included. All other parameters were set as default. Since 

MaxQuant provides only non-normalized reporter intensities, values were quantile normalized 

using the Normalyzer package [271] in R [272]. 

4.2.6 Animal experiments 

C57BL/6 (wild-type) mice were bought from Charles River Laboratories. Breeding pairs for 

Cd14-/- mice were purchased from Jackson Laboratory and expanded in the animal facility. 

Tlr2-/- and Tlr4-/- mice were provided by Dr. M. Freudenberg (Max Planck Institute for 

Immunobiology and Epigenetics, Freiburg, Germany). Tlr2-/-/Tlr4-m mice (Tlr2-/- mice carrying 

a functional TLR4 mutation) were provided by Prof. Dr. C.J. Kirschning (Institute of Medical 

Microbiology, University of Duisburg-Essen, Essen, Germany). ABIN1[D485N] mice [147] were 

a generously gift by Philip Cohen (Medical Research Council Protein Phosphorylation and 

Ubiquitylation Unit, University of Dundee, United Kingdom). Mice were housed and paired in a 

specific pathogen-free (SPF) breeding facility at the Goethe University Frankfurt. All animal 

work was done in accordance with the German Animal Protection Law and was approved by 

the Ethics Review Committee for laboratory animals of the District Government of Darmstadt, 

Germany. 

4.2.7 In vivo overexpression of soluble biglycan 

To transiently overexpress soluble biglycan in mice, human biglycan cDNA (hBGN) was 

inserted into the BamHI/SacII site of the pLIVETM (Liver In Vivo Expression) vector under 

control of the albumin promotor [66]. In this way, soluble biglycan is specifically overexpressed 

in the liver and distributed in its soluble form over the circulation into various organs [66]. For 

overexpression, 8-10-week-old C57BL/6 and Cd14-/- mice were given a single intravenous 

injection containing 50 µg of the pLIVE-hBGN vector in 300 μl 5% glucose solution together 
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with ExGen500 TurboFect In Vivo Transfection Reagent (Thermo Fisher Scientific, Germany). 

As a control, empty pLIVE vector was utilized. Mice were transfected with either pLIVE-hBGN 

or pLIVE control for 3 days before animals underwent IRI.  

4.2.8 Induction of renal ischemia/reperfusion injury 

For induction of renal IRI, mice were anaesthetized by an intraperitoneal injection of 

ketamine/xylazine (100 mg/kg and 5 mg/kg, respectively). The fur over the left and right 

kidneys was shaved with a razor and disinfected with 70% ethanol. Only mice which no longer 

reacted to the toe pinch were used for operation to prevent pain. During operation, mice were 

put on a heating plate at 37°C. First, a small midline incision was made over the left kidney. 

The left renal pedicle was tied off with two knots, then distally sectioned and the kidney was 

removed. After ensuring that no blood is leaking out of the wound, the incisions of the 

peritoneum and the skin were closed. Afterwards, a second incision over the right kidney was 

made. The right kidney was taken out of the wound as much as possible without hurting the 

organ. Then, the right artery of the right kidney was clamped for 25 min with an atraumatic 

microaneurysm clamp. During the 25 min, the kidney was protected from drying by applying 

0.9% NaCl solution. After 25 min the clamp was removed and the restoration of blood flow was 

observed for 1 min until the kidney returned to its original color and placed back into the 

peritoneum. Finally, the incision was closed. Mice were kept in the heating plate until they woke 

up and then transferred into their respective cages. To reduce pain for the animals, 

buprenorphine (0.1 mg/kg) was given by a subcutaneous injection every 8 h, starting before 

operation. Sham-operated mice served as controls and received the same surgical procedures 

except that neither nephrectomy nor application of the microaneurysm clamps was performed. 

Mice were sacrificed 30 h after reperfusion by an intraperitoneal overdose of pentobarbital. 

Blood was collected with heparinized syringes. Afterwards, serum was isolated from the blood 

for ELISA. Kidney tissues were harvested for ELISA, RNA extraction, Western blot analysis 

and histological analysis. One half of the kidneys were fixed in PBS with 4% paraformaldehyde 

and 0.1% Tween 20 at 4°C overnight. Kidneys were then washed 3 times with dH2O and placed 

into plastic tissue cassettes. Subsequently, samples were put into an automatic tissue 

processor for further dehydration and processing with 50%, 75%, 90%, 96%, 100% ethanol, 

isopropanol, xylol, followed by paraffin wax. Ultimately, samples were transferred into a 

stainless tissue ring filled with melted wax, closed with a plastic block and then chilled on a 

cold plate until the wax became solid. Hereafter, wax blocks were removed and stored at RT 

until further analysis. 
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4.2.9 Immunohistochemical staining and quantification 

Tissue structure of kidney sections (4 μm) of paraffin-embedded kidneys from mice was 

determined by periodic acid-Schiff (PAS) staining. Tissue slides were deparaffinized by 

treatment with xylol for 20 min. Then, slides were rehydrated by 3 min incubation steps in 

100%, 95%, 70% and 50% ethanol and finally dH2O. Following rehydration, the tissue was 

oxidized with 0.8% periodic acid for 5 min and rinsed 3 times with dH2O. Subsequently, Schiff´s 

reagent was applied for 15 min to the slides. After that, slides were washed under running 

dH2O. Counterstaining was performed with Mayer's hematoxylin solution. At last, slides were 

washed with tap water and covered with Entellan. The degree of severity of renal damage after 

IRI was graded from 0 to 5 by counting the percentage of tubules, which displayed loss of 

brush border, cast formation, cell necrosis and tubular dilation: 0, none; 1, < 10%; 2, 11%-25%; 

3, 26%-45%; 4, 46%-75%; and 5, > 76% [61]. A minimum of 5 high-power fields with a 

magnification of x200 were used for quantification of each section/sample by 2 observers 

blinded to the study. 

4.2.10 Serum creatinine assay 

Renal failure was analyzed by determination of serum creatinine by using a colorimetric 

Microplate Assay (Cayman chemical, Germany). In order to measure serum creatinine, serum 

samples and standard were mixed with creatinine reaction buffer containing sodium borate, 

sodium hydroxide and surfactant. After adding creatinine color reagent containing 1.2% picric 

acid the Jaffe reaction starts wherein a yellow/orange color is formed depending on the 

concentration of creatinine in the serum. For measurement, absorbance was determined at 

490 nm after 1 min and again after 7 min. Serum creatinine levels were calculated according 

to the equation provided in the manufacturers’ instruction.  

4.2.11 Macrophage isolation and stimulation 

Five days after intraperitoneal injection of 2 ml thioglycolate, mice were anesthetized via 

isoflurane chamber and sacrificed by cervical dislocation. The abdomen was sterilized with 

70% ethanol and the peritoneum was freed from excessive skin and fur. Subsequently, 

peritoneal macrophages were isolated by flushing the peritoneum with PBS. Until stimulation, 

macrophages were cultured in RPMI 1640 supplemented with 1% P/S and 2% FBS. 

Macrophages isolated from C57BL/6 and Cd14−/− mice were stimulated with 4 μg/ml (80 nM) 

intact human biglycan protein in serum-free medium for various time points. To inhibit CD14 

function, macrophages were pre-incubated for 1 h with 10 µg/ml of purified NA/LE rat anti-

mouse CD14 (4C1, BD Biosciences, Germany) or 10 µg/ml of purified NA/LE rat IgG2b, κ 

isotype control (A95-1, BD Biosciences, Germany). 
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4.2.12 Macrophage and tissue lysis 

Macrophage or tissues were lysed in buffer containing 150 mM NaCl, 5 mM Tris-HCl (pH 8.0), 

0.02% NaN3, 0.1% SDS, 1 μg/ml aprotinin, 1% NP-40, 0.5% sodium deoxycholate, 100 μg/ml 

PMSF and 1x protease inhibitors and centrifuged at 10.000 rpm for 10 min at 4°C. Kidney 

tissues were homogenized in lysis buffer containing 137 mM NaCl, 20 mM Tris-HCl (pH 8.0), 

5 mM EDTA, 10% glycerol and 1% Triton X-100. Then samples were centrifuged at 14.000 g 

for 15 min at 4°C. Supernatants were snap-frozen and stored at -80°C for subsequent analysis. 

Pierce BCA Protein Assay Kit was used for determination of total protein concentration. BSA 

standards with a known concentration and samples were diluted in DEPC-treated H2O in a 96-

well plate and mixed with BCA Reagent A and B, prepared according to the manufacturer’s 

protocol. Samples were incubated at 37°C and absorbance was measured at 562 nm. A 

standard curve derived from the BSA standards was utilized to determine protein 

concentrations. 

4.2.13 RNA Isolation and reverse transcription (RT) 

RNA was isolated from kidney tissue or 3x106 murine adherent macrophages using TRI 

Reagent. 1 ml of TRI reagent was put directly on the smashed tissue or cells on ice. Afterwards, 

samples were incubated for 2 min at RT. To separate the DNA from the RNA, 200 µl chloroform 

was added to the samples and the mixture was shaken vigorously for 1 min at RT. After 2 min 

of incubation, samples were centrifuged at 14.000 rpm for 15 min at 4°C. The upper phase 

containing the RNA was transferred into a new tube, precipitated using 550 µl isopropanol and 

vortexed gently. The RNA was left for 10 min at RT and subsequently centrifuged at 14.000 

rpm for 15 min at 4°C. The RNA pellet was washed with 1 ml 80% ice cold ethanol and briefly 

vortexed before centrifugation at 8400 rpm for 5 min at 4°C. Ethanol was discarded and the 

RNA pellet was dried at RT before being resuspended in DEPC-treated water. The RNA 

concentration was determined using the Nano-Drop device and quality checked for an A260/A280 

ratio of 1.8 to 2.0 as well as for a ratio of A260/A230 > 2. For generation of cDNA, 1 µg of RNA 

was reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Germany). Samples were added to the reverse transcription mixture consisting 

out of reverse transcription primers, reverse transcription buffer, dNTP mix and 1 μl 

MultiScribe® Reverse Transcriptase. The reaction mix was filled up with DEPC-treated water 

to 30 µl. To start the reaction, the mixture was incubated for 10 min at RT. Finally, the reaction 

is carried out at 37°C for 2 h and then terminated by incubating at 85°C for 5 min. 

4.2.14 Quantitative real-time PCR 

For real-time quantitative PCR 1 μl of cDNA was either added to Taqman Fast Advanced 

Master Mix (Applied Biosystems, Germany) together with TaqMan Gene Expression Assay 
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primer (Table 13) or Luminaris High Green Low ROX qPCR Mastermix (Thermo Fisher 

Scientific, Germany) with SyBR Green primer pairs (Table 13). 

 

Table 13: TaqMan and SyBR Green primers for qRT-PCR 

Primer Catalog number/ primer sequence 5´- 3´ 

mTnfα Mm00443260_g1 

mCcl2 Mm00441242_m1 

mCcl5 Mm01302427_m1 

mGapdh Mm 99999915_g1 

mGapdh-forward CATGGCCTTCCGTGTTCCTA 

mGapdh-reverse CCTGCTTCACCACCTTCTTGAT 

mHsp70-forward GCAAGGCCAACAAGATCACCAT 

mHsp70-reverse GGCGCTCTTCATGTTGAAGC 

 

Quantification of changes in gene expression were performed in doublets. Samples were 

analyzed using the AbiPrism 7500 Sequence Detection System with the PCR conditions 

shown in table 14 and 15.  

Table 14: PCR protocol for Taqman 

Temperature Time Number of cycles 

95°C  20 sec 1 

95°C  3 sec  

60°C  30 sec 40x 

 

Table 15: PCR protocol for SyBR Green 

Temperature Time Number of cycles 

95°C  10 min 1 

95°C  15 sec  

60°C  60 sec 40x 

 

The dissociation curve of all genes was observed to exclude non-specific amplifications. The 

Ct value (i.e. significant increase in generated fluorescence compared to the background 

signal) of each sample was used to determine relative changes in gene expression. mRNA 

expression of each gene was compared to control, normalized to Gapdh and quantified by the 

2-ΔΔCt method with the following formulas: 
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ΔCt = Ct (gene of interest) – Ct (Gapdh) 

ΔΔCt = ΔCt (control) – ΔCt (sample) 

Fold change = 2-ΔΔCt 

4.2.15 Enzyme-linked immunosorbent assay (ELISA) 

ELISA kits were used according to the manufacturer’s instructions to determine cyto- and 

chemokine levels in either cell culture supernatants of mouse peritoneal macrophages or in 

tissue lysates from isolated mouse kidneys. Briefly, capture antibody was diluted in PBS and 

coated on 96-well plates overnight at RT. The next day, unbound antibody was washed away 

with wash buffer (PBS with 0.05% Tween-20) and non-specific bindings sites were blocked 

with 1% BSA for 1 h. Plates were washed again 3 times and samples as well as standards of 

known concentration were diluted and incubated for 2 h. Afterwards, unbound proteins were 

removed by washing for 3 times. Biotin-labeled detection antibody was applied for 2 h and 

subsequently washed 3 times. Thereafter, streptavidin-HRP was coupled to the detection 

antibody by incubation for 20 min in the dark. Finally, after washing, probes were developed 

by addition of equal volumes of stabilized hydrogen peroxide and stabilized 

tetramethylbenzidine until desired intensity. Reaction was stopped by addition of 1 M sulfuric 

acid. Optical density was analyzed at 450 nm with a reference wavelength of 570 nm. In case 

of ELISAs from kidney lysates, the measurements were normalized to total protein 

concentration of the homogenate that was determined by BCA Assay. The following ELISA 

kits from R&D Systems (Germany) were used: murine TNF-α, (DY410), CCL2 (DY479) and 

CCL5 (DY478). 

4.2.16 SDS-Page and Western blotting 

Sodium-dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to 

separate proteins according to their molecular weight. Polyacrylamide concentration was 

adjusted according to the desired fractionation range of the proteins of interest. Samples were 

concentrated to one band in a 5% stacking gel (0.125 M Tris-HCl pH 6.8, 0.1% SDS, 5% 

acrylamide, 0.05% TEMED, 0.01% APS) and separated according to their size on a separation 

gel (0.375 M Tris-HCl pH 8.8, 0.1% SDS, 0.05% TEMED, 0.01% APS) containing typically 6-

15% acrylamide. Protein samples were mixed with 4x loading buffer (125 mM Tris-HCl pH 6.8, 

20% glycerol, 6% SDS, 10% mercaptoethanol, 0.02% bromphenolblue) and boiled for 10min 

at 95°C. Gels were run in SDS-Page running buffer (25 mM Tris-HCl, 192 mM glycine, 0.1% 

SDS) with a constant voltage between 70 and 100. After SDS-PAGE electrophoresis, the 

proteins were transferred to a Hybond Amersham nitrocellulose membrane or pre-activated 

polyvinyl difluoride (PVDF) membrane in transfer buffer (25 mM Tris-HCl, 192 mM glycine, 

20% (v/v) isopropanol) at 250 mA for 1 h followed by 350 mA for 30 min. Afterwards, the 
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membrane was shortly washed in TBST (125 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.05% 

Tween-20) and blocked in blocking buffer (5% non-dry fat milk in TBST) for 1 h. The membrane 

was incubated gently shaking with primary antibody (Table 16) diluted in blocking buffer 

overnight at 4°C. On the following day, the membrane was washed 3x 10 min with TSBT and 

incubated with secondary HRP antibody. After 3 washing steps á 10 min, the membrane was 

developed using Pierce ECL Western Blotting Substrate or SuperSignal West Femto maximum 

sensitivity substrate for 1 min and detected with X-ray films in the dark. The optical density of 

bands was quantified using the Quantity one software (Bio-Rad, Germany) and normalized to 

a housekeeping gene. 

