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Summary /Zusammenfassung 
 
 
Summary 
 

Tissue inflammation is usually characterized by the cytokine-mediated replacement 

of constitutive proteasomes by immunoproteasomes that finally leads to the 

optimised generation of immunogenic epitopes for antigen presentation. The brain, 

however, is considered as an immuneprivileged organ, where both the special 

anatomy as well as active tolerance mechanisms repress the development of 

inflammatory responses and help to prevent immunopathological damage.  

In this work we analysed the immunoproteasome expression in the brain and could 

show that intracranial LCMV-infection leads to the transcriptional induction of 

inducible subunits but results in the accumulation of immunoproteasomal precursors 

in the brain of BALB/c mice. 

By immunohistology, we could identify microglia cells as the main producers of 

immunoproteasome, whereas in astrocytes immunoproteasome expression was 

almost exclusively restricted to the nuclei. Neurons and oligodendrocytes did not 

show any expression of immunoproteasome following intracranial LCMV-infection. 

In vitro studies of IFN-γ - stimulated astrocytes further support the hypothesis that the 

observed accumulation of immunoproteasomal precursor complexes takes place in 

this cell population. 

We postulate that the distinct expression of immunoproteasome in the brain by 

certain cell-types and in certain compartments influences the fate of the ongoing 

immune response and shapes it in terms of Ag processing, Th cell differentiation and 

glia activation to an inflammatory shut-down and tissue repair or to detrimental, 

chronic inflammation and neuronal cell loss.  

A regulated deposition of inactive immunoproteasomal intermediates in the cell 

nucleus of distinct cell-types, moreover, would reflect a post-translationally regulated 

mechanism to prevent inappropriate immunoproteasome activity and prevent 

immunoreactivity in the context of immune tolerance and immune suppression
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We also analysed the impact of a polymorphic variance at postion aa49 within the 

pro-sequence of human LMP7 on immunoproteasome formation. Concerning the 

polymorphic variance at position 49 within the pro-sequence of LMP7 we did not see 

any effect on the proteasome composition neither in tumor biopsies of patients with a 

defined LMP7 genotype nor in an in vitro transfection model.  

In accordance with others, we therefore postulate that the observed disposition of the 

respective polymorphism for the outcome of certain pathologies is not associated  

with a modified proteasome composition and is excluding an effect of this 

polymorphism on immunoproteasome assembly. 

 
 
 
 

Zusammenfassung 
 
Eine Gewebsentzündung is gewöhnlich durch einen Zytokin-vermittelten Austausch 

des konstitutiven Proteasoms durch Immunproteasom gekennzeichnet. Als Folge 

dieses Austausches kommt es zu einer verbesserten Prozessierung immunogener 

Epitope für die Antigen Präsentation. Das Gehirn stellt jedoch ein sogenanntes 

immunprivilegiertes Organ dar, in dem die besondere Anatomie als auch aktive 

Toleranz Mechanismen der Entstehung einer inflammatorischen Immunantwort 

entgegenwirken und präventiv dabei helfen, immunpathologische Schäden zu 

verhindern.  

In dieser Arbeit konnte gezeigt gezeigt werden, dass die intracraniale Infektion des 

Maus-Gehirns mit dem LCM Virus zur transkriptionellen Induktion der induzierbaren 

Untereinheiten des Immunproteasoms führt. Im Gegensatz zu anderen peripheren 

Organen führt diese Induktion im Gehirn jedoch nur zur einer spärlichen Expression 

von reifem Immunproteasom und resultiert vielmehr in einer Akkumulation von 

unreifen, immunproteasomalen Vorläuferkomplexen. 

Mittels immunhistologischer Methoden konnten Microglia Zellen als die 

Hauptproduzenten von Immunproteasom identifiziert werden, wohingegen in 

Astrocyten diese Expression nur im Zellkern beobachtet werden konnte. 

Neuronen und Oligodendrocyten zeigten hingegen keinerlei immunproteasomale 

Expression. 
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Anhand von in vitro-Studien konnte die Akkumulation der immunproteasomalen 

Vorläuferkomplexe in Interferon-γ stimulierten Astrocyten nachgewiesen werden und 

deutet damit stark darauf hin, dass die beobachtete Akkumulation auch in vivo in 

dieser Zell-Population lokalisiert ist. 

Wir postulieren, dass im Gehirn die unterschiedliche Expression von 

Immunproteasom sowohl in unterschiedlichen Zell-Typen als auch in 

unterschiedlichen Zell-Kompartimenten einen Einfluss auf eine laufende 

Immunantwort ausübt und diese hinsichtlich der Antigen Prozessierung, T-Helferzell-

Differenzierung und Gliazell-Aktivierung beinflusst. Dies führt letztendlich dazu, dass 

die Entzündung abklingt und die Heilung einsetzt, oder führt zu einer chronischen 

Entzündung und fatalem, neuronalen Zellverlust. 

Die regulierte Deponierung inaktiver, immunproteasomaler Zwischenprodukte im 

Zellkern bestimmter Zellen könnte des Weiteren einen post-translationalen 

Regulationsmechanismus darstellen, um immunproteasomale Aktivität dort zu 

verhindern, wo sie unvorteilhaft oder gar schädlich ist und somit entscheidend dazu 

beitragen, die Immunreaktivität im Hinblick auf Immuntoleranz und 

Immunsuppression zu regulieren. 

In einem Nebenprojekt wurde auch der Einfluss einer polymorphen Varianz an 

Position 49 innerhalb der Aminosäuresequenz des humanen LMP7 Gens auf den 

immunproteasomalen Zusammenbau untersucht. 

Dieser Polymorphismus, der sich durch einen Austausch der Aminosäure Lysin 

gegen Glutamin auszeichnet und innerhalb der Pro-sequenz des LMP7 Gens liegt, 

wurde in unabhängigen Studien mit einem erhöhten Krebsrisiko in Verbindung 

gebracht. Wir untersuchten den Aufbau des Proteasoms in Tumor-Biopsien von 

Patienten mit bekanntem LMP7 Genotyp und konnten keinen Einfluss dieses 

Polymorphismus auf die Bildung von Immunproteasom feststellen. Die Untersuchung 

dieses Polymorphismus in einem in vitro Transfektionsmodell lieferte den gleichen 

Befund. In Übereinstimmung mit unabhängigen Studien postulieren wir daher, dass 

die beobachtete, erhöhte Disposition des LMP7K49 Allels für ein Kalonkarzinom in 

keinem Zusammenhang mit einer veränderten Proteasomkomposition steht, und 

dieser Polymorphismus somit keine Auswirkung auf den immunproteasomalen 

Zusammenbau hat.  
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1. Introduction 
 
 
1.1    The (Immuno-) Proteasome 
 
The proteasome is an ATP-dependent multicatalytic, multisubunit protease complex 

that collaborates with the ubiquitin system and is involved in many essential 

processes within the cytosol and the nucleus including the degradation of abnormal 

and misfolded proteins, regulation of transcription factors and signal transducers, as 

well as the regulation of cell cycle progression. Furthermore, it is responsible for the 

generation of a large portion of peptides, which are presented on MHC class I 

molecules to CD8+ T cells (Monaco and Nandi 1995).  

The eukaryotic 20S proteasome consists of four hetero-heptameric rings, each 

composed of seven non-identical α or β subunits assembled in the order α7β7β7α7 . 

From the 28 subunits, β1, β2 and β5 contain threonine residues which carry the 

enzymatic activity as N-terminal nucleophile hydrolase (Seemuller et al. 1995) (Orlowski and 

Wilk 2000). All three act according to a common mechanism, but have slightly different 

substrate specificities classifying their activity as caspase-like (peptidyl-glutamyl-

peptide hydrolizing –like) activity cleaving after acidic and branched-chain amino 

acids, tryptic-like activity cleaving after basic residues (lysine and arginine) and 

chymotryptic-like activity cleaving after hydrophobic, aromatic amino acids.  

The three enzymatically active subunits β1 (Y, δ), β2 (Z, MC14) and β5 (X, MB1) are 

expressed constitutively. Following stimulation with IFN-γ and/or TNF-α three 

inducible subunits ß1i (LMP2), ß2i (MECL-1) and ß5i (LMP7) are expressed, and 

incorporated instead of their constitutive homologues into newly assembling 

proteasomes, which then are called immunoproteasomes (Aki et al. 1994; Groettrup et al. 

1996; Nandi et al. 1996).  

Two of the inducible subunits, LMP2 and LMP7, but not MECL-1, are encoded in the 

MHC class II locus underlining its role in antigen presentation (Glynne et al. 1991; Kelly et 

al. 1991). All inducible subunits contain residues such as  
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1Thr, 33K, 129Ser and 166Asp that contribute to the active centers and favour the 

cleavage after basic and hydrophobic residues. By this exchange the tryptic-like 

activity and chymotryptic-like activity remain unaffected, while the caspase-like 

activity is reduced in immunoproteasomes. This effect has been attributed to the 

exchange of the δ subunit by LMP2 (Gaczynska et al. 1993) (Kuckelkorn et al. 1995) (Groettrup et 

al. 1995). The exchange of delta (β1) by its inducible homologue LMP2 (β1i) leads to 

the replacement of a positively charged arginine residue in the P1 pocket by a 

leucine residue that renders the P1 pocket apolar so that acidic residues cannot bind 

anymore. The exchange of constitutive β2 and β5 subunits by MECL-1 and LMP7, 

respectively, did not provoke such changes in the P1 pocket thus leaving their 

functional mechanisms still a matter of debate.  

The main function of immunoproteasomes that has been postulated so far is to 

produce peptides with basic and hydrophobic C-terminal residues that are better 

suited as ligands for MHC class I binding thus expanding the pool of antigenic 

peptides against which a defensive immune response can be raised. Several groups 

have further shown how immunoproteasomes shape the immunodominance of the 

responding T-cell pool involving the generation as well as the destruction of dominant 

and subdominant epitopes (Gileadi et al. 1999; Sewell et al. 1999; Valmori et al. 1999; Sijts et al. 2000) 

(Chen et al. 2001) (Basler et al. 2004). 

The generation of immunoproteasomal knockout mice, in which one or more 

immunosubunits have been knocked out, significantly contributes to the 

understanding of immunoproteasomes: LMP2-deficient mice have reduced numbers 

of CD8+ T cells in the spleen, the blood and the thymus and proteasomes isolated 

from these mice display an altered peptidase activity combined with a reduced 

capability of LMP2-deficient APCs to stimulate subsets of certain epitope-specific T-

cells (Van Kaer et al. 1994). MECL-1-deficient mice show a reduced number of CD8+ 

splenocytes and a reduced T-cell response against the LCMV-specific epitopes 

GP276 and NP205. This effect is not due to a decreased generation of these 

epitopes but could further be attributed to a decreased epitope-specific precursor 

frequency and by this displays an effect of an altered T-cell repertoire (Basler et al. 2006).  

LMP7-/- mice show a reduced MHC-class I expression on the cell surface and they 

have been shown to present the male antigen HY inefficiently (Fehling et al. 1994).  
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New data involving experiments with an LMP7-specific inhibitor (PR-957) further 

suggest a potential involvement of LMP7 in the outcome of several autoimmune 

diseases such as rheumatoid arthritis (Muchamuel et al. 2009).  

Concerning β5 and β5i, it has to be mentioned that 2007 Murata et al. identified a 

third active subunit, β5t (Venus), which is exclusively expressed in the thymic cortex 

and replaces β5 and β5i in so called thymoproteasomes. The incorporation of β5t 

reduces the chymotrypsin-like activity of the proteasome and seems to play a pivotal 

role in the positive selection of double-positive T-cells (Murata et al. 2007). 

All active ß-subunits (β1, β1i, β2, β2i, β5, β5i, β5t) are expressed as inactive 

precursor forms bearing an N-terminal pro-sequence that participates in cooperative 

proteasome assembly, prevents its premature activation, and is finally 

autocatalytically cleaved off during the last step of the assembly rendering the 

proteasome fully active (Groettrup et al. 1997) (Chen and Hochstrasser 1996). (Schmidt et al. 1999) (De 

et al. 2003) (Murata et al. 2009).  

Table 1 gives an overview of the active ß subunits in mammalian 20 S proteasomes: 

 

              
 

 

 

 

 
 
 
1.2    The assembly of the 20S proteasome 
 
The proteasome as a large protease complex is conserved in all domains of life 

(Volker and Lupas 2002), although in bacteria 20S proteasomes are only found in 

actinomycetales, whereas other bacteria like E.coli only possess a structurally related  

Threonin-protease called heat-shock locus gene V (Hs1V) (Rohrwild et al. 1996; Yoo et al. 

1996). The basic mechanisms of protease assembly were revealed by investigations 

of the archaeal 20S proteasome of Thermoplasma acidophilum that is composed of  

 

Table 1: Overview of the active β subunits in the mammalian 20 S
proteasome.  
Following stimulation with IFN-γ the constitutive subunits β1 (delta, Y), β2
(MC14, Z) and β5 (MB1, X) are replaced by the inducible subunits LMP2,
MECL-1 and LMP7 into newly assembled proteasomes. In the thymus there
is an additional subunit β5t (Venus), which replaces β5 (MB1, X) and LMP7
in so-called thymoproteasomes.
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homoheptameric α- and β- rings (Zwickl et al. 1992; Lowe et al. 1995). It could be shown that  

α-subunits alone are able to assemble to homo-heptameric rings probably due to the 

N-terminal Ho helix that contacts the loop of the preceding subunit. β-subunits, 

however, could not assemble in the absence of α-subunits, because this helix does 

not exist in β-subunits (Zwickl et al. 1999). The 20S proteasome of Rhodococcus 

erythropolis is composed of 2 different α and 2 different β subunits. The α-subunits 

as well as the β-subunits show over 80% identity and are located in two operons 

indicating that they evolved by operon duplication (Tamura et al. 1995). In contrast to T. 

acidophilum, α-subunits of R. erythropolis could not form ring-like structures by itself. 

The crystal structure revealed that the β-propeptide of R. erythropolis acts as an 

assembly factor and assembles at the interface of two α-subunits thus helping to hold 

the α-subunits together and forming a half-proteasome of one α- and one β-ring 

(Kwon et al. 2004).  

