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1 Zusammenfassung  

Das Ubiquitin-modifizierende Protein A20 ist von entscheidender Bedeutung für die 

Regulation von Entzündungen, da es die kanonische NF-κB Signalübertragung negativ 

reguliert und somit als entzündungshemmender Mediator fungiert. Es wurde gezeigt, 

dass Einzelnukleotid-Polymorphismen im A20/TNFAIP3-Gen das Risiko erhöhen, 

verschiedene Autoimmunerkrankungen wie Multiple Sclerose (MS) zu entwickeln. In 

dieser Studie untersuchen wir die Rolle von A20 in Endothelzellen (EC) der Blut-Hirn-

Schranke (BHS) bei der Aufrechterhaltung der BHS-Integrität und die Infiltration von 

Immunzellen bei fehlender Entzündung, sowie die Konsequenzen einer EC-

spezifischen Deletion von A20 auf neuroinflammatorische Prozesse in der 

Homöostase sowie dessen Auswirkungen auf den Verlauf von experimenteller 

autoimmun Enzephalomyelitis (EAE), einem Mausmodell der MS. Wir konnten zeigen, 

dass die BHS-Integrität durch das Fehlen von A20 in ECs des zentralen 

Nervensystems (ZNS) nicht verändert wurde und dass es keinen Unterschied in der 

Expression von Verbindungsproteinen gab. Zudem konnten wir auch keine Diskrepanz 

im Krankheitsverlauf der aktiven EAE bei A20-defizienten Mäusen im Vergleich zu 

Kontrollmäusen feststellen. Jedoch konnten wir eine dramatisch erhöhte Expression 

der Adhäsionsmoleküle ICAM-1 und VCAM-1 bei fehlender Entzündung beobachten, 

was auf eine starke Aktivierung des Endothels der BHS hinweist. Wir konnten weiterhin 

zeigen, dass ein A20-Mangel die Infiltration von Immunzellen in das ZNS in der 

Homöostase antreibt. Unsere Daten belegen ferner, dass ein A20-Mangel in ZNS-ECs 

die Entwicklung einer Astrogliose begünstigt und somit zur Entstehung einer 

Neuroinflammation beiträgt. 

Zusammenfassend schlagen wir vor, dass ein A20-Mangel in BHS-ECs bei fehlender 

Entzündung zu einer verlängerten NF-κB-Signalübertragung führt, was wiederum zu 

einer entzündungsfördernden Genexpression führt, einschließlich der Gene für ICAM-

1 und VCAM-1. Dies trägt wahrscheinlich zu einer festen Adhäsion von Immunzellen 

an der BHS bei, was anschließend eine erhöhte T-Zell-Transmigration in das ZNS 

fördert. Darüber hinaus können A20-defiziente BHS-ECs eine spontane 

Neuroinflammation mit Veränderungen der Astrozytenreaktivität vorantreiben. 

Zusammen resultiert das in einem entzündlichen Phänotyp, welcher möglicherweise 

die Entstehung von neurologischen Erkrankungen vorantreiben könnte.   
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2 Introduction / Goal of the dissertation 

The control of gene expression is an inevitable mechanism for most organisms to adapt 

to changes in their environment. Nuclear factor ‘kappa-light-chain-enhancer’ of 

activated B cells (NF-κB) influences gene expression that has an impact on cell 

survival, differentiation and proliferation, as well as the regulation of the immune 

system (Hayden and Ghosh, 2012). During inflammation NF-κB is activated by 

proinflammatory cytokines which leads to an activation of gene expression, triggering 

an increased production of cytokines and chemokines and therefore leading to an 

immune response (Lawrence, 2009).  

Since NF-κB activation is central to many cell processes, tight regulation is absolutely 

necessary to ensure tissue homeostasis (Renner and Schmitz, 2009). A20, also known 

as tumor necrosis factor α-induced protein (TNFAIP) 3, plays a key role in the 

regulation of NF-κB signaling. It has been shown that A20 has two distinct catalytic 

domains, both of which cooperate to downregulate NF-κB signaling (Wertz et al., 

2004). Mutations in the TNFAIP3 gene are linked to autoimmune diseases such as 

systemic lupus erythematosus (SLE), psoriasis, and multiple sclerosis (MS) (Musone 

et al., 2008; Nair et al., 2009; Jager et al., 2009). In MS, an abnormal response of the 

body’s immune system is directed against neurons of the central nervous system 

(CNS), leading to inflammation and causing damage to the myelin-sheaths which 

isolate and protect neurons in the healthy CNS. This process manifests itself in clinical 

symptoms such as visual and sensory impairment, neuropathic pain, and movement 

disorders (Compston and Coles, 2008). Moreover, MS is associated with a breakdown 

of the blood brain barrier (BBB), which usually protects the brain against circulating 

toxins and pathogens while allowing nutrients to enter the brain. In MS, a 

disorganization of junctional molecules, which restrict leukocyte infiltration under 

physiological conditions, and an upregulation of adhesion molecules leads to an 

increase of infiltrating immune cells into the CNS and therefore to a more severe 

progression of inflammation (Lécuyer et al., 2017).  

In recent years, new findings in the neuroinflammatory research field have contributed 

substantially to our understanding of the underlying pathophysiological mechanisms of 

MS, many of which are based on the widely available rodent models of MS, amongst 

them the experimental autoimmune encephalomyelitis (EAE) model system 
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(Constantinescu et al., 2011). With the help of this model the role of A20 on the 

progression of neuroinflammation has been investigated by different work groups. In 

2013, Wang et al. examined the function of A20 in EAE in order to answer the 

unresolved question of how it regulates MS pathogenesis. Therefore, they first deleted 

A20 in neuroectodermal cells (astrocytes, neurons, and oligodendrocytes; A20ΔNestin 

mice), resulting in a significantly stronger EAE together with an increased T cell 

infiltration into the CNS, an enhanced production of cytokines and chemokines, and a 

higher expression of inflammatory genes. Next, they concentrated on astrocytes since 

they are a major source of chemokines. Wang et al. generated A20ΔGFAP mice which 

lack A20 selectively in astrocytes. Again, mice showed more severe clinical symptoms 

to EAE with an increased number of infiltrating cells (Wang et al., 2013). In 2018, Voet 

et al. created an inducible A20ΔCx3Cr1 mouse lacking A20 specifically in microglia. These 

mice were hypersensitive to EAE, showing extensive demyelination, axonal damage, 

inflammation, and immune cell infiltration. Moreover, they could show that genes linked 

to cell activation, microglia polarization, major histocompatibility complex (MHC) class 

1, type one interferon signaling, and inflammatory signaling such as NF-κB were 

upregulated. These results underline the important role of A20 in securing CNS 

homeostasis and preventing the development of inflammatory CNS pathology (Voet et 

al., 2018).  

Even though it is well known that defects in A20-dependant regulation of NF-κB 

contributes to several different inflammatory and autoimmune diseases, its role in 

endothelial cells is largely unknown (Chu et al., 2011). The aims of the present study 

are to identify the role of A20 in endothelial cells on the maintenance of BBB integrity 

in steady state and to evaluate its impact on autoimmune diseases. 
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3 Literature review 

 Multiple Sclerosis 

Multiple Sclerosis (MS) is a chronic inflammatory demyelinating disease of the central 

nervous system (CNS) that often affects young adults, typically starting between 20 

and 40 years of age (Nicholas and Rashid, 2013). In the developed world, it is the 

leading cause of disability in young and middle-aged people (Koch-Henriksen and 

Sørensen, 2010). First symptoms of MS include visual and sensory impairment, 

neuropathic pain, as well as movement disorders (Compston and Coles, 2008). Even 

though the etiology of MS is not fully understood yet, it is most likely linked to a genetic 

predisposition (Hafler et al., 2007).  

 Epidemiology and etiology  

Approximately 2.8 million people suffer from MS worldwide, among them more than 

280.000 in Germany alone and prevalence has risen steadily over the last years 

(Deutsche Multiple Sklerose Gesellschaft Bundesverband e.V., 2023; Holstiege et al., 

2017). In general, women have a higher risk of developing MS with an increasing 

female to male ratio of 1.4 in 1955 to 2.3 in 2000 (Kamm et al., 2014). Until today, the 

female to male ratio has reached more than 3:1 (Compston and Coles, 2008). 

Moreover, studies have shown that the risk of getting MS increases with greater 

distance from the equator. Regions of high risk include Northern USA, Canada, 

Australia, New Zealand, and Israel, with the greatest risk among Northern Europeans 

(Browning et al., 2012; Kurtzke, 2000; Compston and Coles, 2008). Regions with low 

prevalence can be found in South America and Asia (Kurtzke, 2000). Moreover, it 

seems that the risk for MS correlates with the place of residence in childhood. Studies 

of migration patterns have shown that moving from a high- to a low-risk region in 

childhood is associated with a decreased risk of MS, whereas a child migrating from a 

low- to a high-risk region takes on the higher risk level of the new region (Compston 

and Coles, 2008).  

Even though MS is not considered a hereditary disease, genetic factors are known to 

contribute to the risk of developing MS. Many years ago studies have found a 

correlation between genetic variations in the human leukocyte antigen (HLA), which 

primarily encodes immune-related antigen recognition molecules within the major 
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histocompatibility complex (MHC), and MS (Jersild et al., 1973). Moreover, genome-

wide association studies identified more than 100 single nucleotide polymorphisms 

(SNP) connected to MS, including SNPs within the interleukin-2 receptor α gene, the 

interleukin-7 receptor α gene or the TNFAIP3 gene (Hoffjan et al., 2015; Hafler et al., 

2007). Interestingly, most SNPs identified occurred in gene loci related to T cell 

differentiation and activation, providing evidence that the critical disease mechanisms 

involve immune dysregulation (Sawcer et al., 2011). 

Not only genetic factors seem to play a role in the risk of developing MS, but also 

environmental and behavioral factors, including infections with Eppstein-Barr virus, 

smoking, obesity, as well as low levels of vitamin D (Bjornevik et al., 2022; 

Abdelrahman et al., 2014; Heydarpour et al., 2018; Novo and Batista, 2017; Simpson 

et al., 2018).  

 Clinical Subtypes 

In 1996, the Advisory Committee on Clinical Trials of new Agents in MS of the United 

States National Multiple Sclerosis Society defined four standardized clinical subtypes 

of MS in order to ensure accurate communication, design and recruitment of clinical 

trials and treatment decisions. These categories were divided according to the clinical 

course of the disease: relapsing-remitting (RR) MS, primary-progressive (PP) MS, 

secondary-progressive (SP) MS, and relapsing-progressive (RP) MS (Lublin and 

Reingold, 1996). Since these categories did not include imaging and biological 

correlate, the categories were re-examined by the International Advisory Committee 

on Clinical Trials of MS in 2013 (Lublin et al., 2014). As a result, the RPMS category 

was eliminated and the clinically isolated syndrome (CIS) was introduced as a new 

category to describe MS (Lublin et al., 2014).  

Until today the different MS subtypes are defined as following:  

3.1.2.1 Clinically Isolated Syndrome 

CIS is defined as the first clinical presentation of a disease showing characteristics of 

an inflammatory demyelinating progress that could be MS, typically involving the optic 

nerve, brainstem, spinal cord, or cerebral hemispheres (Miller et al., 2005). When CIS 

is accompanied by brain lesions that are similar to those seen in MS and that can be 

detected by magnetic resonance imaging (MRI), the patient has a 60 to 80 percent 
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chance of being diagnosed with MS in the following years (National Multiple Sclerosis 

Society, 2019). In order to diagnose MS in CIS patients, a clinical or MRI demonstration 

of dissemination of cortical lesions to other regions can be used (Thompson et al., 

2018). 

3.1.2.2 Relapsing-remitting MS 

Patients suffering from RRMS experience 

periods of neurological deficits, called 

relapses, followed by episodes of partial to 

complete recovery, called remission. The 

episodes occur sporadically and usually do 

not exceed 1 to 5 relapses per year 

(Compston and Coles, 2008). A relapse is 

defined as an episode of neurological 

symptoms in the absence of fever or 

infection, which lasts at least 24 hours and is accompanied by a demyelinating event 

in the CNS (Polman et al., 2011). This form of MS is present in 85% to 90% of patients 

at diagnosis (Browning et al., 2012), and over 95% of pediatric MS patients initially 

show a relapsing-remitting disease course (Polman et al., 2011).  

3.1.2.3 Secondary-progressive MS 

Within three decades, approximately 65% of 

RRMS patients transition into a secondary 

progressive phase (Scalfari et al., 2014). 

SPMS patients experience continuous 

neurocognitive decline without symptom-free 

remissions, that usually manifest as motor 

and long tract-symptoms (Browning et al., 

2012). There are no criteria determining the 

exact point when RRMS transitions to SPMS 

(Lublin et al., 2014). Men often experience a more rapid progression to SPMS than 

women, and the older the patient is at first presentation of symptoms, the faster the 

progression occurs (Browning et al., 2012; Scalfari et al., 2014).  

Figure 1: RRMS disease activity over time 

After a relaps, symptoms may disappear or 
partially disappear. 

Figure 2: SPMS disease activity over time 

SPMS may occur after several years of 
RRMS, with increasing disability over time. 
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3.1.2.4 Primary-progressive MS 

In contrast to SPMS patients, primary-

progressive patients show no sign of relapse 

or remission in the course of disease, with 

symptoms steadily increasing from diagnosis 

(Thompson et al., 1991; Lublin and Reingold, 

1996). Unlike in RRMS, men and women have 

almost the same risk of PPMS (1.1-1.3 to1 

compared to the 3:1 ratio of MS overall), and 

the mean age of onset is greater. Moreover, 

PPMS is almost never seen in children (Rice et al., 2013).  

 Diagnosis 

In order to diagnose MS, clinical symptoms, MRI findings, and analysis of 

cerebrospinal fluid (CSF) are required. In the past, MS was diagnosed with the help of 

the Poser’s criteria, which define MS as the occurrence of at least two demyelinating 

attacks lasting at least 24 hours and involving two or more different parts of the CNS 

(Poser et al., 1983). With the introduction of the McDonald criteria in 2000, the usage 

of MRI was integrated in the diagnostic scheme for MS (McDonald et al., 2001). 

Moreover, examination of CFS was then used in order to maintain information about 

inflammation and immunological disturbances. The McDonald criteria were modified in 

2005 (Polman et al., 2005) and again in 2010 (Polman et al., 2011). Accordingly, the 

presence of T2-weighted lesions by MRI which are disseminated in space (DIS) and 

time (DIT) are predictive for MS. DIS is defined as at least one T2 lesion in two or more 

of the four multiple sclerosis-typical regions, including juxtacortically, periventricularily, 

in the posterior fossa, and the spinal cord. To fulfill the DIT criterion, asymptomatic 

gadolinium enhancing and non-enhancing lesions have to be simultaneously present 

in one MRI scan, or a new T2 lesion has to be detected in a follow-up MRI (Polman et 

al., 2011). Moreover, the presence of oligoclonal bands in the CSF, which can be found 

in about 90% of MS patients, helps to support the diagnosis of MS (Deisenhammer et 

al., 2019).  

Figure 3: PPMS disease activity over time 

In PPMS, symptoms worsen steadily with no 
sign of relapse or remission. 
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 Immunopathogenesis  

Based on findings from immunological, histopathological, and genetic studies, as well 

as experiences from clinical trials, it is widely accepted that MS pathogenesis has a 

major immunological component. Two opposing hypotheses on the initiation of MS 

have been suggested. The most accepted hypothesis claims that a CNS antigen-

specific immune activation takes place in the periphery and leads to an immune 

response in the CNS. The second hypothesis proposes an initiating event in the CNS 

leading to an activation of microglia and an immune reaction, followed by the 

recruitment of immune cells to the CNS (Hemmer et al., 2015). 