 

Table 16: Western blot antibodies 

Antibody 

against 

Catalog 

number 
Host Dilution Company 

Biglycan TA302434 Goat IgG 1:2000 in ROTI 
Acris,  

Germany 

β-actin A5441 Mouse IgG 1:5000 in 5% milk 
Sigma Aldrich, 

Germany 

CD14 ab182032 Mouse IgG1 1:1000 in 5% milk 
Abcam,  

Germany 

HSP70 ab181606 Rabbit IgG 1:1000 in 5% milk 
Abcam,  

Germany 

P-38 #9211 Rabbit 1:1000 in 5% BSA 
Cell Signaling, 

Germany 

p38 #9212 Rabbit 1:1000 in 5% BSA 
Cell Signaling, 

Germany 

P-p44/42 #9101 Rabbit 1:1000 in 5% BSA 
Cell Signaling, 

Germany 

p-44/42 #9102 Rabbit 1:1000 in 5% BSA 
Cell Signaling, 

Germany 

P-NF-κB p65 

(Ser536) 

(93H1) 

#3033 Rabbit 1:1000 in 5% BSA 
Cell Signaling, 

Germany 

NF-κB p65 

(T180/Y182) 
sc-109 Rabbit IgG 1:1000 in 5% milk Santa Cruz, Germany 

Rabbit IgG NA934V 
Donkey IgG 

HRP 

1:3500 in buffer of 

primary AB 

GE healthcare, 

Germany 

Mouse IgG NA931V 
Sheep IgG 

HRP 

1:5000 in buffer of 

primary AB 

GE healthcare, 

Germany 

Goat IgG 705-035-147 
Donkey IgG 

HRP 

1:3500 in buffer of 

primary AB 

Jackson 

ImmunoResearch 

Laboratories, USA 

ABIN-1 15104-1-AP Rabbit IgG 1:1000 in 5% milk 
Proteintech, United 

Kingdom 

GFP sc-9996 Mouse IgG2a 1:500 in 5% milk Santa Cruz, Germany 
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LC3B NB100-2220 Rabbit IgG 1:8000 in 5% milk 
Novus Biologicals, 

Germany 

HA Sc7392 Mouse IgG2a 1:500 in 5% milk Santa Cruz, Germany 

TOM20 sc17764 Mouse IgG2a 1:500 in 5% milk Santa Cruz, Germany 

VDAC1 Ab14734 Mouse IgG2b 1:1000 in 5% milk 
Abcam,  

Germany 

MFN2 Ab56889 Mouse IgG2a 1:1000 in 5% milk 
Abcam,  

Germany 

COXII Ab110258 Mouse IgG2a 1:1000 in 5% milk 
Abcam,  

Germany 

Parkin Sc32282 Mouse IgG2b 1:500 in 5% milk Santa Cruz, Germany 

 

4.2.17 Co-immunoprecipitations 

Co-immunoprecipitation (IP) of CD14 and intact biglycan was done using Protein A Agarose 

affinity chromatography matrix immobilized with anti-biglycan antibody and recombinant 

biglycan complexes bound via the irreversible cross-linker BS3 according to manufacturer’s 

description. Shortly, 2 mg protein of macrophage lysate derived from WT and Cd14-/- mice was 

added to the agarose resin coupled with biglycan and eluted via addition of protein loading 

buffer at 95°C for 8min. Subsequently, eluates were digested with chondroitinase ABC enzyme 

in presence of 1x protease inhibitor and 50 mM acetate at 37°C for 2 h to remove the GAG 

chains of biglycan [53, 266] and transferred to SDS-PAGE and Western blotting. 

For immunoprecipitation of HA-tagged proteins, hABIN-1-HA was transiently overexpressed in 

HeLa cells for 24 h. The next day cells were treated with BafA1 for 4 h and lysed. Afterwards, 

16 µl of Pierce Anti-HA Magnetic Beads were washed 3 times with PBS containing 0.05% 

Tween 20 by magnetic separation. A total of 800 µg protein lysate with protease inhibitors was 

added to the magnetic beads and incubated for 2 h at 4°C on a rotator. Afterwards, beads 

were washed 3 times with ice cold PBS containing 0.05% Tween 20 and eluted in 2x loading 

buffer at 95°C for 8 min and analyzed by SDS-PAGE and Western blotting. 

4.2.18 GFP-Trap 

Immunoprecipitation of GFP-tagged proteins was performed using the GFP-Trap®_MA kit. 

Briefly, GFP-Trap beads were vortexed and 25 µl were pipetted into 500 µl of ice-cold dilution 

buffer containing 10 mM Tris-HCl (pH 7.5), 150 mM NaCl and 0.5 mM EDTA. Beads were 

magnetically separated and washed for a total of 3 times. For protein binding, 800 µg of lysate 

from cells expressing GFP-fusion proteins was added together with protease inhibitors to the 

GFP beads, filled up to a total volume of 500 µl and incubated for 1 h at 4°C on a rotator. After 

incubation, beads were washed 3 times with dilution buffer. Then, beads were resuspended in 

40 µl 2x loading buffer and boiled at 95°C for 10 min to dissociate the complexes from the 
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beads. Afterwards, eluates were transferred to SDS-PAGE and Western blotting or stored at -

80°C.  

4.2.19 GST protein expression and pulldown 

LC3A, LC3B and 4xUbiquitin (4xUb) were cloned into the pGEX-4T-1 (GE healthcare, 

Frankfurt am Main) vector, while ABIN-1 either as full length, LIR1-, LIR2- or double LIR-

mutated (LIR1+2) variant was cloned into the pMAL-c2x (NEB, Frankfurt am Main) vector. 

GST-tagged proteins or MBP-tagged ABIN-1 were expressed by transformation in Escherichia 

coli BL21 (DE3) cells in LB medium and grown until an OD600 of 0.5-0.8 (bacteria in log-phase). 

Protein expression was induced by adding 0.5 mM Isopropyl-β-D-thiogalactopyranosid (IPTG) 

overnight at 16°C in a shaking incubator to reduce the likelihood of misfolded or aggregated 

proteins. The next day, cells were harvested, resuspended in lysis buffer containing 20 mM 

Tris-HCl (pH 7.5), 10 mM EDTA, 5 mM EGTA and 150 mM NaCl, sonificated and incubated 

for 50 min at 4°C. Lysates were centrifuged at 8000 rpm for 20 min at 4°C and then applied to 

washed glutathione sepharose 4B (GST) beads or amylose resin for 2 h at 4°C on a rotator. 

After 3 times washing with 20 mM Tris-HCl (pH 7.5) and 150 mM NaCl, purified fusion proteins 

were directly used for GST-pulldown. MBP-tagged ABIN-1 was added to GST-fused protein 

beads and incubated for 2 h at 4°C on a rotator. Subsequently, beads were centrifuged, 

washed for 3 times with wash buffer and eluted by boiling in 2x SDS loading buffer at 95°C for 

8 min. Finally, purities of GST-fusion proteins were analyzed by Coomassie staining using 

InstantBlue Protein Gel Stain, while binding of MBP-tagged ABIN-1 to GST-fusion proteins 

was detected by Western blot. 

4.2.20 Mitochondrial degradation assays 

To track the degradation of mitochondrial substrates, either 0.8x106 HeLa-mCherry-Parkin or 

ABIN-1 KO-mCherry-Parkin (clone 16 or 27) cells were seeded 1 day before treatment in 

growth medium without antibiotics. For mCherry-Parkin protein expression, 0.5 µg/ml 

doxycycline (DOX) was added to the medium. Cells were stimulated with 10 µM 

oligomycin/antimycin A (referred to as OA) for 30 min, 2 h or 4 h. For a longer treatment period 

of 24 h, the concentration of OA was reduced to 1 µM, while 0.5 µg/ml DOX was added 

simultaneously to OA treatment. The degradation of mitochondrial substrates was observed 

via Western blot analysis. 

4.2.21 Mitochondrial fractionation 

For the isolation of a highly enriched mitochondrial fraction, 3.3x106 HeLa-mCherry-Parkin 

cells were seeded in 100 mm dishes 24 h before stimulation in growth medium containing 0.5 

µg/ml DOX to induce mCherry-Parkin protein expression. The next day cells were either 



MATERIAL AND METHODS 

56 
 

treated with 10 µM OA or 10 µM DMSO as control for 4 h. Then, cells were washed once with 

ice-cold PBS, carefully scraped and transferred into 15 ml falcons, followed by a washing step 

with 10 ml ice-cold PBS. Cells were centrifuged at 6000 g for 5 min at 4°C, resuspended in 1 

ml Cytosol Extraction Buffer containing DTT and protease inhibitors and incubated for 10 min 

on ice. Afterwards, cells were homogenized using an ice cold Dounce tissue grinder by 40 

passes on ice. The homogenates were transferred into microcentrifuge tubes and centrifuged 

at 700 g for 10 min at 4°C. The pellet was discarded and the supernatant was centrifuged at 

10.000 g for 30 min at 4°C, resulting in a cytosolic supernatant and a pellet containing intact 

mitochondria. Mitochondrial pellet was lysed with 100 µl of Mitochondrial Extraction Buffer 

containing DTT and protease inhibitors, vortexed for 10 sec and saved at -80°C. All 

fractionations were analyzed by Western blot. 

4.2.22 Microscale thermophoresis 

Binding affinities of intact biglycan and biglycan protein core with recombinant human CD14 

were analyzed by microscale thermophoresis (NanoTemper Technologies, Germany). 

Recombinant intact biglycan and His-tagged biglycan protein core with a starting concentration 

of 20 µM were labeled with the red fluorescent dye NT-647 (Cy5) by using a Monolith Protein 

Labeling Kit Red (NanoTemper Technologies, Germany) according to the manufacturer’s 

instructions. A 12-fold titration series of recombinant His-tagged CD14 (2 µM to 0.977 nM) 

diluted 1:1 with PBST (0.05% Tween-20 in PBS) was performed. The concentration of NT-

647–labeled biglycan or NT-647-labeled biglycan protein core-His was kept constant (11 nM). 

The binding of NT-647-labeled albumin (Thermo Fisher Scientific, Germany) or NT-647-

labeled His-tagged albumin (antibodies-online, Germany) to His-tagged CD14 and His-tagged 

biglycan protein core were used as negative controls in order to exclude protein-His tag or His 

tag-His tag interactions, respectively. Before measurements, binding partners were incubated 

for 30 min in the dark to guarantee binding of the proteins. Afterwards, samples were 

centrifuged for 5 min at 13000 g to remove large aggregates and then aspirated into glass 

capillaries. The thermophoretic movement of labeled proteins was monitored with a laser On 

for 30 s and Off for 5 s at a laser power of 100%. The Monolith NT.115 device (NanoTemper 

Technologies, Germany) was used for measurement. Fluorescence was measured before 

laser heating (FInitial) and after 30 s of laser-on time (FHot). Binding curves were generated by 

normalizing the data to fraction bound. In case of the negative controls, the normalized 

fluorescence FNorm= FHot/FInitial was plotted directly and multiplied by a factor of 10, generating 

a relative change in fluorescence per mill (parts per thousand, ‰) specified as FNorm [‰]. FNorm 

represents the concentration ratio of labeled molecules. Error bars shows standard deviation 

from three measurements. KD values were calculated by using the NanoTemper analysis 
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software (NanoTemper Technologies, Germany) and averaged from three independent 

thermophoresis measurements. 

4.2.23 Flow cytometry 

4.2.23.1 FACS analysis of infiltrating macrophages 

Fresh kidneys from either IRI- or Sham-operated mice were digested in 5 ml 0.5 mg/ml 

Collagenase A in DMEM with 10% FBS at 37°C for 45 min. After digestion, kidney 

homogenates were filtered through a 70 µm cell strainer with ice cold PBS. Afterwards, cells 

were centrifuged for 10 min at 1400 rpm at 4°C. ACK buffer containing 0.15 M NH4Cl, 10 mM 

KHCO3 and 0.1 mM Na2EDTA was used to lyse all red blood cells. Lysis was stopped by 

addition of 30 ml of ice-cold PBS. Then, cells were centrifuged again at 1400 rpm at 4°C for 

10 min and were subsequently washed with FACS buffer (1% FBS, 0.1% NaN3 in PBS). 

Washed cells were incubated for 10 min with anti-CD16/32 (FCγ RIII/II) to inhibit unspecific 

staining during antibody incubation. F4/80-PE and CD11b-APC were used as antibodies to 

mark infiltrating macrophages together with corresponding isotype controls. After 30 min of 

incubation in the dark at 4°C, cells were washed once with FACS buffer and then fixed with 

1% paraformaldehyde. To exclude dead cells from the analysis, cells were additionally 

supplemented with -amino-actinomycin D (7-AAD) prior to analysis. All samples were 

measured at the FACSCanto II flow cytometer and analyzed via the FACS Diva Software.  

4.2.23.2 Isolation and analysis of leukocytes from renal tissues 

Kidney were collected, minced with a scalpel and incubated with 0.5 mg/ml Collagenase A in 

DMEM with 10% FBS at 37°C for 45 min. Afterwards, the homogenates were filtered through 

a 70 µm cell strainer, filled up with ice cold PBS and centrifuged at 1400 rpm at 4°C for 10 min. 

The supernatant was discarded. Mononuclear cell isolation was done via Percoll density 

gradient centrifugation (72% and 37%). The remaining cells were resuspended in 25 ml of 37% 

Percoll. Then, 15 ml of 72% Percoll were layered carefully at the bottom of the 37% Percoll 

with a syringe and a long needle. Percoll gradient was centrifuged at 1500 rpm for 30 min at 

RT without break. Mononuclear cells were then transferred from the interface between the 37% 

and 72% Percoll to a new falcon tube and washed once with ice cold PBS. Cells were 

resuspended in ice-cold ACK buffer for 5 min and washed with PBS before staining for flow 

cytometry. Unspecific staining was prevented by treatment with anti-mouse CD16/32 (FCγ 

RIII/II). Subsequently, cells were washed with FACS buffer and stained with anti-mouse F4/80-

PE and anti-mouse CD38-APC for 30 min at 4°C. CD38-APC represents a newly described 
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exclusive M1-macrophage marker [273] with high specificity. Respective isotype controls were 

used as a control. 

4.2.23.3 Mito-mKEIMA assay 

For the mt-mKEIMA assay, HeLa FlpIn TRex cells (clone 33) stably expressing mt-mKEIMA 

and doxycycline-inducible Parkin (generous gift from Jonas Michaelis, IBCII, Frankfurt am 

Main) were seeded into 6-well plates one day before siRNA knockdown in growth medium 

without antibiotics. The next day, siRNA knockdown of hABIN-1 was performed as described 

before for a period of 48 h with siRNA against hABIN-1 or siRNA Co. After 24 h, 0.25 µg/ml 

DOX was added to the cell culture medium to for the induction of Parkin expression. After 42 

h, cell culture medium was replaced with fresh medium containing 0.25 µg/ml DOX. At the 

same time, cells were stimulated with DMSO (10 μM), OA (10 μM) or OA (10 μM) together with 

BafA1 (200 nM) for a period of 6 h. Then, cells were washed with 2 ml PBS, trypsinized and 

centrifuged at 800 g for 3 min at 4°C. Cells were resuspended in 1 ml of ice-cold PBS and 

immediately analyzed. 20.000 fluorescent cells per sample were collected and analyzed by 

FACS for dual-excitation at 405 (pH 8) and 561 (pH 4) nm with 610/20 nm emission filters. By 

analysis of the 561 nm: 405 nm ratio, the percentage of lysosomal mt-mKEIMA can be 

calculated. Experiments were performed with BD LSRFortessa equipped with 405, 488, 561 

and 640 nm LASER. 

4.2.23.4 Analysis of autophagic flux by FACS 

In order to determine autophagic flux by flow cytometry, HeLa FlpIn TRex cells (clone 37) 

stably expressing mKEIMA-hLC3B (generous gift from Jonas Michaelis, IBCII, Frankfurt am 

Main) were seeded into 6-well plates 24 h before siRNA transfection with siRNA hABIN-1 or 

siRNA Co. After 44 h growth medium was replaced and cells were treated with either DMSO 

(1 μM), Torin-1 (1 μM) or Torin-1 with BafA1 (200 nM) for 4 h. Alternatively, cells were starved 

by medium replacement to EBSS or EBBS in combination with BafA1 (200 nM) for 4 h. Cells 

were then processed and analyzed in the same way as described for the mt-mKEIMA assay.  