The assembly of eukaryotic proteasomes is much more complex as the defined 

positioning of seven different α- and β- subunits requires a number of concerted 

assembly steps that are assisted by additional factors. 20S formation is assumed to 

start with the assembly of the α-rings. Two dimeric complexes have been identified 

that are dedicated to proteasome assembly and associated with assembling α-rings: 

proteasome-associated chaperone PAC1-PAC2 and PAC3-PAC4 (Hirano et al. 2005). 

The related orthologues in yeast are called proteasome biogenesis associated factor 

Pba1-Pba2, Pba3-Pba4 (Le Tallec et al. 2007). PAC1-PAC2 binds to a proteasome 

intermediate that is composed of all seven α- subunits, but excludes β-subunits, and 

has a size of approximately 230 kDa. The complex remains bound till proteasome 

assembly is completed and then is degraded by the maturated  

proteasome. Knockdown of PAC1 or PAC2 results in aberrant α-ring formation. 

Interestingly, the knockdown of PAC1 leads to a loss of PAC2 and vice versa 

indicating that only the heterodimeric complex is stable. However, this knockdown 

effect seems to be less dramatic concerning the yeast homologues Pba1-Pba2. A 

short time later PAC3, a 14 kDa protein, was identified as an additional assembly 

factor (Hirano et al. 2006) that associates with α-rings. In contrast to PAC1-PAC2, PAC3 

is a long-lived protein and dissociates before 20S formation is completed. Similar to  
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PAC1-PAC2, knockdown of PAC3 results in decreased numbers of 20S proteasomes 

but no aberrant complexes, and simultaneous depletion of PAC1 and PAC3 results in  

the formation of half-proteasomes that lack β5 (Hirano et al. 2006) indicating their 

cooperation in the correct assembly of half-proteasomes.  

Once the α-ring is completed it serves as a scaffold for ß-subunit assembly (Figure 

1b). First β2 accociates with the α-ring followed by β3, β4, β5, β6, β1 and finally β7 

(Hirano et al. 2008). It has been shown in vitro that PAC3 directly binds to β3 suggesting 

a PAC3-mediated recruitment of β3 to the developing proteasome. Furthermore, the 

incorporation of β3 goes along with the release of PAC3 (Hirano et al. 2006) (Hirano et al. 

2008), and the incorporation of β2 requires an additional assembly factor called UMP1 

(POMP, Proteassemblin) (Burri et al. 2000) (Griffin et al. 2000) (Witt et al. 2000).  

UMP1 has been discovered in yeast as the first assembly factor of 20S proteasomes 

(Ramos et al. 1998). It is not essential for cell viability, although ump1 mutants display a 

hypersensitivity to cellular stress, are defective in protein degradation and show a 

reduced growth. In contrast to humans, yeast UMP1 is assumed to associate with the 

proteasome after β2, β3, and β4 has been assembled (Li et al. 2007), and also in 

contrast to humans the absence of yeast ump1 results in assembly intermediates 

with unprocessed β-subunits.  

In humans, on the other side, the knockdown of UMP1 prevents association of β5 

(and β2) indicating that in humans UMP1 seems to be a prerequisite for the initiation 

of β-subunit assembly, whereas in yeast UMP1 acts later and plays an important role 

in the processing of β-propeptides and the functional assembly of half-proteasomes. 

An additional function of UMP1 seems to be the recruitment of precursor complexes 

to the endoplasmatic reticulum, which represents the main site of proteasome 

formation in mammalian cells (Fricke et al. 2007).  

 

Apart from extrinsic assembly factors such as PAC or UMP1, N-terminal propeptides 

and C-terminal tails of β-subunits have been shown to act as intramolecular 

chaperones that play a significant role for the proper proteasome assembly. In yeast 

the propeptides of β1 and β2 are dispensable for cell viability but they protect the N-

terminal, catalytically active threonine residues against Nα-acetylation, and mutants  
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that lack these propeptides show a modest defect in proteasome biogenesis (Arendt 

and Hochstrasser 1999). In humans the influence of the β2 propeptide is more fundamental  

as its absence prevents incorporation of the β3 subunit and thus is fatal (Hirano et al. 

2008). The C-terminal tail of β2 is also essential for proteasome formation in both  

humans and yeast (Ramos et al. 2004). The propeptide of β5 is essential for cell viability 

in yeast and facilitates its incorporation into assembling proteasomes, whereas in 

humans it is not required for its own incorporation but rather enables β6 recruitment 

(Hirano et al. 2008). The C-terminal tail of β7 stabilizes the active conformation of β1 and 

by inserting into the groove between β1 and β2 in the opposite ring it plays an 

important role in the dimerization of two half-proteasomes (Li et al. 2007; Marques et al. 

2007). Interestingly, the propeptides in humans are different from those in yeast, 

whereas the mature peptides are well conserved. 

Based on findings with several propeptide mutants Li et al. suggest a model, where 

the propeptides of β5 and β7 as well as a unique N-terminal extension in the β6 

subunit promote proteasome assembly, whereas UMP1 and the propeptide of ß6 

more likely function as assembly checkpoints inhibiting dimerization before a full set 

of β-subunits has assembled at the α-ring (Li et al. 2007). 

Bleomycine-sensitive protein 10 (Blm10) in yeast and its mammalian homologue 

PA200 (PSME4) are additional factors that seem to prevent premature dimerization 

as blm10-knockout cells display an accelerated β5 processing and UMP1 turnover. 

Moreover, Blm10 and PA200 also bind to the ends of mature proteasomes opening 

the axial channel and enhancing proteolysis after acidic residues and both factors 

were further shown to play a role in DNA repair (Ustrell et al. 2002; Ortega et al. 2005; Schmidt et 

al. 2005).  

Following the incorporation of the last subunit β7 into the half-proteasome, the 

intercalation of its C-terminal tail into another β-ring finally triggers the dimerization of 

two half-proteasomes. By the removal of β-propeptides the maturation of the 20S 

proteasome is completed, and the assembly factors UMP1 and PAC1-PAC2 are 

degraded by its own product (Figure 1b).  

Concerning the assembly of immunoproteasomes the picture slightly differ: The 

absence of LMP7 provokes an accumulation of LMP2 and MECL-1 precursors 

indicating the pivotal role of the β5 (or β5i) subunit for the recruitment of β6 and β7  
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that is finally required for the efficient processing of precursor sequences and the 

final maturation of the proteasome. Groettrup et al., however, could show that in 

contrast to β2, which represents the first β-subunit associating with the α-ring during 

the constitutive proteasome assembly (Figure 1b), the incorporation of MECL-1 (β2i) 

requires LMP2 (but not LMP7), whereas the presence of MECL-1 strongly enhances  

the incorporation of LMP2 (Groettrup et al. 1997). De et al. postulate a model of different 

heterologous combinations of constitutive and immunoproteasomal subunits. 

According to this model, the incorporation of MECL-1 only appears in combination 

with LMP2 (β1i) and LMP7 (β5i), whereas MC14 (β2, Z), the constitutive opponent of 

MECL-1 (β2i), can assemble, on the one side, with δ (β1,Y) and X (β5, MB1) to form 

homogenous, constitutive proteasomes, or, on the other side, with LMP2 and LMP7, 

or δ and LMP7, to form heterologous proteasomes (De et al. 2003). 

 

 

1.3    Cofactors of the 20S proteasome 
 

The mature 20S proteasome usually further assembles with regulatory factors such 

as the 19S regulatory particle (PA700) or the 11S activator (PA28) to form 

proteasomal hybrids (Tanahashi et al. 2000) (Figure 1c). 

The 19S regulator is composed of at least 19 different subunits and can be divided 

into two subcomplexes that are called the base and the lid (Glickman et al. 1998) (Glickman 

and Ciechanover 2002; Schmidt et al. 2005).  

The base consists of 9 subunits, from which 6 have an ATP-ase associated activity 

(RPT1-6) and three have non-ATPase activity (RPN1, RPN2, RPN13). The lid is 

composed of 9 non-ATPase subunits (RPN3, RPN5–RPN9, RPN11, RPN12, and 

RPN15). The main function of the ATP-ase subunits is to unfold substrates and open 

the channel of the α-rings, so that the substrates can enter the proteasome. RPN1, 

RPN13, RPT5, and RPN10 capture ubiquitinylated proteins either directly or through 

proteins that contain both an UBL (ubiquitin-like) domain and an UBA (Ubiquitin-

associated) domain, whereas RPN10 is assumed to sit at the interface between the 

lid and the base (Deveraux et al. 1994) (Elsasser et al. 2002; Lam et al. 2002; Husnjak et al. 2008). The 

lid performs the de-ubiquitinylation of the substrates and by this facilitates their  
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degradation (Verma et al. 2002; Yao and Cohen 2002). In the literature 20S proteasomes 

assembled with PA700 at one side as well as those assembled with PA700 on both 

sides (misleadingly) are both referred to as 26S proteasomes. However, according to 

a personal communication with Dr. Gunther Schmidke, both forms of proteasomes 

show the same biochemical properties delivering an efficient degradation machinery,  

where ubiquitinylated proteins are recognized, unfolded, de-ubiquitinated and 

translocated into the proteolytic chamber of the 20S proteasome by the 19S regulator 

using energy from ATP hydrolysis. 

Apart from PA700 there is the 11S regulator, also named PA28α/β, that can 

associate with the 20S proteasome and strongly increases all three peptidase 

activities of the proteasome (Ma et al. 1992) (Dubiel et al. 1992). PA28α/β has a size of 

approximately 200 kDa and is composed of  α and β subunits that show up to 47% 

sequence identity (Ahn et al. 1995). They form ring-shaped oligomers that can bind to 

one or both α-ends of the 20S proteasome (Gray et al. 1994), while it is still not fully 

clear, if these rings display a hexameric or heptameric composition (Ahn et al. 1996; Zhang 

et al. 1999) (Rechsteiner et al. 2000). Structural data of the Pa28α/β orthologue in 

Trypanosoma brucei (PA26), however, promote a heptameric complex (Whitby et al. 

2000). Although it has been shown that PA28α subunits are able to form homo-

oligomers in vitro (Knowlton et al. 1997), the absence of such homo-oligomers in PA28β-/- 

mice as well as the higher stability of αβ hetero complexes suggest that only hetero-

oligomers are present in vivo (Preckel et al. 1999). Due to the fact that both subunits are 

IFN-γ inducible (Ahn et al. 1995), most prominent in lymphoid tissues (Jiang and Monaco 

1997), and exclusively present in species that posses a MHC class I-restricted 

pathway, a potential role of this regulatory complex for antigen presentation has been 

postulated. Further evidence was provided by the finding that some viral epitopes are 

better presented in the presence of PA28α and/or PA28β (Groettrup et al. 1996; Preckel et al. 

1999). In contrast to Preckel et al, who postulate an impaired immunoproteasome 

assembly in PA28-/- mice (Groettrup et al. 1996; Preckel et al. 1999), Murata et al. (Murata et al. 

2001) could not observe such an impairment in these mice. Even if the incorporation of 

the immunoproteasomal subunits LMP2, MECL-1 and LMP7 into proteasomes from 

PA28β -/- mice would be diminished, this cannot exclusively account for the 

diminished capacity to present antigen, as in PA28β -/- mice this defect seems to be 

more pronounced than in LMP2- and LMP7- deficient mice (Fehling et al. 1994; Van Kaer et 

al. 1994).  
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Based on the finding that 75% of the peptides generated in vitro by 20S and 26S 

proteasomes are too short to serve as ligands for MHC class I molecules, Whitby et 

al. propose a model in which PA28α/β may affect antigen presentation by opening 

the α-gates of the proteasome thus allowing the exit of larger peptides that are better 

suited for MHC class I binding (Kisselev et al. 1999; Whitby et al. 2000). 

Another factor that is related to PA28α and PA28β was previously identified as the Ki 

antigen and due to its sequence similarity of about 40%, and 33% respectively, 

designated as PA28γ (Tanahashi et al. 1997). PA28γ forms homoheptamers that can bind 

to the 20S proteasome. Its expression is most prominent in the nucleus (Soza et al. 

1997), but, in contrast to PA28αβ, mRNA levels of PA28γ have been shown to be 

unaffected by IFN-γ {Tanahashi, 1997 #1969}. Whereas PA28αβ enhances all three 

enzymatic activities of the proteasome to a similar extent, PA28γ had a stronger 

effect on the trypsin-like activity (Stohwasser et al. 2000). Compared to PAα/β, PA28γ binds 

with a higher affinity to the 20S proteasome (Realini et al. 1997), and taking into account 

that it seems to disappear upon stimulation with IFN-γ (Tanahashi et al. 1997) (Khan et al. 

2001), these findings further confirm that it may compete with PA28α/β for 20S binding 

and may represent a negative regulator of antigen presentation.  

A clearly negative regulator that inhibits all three catalytic activities of the proteasome 

was identified 1992 by De Martino and colleagues. For its size of about 31 kDa it was 

referred to as proteasome inhibitor 31 (PI31). PI31 seems to compete with PA28α/β 

for 20S binding showing a 50-fold higher binding affinity. However, how PI31 

performs its effect and how inflammatory cytokines influence its expression, need to 

be further investigated. (Chu-Ping et al. 1992; Zaiss et al. 1999; McCutchen-Maloney et al. 2000). 

 

 

 

 

 

 

 

 

Figure1: (A) Evolution of proteasomal subunits. During the evolution the number of different
proteasomal α- and β-subunits increased enormously and made additional factors necessary that
regulate their correct incorporation into the proteasome. (B) Assembly of the constitutive 20S
proteasome. The neosynthesis of constitutive 20S proteasomes begins with the assembly of the α-
rings. By the help of UMP1 ß2 associates to a completed α-ring and starts the association of β-
subunits in the order β3, β4, β5, β6, β1 and finally β7, whereas external factors such as PAC1-PAC2
and PAC3-PAC4 as well as internal precursor-sequences are involved. By the intercalation of the C-
terminal tail of ß7 into the groove of the β1 and β2 subunit of another β-ring dimerization of two half-
proteasomes is facilitated leading to the autocatalytic degradation of pre-sequences and the
completed activation of the proteasome resulting in the degradation of UMP1, PAC1 and PAC2.  
(C) Cofactors of the 20S proteasome. The 20S proteasome can assemble with a series of cofactors
leading to a number of so-called hybrid-proteasomes that have distinct characteristics and whose
function is only partly understood so far. For the overview newly identified cofactors such as PA28γ as
well as PI31 are excluded from the picture (based on Murata et al, Nat.Rev.Mol.Cell Biol., 2009). 
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1.4    Lymphocytic choriomeningitis Virus (LCMV) 
 
is a negative, single-stranded RNA virus that belongs to the Arenaviridae family, 

which also encompasses human pathologic viruses such as Lassa, Junin or 

Machupo (Charrel and de Lamballerie 2003; Emonet et al. 2006). It is a natural pathogen of both 

human and murine populations. Human transmission has been shown to occur in 

utero, upon transplantation with infected organs (Fischer et al. 2006), or upon contact with 

infected hamsters or laboratory animals (Rousseau et al. 1997) (Rotbart 2000). Adult infection 

with LCMV can lead to the development of fever, malaises, headaches, seizure and 

in some cases fatal meningitis (Rousseau et al. 1997) (Barton and Hyndman 2000) (Roebroek et al. 