The first theory proposes, that autoreactive T cells are primed by antigen presenting 

cells (APC) such as dendritic cells (DC) in peripheral lymphoid organs through 

mechanisms of molecular mimicry, cross reactivity, and bystander activation 

(Sospedra and Martin, 2005; Koch et al., 2013). After activation, these autoreactive T-

helper type (Th) 1 and Th17 cells migrate towards the blood brain barrier (BBB) and 

into the CNS (Yadav et al., 2015). The migration of T cells is mediated by the 

upregulation of different adhesion molecules, such as vascular cell adhesion molecule 

1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1), which are primarily 

expressed on endothelial cells (EC) (Ortiz et al., 2014). They interact with the leukocyte 

function-associated antigen (LFA)-1, or the very late antigen (VLA)-4 on Th 1 cells 

(Engelhardt and Ransohoff, 2012). The CC-chemokine receptor (CCR)-6 expression 

on Th17 cells allows an interaction with its ligand CC-chemokine ligand (CCL)-20 on 

EC, promoting T cell migration (Goverman, 2009). Once T cells crossed the BBB, they 

are reactivated by local APCs, leading to the secretion of proinflammatory cytokines 

like interferon-gamma (IFN-γ) or interleukin (IL)-17 (Legroux and Arbour, 2015). These 

cytokines recruit more inflammatory cells, stimulate plasma cells to produce antibodies 

which target myelin sheaths, and activate microglia and astrocytes (Kamm et al., 

2014). They themselves release more cytokines, leading to further recruitment of 

inflammatory cells, for example monocytes, and continuing breakdown of the BBB 

(Cannella and Raine, 1995). In the parenchyma, monocyte-derived macrophages and 

microglia promote demyelination, leading to neurodegeneration (Bogie et al., 2014). 

Furthermore, activation of astrocytes inhibits oligodendrocyte differentiation and 

therefore reduces remyelination, intensifying neurodegeneration (Racke, 2009). 

Moreover, B cell activation is considered to contribute to CNS damage in MS as they 
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can function as APCs, secrete cytokines, and release pathogenic antibodies (Wekerle, 

2017). Additionally, B cells can differentiate into antibody-secreting plasma cells. 

Plasma cells release immunoglobulin G (IgG) which causes demyelination and axonal 

damage (Claes et al., 2015).  

The alternative hypothesis proposes that the forming of MS lesions starts with the loss 

of oligodendrocytes in the presence of reactive microglia but barely any other 

inflammatory cells (Henderson et al., 2009). The exact reason for the death of 

oligodendrocytes is still unknown but it has been proposed that the loss of 

oligodendrocytes might occur due to a genetic mutation, a metabolic disturbance, or 

oxidative stress with microglia as a primary source of reactive oxygen species (Luo et 

al., 2017). Due to local tissue damage, antigens are released and drain out of the CNS 

either along perivascular pathways or via APCs in the CSF. They drain toward deep 

cervical lymph nodes where they are presented by APCs and induce a secondary 

immune response (Laman and Weller, 2013). Finally, the activation of antigen specific 

T cells in the draining lymph nodes results in the targeting of myelin and 

oligodendrocytes, leading to demyelination and neurodegeneration (Hemmer et al., 

2015). However, there is a lot of criticism directed at this hypothesis. For instance, 

neurodegenerative diseases affecting oligodendrocytes or myelin sheaths, for 

example in white matter disease, do not necessarily lead to a destructive reaction of 

the adaptive immune system (Lin et al., 2017). Furthermore, genetic studies done in 

patients do not support the theory of primary damage to oligodendrocytes in MS 

patients (Hemmer et al., 2015).  

Although for many years research for autoimmunity in the CNS has been focused on 

cluster of differentiation (CD) 4+ T cells, the importance of CD8+ T cells has recently 

emerged. One reason for this is that CD4+ T cells are outnumbered by CD8+ T cells in 

brain lesions of MS patients (Salou et al., 2015). Studies showed that the number of 

MHC class I expressing astrocytes, oligodendrocytes, microglia, and macrophages, 

which are recognized by CD8+ T cells, is elevated in MS lesions (Höftberger et al., 

2004).  

Regulatory T (Treg) cells seem to play a role in the pathogenesis of MS as well. The 

function of Treg cells is to maintain tolerance against self-antigens and to prevent 

inflammation in the CNS by secreting soluble mediators such as IL-10 and 
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transforming growth factor beta (TGFβ) (Goverman, 2009). Usually, Tregs inhibit the 

production of pro-inflammatory cytokines through the suppression of effector T (Teff) 

cells. Moreover, they seem to play a role in eliminating antigen-presenting and 

autoantibody-producing B cells by secreting perforin and granzyme (Danikowski et al., 

2017). In MS, there seems to be an impairment of Treg function, causing an improper 

silencing of autoreactive T cells specific for myelin antigens (Mastorodemos et al., 

2015).  

 Therapies for MS 

Up to date, there is no cure for MS. The therapies available aim at improving symptoms 

and reducing the relapse rate and MRI disease activity (disease-modifying therapies, 

DMT) (Kamm et al., 2014). The therapy of MS is based on three therapeutic principles: 

treatment of exacerbations, slowing disease progression, and symptomatic therapies. 

In order to manage an acute relapse in MS, high-dose intravenous (i.v.) administration 

of corticosteroids such as methylprednisolone is recommended, as it reduces 

symptoms, shortens recovery time, and improves motor function (Hart and Bainbridge, 

2016). For long-term therapy of RRMS, DMTs comprising interferon-beta (IFN-β) and 

glatiramer acetate are used, delaying disease progression and severity, but not 

showing a curative effect (Tsareva et al., 2016). As second-line treatment, 

mitoxantrone, an anti-inflammatory medication, natalizumab, which inhibits the 

transmigration of inflammatory cells into the CNS by blocking the interaction of T-cell 

integrin with its ligand VCAM-1, and other drugs (including methotrexate, 

dalfampridine, and fingolimod) are used (Khoy et al., 2020; Browning et al., 2012). The 

first line therapy of PPMS is ocrelizumab, a type 1 anti-CD20 IgG monoclonal antibody 

which depletes pre-B cells, immature B cells, mature B cells, and memory B cells 

(Bigaut et al., 2019). In order to fight balance and mobility impairments, muscle 

weakness, spasticity, and ataxia, physiotherapy is most commonly prescribed for all 

MS patients (Feinstein et al., 2015). As an alternative therapeutic option stem cell 

therapy has gained interest over the last years (Rahim et al., 2018). Stem cells can be 

divided into two groups: hematopoietic stem cells (HSC) and myeloid stem cells (MSC). 

As an attempt to restart the immune system, HSCs are transplanted, which then 

migrate to the bone marrow, where they produce new immune cells that do not attack 

myelin or other brain tissues any longer (Paula A Sousa et al., 2015). The 

transplantation of MSCs leads to the suppression of T cells, B cells, and natural killer 
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cells (NK), making it a valuable therapy for MS patients (Sherbet, 2016). In general, 

the transplantation of stem cells has the potential to become a treatment option for MS. 

However, it should only be carried out as a part of studies (Hemmer et al., 2021).  

 Experimental Autoimmune Encephalomyelitis  

In recent years new findings in the neuroinflammatory research field have contributed 

substantially to our understanding of the underlying pathophysiological mechanisms of 

the disease. This has been made possible by the establishment of several animal 

models, the most commonly used among them being the rodent experimental 

autoimmune encephalomyelitis (EAE) model. EAE can be induced actively by injecting 

a water-oil emulsion of complete Freund’s adjuvant (CFA; supplemented with 

Mycobacterium tuberculosis) mixed with myelin derived protein and peptide, followed 

by the injection of pertussis toxin (PTx) the same day and two days later (Kurschus, 

2015). Encephalitogenic peptides that can be used include myelin oligodendrocyte 

glycoprotein 35-55 (MOG35-55), myelin basic protein (MBP), proteolipid protein (PLP), 

and others (Robinson et al., 2014). Alternatively, passive activation of EAE can be 

achieved by transferring pre-activated myelin-specific CD4+ T cells into naïve mice 

(Ben-Nun et al., 1981; McCarthy et al., 2012). In the case of active immunization 

myelin-specific CD4+ T cells circulating in the periphery of naïve mice are primed in 

secondary lymphoid organs and subsequently migrate towards the CNS where they 

infiltrate brain and spinal cord (Stromnes and Goverman, 2006; Waisman and Johann, 

2018). Once the T cells crossed the BBB, they are reactivated by local APCs, starting 

an inflammatory cascade which leads to the recruitment of an exceeding number of 

immune cells into the CNS, eventually causing tissue damage (Constantinescu et al., 

2011).  

The course of EAE in mice is generally characterized by paralysis beginning at the tail 

and ascending to the limbs and forelimbs, but the pathological features can differ 

depending on the animal species, strain, induction method, and auto-antigen used 

(Gold et al., 2006; Procaccini et al., 2015). For example, while the immunization of 

C57BL/6 mice with MOG35-55 peptide results in a monophasic disease course, SJL/J 

mice display a relapsing-remitting disease course upon immunization with PLP peptide 

(Terry et al., 2016). 
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From the pathogenesis point of view, EAE is a good model to study the mechanisms 

of MS. Nevertheless, there are essential differences between EAE and MS. One of the 

major differences is that the induction of EAE requires an external immunization step, 

whereas the pathology in MS patients including the generation of autoantibodies is not 

artificially induced and therefore the pathogenic mechanisms can be different (Hart et 

al., 2011). Moreover, for EAE to work myelin peptides are diluted in adjuvants 

containing bacteria and mice are injected with PTx, triggering a response of the innate 

immune system (Darabi et al., 2004). In order to reduce the discrepancies between 

EAE and MS, new and optimized models are continuously created, or species more 

closely related to humans (e.g. marmosets) are used (Hart et al., 2011). For example, 

a T cell receptor transgenic mouse specific for MOG35-55, also referred to as 2D2 

mouse, has been generated. These mice develop spontaneous optic neuritis without 

any clinical or histological evidence of EAE, a situation which is often described in MS 

patients at the onset of RRMS and before the involvement of brain and spinal cord 

(Bettelli et al., 2003). Later, 2D2 mice were crossed to MOG-specific Ig heavy-chain 

knock-in mice containing B lymphocytes that produce the heavy chain of a 

demyelinating MOG-specific antibody. The offspring, termed OSE (opticospinal EAE) 

mice, develop spontaneous inflammatory demyelination and the lesions resemble 

those of neuromylitis optica, a disease closely related to human MS (Krishnamoorthy 

et al., 2006). 

 Blood Brain Barrier 

As early as 1885, first studies to show the existence of a selective barrier between the 

blood and the brain were done by Paul Ehrlich. For this purpose, he injected Evan’s 

blue dye intravenously into a rat and could observe that all organs except the brain 

were stained. In 1913, his graduate student injected dye into the CSF of dogs and 

found that only the brain and spinal cord tissue stained, concluding that there was a 

barrier between the blood and the brain (Saunders et al., 2014). Nowadays it is well 

established that there is a total of three interfaces that function as barriers between the 

blood and the CNS: the blood-CSF barrier, the arachnoid barrier, and the BBB (Abbott 

et al., 2010). In the following passage, focus will be put on the latter. 
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 Function 

Blood vessels play an important role in the transportation of oxygen (O2) and nutrients 

to all the organs of the body, including the brain. In the CNS, blood vessels differ from 

those in the rest of the body. A unique barrier is formed – called the blood-brain barrier 

(BBB) – that allows a tight regulation of the movement of ions, molecules, and cells 

from the blood to the brain, providing a stable environment for neuronal function. 

(Ballabh et al., 2004). Moreover, the BBB helps to keep the central and peripheral 

transmitter pools separated, as the CNS and the peripheral nervous system use many 

of the same neurotransmitters. Furthermore, many plasma proteins including albumin 

and pro-thrombin are damaging to brain tissue and thus have to be kept outside the 

CNS (Abbott et al., 2010). The blood vessels of the BBB are of a continuous non-

fenestrated type, protecting the CNS from toxins and pathogens circulating in the 

blood, thus preventing inflammation and disease (Daneman and Prat, 2015). Larger 

molecules including insulin and iron transferrin enter the CNS via receptor-mediated 

endocytosis, whereas nutrients such as glucose and amino acids cross the BBB with 

the help of selective transporters (Ballabh et al., 2004). 

 Anatomy of the Blood Brain Barrier 

The BBB is made up of cellular and non-cellular components that together form the 

neurovascular unit (NVU). At the level of capillaries, the NVU comprises a basement 

membrane (BM) and three different cell types: endothelial cells (EC), pericytes, and 

astrocytes (Abbott et al., 2006; Daneman, 2012).  
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3.2.2.1 Endothelial Cells 

A single specialized EC layer makes up the innermost luminal part of the BBB (Serlin 

et al., 2015). ECs are closely connected by junctional complexes made up of tight 

junctions (TJ) and adherens junctions (AJ) (Abbott et al., 2010). TJs consist of different 

transmembrane proteins, including occludin, junctional adhesion molecules (JAM), 

and proteins from the claudin family (Bauer and Traweger, 2016). They are linked to 

the cytoskeleton by different cytoplasmic TJ proteins for example members of the 

zonula occludens (ZO) family (Daneman, 2012). With the help of numerous different 

transporters, ECs can tightly regulate the movement of ions and molecules between 

the blood and the brain, amongst them the glucose transporter 1, high affinity cationic 

amino acid transporter 1, and several efflux transporters to remove toxins and 

metabolic waste products from the CNS, including the P-glycoprotein multidrug 

transporter and the breast cancer resistance protein (Chow and Gu, 2015). One of the 

key functions of ECs is to control leukocyte infiltration across the BBB. Under 

physiological conditions, ECs show a low expression of leukocyte adhesion molecules, 

including E-selectin, P-selectin, ICAM-1 and VCAM-1, restricting immune cell 

infiltration into the CNS (Daneman, 2012). However, this changes under pathological 

Figure 4: Anatomy of the BBB (Abbott et al., 2010). 

The blood brain barrier (BBB) consists of endothelial cells (EC), a basement membrane, pericytes, and 
astrocytes. The ECs are closely connected by tight junctions, sealing the paracellular diffusion path. 
ECs and pericytes contribute to the basement membrane surrounding the abluminal surface of blood 
vessels. Astrocytes encircle the abluminal side of CNS capillaries with their end feet projections, 
maintaining the barrier properties. Neuronal projections onto smooth muscle cells regulate local 
cerebral blood flow. Microglia are the immunocompetent cells of the CNS 
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circumstances. Upon inflammation, the expression of ICAM-1, VCAM-1, activated 

leukocyte cell adhesion molecule (ALCAM), and other adhesion molecules that are 

involved in the process of diapedesis is upregulated, resulting in an increased 

recruitment of immune cells to the CNS (Lécuyer et al., 2017). 

3.2.2.2 Pericytes 

Pericytes completely surround the abluminal surface of the endothelium, with a higher 

pericyte coverage of the vessel of the CNS compared to the peripheral vasculature 

(Keaney and Campbell, 2015). They play an important role in angiogenesis, regulating 

capillary diameter, controlling cerebral blood flow, and maintaining BBB integrity 

(Obermeier et al., 2013). Pericytes closely interact with ECs – they even share one 

basement membrane – and they are connected to each other by so-called peg-socket 

contacts which contain tight-, gap-, and adherens junctions (Armulik et al., 2005). 

Together with ECs, they play an important role in preventing leukocyte transmigration 

into the CNS. It has been shown, that leukocytes preferably cross the BBB at regions 

with low coverage of laminin-511 and type IV collagen, called low expression regions, 

which are associated with gaps between pericytes (Voisin et al., 2010). 