4.2.24 Immunofluorescence microscopy  

4.2.24.1 Imaging of macrophages via super-resolution microscopy 

4x105 peritoneal mouse macrophages were seeded 24 h before stimulation on tissue culture-

treated 8-well chamber glass slides. For stimulation, either biglycan (4 µg/ml) or DMSO were 

added to the cell culture medium for 30 min. Afterwards, macrophages were washed once with 

PBS and fixed with 4% paraformaldehyde at 4°C for 30 min. After 3 times washing with PBS, 
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cells were permeabilized with 0.2% Triton X-100 for 30 s and blocked in 5% BSA in PBS for 1 

h at RT. Primary antibody incubation with either rabbit anti-mouse phospho-p38 MAPK 

(T180/Y182), phospho-p44/42 MAPK (Thr202/Tyr204) or phospho-NF-κB p65 (S536) was 

performed by overnight incubation at 4°C (Table 17). The next day, macrophages were 

washed with 3 times with PBS and incubated with goat anti-rabbit IgG Alexa-Flour488 for 1 h 

in the dark at RT. Then, macrophages were washed 2 times with PBS, once in H2O. Nuclei 

were stained by mounting the slides in VECTASHIELD Antifade Mounting Medium including 

DAPI. Fluorescence images were taken with a 63x, 1.3 oil-immersion objective, using a Zeiss 

LSM780 ELYRA PS.1 Super Resolution confocal microscope. Merge images show single 

optical sections (<0.8 µm), collected with the pinhole set to 1 Airy Unit for the green channel 

and adjusted to give the same optical slice thickness in the blue channels. All images were 

obtained in single confocal planes and super-resolved (Structured Illumination Microscopy, 

SIM) by utilization of the Zeiss software ZEN2012 SP5, with filters set at 488/405 nm for dual-

channel imaging and Z-stacks acquired at 0.36 µm intervals. All images were analyzed using 

Adobe Photoshop CS6. 

4.2.24.2 Imaging of HeLa cells by laser scanning microscopy 

0.15x106 HeLa cells stably expressing mEGFP-hABIN-1 (DOX-inducible) were seeded in 6-

well plates on autoclaved round microscope cover glasses in growth medium without 

antibiotics. To analyze co-localization of hABIN-1 with LC3B, cells were transfected the next 

day with mCherry-hLC3B-pcDNA3.1 (a gift from David Rubinsztein; Addgene plasmid #40827) 

using FuGENE HD Transfection Reagent. In case of co-localization studies of hABIN-1 with 

LAMP-1, cells were left un-transfected. At the same time, growth medium was supplemented 

with 0.5 μg/ml DOX to induce mEGFP-hABIN-1 protein expression. After 20 h, medium was 

replaced and cells were either treated with BafA1 (300 nM), Torin-1 (1 μM) or DMSO (1 μM) 

for 4 h. Afterwards, cells were rinsed with PBS and fixed with methanol for 10 min at -20°C. 

Cells were washed 3 times with PBS and blocked for 1 h in 5% FBS in PBS at RT. After rinsing 

with PBS, cells were either stained with anti-LAMP-1 antibody (Table 17) diluted in PBS 

containing 5% FBS overnight at 4°C. In contrast, mCherry-hLC3B-transfected cells were only 

blocked in antibody diluent overnight at 4°C. The next day, cells were rinsed 3 times with PBS 

and if necessary incubated with Goat anti rabbit IgG Alexa-Flour 594 for 1 h in the dark at RT. 

Then, cells were washed with PBS, once with H2O and mounted using VECTASHIELD 

Antifade Mounting Medium including DAPI. Images were acquired using the Leica SP8 laser-

scanning microscope and analyzed using Fiji-ImageJ software. 
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Table 17: Immunofluorescence antibodies 

Antibody 

against 

Catalog 

number 
Host Dilution Company 

phospho-p38 

MAPK 

(T180/Y182) 

#9211 Rabbit IgG 1:200 in 5% BSA 
Cell Signaling, 

Germany 

phospho-

p44/42 MAPK 

(Thr202/Tyr204) 

#9101 Rabbit IgG 1:200 in 5% BSA 
Cell Signaling, 

Germany 

phospho-NF-κB 

p65 (S536) 
#3033 Rabbit IgG 1:200 in 5% BSA 

Cell Signaling, 

Germany 

LAMP-1 ab24170 Rabbit IgG 1:400 in 5% BSA Abcam, Germany 

Rabbit IgG #A-11008 
Goat IgG Alexa-

Flour 488 
1:400 in 5% BSA 

Life Technologies, 

Germany 

Rabbit IgG #A-11012 
Goat IgG Alexa-

Flour 594 
1:400 in 5% BSA 

Life Technologies, 

Germany 

 

4.2.25 Statistics 

All data are expressed as means ± SD. An unpaired, 2-tailed, Student t test was used to 

evaluate the differences between 2 groups. For comparisons among more than 2 groups, a 

one-way ANOVA was used, followed by Bonferroni post hoc test (GraphPad Prism 6, San 

Diego, CA). Differences were considered significant at P values < 0.05. 
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5 Results 

PART I 

 
The main parts of the results written in 5.1 are described in the publication “Biglycan is a new 

high-affinity ligand for CD14 in macrophages” in the journal Matrix Biology [274].  

5.1 CD14 governs biglycan-mediated pro-inflammatory signaling 

So far, research focused on the interaction of biglycan to TLR2 and TLR4. Detailed work 

revealed that biglycan triggers inflammation by selectively interacting with TLRs and the 

corresponding TLR adaptor molecules TRIF or MyD88. Accordingly, biglycan engages 

TLR2/4/MyD88 in order to induce the expression of TNF-α, CCL2 and CCL20, whereas 

selective interaction of biglycan with TLR4/TRIF triggers CCL5 and CXCL10 expression [61, 

62, 66]. The specific interactions of biglycan with various receptors complicate the identification 

of a druggable target to alleviate biglycan-induced inflammation. Interestingly, in 2005, 

biglycan was found in a high molecular weight complex together with MD2 and CD14 [31]. As 

CD14 is known to facilitate the recognition of various TLR ligands [86, 117], we decided to 

investigate the impact of CD14 in biglycan-triggered TLR2/4 signaling. 

5.1.1 Biglycan-mediated TLR2/4 signaling is CD14-dependent 

In order to investigate if CD14 is required for biglycan-mediated pro-inflammatory TLR2 and 

TLR4 signaling we isolated thioglycolate-elicited peritoneal macrophages from wild-type (WT) 

C57BL/6, Tlr2-/-, Tlr4-/-, Tlr2-/-/Tlr4-m and Cd14-/- mice and analyzed them after biglycan 

stimulation via either qRT-PCR or ELISA. Biglycan stimulation led to a high induction of TNF-α 

and CCL2 on both protein and mRNA levels in WT mice. In agreement with our previous 

findings [31, 66, 67], genetic ablation of TLR2 or TLR4 led to a significant reduction of TNF-α 

(Fig. 5.1 A and B) and CCL2 (Fig. 5.1 C and D), proving TLR2/TLR4-dependency in these 

cases. Interestingly, TLR4 knockout had greater effects on CCL2 protein levels as compared 

to mRNA, while TLR4 could be validated as the main receptor for TNF-α in both cases. 

Consistently, with our previous findings [66], biglycan-mediated induction of CCL5 could be 

determined as TLR4-dependent, since TLR2 ablation did not affect biglycan-induced mRNA 

or protein levels (Fig. 5.1 E and F). As expected, Tlr2-/-/Tlr4-m mice did not display any 

biglycan-mediated induction of TNF-α, CCL2 and CCL5 (Fig. 5.1 A-F). Importantly, Cd14-/- 
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mice showed no increase in TNF-α, CCL2 or CCL5 levels upon biglycan-stimulation, mimicking 

the double-deficient TLR2/4 mice (Fig. 5.1 A-F).  

 

Figure 5.1. Biglycan-induced TNF-α, CCL2, CCL5 and HSP70 production in mouse peritoneal 

macrophages is CD14-dependent. (A-G) Macrophages isolated from C57BL/6 (WT), Tlr2-/-, Tlr4-/-, 

Tlr2-/-/Tlr4-m and Cd14-/- mice and treated with biglycan (4 μg/ml). Quantitative qRT-PCR of Tnfα (A), 

Ccl2 (C), Ccl5 (E) and Hsp70 (G) mRNA, normalized to Gapdh and given as fold induction to untreated 

controls. ELISA analysis from the conditional media for protein levels of TNF-α (B), CCL2 (D) and CCL5 

(F). Peritoneal macrophages were stimulated with biglycan for either 2 h (A and G) or 12 h (B-F). Data 

are given as means ± standard deviation (SD); (A-F) n = 3; (G) n = 6; *P < 0.05; n.s. = not significant. 
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To proof that CD14 is also needed for biglycan-mediated TLR2 signaling we evaluated the 

expression levels of HSP70, which is induced in macrophages solely in a TLR2-dependent 

manner [67]. In peritoneal macrophages from the same genetic backgrounds as described 

above, we confirmed TLR2-dependency of biglycan-mediated HSP70 induction. In agreement 

with this, a TLR4-deficiency showed no effect on biglycan-induced HSP70 levels after 2 h of 

stimulation (Fig. 5.1 G). Notably, Hsp70 mRNA levels were not induced upon biglycan 

stimulation in Cd14-/- mice on a comparable level to Tlr2-/- or Tlr2-/-/Tlr4-m mice (Fig. 5.1 G). 

This data provides robust evidence that CD14 is critical for pro-inflammatory biglycan signaling 

over TLR2 and TLR4. 

Since, CD14 deficiency provided a strong genetic in vitro evidence that TLR2/4-mediated pro-

inflammatory signaling of biglycan is CD14-dependent (Fig. 5.1), we investigated if we could 

corroborate our data by pharmacologically neutralization of CD14. Primary murine peritoneal 

macrophages isolated from WT mice were pre-incubated with an antibody directed against 

CD14 or a corresponding IgG isotype control for 1 h before biglycan stimulation (Fig. 5.2 A-C).  

 

Figure 5.2. Antibody-mediated inhibition of CD14 reduces biglycan-induced TNF-α, CCL2, CCL5 

and HSP70 protein levels in mouse peritoneal macrophages. (A-D) Macrophages derived from WT 

mice were pre-incubated with a specific CD14 antibody (anti-CD14; 10 μg/ml) or respective IgG isotype 

control (10 μg/ml) for 1 h and then treated with biglycan (4 μg/ml) for 12 h (A-C) or 30 min (D). ELISA 

(A-C) of TNF-α, CCL2 or CCL5 protein levels measured in the conditional media of macrophages. (D) 

Western blot analysis of HSP70 protein levels in whole cell lysates. HSP70 protein levels were 

normalized to β‑actin. Data represent means ± SD; n = 3; *P < 0.05; n.s. = not significant. 
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Protein analysis revealed that biglycan-stimulated macrophages secreted significantly less 

TNF-α, CCL2 or CCL5 into the conditioned media after pre-incubation with an anti-CD14 

antibody (Fig. 5.2 A-C). In the same line, HSP70 protein levels derived from whole macrophage 

lysates showed that pharmacological inhibition of CD14 halved biglycan-induced HSP70 levels 

compared to the IgG isotype control or unstimulated situation (Fig. 5.2 D). 

 

To further investigate the role of CD14 as the co-receptor for TLR2 and TLR4 in biglycan-

mediated signaling, HEK-Blue cells expressing hTLR2/CD14 (Fig. 5.3 A) as well as 

hTLR4/CD14/MD2 (Fig. 5.3 B), all carrying a reporter gene, were used. Transcriptional 

activation of NF-κB was monitored by active secreted alkaline phosphatase (SEAP). Since 

biglycan as a ligand of TLR2 and TLR4 is known to induce and activate translocation of NF-

κB in immune cells [31], the HEK-Blue system was used as a direct readout. Peptidoglycan 

(PGN) and lipopolysaccharide (LPS) were used as positive controls and ensured that the cell 

lines only react to the respective TLR ligand. To ascertain whether CD14 is an important co-

receptor of biglycan, an anti-CD14 antibody was used to inhibit biglycan-mediated TLR2/4 

signaling. Transcriptional NF-κB activation could significantly be reduced by applying an anti-

CD14 antibody prior to stimulation with biglycan whereas the respective IgG isotype control 

showed no effect (Fig. 5.3 A and B). Since CD14 facilitates the binding of LPS to the TLR4-

MD2 complex [275] and binding of PGN to TLR2 [276], the blocking potential of the anti-CD14 

antibody was tested upon stimulation of the corresponding cell lines by either PGN or LPS. In 

both cases, inhibition of CD14 led to significant attenuation of SEAP activity (Fig. 5.3 A and B). 

This shows that CD14 is needed for proper activation of biglycan-induced NF-κB signaling over 

TLR2/4. 

 

Figure 5.3. Biglycan-induced activation of TLR2/4/NF-κB is CD14-dependent. NF-κB activity 

represented as activity of secreted alkaline phosphatase (SEAP) in (A) HEK-Blue-hTLR2/CD14 and (B) 

HEK-Blue-hTLR4/CD14 cells determined using QUANTI-Blue. Cells were pre-treated with anti-CD14 

antibody (10 μg/ml) or IgG isotype control (10 μg/ml) for 1 h and stimulated with biglycan (4 µg/ml), 

peptidoglycan (2 µg/ml) and lipopolysaccharide (LPS, 2.5 ng/ml) for 12 h. Data is shown as relative light 

units (RLU). Data represent means ± SD; n = 3; *P < 0.05. 
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5.1.2 CD14 is required for biglycan-mediated downstream signaling 

To examine if CD14 affects biglycan-mediated downstream signaling we isolated primary 

murine peritoneal macrophages from WT and Cd14-/- mice and checked for the 

phosphorylation of p38, p44/42 and NF-κB. As biglycan-stimulation leads to a rapid activation 

of p38, p44/42 and NF-κB [31], we analyzed the phosphorylation status of p38 (T180/Y182), 

p44/42 (T202/Y204) and NF-κB (S536) by Western blot analysis after 30 min of biglycan 

stimulation. As expected, protein levels of P-p38, P-p44/42 and P-NF-κB all increased upon 

biglycan-stimulation in WT mice. Interestingly, the effect on intracellular signaling proteins by 

biglycan was completely abrogated in Cd14-/- mice (Fig. 5.4). 

 

 
Figure 5.4. Biglycan-induced activation of p38 MAPK, p44/42 and NF-κB is dependent on CD14 

in mouse peritoneal macrophages. Macrophages derived from WT or Cd14-/- mice were stimulated 

with biglycan (4 μg/ml) for 30 min and analyzed by immunoblotting for phosphorylated P-p38 

(T180/Y182), P-p44/42 (T202/ Y204) and P-p65 NF-κB (S536). n = 3. 

 

One hallmark during the activation process of p38 [277, 278] and p44/42 [279] is their nuclear 

translocation. This process is also described for NF-κB [280], whereas its intracellular 

localization highly depends on the phosphorylation of the p65 subunit either at serine 468 or 

536 [281]. In order to verify CD14-dependent regulation on biglycan-induced activation and 

translocation of p38, p44/42 and NF-κB, we isolated peritoneal macrophages from WT and 

Cd14-/- mice and analyzed them by confocal microscopy. For this purpose, macrophages were 

stimulated with biglycan for 30 min and subsequently stained with antibodies against P-p38, 

P-p44/42 and P-p65 NF-κB. After biglycan stimulation we observed phosphorylation 

(T180/Y182) (in green) as well as translocation of cytosolic p38 MAPK protein into the nucleus 

in WT macrophages (Fig. 5.5, left panel, upper and lower images). In the same way, we could 

show translocation of p44/42 after its phosphorylation at T202/Y204 (Fig. 5.5, middle panel, 

upper and lower images) in response to biglycan stimulation. In support to our Western blot 

data, macrophages derived from Cd14-/- mice showed no translocation of p38 and p44/42 upon 

biglycan stimulation (Fig. 5.5, left and middle panel, upper and lower images). Additionally, 

biglycan induced the phosphorylation of the p65 NF-κB subunit at S536, in turn triggering its 

partial translocation into the nucleus in WT macrophages (Fig. 5.5, right panel, upper and lower 

images). In contrast, phosphorylation of p65 NF-κB was nearly undetectable in Cd14-/- 
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macrophages (Fig. 5.5, right panel, upper and lower images). Thus, CD14 represents a critical 

upstream element in biglycan-mediated downstream signaling. 

 
Figure 5.5. CD14 deficiency blocks biglycan-induced phosphorylation and translocation of p38 

MAPK, p44/42 and NF-κB. Confocal images from WT- and Cd14-/--derived macrophages of 

phosphorylated P-p38 (T180/ Y182, green, left panel, upper and lower images), P-p44/42 (T202/Y204, 

green, middle panel, upper and lower images) or P-p65 NF-κB (S536, green, right panel, upper and 

lower). Nuclei (intimated by dotted lines, lower panel) were stained with DAPI (blue, upper panel). Scale 

bar indicates 10 μm; n = 3. 

5.1.3 Biglycan binds CD14 in macrophages with high affinity 

Biglycan binds mainly to TLR2 and TLR4 [61] via the conserved binding motif L-Q-X1-L/V-Y-

X2 at LRR2 and LRR10 (Hsieh, unpublished data). As CD14 contains many LRR motifs [115], 

we analyzed the potential complex formation between biglycan and CD14 in primary peritoneal 

macrophages from WT and Cd14-/- mice by Co-immunoprecipitation utilizing recombinant 

biglycan. Co-immunoprecipitation with an anti-biglycan antibody revealed that biglycan indeed 

forms a complex with CD14 in macrophages (Fig. 5.6).  