1994) 
Genetically LCMV consists of two genome segments referred to as L and S. The L 

RNA segment represents the bigger portion of the genome with a size of 7,2 kB 

compared to the 3,4 kB size of the S RNA segment. A bi-directional coding strategy 

is used to synthesize the polymerase L and the small RING Finger protein Z from the 

L segment and the viral nucleoprotein (NP) and glycoprotein (GP) from the S 

segment (Riviere et al. 1985) (Southern et al. 1987) (Salvato et al. 1989) (Salvato and Shimomaye 1989) 

(Singh et al. 1987) (Romanowski et al. 1985). The GP protein is later cleaved post-

translationally into GP1 and GP2, which both are expressed on the envelope of the 

viral particle (Wright et al. 1990). GP1 mediates attachment of the virus to its target cells 

to initiate infection and so determines the tropism of the virus. 

LCMV is used as a model system in immunology and has made important 

contributions to the understanding of immune tolerance, immunodominance, MHC 

restriction and the basis of viral persistence. Depending on the strain, dose and route 

of infection, a wide variety of responses can be induced such as viral clearance, 

immune suppression, viral persistence, hepatitis or fatal choriomeningitis (Buchmeier et 

al. 1980; McGavern et al. 2002; Kang and McGavern 2008). Another advantage of the LCMV 

system is the availability of experimental tools that help to investigate the anti-viral 

immune response. The possibility to trace populations of LCMV specific T cells 

helped to identify a series of immunodominant epitopes, and the generation of 

LCMV-specific CD4+ and CD8+ T-cell receptor transgenic mice referred to as 

SMARTA (Oxenius et al. 1998) and P14 (Pircher et al. 1989) mice, respectively, further 

contributed to the field by providing traceable and transferable populations of virus-

specific T-cells. 
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Intracerebral (i.c.) injection of LCMV into mice results in the development of an acute 

and fatal meningitis 6-9 days post infection (Allan et al. 1987; McGavern et al. 2002) Prior to 

death, mice demonstrate symptoms of disease progression including ruffled fur, 

blepharitis, hunched posture and notably the ultimate death of the mice is often 

associated with massive seizure induction. LCMV has been shown to localize and 

infect the ependyma, the choroid plexus and the meningeal regions of the brain with 

little virus detected in the brain parenchyma (Doherty and Zinkernagel 1974; Buchmeier et al. 

1980).  

Because LCMV is a non-cytopathic virus, the damage induced in the CNS is not 

directly caused by the virus, but is the result of a subsequent immune response. 

Accordingly, massive leucocytic infiltration can be observed in the meningeal and 

ventricular regions of the brain, which also corresponds to the viral distribution. 

Infiltration of the brain parenchyma has also been observed and may be critical for 

disease progression.  

The induction of lethal LCMV-induced meningitis requires the generation of an 

efficient immune response. T-cells have been identified as key mediators of mortality 

as thymectomized mice showed an increased protection after intracranial infection 

with LCMV (Rowe et al. 1963). The analysis of T-cells in the cervical lymph node of 

LCMV-infected BALB/c mice revealed significant activation characterized by 

increased numbers of CD8+ T cells on day 3 post infection and elevated levels of the 

activation markers CD44 and CD25 on day 6 post infection (Lynch et al. 1989). 

Proliferation and cytotoxicity also increase over time and correspond to the 

development of a functional T-cell response that finally results in immunopathology. 

Studies involving CD8+ T-cell depletion (Leist et al. 1987), genetic knockouts (Fung-Leung et 

al. 1991) (Kappes et al. 2000) (Quinn et al. 1993), blocking peptides (Oldstone et al. 1999) and 

cytotoxic lymphocyte transfer (McGavern and Truong 2004) (Baenziger et al. 1986) (Dixon et al. 1987) 

(Doherty et al. 1988) finally identified CD8+ T-cells as the essential T-cell population 

needed for LCMV-induced meningitis. CD4+ T-cells, which play an important role in 

autoimmune diseases such as multiple sclerosis or its animal model system EAE 

(experimental autoimmune encephalomyelitis), as well as B-cells and NK cells are 

not involved in LCMV-induced immunopathology (Johnson et al. 1978; Allan and Doherty 1986; 

Dixon et al. 1987; Leist et al. 1987), although the drastic, LCMV-associated weight loss in the  
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absence of CD8+ cells, also called wasting disease, has been attributed to CD4+ T-

cells (Fung-Leung et al. 1991) (Quinn et al. 1993) (Kamperschroer and Quinn 2002).  

Supporting a role of CD8+ T-cells in LCMV-induced meningitis, Zinkernagel and 

Doherty discovered histocompatibility on the MHC class I locus (Nobel Price of 

Medicine 1996) to be an essential requirement for pathology and disease following 

intracranial LCMV infection (Doherty et al. 1988) (Zinkernagel et al. 1985) (Zinkernagel and Doherty 

1975). Subsequently, Doherty uncovered that maximal inflammation of the meninges 

depends on histocompatible MHC class I expression on both bone marrow derived 

cells and radio-resistant cells, the latter he proposed to be endothelial cells. In vitro 

experiments showed an enhanced MHC class I expression on brain endothelial cells 

following LCMV infection suggesting an increased potential for CD8+ T cell 

engagement in vivo (Gairin et al. 1991). Galea et al. could show that the vascular 

endothelium can present a model antigen to CD8+ T-cells and by this allows 

preferential entry of Ag-specific cells into the brain parenchyma (Galea et al. 2007). If this 

mechanism also holds true in the case of LCMV-induced meningitis, endothelial 

expression of MHC class I maybe important for the optimal access of CD8+ T-cells to 

the CNS.  

Based on the finding that LCMV-specific CD8+ T-cells produce cytokines that affect 

the blood brain barrier integrity (Munoz-Fernandez and Fresno 1998; Zhao et al. 2007), one could 

hypothesize that cognate peptide-MHC class I interactions on the endothelium with 

LCMV-specific CD8+ T cells could stimulate cytokine release or cytolysis of the 

endothelium and by this could be responsible for the increased permeability 

associated with CD8+ T-cells during meningitis, but this hypothesis has not been 

proven yet. 

In spite of intensive investigations and the identification of CD8+ T-cells as the main 

cell population responsible for disease induction, the molecular mechanism that 

leads to mortality has not been elucidated so far. Efficient cell lysis of LCMV-infected 

cells is supported by the deposition of perforin onto target cells (McGavern et al. 2002), but 

this does not represent the main mechanism of disease progression as perforin-

deficient mice show a delayed disease kinetics, but no protection from death (Storm et 

al. 2006). Other perforin-independent effector pathways like granzyme B-mediated 

cytolysis, or Fas/FasL interactions has also been excluded by knock-out mouse 

models to be the main effector mechnism (Walsh et al. 1994) (Zajac et al. 2003). Release of  



 
Immunoproteasome assembly in the brain of LCMV-infected mice Introduction 

20 

 

cytokines such as IFN-γ and TNF-α are an alternative way of cytotoxic T-cells to lyse 

target cells, but also do not represent the main effector mechanism as TNF-α 

knockout mice as well as IFN-γ knock out mice show the same disease kinetics 

following challenge with the neurotrophic LCMV strain Armstrong. Notably, IFN-γ-

deficiency improves survival when mice are infected with a viscerotrophic strain 

(Nansen et al. 1998) (Leist et al. 1989) (Pfau et al. 1983), probably due to the fact that the effector 

T-cells are diverted away from the CNS by the peripheral organs.  

LCMV infection in utero, or within the first 24 hour of birth, leads to persistent 

infection rather than virus elimination or death that is usually observed in adult mice 

(King et al. 1992). After challenge, virus is spread systemically and is detected in many 

organs including liver, lung, thymus, kidney, lymph nodes, pancreas and brain 

(Fazakerley et al. 1991) (Southern et al. 1984). One reason for the development of chronic 

infection is the infection of the thymus, where clonal deletion of LCMV-specific T-cells 

leads to a little if any LCMV-specific T-cell repertoire, which is not capable of 

eliminating the virus (Pircher et al. 1989). 
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1.5    The anatomy of the brain 
 

The brain is the central control organ of the nervous system in all vertebrates and 

most invertebrates. Some primitive animals such as jellyfish and starfish have a 

decentralized nervous system without a brain, while sponges lack any nervous 

system at all. In vertebrates, the brain is located in the head, protected by the skull 

and close to the primary sensory apparatus of vision, hearing, balance, taste, and 

smell.  

By Neuroanatomists the brain is considered to consist of six main regions: the 

telencephalon (cerebral hemispheres), diencephalon (thalamus and hypothalamus), 

mesencephalon (midbrain), cerebellum, pons, and medulla (Kandel 2000).  

 

                                        
 

 

 

 

 

Each of these regions has a complex internal structure and some areas, such as the 

cortex or the cerebellum, are assembled of layers, folded or convoluted to fit within 

the available space. Other areas consist of clusters of many small nuclei. The 

medulla, for example, like the spinal cord, contains many small nuclei involved in a 

wide variety of sensory and motor functions. The hypothalamus is a small region at  

Figure 2: Anatomy of the brain with its main
regions indicated by different colors
(adopted from The Anatomy of the Nervous
System: From the Standpoint of Development
and Function", by SW Ranson, WB Saunders,
1920) 
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the base of the forebrain and it is composed of numerous small nuclei, each of which 

has distinct connections and a distinct neurochemistry. The hypothalamus is the 

central control station for many homeostatic processes like controlling the circadian 

clock, control of eating and drinking, control of hormone release, and many other 

critical biological functions (Swaab 2003). Like the hypothalamus, the thalamus is a 

collection of nuclei with multiple functions: Some are involved in relaying information 

to and from the cerebral hemispheres, others are involved in motivation. The 

subthalamic area (zona incerta) seems to contain action-generating systems for 

several types of "consummatory" behaviors, including eating, drinking, defecation, 

and copulation (Jones 1985). The cerebellum modulates the outputs of other brain 

systems to make them more precise. Removal of the cerebellum does not prevent an 

animal from doing anything in particular, but actions become more hesitant and 

clumsy. This precision is not hereditary, but learned by trial and error. Learning how 

to ride a bicycle is an example of neural action that may take place predominantly 

within the cerebellum (Kandel 2000). The hippocampus is found only in mammals. 

However, the area it derives from, the medial pallium, has counterparts in all 

vertebrates. There is evidence that this part of the brain is involved in spatial memory 

and navigation in fishes, birds, reptiles, and mammals (Salas et al. 2003). The basal 

ganglia are a group of interconnected structures in the forebrain, whose primary 

function seems to be action selection. They send inhibitory signals to all parts of the 

brain that can generate actions, and in the right circumstances can release the 

inhibition, so that the action-generating systems are able to execute their actions. 

Rewards and punishments, for example, exert their most important neural effects 

within the basal ganglia (Grillner et al. 2005).  

For the immunological context of this work the brain can be divided into 3 main 

compartments, which show distinctive properties concerning infectious susceptibility, 

immune privilege, and inflammation: 

First there are the meninges, which represent a system of membranes that envelops 

the whole brain. It consists of an inner membrane, the pia mater, which firmly 

adheres to the surface and follows all the minor contours of the brain; the 

intermediate membrane, which is called the arachnoid membrane due to its spider-

web like structure; and the outermost membrane, called the dura mater, which, 

strictly speaking, consists of two layers: the periosteal layer and the inner meningeal  
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layer. Like the arachnoid membrane the dura mater does not follow the convolutions  

of the brain surface and looks more like a loosely fitting sac encapsulating the brain. 

The arachnoid membrane and the pia mater are sometimes together called the 

leptomeninges, and they are divided by the subarachnoid space, which is filled with 

cerebrospinal fluid (CSF).  

The second immunologically interesting compartment is represented by the 

ventricles, which encapsulate the choroid plexus that is producing the cerebrospinal 

fluid (CSF). Previously the cerebrospinal fluid was regarded as an ultrafiltrate of 

plasma, but it is, in fact, actively produced by the secretory epithelium of the choroid 

plexus (CPE) (Strazielle and Ghersi-Egea 2000). 

Finally, the third component is represented by the proper brain parenchyma, which 

consists of the white and the grey matter. The grey matter is the major component of 

the central nervous system. It consists of neuronal cell bodies, neuropil (dentrites and 

both myelinated and unmyelinated axons), glial cells, and capillaries. In contrast to 

the grey matter, which contains neuronal cell bodies, the white matter contains 

myelinated axon tracts (Purves 2008). The colour difference mainly arises from the 

whiteness of myelin. In living tissue, grey matter actually has a grey-brown colour, 

which comes from capillary blood vessels and neuronal cell bodies. Figure 3 gives an 

overview of the described compartments. 

 

                 
 

 

                                            

  

 

Figure 3: Immunologically relevant compartments of the brain.
The brain parenchyma is engaged in the CSF, which is produced by
the choroid plexus, a specialized vascular organ within the ventricular
system. CSF in the ventricles is continuous with CSF in the
subarachnoid space between the inner and outer meninges.
Circumventicular organs such as the subfornical organ are brain
regions lacking a blood-brain barrier (BBB) (adopted from Galea et al., 2006,
Trends Immunol.). 
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1.6    Immune privilege of the central nervous system  (CNS) 
 
The ability of leucocytes to enter infected tissues is a prerequisite of a successful 

immune response against invading pathogens. Usually a complex inflammatory 

response is initiated locally, which optimally leads to the elimination of the intruding 

pathogen and the initiation of tissue repair. However, in organs like the brain with a 

high content of postmitotic, non-renewable cells immune surveillance could provoke 

some disastrous collateral damage, which in certain situations may represent a 

serious threat to the survival of the host (Thomsen 2009). Probably for this reason, 

certain crucial organs like the brain, the eye, the testicles or the uterus, when 

carrying a foetus, seem to be particularly well protected against an overzealous 

immune attack by a series of characteristics, which confers them the title “immune-

privileged”. 