3.2.2.3 Astrocytes 

The third cellular component of the BBB are astrocytes. With their cell body astrocytes 

surround neurons to help them maintain their homeostatic balance and at the same 

time they can encircle the abluminal side of CNS capillaries with their end feet 

projections (Keaney and Campbell, 2015). This way, astrocytes can regulate blood 

vessel contraction and O2 supply of the brain based on neuronal activity (Attwell et al., 

2010). Furthermore, astrocytes are a key player in the regulation of water homeostasis 

in the brain as they express the water channel aquaporin 4 (AQP4) in their end feet 

(Haj-Yasein et al., 2011). They are also involved in upregulating BBB features, such 

as tight junctions, the localization of transporters, and specialized enzyme systems 

(Wolburg and Lippoldt, 2002; Abbott et al., 2006). For the regulation of BBB integrity, 

several different mechanisms have been proposed. Astrocytes can increase the 

expression of occludin and claudins and decrease the secretion of chemokines and 

ICAM-1 expression by releasing Sonic hedgehog (Shh) which can bind to hedgehog 

receptors on ECs (Alvarez et al., 2011b). Another study showed that astrocytes can 

regulate the BBB by the release of apolipoprotein E (ApoE) (Hafezi-Moghadam et al., 

2007; Nishitsuji et al., 2011). In fact, ApoE deficient mice show an increased Evans 
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blue permeability at the BBB which worsens with age (Hafezi-Moghadam et al., 2007). 

It has been proposed that astrocytic ApoE regulates TJ integrity by activation of protein 

kinase C and phosphorylation of occludin (Nishitsuji et al., 2011). 

3.2.2.4 Basement Membrane 

The basement membrane (BM) is a unique form of extracellular matrix that surrounds 

the abluminal surface of blood vessels (Xu et al., 2019). The CNS’ BM is 20-200 nm 

thick and consists of laminins, collagen type IV, heparan sulfate proteoglycans, 

nidogens, and several other glycoproteins (Engelhardt and Sorokin, 2009; Daneman, 

2012). It can be divided into two parts: the inner vascular BM which is secreted by ECs 

and pericytes, and the outer parenchymal BM which is secreted by astrocytes 

(Daneman and Prat, 2015). Astrocytic-derived laminin of the cerebral BM can bind to 

the integrin α2 receptor on pericytes and regulate their differentiation, for instance a 

disruption of the BM converts them to a contractile phenotype, which decreases TJ 

expression in ECs and reduces AQP4 levels in astrocytes (Keaney and Campbell, 

2015).  

 The BBB in Disease 

Under normal conditions, the blood vessels of the CNS form a strong barrier, regulating 

the movement of molecules and cells. However, this barrier function is comprised 

under pathological conditions. Disruption of the BBB has been observed in many 

different diseases, including stroke, epilepsy, Alzheimer’s disease, and MS (Kassner 

and Merali, 2015; van Vliet et al., 2015; van de Haar et al., 2016; Minagar and 

Alexander, 2003). Up to a certain extent, this is necessary to allow immune cells to 

enter the CNS to clear debris and repair injuries and damage (Daneman, 2012). 

Nevertheless, an excessive amount of active immune cells in the CNS can lead to 

neurodegeneration as seen in MS (Goverman, 2009). At the same time, a loss in BBB 

integrity allows plasma proteins and water to pass, leading to an increased intracranial 

pressure (Nag et al., 2009).  

The BBB plays a crucial role in the development of MS as it deteriorates and loses its 

protective function. As mentioned above, two distinct changes to the BBB have been 

described in MS: an increase in BBB permeability through the disruption of TJ, and the 

recruitment and activation of immune cells into the CNS. The loss of TJ proteins can 

be mediated by the release of cytokines from infiltrating leukocytes as well as 
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astrocytes, pericytes, and microglia. For instance, tumor necrosis factor (TNF) α and 

IFN-γ are released by leukocytes and can interact with their respective receptors on 

ECs. This results in a change of the cellular TJ and AJ protein distribution, including 

JAM-A and claudin-5 (Wong et al., 1999; Alvarez et al., 2011a). Moreover, it has been 

shown that stimulation of ECs with IFN-γ promotes redistribution and endocytosis of 

occludin, claudin-1, claudin-4, and JAM-A (Bruewer et al., 2003). TNF-α and IFN-γ 

have also been shown to stimulate chemokine secretion and ICAM-1 and VCAM-1 

expression on ECs, leading to transmigration of leukocytes through the BBB (Lombardi 

et al., 2008). In addition, matrix metalloproteinases (MMP) may play a role in the 

disruption of the BBB. MMP serum levels have been reported to be higher in MS 

patients compared to healthy controls, especially those of MMP-2 and MMP-9 (Boziki 

and Grigoriadis, 2018). MMP-2 and MMP-9 activity plays an important role in leucocyte 

transmigration across the parenchymal BM as they degrade dystroglycanes which 

connect astrocytes to the BM (Agrawal et al., 2006).  

3.2.3.1 Transendothelial migration  

The infiltration of leukocytes into the CNS is considered an early event in the 

development of MS, which is favored by BBB breakdown. The transendothelial 

migration (TEM) of leukocytes into the CNS, also called diapedesis, requires different 

steps: leukocyte rolling, activation, adhesion, and locomotion. The rolling phase is 

induced by the first contact of leukocytes with adhesion molecules (L-, E-, or P-

Selectin) on the luminal side of the endothelium, or the binding of α4-integrins on 

leukocytes to VCAM-1 on ECs (Engelhardt and Ransohoff, 2012). This leads to a 

subsequent slowing-down of leukocytes. As a result of intracellular signaling, integrins 

on leukocytes change from a low to a high affinity state and bind to their endothelial 

ligands, including ICAM-1 and -2 and VCAM-1 (Chigaev et al., 2003; Filippi, 2016). 

Once the leukocytes are firmly attached, they flatten and polarize to enable directional 

migration across the BBB. They crawl across the endothelial apical surface to find a 

permissive site of transmigration (Phillipson et al., 2006). Leukocyte motility is highly 

dependent on asymmetric rearrangement of their cytoskeleton, where filamentous 

actin polymerizes to form the cell’s leading edge whereas actomyosin assembles along 

the cell’s rear end (Filippi, 2019). It has been shown that leukocytes generate 

numerous ICAM-dependent finger-like protrusions. These protrusions create deep 

invaginations through endothelial junctions as well as on ECs away from the junctions, 
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acting as mechanosensors on the endothelial cell surface in order to find a site which 

allows TEM (Carman, 2009; Carman et al., 2007).  

In general, there are two different routes for cells to cross the BBB: the transcellular 

and the paracellular diapedesis routes. Most of the time, TEM takes place at the 

endothelial cell borders, called paracellular TEM (Winger et al., 2014). For paracellular 

TEM, it is necessary for TJ as well as AJ to remodel. Studies have shown, that upon 

interactions of ICAM-1 on ECs and β2-integrin on immune cells VE-Cadherin is 

phosphorylated, leading to a loosening of the AJ (Filippi, 2019; Winger et al., 2014). 

Moreover, claudin-5 is removed from the site of transmigration at the cell-cell junctions, 

forming a gap for TEM (Winger et al., 2014). In contrast to paracellular TEM, it has 

been observed that leukocytes can also transmigrate through the endothelial cell 

bodies (transcellular), leaving the TJ’s and AJ’s morphology intact (Engelhardt and 

Ransohoff, 2012). While crawling on the endothelial surface, leukocytes use their 

protrusions to identify a site for transmigration. Once the permissive site has been 

identified, leukocyte - EC contacts fuse, forming a transcellular channel between the 

apical and basal membrane (Carman et al., 2007). 

After passing the endothelial cell layer, leukocytes migrate through pericytes lining the 

blood vessels and the vascular basement membrane to reach the interstitial space 

(Filippi, 2019). 

 NF-κB Pathway 

The essential function of the immune system is to sense pathogens and initiate an 

immune response against infections. As the immune system is an interactive network 

of immune cells, humoral factors, and cytokines, its function is highly dependent on 

complex signaling pathways and strict regulation (Parkin and Cohen, 2001). 

A precise inflammatory response is based on a coordinated activation of several 

signaling pathways that regulate the expression of pro- and anti-inflammatory 

mediators and the recruitment of leukocytes from the blood. The transcription factor 

Nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF-κB) plays a crucial 

role in the regulation of this process. The contribution of NF-κB to diseases can easily 

be observed in the context of autoimmune diseases and chronic inflammation, where 
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proinflammatory cytokines lead to an activation of NF-κB, which then promotes the 

production of even more proinflammatory cytokines (Lawrence, 2009). Moreover, it has 

been shown that NF-κB plays an important role in the development and maintenance 

of cancer, such as glioblastoma and colorectal cancer (Cahill et al., 2016; 

Hassanzadeh, 2011). 

 Signaling 

There are two separate signaling pathways leading to the activation of NF-κB: the 

canonical (classical) and non-canonical (alternative) pathway (Jarosz et al., 2017). 

The canonical NF-κB signaling pathway is triggered by proinflammatory cytokines, 

such as IL-1, TNF-α, and bacterial lipopolysaccharides (LPS) as shown in Figure 5 

(Lawrence, 2009). For instance, the binding of TNF-α to TNF receptors triggers the 

recruitment of TNF-receptor-associated protein with a death domain (TRADD). TRADD 

further binds to TNF-receptor-associated factor (TRAF) 2 and receptor-interacting 

protein (RIP) 1 (Hirata et al., 2017). TRAF 2 mediates the polyubiquitination of RIP1 

which can then recruit transforming growth factor-β-activated kinase (TAK) 1 binding 

proteins (TAB) 1, TAB2, and TAB3 (Xu and Lei, 2021). TAB2 and TAB3 form a 

signaling complex with the protein kinase TAK1, leading to its activation (Blonska et 

al., 2005). Subsequently, TAK1 stimulates phosphorylation-dependent activation of the 

IκB kinase (IKK) complex (Ridder et al., 2015). This complex consists of a regulatory 

subunit IKKγ, also called NEMO, and two catalytic subunits IKKα, and IKKβ. To be 

activated, IKKβ has to be phosphorylated (Jarosz et al., 2017). Hereupon, the IKK 

complex binds to and phosphorylates IκBα, an inhibitory protein of the NF-κB complex. 

This leads to ubiquitination of IκBα, targeting it for proteasomal degradation (Mitchell 

et al., 2016). The released NF-κB complex, a homo- or heterodimer of Rel family 

proteins, including p65, also known as RelA, RelB, c-Rel, p50, and p52, accumulates 

in the cell and translocates into the nucleus. The subunits share an N-terminal Rel 

homology domain, enabling to bind to consensual regions in the DNA. Hereby, they 

regulate the expression of genes involved in inflammation, cell survival, and apoptosis 

(Renner and Schmitz, 2009; Cahill et al., 2016). However, IL-1 signaling leads to the 

recruitment of IL-1β-associated kinase (IRAK) 1 and 4 to the receptor. IRAK 1 

subsequently binds to TRAF 6, leading to the activation of the IKK complex (Iwai, 

2012). 
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Unlike the canonical NF-κB pathway, the non-canonical signals are transduced in a 

NEMO-independent manner. Instead, the binding of lymphotoxin-β, CD40 ligand, and 

B-cell activating factor to their related receptors results in an activation of the NF-κB-

inducing kinase (NIK) (Jarosz et al., 2017). NIK plays a dual role in the non-canonical 

NF-κB pathway. On the one hand, active NIK phosphorylates p100, which is then 

processed into p52. Together with RelB, p52 can form a dimer that translocates into 

the nucleus and binds DNA in order to activate transcription. On the other hand, 

activated NIK phosphorylates p100 within IκBδ, This results in a release of NF-κB 

dimers for the activation of gene expression (Mitchell et al., 2016; Lawrence, 2009). In 

general, activation of the non-canonical NF-κB pathway regulates genes required for 

B-cell activation as well as lymphoid organogenesis (Jarosz et al., 2017).  

 Negative regulation 

Inflammation is an important reaction of the immune system to fight infections. 

Nevertheless, immune response can become harmful when it occurs in an excessive 

manner or when it is not adequately terminated, causing chronic inflammation, 

oncogenesis, and autoimmune diseases (Renner and Schmitz, 2009). Thus, several 

cellular and molecular mechanisms tightly regulate NF-κB signaling to manage an 

adequate termination of inflammation and maintain homeostasis (Yu et al., 2020a). 

One primary component of the regulation of NF-κB are self-regulating feedback loops. 

Within less than an hour after the stimulation with TNF-α, IκBα completely disappears 

in the cytoplasm and the binding activity of NF-κB reaches its peak. Newly synthesized 

IκBα reappears in the cytoplasm two hours after stimulation. IκBα subsequently enters 

the nucleus and removes NF-κB from the DNA, ensuring the termination of the initial 

NF-κB response (Sun et al., 1993). 

Furthermore, there are different target structures for the feedback regulation of the NF-

κB pathway, one of them being TAK1. During inflammation, TNF-α binds to the TNF 

receptor 1. This activates a cascade that results in the autophosphorylation-dependent 

activation of TAK1 (Hirata et al., 2017). This is negatively regulated by the dual 

specificity phosphatase DUSP14, as it dephosphorylates TAK1 within its kinase loop 

(Zheng et al., 2012). Moreover, protein phosphatase 6 associates with and deactivates 

TAK1 by dephosphorylation, suggesting that protein phosphatase 6 is a negative 

regulator of TAK1 (Kajino et al., 2006). 
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In addition, the IKK complex represents another target structure for the regulation of 

NF-κB signaling. The recruitment of protein phosphatase 1 by an adaptor protein 

contributes to the dephosphorylation and subsequent inactivation of the IKK complex. 

(Li et al., 2008). Another feedback mechanism for the direct inhibition of IKK is 

controlled by the uptake of zinc (Zn2+). As a transcriptional target of NF-κB, zinc 

transporter ZIP8 is upregulated during inflammation. This leads to an increased Zn2+ 

uptake, inducing NF-κB inhibition by blocking the IKK complex (Jarosz et al., 2017).  

Moreover, NF-κB signaling is regulated by ubiquitination, a post-translational 

modification of proteins. The conjugation of ubiquitin, a 76 amino acid protein, to the 

targeted proteins is catalyzed by an E1 ubiquitin-activating enzyme, E2 ubiquitin-

conjugating enzyme, and E3 ubiquitin-protein ligase (Iwai, 2012). Ubiquitin chains are 

conjugated to their target structure through one of their lysine (Lys) resides, typically 

Lys48 and Lys63 (Renner and Schmitz, 2009). The type of ubiquitin chain plays an 

essential role in determining the substrate’s fate. Whereas Lys48-linked polyubiquitin 

targets a structure for proteasomal degradation, Lys63-linked polyubiquitin chains are 

participating in signal transduction and deoxyribonucleic acid (DNA) repair (Iwai, 

2012). Some of the most well studied deubiquitinases that play a role in the inhibition 

of NF-κB are cylindromatosis tumor suppressor protein (CYLD), cellular zinc finger 

anti- NF-κB (Cezanne), and A20 (Mooney and Sahingur, 2021; Mathis et al., 2015; Hu 

et al., 2013). A20 is a protein, which is synthesized upon NF-κB stimulation. It functions 

both as a ubiquitinating and a de-ubiquinating enzyme targeting RIP1 and NEMO (Yu 

et al., 2020a). For once, A20 removes K63-linked ubiquitin from target substrates, thus 

negatively regulating NF-κB signaling. At the same time, A20 functions as a ubiquitin 

ligase, labeling substrates for proteasomal degradation (Renner and Schmitz, 2009). 
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 A20 

A20 was originally identified in human umbilical vein endothelial cells upon stimulation 

with TNF-α, giving it it’s gene name tumor necrosis factor α-induced protein 3 

(TNFAIP3) (Dixit et al., 1990). 

 Structure and function  

A20 is a protein of 90 kDa consisting of 790 amino acids. It comprises an amino-

terminal ovarian tumor (OTU) domain and seven A20-like zinc finger domains in the 

carboxy terminus (Komander and Barford, 2008). The zinc finger 4 domain contains 

an E3 ubiquitin ligase which can interact with an E2 ubiquitin conjugating enzyme 

catalyzing Lys48-linked polyubiquitination (Wertz et al., 2004). Simultaneously, the 

OTU domain operates as a deubiquitinase. With its cysteine protease catalytic triade, 

it hydrolyses Lys48- and Lys63-linked ubiquitin chains and removes them from the 

substrate (Evans et al., 2004). 