 

Figure 5.6. Biglycan forms a complex with CD14 in macrophages. Recombinant biglycan was 

immobilized on Pierce columns by an anti-biglycan antibody and used for Co-immunoprecipitation (Co-

IP) with macrophage lysates of WT (Cd14+/+) and Cd14-/- mice. Immunocomplexes were analyzed by 

Western blot. As negative controls, either anti-biglycan antibody (biglycan -) or lysate (macrophage 

lysate -) were left out of the Co-IP. 
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Direct binding between CD14 and biglycan was analyzed by microscale thermophoresis 

(MST). Binding affinities were quantified by determination of the respective dissociation 

constants (KD). To this end, recombinant His-tagged CD14 was serial diluted at a ratio of 1:1 

with a starting concentration of 2 µM. A fixed amount of fluorescent-labeled recombinant intact 

biglycan or His-tagged biglycan protein core were added to initiate direct binding in pure buffer 

conditions. MST analysis showed direct binding between fluorescent-labeled intact biglycan to 

CD14-His with a KD of 67 ± 11 nM (Fig. 5.7 A). Interestingly, this binding affinity exceeds the 

binding capabilities of biglycan to TLR2 and TLR4 by nearly two-fold [61]. A loss of both GAG 

chains, using only fluorescent-labeled His-tagged biglycan protein core together with His-

tagged CD14 revealed a slight increase in binding affinity with a KD of 54 ± 18 nM (Fig. 5.7 C). 

Therefore, GAG chains seem to be irrelevant for binding of biglycan to CD14. As expected, no 

binding affinities between CD14-His to albumin (Fig. 5.7 B) or His-tagged biglycan protein core 

to His-tagged albumin (Fig. 5.7 D) could be determined, thereby excluding unspecific binding.  

 
Figure 5.7. Direct interaction of biglycan with CD14. (A-D) Microscale thermophoresis (MS) 

interaction analysis of recombinant CD14-His and either soluble biglycan (A), soluble biglycan protein 

core-His (C) or soluble albumin (B) and soluble biglycan protein core-His and soluble albumin-His (D). 

Dose response curves were either expressed as fraction bound (A and B) or as normalized fluorescence 

as no binding was observed. KD values and error bars (indicating SD) were calculated from three 

independent measurements. FNorm = normalized fluorescence; KD = dissociation constant. 
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5.1.4 Biglycan-triggered induction of pro-inflammatory mediators during renal IRI 

is CD14-dependent 

To test, whether our findings might also be applicable for in vivo situation we tested 

biglycan/CD14-dependency in a mouse model of renal ischemia/reperfusion injury (IRI). 

Previous studies showed that soluble biglycan aggravates the outcome of renal IRI in a 

TLR2/4-dependent manner [61]. In renal IRI, overexpression of biglycan increases protein 

levels of TNF-α, CCL2 and CCL5 in plasma and reperfused kidneys, leading to the recruitment 

of several types of immune cells into the inflamed kidney [61]. Additionally, in macrophages, 

the anti-inflammatory effect of biglycan on the maturation of IL-1β through synthesis and 

activation of NOX2 is counteracted by biglycan/TLR2-induced expression of HSP70 [74]. To 

reveal potential beneficial effects of CD14-depeletion for biglycan-mediated exacerbation of 

renal IRI, we evaluated the effects of CD14 deficiency on biglycan-triggered renal expression 

of TNF-α, CCL2, CCL5 and HSP70 under both physiological and pathological conditions. For 

this purpose, soluble biglycan was transiently overexpressed 3 days before IRI in WT and 

Cd14-/- mice using the pLIVE-vector system by a single intravenously injection [61, 66, 75]. 

Using this approach, biglycan is specifically overexpressed in hepatocytes over the albumin 

promotor and released in its soluble form into the blood stream, reaching various organs [53, 

66]. Empty pLIVE vector-injected animals were utilized as corresponding controls. IRI was 

performed for a total duration of 30 h, while sham operated animals served as additional 

controls. Overexpression of soluble biglycan in sham-operated WT mice by pLIVE-hBGN 

resulted in a significant increase in Tnfα, Ccl2, Hsp70 and Ccl5 mRNA (Fig. 5.8 A, C, E and 

G) and protein levels (Fig. 5.8 B, D, F and H) compared to pLIVE-injected WT mice. TNF-α 

and CCL5 levels from reperfused kidneys of pLIVE-hBGN-injected mice showed comparable 

levels to pLIVE-injected WT mice undergoing IRI. Furthermore, we found that during IRI, 

hBGN-overexpression substantially increased mRNA (Fig. 5.8 A, C, E and G) and protein 

levels (Fig. 5.8 B, D, F and H) of Tnfα, Ccl2, Hsp70 and Ccl5 compared to pLIVE-injected WT. 

To proof that CD14 deficiency shows beneficial effects via impairment of biglycan signaling, 

Cd14-/- mice underwent same procedure as WT mice. Interestingly, CD14 deficiency abolished 

the biglycan-induced expression of Tnfα, Ccl2, Hsp70 and Ccl5 on both, mRNA and protein 

level in sham-operated as well as in IRI-subjected mice (Fig. 5.8). Notably, Tnfα, Ccl2, Ccl5 

and Hsp70 mRNA and protein levels were overall lower in pLIVE-injected Cd14-/- mice 

compared to pLIVE-injected WT mice, indicating a renoprotective effect by CD14 deficiency. 

Altogether, CD14-depletion rescued and, in some cases, even improved the pro-inflammatory 

phenotype of mice which underwent IRI or hBGN-overexpression. Therefore, CD14 seems to 

represent a crucial element in biglycan-induced expression of TNF-α, CCL2, CCL5 and HSP70 

in renal IRI. 
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Figure 5.8. Transient overexpression of soluble biglycan in murine renal ischemia/reperfusion 

injury triggers the expression of TNF-α, CCL2, HSP70 and CCL5 via CD14. Quantitative qRT-PCR 

of mRNA expression of Tnfα (A), Ccl2 (C), Hsp70 (E) and Ccl5 (G) in kidneys from pLIVE-hBGN- or 

pLIVE-injected WT or Cd14-/- mice either sham operated or subjected to renal IRI (30 h). mRNA 

expression was normalized to Gapdh and shown as fold induction compared to WT. ELISA (B, D and 

H) of TNF-α (B), CCL2 (D) and CCL5 (H) or Western blot analysis of HSP70 (F) in kidney homogenates. 

HSP70 protein levels were normalized to β‑actin. Data represent means ± SD; n = 6 per group; *P < 

0.05. 
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5.1.5 CD14 is pivotal for biglycan-induced renal macrophage recruitment during IRI  

IRI is characterized through a vast release of DAMPs which lead to the activation of the innate 

immune system by engaging PRRs, triggering both cell death and chemo- and cytokine release 

[282]. The acute inflammation caused by ischemia and reperfusion is accompanied by 

infiltrating immune cells like neutrophils, monocytes, dendritic cells and macrophages, which 

are detrimental modulators of disease outcome [283-285]. We have previously shown that 

overexpression of biglycan triggers macrophage recruitment into the kidney [66]. Furthermore 

we were able to show that biglycan-induced renal macrophage recruitment is dependent on 

the expression of the macrophage chemoattractants CCL2 and CCL5 [31, 61, 66, 67]. As 

CD14-depletion affected the mRNA and protein levels of CCL2 and CCL5 we asked ourselves, 

whether CD14 deficiency affects biglycan-induced macrophage recruitment. To this end, we 

determined the number of CD11b- and F4/80-positive cells by FACS in total kidney 

homogenates from pLIVE- or pLIVE-hBGN-injected WT or Cd14-/- mice after 30 h of IRI.  

 

Figure 5.9. Biglycan-dependent increase of renal macrophage infiltration in renal 

ischemia/reperfusion injury is lowered by CD14 deficiency. (A and B) FACS analysis of pLIVE-

hBGN- or pLIVE-injected WT and Cd14-/- mice subjected to renal IRI (30 h) or sham-operation. pLIVE-

hBGN or pLIVE empty vector were injected 3 days before renal IRI or sham-operation. (A and B) 

Quantification of F4/80+CD11b+ cells in kidney homogenates. Data are given as means ± SD; n = 6 per 

group; *P < 0.05.  
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In vivo overexpression of hBGN under physiological conditions already increased the number 

of F4/80+CD11b+ cells in the kidneys of sham-operated WT mice (Fig. 5.9 A and B). As 

expected, pLIVE-injected WT mice which were subjected to IRI showed a strong renal 

infiltration of F4/80+CD11b+ cells, which was further increased in pLIVE-hBGN-injected WT 

mice (Fig. 5.9 A and B). In contrast, the number of F4/80+CD11b+ cells in the kidneys of IRI-

subjected Cd14-/- mice were reduced compared to WT mice (Fig. 5.9 A and B). Moreover, the 

number of F4/80+CD11b+ cells did not increase upon hBGN-overexpression in Cd14-/- mice 

during sham-operation or IRI. In conclusion, this data suggest that biglycan-triggered renal 

macrophage recruitment is completely dependent on the presence of the CD14 co-receptor. 

Previous research could show that the majority of renal infiltrating macrophages during the 

early phase of IRI is polarized as a M1 phenotype, who classically induce cytotoxicity and 

tissue injury, thereby impacting on the outcome of renal IRI [286, 287]. CD14 has a critical role 

in M1 polarization of macrophages [134].  

 

 
Figure 5.10. Biglycan triggers M1 macrophage polarization in renal IRI in a CD14-dependent 

manner. (A and B) WT and Cd14-/- mice were injected with pLIVE-hBGN or pLIVE empty vector 3 days 

prior of being subjected to renal IRI (30 h) or sham-operation. (A and B) Quantification of F4/80+CD38+ 

M1 macrophages in kidney-derived MNCs by FACS. Data are given as means ± SD; n = 6 per group; 

*P < 0.05. MNCs = mononuclear cells. 
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To corroborate our findings regarding F4/80+CD11b+ cells, we asked ourselves whether 

biglycan and CD14 could also be involved in M1 macrophage recruitment during renal IRI. For 

this purpose we extracted mononuclear cells by gradient centrifugation from pLIVE- or pLIVE-

hBGN-injected WT or Cd14-/- mice and analyzed the subset of M1 macrophages by FACS 

through staining with antibodies against F4/80 and CD38, a newly described highly specific 

marker for M1 macrophages [273]. Interestingly, FACS analysis revealed that overexpression 

of human biglycan in WT mice resulted in increased numbers of renal M1 macrophages 

compared to pLIVE-injected control mice (Fig. 5.10 A and B). Moreover, WT mice which 

underwent 30 h of IRI showed a huge increase in the number of M1 macrophages compared 

to sham-operated mice, while an overexpression of soluble biglycan further amplified this effect 

(Fig. 5.10 A and B). In contrast, CD14 ablation abolished the biglycan-mediated increase of 

renal M1 macrophages in sham-operated animals. In line with previous data, M1 macrophage 

numbers in ischemic Cd14-/- mice were significantly reduced compared to WT mice (Fig. 5.10 

A and B). Consistently, renal M1 macrophage numbers were not elevated in response to 

soluble biglycan overexpression in Cd14-/- mice during IRI (Fig. 5.10 A and B). Hence, these 

results show that soluble biglycan is able to trigger M1 macrophage recruitment into the kidney 

in a CD14-dependent manner. 

5.1.6 Biglycan aggravates the outcome of renal IRI in a CD14-dependent manner 

To unmask, if CD14 deficiency has beneficial effects on the biglycan-induced renal tubular 

damage during IRI, we analyzed PAS-stained kidney sections from sham-operated or IRI-

subjected pLIVE- or pLIVE-hBGN-injected WT and Cd14-/- mice. PAS-stained kidney sections 

were analyzed by two observers blinded to the study. Severe tubular damage during IRI was 

designated by widespread tubular dilatation, loss of brush border, cast formation and tubular 

necrosis. Overexpression of soluble biglycan did not induce tubular damage in WT and 

Cd14-/- mice in sham-operated mice (Fig. 5.11 A and B). However, a considerable amount of 

tubular damage could be observed in IRI-subjected WT and Cd14-/- mice. In this case, pLIVE-

hBGN-injection in WT mice worsened tubular damage, when compared to pLIVE-injected WT 

littermates. On the contrary, biglycan-induced aggravation of tubular damage during IRI was 

completely absent in Cd14-/- mice (Fig. 5.11 A and B). At the same time, we could observe less 

IRI-induced tubular damage in Cd14-/- mice compared to WT mice (Fig. 5.11 A and B). As 

another parameter for assessing tubular damage, we measured serum creatinine levels. 

Creatinine is normally removed from the blood by glomerular filtration in the kidney. Due to 

kidney damage, the glomerular filtration rate is decreased, creatinine levels rise in serum and 

can be used to estimate renal function [288]. Each genotype subjected to IRI showed 

enhanced serum creatinine levels, while Cd14-/- mice exhibited significant lower levels (Fig. 

5.11 C). Moreover, serum creatinine levels were increased in IRI-subjected pLIVE-hBGN-



RESULTS 

73 
 

injected WT mice compared to pLIVE-injected littermates (Fig. 5.11 C). Importantly, tubular 

damage and serum creatinine levels reflecting renal function positively correlated in both 

experiments (Fig. 5.11 A-C). As a result, we draw the conclusion that a lack of CD14 alleviates 

biglycan-induced renal damage during physiological and IRI conditions. As CD14 is essential 

for both biglycan-induced TLR2 and TLR4 signaling, CD14 could represent a promising 

therapeutic target for inflammatory diseases with high biglycan levels. 

 
Figure 5.11. Biglycan-dependent renal damage is alleviated by CD14 deficiency in renal 

ischemia/reperfusion injury. (A) PAS stained kidney sections sham-operated control or 30 h 

reperfused IRI kidneys of WT and Cd14-/- mice either injected with pLIVE-hBGN or pLIVE empty vector. 

Scale bar = 50 μm. (B) Semiquantitative scoring of tubular damage. (C) Serum creatinine levels of 

pLIVE-hBGN- or pLIVE-injected WT and Cd14-/- mice after 30 h of IRI or sham-operation. Data represent 

means ± SD; n = 6 per group; *P < 0.05. 
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PART II 

GST-pulldown experiments were performed in collaboration by Dr. Jaime López-Mosqueda 

from Prof. Ivan Dikic´s group at the Institute of Biochemistry II, Frankfurt am Main. Mass 

spectrometry experiments were done in collaboration with Dr. Georg Tascher from the lab of 

Dr. Christian Münch within the SFB1177 Autophagy. Molecular cloning was done in 

collaboration with Eric Kowarz from the lab of Prof. Dr. Rolf Marschalek of the Institute of 

Pharmaceutical Biology, Frankfurt am Main. 

5.2 ABIN-1 is a potential autophagy receptor for damaged 

mitochondria 

ABIN-1 is an important intracellular player in sterile inflammation which potently suppresses 

inflammatory signaling downstream of TLRs [151]. Moreover, ABIN-1 specifically binds to K63- 

or M1-linked and not to K48-linked ubiquitin chains via its UBAN domain [147]. Through its 

polyubiquitin binding function, ABIN-1 inhibits NF-κB and MAPK activation [143, 289] as well 

as TNF-induced apoptosis by inhibiting FADD-caspase-8 association [149]. Notably, the UBAN 

domain of ABIN-1 shares sequence homology with optineurin, which exhibit similar inhibitory 

roles in TNF-induced NF-κB activation but impacts also on cell division, vesicular trafficking 

and functions as a selective autophagy receptor [290]. Moreover, ABIN-1 binds K63- and M1-

linked ubiquitin chains, thought to preferentially mark cargo for the recognition of the selective 

autophagy machinery [207]. Therefore, we aimed to examine if ABIN-1 functions as a new 

selective autophagy receptor. 

5.2.1 Interactome and proteome analysis of ABIN-1 by mass spectrometry 

To identify new interaction partners of ABIN-1 during pathogen-induced inflammation, we 

performed immunoprecipitation of ABIN-1 followed by mass spectrometry (IP-MS) in WT 

spleen homogenates from mice subjected to sepsis by LPS-induced endotoxemia. 