This immune-privilege, however, does not mean immunological absence. 

Inflammatory processes take place in the brain as it is the case in the demyelating 

disease multiple sclerosis (MS), where encephalolitogenic CD4+ T cells drive the 

deleterious immune response against oligodendrocytes, and also the neurologic 

dysfunction in HAD (HIV-associated dementia), which is characterized by cognitive 

and motor abnormalities, seems to be a consequence of microglial infection and 

activation. In the latter case, several neurotoxic immunomodulatory factors are 

released from infected and activated microglia, leading to a neurotoxic cytokine 

environment that result in altered neuronal function, synaptic and dendritic 

degeneration, and neuronal apoptosis (Garden 2002). 

A limited immune surveillance as immune privilege is better called, also has negative 

implications: The longevity of many cells and the relative inaccessibility of this tissue 

to components of the immune system make the brain and spinal cord particularly 

susceptible to persistent virus infection. In response to tumors of astrocytes, the 

immune system also seems to be inadequate to protect the host, and in the context 

of Alzheimer´s disease the inflammatory response might be insufficient to clear 

noxious material. So, the immune-privileged status of the brain implies a delicate 

balance between protection and immunopathologic damage and thus can be 

beneficial or detrimental to the host.  

The immune privilege has mainly been attributed to two morphological pecularities: 

the absence of classical lymphatic vessels and the blood-brain/ blood-CSF barrier.  



 
Immunoproteasome assembly in the brain of LCMV-infected mice Introduction 

25 

 

Anatomically, there are no defined lymphatics in the brain however it is clear now, 

that antigens efficiently drain into cervical nodes by the movement of CSF through 

the brain and Virchow-Robin spaces to sites where it crosses into anatomically 

identifiable lymphatics beneath the cribriform plate and perineural sheath of cranial 

nerves (Cserr et al. 1992; Cserr and Knopf 1992; Kida et al. 1995; Knopf et al. 1995). Similar routes are 

assumed for antigen presenting cells (Hatterer et al. 2006). However, the importance of 

such indirect connections to the immune systems remains controversial and needs 

further investigation. 

Taken together, the concept of immune privilege has greatly evolved since the last 

decade, and now it is widely accepted that the special anatomy clearly provides the 

cells of the CNS with a certain protective status but that the CNS is not excluded 

from immunological surveillance. Additional factors further have shifted the picture of 

the immune privileged status of the brain to a more dynamic scenario, in which 

immune tolerance is actively maintained by several mechanisms, which are tightly 

controlled by the activation status of local antigen presenting cells (Kwidzinski et al. 2003).  

 

1.7    Blood brain barrier (BBB) 
 
Apart from the absence of classic lymphatic vessels, the immune privileged status of 

the brain is mainly - but not exclusively - established by the blood-brain barrier (Galea 

et al. 2007). It consists of a complex layer of brain capillary cells, astroglia, pericytes 

and perivascular macrophages within the basal lamina. Together with the blood-

cerebrospinal fluid barrier located at the ependymal cells of the choroids plexus it 

maintains brain homeostasis and acts as a barrier for virtually all molecules, except 

those that are small and lipophilic (Bart et al. 2000). There are, however, sets of small 

and large hydrophilic molecules that can enter the brain, and they do so by active 

transport (Rowland LP 1992). For essential nutrients, such as glucose and certain amino 

acids, specific membrane transporting proteins exist in relatively high concentrations 

in brain endothelial cells. One of these transporters suspected to be involved in 

maintaining the integrity of the blood- brain barrier is P-glycoprotein (P-gp), which is a 

well-known ABC-transporter primarily discovered to be upregulated in multi-drug 

restistence tumors (Juliano and Ling 1976). Apart from these tumors it is expressed in the 

brain at the luminal side of capillary endothelial cells (Tsuji 1998) and in several other  
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epithelial and endothelial tissues with homeostatic functions. P-glycoprotein works in 

opposite direction generally transporting back into the blood a variety of lipophilic  

molecules that enter the endothelial cells or penetrate into the brain. It is a functional 

part of the barrier, since P-glycoprotein knockout mice show an enhanced influx of 

circulating drugs and potential toxins into the brain (Schinkel et al. 1994; Schinkel et al. 1996). 

Furthermore, it should be mentioned that there is an inherent level of IgG, but not IgA 

and IgM present in the cerebrospinal fluid (Bart et al. 2000). Although the blood-brain 

barrier excludes molecules the size of cytokines or LPS and no transport 

mechanisms has been identified for these moieties so far, they can activate cells 

behind the BBB (Hickey et al. 1992) resulting in an up-regulation of MHC expression and 

eicosinoid synthesis a few hours after this substances are found in the circulation 

(Hickey and Kimura 1987; Hickey et al. 1992) (Elmquist et al. 1997). As reviewed by Abbott et al. 

(Abbott and Revest 1991) and Rubin et al. (Rubin and Staddon 1999), the functionality of the 

blood brain barrier to most hydrophilic substances largely depends on the tight 

junctions and adherent junctions. In contrast to peripheral endothelial cells, the tight 

junctions of the brain endothelial cells are continuous and show no hiatuses. 

Pinocytic activity and transcellular transport in brain endothelial cells is rare and 

further limits the entrance of large molecules into the brain. It further has been shown 

that the integrity of the blood brain barrier is influenced and maintained by glial cells, 

especially astrocytes (Broadwell et al. 1994; Kuchler-Bopp et al. 1999; Akiyama et al. 2000). Figure 4 

summarizes the described properties of the blood brain barrier: 

 

                                                                
 

Figure 4: Essential properties of the
blood-brain barrier. Brain capillary
endothelial cells (ECs) are connected by
adherens and tight junctions, the latter
limiting paracellular flux. P-glycoprotein is
expressed at the luminal side of the ECs
and is actively ejecting certain undesired
substances from the CNS. Astrocytes
processes influence the integrity of the
BBB although an extracellular matrix
(ECM) is interposed maybe by releasing
influencing molecules. The transporters
for essential nutrients, such as glucose,
certain amino acids, and for
macromolecules such as transferring are
not shown. 
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1.8    T-cell entry into the brain 
 

Although the blood-brain barrier limits the entry of large molecules and cells like 

erythrocytes, platelets and most lymphoid cells into the central nervous system there 

is no question that T-cells can pass through the blood brain barrier at the endothelial 

cells of postcapillary venules to reside in perivascular spaces or move on into the 

CNS parenchyma (Hickey 2001). Alternatively, T-cells can enter the brain via the 

choroid plexus and from there into the CSF (Goverman 2009). However, the number of 

such cells is very low in healthy animals (Hickey 1999) and how these cells gain access 

to the brain under inflammatory conditions is under current investigation. Discovering 

the molecular pathways by which leukocytes enter the CNS is crucial to 

understanding the immune reactivity within the brain.  

According to the multistep paradigm by Butcher and collegues (Butcher 1993; Butcher and 

Picker 1996; Foxman et al. 1997), leukocyte extravasation is the result of a series of specific 

receptor-ligand interactions. At sites of inflammation the initial contact between 

circulating leukocytes and the vascular endothelium is mainly established through 

interactions between carbohydrate ligands on the leukocytes and selectins highly 

expressed at sites of endothelial activation (P- and E-selectin). This results in a 

tethering of the circulating leukocyte and causes it to roll along the endothelium. 

Notably, lymphocytes can also roll via interactions between the Intergrin VLA-4 on 

the lymphocyte and VCAM-1 on the endothelium (Alon et al. 1995; Berlin et al. 1995) 

Many studies have been conducted to identify the factors governing the passage of 

T-cells into the CNS (Owens et al. 1998; Flugel et al. 1999; Fritz et al. 2000). In summary, these 

data indicate that T cells have to be activated and have to become reactivated. Naïve 

or resting T-cells hardly can enter the brain. As activated T cells encounter their 

antigen in the CNS, however, they accumulate there and form local sites of 

inflammation (Flugel et al. 1999) (Qing et al. 2000). 

Most data concerning the T-cell infiltration of the brain and the breakage of the blood-

brain barrier stems from the EAE model, which represents an animal model for 

multiple sclerosis. For a long time Th1 cells have been thought to be the responsible 

cell population involved in disease induction as IFN-γ is found in significant amounts 

in the cerebrospinal fluid of MS patients and EAE mice, and mice deficient in the 

main transcription factor of Th1 differentiation, T-bet, are resistant to EAE (Bettelli et al. 

2004). However, it has been shown that in the brain the main Th1 cytokines, IFN-γ and  
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Il-12, rather have an anti-inflammatory effect as the deficiency in these cytokines lead 

to an aggressive form of EAE coined by a greater infiltration of immune cells into the 

brain. New data indicate a more prominent role for Th17 cells, which are found in 

significant numbers in the inflamed brain. Although their main effector molecules IL-

17 (Haak et al. 2009) and IL-22 (Kreymborg et al. 2007) do not seem to be involved in disease 

development, it is now assumed that Th17 cells facilitate T-cell entry into the brain 

via a CCL20-CCR6 dependent mechanism (Reboldi et al. 2009). According to Reboldi et 

al. brain inflammaton is initiated by the interaction of CCR6+ Th17 cells with brain 

endothelial cells of the choroid plexus constitutively expressing CCL20. This leads to 

their passage into the subarachnoid space where they encounter their cognate Ag on 

dendritic cells, are re-activated, and promote the recruitment of autoreactive T-cells 

into the brain via the classical integrin VLA-4 (α4ß1)-VCAM adhesion molecule-

dependent mechanism (Engelhardt et al. 2001; Wolburg et al. 2001; Steinman 2005). 

  

Following the entry of T-cells into the CNS, there is however no doubt that the CNS 

environment is hostile towards T-cells. It has been shown that T-cells infiltrating the 

parenchyma die rapidly (Bauer et al. 1998). Many mechanisms have been proposed for 

this phenomenon including constitutive FasL expression allowing apoptotic 

elimination of activated T-cells (Flugel et al. 2000) (Becher et al. 1998) or gangliosides 

controlling or being toxic to T cells (Irani et al. 1996; Irani 1998).  Moreover a negative 

feedback mechanism exists that involves the induction of indolamine-2,3-

dioxygenase on microglia cells by IFN-γ expressing encephalolitogenic Th1 cells 

leading to T cells arrest or apoptosis (Kwidzinski et al. 2003) (Kwidzinski et al. 2005). 

TGF-β is another cytokine that is constitutively expressed in the CNS and detectable 

in significant amounts in the CSF (Johnson et al. 1992). It has the capacity to suppress the 

proliferation of infiltrating T-cells (Taylor and Streilein 1996) and to suppress the expression 

of chemoattractant molecules by astrocytes (Weiss and Berman 1998). In 1995, Fabry et al. 

(Fabry et al. 1995) could show in an in vitro model that TGF-β down-regulates adhesion 

molecules on the brain endothelial cells and markedly diminished leukocyte migration 

into the CNS. This effect is directly opposite of that of Interleukin-1 (IL-1), Interferon-γ 

(IFN-γ), and Lipopolysaccharide (LPS). Thus TGF-β may represent an additional 

factor that minimizes the immune surveillance of the CNS. 
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TNF-α, on the other hand, is a pro-inflammatory cytokine, that is not expressed in the 

healthy brain. However, it has the ability to increase the permeability of the BBB and  

to enhance the adherence and transendothelial migration of lymphocytes, when it is 

locally produced in the CNS at sites of inflammation, or when it is present in the 

circulation due to a systemic inflammation (Fabry et al. 1995; Mark and Miller 1999). 

Interestingly, TNF-α not only promotes the efferent arm of immune surveillance by 

facilitating the entry into the CNS but also the afferent arm by subserving the 

passage from molecules out of the CNS into the circulation and by this into lymphatic 

organs (Dickstein et al. 2000). 

Another quite surprising phenomenon of T cells in the central nervous system is the 

fact that T cells can promote the repair of the central nervous system by the 

expression of neurotrophic factors (Hohlfeld et al. 2000; Moalem et al. 2000; Schwartz and Cohen 

2000). As T cells can enter the CNS in health and disease this would reflect a mobile 

mechanism by which a variety of neurotropic factors can be provided to the CNS. 

 

 

1.9    Antigen presentation in the central nervous system 
 
To elicit a helper T cell- mediated immune response in the brain, the presentation of 

a cognate antigen on MHC class II molecules by brain-resident antigen presenting 

cells (APCs) represents an indispensable prerequisite for the reactivation of 

infiltrating T-cells. As mentioned before T cells can enter the brain but to reside in the 

brain and to execute their function they have to be reactivated. In the case of EAE, 

oligodendrocytes are the main target of a Th1-mediated inflammatory response 

leading to demyelination, loss of oligodendrocytes and axonal degeneration. 

However, these cells do not express MHC class II (Lee and Raine 1989) and thus cannot 

serve as APCs to reactivate infiltrating T-cells. Antigen presentation is likely to occur 

at the blood-brain barrier and was initially assumed to be performed by cerebral 

microvascular endothelial cells due to their large surface and their predisposed 

localization between circulating, vascular T cells and the extra-vascular site of 

antigen exposure. However, several reports could show that brain endothelial cells 

do not constitutively express MHC class II molecules and are not qualified to 

participate in antigen presentation (Risau et al. 1990) (Prat et al. 2000) (Pryce et al. 1989).  
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Astrocytes, which represent the main glial cell population, express high levels of 

MHC class II and co-stimulatory molecules like CD80, CD86, CD40, ICAM-1 and 

VCAM-1 in response to IFN-γ stimulation. However, their potential to serve as APCs  

remains controversal (Fontana et al. 1984; Nikcevich et al. 1997; Aloisi et al. 2000; Cross and Ku 2000; 

Dong and Benveniste 2001).  

In contrast, dendritic cells, the prototypes of APCs, as well as CNS-associated 

macrophages, which are located in the perivascular spaces (Virchow Robin spaces), 

the leptomeninges, and the choroid plexus, do have the potential to present antigen 

(McMenamin 1999). Like peripheral macrophages CNS-associated macrophages 

constitutively express high levels of MHC class II molecules, CD11b, CD163, and the 

common leukocyte antigen CD45. Macrophages show succeptibility to radiation-

mediated depletion that distinguishes them from another group of potential APCs, the 

parenchymal microglia cells, which are radio-resistant, CD163-negative and CD45low 

(Streit and Graeber 1993) (Becher and Antel 1996) (Sedgwick et al. 1991) (Davoust et al. 2008).  