Figure 5: Regulation of NF-κB by ubiquitination and the deubiquitinases: A20, CYLD, and Cezanne (Mooney and 
Sahingur, 2021) 

Stimulation with TNF, IL-1, MCH-presented antigen or LPS leads to TAK1 and subsequent IKK 
activation, leading to the degradation of IκB. This eventually results in nuclear translocation of NF-κB 
and targeting of gene transcription. These signaling pathways can be inhibited by the deubiquitinases 
A20, CYLD, and Cezanne. 
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Originally, A20 was characterized as an inhibitor of TNF-α-induced apoptosis (Opipari 

et al., 1992). In addition to being an anti-apoptotic protein, A20 functions as a potent 

regulator of NF-κB-dependent gene expression. This was first indicated by the 

observation that A20 can inhibit its own NF-κB-dependent expression (Krikos et al., 

1992). Moreover, it was shown that expression of A20 was not only induced by TNF-

α, but also by other stimuli such as IL-1, LPS, activation of the B cell surface receptor 

CD-40, and Epstein-Barr virus latent membrane protein (Jäättelä et al., 1996; 

Eliopoulos et al., 1997). All these stimuli are involved in the activation of NF-κB 

signaling, further emphasizing the role of A20 in the reduction of pro-inflammatory 

signaling via NF-κB. This was eventually confirmed by the generation of A20-deficient 

mice. They developed massive inflammation and severe cachexia and showed 

sustained NF-κB response (Lee et al., 2000). 

The first mechanism of A20 to restrict NF-κB signaling was identified as 

deubiquitination and subsequent ubiquitin-mediated degradation of RIP1. Upon 

stimulation with TNF-α, the OTU domain removes Lys63-linked ubiquitin chains from 

RIP1, preventing its interaction with NEMO. Hereupon, A20’s zinc finger 4 

polyubiquitinates RIP1 with Lys48-linked ubiquitin chains, targeting it for proteasomal 

degradation (Wertz et al., 2004).  

A20 is also involved in NF-κB signaling in response to other receptors than TNF 

receptors. For instance, A20 inhibits polyubiquitination and activation of TRAF 6 in the 

toll-like receptor 4 and IL-1 receptor pathways (Heyninck and Beyaert, 1999; Boone et 

al., 2004). Together with TRAF-6, the E2 enzyme Ubc13 catalyzes the Lys63-linked 

polyubiquitination of TAK1 which then activates IKK. In addition, TRAF-6 interacts with 

the E2 ubiquitin conjugating enzyme UbcH5c to synthesize polyubiquitin chains that 

activate IKK (Xia et al., 2009). Ubc13 also acts as an E2 enzyme for other E3 ubiquitin 

ligases, such as TRAF-2 in TNF-α-induced signaling. It was shown, that A20 inhibits 

the E3 ligase activity of TRAF-6 and TRAF-2 by antagonizing its interactions with 

Ubc13 and UbcH5c. Furthermore, A20 triggers Lys 48-linked ubiquitination of Ubc13 

and UbcH5c, thus initializing their proteasomal degradation (Shembade et al., 2010).  

There are many more signaling pathways controlled by A20 (see table 2). 
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 A20 in disease 

Over the past few years, multiple studies mainly based on genome-wide association 

studies of genetic material from large groups of patients have detected A20/TNFAIP3 

as a suspectability locus for the development of inflammatory and autoimmune 

disease. For instance, three independent SNPs in the TNFAIP3 region were identified 

that are associated with the development of systemic lupus erythematosus (SLE) 

(Musone et al., 2008). Moreover, A20 SNPs were associated with psoriasis, 

rheumatoid arthritis, Crohn’s disease, MS, and many more (Nair et al., 2009; Plenge 

et al., 2007; Wellcome Trust Case Control Consortium, 2007; Hoffjan et al., 2015). A20 

is not only associated with autoimmune diseases. Genome-wide association studies 

also revealed that mutations and deletions in A20 also have an impact on B cell 

lymphomas and Hodgkin’s lymphoma (Schmitz et al., 2009). In addition, insufficient 

A20 expression has been assumed to contribute to the incidence and prognosis of 

Table 2: Signaling pathways controlled by A20 through interaction with specific substrates (Catrysse et al., 2014) 
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several other malignant tumors, including hepatocellular carcinoma and breast cancer 

(Chen et al., 2015; Vendrell et al., 2007). 

In order to further study cell type specific A20 deficiency and its consequences for 

autoimmune disease pathology several conditional A20 knockout mouse lines were 

generated. That way, it could be shown that mice lacking A20 specifically in intestinal 

epithelial cells manifested an increased response to experimental colitis and mice are 

more prone to develop colon tumors (Vereecke et al., 2010). Epidermis-specific A20-

knockout mice were generated to study the role of A20 in skin homeostasis and 

psoriasis. However, these mice did not show spontaneous skin inflammation. Instead, 

they developed keratinocyte hyperproliferation and ectodermal organ abnormalities 

such as unkempt hair, longer nails, and sebocyte hyperplasia (Lippens et al., 2011). In 

addition, A20 deficient mice in dendritic cells, myeloid cells, and B cells have been 

generated to further study the role of A20 in disease pathology (Catrysse et al., 2014).  

With the help of EAE, a rodent model of MS, the role of A20 in the progression of 

neuroinflammation has been investigated thoroughly. At first, mice lacking A20 

specifically in neuroectodermal cells (astrocytes, neurons, and oligodendrocytes) were 

generated, resulting in a significantly stronger EAE, increased T cell infiltration into the 

CNS, an enhanced production of cytokines and chemokines, and a higher expression 

of proinflammatory genes. Next, mice which lack A20 specifically in astrocytes were 

generated. Once again, mice showed more severe clinical symptoms to EAE together 

with an increased number of infiltrating cells. Interestingly, when deleting A20 

specifically in neurons, mice developed symptoms comparable to wild type mice 

(Wang et al., 2013). A few years later, A20 was deleted exclusively in microglia. These 

mice were hypersensitive to EAE, showing extensive demyelination, axonal damage, 

inflammation, and immune cell infiltration. Moreover, genes linked to cell activation, 

microglia polarization, MHC class 1, type one interferon signaling, and inflammatory 

NF-κB signaling were upregulated (Voet et al., 2018). Moreover, it was shown that A20 

deletion in microglia leads to spontaneous CD8+ T cell infiltration to the CNS where 

they obtain a viral response signature. This suggests that microglial A20 functions as 

a sensor for viral infections (Mohebiany et al., 2020).  

Even though A20 is highly expressed in endothelial cells and it is well known that 

defects in A20-dependent regulation of NF-κB signaling contributes to several different 
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inflammatory and autoimmune diseases, its role in CNS endothelial cells is largely 

unknown.  

The aims of the present study are to identify the role of A20 in CNS endothelial cells 

on the maintenance of BBB integrity in the steady state and to investigate whether the 

deletion of A20 in endothelial cells influences the outcome of EAE. 
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4 Material and Methods 

 Materials 

 Chemicals 

Name of Chemical/ Reagent Supplier 

Acetone Merck, Darmstadt 

Agarose AppliChem, Darmstadt 

Ammonium chloride (NH4Cl) Sigma-Aldrich, Steinheim 

β-Mercaptoethanol Sigma-Aldrich, Steinheim 

Bovine serum albumin (BSA) Sigma-Aldrich, Steinheim 

Brefeldin A Sigma-Aldrich, Steinheim 

Collagenase II AppliChem, Darmstadt 

CXR Reference Dye Promega, USA 

DNAse I Roche, Switzerland 

ECL Western blotting substrate Thermo Scientific, Langenselbold 

Ethanol AppliChem, Darmstadt 

Ethidium bromide Sigma-Aldrich, Steinheim 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich, Steinheim 

Fetal calf serum (FCS) Boehringer Mannheim GmbH, 

Mannheim 

4 kDa FITC Dextran Sigma-Aldrich, Steinheim 

Gene ruler 100 bp Plus DNA ladder Thermo Scientific, Langenselbold 

GoTaq® qPCR Master Mix Promega, USA 

Hank’s buffered saline solution (HBSS) Sigma-Aldrich, Steinheim 

HEPES Gibco Life Technologies GmbH, 

Karlsruhe 

Hydrogen Peroxide Merck, Darmstadt 

Isoflurane Abbvie, Ludwigshafen 

Isopropanol AppliChem, Darmstadt 

Methanol Roth, Karlsruhe 

Milk powder Sigma-Aldrich, Steinheim 

My Taq Red DNA- polymerase Sigma-Aldrich, Steinheim 

Olive oil Sigma-Aldrich, Steinheim 
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Papain from papaya latex Sigma-Aldrich, Steinheim 

Percoll Sigma-Aldrich, Steinheim 

Pertussis toxin Biotrend, Köln 

Proteinase K Roche, Switzerland 

REDTaq® Ready Mix™ PCR Reaction 

Mix 

Sigma-Aldrich, Steinheim 

Roti-Histofix 4% Roth, Karlsruhe 

RPMI-1640 medium Sigma-Aldrich, Steinheim 

Sodium chloride (NaCl) Roth, Karlsruhe 

Sodium dodecyl sulfate (SDS) AppliChem, Darmstadt 

Tamoxifen Sigma-Aldrich, Steinheim 

TissueTek® O.C.T™ compound Sakura Finetek, Staufen 

Trichloroacetic acid solution Sigma-Aldrich, Steinheim 

Tris Roth, Karlsruhe 

Triton X-100 Sigma-Aldrich, Steinheim 

Tween 20 Sigma-Aldrich, Steinheim 

Vectashield® Antifade Mounting Medium 

with DAPI 

Vector Laboratories, USA 

Table 3: Chemicals and reagents 

 

 General buffers, solutions, and media  

Buffer Components 

D1 staining buffer   

1 % 

0.3 % 

PBS 

BSA 

Triton X-100 

FCS buffer 500 ml 

2 % 

PBS 

FCS 

20x MOPS buffer 1 M 

1 M 

20 mM 

2 %  

Tris-HCl (pH 7.5)  

MOPS 

EDTA 

SDS 

1x RIPA buffer 50 mM 

150 mM 

Tris 

NaCl 
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1 %  

0.5 % 

1 % 

2 mM  

IGEPAL 

Sodium deoxycholate 

SDS 

EDTA (pH 8.0) 

T-cell medium  

10 % 

100 units/ml  

2 nM 

50 μM 

1 mM 

1 % 

 

RPMI-1640 

FCS 

P/S 

L-Glutamine 

β-Mercaptoethanlo 

HEPES 

Non-essential amino acid cell 

culture supplement 

Tail lysis buffer 10 mM 

5 mM 

0.2 % 

200 mM 

Tris-HCl  

EDTA (pH 8.0) 

SDS 

NaCl 

TBS-T 50 mM 

150 mM 

0.1 % 

Tris 

NaCl (pH 7.4) 

Tween-20 

1x Transfer buffer 192 mM 

25 mM 

10 % 

Glycine 

Tris 

Methanol 

50x Tris-acetate-EDTA (TAE) 

buffer 

2 M 

1 M 

50 mM 

Tris 

Acetic acid 

EDTA (pH 8.0)  

Table 4: General buffers, solutions, and media 

 

 Kits 

Kit Supplier 

BD Cytofix/Cytoperm Fixation/ Permebabilization 

Solution Kit 

BD Bioscience 

GE Healthcare AmershamTM ECL Prime 

Western-Blot Reagent 

Thermo Fisher Scientific 
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PierceTM BCA Protein Assay Kit Thermo Fisher Scientific 

Table 5: Kits 

 

 Laboratory Equipment 

Equipment Supplier 

Airing cupboard, Incubator Binder GmbH, Tuttlingen 

Aspiration system, Vacusafe Integra Biosciences, Fernwald 

Branson Ultrasonics™ Sonifier Modell 

250 

Fisher Scientific, Schwerte 

Centrifuge 5417R Eppendorf, Wesseling-Berzdorf 

Centrifuge Megafuge 16R Thermo Scientific, Langenselbold 

Dounce homogenizer DWK Life Science, USA 

FACSCantoTMII BD Biosciences, Heidelberg 

FastPrep-24™ Sample Preparation 

System 

MP Biomedicals, Eschwege 

Gel chamber, Compact L/XL Biometra Analytik, Jena 

Gel-Imager: Gel Doc XR Biorad, München 

GentleMACSTM Dissociator/ OctoMACS Miltenyi Biotec, Bergisch Gladbach 

High-current power supply PowerPac™ 

HC 

Biorad, München 

Infinite ® M200Pro NanoQuant, Tecan Tecan Trading AG, Switzerland 

Microcentrifuge Galaxy MiniStar VWR International, USA 

Mixing Block MB-102 Hangzhou Bioer Technology Co., Ltd, 

China 

MyCyclerTM Thermal cycler Biorad, München 

Sprout-Mini-centrifuge Technolab GmbH, Herne 

StepOnePlusTMReal-Time PCR system Applied Biosystem, USA 

T3000 Thermocycler Biometra, Goettingen 

TCS SP8 inverse confocal fluorescence 

microscope  

Leica, Wetzlar 

Thermo Scientific™ Arktik™ 

Thermocycler 

Fisher Scientific, Schwerte 
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Trans-Blot® SD Semi-Dry Transfer Cell Bio-Rad, USA 

Vortex mixer VWR International, USA 

Waterbath, WNE 7 Memmert, Schwabach 

XCell Sure Lock™ Electrophoresis Cell Thermo Fisher Scientific, USA 

Table 6: Laboratory Equipment 

 

 Materials 

Equipment Supplier 

1,5 ml Eppendorf tube  Sarstedt, Nümbrecht 

15 mlFalcon tube  Greiner-bio One, Frickenhausen 

50 ml Falcon tube  Greiner-bio One, Frickenhausen 

6- Well plate Thermo Scientific, Langenselbold 

96- Well plate Greiner-bio One, Frickenhausen 

NativePAGE™ 4-16 % Bis-Tris Gel Thermo Fisher Scientific, USA 

Metal bead lysing matrix tubes MP Biomedicals, Eschwege 

PCR- Eppendorf tube Biozym Scientific GmbH, Oldendorf 

Pipette tips Starlab, Hamburg 

Pipettes Greiner-bio One, Frickenhausen 

Table 7: Materials 

 

 Molecular Biology 

 DNA extraction 

Tail biopsies were collected from SLC-Cre x A20fl/fl mice at the age of 5 days. For the 

extraction of genomic DNA, tails were lysed overnight in tail lysis buffer containing 2.5 

% (v/v) proteinase K using a shaker (56 °C, 400 rpm). The next day, samples were 

centrifuged at 13500 rpm for 10 min at 16 °C. To precipitate the DNA, the supernatant 

was mixed with an equal volume of isopropyl alcohol and subsequently vortexed. 

Samples were centrifuged at 13500 rpm for 15 min at 16 °C to pellet the DNA and 

supernatant was discarded. Next, DNA was washed with 70 % (v/v) ethanol and it was 

centrifuged one last time at 13500 rpm for 10 min at 16 °C. Supernatant was discarded 
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and DNA was dried upside down for 30 min at 37 °C. Finally, DNA was resuspended 

in 200 μl distilled water, and shaken for 2 hours at 56 °C to dissolve. 

 Polymerase chain reaction (PCR) 

PCR was performed to genotype mice for the presence of targeted alleles or 

transgenes using specific primers. The total volume used for PCR was 20 μl, 

containing 10 μl RED Taq Ready Mix, 10 pmol of each primer, and 100 ng of template 

DNA. Reactions were performed either in the T3000 Thermocycler or MyCycler 

thermal cycler. Reactions were run out following the principal program: denaturation at 

94 °C for 4 min, followed by 30-35 cycles of 94 °C for 30 sec, 58 or 60 °C (annealing) 

for 30 sec, and 72 °C for 30 sec, and a final extension step at 72 °C for 10 min. The 

primers used are listed in table 8. 