Immunoprecipitated proteins were extracted after SDS-Page, in-gel digested and identified by 

label-free liquid chromatography tandem mass spectroscopy (LC-MS/MS). Only proteins found 

in both groups consisting out of 3 replicates were regarded as possible hits. Moreover, proteins 

which were identified by only one peptide hit were considered false positive and therefore 

excluded from the whole analysis. Proteins with a -log 10 p-value > 2.0 and a log2 ratio of ± 

0.5 were regarded as significantly changed between both groups. Full interactome analysis 

revealed 86 significantly enriched or decreased proteins upon LPS-stimulation. As expected, 

ABIN-1 (TNIP1) was highly enriched in IP-MS. Moreover, several known binding proteins of 

ABIN-1 such as TNFAIP3 (A20) [291], TRAF1 [147] and Nuclear factor NF-κB p105 [292] could 

be validated. Besides the identified proteins enriched or decreased upon LPS-induced sepsis, 
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we focused our attention on the high amount of proteins connected to autophagy. Intrudingly, 

IP-MS of ABIN-1 showed several bona fide candidates connected to auto- and mitophagy 

including MAP1LC3B, ATG5, ATG7, Beclin-1, TOM20, VDAC1 and LAMP1 (Fig. 5.12 A). 

Proteins were filtered by Gene Ontology (GO) terms linked to cellular processes associated 

with autophagy or mitophagy and analyzed by STRING: functional protein association 

networks. STRING analysis of all autophagy-related proteins showed two cluster of proteins 

resembling various core proteins of the basic autophagy machinery as well as distinct 

mitochondrial outer membrane proteins connected to mitophagy (Fig. 5.12 C), further 

supporting ABIN-1 involvement in these processes.  

ABIN1[D485N] mice have a disrupted K63 and linear ubiquitin binding, resulting in enhanced 

MAPK and NF-κB-mediated gene transcription and signaling. Accordingly, ABIN1[D485N] 

mice develop a severe type of autoimmune disease with systemic lupus erythematosus (SLE) 

like characteristics [147]. In order to determine new signaling pathways regulated through the 

ability of ABIN-1 to bind and regulate ubiquitinated proteins, we performed proteome analysis 

from primary murine peritoneal macrophages derived from WT and ABIN1[D485N] mice. For 

this purpose, unstimulated macrophages were in-solution digested, labeled via TMT and 

analyzed by LC-MS/MS in 4 replicates for each group. Proteins with a -log 10 p-value of greater 

than 2.0 and a log2 ratio of ± 0.5 were regarded as significantly changed between both groups. 

Analysis showed 6294 unique proteins identified by MS, while 261 proteins were significantly 

up or downregulated in ABIN1[D485N] mice compared to WT mice. As expected, several 

proteins involved in innate immunity and cytokine regulation such as PYCARD (6.46-fold 

increase), Nuclear factor NF-κB p100 (7.13-fold increase), HMGB1 (6.15-fold increase) and 

ICAM1 (14.18-fold increase) were significantly enriched in ABIN1[D485N] mice with 

dysregulated immune system (Fig. 5.12 B). Interestingly, defective ubiquitin binding of ABIN-1 

resulted in the accumulation of two protein connected to mitophagy, mitofusin 2 (MFN2) (5.23-

fold increase) and TBC1 domain family member 17(TBC1D17) (5.29-fold increase) (Fig. 5.12 

B). MFN2, as part of the outer mitochondrial membrane (OMM) is ubiquitinated during 

mitophagy and subsequently recognized by selective autophagy receptors for 

autophagosomal degradation [232]. Moreover, cells with depleted MFN2 are unable to recruit 

Parkin to mitochondria, resulting in the accumulation of damaged mitochondria [293, 294]. In 

contrast, TBC1D17 regulates the autophagic engulfment of mitochondria by impacting on 

Rab7 activity [295]. Additionally, WDR45b a protein connected to autophagy was decreased 

in ABIN1[D485N] mice by 17.5-fold. WDR45, homologous to yeast Atg18, provides a scaffold 

for the autophagy signal control and is involved in autophagosome formation [296] (Fig. 5.12 

B). Hence, ABIN-1 may be involved in auto- and mitophagy by regulating the target-oriented 

degradation of autophagy substrates, likely through its ability to recognize ubiquitinated cargo. 
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Figure 5.12. Interactome and proteome analysis associates ABIN-1 with autophagy. (A) Volcano-

plot of ABIN-1 immunoprecipitation in combination with mass spectrometry (IP-MS). WT macrophages 

were stimulated with or without lipopolysaccharide (LPS) for 4 h and immunoprecipitated with anti-ABIN-

1 antibody. The logarithmic ratios of protein intensities are plotted against negative logarithmic p-values 

of the t-test. The hyperbolic curve separates specifically interacting proteins marked in red under LPS 

condition. Autophagy-related proteins from the whole interactome are marked with green circles, 

whereas mitophagy-related proteins are labeled with blue circles. (B) Volcano-plot of full proteome 

analysis of macrophages derived from ABIN1[D485N] mice compared with WT mice. Peptides with a 

log2 ratio (ABIN1[D485N]-WT) ± 0.5 and -log 10 p value > 2.0 are displayed as significantly decreased 

(green) or significantly enriched (red). (C) STRING-network analysis of all autophagy- and mitophagy-

related interaction partners of ABIN-1 from (A). Cluster of mitophagy-related proteins is highlighted in 

blue while the cluster containing core autophagy proteins is highlighted in green. (A) n = 3; (B) n = 4.  
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5.2.2 ABIN-1 forms a complex with LC3B  

Selective autophagy requires target-oriented delivery of cargo into LC3-containing 

autophagosomes by selective autophagy receptors. Most of the autophagy receptors rely on 

cargo recognition though a ubiquitin-binding domain (UBD). Bound cargo is then delivered to 

LC3-coated phagophores via a conserved LC3-interacting region (LIR) motif [219]. Since, IP-

MS of ABIN-1 revealed various proteins connected to autophagy, including LC3B (Fig. 5.12 A 

and B) and ABIN-1 is known to bind linear and K63-linked ubiquitin chains [147], we asked 

ourselves if ABIN-1 represents an undescribed autophagy receptor. One prerequisite of 

ABIN-1 to be structurally related to autophagy receptors represents the ability to specifically 

bind LC3 via a LIR domain. The canonical LIR sequence consists out of the motif [W/F/Y]0-X1-

X2-[L/V/I]3 in which the position X0 and X3 are conserved through all known LIRs and Phe (F) 

and Trp (W) are most represented at position X0 [169]. Moreover, the N- and C-terminal region 

is often flanked by acidic residues such as Asp (D), Glu (E), Ser (S) or Thr (T) which constitute 

potential phosphorylation sites as part of an extended LIR [169]. Motif mapping of human 

ABIN-1 revealed two undescribed LIR motifs at the amino acids 83 to 86 (FDPL) and 125 to 

128 (FEVV) (Fig. 5.13 A). 

 

Figure 5.13. ABIN-1 is in complex with LC3B. (A) Schematic representation of the domain architecture 

of ABIN-1. The alignment of LIR motifs of known autophagy receptors is illustrated underneath. LIR 

sequences are emphasized in bold. (B) HeLa cells were transiently transfected with hABIN-1-HA or 

empty vector control (Vector Co). 24 h after transfection, cells were incubated with BafA1 (200 nM) for 

4 h, immunoprecipitated using anti-HA-beads and analyzed by immunoblotting. (C) Reciprocal IP of (B) 

using HeLa cells transfected with EGFP-LC3B and hABIN-1-HA for 24 h. Cells were incubated with 

BafA1 (200 nM) for 4 h, immunoprecipitated using anti-GFP-beads and analyzed by Western blot. 

β-ACTIN served as loading control for the input whereas immunoprecipitated ABIN-1-HA or EGFP-LC3B 

were used as loading controls for the respective immunoprecipitations. LIR = LC3-interacting region, 

UBAN = ubiquitin-binding domain in ABIN and NEMO. (B) n = 3; (C) n = 2. 
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This motif is conserved in the murine variant of ABIN-1 at the amino acids 84 to 87 (FDDL) 

and 137 to 140 (FEVV). To determine if ABIN-1 binds LC3B in vitro, HeLa cells were 

transfected with HA-tagged hABIN-1 or empty plasmid control and incubated with the 

autophagosome-lysosome fusion inhibitor Bafilomycin A1 (BafA1) for 4 h to enrich for 

autophagosomal complexes. Subsequently, cells were lysed and subjected to Co-

immunoprecipitation (Co-IP) via HA antibody. Co-IP studies showed that ABIN-1-HA binds 

predominantly the lipidated form of endogenous LC3B (LC3B-II) (Fig. 5.13 B). Binding 

specificity was validated by reciprocal IP of hABIN-1-HA by enhanced green fluorescent 

protein (EGFP)-tagged LC3B (Fig. 5.13 C). In summary, ABIN-1 interacts with LC3B likely 

through its two newly described LIR motifs. Considering the ability of ABIN-1 to bind 

ubiquitinated proteins, we postulate that ABIN-1 may serve as an autophagy receptor during 

selective autophagy.  

5.2.3 LIR motifs of ABIN-1 mediate binding to LC3 proteins 

To determine if both LIR motifs are required for the binding of ABIN-1 to LC3B we utilized site 

directed mutagenesis to insert single point mutations at either ABIN-1 Phe83 → Ala83 and Leu86 

→ Ala86 (F83A/L86A, referred to as LIR1) or Phe125 → Ala125 and Val128 → Ala128 

(F125A/V128A, referred to as LIR2). Concurrently, site directed mutagenesis was used to 

inactivate the UBAN domain of ABIN-1 by mutating Asp472 → Asn472 (D472N, referred to as 

UBAN), disabling its ability to bind linear and K63-linked ubiquitin chains [147]. To this end, 

HA-tagged hABIN-1 was overexpressed either as a full length (FL), LIR1-, LIR2-, double LIR 

(LIR1+2)-mutated or ubiquitin-binding defective variant (UBAN) in HeLa cells. Subsequently, 

ABIN-1-HA-transfected HeLa cells were treated with BafA1 for 4 h and Co-immunoprecipitated 

with HA antibody. Co-IP analysis revealed that ABIN-1 is in complex with LC3B and has a high 

affinity to LC3B-II (Fig. 5.14 A). Mutation of LIR1 reduced the binding affinity to LC3B-II, 

whereas a mutation of LIR2 led to a stronger reduction in the binding capabilities of ABIN-1 to 

LC3B (Fig. 5.14 A). As expected, mutation of both LIR domains (LIR1+2) abrogated the 

interaction of ABIN-1 with LC3B, while the ubiquitin-binding defective variant of ABIN-1 bound 

equally good to LC3B as compared to ABIN-1-HA FL (Fig. 5.14 A). Glutathione‑S‑transferase 

(GST) pull-down experiments, employing ABIN-1 full-length protein and ABIN-1 LIR mutant 

proteins were performed to verify the observations made by Co-IP and to test direct interaction 

between ABIN-1 and LC3 proteins. GST alone or fused to either 4xUbiquitin (4xUb), LC3A or 

LC3B were expressed in E. coli, immobilized on GST-agarose beads and incubated with 

recombinant maltose binding protein (MBP)-tagged ABIN-1. Consistent with the results 

obtained from Co-IP studies, single point mutations in both LIR domains abrogated the 

interaction of ABIN-1 to LC3B (Fig. 5.14 B). Interestingly, GST-pulldown verified that the LIR2 

domain of ABIN-1 is more essential for binding to LC3B compared to LIR1. In contrast, both 
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LIR domains mediate the interaction to LC3A, since only double LIR-mutated ABIN-1 showed 

no binding to LC3A. All mutants were still able to bind linear ubiquitin chains fused to GST 

(GST-4xUb). Therefore, the LIR domains mediate the binding of ABIN-1 to LC3 proteins, 

whereas the LIR2 domain encompassing amino acids 125 to 128 shows stronger binding 

affinities to LC3B than the LIR1 domain.  

 

 

Figure 5.14. ABIN-1 binds to LC3B in a LIR-dependent manner. (A) HeLa cells were either 

transfected with empty vector control (Vector Co), plasmids encoding hABIN-1-HA full length (FL), or 

mutants defective in the LIR1-, LIR2-, LIR1+2- or UBAN-domain for 24 h. Transfected cells were treated 

with BafA1 (200 nM) for 4 h, subjected to immunoprecipitation with anti-HA antibody and analyzed for 

LC3B by Western blotting. β-ACTIN served as loading control for the input while immunoprecipitated 

ABIN-1-HA served as loading control for the immunoprecipitation. (B) GST-pulldown assay of ABIN-1 

or the indicated mutants. Purified GST, GST4x-Ubiquitin (Ub), GST-LC3A or GST-LC3B purified from 

E. coli was immobilized on GST beads and incubated with bacterial purified MBP-tagged ABIN-1 protein. 

ABIN-1 fused to MBP was detected by Western blotting. Ponceau S staining was used to visualize GST-

fusion proteins. (A) n = 2; (B) n = 3. 

5.2.4 ABIN-1 co-localizes with autophagic markers 

In an effort to validate ABIN-1 involvement in autophagy we analyzed the co-localization of 

ABIN-1 with the autophagic markers LC3B and LAMP-1 by laser-scanning microscopy. For 

this purpose, HeLa cells stably expressing DOX-inducible monomeric enhanced green 

fluorescent protein (mEGFP)-hABIN-1 were either co-transfected with mCherry-LC3B or 
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stained for endogenous LAMP-1. The expression pattern of mEGFP-hABIN-1 showed even 

distribution in the cytosol under basal conditions and did not cluster into cytoplasmatic 

mCherry-LC3B or endogenous LAMP-1 containing structures (Fig. 5.15 A and C). Upon 

induction of autophagy with the mTOR inhibitor Torin-1 and blockage of lysosomal fusion with 

BafA1 for 4 h, mEGFP-hABIN-1 highly localized to LC3B-positive vesicles.  

 

Figure 5.15. ABIN-1 co-localizes with autophagic markers. (A-D) Representative confocal images of 

HeLa cells overexpressing mEGFP-ABIN-1 (green). (A and B) Cells were co-transfected with mCherry-

LC3B (red) for 24 h and treated with Torin-1 (1 μM) and BafA1 (300 nM) for 4 h. (C and D) HeLa cells 

were stimulated with Torin-1 (1 μM) for 4 h. Endogenous LAMP-1 was immunostained with anti-LAMP-

1 antibody (red). Nuclei were stained with DAPI. Scale bars = 10 μm. n = 3. 
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Moreover, by single treatment with Torin-1 for 4 h, mEGFP-hABIN-1 clustered into LAMP-1 

containing lysosomes (Fig. 5.15 D). In summary, ABIN-1 binds and localizes to LC3B- and 

LAMP1-positive vesicles upon autophagy induction, supporting the concept that ABIN-1 

represents a potential autophagy receptor. 

5.2.5 ABIN-1 is processed via the autophagic pathway 

Next, we tried to evaluate if ABIN-1 protein levels are influenced by the autophagic machinery. 

To this end, HeLa cells were by incubated with the mTOR-inhibitor rapamycin or in combination 

with BafA1 for various time points and analyzed by immunoblotting. ABIN-1 protein levels 

significantly increased after 4 h and 24 h of rapamycin/BafA1 treatment, while rapamycin-

treatment alone elevated ABIN-1 protein levels only after 4 h (Fig. 5.16 A and B). Similarly, co-

treatment of rapamycin and BafA1 led to an accumulation of the known autophagy receptor 

p62 at all time points, whereas rapamycin failed to induce p62 accumulation after 24 h (Fig. 

5.16 A and C). Accumulation of ABIN-1 can be attributed to an increase in the formation of 

autophagosomes or just an impaired autophagosome-lysosome fusion. Therefore, BafA1 was 

used to inhibit autolysosome content degradation to differentiate between both cases [297]. 

ABIN-1 and p62 protein levels were significantly increased at 4 h by combinational treatment 

of rapamycin and BafA1 compared to rapamycin treatment alone (Fig. 5.16 A-C), showing 

autophagic flux of both proteins. Hence, we decided to use 4 h of autophagy induction as our 

starting point for further experiments. To verify autophagy induction and inhibition of 

autophagosome-lysosome fusion we monitored LC3B protein levels of the same cell lysates. 

As expected, rapamycin treatment increased the lipidation of LC3B-I to LC3B-II, while 

rapamycin and BafA1 incubation induced a massive accumulation of LC3B-II (Fig. 5.16 A). 