Following exposure to IFN-γ and/or GM-CSF, phagocytosis of myelin, ligation to 

CD40, or direct interaction with Th1 cells, Microglia increase the expression of MHC 

class II and co-stimulatory molecules and by this they enhance their potential to 

stimulate T-cells. Tissue damage, cytokine milieu and Th cell polarization thereby 

represent critical factors promoting microglial APC function (Frei et al. 1987) (Cash and Rott 

1994) (Matyszak et al. 1999) (Aloisi et al. 2000).  

 

 
1.10   The immunobiology of Microglia  
 
Glia cells were initially defined as the glue (Greek: Glia) that keeps the neurons in the 

brain together. Initially, this group consisted of astroglia and oligodendrocytes that 

have a supporting function for neuronal development, sprouting, and activity. In 1932, 

Del Rio-Hortega described a third type of glia cells, which were later named microglia 

(del Rio-Hortega 1993). 

Under normal conditions the adult mouse brain contains 3,5 x 106 microglia (Lawson et 

al. 1990). These are 5 to 15% of the total cells within the central nervous system (Perry et 

al. 1993) and about 10% of the total glia cell population in the brain (Perry 1998). In 

contrast to other cells residing in the CNS parenchyma, they are not of 

neuroectodermal, but mesodermal, hematopoetic origin and share many  
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characteristics as well as a common precursor with macrophages (Streit and Graeber 1993; 

Schmidtmayer et al. 1994). In contrast to CNS-associated macrophages located in the 

leptomeninges and perivascular spaces, microglia cells are not readily repopulated 

by bone-morrow-derived monocytes during adulthood but there is evidence for a  

rapid transformation of blood monocytes into microglia during several pathologies 

(Priller et al. 2001). A major feature of microglia cells that distinguishes them from other 

populations of macrophages is their highly ramified morphology (Giulian et al. 1995). 

These microglial dendtrites extend over numerous territorially independent regions 

within the CNS parenchyma, show continuous movement, and thereby provide 

extensive surveillance of the whole extracellular environment within the CNS 

parenchyma (Davalos et al. 2005; Nimmerjahn et al. 2005; Raivich 2005). Moreover, they possess 

a high level of morphological and functional plasticity (Davoust et al. 2008): In their non-

activated stage, which misleadingly is sometimes called “resting” or “quiescient”, they 

have a small cell body with fine, ramified processes, show a low expression of 

surface antigens, and constantly survey the brain. However, in response to even 

minor pathological changes they become activated and undergo a series of 

morphological and functional alterations leading to gene induction, a hypertrophy of 

the cell body, and a retraction of their ramifications until they finally show a typical 

activated macrophage-like morphology and are called reactive microglia (Kreutzberg 

1996). However, based on new findings, activation of microglia cannot be seen as an 

all-or-none event but moreover resembles a shift in different activation stages (Hanisch 

and Kettenmann 2007).  

Under virtually all inflammatory conditions they upregulate MHC class II expression 

indicating their potential involvement in Ag presentation and reactivation of infiltrating 

T cells (Ulvestad et al. 1994; Becher and Antel 1996; Sedgwick et al. 1998). In their activated stage 

they produce co-stimulatory molecules such as CD40, CD80 and CD86, and have 

been shown to phagocytose myelin, further underlining their potential to reactivate 

encephalitogenic T-cells in the context of EAE (Bechmann et al. 2001) (Becher et al. 2000) 

(Aloisi 2001). However, by combining bone marrow chimerism and genetic targeting 

Greter et al. (Greter et al. 2005) could show that the restriction of MHC class II expression 

to microglia cells in the CNS parenchyma confers resistance to the development of 

EAE. This indicates that parenchymal microglia have a distinct function and do not 

serve as the main antigen presenting cell type that permits T cell entry into the brain  
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(Greter et al. 2005). Concerning EAE, there is now clear evidence that CNS-associated 

dendritic cells play a pivotal role in the presentation of neuroantigen to reactive T 

cells and that CNS-resident microglia are crucial for inflammatory processes within 

the CNS (Heppner et al. 2005). 

Quiescient (or better named surveilling) microglia can be activated by a multitude of 

factors: They possess a broad spectrum of receptors including Toll-like receptors, 

scavenger-, cytokine-, and chemokine- receptors that can trigger activation upon 

antagonistic binding. On the other hand, there is also calming signalling, whose 

disruption leads to alert and activation as it is the case for the recepor-ligand pairs 

CD200-CD200R, Cx3CL1–Cx3CR1, and SIRPα-CD47 (Hanisch and Kettenmann 2007). 

Receptors for neurotransmitters such as β-adrenergic receptors or the GABAB 

receptors also show calming signalling, when triggered by their ligands. These 

ligands are usually released by neurons and they induce microglial activation, if they 

are missing and thereby are delivering information about non-normal neuronal 

function. Figure 5 gives an overview of the multiplicity of different factors that can 

activate microglia cells. 

 

                           

   

 

 

 

Figure 5: Signals and  Modulators of Microglia activation. Many
different factors can activate microglia cells. Involved receptors are
indicated in red (adopted from (Hanisch and Kettenmann 2007)) 
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As multiple as the number of potential activation mechanisms, as multiple is the 

diversity of microglial effector mechanisms. MHC class II – peptide complexes on the  

cell surface allow direct contact with immune effector cells and by the release of 

cytokines (IL-1/3/6/8/10/12/15/18) and other mediators (MIP1α/β, MIP-2, MIP3β, 

TNF-α, TGF-β, RANTES), they can initiate, modify and terminate an inflammatory  

response (Hickey and Kimura 1988) (Hanisch 2002). Microglia have been shown to be 

involved in many neurodegenerative diseases such as Alzheimer´s disease (Nathan et 

al. 2005; El Khoury et al. 2007; Fan et al. 2007; Majumdar et al. 2007), multiple sclerosis (Huitinga et al. 

1990; Heppner et al. 2005; Jack et al. 2005), or ischemia (Lyons et al. 2000; Lalancette-Hebert et al. 2007) 

and their effects have been shown to be either detrimental leading to further 

inflammation and neuronal damage on the one side (Monje et al. 2003) (Ekdahl et al. 2003) 

(Kempermann and Neumann 2003), or, on the other side, to be beneficial conferring 

neuroprotection and even mediating neurogenesis (Butovsky et al. 2006): Fully activated 

microglia are believed to be neurotoxic as they produce reactive oxygen species, 

nitric oxide (NO), TNF-α and other compounds in such quantities and combinations 

that are toxic and directly can damage neurons and oligodendrocytes (Kim and de Vellis 

2005) (Block et al. 2007). In response to bacterial invasion into the CNS microglia start 

phagocytosis and release inflammatory mediators (Hanisch et al. 2001) (Hausler et al. 2002). 

In contrast, when removing cellular debris, they release anti-inflammatory cytokines 

(Magnus et al. 2001) (Liu et al. 2006). Upon stimulation with low concentrations of IFN-γ or IL-

4, which promotes Th1 or Th2 differentiation, respectively, microglia support 

oligodendrogenesis and neurogenesis, a phenomenon in which insulin-like growth 

factor 1 (IGF-1) and tumor necrosis factor α (TNF-α) have been shown to be involved 

(Butovsky et al. 2005; Butovsky et al. 2006; Butovsky et al. 2006). However, stimulation with 

inflammatory inducers such as LPS, amyloid-β aggregates (Aβ), or high 

concentrations of IFN-γ does not support cell renewal and, moreover, have a contrary 

effect.  

Taken together, microglial effects are versatile and stimulus-dependent. Responses 

vary depended on the stimulus intensity, and different stimuli also compete for their 

dominating influence on microglia cells leading to inflammation and detrimental 

damage or, in contrast, to beneficial protection and damage repair. 
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1.11   The immunobiology of Astrocytes 
 

As mentioned before, astrocytes play an important role in CNS homeostasis involving 

the regulation of extracellular pH and K+ levels, the formation and maintenance of the 

blood-brain barrier, the release of neurotrophic factors, and the metabolism of 

neurotransmitters (Benveniste 1998) (Haydon 2000) (H. Wolburg 1995) (Bush et al. 1999). Following  

many pathologic insults they undergo a process of proliferation and morphological 

changes termed astrogliosis that goes along with the enhanced expression of glial 

fibrillary acid protein (GFAP) (Hatten et al. 1991). Their potential to act as professional 

antigen presenting cells still remains in question:  

Upon IFN-γ stimulation astrocytes have been shown to express MHC class II 

molecules (Wong et al. 1984) (Vidovic et al. 1990), although expression is less intense than in 

microglia cells (Vass and Lassmann 1990). IFN-γ - induced up-regulation of MHC class II 

can further be enhanced by TNF-α (Panek et al. 1992), which is quite interesting 

concerning the up-regulation of these two cytokines in a series of neurological 

disorders such as HIV-associated dementia (HAD), multiples sclerosis (MS), and its 

animal model EAE (Issazadeh et al. 1998) (Hofman et al. 1986). However, there are also 

numerous reports that show the absence of MHC class II expression, so the 

documentation of MHC class II expression in astrocytes following neurological 

disease remains a controversial topic (Horwitz et al. 1999). 

Concerning co-stimulatory molecules astrocytes are capable of expressing the 

adhesion molecule ICAM-1, which is important for T-cell interaction. This expression 

can be up-regulated by the pro-inflammatory cytokines TNF-α, IL1β, and IFN-γ (Lee et 

al. 2000). However, concerning the potential of astrocytes to express co-stimulatory 

molecules such as B7.1 and B7.2, as well as CD40, there are discrepancies in the 

literature (Dong and Benveniste 2001). 

If it holds true, that astrocytes do not - or not sufficiently- express co-stimulatory 

molecules, this means that they cannot act as fully competent APCs. This would be 

in accordance with studies showing that astrocytes can only activate T cells after 

priming by microglia or in co-culture with microglia or IL-1 (Sedgwick et al. 1991) (Williams et 

al. 1995).  

The involvement of astrocytes in the polarization more towards a Th2 response due 

to the absence of B7 and CD40 expression has also been postulated as a protective  
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mechanism against autoimmune disorders similar to the function of B-cells or 

microvessel endothelial cells (Becher et al. 2000) (Saoudi et al. 1995) (Aloisi et al. 1999). 

Moreover, it has been proposed that astrocytes similar to parenchymal cells of other 

tissues may have a contrary role, and more likely function in the downregulation of 

inflammation and immune responses (Meinl et al. 1994) (Aloisi et al. 1997) (Vincent et al. 1997). 

 

In contrast to the obscure situation concerning the properties of astrocytes as antigen 

presenting cells, their potential to produce a variety of cytokines and chemokines is 

well known. Cytokine and chemokine expression usually is quite limited in the healthy 

brain. However, their aberrant expression has been observed in many neurological 

disorders including Alzheimer´s disease, multiple sclerosis, HAD and Parkinson´s 

disease (Benveniste 1998; Glabinski and Ransohoff 1999) (Hesselgesser and Horuk 1999; Huang et al. 

2000). In many cases astrocytes could be identified as active producers of these 

cytokines. In vivo and in vitro it could be shown that astrocytes can produce IL-1, IL-

6, IL-10, IFN-α, IFN-β, GM-CSF, M-CSF, TNF-α, TGF-β, and chemokines including 

RANTES, IL-8, MCP-1, or IP-10 (Benveniste 1997). By the expression of these 

immunologically relevant substances they play a pivotal role in the type and extent of 

the immune response within the central nervous system. 

 

 

1.12   (Immuno)proteasomes in the central nervous system  
 

In the human brain proteasomes are expressed in the cytoplasm, the nuclei, 

dentrites, axons, and synaptic buttons of a series of different cells including glial 

cells, pyramidal cells, Purkinje cells and granular cells in the hippocampus. (Azaryan et 

al. 1989) (Okada et al. 1991) (Keller et al. 2002) (Mishto et al. 2006; Mishto et al. 2006) (Ding and Keller 

2001). Elevated proteasome activity has been observed following neuronal 

differentiation, whereas decreased activity and expression are often associated with 

neurodegenerative disorders and with age leading to protein aggregation, protein 

oxidation and age-associated neurodegeneration (Keller et al. 2000) (Keller et al. 2002). 

Concerning the formation of immunoproteasomes the expression of inducible 

subunits is very low in the human brain, and these immunoproteasomes surprisingly 

seem to show a higher caspase-like activity and a lower chymotrypsin-like and 

trypsin-like activity (Piccinini et al. 2003). Immunoproteasomes are distributed in human  



 
Immunoproteasome assembly in the brain of LCMV-infected mice Introduction 

36 

 

brain areas such as hippocampus and cerebellum and have been localized in 

neurons, astrocytes and endothelial cells (Mishto et al. 2006; Mishto et al. 2006). 

Up-regulation of immunoproteasomal expression is associated with neuronal 

differentiation (Wojcik and Di Napoli 2004) and has been observed during age-progression 

and neuronal disorders such as Huntington´s disease (Diaz-Hernandez et al. 2003) (Diaz-

Hernandez et al. 2004) and Alzheimer´s disease (Mishto et al. 2006) that suggests its 

involvement in senescence and corresponds with the theory of chronic 

neuroinflammation in the aged brain. 

In primary mouse microglia cultures that have been stimulated with IFN-γ for a 

prolonged time, the expression of MECL-1 (β2i) and LMP7 (β5i) is enhanced and 

goes along with a decrease of the constitutive subunit β2 (Stohwasser et al. 2000).  

Although the brain is considered as an immuno-privileged organ, these data indicate 

that under appropriate stimuli the brain is capable of triggering an immune response 

at least with regard to antigenic peptide generation. This function mainly seems to be 

fulfilled by microglia cells, which become the major antigen presenting cells and 

respond to numerous pathologic events (Xiao and Link 1998) 
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1.13   Aim of this study 
 

In Chapter 3.1 we analysed the formation of immunoproteasomes in different organs 

upon viral infection. Based on the finding of immunoproteasomal precursor 

accumulation in the brain following intracranial LCMV infection, we tried to elucidate 

this phenomenon and to identify cellular candidates of both proper 

immunoproteasome formation as well as immature precursor accumulation. 