Name of primer Oligonucleotide sequence TANN °C Direction 

A20 fw agtctgggactggatgtagc 60 sense 

A20 rev ctggctaaggccttgatacc 60 anti-sense 

SLC-Cre fw gctattcatgtcttggaagc 58 sense 

SLC-Cre rev caggttcttcctgacttcat 58 anti-sense 

1260 fw gagactctggctactcat 58 sense 

1260 rev ccttcagcaagagctggggac 58 anti-sense 

Table 8: Primers for PCR 

 

 Agarose gel electrophoresis 

DNA fragments were separated by size with the help of agarose gel electrophoresis. 

Separation was performed in 2 % (w/v) agarose gel in 1x TAE buffer supplemented 

with 0.5 mg/ ml of the DNA intercalating substance GelRed. Electrophoresis was 

carried out in 1x TEA buffer with a constant voltage of 120 V. Finally, separated DNA 

fragments were visualized under UV light using the Gel Doc imaging system and were 

compared to the GeneRuler 100bp Plus DNA Ladder. 

 RNA isolation 

Ribonucleic acid (RNA) was isolated from whole tissue spinal cords of perfused mice. 

Tissue samples and 800 μl TRIzol reagent were pipetted into metal bead lysing matrix 
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tubes. The tissue was incubated for 5 min at room temperature and was homogenized 

using the FastPrep-24 homogenizer (speed: 6.0; time: 40 sec). The lysate was then 

centrifuged for 10 min at 12000 g at 4 °C and the clear supernatant was transferred to 

a new tube. Next, 200 μl of trichloromethane were added and mixed my shaking. 

Samples were incubated for 2 min at room temperature and then centrifuged for 15 

min at 12000 g at 4 °C. The mixture separated into a lower red phase, an interphase, 

and an upper aqueous phase containing the RNA. The aqueous phase was transferred 

into a new tube and 400 μl of isopropanol was added. Samples were centrifuged for 

10 min at 12000 g at 4 °C. The RNA precipitate formed a white gel-like pellet at the 

bottom of the tube. The supernatant was discarded. The pellet was washed twice by 

resuspending it in 500 μl of 70 % (v/v) ethanol, briefly vortexing, and centrifuging for 5 

min at 7500 g at 4 °C. The supernatant was discarded, and the pellet was airdried for 

10 min. Finally, RNA was dissolved and incubated in 50 μl of RNase-free water for 10 

min at 55 °C. The concentration of RNA was determined by measuring the absorption 

at 260 nm and 280 nm using Tecan microplate reader and the program i-control.  

 Quantitative real time PCR (qPCR) of spinal cord 

Complementary DNA (cDNA) was synthesized out of 1 μg of RNA using the superscript 

II reverse transcriptase (Invitrogen). Subsequently, cDNA was diluted with Nuclease 

free water (1:5). Master mix was prepared by mixing 5 μl Sybr Green, 0.1 μl RefDye, 

and 3 μL Nuclease free water per sample. One part of diluted cDNA was further mixed 

with eight parts of master mix. Thereof, 9 μl were pipetted on 1 μl of primer. Finally, 

qPCR was performed in the StepOnePlusTM Real-Time PCR “Thermocylcer” system 

and fold enrichment was calculated using Delta-Delta CT method normalized to 

Hypoxanthin-Guanin-Phosphoribosyltransferase (Hprt) as reference housekeeping 

gene. Primers for Il-1a, Il-1b, Il-6, Tnf, Nos2, Cxcl1, C1qa, CD3e, Gfap and Aif1 (Iba1) 

were ordered as QuantiTect Primer Assays (Table 9). Primers for Cd68, Lgals3, Tap1, 

Stat1, Igtp, and Hprt were designed with the primer-BLAST tool from the National 

Center for Biotechnology Information (NCBI). Sequences for the self-designed primers 

are given in table 10. 

Name of primer  

Aif1  NM_019467 

CD3e NM_007648 
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Cxcl1 NM_008176 

C1qa NM_007572 

Gfap NM_001131020 

Il-1a NM_010554 

Il-1b NM_008361 

Il-6 NM_031168 

Nos2 NM_010927 

Tnf NM_013693 

Table 9: Primers from Qiagen QuantiTect Primer Assays 

 

Name of 

primer 

Primer fw Primer rev 

Cd68 AGCTGCCTGACAAGGGACAC GGTTGATTGTCGTCTGCGGG 

Hprt CGTGGTGATTAGCGATGATG TCCAAATCCTCGGCATAATG 

Igtp GAGCCTGGATTGCAGCTTTGT AAGGTCTATGTCTGTGGGCCT 

Lgals3 AGCGGCACAGAGAGCACTAC GGTAGGCCCCAGGATAAGCA 

Stat1 GGCGCTGCTTGGCTCTCTTA GCTGCTGAAGCTCGAACCAC 

Tap1 GGAGCTTTGCCAACGAGGAG CCGCCCAGGTACAGAATTCCC 

Table 10: Primers ordered at Metabion 

 

 Protein extraction of brain  

4.2.6.1 Cell lysis 

For cell lysis, 10 ml RIPA buffer were mixed with 1 tablet PhosphoSTOP and 100 μl 

protease inhibitor and pipetted into a glass dounce homogenizer. ½ brain of A20ΔBEC 

or control mice were added and mechanically homogenized in 1000 μl of pre-

assembled solution. Samples were transferred into 1.5 ml Eppendorf tubes and boiled 

for 5 min at 100 °C. Afterwards, samples were centrifuged for 15 min at full speed at 4 

°C and supernatant was carefully transferred into new Eppendorf tubes. Lysate was 

stored at -20 °C.  
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4.2.6.2 BCA Protein Assay 

Protein concentration of sample lysate was determined using the BCATM Protein Assay 

Kit. Principle of this method is the Biuret reaction, which means the reduction of Copper 

(Cu)2+ to Cu+ through protein peptide bindings in an alkaline milieu. Reduced Cu+ forms 

a purple complex with Bichinol-4-Carbonacid (BCA), which is measured by photometry 

at 562 nm.  

As reference, a standard curve of BSA was prepared by diluting 1:2 in PBS (Table 11). 

Samples were diluted 1:50 in PBS. To a 96 well plate 10 μl sample or standard were 

added in duplicates. BCA solution was prepared by mixing 1 volume Reagent A with 

50 volumes Reagent B. Subsequently, 200 μl BCA solution were added to each well. 

Samples and standard were incubated for 30 min at 37 °C in the dark and 

concentrations were determined by measuring the absorption at 562 nm using Tecan 

microplate reader i-control.  

 

Well Concentration BSA 

A1/2 

 

 

2 mg/ml 

B1/2 1 mg/ml 

C1/2 0.5 mg/ml 

D1/2 0.25 mg/ml 

E1/2 0.125 mg/ml 

F1/2 

 

0.063 mg/ml 

G1/2 0.031 mg/ml 

Table 11: BSA Standard 

 

 Western Blot 

To an Eppendorf tube, 5 μl 4x Loading Dye, 1 μl DTT, 100 μg protein sample and water 

were added to reach a final volume of 20 μl. Samples were briefly centrifuged and 

heated to 95 °C for 10 min, leading to denaturation of the samples. In the meantime, 

gel chambers were prepared and 1x MOPS buffer was added. Samples were 
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centrifuged again, and gel was loaded with 18 μl per sample and 8 μl pre stained 

protein ladder. Gel chamber was connected to a power unit and gel was run for 20 min 

at 80V, followed by 80 min at 120V, until the blue stain of the protein ladder reached 

the bottom of the gel. Whatman® Cellulose Filter Paper was cut into 6 x 8 cm pieces 

and primed in 1x transfer buffer. Membrane was inactivated in methanol and primed in 

1x transfer buffer. Whatman paper, membrane, and gel were assembled in a semi-dry 

blotting chamber (Figure 6). 

 

 

1-2 ml 1x transfer buffer were added on the top paper, and liquid around the paper 

stock was removed. Gel was plotted for 1 hr at 25 V, 0.2 A per gel. Next, membrane 

was rinsed in 1x TBS-T and blocked for 1 hr at room temperature in TBS-T containing 

5 % (m/v) milk to block unspecific binding sides. Primary antibodies (Table 12) were 

added in milk/ TBS-T over night at 4 °C. On the next day, the membrane was washed 

three times for 5 min in TBS-T and secondary antibodies (Table 13) were added in 

milk/ TBS-T for 1 hr at room temperature. Membrane was washed three times in TBS-

T and image was developed. For that, membrane was placed on foil and 1 ml ECL 1 

and 1 ml ECL 2 were evenly distributed on the membrane. Membrane was incubated 

in the dark for 3 min and was transferred to new foil. Image was developed using the 

Gel Doc XR+ gel documentation system. Next, membrane was washed and blocked 

with 5 % milk for 1 hr at room temperature. As house keeping gene, β-actin was added 

1/20000 in 5 % milk for 30 min at room temperature. Membrane was washed and 

image was developed. Bands were quantified by densitometric analysis using the 

ImageLab v6 software and proteins of interest were normalized to actin levels.  

Figure 6: Blotting Chamber 

Assembly of Whatman paper, membrane and gel in blotting chamber: Three layers of 
Whatman paper primed in 1x transfer buffer, followed by membrane which is 
inactivated in methanol and primed in 1x transfer buffer, followed by gel, topped by 
three layers primed Whatman paper 
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Primary antibody Clone Host Dilution Company 

β-actin AC15 mouse 1/20000 Merck 

GFAP GA5 mouse 1/1000 eBioscience 

Occludin EPR2099 2 rabbit 1/2500 Abcam 

VE-Cadherin VECD1 rat 1/100 BioLegend 

Table 12: Primary antibodies used for western blot 

 

Secondary antibody Host Dilution Company 

α-rabbit mouse 1/5000 Santa Cruz 

α-rat  goat 1/5000 Santa Cruz 

α-mouse goat 1/2500 Santa Cruz 

Table 13: Secondary antibodies used for western blot 

 

 Cell Biology 

 Endothelial cell isolation from CNS tissue 

For CNS EC-isolation, mice were deeply anesthetized with isoflurane and perfused 

with 0.9 % NaCl. Brain and spinal cord were isolated and digested in 2 mg/ ml papain 

solution containing 40 μg/ ml DNase I for 30 min at 37 °C. In between, tissue was 

mechanically homogenized using Milteny gentle MACS™ dissociator. The reaction 

was stopped with 10 ml PBS/FCS and cell suspension was meshed through a 70 μm 

cell strainer. Samples were centrifuged for 7 min at 300 g at 4 °C. The pellet was 

dissolved and centrifuged for 30 min at 400 g at 15 °C (acceleration 1, no break) with 

a 22 % Percoll gradient. The pellet, containing a mix of CNS cells, was used for Flow 

Cytometry staining. 

 Immune cell isolation from CNS tissue 

For CNS immune cell isolation, brains and spinal cords of steady state mice or mice 

30 days post immunization were isolated from NaCl perfused mice and digested with 

2 mg/ml collagenase II and 2 μg/ml DNase I for 20 min at 37 °C. Tissues were 

homogenized with syringe and needle and cell suspensions were centrifuged with a 

70 % - 37 % - 30 % Percoll gradient for 40 min at 500 g at 16 °C (acceleration 1, no 
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break). Cell ring between the 70 % and the 37 % phase was transferred to new Falcon 

and washed in PBS/FCS. Finally, cells were used for Flow Cytometry staining.  

 MOG recall of spinal cord infiltrates 

Immune cells isolated from spinal cords were restimulated with 20 μg MOG35-55 peptide 

and Brefeldin A for 6 h at 37 °C in T cell medium. Afterwards, cells were harvested and 

washed in PBS/FCS. In the end, they were used for Flow Cytometry staining. 

 Flow Cytometry 

Prior to fluorescence labeling, FC receptors were blocked using FC-block (BioXCell) 

to prevent unspecific antibody binding. Single cell suspensions isolated from CNS EC 

were stained against the surface markers ICAM-1, VCAM-1, CD31, Ly6C, CD45, 

CD11b, and viability dye (table 14). Isolated immune cells from CNS were stained on 

the surface with antibodies against CD11b, CD45, CD4, CD8, TCRβ, Ly6G, CD69, and 

viability dye. Restimulated immune cells isolated from spinal cords were stained 

against the surface markers CD4, CD8, CD90.2, and viability dye (table 14). For 

intracellular staining, cells were subsequently fixed and permeabilized using Cytofix/ 

Cytoperm kit (BD) and stained against IL-17A, IFN-γ, CD40L. For Treg staining cells 

were fixed and permeabilized using the PE Anti-Mouse/Rat Foxp3 Staining Set 

(eBiosience) and stained against FoxP3 (table 14). All samples were acquired with 

FACS Canto II and analyzed with Flow Jo software. 

Antigen Fluorochrome Dilution Clone Company 

FC-Block 
(CD16) 

/ 1/100 2.4G2 BioXCell 

CD4 PerCP 

PE 

1/200 

1/200 

GK1.5 

GK1.5 

BioLegend 

BioLegend 

CD8 PE-Cy7 

V500 

1/1000 

1/200 

53-6.7 

53-7.3 

BioLegend 

BioLegend 

CD11b 
eBioscienceTM 

eFluor 450 1/200 M1/70 Thermo Fisher 

Scientific 

CD31 PE 1/75 MEC 13.3 BioLegend 

CD40L APC 1/200 MR1 BioLegend 

CD45 BV510 1/200 30-F11 BioLegend 
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CD69 

eBioscienceTM 

FITC 1/100 H1.2F3 Thermo Fisher 

Scientific 

CD90.2 PerCP 1/1000 53-2.1 BioLegend 

FoxP3 

eBioscienceTM 

FITC 1/200 FJK-16s Thermo Fisher 

Scientific 

ICAM-1 APC 1/200 YN1/1.7.4 BioLegend 

VCAM-1 Pe-Cy7 1/200 429 

(MVCAM.A) 

BioLegend 

Ly6C PerCP 1/200 HK1.4 BD Bioscience 

Ly6G PE 1/1000 1A8 BioLegend 

TCRβ APC 1/1000 H57-597 BioLegend 

Viability dye 
eBioscienceTM 

APC-eFluor 

780 

1/1000 / Thermo Fisher 

Scientific 

Table 14: Flow Cytometry antibodies and reagents 

 

 Immunohistochemistry 

Mice were perfused with 0.9 % NaCl and brains and spinal cords were isolated and 

fixed in 4 % PFA overnight at 4 °C. Afterwards, tissue was incubated at 4 °C in 30 % 

sucrose for 3 days to dehydrate. Tissue was embedded in TissueTek® O.C.T™ 

compound and cut into 10μm slices. For staining, slices were blocked in 1x Roti 

immunoblock in D1 buffer for 1 h at room temperature and were then incubated with 

primary antibody in D1 buffer at 4 °C overnight. On the next day, slices were washed 

with D1 buffer diluted 1:3 in PBS for 10 minutes twice. Then, secondary antibody was 

added for 1 h at room temperature. Afterwards, sections were washed once with D1 

diluted 1:3 in PBS and twice with PBS for 10 min each. Slices were mounted with 

Vectashield® Antifade Mounting Medium with DAPI and images were acquired at a 

TCS SP8 inverse confocal fluorescence microscope.  

Antibody Fluorophore Clone Host Dilution Company Cat. Number 

CD31  polyclonal Rabbit 1/100 Abcam Ab28364 

GFAP  GA5 Mouse 1/500 eBioscience 53-9892-82 

Iba1  Polyclonal Rabbit 1/1000 Fisher 

Scientific 

NC9288364 
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Anti-rabbit CF488A  Goat 1/800 Sigma-

Aldrich 

SAB4600044 

Anti-

mouse 

Cy555  [NR1]Goat 1/800 Sigma-

Aldrich 

SAB4600229 

Table 15: Antibodies for immunohistochemistry 

 

 Mouse experiments 

 Mouse strain 

The following mouse strain was used for experiments: A20fl/fl mice (Hövelmeyer et al., 

2011) were crossed to tamoxifen-inducible SLCo1c1-CreERT2+/- mice (Ridder et al., 

2011), Cre+/- offspring were used as experimental mice, herein called A20ΔBEC. Cre-/- 

littermates were used as wildtype controls. In order to activate Cre recombinase, 

experimental mice were treated with tamoxifen at the age of 6-7 weeks. To avoid 

unwanted effects of tamoxifen treatment, control animals were treated equally. 