Intriguingly, we expected that p62 and ABIN-1 proteins would be degraded after prolonged 

autophagy stimulation, yet both protein levels remained increased. It is conceivable that the 

steady-state levels of p62 and ABIN-1 were not affected due to a compensation through de 

novo synthesis of both proteins [298]. To corroborate our findings, we asked ourselves whether 

ABIN-1 protein levels would increase by co-treatment of rapamycin and BafA1 compared to 

the corresponding single treatment. HeLa cells were stimulated with rapamycin and BafA1 for 

4 h and analyzed by Western blot for ABIN-1 and p62 protein levels. Interestingly, ABIN-1 

protein levels significantly increased upon treatment with rapamycin and BafA1 compared to 

either rapamycin or BafA1 alone (Fig. 5.16 D and E). Moreover, p62 showed a similar 

expression pattern in response to rapamycin and BafA1, however p62 protein levels upon 

BafA1 treatment remained nearly similar to rapamycin/BafA1 co-treatment (Fig. 5.16 D and F). 

Therefore, we conclude that ABIN-1 in the same way as p62 is targeted by autophagy into 

autophagolysosomes for lysosomal degradation.  
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Figure 5.16. ABIN-1 protein levels increase upon autophagy induction or blockage. (A) Western 

blot analysis of ABIN-1, p62 and LC3B expression in HeLa cells incubated with rapamycin (100 nM) and 

BafA1 (4 h and 8 h, 200 nM; 24 h, 10 nM) for the indicated time points. Quantification of (A) of ABIN-1 

(B) and p62 (C) protein levels normalized to β-ACTIN. (D) HeLa cells were treated with rapamycin (100 

nM) and BafA1 (200 nM) for 4 h. ABIN-1, p62 and LC3B protein levels were detected by Western 

blotting. Quantification of (D) of ABIN-1 (E) and p62 (F) normalized to β-ACTIN. Data represent means 

± SD; n = 3; *P < 0.05. 

5.2.6 ABIN-1 is recruited to damaged mitochondria 

Our IP-MS data of ABIN-1 showed several candidates involved not only in macroautophagy 

but also candidates which are part of the selective degradation of damaged or excessive 

mitochondria by autophagy, called mitophagy (Fig. 5.12). During mitophagy, PINK1 recruits 

the E3 ubiquitin ligase Parkin to damaged mitochondria [299-301]. Subsequently, Parkin 

ubiquitinates various mitochondrial membrane (OMM) proteins such as mitofusin 2 (MFN2), 

translocase of outer mitochondrial membrane 20 (TOM20), voltage-dependent anion channel 
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1 (VDAC1) or mitochondrial fission 1 protein (Fis1). Ubiquitinated OMM proteins are then 

recognized by selective autophagy receptors like optineurin, NDP52 or p62 and targeted to the 

phagophore membrane for autophagosomal degradation [302]. To clarify, if ABIN-1 is involved 

in Parkin-dependent mitophagy we generated HeLa cells stably expressing DOX-inducible 

Parkin, because HeLa cells lack endogenous Parkin [303]. HeLa-Parkin-expressing cells were 

treated with DOX for 24 h to induce Parkin expression. Mitophagy was activated by the addition 

of oligomycin/antimycin A (OA), which in contrast to the respiratory chain uncoupler carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP) is generally considered more specific, less toxic 

and therefore represents a more physiological approach in inducing mitochondrial damage 

[304]. After 4 h of OA treatment, HeLa-Parkin cells were fractionated by centrifugation into a 

cytosolic and mitochondrial fraction and compared to whole cell lysates. Effective fractionation 

was controlled by analyzing the mitochondrial protein levels of TOM20 and COXII, which were 

absent in the cytosolic fraction (Fig. 5.17). Successful induction of mitophagy was ensured by 

observing the reduction in TOM20 and COXII protein levels after OA treatment in whole cell 

lysates. As expected, PARKIN, p62 and ABIN-1 were found in all fractions. Interestingly, ABIN-

1 protein levels were enriched in the mitochondrial fraction in response to mitophagy induction, 

indicating a translocation of ABIN-1 to mitochondria (Fig. 5.17). Similarly, PARKIN and p62 

were increased in the mitochondrial fraction upon OA treatment (Fig. 5.17). Taken together, 

our data show that ABIN-1 is recruited to mitochondria upon mitochondrial damage. 

 

 

Figure 5.17. ABIN-1 translocates to damaged mitochondria. mCherry-Parkin expressing HeLa cells 

were treated with oligomycin/antimycin A (OA) (10 µg/ml) for 4 h. Mitochondrial and cytosolic fractions 

as well as whole cell lysates were assessed by immunoblotting. TOM20 and COXII served as 

mitochondrial marker, whereas β-ACTIN was used as a loading control. n = 3. 
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5.2.7 The degradation of mitophagy substrates is dependent on ABIN-1 

ABIN-1 was highly enriched in the mitochondrial fractionation upon mitophagy induction (Fig. 

5.17). Thus, we were interested in understanding if ABIN-1 protein levels effect mitochondrial 

clearance by mitophagy. For this purpose, CRISPR/Cas9-mediated genome editing was used 

to knock out ABIN-1 in HeLa cells stably expressing Parkin. We analyzed mitophagy by 

quantifying the degradation of MFN2, VDAC1, TOM20 and COXII in HeLa-Parkin or ABIN-1 

KO-Parkin cells, following mitochondrial damage by OA treatment for various time points. 

Mitophagy-induction triggered a rapid degradation of MFN2 and a gradually decrease in 

VDAC1 protein levels in a time-dependent manner in HeLa-Parkin and ABIN-1 KO-Parkin cells 

(Fig. 5.18 A-C).  

 

Figure 5.18. CRISPR/Cas9-mediated knockout of ABIN-1 delays degradation of mitophagy 

substrates. (A) Western blot analysis of mCherry-Parkin-overexpressing HeLa or ABIN-1 knockout 

(KO) cells exposed to OA (10 µg/ml) for the indicated time points. Quantification of remaining MFN2 (B), 

VDAC1 (C), COXII (D) or TOM20 (E) protein levels normalized to β-ACTIN. Data represent means ± 

SD; n = 3; *P < 0.05. 
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Interestingly, MFN2 and VDAC1 protein levels were significantly slower degraded in cells 

lacking ABIN-1 (Fig. 5.18 A-C), whereas TOM20 and COXII levels were not affected even after 

4 h of OA treatment (Fig. 5.18 A, D and E). To validate the knockout phenotype of ABIN-1 

(clone 16), another CRISPR/Cas9-mediated knockout clone of ABIN-1 was used for the same 

experiment. ABIN-1 KO-Parkin (clone 27) cells responded in the same way as cells-derived 

from clone 16, therefore proving ABIN-1-specific effects (Suppl. Fig. 8.1 A). Of note, HeLa-

Parkin cells, treated with siRNA against ABIN-1 did not slow the degradation of mitochondrial 

proteins in response to OA treatment (Suppl. Fig. 8.1 B). 

To further demonstrate that ABIN-1 affects the degradation of mitochondrial proteins upon 

mitophagy, we exposed HeLa-Parkin and ABIN-1 KO-Parkin cells to prolonged OA treatment 

for a period of 24 h.  

 

 
Figure 5.19. Absence of ABIN-1 slows degradation of mitophagy substrates. (A) mCherry-Parkin-

overexpressing HeLa or ABIN-1 knockout (KO) cells were stimulated with OA (1 µg/ml) for 24 h and 

analyzed by Western blotting. Quantification of MFN2 (B), VDAC1 (C), COXII (D) or TOM20 (E) protein 

levels normalized to β-ACTIN. Data represent means ± SD; n = 3; *P < 0.05. 
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Strikingly, we found that the degradation of MFN2, VDAC1, TOM20 and COXII induced by OA 

could be significantly prevented in ABIN-1 KO-Parkin cells compared to HeLa-Parkin cells, 

indicating a partial block in mitophagy (Fig. 5.19 A-E). As the degradation of all mitochondrial 

proteins were highly reduced in ABIN-1 KO-Parkin cells, we conclude that ABIN-1 could target 

ubiquitinated mitochondrial proteins for autophagosomal degradation. Therefore, lack of 

ABIN-1 negatively impacts on mitophagy. 

5.2.8 Knockdown of ABIN-1 reduces overall mitophagy levels  

To corroborate our findings, we tested the influence of ABIN-1 on mitophagy via the FACS-

based sensitive mt-mKEIMA assay. Mt-mKEIMA is a fluorescence-based reporter which is 

specifically targeted to mitochondria via a mitochondria-targeting signal peptide sequence and 

changes its excitation spectrum from 405 nm in a neutral pH environment to 561 nm in an 

acidic environment. By analyzing the spectral shift from 405 to 561 nm, the percentage of 

lysosomal engulfed mt-mKEIMA representing mitochondria undergoing mitophagy can be 

quantified. Since, this marker is resistant to degradation within lysosomes it represents a robust 

way to quantify the overall mitophagy activity of a cell population [261]. In an effort to 

determine, if ABIN-1 is involved in Parkin-dependent mitophagy we overexpressed Parkin in 

mt-mKEIMA-cells and depleted ABIN-1 via siRNA-mediated knockdown (Fig. 5.20 A and B). 

Mitochondrial damage was induced by 6 h of OA treatment to effectively push all mitochondria 

into mitophagy, while autophagosome-lysosome fusion was blocked by addition of BafA1 for 

6 h. Mt-mKEIMA-Parkin-expressing cells treated with siRNA control showed only minor 

mitophagy levels at basal conditions (Fig. 5.20 A and C). However, when treated with OA, mt-

mKEIMA-Parkin cells showed a drastically increase in mitophagy up to 89% (Fig. 5.20 A and 

C). Interestingly, a siRNA-mediated knockdown of ABIN-1 significantly decreased mitophagy 

levels under OA treatment by 8% compared to cells treated with siRNA control and OA. 

Similarly, in both cases the addition of BafA1 efficiently blocked mitophagy, apparent through 

a drastically lowered amount of mt-mKEIMA delivered into lysosomes (Fig. 5.20 A and C). 

Hence, this data supports that ABIN-1 is either a mitophagy receptor (ligand-receptor 

interaction) or an adaptor protein in mitophagy which is recruited to mitochondria in order to 

mediate their autophagosomal degradation. 
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Figure 5.20. ABIN-1 is involved in Parkin-dependent mitophagy. (A) Representative data for mt-

mKEIMA-Parkin-expressing HeLa FlpIn TRex cells transfected with siRNA control of siRNA against 

ABIN-1 for 48 h. Cells were treated with OA (10 µg/ml) and BafA1 (200 nM) for 6 h and analyzed by 

FACS for lysosomal positive mt-mKEIMA, representing cells undergoing mitophagy. (B) Quantification 

of (A). (C) Western bot analysis of mt-mKEIMA-Parkin-expressing HeLa FlpIn TRex cells treated with 

siRNA control or siRNA against ABIN-1 after 48 h. β-ACTIN served as a loading control. Data represent 

means ± SD; n = 5; *P < 0.05; n.s. = not significant. 

5.2.9 ABIN-1-depletion does not affect macroautophagy  

We then addressed, if ABIN-1 is required for overall autophagic activity by using the FACS-

based reporter mKEIMA-hLC3B. HeLa FlpIn TRex cells stably expressing mKEIMA-hLC3B 

were either treated with siRNA control or siRNA against ABIN-1 (Fig. 5.21 A and B). To assess 

autophagic flux, cells were incubated either with Torin-1 or EBBS starvation medium alone or 

in the presence of BafA1 for 4 h. Overexpression of mKEIMA-hLC3B already induced high 

levels of autophagy in cells treated with siRNA control or siRNA against ABIN-1 (Fig. 5.21 A 
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and C). ABIN-1 knockdown did not affect autophagy levels triggered by EBBS starvation or 

Torin-1 treatment. Autophagic flux was determined by the addition of BafA1, resulting in a 

complete block of autophagy under both conditions (Fig. 5.21 A and C). High autophagy levels 

under basal conditions complicated the exact determination of the impact of ABIN-1 on overall 

autophagy. Since autophagy inducers elevated autophagy levels only between 12-20% 

compared to control situation, the effect of a knockdown of ABIN-1 as observed for mitophagy 

could be out of the detection limit of the assay. As autophagy levels did not significantly 

dropped upon ABIN-1-depletion, ABIN-1 may only has complementary or supportive roles in 

overall autophagy. 

 

 

Figure 5.21. siRNA-mediated knockdown of ABIN-1 does not affect overall autophagy levels. (A) 

Representative data for HeLa FlpIn TRex cells stably expressing mKEIMA-hLC3B transfected with 

siRNA control or siRNA against ABIN-1 for 48 h. Transfected cells were stimulated with Torin-1 (1 µM) 

or serum-starved with EBSS with or without BafA1 (200 nM) for 4 h. (B) Quantification of (A). (C) 

Representative Western bot analysis of mKEIMA-hLC3B cells transfected with siRNA control or siRNA 

against ABIN-1 after 48 h. β-ACTIN served as a loading control. Data represent means ± SD; n = 3; 

*P < 0.05; n.s. = not significant. 
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6 Discussion 

6.1 PART I: Biglycan-induced pro-inflammatory signaling in 

macrophages is CD14-dependent 

In the first part of this study, we investigated the impact of the cell-surface co-receptor CD14 

for biglycan-mediated TLR2/4 signaling in inflammation. Here, we report that in mouse 

peritoneal macrophages, soluble biglycan interacts directly with CD14 via a high affinity 

interaction. The specific interaction of biglycan with CD14 regulates the production of pro-

inflammatory mediators over TLR2 and TLR4 as well as biglycan-induced downstream 

signaling. Importantly, we confirm our findings in an in vivo mouse model of renal IRI in WT 

and Cd14-/- mice by transiently overexpressing soluble biglycan. In renal IRI, CD14 ablation 

mitigates biglycan-induced production of pro-inflammatory mediators, macrophage infiltration 

and M1 polarization as well as improves overall kidney function. 

6.1.1 CD14 is an essential co-receptor for biglycan-mediated TLR2/4 signaling in 

macrophages 

Biglycan regulates the production of pro-inflammatory mediators by selectively engaging 

TLR2/4 and the TLR adaptor proteins MyD88 and TRIF [12]. Previous work showed that 

biglycan triggers the synthesis of TNF-α, CCL2 and CCL20 over TLR2/4 by involving MyD88, 

while inducing CCL5 and CXCL10 production over TLR4/TRIF [61, 62, 66], however, the 

involvement of co-receptors had not been defined. Based on the findings that biglycan was 

found in a high molecular complex with MD2 and CD14 [31] we aimed to elucidate if CD14 is 

needed for biglycan signaling in sterile inflammation. As CD14 functions as a co-receptor for 

both, TLR4 [121, 123] and TLR2 [86] as well as for TLR3, TLR7, TLR8 and TLR9 [117], it was 

conceivable that biglycan would also be recognized by CD14. In line with previous work we 

found that biglycan triggers TNF-α and CCL2 production over TLR2/4 [31, 53, 66], while CCL5 

expression was exclusively regulated over TLR4 in macrophages [66]. Furthermore, Hsp70 

expression in macrophages was confirmed as TLR2-dependent [74]. Importantly, CD14 

ablation abolished the production of TNF-α, CCL2, CCL5 and HSP70, mimicking the response 

of TLR2/4-double deficient mice upon biglycan exposure. Accordingly, these data agree with 

our hypothesis that CD14 represents an imperative element in biglycan-mediated TLR4 and 

TLR2 signaling. The fact, that CD14 is also needed for proper TLR2 activation via biglycan is 

of great importance since, in contrast to TLR4 signaling which highly depends on CD14 for 

ligand recognition [264], TLR2 signaling requires CD14 only in a ligand-dependent manner [87, 

88, 94, 96, 305]. Therefore, it is tempting to speculate that CD14 represents a common co-
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receptor in all biglycan-mediated pro-inflammatory responses. So far, it is not yet clear how 

biglycan engages CD14 and TLR2/4. It is imaginable that, similar to LPS [121], soluble CD14 

binds biglycan and transfers it to TLR2 or the TLR4/MD2 complex, thereby greatly lowering 

the threshold for biglycan recognition. As a consequence, CD14 represents a very attractive 

target to interfere with biglycan-induced inflammation. Importantly, pharmacological inhibition 

of either TLR2 or TLR4 alone would not completely block all biglycan-triggered inflammatory 

responses and may evoke compensatory effects. It is highly likely that pharmacological 

inhibition of CD14 could circumvent the downsides of single targeting of TLRs. This is 

supported by the line of evidence that numerous TLR2 and TLR4 inhibitors and antagonists 

were tested in clinical trials, but yet most of them failed to show the desired effects and none 

have been approved for clinical use [306, 307]. For instance, the use of the potent TLR4-MD2-

complex inhibitor eritoran was used to counteract the high mortality in sepsis, however failed 

to improve patient survival in phase III clinical trials [308]. Generally, it is presumed that the 

inhibitory effect on only one PRR is overwritten by the compensatory effects of other PRR 

receptors [309], thereby accounting for the limited effects of single TLR targeting approaches. 