 

In Chapter 3.2 we further analysed the effect of an allelic variance at position 49 

within the human LMP7 gene on the assembly of immunoproteasomes: 

A lysine variant of LMP7 (hLMP7K49) has been associated with a higher cancer risk. 

Because this polymorphism is located within the pro-sequence of LMP7 and is 

cleaved away upon maturation, a direct influence of this variant on proteasomal 

function can be excluded. Considering the involvement of precursor sequences in 

proteasome assembly, an impaired immunoproteasome formation would represent a 

plausible reason for the observed association of the hLMP7K49 variant with a higher 

cancer risk. 
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2.  Material and Methods 

 
 
2.1      Animals 
 

C57BL/6 mice (H-2b) mice were originally obtained from Charles River Laboratories. 

BALB/c (H-2d) mice were obtained from the animal facility of the University of 

Konstanz. 

MECL-1–/– mice (Basler et al. 2006), LMP2–/– mice (Van Kaer et al. 1994) and LMP7–/– mice 

(Fehling et al. 1994) were generated by targeted disruption of the respective gene and 

backcrossing to C57BL/6 background for at least 10 generations before they were 

intercrossed to produce homozygous deficient mice. Both, Mecl-1-/-, LMP2-/-, and 

LMP7-/- mice were a kind gift of Prof. Dr. John Monaco (Department of Molecular 

Genetics, University of Cincinnati, College of Medicine, Cincinnati, OH, USA). 

Homozygotes from each of the backcrossed MECL-1–/–, LMP2–/–, and LMP7–/–mice 

were intercrossed to produce homozygous MECL-1–/–/LMP7–/– mice (L7M mice) or 

MECL-1–/–/LMP2–/– (L2M mice), respectively. Mice were tracked by PCR genotyping 

and kept in a specific pathogen-free facility. For the experiments 8–12 week-old and 

sex-matched mice were used. Animal experiments were approved by the review 

board of the Regierungspräsidium Freiburg. 

 
 
2.2      Virus 
 
LCMV-WE was originally obtained from F. Lehmann-Grube (Hamburg, Germany) and 

propagated on the fibroblast line L929. Mice were either infected with 200 pfu of 

LCMV-WE intravenously, 30 pfu intracranially, or simultaneously with 30 pfu 

intracranially and 105 pfu intraperitoneally. 
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2.3      Antibodies  
 
The monoclonal mouse antibody α-p27, clone IB5, recognizes the α1-subunit iota of 

the proteasome and was obtained from Prof. Dr. Klaus Scherrer (Institut Jacques 

Monod, Paris, France). For immunoblotting the antibody was used in a 1:1000 

dilution in PBS. Polyclonal rabbit antisera raised against the outer regions of murine 

MECL-1 (ß2i) and LMP2(ß1i) were a kind gift of Prof. Dr. Benoît van den Eynde 

(Ludwig Institute for Cancer Research, Brussels, Belgium) and used in a 1:10000 

dilution for western blot analysis or in a 1:2000 dilution for immunohistochemistry, 

respectively. Polyclonal antisera recognizing LMP7 were rabbit antisera raised 

against the keyhole limpet hemocyanin-coupled peptide SDVSDLLYKYGEAAL of 

mLMP7 (Khan et al. 2001), which were diluted 1:5000 in PBS for western blot analysis. 

As secondary antibodies polyclonal HRP-coupled goat anti-mouse IgG (Dako, 

Product# P0447; 1:1000) or HRP-coupled swine anti-rabbit IgG (Dako, Product# 

P0399; 1:2000) were used for immunoblotting. For immunohistochemistry we used 

the additional primary antibodies goat α-Iba-1 (Abcam, Product# ab5076, 1:100) for 

the detection of Microglia, mouse α-GFAP (Sigma-Aldrich, Product# G6171; 1:1000) 

for the detection of astrocytes, mouse α-NeuN (Chemicon, Product#MAB377, 1:200) 

for the detection of Neurons, mouse α-CNPase (Sigma-Aldrich, Product# C5922, 

1:1000) for the detection of oligodendrocytes, rat α-VL4 (undiluted rat hybridoma 

supernatant) for the detection of LCMV, and rat α-hCD3 (Serotec, Product# 

MCA1477, 1:200) for the detection of infiltrating T-cells. Visualization was performed 

using cy3-conjugated donkey α-rabbit IgG (Jackson Immuno Research, Product# 

711-166-152, 1:1000), cy3-conjugated donkey α-rat IgG (Jackson Immuno Research, 

Product# 712-166-150, 1:1000), alexa488-conjugated donkey α-goat IgG (Invitrogen, 

Product# A11055, 1:1000), and alexa488-conjugated goat α-mouse IgG (Invitrogen, 

Product# A11017, 1:1000). For immunohistochemistry all antibodies were diluted in 

PBS containing 0,1% Tween20 (Sigma-Aldrich, Product# P1379) and 1% BSA 

(Sigma-Aldrich). Cell nuclei were stained using 4′, 6´-Diamidino-2-phenylindole 

dihydrochloride (Sigma-Aldrich, Product# 32670, 1:1000). 
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2.4      Purification of 20 S Proteasomes  
 
5-8 mouse brains or the human tumor biopsies, respectively, were minced on ice in 

5-10 ml of buffer A (100 mM KCl, 5 mM MgCl2, 10 mM Hepes, pH 7.2) supplemented 

with 0.1% Triton X-100 using a Polytron PT 2100 (Kinematica AG) and further 

homogenized using a Dounce homogenizer. For the isolation from T2 cells 108 

transfected cells were homogenized in 600 µl buffer A and later filled up to 15ml with 

buffer A. The homogenate was centrifuged at 11200 x g for 30 min at 4°C and the 

supernatant further bound to a 10-ml packed volume (5ml for T2 cells) of DEAE-

Sephacel® (Amersham Pharmacia Biotech) at 4°C over night under agitation. Next 

day, bound DEAE-Sephacel® was washed with 5 volumes of buffer A followed by 

centrifugation in a Heraeus Minifuge® RF at 500 rpm for 3 min without brake. 

Washing was repeated two times before the Sephacel® was further loaded onto a 

glass column. Elution of bound proteins was performed with buffer B (500 mM KCl, 5 

mM MgCl2, 10 mM Hepes, pH 7.2) and 1ml-fractions were collected. Protein content 

was visualized by dropping an aliquot of each fraction on a nitrocellulose membrane 

followed by staining with Poinceau solution. The fractions with high protein content 

were pooled and proteasome-unrelated proteins precipitated with ammonium sulfate 

up to 35% saturation under agitation on ice. After centrifugation in a Sorvall 

centrifuge (SS-34) at 10000 x g for 20 min at 4°C the pellet was discarded and the 

proteasome-containing, soluble proteins in the supernantant enriched by an 

additional ammonium precipitation up to 80% saturation. Following a subsequent 

centrifugation step (10000 x g, 20 min., 4°C) the supernatant was discarded, the 

pellet dissolved in an appropriate volume of buffer A, and the dissolved pellet loaded 

onto a 15% to 40% sucrose gradient. After ultra-centrifugation in a Beckman-Coulter 

SW41Ti rotor for 16 h at 40000 rpm and 4°C, 600µl fractions were collected and 

tested for their proteolytic activity. The fractions with the highest activity were pooled 

and diluted 1:5 in buffer A before they were loaded for fast protein liquid 

chromatography onto a 1-ml resource Q column (Amersham Pharmacia Biotech). For 

the elution a salt gradient of 0.1 M to 1 M KCl supplemented with 5 mM MgCl2 and 10 

mM Hepes, pH 7.2, was applied. Fractions with Suc-LLVY-AMC hydrolyzing activity 

contained 20S proteasome at apparent homogeneity analysed by both Coomassie 

and silver-stained SDS-polyacrylamide gel electrophoresis. 
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2.5      Non-equilibrium pH gel electrophoresis (NEPHGE) 
 
For NEPHGE the purified proteasome was dissolved over night in 80µl NEPHGE 

sample buffer [9,5 M Urea, 2% NP-40, 5% Servalyt® ampholines, pH 3-10 (Serva, 

Product# 42940), 0,3 % SDS and 5% 2-mercaptoethanol]. Gel rods were poured in 2 

mm x 12,5 cm glass tubes (Bio-Rad) after addition of 28 µl 10% APS and 19 µl 

TEMED (Sigma-Aldrich) to a filtered (0,22µm) solution of 5.5 g urea in 1,32 ml 

acrylamide stock solution [28,38% acrylamide; 1,62% bisacrylamide], 2ml 10% NP-

40, 0,5 ml Servalyt® pH 3-10 and 2ml H20. The gel was topped up with overlay 

solution [8M urea, 2,5% Servalyt®, pH 3-10] and left 1h for polymerisation. The 

sample was applied to the gel, topped with 20µl overlay solution, and 

electrophoretically separated in a 2d-gel apparatus (BioRad) for 4h at 400V from the 

top (Anode, 0,01M H3PO4) to the bottom (cathode, 0,02M NaOH). For the separation 

in the 2nd dimension the gel rod was loosened from the walls of the glass tube with 

help of a spinal canula (Becton Dickinson; 0,7 mm x 130 mm,), extruded with syringe 

pressure, equilibrated twice for 20 min in 25 ml equilibration buffer [10% glycerol, 

10% 2-mercaptoethanol, 2,3 % SDS, 90 mM Tris-HCl, pH 6,8] and fixed to the top of 

a 15% SDS-polyacrylamide gel with Laemmli-SDS sample buffer (10% glycerol, 2,3 

% SDS, 0,0625 M Tris; pH 6,8, 5% 2-Me, 0,05 % bromephenole blue) + 1% agarose. 

The gels were run for 1100 Vh and stained afterwards with Coomassie blue. 

 

2.6      Assay for Proteasome Activity  
 

The 20S proteasome was purified from mouse brains as described above. To test 

fractions for their proteasomal activity, frozen substrate stock solutions (10 mM) of 

the fluorogenic peptide substrate Suc-LLVY-AMC (Bachem, Bubendorf, Switzerland) 

were diluted 1:150 in buffer S (50 mM Tris-HCl; pH 7.5, 25 mM KCl, 10 mM NaCl, 1 

mM MgCl2, 1 mM dithiothreitol, 0.1 mM EDTA). Assays were performed in a flat-

bottom, black 96- well plate by adding 100µl of substrate solution to 20 µl of each 

fraction to be tested followed by an incubation step at 37 C for 30 - 60 min. 

Fluoerescence of cleaved AMC fluorogene was detected using a SpectraFluor Plus® 

plate reader (TECAN, Grödig, Austria) (excitation wavelength: 360 nm; emission 

wavelength: 465 nm). 
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2.7      Detection of proteasomal subunits in total lysates by WesternBlot  
 

100 mg of liver or brain were lysed in total lysis buffer (100 mM KCl supplemented 

with 0,5% Triton X-100, 10µM Mg132 (Sigma-Aldrich, Product# C2211), and EDTA-

free complete Protease Inhibitor Cocktail (Roche, Product# 11836170001)) using a 

dounce homogenizer. To check translational expression of the T2 clones, 106 cells 

from a confluent 10 cm dish were lysed. Following sonification (2 x 20sec at 60%) 

samples were centrifuged at 20000 x g for 30 min. Protein content was determined 

using a BSA standard and the Bio-Rad Dc Protein assay (Bio-Rad, Product# 500-

0113-0115). 250 µg total protein were subjected to a 15% SDS-PAGE (120V; 2,5 h) 

using the BioRad MiniGel® system. As a standard molecular weight marker SM 0671 

(Fermentas) was used. Gels were blotted onto a nitrocellulose membrane (Whatman, 

Protran BA85) using a Biometra semi-dry blotter (120 mA per gel, 9 Vh). Proper 

protein transfer was verified by staining the membranes in Poinceau solution (0,5 % 

Poinceau in 1% acetic acid). Membranes were further destained in washing buffer 

(0,4% Tween20 (Sigma-Aldrich, Product# P1379) in PBS) and blocked for 45 min in 

Roti-Block solution (Roth, Product# A151.1). Membranes were incubated with the 

first antibody over night at 4°C followed by 3 washing steps for 5 min each in washing 

buffer. After incubation with the HRP-coupled secondary antibody (2h, RT) 

membranes were 3 times washed and bound antibodies visualized with an HRP-

specific substrate (Pierce, Prod#34080) using a BioRad Chem-Doc and the 

Software QuantityOne. 

 
2.8      Sucrose gradient density centrifugation 
 
100 mg of the respective tissue (liver or brain) were lysed in buffer II (0.1 M KCl, 5 

mM  MgCl2, 10 mM Hepes, 0.1% Triton X-100) using a dounce homogenizer. After 

sonification (5 cycles of 20 sec; 60% intensity) the homogenate was centrifuged at 

20000 x g for 30 min at 4°C. The supernatant was loaded on a gradient of 15% to 

40% sucrose in 0.1 M KCl buffer and centrifuged at 40,000 rpm for 16 h at 4°C in a 

Beckman SW40Ti rotor. Afterwards, Fractions of 600µl were drawn and proteasome 

activity was determined (Section 2.6). 250 µl of each fraction further were 

precipitated according to Wessel and Flügge (Wessel and Flugge 1984). After a 

dryingperiod pellets were dissolved in 2% SDS and separated by SDS-PAGE.  
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Proteasomal subunits were detected by western blot analysis as described in Section 

2.7.  

 
 
2.9      Quantitative RT-PCR 
 
RNA was prepared from brain and liver samples or T2 clones, respectively, using the 

NucleoSpin RNA II Kit (Machery-Nagel, Product#740955250) according to the 

manufacturer´s manual. Quality of the RNA was verified on a 1% agarose gel. 

Concentrations were determined spectrophotometrically by measuring the 

absorbance at 260 nm. For the synthesis of single-stranded cDNA from pure total 

RNA, the “ReverseTranscription System” – Kit (Promega, Product#A3500) was used. 

To determine relative gene expression, the LightCycler Fast Start DNA Master 

SYBR Green I Kit (Roche, Product# 12239264001) was used in conjunction with the 

LightCycler Instrument (Roche) and the LightCycler Software Version 3.5 (Roche). 

Concerning the determination of relative IFN-γ expression the TaqMan Master Kit 

(Roche, Product# 04535286001) was used in combination with an IFN-γ specific 

Probe (Roche, Product# 04686942001).  