 

Mice were house bred under specific pathogen-free conditions. All mice were on the 

C57BL/6 background and experiments were performed with mice of 10-14 weeks of 

age according to guidelines of the central animal facility institution (TARC, University 

Mainz).  

 Tamoxifen Treatment 

Tamoxifen was dissolved in 1 ml of 96 % (v/v) ethanol and 19 ml of olive oil by rotating 

over night at 4 °C to a final concentration of 2 mg/ ml. Mice at the age of 6-7 weeks 

were intraperitoneally (i.p.) injected once daily with 0.2 mg tamoxifen for five 

consecutive days.  

Figure 7: Generation of A20∆BEC mice 
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 Active EAE induction 

Mice were immunized subcutaneously with 50μg MOG35-55 peptide (Gene Script, 

amino acid sequence: MEVGWYRSPFSRVVHLYRNGK) emulsified in complete 

Freund’s adjuvant complemented with 8 mg/ ml of heat-inactivated Mycobacterium 

tuberculosis at the base of their tail. Additionally, mice were i.p. injected with 150-200 

ng of pertussis toxin (PTx) in PBS on day 0 of immunization and day 2 post 

immunization (Figure 8). Mice were weighed daily, and clinical symptoms were 

assessed and documented as a score ranging from 0 to 6 in order to monitor the course 

of disease (Table 16). Mice that reached a score of 4.25 or higher were sacrificed 

according to the animal allowances.  

 

 

Score Symptoms and Behavior 

0 no symptoms, normal behavior 

0.5 decreased tail tone / tail partially paralyzed 

1 tail completely paralyzed  

1.25 mouse can be turned to the dorsal side but turns back immediately 

1.5 mouse can be turned to the dorsal side but can turn back rather 

easily 

EAE is induced with 50 μg MOG35-55 and CFA. PTx is injected on day 0 and day 2. Mice are 
observed and scored for clinical symptoms daily. 

Figure 8: EAE induction 
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1.75 mouse can be turned to the dorsal side but needs more effort to 

turn back 

2 mouse can be turned to the dorsal side and stays at least 1 sec in 

this position 

2.25 mouse walks with lowered buttocks 

2.5 mouse walks with lowered buttocks and shows a waddling gait 

2.75 gait sorely afflicted, but walking movements are still recognizable  

3 legs are weak but still move forward 

3.25 partial paralysis of the hind legs 

3.5 paralysis of one of the hind legs 

3.75 paralysis of both hind legs but mouse still moves forward 

effortlessly 

4 mouse shows difficulties with moving forward 

4.25 mouse stays in its position and moves forward only with supreme 

effort 

4.5 mouse does not move forward and bends to the side 

4.75 mouse lies on one side even if it is turned to the other side 

5.0 mouse lies apathetically on the belly or side, breathing slowly, eyes 

(almost) closed  

6.0 mouse is dead  

Table 16: Scoring system for EAE 

 

 FITC-Dextran analysis 

Mice were intravenously (i.v.) injected with 200 μl of 2 mM solution of 3-5 kDa FITC-

Dextran in sterile PBS. After 10 minutes, perfused spinal cords were weighed and 

homogenized in 1 ml 60 % (v/v) trichloroacetic acid using a dounce homogenizer. 

Samples were centrifuged for 30 min at 10000 g at 4 °C and supernatant was collected. 

Fluorescence was measured using Tecan fluorescence plate reader with excitation at 

470 nm and 520 nm. Measurements were quantified according to standard curve and 

per mg of tissue.  
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 Bioinformatic Analysis 

 Statistics 

Statistical analysis was performed with Prism Graph Pad (Version 8). Differences were 

evaluated by unpaired two-tailed students t-test for comparison of two groups, or one-

way ANOVA (analysis of variance) with Bonferroni’s post hoc test for comparison of 

more than two groups. All values are represented as mean ± SEM and P values were 

considered as significant with p<0.05 *; p<0.1 **; p<0.001 ***; p<0.0001 ****. 
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5 Results 

Part of the following data has already been published in The Journal of Clinical 

Investigation (JCI) on October 19th 2023 (Johann et al., 2023). 

 The BBB integrity of A20ΔEBC mice is not impaired 

A20 dysfunction had been suspected to play a crucial role in the development of 

autoimmune and neuroinflammatory diseases for many years. One of the factors 

contributing to this assumption is its influence on the stabilization of BBB integrity. In 

vitro studies with rat microvessel endothelial cells (rBMEC) have shown that 

endothelial A20 increases the expression of occludin and ZO-1 while decreasing the 

expression of ICAM-1, indicating an essential role in the maintenance of BBB integrity 

and its role in alleviating cerebral inflammatory injury (Han et al., 2016). Interestingly, 

Ridder et al. proposed that endothelial TAK1 and NEMO play an important role in 

protecting the BBB through NF-κB signaling. Using NEMOKO mice and TAK-1KO mice 

they were able to show that occludin expression was lower in both strains compared 

to control mice. At the same time, they observed decreased levels of A20 expression. 

Therefore, they conclude that TAK1 and NEMO prevent the degradation of occludin 

through an induction of A20 and suggest that A20 stabilizes occludin through 

deubiquitination, therefore preventing it from proteasomal degradation (Ridder et al., 

2015).  

Even though these studies imply an important role of CNS A20 on the integrity of the 

BBB, it has not yet been studied in vivo. Therefore, we aimed to investigate whether 

removal of A20 in CNS endothelial cells affected the permeability of the BBB. To do 

so, we aimed to assess the condition of intercellular junctions, precisely tight junctions 

and adherent junctions, by analyzing protein levels of occludin and VE-cadherin with 

western blot. As shown in Figure 9 A and B, no significant difference could be seen. 

However, we observed a tendency of decreasing occludin levels. We therefore further 

investigated BBB integrity using a tracer. We injected 4 kDa FITC-Dextran to A20ΔBEC 

and control mice and compared the fluorescence signaling of their spinal cord tissue. 

As positive control, EAE mice with a score of 2,5 were used, and for negative control, 

mice were injected with PBS (Sham). Again, no significant difference was observed, 

indicating that there was no change in BBB integrity (Figure 9 C). 
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Figure 9: The BBB integrity of A20ΔBEC is not impaired 

Analysis of steady state A20ΔBEC and control mice. (A and B) Representative image of 
western blot and quantification for occludin (A) and VE-Cadherin (B) normalized to β-actin. 
(C) Quantification of FITC-labeled Dextran (4 kDa) in spinal cord, 10 min after i.v. injection. 
Date are shown as mean ± SEM and analyzed using two tailed unpaired student’s t-test, 
****p<0.0001. 

C 

A B 
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 A20ΔEBC mice show increased adhesion molecule expression during 

steady state 

Inflammation does not only affect the BBB by changing tight junction and adherens 

junction molecules thus leading to a breakdown of BBB integrity. It can also lead to a 

change in adhesion molecule levels promoting transendothelial migration of immune 

cells into the CNS. Therefore, we were curious whether A20 signaling had any impact 

on the expression of adhesion molecules in steady state. In order to study the 

expression of ICAM-1 and VCAM-1 on BBB ECs, we analyzed brain and spinal cord 

of A20ΔBEC mice and compared them to naϊve littermate controls. Interestingly, flow 

cytometric analysis of CNS ECs (gated on CD11b-, CD45-, CD31+, Ly6C+) from 

A20ΔBEC mice revealed highly upregulated expression of ICAM-1 and VCAM-1 in 

steady state, compared to control ECs (Figure 10). This shows, that A20 signaling is 

crucial for the downregulation of ICAM-1 and VCAM-1 on BBB ECs. 

 

 



Results 

47 

  

Figure 10: A20ΔBEC mice show increased adhesion molecule expression during steady state 

Flow cytrometry analysis of CNS ECs isolated from brain and spinal cord of steady state A20ΔBEC 
mice (A) Representative gating strategy to identify living single cells - CD11+CD45+CE31+Ly6C+ 
ECs. (B and C) Flow cytometric analysis of mean fluorescence intensity (MFI) of ICAM-1+ (B) and 
VCAM-1+ (C) CNS ECs of steady state mice. Data in B and C are shown as mean ± SEM and 
analyzed using two tailed unpaired student’s t-test, ***p<0.001, ****p<0.0001. 

A 

B 
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 A20-deficiency in BBB ECs is associated with immune cell infiltration in 

steady state 

Given that ICAM-1 and VCAM-1 play a major role in the transendothelial migration of 

leukocytes into the CNS, we investigated whether A20-deficiency and subsequent 

higher expression of adhesion molecules was associated with an increased infiltration 

of leukocytes into the CNS. For that, we isolated brain and spinal cord of A20ΔBEC mice 

and control animals and analyzed the amount of infiltrating T cells and infiltrating 

myeloid cells, defined as CD45+TCRβ+CD4+/CD8+ and CD45+CD11bhighTCRβ-, 

respectively. As can be seen in Figure 11 A and B, we noted a significant increase in 

the total amount of infiltrating cells. More specifically, we saw a higher number of 

infiltrating myeloid cells, CD4+ T cells, and CD8+ T cells. Furthermore, the number of 

resident microglia was also elevated in A20ΔBEC mice compared to Cre-negative 

littermate controls. We then took a closer look at the TCRβ+ T cells and wanted to see 

whether there was a difference in the proportion of infiltrating CD4+ and CD8+ T cells. 

As shown in Figure 11 C, no difference could be seen.  
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Figure 11: A20-deficiency in BBB ECs is associated with immune cell infiltration in steady state 

Flow cytometry analysis of immune cell infiltration from brain and spinal cord of steady state mice (A) 
representative gating strategy to identify living single cells - CD45+TCRβ+CD4+/CD8+ T cells and 
CD45+CD11bhighTCRβ- infiltrating myeloid cells. (B-C) Flow cytometric analysis of the absolute cell 
number of total infiltrates, infiltrating myeloid cells, and infiltrating T cells, further subdivided into CD4+ 
and CD8+ T cells (B), and relative amount of TCRβ+ T cells (C). Data in B and C are shown as mean ± 
SEM and analyzed using two tailed unpaired student’s t-test *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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We could further confirm these findings with the help of qPCR of A20ΔBEC spinal cord 

tissue. CD3e was used as a marker for T cells and values were normalized to Gapdh 

and control mice. We observed equally increased expression levels of CD3e in 

A20ΔBEC compared to naϊve animals as we saw in terms of cellular infiltrates with flow 

cytometry (Figure 12).  

 

 

 A20ΔBEC mice develop signs of reactive astrogliosis in the brain 

Due to the increased numbers of peripherally-derived immune cells in the CNS of 

steady state A20∆BEC mice as well as the highly activated signature of CNS ECs, we 

next attempted to assess the overall neuroinflammatory status of naïve A20∆BEC mice. 

In mice with A20-deficiency in microglia, the increased numbers of CD8+ T cells were 

found to cause dramatic changes in microglia cell numbers and morphology, likely 

through the release of IFN- (Mohebiany et al., 2020). In addition, we speculated that 

deficiency of A20 in BECs might trigger the release of pro-inflammatory cytokines from 

these cells, that could induce reactive astrogliosis and/or microgliosis. As A20-/- mice 

show dramatically increased levels of the pro-inflammatory cytokines IL-6, TNF, IL1 

and monocyte chemoattractant protein (MCP)-1 as well as higher levels of iNOS, the 

inducible nitric oxide synthase, which is induced under inflammatory conditions in the 

Figure 12: A20-deficiency promotes T cell migration into the CNS 

Quantitative analysis of real-time qPCR of steady state spinal cord. Data is shown as mean ± 
SEM and analyzed by using two tailed unpaired student’s t-test **p<0.01. 



Results 

51 

brain (Guedes et al., 2014), we probed mRNA isolated from whole brain tissue of 

A20∆BEC mice and littermate controls with primers against these and other pro-

inflammatory cytokines and chemokines. We did not observe elevated levels of Il1a, 

Il1b, Il6 or Nos2, yet we observed increased expression levels of Tnf and Cxcl1 (Figure 

13 A). Since TNF and CXCL1 have been shown to trigger microglial cells and 

astrocytes towards a reactive phenotype, we next wanted to see if these cell types 

showed altered activation markers in A20∆BEC mice (Liu et al., 2020; Liddelow et al., 

2017). By analyzing mRNA levels of the microglia marker Aif1 (IBA1) as well as the 

microglia activation markers Cd68, C1qa and Lgals3 we could not observe any 

alterations in terms of microglia reactivity between A20∆BEC mice and littermate controls 

(Figure 13 B). 

Furthermore, we did not observe any differences when looking at microglia by IBA1 

immunohistochemistry in the cortex of A20∆BEC mice (Figure 13 C). However, we 

detected elevated levels of Gfap mRNA encoding for glial fibrillary acidic protein 

(GFAP) in the brains of A20∆BEC mice (Figure 14 A). We could confirm the elevation of 

this marker for reactive astrocytes also on protein level by western blot analysis (Figure 

14 B and C) as well as immunohistochemistry (Figure 14 D and E). Interestingly, we 

not only observed signs of reactive astrogliosis at the brain border regions (Figure 14 

D), but also in astrocytes closely associated with vessels (Figure 14 E). It has recently 

been shown that factors secreted by activated ECs are able to induce a specific 

reactive astrocyte subtype that differs from the subtype resulting from activation 

through microglial secreted factors (Taylor et al., 2022). In addition, single cell 

sequencing data from LPS-treated mice have identified 10 clusters of different 

neuroinflammatory astrocyte subtypes that reside in different anatomic locations, of 

which one cluster (cluster 8) is closely associated with vessels and the brain surface 

(Hasel et al., 2021). We sought to determine whether the marker genes for this cluster 

8 reactive astrocytes are also upregulated in the brains of our A20∆BEC mice and 

indeed, we found high levels of Tap1, Stat1 and Igtp in our mutant mice (Figure 14 F).  

Taken together, our data indicates that A20 expressed by brain ECs protects from 

neuroinflammation. We found signs of astrogliosis at the surface of the brain and in the 

vicinity of blood vessels in A20∆BEC mice.  
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Figure 13: A20∆BEC mice show no sign of microgliosis in the steady state 

(A) RT-PCR analysis of whole brain tissue from A20∆BEC and littermate control mice. Shown are 
mRNA levels normalized to Hprt and controls of the proinflammatory cytokines Il1a, Il1b, Il6, Tnf as 
well as Nos2 (encoding for iNOS) and the chemokine Cxcl1. (B) RT-PCR analysis of whole brain 
tissue from A20∆BEC and littermate control mice for microglia activation markers Aif1 (encoding for 
IBA1), Cd68, C1qa and Lgals3. (C) Representative confocal images of brain tissue from A20∆BEC 

and littermate control mice stained for IBA1. Data is shown as mean  SEM and was analyzed using 
two-tailed unpaired student’s t-test with * p < 0.05, ** p < 0.01, *** p < 0.001 and ns = not significant. 