In contrast, CD14 inhibition, either alone or by concomitant targeting the complement system 

not only efficiently lowers pro-inflammatory cytokines during TLR-mediated sepsis [136, 310-

313] but is also regarded as a promising candidate in clinical trials due to its broad effect on 

several TLRs [314-316].  

In agreement with cumulative reports, the present study provides evidence that 

pharmacological targeting of CD14 limits inflammation. Pre-incubation of biglycan-treated WT 

macrophages with an anti-CD14 antibody lowered the synthesis and secretion of TNF-α, 

CCL2, CCL5 and HSP70 protein levels, thereby supporting the notion that CD14 is essential 

in biglycan-triggered inflammation. Similarly, by using HEK-Blue cells expressing hTLR2/CD14 

or hTLR4/CD14/MD2 we were able to demonstrate that pre-treatment with a specific anti-CD14 

antibody lowered biglycan-induced NF-κB activation comparable to the reduction in response 

to the TLR4 ligand LPS [275] as well as the TLR2 ligand PGN [276]. This finding implies that 

the same mechanism of CD14-dependent regulation of biglycan signaling applies not only to 

macrophages but also to non-immune cells. 

Following TLR2/4 interaction, biglycan induces the activation of p38 MAPK, p44/42 (Erk1/2) 

and NF-κB in a predominantly MyD88-dependent manner in order to trigger the synthesis of 

pro-inflammatory cytokines [31, 67]. Activation of p38 MAPK, p44/42 (Erk1/2) and NF-κB 

requires their phosphorylation [317-319]. Interestingly, by using primary murine peritoneal 

macrophages from WT and Cd14-/- mice stimulated with soluble biglycan we were able to show 

that biglycan-induced phosphorylation of the intracellular signaling proteins p38 MAPK, p44/42 

(Erk1/2) and NF-κB highly depends on CD14, further supporting the known role of CD14 in 

mediating MyD88-dependent gene induction [320]. This is consistent with previous studies in 



DISCUSSION 

91 
 

which NF-κB and MAPK activation by the TLR4 ligand LPS was blunted in Cd14-/- 

macrophages at 30 min [321]. An important step in the activation of p38, p44/42 and NF-κB is 

their nuclear translocation [277, 279, 280]. Along this line, we evaluated whether biglycan-

mediated translocation is affected by CD14 deficiency. Importantly, biglycan triggered a CD14-

dependent increase and translocation of phosphorylated p38, p44/42 and NF-κB from the 

cytosol to nuclear compartments. However, phosphorylation of the p65 NF-κB subunit at S536 

by biglycan only resulted in partial translocation into the nucleus. The unexpected localization 

is likely due to antibody specificity as the employed antibody only recognizes phosphorylated 

NF-κB at serine 536. Indeed, S536 phosphorylated p65 is known to predominantly localize in 

the cytosol, whereas S468 phosphorylated p65 is localized in nuclear speckles [281]. 

Collectively, these data emphasize the important role of CD14 in the activation and subsequent 

translocation of biglycan/TLR-induced downstream mediators. In accordance with our data, 

physical interaction of CD14 with TLR4 precedes nuclear translocation of NF-κB [322]. 

Furthermore, MyD88 represents the main driver for p38 and NF-κB phosphorylation and 

translocation to the nucleus upon TLR4-ligand stimulation such as LPS or HMGB1 [323, 324]. 

As biglycan-induced activation of downstream mediators by TLR2/4 is mainly MyD88-

dependent [31] and CD14 is needed for biglycan-evoked TLR2/4 activation, it is very likely that 

ablation of CD14 blocks subsequent MyD88-dependent activation of p38, p44/42 and NF-κB 

by biglycan.  

6.1.2 CD14 binds biglycan directly with high affinity 

Next, the binding properties of biglycan to CD14 were investigated. We have previously shown 

that biglycan appeared in a high molecular weight complex consisting out of TLR2, TLR4, 

CD14 and MD2 [31]. Moreover, by microscale thermophoresis analysis we were able to 

determine the high affinity binding capacities of TLR2 (KD ~ 31 nM) and TLR4 (KD ~ 23 nM) to 

biglycan [61]. In accordance, we were able to show with Co-immunoprecipitation in primary 

macrophages that biglycan is in complex with CD14. Additionally, by utilizing microscale 

thermophoresis analysis we determined the direct binding affinity of CD14 to soluble intact 

biglycan (KD ~ 67 nM). CD14 interacts with various TLR ligands in order to increase or enable 

their ability to evoke TLR signaling [95]. Remarkably, the binding affinity of biglycan to CD14 

is similar to the one of soluble CD14 to LPS (KD ~ 41 nM) without the LPS-binding protein 

(LBP) and a bit weaker than the TLR2 ligand peptidoglycan to LPS (KD ~ 25 nM) [325], 

suggesting similar mechanisms in ligand recognition by CD14. If binding of biglycan to CD14 

is enhanced by the presence of accessory molecules such as LBP for LPS [325] or if the TLR-

mediate response and binding affinity is not changed by additional complex members as such 

for the case of peptidoglycan [325, 326], remains an open question to be addressed. Structural 

studies of CD14 revealed that leucine rich repeats (LRRs) in CD14 enable binding of LPS to 



DISCUSSION 

92 
 

CD14 [115]. It is conceivable that biglycan binding to CD14 and TLR2/4 is mediated by LRR 

domains in biglycan and the corresponding receptors. In support of this, recent work identified 

a common binding motif of biglycan consisting out of LRR2 and LRR10 which mediates the 

binding to CD14, TLR2 and TLR4 (Hsieh, unpublished data). Apart from biglycan, several other 

DAMPS/proteoglycans are known to interact with CD14 to trigger inflammatory responses. For 

instance, versican binds to TLR2, TLR6 and CD14 to activate macrophages and induce pro-

inflammatory cytokine production [126]. Furthermore, versican promotes the expression of 

growth factor human cationic antimicrobial protein (hCAP)18/LL-37 (promoter of ovarian 

cancer) in macrophages by engaging TLR2, TLR6 and CD114 [327]. Lumican promotes the 

innate immune activity by binding to CD14 and TLR4 [328]. Moreover, lumican regulates the 

CD14-regulated phagocytosis on the surface of peritoneal macrophages, thereby protecting 

against Gram-negative bacterial infection [329]. In contrast, hyaluronan triggers inflammation 

independently of CD14 by utilizing TLR4, MD2 and CD44 [103]. 

Surprisingly, the GAG side chains of soluble biglycan were superfluous in binding CD14 as the 

protein core of biglycan bound CD14 even with a higher binding affinity (KD ~ 54 nM). Similarly, 

GAG chain removal of biglycan or decorin increases the binding affinity to TGF-β [33, 330]. In 

the same vein, binding of biglycan to TLR2/4 is also mediated via the protein core biglycan 

[31]. While binding of biglycan to CD14 and TLR2/4 clearly seems to be mediated by the 

protein core, only fully glycanated biglycan is able to trigger inflammatory signaling in 

macrophages [31]. In the same manner, decorin and biglycan suppress the proliferation of 

preadipocytes by triggering apoptosis depending on the presence of their GAG side chains 

[331]. Therefore, GAG side chains seem be dispensable for mediating binding to innate 

immune receptors, but still represent a necessary element in evoking signaling responses. It 

is likely that GAG side chain modifications mediate the recruitment of additional molecules to 

the complex consisting out of biglycan/TLR/CD14 in order to regulate signaling outcomes. As 

CD14 seems to represent a common co-receptor for biglycan/TLR-mediated inflammatory 

signaling the question rises why biglycan selectively engages one TLR and a corresponding 

TLR adaptor molecule. It is plausible that additional factors are implicated in the complex 

formation of biglycan/CD14/TLRs and the TLR adaptors. 

6.1.3 Biglycan aggravates renal IRI in a CD14-dependent fashion 

Ischemia reperfusion injury (IRI) results from a temporary obstructed blood flow of the 

associated organ followed by the restoration of perfusion. Renal IRI is a major factor of acute 

kidney injury (AKI) and chronic kidney diseases (CKD [332]) and is characterized by hypoxic 

injury together with high amounts of ROS production [282]. Subsequently, oxidative stress 

triggers apoptosis, necrosis and a strong sterile inflammatory immune response which is 

mainly mediated by the transcriptional activity of NF-κB [285]. Furthermore, ischemia evokes 



DISCUSSION 

93 
 

a vast release DAMPs from damaged cells such as hyaluronic acid, HMGB1, HSPs and 

biglycan which activate TLRs to augment the inflammatory response by inducing the 

production of pro-inflammatory cytokines and death signaling pathways [333]. Since, previous 

studies found out that biglycan exacerbates the outcome of renal IRI in a TLR2- and TLR4-

dependent manner [61, 74], the present study aimed to elucidate the importance of CD14 in 

this mechanism. In line with previous observations, biglycan aggravated the pathophysiology 

of acute kidney inflammation during renal IRI (30 h) by increasing the production of TNF-α, 

CCL2, CCL5 and HSP70 on protein and gene level. Importantly, chemo- and cytokine 

production was not increased in Cd14-/- mice, providing proof-of-principle for our in vitro data 

that CD14 is necessary for biglycan-induced inflammation. Mounting evidence suggests that 

NF-κB mediates ROS, chemo- and cytokines expression as well as apoptosis [334, 335]. Since 

CD14 ablation abolished biglycan-induced NF-κB activation in macrophages, it is quite likely 

that chemo- and cytokine production by biglycan during renal IRI is abrogated by loss of NF-κB 

activity. Accordingly, inhibition of NF-κB gene modification impedes kidney damage after 

ischemia [336, 337].  

Moreover, transient overexpression of biglycan promoted the number of infiltrating 

macrophages into the kidney in a CD14-dependent manner. Further analysis revealed that the 

majority of these recruited macrophages were polarized as a pro-inflammatory M1 phenotype. 

Macrophages are polarized in response to TNF-α, exogenous and endogenous ligands or 

IFN-γ into an M1 phenotype [338]. M1 macrophages secrete high amounts of inflammatory 

chemo- and cytokines such as TNF-α, IL-6, IL-1β and iNOS, leading to cytotoxicity [339, 340]. 

Especially in first 48 h of renal IRI, most of the recruited macrophages are polarized as a M1 

phenotype [341] and critically determine the outcome of IRI [342], whereas at later time points, 

regenerative M2 macrophages predominate the site of injury [341, 343]. Therefore, biglycan 

seems to aggravate renal IRI not only by increasing the number of recruited macrophages but 

also polarizes macrophages into a pro-inflammatory M1 phenotype. CD14 ablation improved 

the clinical outcome in biglycan-exacerbated renal IRI, visible through reduced serum 

creatinine levels and decreased tubular damage. In accordance, several studies showed that 

M1 macrophage depletion prevents the immunopathology in injured kidneys. For instance, 

macrophage depletion by pre-injection of clodronate in mice before unilateral or bilateral IRI 

significantly improved renal function at early stages of IRI, visible through reduced tubular 

necrosis, decreased tubular apoptosis diminished inflammation and less oxidative stress [284, 

341, 344-348]. A recent study shows that the lectin ArtinM, is required for M1 macrophage 

polarization by binding to CD14 and TLR2 [134]. In a similar way, LPS, one of the most 

prominent triggers of M1 macrophage polarization, also highly depends on CD14 [340]. Hence, 

it is conceivable that other PAMPs and DAMPs which depend on CD14 require this co-receptor 

in order to induce M1 macrophage polarization.  
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Until now, specific deletion of TLR adaptor molecules or co-receptors of TLR2 and TLR4 in 

mice have been well studied in IRI. Yet, there exists controversial data regarding the outcome. 

Many studies identify MyD88 as the main target in the TLR2/4-mediated activation of the 

immune system in IRI [262, 349-352]. However, these results partly contrast with the findings 

of other studies that show no beneficial effect of MyD88 or TRIF deficiency in IRI [350, 353]. 

In the same line, even though CD14 expression is increased during IRI [354, 355], the role of 

CD14 in IRI is not fully clarified. Controversially, during hepatic IRI, CD14 deficient mice either 

are protected from IRI [356] or do not show any alteration in the disease outcome [357]. In 

contrast, during cardiac IRI, CD14 along MyD88, TRIF and HMGB1 clearly contribute to the 

inflammatory cascade [358]. Accordingly, our findings display a protective effect of CD14 

deficiency during renal IRI even in the absence of transient biglycan overexpression. 

Therefore, our data establish CD14 as a crucial player in the inflammatory response in renal 

IRI and also highlight its function as a co-receptor for the inflammatory signaling of an 

extracellular ligand of TLR2 and TLR4.  

The collective results are presented in our working model (Fig. 6.1). The present study 

identified CD14 as a novel co-receptor for biglycan-induced pro-inflammatory signaling over  

 

Figure 6.1. Schematic drawing of CD14-dependent biglycan signaling in macrophages and renal 

IRI. Soluble biglycan interacts with TLR2/4 to induce the phosphorylation of downstream mediators such 

as p38, p42/44 and NF-κB by utilizing the co-receptor CD14. Consequently, this leads to the production 

and release of TNF-α, CCL2, CCL5 and HSP70. During renal IRI, transient overexpression of biglycan 

triggers the expression of TNF-α, CCL2, CCL5 and HSP70 as well as increases macrophage infiltration, 

the number of M1 macrophages and renal damage. CD14 deficiency blunts biglycan-mediated pro-

inflammatory signaling during renal IRI. Figure is reproduced from [274]. 
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TLR2 and TLR4 in primary peritoneal macrophages. In detail, biglycan triggers the production 

of TNF-α, CCL2, CCL5 and HSP70 by selectively interacting with TLR2 and TLR4 in 

macrophages. The biglycan-induced production of chemo- and cytokines as well as HSP70 

could be abolished by applying either genetic ablation of Cd14 or treating macrophages with a 

specific anti-CD14 antibody. Mechanistically, biglycan binds directly to CD14 with high affinity 

and regulates the activation and translocation of p38, p42/44 and NF-κB via engaging CD14. 

At last, this study confirms the concept in an in vivo model of renal IRI in WT and Cd14-/- mice. 

In a CD14-dependent manner, biglycan exacerbates the expression of the pro-inflammatory 

mediators TNF-α, CCL2, CCL5 and HSP70 and leads to increased macrophage infiltration, M1 

macrophage polarization, tubular damage and serum creatinine levels during renal IRI [274]. 

Therefore, pharmacological targeting of CD14 represents a new attractive approach in 

inhibiting biglycan-mediated inflammation. 

6.2 PART II: ABIN-1 is a selective autophagy receptor for damaged 

mitochondria 

In the second part of the study, we analyzed the role of ABIN-1 as a new selective autophagy 

receptor. We report several bona fide interaction partners of ABIN-1 by mass spectrometry 

analysis which are highly connected to autophagy. We show that ABIN-1 harbors two 

undescribed LC3-interacting domains and confirm the binding of ABIN-1 to several ATG8 

proteins. Moreover, we show that ABIN-1 protein levels are regulated by pharmacological 

interference with the autophagy machinery. Additionally, we validate ABIN-1 co-localization 

with autophagic marker proteins in response to autophagic stimuli. Finally, we show that 

ABIN-1 translocates to damaged mitochondria and is involved in their selective degradation by 

mitophagy.  

6.2.1 ABIN-1 associates with various protein of the autophagic machinery 

ABIN-1 is well known as a major suppressor of inflammation downstream of TLRs by limiting 

NF-κB signaling [144, 151]. Inhibition of NF-κB is mediated either by ABIN-1 alone or in concert 

with A20 via the ability of ABIN-1 to bind polyubiquitinated proteins [147]. So far, ABIN-1 is 

implicated only in inflammation, apoptosis and necroptosis [149, 151, 153, 359]. Our 

interactome analysis of ABIN-1 by IP-MS in septic spleens confirmed the interaction of ABIN-1 

to known mediators of inflammation such as A20 [289], TRAF1 [147] and NF-κB [290]. 

Surprisingly, IP-MS of ABIN-1 revealed a huge number of bona fide interactions to proteins 

which are involved in autophagy. For instance, we found that ABIN-1 binds to ATG5 and ATG7. 