The following primers were used for the reaction: 

 
Gene Primers 

mHPRT Forward: 5´ -tgg aca gga ctg aaa gac ttg- 3´ 

Reverse: 5´-cca gca ggt cag caa aga act ta- 3´ 

mIFN-g Forward: 5´-atc tgg agg aac tgg caa aa- 3´ 

Reverse: 5´-ttc aag act tca aag agt ctg agg- 3´ 

mMECL-1 Forward: 5´ -cgt ctg ccc ttt act gc- 3´ 

Reverse: 5´-cca ctt cat tcc acc tcc- 3´ 

mLMP2 Forward: 5´-tcc aca ccg gga caa cc- 3´ 

Reverse: 5´-cca gcc agc tac tat gag atg c- 3´ 

mLMP7 Forward: 5´-ctc cgt gtc tgc agc atc c- 3´ 

Reverse: 5´-tcc act ttc acc caa ccg tc- 3´ 

mPI31 Forward: 5´-gaa ctg tat gcc ctc cgg ta- 3´ 

Reverse: 5´-gag acc gaa gct cct cac tg- 3´ 

hLMP2 Forward: 5´-cgt tgt gat ggg ttc tga ttc c- 3´ 

Reverse: 5´-gtt cat tgc cca aga tga ctc g- 3´ 

hLMP7 Forward: 5´-aat gca ggc tgt act atc tgc g- 3´ 

Reverse: 5´-tgc agc agg tca ctg aca tct g- 3´ 

hGAPDH Forward: 5´-gaa ggt gaa ggt cgg agt c-3´ 

Reverse: 5´- gaa gat ggt gat ggg att tc-3´ 

  

 
Table 2:  Primers used for the LightCycler based amplification 
                of gene transcripts  
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The runs were programmed as follows: Denaturation for 30 sec at 95°C followed by 

an amplification step with a temperature transition rate of 20°C/sec and reading of 

the fluorescence at the end of each cycle. Exact conditions for the amplification of the 

respective gene are shown in Table 3. 

The specificity of the amplification was verified by melting curve analysis (95°C for 0 

sec; 65°C for 15 sec, 95° for 0 sec with a temperature transition rate of 0,1°C/ sec in 

a continuous acquisition mode) or in case of IFN-γ by gel analysis of the amplified 

product. Relative gene expression was normalized to mHPRT/hGAPDH mRNA 

content and evaluated according to the Pfaffl method (Pfaffl 2001) using the Excel-

based software tool REST  (Pfaffl et al. 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Tem (°C) Time (min:sec) Acquisition 
Mode 

Cycles 

mIFN-γ 95 
60 
72 

10 
30 
1 

None 
None 
Single 

 
48 

mHPRT 95 
59 
72 

10 
5 
6 

None 
None 
Single 

 
40 

 
mLMP2 95 

62 
72 
87 

10 
5 

20 
3 

None 
None 
None 
Single 

 
35 

mLMP7 95 
60 
72 

10 
10 
20 

None 
None 
Single 

 
35 

mMECL-1 95 
62 
72 
88 

10 
10 
15 
1 

None 
None 
None 
Single 

 
35 

mPI31 95 
55 
72 
80 

2 
4 

10 
0 

None 
None 
None 
Single 

 
35 

hLMP2 95 
60 
72 
85 

10 
10 
30 
3 

None 
None 
None 
Single 

 
35 

hLMP7 95 
60 
72 
85 

10 
10 
30 
3 

None 
None 
None 
Single 

 
32 

hGAPDH 95 
60 
72 

15 
5 

11 

None 
None 
Single 

 
32 

Table3:  Real time settings for the LightCycler based    
               amplification of gene transcripts 
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2.10      Immunohistochemistry  
 
For the immunohistochemical detection of LMP2 and MECL-1 as well as for the co-

localization studies, mice were either infected with 30 pfu LCMV-WE intracranially or 

co-infected with 30 pfu LCMV-WE intracranially and 105 pfu intraperitoneally. On day 

7 p.i. or day 10 p.i., respectively, mice were anaesthetized and transcardially 

perfused with 20 ml 4% PFA/PBS. Brains were isolated and post-fixated in 4% 

PFA/PBS at 4°C over night. For antigen retrieval, organs were subsequently 

immersed in antigen retrieval solution (10mM sodium citrate buffer, 0,05% Tween 20, 

pH 6,0) at 4°C over night and further boiled for 4 min in fresh retrieval solution before 

transfer to 30% Succrose/PBS and immersion over night for cryopreservation. Brain 

samples were subsequently embedded in Tissue-Tec OCT (Sakura), snap-cap 

frozen in liquid nitrogen and stored at –80°C until use. Cryostat sections (18 µm) 

were mounted on Superfrost plus® slides (Thermo Scientific), air dried and circled 

with a liquid blocker. After pre-incubation in 50 mM NH4Cl/PBS for 15 min, sections 

were permeabilized with 0,1% NP40/PBS for 30 min. To reduce unspecific binding, 

sections were further incubated for 1h at RT in 0,2% BSA/PBS plus 2% normal 

donkey serum (Sigma Aldrich). After blocking, incubations with primary antibodies 

were performed in 0,2% BSA/PBS over night at 4°C with the following dilutions: 

rabbit anti-LMP2 (1:2000); rabbit anti-MECL-1 (1:2000), goat anti-Iba1 (1:100), 

mouse anti-GFAP (1:1000), mouse anti-NeuN (1:200), and mouse anti-CNPase 

(1:1000). Slides were washed 3 times in PBS for 5 min each before they were 

incubated for 2 h at RT with cocktails of the secondary antibodies containing anti-

rabbit IgG-cy3(1:1000), anti-goat IgG-alexa488 (1:1000), and/or anti-mouse IgG-

alexa488 (1:1000), respectively, diluted in PBS and supplemented with DAPI 

(1:1000).  

For the detection of LCMV as well as the detection of T cell infiltration, organs were 

isolated on day 7 p.i. or day 10 p.i., respectively, and directly embedded in Tissue-

Tec OCT® (Sakura). Cryostat sections (10-20 µm) were mounted on Superfrost plus® 

slides (Thermo Scientific), air dried and circled with a liquid blocker. For the VL-4 

staining sections were fixated for 10 min in 4% PFA, incubated in 50 mM NH4Cl/PBS 

for 15 min, and further permeabilized with 0,1% NP40/PBS for 30 min. After blocking 

in 0,2% BSA/PBS for 1h at RT, sections were incubated over night at 4°C with the  
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supernatant of a VL-4 hybridoma, which could be detected using a secondary anti-

rat-cy3 IgG (1:1000) diluted in PBS. 

For the CD3 staining sections were fixated for 15 min in cold 100% Ethanol, air dried, 

and further washed twice for 5 min in PBS supplemented with 0,1 % Tween20® 

(Sigma-Aldrich). For antigen retrieval, sections were further boiled in 0,2% citric acid 

(pH 6) for 30 min at full power in a microwave and kept at room temperature for 

further 30 min. Sections were subsequently washed twice in PBS and circled with a 

liquid blocker. Unspecific binding was blocked by incubation in PBS/0,1% Tween20® 

/1 % BSA for 10 min. Detection of infiltrating T-cells was performed by incubation of 

the sections with the primary antibody rat anti-human CD3 (diluted 1:200 in 

PBS/0,1%Tween/1%BSA) at 4°C over night. Visualization was performed using a 

secondary cy3-coupled anti-rat IgG (1:1000).  

After washing slides were always mounted in Moviol and analysed using a Zeiss 

microscope, the Software AxioVision® Rel 4.6, and the ImageJ® software. 

 

 

2.11      Isolation of CD11b+ cells 
 

For the isolation of CD11b+ cells single cell suspensions were generated according to 

the manufacturer´s instructions from whole BALB/c brains using a commercially 

available neuronal dissociation kit (Miltenyi, Product#130093231). CD11b+ cells were 

isolated out of these suspensions by the MACS® technology according to the 

manufacturer´s instructions using 15 µl CD11b micro beats (Miltenyl, 

Product#130049601) per brain. To increase the purity, eluted cells were administered 

to a second column and the purification procedure repeated. Purity of the isolated 

CD11b+ and CD11b- (Flow Through) fractions was subsequently checked by flow 

cytometry. To do so, an aliquot of 50 µl of each fraction was incubated for 20 min at 

4°C with a FITC-conjugated anti-mCD11b IgG (AbD Serotec, Product# MCA74FA, 

Dilution 1:150 in FACS buffer (PBS supplemented with 2 mM EDTA, 2% FCS, 2mM 

sodium acide) in a volume of 100µl. After 2 washing steps in 150 µl FACS buffer cells  

were dissolved in 200 µl FACS buffer and analyzed by flow cytometry using a 

FACScan® flow cytometer (BD) and the FloJo® software (BD). 

Isolated fractions were used for western blot analysis as described in Section 2.7.  
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2.12      Astrocytic cell lines 
 

Primary astrocytes as well as ES-derived astrocytes and immortalized astrocytes 

were a kind gift of the chair of Alternative in-vitro Methods to Animal Experimentation, 

Prof. Dr. Leist, University of Konstanz, Germany. In short, primary cortical astrocytes 

were prepared from 1–2-day-old BALB/c mice according to Falsig et al. (Falsig et al. 

2004). ES-derived astrocytes were generated by Philipp Kuegler (University of 

Konstanz, Germany) and are described somewhere else (Kuegler et al., 2008, 

diploma thesis, University of Konstanz, Germany). Immortalized astrocytes were 

originally generated in the laboratory of Klaus Pfizenmaier (IZI, University of 

Stuttgart, Germany) based on a protocol by Frisa et al. (Frisa et al. 1994). Cells were 

either left untreated or stimulated for 72h in the presence of 20 ng/ml IFN-γ and 

further used for western blot analysis as described in Section 2.7. 

 

 

2.13      Cloning of pIRES-LMP2R61LMP7Q49 and pIRES-LMP2R61LMP7K49 

 
 
To get an equal expression ratio between the LMP2 and LMP7 allele these genes 

were excised out of pcDNA3-LMP2R61, pcDNA3-LMP7Q49, and pcDNA3-LMP7K49, 

respectively, and cloned into the pIRES Vector (Clontech). pIRES is a mammalian 

expression vector that allows translation of two consecutive open reading frames 

from the same messenger RNA. LMP2R61, which represents the most common 

hLMP2 allele was excised out of pcDNA3-LMP2R61 with the restriction enzymes 

EcoRI and NheI, and ligated into the first multiple cloning site of pIRES, which has 

been digested with the same restriction enzymes followed by de-phosphorylation 

according to the manufacturer´s instructions (Roche, Product# 11758250 001). In a 

second cloning step LMP7Q49 and LMP7K49 were excised out of pcDNA3-LMP7Q49 or 

pcDNA3-LMP7K49 ; respectively, with the restriction enzymes NheI and NotI, and 

ligated into the second multiple cloning site of pIRES-LMP2R61, which previously has 

been digested with XbaI and NotI and that subsequently was de-phosphorylated with 

shrimp alkaline phosphatase (Roche, Product# 11758250001). All restriction 

enzymes were obtained from New England Biolabs. The final plasmids pIRES- 
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LMP2R61LMP7Q49 and pIRES-LMP2R61LMP7K49 were analysed by control digests and 

further sequenced using the T3 and T4 primer (GATC).  

The verified clones were amplified in E. coli XL-1blue cultures, isolated using the 

NucleoSpin® Plasmid Kit (Machery-Nagel, Product#740588250) and further used for 

the transfection of T2 cells. 

 

 

2.14      Transfection of T2 cells 
 
The human lymphoblastoid B-cell-derived T2 cell line carries a deletion in the MHC II 

gene locus encompassing the genes for LMP2 and LMP7 (Salter and Cresswell 1986). Cells 

were cultured in RPMI 1640 (Gibco) supplemented with 10% FCS (Gibco) and 100 

U/ml penicillin/streptomycin (Gibco). For transfection experiments 6 x 106 cells were 

transfected with 30µg linearized DNA in 600µl sterile PBS using a BioRad 

GenePulser (Voltage: 230 V, Capacitance 960µF, constant time). Selection of clones  

that were successfully transfected with pIRES-LMP2/LMP7 constructs, started 36h 

post transfection and was performed with 1 mg/ml Geneticin (Gibco). 
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3. Results 

 
 
 
 
 

3.1  Immunoproteasome assembly in the brain of 
LCMV-infected BALB/c mice  

 
 
 

 

 

 
 
 
 
 
 
 

3.2   The polymorphic, cancer risk-associated variance at    
          position aa49 within the pro-sequence of the human   
          LMP7 gene does not affect proteasome assembly    
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3.1.1    Proteasome composition in different organs following intravenous 
LCMV infection  
 
Following a viral infection the pro-inflammatory cytokine Interferon-gamma (IFN-γ) is 

released by T-cells and NK cells and leads to the induction of the IFN-γ inducible, 

proteasomal subunits MECL-1 (ß2i), LMP2 (ß1i) and LMP7 (ß5i), which replace its 

constitutive counterparts MC14 (ß2), delta (ß1), and MB1 (ß5) in newly synthesized 

proteasomes, which then are called immunoproteasomes (Aki et al, 1994, Akiyama 

et al. 1994). 

In an initial experiment the composition of isolated proteasomes was analysed in 

different organs from non-infected and virus-infected BALB/c mice by 2-dimensional 

gel electrophoresis (Figure 6).  8-12 week-old mice were infected intravenously (i.v.) 

with 200 pfu LCMV-We. On day 8, proteasomes were isolated from dissected organs 

(liver, heart, lung, kidney, colon, intestine, spleen) and analysed for its constitutive 

versus immunoproteasome composition by non-equilibrium pH gel electrophoresis 

(NEPHGE). 

In a naïve, uninfected state all analysed organs mainly contained constitutive 

proteasomes indicated by the presence of substantial levels of the constitutive 

subunits delta and MB1 in the isolated proteasome fractions. Also marginal amounts 

of the immunoproteasomal subunits LMP2 and LMP7 could be observed under non-

inflammatory conditions in these organs; a finding that was more pronounced in 

secondary lymphoid organs (spleen) and primary sites of infection like liver, lung, 

colon and intestine. 