All scale bars = 50 m.  
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Figure 14: A20∆BEC mice show signs of astrogliosis in the steady state 

(A) RT-PCR analysis of the reactive astrocyte marker Gfap in whole brain tissue. (B) Western blot 

analysis of GFAP with (C) quantification of relative GFAP levels normalized to -actin levels and 
controls. (D) Representative confocal images of brain tissue from A20∆BEC and littermate control mice 
stained for GFAP. (E) Representative confocal images of brain tissue from A20∆BEC for GFAP (red), 
CD31 (green) and nuclear staining (DAPI, blue) showing close connection between highly reactive 
astrocytes and endothelial cells. (F) RT-PCR analysis of cluster 8 reactive astrocyte markers Stat1, 

Tap1 and Igtp according to Hasel et al. (Hasel et al., 2021). Data is shown as mean  SEM and was 
analyzed using two-tailed unpaired student’s t-test with * p < 0.05, ** p < 0.01, *** p < 0.001 and ns 

= not significant. All scale bars = 50 m.  
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 Loss of A20 in BBB ECs does not alter active EAE disease outcome 

Cell-type specific A20 deficiency in the CNS and its consequences for autoimmune 

disease pathology has been closely investigated with the help of EAE. For example, it 

was shown that A20-deficient microglia showed stronger EAE and an increased T cell 

infiltration into the CNS (Voet et al., 2018). Moreover, mice lacking A20 specifically in 

astrocytes also presented more severe clinical symptoms to EAE together with 

enhanced immune cell infiltration (Wang et al., 2013). However, up to date it has not 

been investigated whether the deletion of A20 in BBB ECs influences the outcome of 

EAE. To assess the role of A20 particularly in BBB ECs during neuroinflammation, we 

induced active EAE in A20ΔBEC and naϊve mice by immunization with MOG35-55/CFA 

and PTx four weeks after the last tamoxifen injection (Figure 15 A). Deletion of A20 in 

CNS ECs did not alter onset or EAE severity compared to Cre-negative littermate 

controls (Figure 15 B and C).  
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Figure 15: Loss of A20 in BBB ECs does not alter active EAE disease outcome 

(A) Schematic representation of tamoxifen injection and induction of active EAE by immunization with 
MOG35-55/CFA and PTx injection. (B and C) Disease course was monitored (B) and area under the 
curve and mean maximum scores were analysed (C). Data in B and C are shown as mean ± SEM and 
were analyzed using One-way ANOVA (B) and two tailed unpaired student’s t-test (C)  

A 
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 EC-A20 does not drive leukocyte infiltration during active EAE  

Even though the course of active EAE was not affected by the deletion of A20 in CNS 

ECs, we aimed to investigate whether there is a difference in leukocyte infiltration to 

the CNS. To do so, we induced active EAE in A20ΔBEC and control mice. 30 days post 

immunization we isolated spinal cords and analyzed the infiltration of different immune 

cells. For this purpose, we used a T cell panel and a myeloid panel. For the T cell 

panel, we activated the isolated CNS cell infiltrates for 6 hr in vitro with the MOG35-55 

peptide before staining to analyze the infiltration of MOG antigen specific T cells. The 

expression of CD40L served as an indicator for recently activated T cells. The myeloid 

panel was stained straightaway. As shown in Figure 16, we could not see a significant 

increase of antigen-specific T cell infiltrates into the CNS of A20ΔBEC mice. Moreover, 

we analyzed the absolute cell numbers of regulatory T cells using FoxP3 as a marker, 

monocytes, and dendritic cells. Again, no difference was observed (Figure 16).  
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Figure 16: EC-A20 does not drive leukocyte infiltration during active EAE 

(A-D) Flow cytometry analysis of immune cells isolated from spinal cord of immunized mice with MOG35-

55/CFA and PTx injection on day 30 post immunization. (A) Representative gating strategy to identify 
living single cells - CD90.2+CD4+CD40L+ MOG-specific T cells and CD90.2+CD4+FoxP3+ Treg. (B) 
Representative gating strategy to identifypre-gated living single cells - CD11bhighLy6Chigh monocytes and 
CD11bhighCD11chigh - dendritic cells. (C) Flow cytometry analysis of the absolute cell number of CD8+ T-
cells, CD4+ T-cells, CD40L+ MOG-specific T cells, Treg, monocytes, and dendritic cells in spinal cord. 
Data in C are shown as mean ± SEM and analyzed using two tailed unpaired student’s t-test. 
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6 Discussion 

A20 is considered a central gatekeeper in the regulation of inflammation through the 

inhibition of NF-κB signaling. Polymorphisms in the TNFAIP3 gene have been shown 

to play a crucial role in MS pathogenesis (Hoffjan et al., 2015). Moreover, inappropriate 

functioning of the anti-inflammatory protein A20 is described to play an important role 

in the course of EAE pathogenesis. For instance, deletion of A20 in astrocytes and 

microglia leads to the development of an increased EAE severity and without microglial 

A20, CD8+ T cells spontaneously migrate into the CNS in steady state and cause 

neuronal modificatiosn (Wang et al., 2013; Voet et al., 2018; Mohebiany et al., 2020). 

Although studies indicate that the full knockout of A20 also leads to changes in the 

BBB ECs by causing upregulation of ICAM-1 and VCAM-1 (Guedes et al., 2014), the 

role of A20 specifically in brain endothelial cells (BEC) on the maintenance of BBB 

integrity and its influence on the progression of EAE is not well understood.  

We here highlight that the absence of A20 in BECs does not alter BBB integrity. We 

additionally could not observe a discrepancy in EAE disease outcome in mice lacking 

A20 in BECs compared to control mice. However, we could see an increased 

expression of the adhesion molecules ICAM-1 and VCAM-1. Furthermore, we show 

that A20-deficiency in BECs drives immune cell infiltration in the steady state but that 

this effect is compensated in the course of EAE and that astrocytes showed an 

increased reactivity profile. We indicate that inflammatory mediators either released by 

ECs or infiltrating immune cells drive spontaneous neuroinflammation in these mice. 

The clinical course of EAE disease was not affected by the BEC-specific A20 deletion 

and also the increased immune cell infiltration seen in the steady state was 

compensated in the course of EAE.  

We propose that the increase in immune cell infiltrates into the CNS in the steady state 

could be caused by an increase in transmigration over the BBB due to the dramatic 

upregulation of the adhesion molecule expression. We further conclude that 

inflammatory mediators released either by activated ECs themselves or by infiltrating 

immune cells drive a reactive phenotype in the CNS-resident astrocytes. We 

hypothesize that these effects cannot be seen during active EAE in A20ΔBEC mice, as 

A20 deletion is covered by a general inflammatory response in this situation.  
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 A20-deficiency in BBB ECs in steady state 

 A20ΔBEC mice do not show a loss of BBB integrity 

During inflammation of the CNS, one of the major changes is a structural 

reorganization of junctional molecules leading to a loss of BBB integrity (Daneman, 

2012). Surprisingly, we could neither observe an increase in fluorescence in the spinal 

cord tissue after injection of a 4 kDa FITC-Dextran tracer into A20ΔBEC mice, nor could 

we show a significant difference in protein levels of occludin and VE-cadherin with 

western blot, suggesting no loss of function of tight junctions and adherent junctions. 

However, we did observe a tendency towards reduced occludin protein levels, yet even 

if additional experiments will confirm a downregulation of occludin when A20 is lacking 

in BECs, our results emphasize, that CNS endothelial A20 expression does not have 

an impact on BBB integrity in the steady state.  

These observations seem to contradict the results of Han et al., who showed that 

Clematichinenoside (AR), a triterpene saponin made from the root of Clematis 

chinensis, restores the integrity of the BBB by upregulating A20 and subsequent 

suppression of NF-κB signaling (Han et al., 2016). In this study, the authors 

investigated the effect of AR on BBB integrity by evaluating transepithelial electrical 

resistance (TEER) values as well as tight junction protein expression in response to 

hypoxia/reoxygenation by using rat brain microvascular endothelial cells. Interestingly, 

they could show that AR and consecutively higher levels of A20 sustained TEER 

values at a high level and that this treatment further caused increased expression of 

occludin and ZO-1 (Han et al., 2016). Unlike Han et al., we used an in vivo model of 

BEC-specific A20-deficiency for our experiments. Therefore, it is inevitable to keep in 

mind that the BBB is not only made up of ECs but also of a basement membrane, 

pericytes, and astrocytes, all together forming the NVU (Daneman, 2012). The different 

components of the BBB closely interact with each other. For instance, it has been 

shown that astrocytes play an important role in the regulation of BBB integrity through 

adjusting the expression of occludin and claudin (Alvarez et al., 2011b). Additionally, it 

has been shown that crosstalk between ECs and pericytes enhances TJ formation in 

the developing BBB (Obermeier et al., 2013). The influence of astrocytes and pericytes 

on BBB integrity may compensate for changes in ECs, thus maintaining the functional 

BBB even in the absence of A20.  
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The specific role of A20 in barrier function has been investigated in many different 

organs using conditional A20-knockout mice also in vivo. The deletion of A20 

exclusively in intestinal epithelial cells resulted in the spontaneous development of 

inflammation of the intestine. These mice showed characteristics of epithelial tight 

junction disruption, including the loss of occludin, hence resulting in greater intestinal 

permeability (Kolodziej et al., 2011). Furthermore, the role of A20 in lung epithelial cells 

(LEC) was investigated using a mouse model of LEC-restricted A20 deletion. It could 

be shown that A20 is crucial for maintaining and restoring endothelial barrier integrity 

after inflammatory lung vascular injury through stabilizing VE-cadherin expression at 

adherent junctions (Soni et al., 2018). Even though several studies have investigated 

the consequences of impaired NF-κB signaling, only few focused on BBB ECs. Ridder 

et al. showed that deletion of NF-κB essential modulator (NEMO) or the kinase TAK1, 

both key components of the NF-κB pathway, in BBB ECs lead to a disruption of the 

BBB and endothelial cell death. Hereupon, they propose that TAK1-NEMO signaling 

plays a crucial role in the protection of the brain endothelium and the maintenance of 

CNS homeostasis. Ridder et al. further demonstrated that TAK1 and NEMO protect 

the BBB by stabilizing occludin, an essential tight junction protein, through reducing its 

proteasomal degradation. They suggest a mechanism in which TAK1 and NEMO 

induce an IKK2 and p65 NF-κB-mediated pathway that induces A20 expression, which 

is then able to deubiquitinate and stabilize occludin, thus protecting the integrity of the 

BBB (Ridder et al., 2015). Although our data shows a tendency towards reduced 

occludin levels, we provide evidence that this does not necessarily translate into loss 

of BBB integrity, as we do not see a difference in FITC-Dextran CNS leakage in 

A20ΔBEC mice. This emphasizes that A20 does not play a decisive role in the 

maintenance of BBB integrity.  

Nonetheless, BBB integrity might be impaired to a minor extent that we were unable 

to visualize with the used method. It has been described that an intact BBB cannot be 

crossed by compounds with a molecular weight higher than 180 Da. In order to 

determine BBB integrity, different methods using various markers have been 

established, the most commonly used method being the injection of dyes. These 

markers vary in size from a molecular weight of 376 Da (sodium fluorescein) to 961 Da 

(Evan’s Blue) or even 70 kDa (FITC-Dextran). However, Evan’s Blue reversibly binds 

to albumin, forming a bigger complex with a molecular weight of 6,8 kDa (Kozler and 

Pokorný, 2003). For our experiments, we used a FITC-Dextran with a molecular weight 
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of 4 kDa, a tracer that is sensitive enough to detect gross changes such as the ones 

occurring during severe neuroinflammation like EAE. 

 A20-deficiency in CNS ECs drives adhesion molecule expression  

Under pathological conditions, a disruption of the BBB is usually accompanied by an 

increased secretion of inflammatory cytokines as well as higher ICAM-1 and VCAM-1 

expression on ECs (Daneman, 2012). The latter play an important role in the 

transmigration of leukocytes through the BBB as they guide the firm adhesion of 

immune cells to the endothelium (Carman, 2009). In MS pathology, this process has 

also been observed. Activated Th1 and Th17 cells migrate towards the BBB and into 

the CNS, a process which is mediated by the upregulation of adhesion molecules on 

ECs (Engelhardt and Sorokin, 2009; Minagar and Alexander, 2003; Ortiz et al., 2014). 

This also matches the study by Canella and Raine who found high levels of ICAM-1 

and VCAM-1 in MS lesions (Cannella and Raine, 1995). In our experiments we aimed 

to investigate whether A20-deficiency in CNS ECs would lead to alterations in 

adhesion molecules which could explain the increase of immune cell infiltrates in the 

CNS.  

Our present findings are in agreement with the previously published literature. We 

could demonstrate that mice lacking A20 in CNS ECs show a dramatically upregulated 

expression of the adhesion molecules ICAM-1 and VCAM-1 in the steady state, 

suggesting pro-inflammatory signaling within BBB ECs even in the absence of an 

external stimulus. These observations also correlate with those of Han et al. In an in 

vitro experiment, they found that AR blocked the expression of nucleus NF-κB and 

decreased the levels of ICAM-1 via upregulating A20 (Han et al., 2016). Furthermore, 

Guedes et al., could show that A20-knockout mice present a baseline activation of the 

brain endothelium with an increased immunostaining for ICAM-1 and VCAM-1(Guedes 

et al., 2014). While our data is in line with previous studies, we were able to quantify 

the extend of adhesion molecule upregulation by using flow cytometry. Strikingly, we 

found that almost 100% of BECs now express ICAM-1, which led us to further 

investigate immune cell infiltration into the CNS. 
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 CNS immune cell infiltration is enhanced in naϊve A20ΔBEC mice 

Under physiological conditions, low expression of adhesion molecules as well as the 

tight BBB structure prevents infiltration of peripherally-derived immune cells into the 

CNS, making it an immune privileged organ (Engelhardt and Sorokin, 2009). Under 

pathological circumstances, however, immune cell migration into the CNS is inevitable 

in order to clear debris and repair damage. However, excessive numbers of activated 

immune cells can also result in neurodegeneration and axonal damage as generally 

seen in MS (Racke, 2009). Interestingly, A20-deficient mice reveal massive 

inflammation in multiple organs, such as the liver, kidneys, intestine, joints and bone 

marrow, accompanied by increased numbers of active lymphocytes, granulocytes, and 

macrophages (Lee et al., 2000). In addition, Mohebiany et al. could show an increase 

in CD8+ T cell infiltration into the CNS in mice lacking A20 specifically in microglia 

(A20ΔMG) even in the absence of an external stimulus (Mohebiany et al., 2020).  

Of note, we also detected increased numbers of myeloid cells, CD4+ T cells, and CD8+ 

T cells in the steady state of A20ΔBEC mice. Yet, the ratio of CD4 and CD8-expressing 

cells was unaltered, suggesting a different underlying mechanism that drives immune 

cell infiltration when compared to A20ΔMG mice. A20-deficient microglia were found to 

display a viral gene expression signature, which, through the expression of type-I 

interferons, cause massive infiltration of CD8+ T cells as a defense mechanism 

(Mohebiany et al., 2020). Our data rather hints towards a mechanism that promotes 

immune cell infiltration regardless of their cell type.  

It has been shown that T cell diapedesis can not only take place through an impaired 

BBB, but also through an intact barrier with T cells infiltrating through endothelial cell 

bodies, leaving TJ molecules intact (Wolburg et al., 2005). Interestingly, this process, 

called transcellular diapedesis, has been shown to be the preferred route for T cells to 

enter the CNS during EAE (Wolburg et al., 2005). Furthermore, studies have 

demonstrated that ICAM-1 and VCAM-1 play a major role in transcellular diapedesis 

as they function as adhesion molecules for immune cells (Carman, 2009). In our 

experiments, A20ΔBEC mice manifested a dramatic upregulation of ICAM-1 and VCAM-

1 levels in steady state while barrier properties were not impaired. We therefore 

suggest that the upregulation of these adhesion molecules could trigger transcellular 

diapedesis of immune cells, leading to an increased count of immune cells within the 

CNS as observed in these mice.  
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In addition, we found high levels of CXCL1 in the CNS of naϊve A20ΔBEC mice. CXCL1 

is well-known to be involved in the recruitment of immune cells to sides of inflammation. 

Moreover, CXCL1 was shown to be secreted by peripheral endothelial cells upon TNF 

stimulation and to promote the adhesion of neutrophils to the luminal endothelial layer, 

which is essential for neutrophil transmigration (Girbl et al., 2018). The high levels of 

CXCL1 expressed in A20∆BEC mice could thus contribute to the increased numbers of 

myeloid cells observed in the CNS of these mice.  