ATG5 and ATG7 are members of the PE conjugation system, mediating the lipidation of ATG8 

proteins [360] which represents a necessary step in autophagosome formation [195]. Indeed, 
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other autophagy receptors such as p62, NDP52 and optineurin also interact with ATG5 in order 

to stimulate ATG8 conjugation around cargo proteins [361]. It is likely that ABIN-1 drives 

phagophore expansion around cargo proteins in a similar fashion by stabilizing the ATG5-

containing ATG8 conjugation complex. In support of this notion, ABIN-1 interacts with the 

ATG8 proteins GABARAPL2 and MAP1LC3B (LC3B) who can serve as membrane scaffolds 

for the attraction for LC3-interacting region-containing (LIR) proteins, thereby mediating the 

selective transport of autophagy receptors together with their cargo into the phagophore [362]. 

After maturation, autophagosomes fuse with lysosomes to initiate the degradation of the 

engulfed cargo [363]. Notably, ABIN-1 also showed binding to the lysosomal marker LAMP-1 

[364], implying autophagolysosomal degradation of ABIN-1. Since, ATG8 proteins were 

identified as binding partners in this screen and ABIN-1 binds to polyubiquitinated proteins via 

its UBAN domain, it is conceivable that ABIN-1 functions as a selective autophagy receptor. In 

line with this, the UBAN domain of ABIN-1 shows sequence similarities with those of optineurin, 

an autophagy receptor which regulates NF-κB signaling by its ubiquitin binding domain [290, 

365]. Moreover, ABIN-1 binds only K63- and M1-linked polyubiquitin chains, which primarily 

label cargo proteins for autophagic clearance by autophagy receptors [207]. Besides multiple 

interactions of ABIN-1 to proteins involved in core autophagic processes such as Beclin-1 and 

PIK3C3 [366, 367], a cohort of mitochondrial proteins which are localized to the OMM and 

participate in mitochondrial quality control [368] were identified as putative binding partners. 

As OMM proteins are decorated with polyubiquitin chains during mitophagy for their recognition 

by selective autophagy receptors [369], these interactions favor a role of ABIN-1 in 

mitochondrial clearance via mitophagy by its ability to simultaneously bind LC3-positive 

phagophores and polyubiquitinated cargo. As with any screening approach, these bona fide 

interactors need to be validated by further experiments in cellular systems. Nevertheless, 

various putative functional links could be proposed by this analysis, linking ABIN-1 with the 

process of autophagy. 

Next, we employed TMT-based proteomics to identify putative cargo proteins of ABIN-1 by 

utilizing primary murine macrophages from WT or ABIN1[D485N] mice. ABIN1[D485N] mice 

harbor a mutation in the UBAN domain of ABIN-1, rendering its ability to bind polyubiquitinated 

proteins [147]. Accordingly, these mice display an age dependent form of autoimmunity [147, 

159]. In confirmation of ABIN-1´s inhibitory role on NF-κB and inflammation, protein levels of 

several inflammatory mediators were increased in ABIN1[D485N] mice such as NF-κB p100, 

PYCARD (also known as ASC) and ICAM1. Interestingly, M1- or K63-linked ubiquitination of 

ASC, activates the inflammasome [370, 371]. Moreover, K63-linked ubiquitination of ASC can 

lead to its autophagic degradation by the selective autophagy receptor p62 [372]. Due to the 

role of ABIN-1 in binding M1- or K63-linked ubiquitin chains and the high increase of ASC 

levels in ABIN1[D485N] mice it is possible that ABIN-1 mediates the selective degradation of 
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K63-decorated ASC. However, if i) increased ASC levels result from defective autophagic 

clearance by ABIN-1, ii) are a consequence from indirect effects due to the autoimmune 

phenotype from ABIN1[D485N] mice or iii) if ABIN-1 regulates the activation or proteasomal 

degradation of ASC in a similar fashion as NF-κB remains an open question to be addressed. 

Consistently with our interactome analysis, the abundance of proteins connected to autophagy 

and mitophagy were modulated in the proteome analysis of ABIN-1. Mutation of the UBAN 

domain of ABIN-1 resulted in the accumulation of the mitophagy-associated proteins MFN2 

[232] and TBC1D17 [295] in macrophages derived from ABIN1[D485N] mice. Upon mitophagy 

induction, several OMM proteins such as MFN2 get ubiquitinated in a PINK1/Parkin-dependent 

manner, leading to their autophagic degradation [195, 373]. Thus, decreased MFN2 levels in 

ABIN1[D485N] macrophages could indicate reduced mitochondrial clearance in an ABIN-1-

dependent manner. However, protein levels of other OMM proteins like VDAC1, COXII were 

nearly unchanged (data not shown). Notably, macrophages were analyzed under basal 

conditions without the presence of autophagy inhibitors or inducers. As autophagy receptors 

play redundant roles [169], direct effects of mutating the polyubiquitin binding domain of 

ABIN-1 under basal conditions may be negligible. Additional experiments utilizing 

autophagy/mitophagy inducers and methods such as proximity labeling combined with 

quantitative proteomics of autophagosomes [374] could shed more light on cargo proteins 

which are selectively degraded by ABIN-1. Interestingly, the protein expression of WDR45b 

(WIPI3) was decreased in ABIN1[D485N] mice. While the function of WIPI3 in autophagy 

remained relatively unknown [375], recent data indicate that WIPI3 is required for the formation 

of functional autophagosomes [296]. Accordingly, decreased WIPI3 levels could indicate lower 

autophagy levels due to incomplete autophagosome formation. While p62 is known to co-

localize with WIPI3 at autophagosomes [296], the direct influence of p62 and as well ABIN-1 

on WIPI3 is still unresolved. 

6.2.2 ABIN-1 binds LC3 proteins via two conserved LIR motifs 

In selective autophagy, ATG8 proteins recruit cargo proteins to the inner site of the phagophore 

membrane by interacting with autophagy receptors and adaptors [376]. Autophagy receptors 

harbor a LC3-interacting region (LIR) which mediates the binding to ATG8 proteins [169, 362]. 

The canonical LIR sequence consists out of the motif [W/F/Y]0-X1-X2-[L/V/I]3 in which positions 

0 and 3 are absolutely conserved [169]. Analysis of the amino acid sequence of human ABIN-

1 revealed two undescribed LIR motifs FDPL and FEVV which were conserved in mice with 

small alterations (FDDL and FEVV). N-terminal to the core LIR at position X-1 to X-3 the acidic 

residues Asp (D), Glu (E), Ser (S) or Thr (T) are often found as potential phosphorylation sites, 

greatly enhancing the binding to ATG8 proteins or activating the receptor itself. For example, 

phosphorylation of optineurin at S177 at its LIR motif by TBK1 is essential in order to function 
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in xenophagy [220] or mitophagy [221]. Similarly, phosphorylation of LIR motifs of the 

membrane bound receptors NIX, BNIP3 and FUNDC1 enhances their binding to LC3 [377, 

378]. The LIR motifs of ABIN-1 both contain N-terminal phosphorylation sites, implying the 

same mechanism of activation. The presence of two LIR motifs in ABIN-1 can result from the 

need of multivalency in binding ATG8 proteins to exclude other components from being 

engulfed by the phagophore membrane. In line with this, NDP52, TAX1BP1 and NBR1 all 

harbor multiple LIR motifs which may be involved in multivalent ATG8 protein interaction. 

Autophagy receptors with only one LIR domain typically form polymers to bind multiple ATG8 

proteins at once [169, 215]. By using a cellular expression system, we validated the result from 

our ABIN-1 interactome analysis that ABIN-1 binds to LC3B by Co-IP. Furthermore, we show 

that binding of ABIN-1 to LC3B is indeed dependent on its LIR domains, since single point 

mutations in the LIR motifs abrogated complex formation of ABIN-1 to LC3B. Moreover, by 

utilizing bacterial purified proteins we were able to show direct binding of ABIN-1 to the ATG8 

proteins LC3A and LC3B in a LIR-dependent manner, whereas these mutants were still able 

to bind to linear ubiquitin chains as expected. Autophagy receptors need to bind lipidated ATG8 

proteins at the inner phagophore membrane in order to specifically transfer their cargo into 

growing autophagosomes [379]. Interestingly, ABIN-1 shows preferential binding to the 

lipidated membrane-bound form of LC3 (LC3-II) and less binding to cytoplasmatic LC3-I. 

Accordingly, we show that under basal conditions, ABIN-1 is localized to the cytoplasm, 

whereas under autophagy induction and concurrent blockage of lysosomal fusion, ABIN-1 

clusters with LC3B-positive autophagosomes. At the same time, upon triggering autophagy, 

ABIN-1 co-localizes with LAMP-1-positive lysosomes. These data support the concept that 

ABIN-1 may mediate specific targeting of cargo during selective autophagy by directly 

interacting with LC3-positive autophagosomes and LAMP-1-positive autophagolysosomes. 

6.2.3 ABIN-1 protein levels are modulated by autophagic stimuli 

Selective autophagy receptors are getting degraded through the autophagic pathway [169]. 

For instance, under basal conditions p62 protein levels remain constant. In contrast, autophagy 

induction increases the degradation of p62, whereas decreased autophagy or autophagy 

blockage leads to an increase in p62 levels [364, 380]. Optineurin is a particular case. Under 

basal conditions, optineurin is degraded mainly by the proteasome, while after phosphorylation 

and activation at its LIR motif, optineurin is degraded by autophagy [220]. All other selective 

autophagy receptors are degraded independently of cargo-binding even under basal 

conditions [169]. Consistently, our data shows that ABIN-1, similarly to p62, accumulates upon 

blockage of autophagy and that ABIN-1 and p62 protein levels undergo true autophagic flux. 

Surprisingly, p62 and as well ABIN-1 levels did not decrease upon autophagy induction. It is 

conceivable that ABIN-1 and p62 levels did not decrease due to transcriptional regulation. In 
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line with this, p62 levels are reported to increase in some cell lines because of de novo 

synthesis, even though autophagy is induced [381]. Therefore, newly synthesized ABIN-1 and 

p62 exceeds the amount which is degraded by autophagy. Recent data indicates that all 

selective autophagy receptors except optineurin are quickly degraded by an endosomal 

microautophagy pathway in reaction to starvation [382]. Importantly, the authors show that 

ABIN-1 is degraded upon EBSS-mediated starvation in A549 adenocarcinomic epithelial cells 

and BJ fibroblasts [382]. Therefore, it is conceivable that ABIN-1 degradation may be cell type 

dependent. Furthermore, from our data it cannot be excluded that ABIN-1 represents an 

autophagy adaptor protein. Autophagy adaptors are LIR-containing proteins which are not 

degraded by autophagy. For instance, BRUCE [383], PLEKHM1 [384] or FYCO1 [385] provide 

scaffold functions and regulate autophagosomal transport or lysosomal fusion. Therefore, 

specific autophagosomal cargos of ABIN-1 need to be identified in order to verify ABIN-1 as a 

selective autophagy receptor. 

6.2.4 ABIN-1 is involved in the selective elimination of damaged mitochondria by 

mitophagy 

Elimination of damaged mitochondria by mitophagy can either take place in a ubiquitin-

dependent or -independent mechanism [369, 386]. In the ubiquitin-dependent pathway, PINK1 

recruits Parkin to damaged mitochondria to amplify the conjugation ubiquitin chains onto OMM 

proteins such as VDAC1, TOM20, COXII or MFN2 [368]. Coating of mitochondria with 

polyubiquitin chains triggers the recruitment of selective autophagy receptors, thereby enabling 

clearance through the autophagy machinery [387]. Accordingly, we show that ABIN-1, similar 

to p62 and Parkin is recruited to depolarized mitochondria in response to OA treatment. Next, 

by using CRISPR/Cas9-mediated deletion of ABIN-1 we show that the degradation of OMM 

proteins is decreased in ABIN-1 deficient cells at various time points. Similarly, by employing 

the fluorescence-based mitophagy reporter mt-mKEIMA, we demonstrate that knockdown of 

ABIN-1 significantly lowers overall mitophagy levels after OA treatment. However, knockdown 

of ABIN-1 only slightly decreased mitophagic activity. At the same time, knockdown of ABIN-1 

did not decrease the number of autophagolysosomes in response to autophagy induction by 

starvation or Torin-1 treatment. These data imply that other receptors compensate for the loss 

of ABIN-1. Indeed, efficient binding of cargo material to the forming phagophore membrane is 

thought to depend on multiple receptor and ATG8 interactions [215, 388]. Selective autophagy 

receptors rely on ubiquitin in binding their respective cargo. For instance, optineurin and 

NDP52 bind damaged mitochondria via their ubiquitin binding domains to mediate their 

degradation by mitophagy [220, 221, 251]. Because all soluble selective autophagy receptors 

bind ubiquitin, they are likely to be recruited to the same cargo, thereby fulfilling either unique 

or redundant roles [169]. In accordance, even though the selective autophagy receptors p62, 
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NBR1, optineurin, NDP52, TAX1BP1 and TOLLIP are recruited to damaged mitochondria, only 

optineurin and NDP52 are the main receptors for Parkin-mediated mitophagy [251]. Especially 

p62 and NBR1 seem to be dispensable for mitochondrial clearance by mitophagy [251]. 

Surprisingly, NDP52 or optineurin deletion alone did not cause a defect in mitophagy, while 

NDP52/optineurin double KO cells and even more prominently NDP52/optineurin/TAX1BP1 

triple KO cells highly decreased mitophagy [251]. Up to now, it is unknown if and how selective 

autophagy receptors act in concert to regulate mitophagy. To efficiently determine the role of 

ABIN-1 in mitophagy, experiments utilizing NDP52/optineurin double KO cells with WT or 

LIR/UBAN-defective ABIN-1 need to be performed to exclude compensatory effects by the 

main mitophagy receptors optineurin and NDP52. Interestingly, a recent study identifies the 

matrix proteins 4-Nitrophenylphosphatase domain and non-neuronal SNAP25-like protein 

homolog 1 (NIPSNAP1) and NIPSNAP2 proteins as signaling hubs and recruiters of ubiquitin-

dependent selective autophagy receptors (p62, NBR1, NDP52 and TAX1BP1) and ATG8 

proteins on damaged mitochondria during Parkin-dependent mitophagy [389]. This could 

explain the redundancy of autophagy receptors in being recruited to damaged mitochondria 

[206]. Nevertheless, the discovery that ABIN-1 is involved in selective autophagy opens new 

point of views on established functions of ABIN-1 in immunity. For instance, as ABIN-1 is 

involved in regulating M1 macrophages polarization [390] and mounting evidence implicates 

selective autophagy in macrophage polarization [391-393], it is possible that ABIN-1 regulates 

macrophage polarization by mediating the selective degradation of macrophage polarization 

factors. While most of the experiments were performed under artificial conditions utilizing 

immortal HeLa cells with stable overexpression of Parkin, these data favor a role of ABIN-1 as 

a selective autophagy receptor but cannot exclude that ABIN-1 only serves as an adaptor 

protein during selective autophagy. Future studies using primary cells such as macrophages 

or LIR-defective ABIN-1 mice could be useful tools to clarify the role of ABIN-1 in selective 

autophagy. 

In conclusion, the second part of this study identified various new interactions partners of 

ABIN-1 by mass spectrometry which implicate ABIN-1 in the process of selective autophagy. 

We discovered two undescribed LIR motifs of ABIN-1 and showed that ABIN-1 binds LC3B 

and LC3A directly in a LIR-dependent manner. Moreover, ABIN-1 co-localizes with LC3B-

positive autophagosomes and LAMP-1-containing autophagolysosomes in response to 

autophagy induction. Consistently, ABIN-1 protein levels are increased in response to 

pharmacological inhibition of autophagy. Secondly, this work shows that ABIN-1 translocates 

to damaged mitochondria during Parkin-dependent mitophagy. Importantly, ablation of ABIN-1 

decreases the degradation of the mitochondrial outer membrane proteins MFN2, TOM20, 

VDAC1 and COXII. At last this study shows that a lack of ABIN-1 slows the selective 

degradation of mitochondria by mitophagy. 
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8 Supplementary Data 

 

Figure 8.1. Effects of ABIN-1 gene suppression on the degradation of mitophagy substrates. (A) 

mCherry-Parkin-overexpressing HeLa or ABIN-1 knockout (KO) cells from clone 27 were treated with 

OA (10 µg/ml) for the indicated time points and analyzed by Western blot. (B) mCherry-Parkin-

overexpressing HeLa cells either transfected with siRNA against ABIN-1 or siRNA control for 48 h. Cells 

were treated with OA (10 µg/ml) for the indicated time points and protein levels were assessed by 

immunoblotting. β-ACTIN served as a loading control. n = 3. 
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