Taken together, this data confirms that A20 expressed by CNS ECs is a central 

gatekeeper to secure CNS homeostasis and prevent potentially dangerous immune 

cell infiltration by controlling the expression of adhesion molecules and other pro-

inflammatory mediators. 

 

 

  

Figure 17: A20-deficiency drives immune cell infiltration through upregulating ICAM-1 and VCAM-1 expression 

A20-deficiency in BBB ECs leads to prolonged NF-κB signaling. This results in pro-inflammatory gene 
expression, including ICAM-1 and VCAM-1 and subsequent immune cell infiltration into the CNS. 
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 A20-deficiency in BBB ECs drives neuroinflammation: Potential impact on 

neurological manifestations 

The complete loss of A20 in mice results in dramatic microglial and astrocytic activation 

and in increased expression levels of the cytokines IL1b, IL6 and Tnf in the 

hippocampus and cortex (Guedes et al., 2014). Up to now, the origin of this 

neuroinflammatory phenotype is not fully understood. Guedes et al. suggest two 

different scenarios, where in one scenario LPS derived from commensal bacteria might 

cross an impaired BBB, causing Toll-like receptor (TLR)-mediated microglial activation. 

In the second scenario, CNS-resident cell activation due to intrinsic A20-deficiency was 

proposed to result in increased pro-inflammatory cytokine production which activates 

other CNS-resident cells, creating a self-sustained inflammatory environment (Guedes 

et al., 2014). Since we could confirm that the BBB integrity is not impaired, the second 

scenario is most feasible. Yet, which of the CNS-resident cells function as initiators of 

the self-sustained inflammatory environment is still not entirely clear. Astrocytes, 

neurons and oligodendrocytes are considered unlikely to be the driving forces in this 

scenario, as A20-deficiencyin these cells does not cause spontaneous 

neuroinflammation (Wang et al., 2013). In contrast, A20-deficient microglia do result in 

spontaneous neuroinflammation with alterations in microglia and astrocyte reactivity, 

however, EC activation has not been investigated in A20ΔMG mice (Mohebiany et al., 

2020).  

In a recent study it was proposed that factors released by LPS-activated endothelial 

cells can induce a reactive astrocyte phenotype that differs from a microglia-driven 

phenotype, yet the mediators secreted from endothelial cells are still unknown (Taylor 

et al., 2022). We here aimed at investigating whether A20-deficient endothelial cells 

can also drive spontaneous neuroinflammation with alterations in microglia and 

astrocyte reactivity. While we did not observe any alterations in the reactivity state of 

microglia, we indeed observed signs of reactive astrogliosis in our A20∆BEC mice. 

Levels of GFAP were increased both in mRNA and protein in the brains of A20∆BEC 

mice and GFAP+ astrocytes were dramatically increased in the cortex of these mice. 

Interestingly, we also found a strong upregulation of GFAP in astrocytes surrounding 

big endothelial vessels in the cortex, implying that A20-deficient endothelial cells could 

release modulators that have a direct effect on astrocytes in the vicinity of vessels. 

Interestingly, expression analyses of pro-inflammatory cytokines and chemokines in 
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the brains of A20∆BEC mice revealed dramatically increased levels of Tnf and Cxcl1, 

potentially being secreted by A20-deficient ECs in the steady state. Further 

investigation using sorting of ECs of A20∆BEC mice will be needed in order to prove that 

these mediators are in fact produced by A20-deficient ECs themselves and not by other 

CNS-resident or infiltrating cells.  

In the past, crosstalk between different components of the BBB and other cells of the 

CNS including neurons and microglia have been discussed controversially and the 

mediators and mechanisms of this crosstalk are largely unknown (Banks et al., 2018). 

Nevertheless, it is unambiguous that intercellular communication plays an essential 

role in the regulation of BBB integrity and CNS homeostasis. It has been shown that 

astrocytes play a major role in promoting BBB permeability by driving the expression 

of chemokines and adhesion molecules (Abbott et al., 2006). The existing literature 

supports an inductive influence of ECs on astrocytes. Ballabh et al. described that 

astrocytes cocultured with ECs changed their morphology from confluent monolayers 

to multicellular columns (Ballabh et al., 2004). In general, under pathological conditions 

such as infection or neurodegeneration, microglia and astrocytes respond with 

morphological and transcriptional changes. Reactive microglia are characterized by 

swollen cell bodies and fewer processes as well as upregulation of activation markers 

such as CD68, MHC-II and Lgals3 (Li and Zhang, 2016). However, our data implies 

that strong activation of ECs is not involved in the induction of reactive microgliosis, 

indicating that other factors are responsible for the development of a reactive microglia 

phenotype. 

During infection or neurodegeneration, also astrocytes respond with a reactive 

astrogliosis, involving morphological changes as well as alterations in gene expression 

(Zamanian et al., 2012). Reactive astrogliosis can be beneficial as it improves recovery 

after CNS trauma and in MS, but it can also be harmful as it can inhibit axonal 

regeneration after CNS injury (Zamanian et al., 2012; Voskuhl et al., 2009). In MS and 

EAE, reactive astrogliosis is commonly observed starting from the early stages of 

lesion formation. One of the best-known characteristics of reactive astrocytes is the 

upregulation of GFAP, which can be found throughout the CNS in MS (Brambilla, 2019) 

and as shown in our data, can be driven by activated ECs in vivo. 
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In recent years, single-cell RNA sequencing has allowed for a more detailed view on 

reactive astrocyte subpopulations. In a study published by Hasel et al., nine different 

reactive astrocyte subpopulations were defined to evolve upon inflammatory exposure 

to LPS, occupying distinct locations in the mouse brain (Hasel et al., 2021). 

Interestingly, one of these subpopulations (cluster 8) was predominantly found in layer 

one of the cortex next to the brain surface and often associated with brain vessels, 

closely resembling the locations of reactive astrocytes found in our A20∆BEC brains. We 

thus probed our A20∆BEC brain tissues for expression of cluster 8 astrocyte markers, 

which include the master regulator of IFN-dependent transcription Stat1, the 

transporter associated with antigen processing 1 (Tap1) and the IFN-γ-inducible GTP-

binding protein Igtp. Indeed, we found a dramatic upregulation of all three markers in 

our brain samples from A20∆BEC mice. In the study of Hasel et al. it was proposed that 

cluster 8 astrocytes can evolve upon IFN-stimulation (Hasel et al., 2021). Whether 

interferons are absolutely required or whether other inflammatory mediators such as 

CXCL1 or TNF can also contribute to the generation of this subpopulation, requires 

further investigations. Also, it needs to be proven that the upregulation of these 

markers indeed derived from astrocytes, as other cellular sources like infiltrating 

immune cells could also be responsible for increased levels of these genes. 

Interestingly, endothelial-derived CXCL1 was recently reported to mediate activation 

of astrocytes. Endothelial cells lacking the cyclin-dependent kinase 5 were found to 

express excessive amounts of CXCL1, which led to increased levels of GFAP in the 

hippocampus of Cdh5-Cre;Cdk5fl/fl mice. This CXCL1-driven reactive astrogliosis was 

furthermore associated with impaired glutamate reuptake through glutamate 

transporter 1, eventually leading to increased extracellular levels of the excitatory 

neurotransmitter glutamate and triggering the development of seizures (Liu et al., 

2020). Proper astrocytic function is well-known to be important to safeguard neuronal 

activity and astrogliosis is highly associated with the development of neurological 

symptoms such as seizures (Blanco-Suárez et al., 2017). Interestingly, seizures are a 

common clinical manifestation of neuropsychiatric SLE (NPSLE), a disease that was 

recently associated with reduced A20 levels. Other symptoms of NPSLE range from 

headache and cognitive impairment to memory loss and stroke. Different factors have 

been identified to contribute to the pathogenesis of NPSLE, including cytokine-

mediated inflammation, disruption of the BBB, brain-reactive autoantibodies and 

immune-cell mediated inflammation (Schwartz et al., 2019). In a recent study, mice 
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heterozygous for A20 were found to develop mild neuroinflammation and signs of 

NPSLE (Daems et al., 2020). These mice showed increased expression levels of pro-

inflammatory cytokine and chemokine genes like IL1b and Tnf, Ccl2 and Cxcl10 as 

well as increased expression of the reactive astrocyte marker Gfap in hippocampus 

tissue. Behavioral analyses furthermore revealed mild cognitive impairments in female 

A20 heterozygous mice at the age of 6 months which was increased upon LPS 

treatment (Daems et al., 2020). Using a mouse model of SLE, molecular mechanisms 

for the recruitment of leukocytes have been studied thoroughly. It was shown that the 

interaction of α4-integrin and VCAM-1 plays a crucial role in mediating the migration of 

immune cells to the brain (James et al., 2003). A20 also plays an important role in the 

pathogenesis of the recently described autoinflammatory disease A20 

haploinsufficiency (HA20). HA20 is caused by heterozygous loss-of-function mutations 

in TNFAIP3, leading to insufficient deubiquitinating activity of A20 and subsequently 

increased NF-κB signaling (Zhou et al., 2016). Symptoms are diverse even across 

patients with the same genetic variant and vary from recurrent oral, gastrointestinal 

and genital ulcers to polyarthritis, periodic fever, skin involvement, and even CNS 

vasculitis (Yu et al., 2020b; Aeschlimann et al., 2018). The development of CNS 

vasculitis is characterized by expression of adhesion molecules and subsequent 

infiltration of leukocytes into the arterial walls (Kelley, 2004). Interestingly, we also 

observed an increased expression of the adhesion molecules ICAM-1 and VCAM-1 in 

our A20ΔBEC mice. Our data therefore indicates that the development of NPSLE and 

CNS vasculitis could be promoted by the absence of EC-specific A20 and that SNPs 

in the TNFAIP3 locus of ECs might be connected to the progression of these diseases.  

Together, our data hints towards a potential functional involvement of BBB-endothelial-

mediated astrogliosis through factors released from A20-deficient BBB ECs, which 

could lead to improper neuronal function. However, experimental data to support this 

idea, including electrophysiological analyses of neurons in A20∆BEC mice, as well as 

behavioral analyses focusing on cognitive functions and seizure development, are 

required to prove this theory.  
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 A20-deficiency in BBB ECs does not drive EAE disease 

Activated NF-κB signaling has been described in multiple cell types in the CNS of MS 

patients, including T cells, microglia, and astrocytes (Yue et al., 2018). Several studies 

using different A20 knockout mice have suggested that A20 signaling attenuates the 

course of EAE by inhibiting NF-κB signaling. These studies further showed that A20 

plays a critical role in mediating immune cell infiltration into the CNS during 

neuroinflammation (Wang et al., 2013; Voet et al., 2018; Mohebiany et al., 2020). 

However, only few studies have investigated the effect of A20 signaling in BBB ECs 

and CNS endothelial A20 has not yet been studied in vivo. By using a transgenic 

mouse model, we aimed to selectively investigate the influence of A20 signaling in ECs 

in EAE developement.  

The induction of active EAE leads to an activation of myelin-specific T cells in the 

periphery which then migrate across the BBB into the CNS (Bittner et al., 2014). As we 

already observed an increased infiltration of immune cells into the CNS in steady state, 

we consequently expected a more severe course of EAE in our A20ΔBEC mice. To our 

surprise, we could not see that deletion of A20 in CNS ECs alters the onset or severity 

of active EAE. However, this data does not provide definite evidence that A20 

deficiency in ECs does not drive EAE. Nonspecific effects caused by complete Freud’s 

adjuvant (CFA) and pertussis toxin (PTx) must be considered to possibly conceal any 

effects caused by the deletion of A20 in CNS ECs. EAE is generally induced by 

peripheral injection of MOG35-55 peptide emulsified in CFA which contains heat-

inactivated Mycobacterium tuberculosis. This is necessary in order to achieve a strong 

adjuvant-driven immune activation since immunization with MOG35-55 peptide alone is 

not sufficient to induce the disease (Bittner et al., 2014). However, studies have 

indicated that immunization with CFA alone leads to an increased BBB permeability to 

serum proteins, indicating that CFA provokes BBB breakdown (Namer et al., 1994; 

Rabchevsky et al., 1999). A similar effect has been described for PTx which is applied 

on day 0 of immunization and day 2 post immunization to enable proper EAE induction 

(Bittner et al., 2014). Studies suggested that PTx promotes EAE by opening up the 

BBB, making it easier for T cells to migrate to the CNS (Linthicum, 1982; Munoz et al., 

1984). Further studies indicate that PTx pushes the expansion of neuroantigen-specific 

Th1 and Th2 cells (Hofstetter et al., 2002). Interestingly, Hauptmann et al. recently 

showed that ICAM-1 expression by BBB ECs is already induced through the 
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immunization with CFA without MOG35-55 peptide (Hauptmann et al., 2020). We 

presume that this effect covers up any impact of missing A20 of BECs on the course 

of active EAE. Of note, the disease course in the active EAE model used in this study 

was comparably high, with the majority of mice reaching a clinical scale of 4 or above, 

which is close to the upper limit of disease severity. Thus, it is also possible that the 

strength of the disease prohibits the detection of differences between the groups. This 

should be addressed in future experiments by dialing down the concentrations of 

MOG/PTx to achieve a milder disease course.  

To circumvent the CFA-induced peripheral immune activation, passive EAE provides 

an alternative approach to induce EAE by skipping the peripheral priming phase. In 

passive EAE, pre-activated myelin-reactive T cells are transferred into naϊve host mice. 

Therefore, no additional immunization of the host mice is needed and this model 

bypasses any nonspecific effects caused by CFA (McPherson et al., 2014). Additional 

studies using a passive transfer model of EAE will be necessary to further investigate 

the role of A20 in EAE pathology, especially in regard to facilitated entry of 

encephalitogenic immune cells into the CNS due to the increased adhesion molecule 

expression already in the steady state. 
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7 Summary 

The ubiquitin-modifying protein A20 is crucially important for the regulation of central 

nervous system (CNS) inflammation as it negatively regulates canonical NF-κB 

signaling, thus functioning as an anti-inflammatory mediator. Single nucleotide 

polymorphisms (SNP) in the A20/TNFAIP3 gene have been shown to increase the risk 

of developing different autoimmune diseases, such as multiple sclerosis (MS). In this 

study, we investigate the role of A20 in blood brain barrier (BBB) endothelial cells (EC) 

on the maintenance of BBB integrity and the infiltration of immune cells in steady state, 

as well as the consequences of EC-specific deletion of A20 on neuroinflammatory 

processes in brain homeostasis and its influence on the course of experimental 

autoimmune encephalitis (EAE), a mouse model of MS. We could show that BBB 

integrity was not altered by the lack of A20 in ECs of the CNS and that there was no 

difference in the expression of junctional proteins. We could not see a discrepancy in 

active EAE disease outcome in A20-deficient mice compared to control mice, either. 

However, we were able to observe dramatically increased expression of the adhesion 

molecules ICAM-1 and VCAM-1 in the steady state, indicating a severe activation of 

the endothelium of the BBB. We could further show that A20-deficiency drives immune 

cell infiltration into the CNS in the steady state. Our data further provides evidence that 

A20-deficency of CNS ECs promotes the progression of astrogliosis and therefore 

leads to the development of neuroinflammation. 

In summary, we suggest that A20-deficiency in BBB ECs in steady state leads to 

increased NF-κB signaling, resulting in pro-inflammatory gene expression, including 

ICAM-1 and VCAM-1. This likely promotes a tight adhesion of immune cells to the BBB, 

subsequently causing increased T cell transmigration into the CNS even in the 

absence of pathology. Moreover, A20-deficient BBB ECs can drive spontaneous 

neuroinflammation with alterations in astrocyte reactivity. Together, this results in a 

neuroinflammatory phenotype with impaired CNS homeostasis, which could potentially 

drive the development of neurological diseases.  
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