Under inflammatory conditions following the infection with LCMV the relative amount 

of the immunoproteasomal subunits LMP2 and LMP7 was increased while its 

constitutive counterparts delta and MB1 either disappeared completely or were 

significantly decreased indicating a change in the organ-specific composition towards 

a more dominant immunoproteasomal profile (Figure 6). 
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Figure 6: Composition of isolated 20S proteasomes in different organs
analysed by 2-D gel electrophoresis. 20S proteasomes were purified from
different organs of naïve (left panel) and i.v. LCMV-infected (right panel)
BALB/c mice on day 8 p.i.. The subunit pattern was analysed by coomassie-
blue stained NEPHGE/SDS-PAGE. Black arrows indicate the
immunoproteasomal subunits LMP2 (β1i) and LMP7 (β5i) as well as their
constitutive counterparts delta (β1) and MB1 (β5).  
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3.1.2    Proteasome composition in the brain following intracranial LCMV 
infection  
 
We also analysed the proteasome composition in an immuneprivileged organ like the 

brain. To provoke an acute infection in the brain, 8- to 12- week-old BALB/c mice 

were infected with 30 pfu LCMV-WE intracranially (i.c.). In contrast to an intravenous 

LCMV infection, an intracranial infection eliminates the risk of a preterm clearance of 

the virus in the periphery and guarantees a local inflammation of the brain, which 

leads to a dramatic ethiopathology culminating in a severe choriomeningitis usually 

ending lethally on day 7 post infection. At the first signs of disease progression 

characterized by an apathetic behaviour, bristled fur, blepharitis, and paralysed hind 

limbs, mice were eliminated, and the isolated proteasomes from the brain analysed 

by 2D-gel analysis (Figure 7): 

In contrast to the organs shown before there was no constitutive expression of 

immunoproteasome in the brain under naïve conditions and all proteasomes were 

characterized by a constitutive composition. Intracranial infection with LCMV only 

resulted in a slight induction of immunoproteasome, which in contrast to other organs 

failed to break the predominance of constitutive proteasomes under these 

inflammatory conditions. 

To exclude that the observed defect in immunoproteasome formation is a 

consequence of the dramatic course of disease and based on the short time period 

available for transcription, translation and/or assembly of newly synthesizing 

proteasomes, we changed our infection protocol to prolong the life of the mice. In 

case of a time-dependent effect, the extended survival of the mice would result in 

proper immunoproteasome formation and should lead to the breakdown of 

constitutive supremacy observed in other organs upon inflammation. 

To study this, mice were co-infected with 105 pfu LCMV-WE intraperitoneally (i.p.) 

and 30 pfu LCMV-WE intracranially (i.c.). By this strategy the intraperitoneal co-

infection leads to more rapid T-cell priming and a more rapid induction of a LCMV-

specific CTL response, which is more potent in eliminating virus-infected cells and 

results in an accelerated viral clearance and a diminished CTL-mediated 

immunopathology (Oehen et al. 1991).  

Following co-infection the mice showed typical symptoms of ongoing inflammation 

like bristeled fur and an apathetic behaviour, but, compared to mice that were only  
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infected intracranially, they showed a moderate course of disease and survived day 

7, sometimes recovering completely. On day 10 post infection, proteasomes were 

isolated from the brain and the proteasome composition was analysed by NEPHGE. 

As shown in Figure 7, LCMV co-infection leads to a slight induction of 

immunoproteasomes but the prolonged life span cannot recover proper 

immunoproteasome formation on day 10 p.i. indicating that the observed defect on 

day 7 p.i is not related to the short life period following intracranial LCMV infection. 

 

      
 

 

 

 

Figure 7: Proteasome composition in the brain of naïve
and LCMV-infected BALB/c mice. Mice were either left
untreated, infected with 200 pfu i.v, infected with 30 pfu
LCMV i.c., or co-infected with 30 pfu LCMV-WE i.c. and 105

pfu i.p.. On day 7 p.i, day 8 p.i., or day 10 p.i, respectively,
proteasomes were isolated from the brain as indicated and
their subunit composition was analyzed by NEPHGE/SDS-
PAGE followed by staining with coomassie-blue. 



 
Immunoproteasome assembly in the brain of LCMV-infected mice Results 

54 

 
3.1.3    Transcriptional expression of Interferon-γ and immunoproteasomal 
subunits in liver and brain of LCMV-infected mice 
 
To investigate the molecular basis of the observed failure in proper 

immunoproteasome formation, we analysed the transcriptional expression of 

Interferon-gamma (IFN-γ) and immunoproteasomal subunits by real-time PCR: 

Immunocompetent 8- to 12- week-old mice were infected either with 200 pfu LCMV-

WE intravenously, 30 pfu intracranially or to attenuate disease progression and to 

prolong life with 105 pfu intraperitoneally and 30 pfu intracranially. At different time 

points, RNA was isolated from liver and brain, transcribed into cDNA, and gene 

induction analysed by real-time PCR using the Light Cycler® instrument and a SYBR-

Green I - based assay. For the detection of IFN-γ expression an IFN-γ-specific probe 

was employed. All samples were normalized to HPRT. Relative gene expression was 

evaluated using the Pfaffl-method (Pfaffl 2001) and the Excel-based software tool 

REST® (Pfaffl et al. 2002). 

Following intravenous infection, we observed an up to 60-fold induction of IFN-γ in 

the liver on day 6 post infection, which decreased quite rapidly to a less than 20-fold 

induction on day 8 (Figure 8). Immunoproteasomal subunits were up-regulated with a 

4- to 10- fold induction on day 4. This level remained stable till day 6 and then 

decreased to a lower magnitude on day 8.  

Surprisingly, this induction was already observable on day 4, when there was still no 

IFN-γ expression detectable. Probably, this can be attributed to other pro-

inflammatory cytokines such as TNF-α, and type I interferons (IFN-α, IFN-β), which 

are known to induce immunoproteasome expression (Groettrup et al. 2001) (Shin et al. 2006) 

as well, and whose expression levels have not been analysed in this study. Another 

possibility would be that it results from a technically-based, lower sensitivity due to 

the employment of an IFN-γ specific probe. 

Intracranial infection as well as the co-infection showed a similar kinetic in the liver, 

whereas - except from IFN-γ and MECL-1 in the co-infection model - the absolute 

values were significantly decreased in both applications compared to intravenous 

infection. 
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Figure 8: mRNA levels of immunoproteasomal subunits in the liver of
naive and LCMV-WE infected BALB/c mice. Mice were either left
untreated, or infected with 200 pfu LCMV-WE intravenously, 30 pfu
intracranially, or 30 pfu intracranially and 105 pfu intraperitoneally
(Coinfection). At indicated time points post infection, RNA was isolated from
the liver, transcribed into cDNA and the gene induction of IFN-γ, MECL-1,
LMP2, and LMP7 was analyzed by real-time PCR. All samples were
normalized to HPRT expression. Relative gene expression was evaluated
using the Excel-based software tool REST®. 
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As expected, intravenous LCMV infection did not lead to an inflammation of the brain. 

Although we could observe an up to 100-fold induction of Interferon-γ in the brain on 

day 6 post intravenous infection, this up-regulation was not capable of inducing 

immunoproteasome expression (Figure 9). 

In contrast, following co- and intracranial infection we saw a fulminate 200- to 400- 

fold up-regulation of IFN-γ in the brain, which can be exclusively associated with 

infiltrating mononuclear cells (Campbell et al. 1994). While Interferon-γ expression in the 

intracranial infection model was strongly induced on day 6 and further increased till 

day 7, up-regulation of this cytokine was only a short-time phenomenon in the brain 

of co-infected mice, where it also started at day 6 with a comparable kinetic, but was 

again strongly decreased on day 7. For the co-infection model this observation 

indicates a faster clearance of the virus and a shorter period of ongoing inflammation 

that finally results in a reduced CTL-driven immunopathology and the survival of the 

mice. 

Concerning the immunoproteasome formation in the brain of intracranially LCMV-

infected mice we saw a constant increase in the expression levels of inducible 

subunits, which were culminating on day 7 with an up to 6-fold induction for MECL-1, 

up to 8-fold induction for LMP7, and up to 120-fold induction for LMP2. 

In correlation with IFN-γ the absolute numbers of immunoproteasomal induction were 

slightly decreased in the co-infection model culminating at day 6 with an up to 100-

fold induction for LMP2, and a 3- to 6-fold induction for MECL-1 and LMP7. Following 

ongoing inflammation in the co-infection model, the expression levels of 

immunoproteasomal subunits again decreased on day 7 to some extent, but still 

remained up-regulated until day 10 p.i. . 

 

Taken together, these data indicate that following intracranial LCMV infection the 

observed failure to properly form immunoproteasomes cannot be associated with a 

time-dependent limitation of transcriptional induction. Even in the co-infection model, 

where the attenuated disease progression led to a prolonged life span and mostly 

resulted in a complete recovery, the ongoing, transcriptional up-regulation of 

immunoproteasomal subunits in the brain (Figure 9) could not recover proper 

immunoproteasome formation (Figure 7) that was observed in other organs upon 

inflammation (Figure 6). 
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Figure 9: mRNA levels of immunoproteasomal subunits in the brain of
naive and LCMV-WE infected BALB/c mice. Mice were either left
untreated, or infected with 200 pfu LCMV-WE intravenously, 30 pfu
intracranially, or 30 pfu intracranially and 105 pfu intraperitoneally. At
indicated time points post infection, total RNA was isolated from the brain,
transcribed into cDNA and the gene induction of IFN-γ, MECL-1, LMP2, and
LMP7 analyzed by real-time PCR. All samples were normalized to HPRT
expression. Relative gene expression was evaluated using the Excel-based
software tool REST®. 
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3.1.4     Translational expression of immunoproteasomal subunits in liver and 
brain of LCMV-infected mice 
 
Following induction by IFN-γ, the immunoproteasomal subunits MECL-1, LMP2 and 

LMP7 are primarily expressed as so called precursor subunits, which then are 

autocatalytically processed during the maturation of the immunoproteasome (Schmidt et 

al. 1999) (Chen and Hochstrasser 1996) (Arendt and Hochstrasser 1999). Table 4 gives an overview 

over the sizes of unprocessed, immature and processed, mature 

immunoproteasomal subunits in mice: 

 

                                 
 

To further investigate our observation of reduced immunoproteasome formation in 

the brain, the proteasome expression was analysed on the protein level by western 

blot.  

Mice were infected either with 200 pfu intravenously or with 30 pfu intracranially. On 

day 8 p.i or day 7p.i, respectively, organs were isolated, lysed and 250 µg total 

protein electrophoretically separated and analysed by western blot using antibodies 

specific for MECL-1, LMP2 and LMP7. As an internal control for equal proteasomal 

content Iota (α1) was chosen, which is part of both constitutive proteasome and 

immunoproteasome. As a positive control an aliquot of purified immunoproteasome 

from LCMV-infected liver was loaded (Figure 10). 

 

Mature MECL-1 with a molecular weight of 25 kDa could only be observed in liver 

and brain samples of wild type mice. No MECL-1 was detected in LMP7 and MECL-1 

double knockout mice (L7M) as well as in LMP2 knockout mice, which is not 

surprising due to the requirement of LMP2 for the incorporation of MECL-1 (Groettrup et 

al. 1997). 
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Mature LMP2 with a molecular weight of 21 kDa and mature LMP7 (23 kDa) were 

expressed in all samples except the ones from the corresponding knock out mouse.  

Interestingly, in the LMP2 blot an additional band of approximately 23 kDa occurred 

in the brain of intracranially LCMV infected BALB/c mice, which was still more 

prominent in the liver sample of the L7M double knockout mouse. The finding, that 

processing of LMP2 requires the presence of LMP7 (Section 1.2), as well as the 

absence of this additional band in LMP2 knockout mice strongly support the 

hypothesis that this band represents the precursor of LMP2 and that our observation 

of reduced immunoproteasome formation in the brain of LCMV-infected BALB/c mice 

takes place on a posttranslational level and is based on an incomplete autocatalytic 

processing resulting in the accumulation of immunoproteasomal precursors. 

 

                                      
 

 

 

                                     
 

Figure 10: Western Blot analysis of immunoproteasome
expression in liver and brain of LCMV-WE infected mice.
Immunoproteasome expression was analyzed by western blot in
total lysates of intravenously infected liver and intracranially
infected brain of wild-type, LMP2-/-, or LMP7-/-MECL-1 (L7M-/-)
double knockout mice. As a positive control (+), purified
immunoproteasome from LCMV-WE infected BALB/c liver was
used. Note the emergence of an additional band of approximately
23 kDa in the LMP2 blot of brain tissue, which represents
unprocessed LMP2 precursor. 
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3.1.5    Accumulation of immunoproteasomal precursors in the brain of LCMV-
infected BALB/c mice  
 
To further investigate, whether this additional band represents the precursor of 

LMP2, and if the observed incomplete exchange of constitutive proteasome by 

immunoproteasome in the brain of LCMV-infected mice is the result of an incomplete 

processing of proteasomal precursor complexes, we analysed the localisation of 

immunoproteasomal subunits in sucrose gradients. BALB/c mice and MECL-1-/-/ 

LMP2-/- double knockout mice were infected intravenously or intracranially with 

LCMV-WE. On day 8 post intravenous infection or day 7 post intracranial infection, 

respectively, liver or brain was isolated and total lysates directed to density gradient 

centrifugation using a gradient from 15% to 40 % sucrose. Following 

ultracentrifugation, the gradient was further fractionated and the proteasomal content 

in each fraction analysed by western blot. 
In the liver, proteasomes were found in the fractions 9-14 as indicated by the 

presence of Iota within these fractions (Figure 11a). Following intravenous LCMV 

infection, a significant part of the proteasome population in the liver consisted of 

immunoproteasome as indicated by the presence of the immunoproteasomal 

subunits MECL-1, LMP2, and LMP7 in these fractions. All immunoproteasomal 

subunits were fully processed as indicated by their mature sizes of 25 kDa (MECL-1), 

21 kDa (LMP2) and 23 kDa (LMP7), which also corresponded to the ones of the used 

positive control, that consisted of purified, mature immunoproteasome from LCMV-

infected mouse liver. The additional band of approximately 20 kDa in the immunoblot 

for MECL-1 (Fraction 10-12) is too small to be related to MECL-1 and presumably a 

result of unspecific binding. 

In the brain, the major proteasome content was found in the fractions 9 to 14 as 

indicated by major amounts of LMP2 and Iota in these fractions (Figure 11b). LMP7 

was only detected as a mature form in the fractions 9 to13. Immunoblots for LMP2 as 

well as for MECL-1, moreover, showed an additional band with a marginally higher 

molecular weight as the mature forms, which corresponded to the expected sizes of 

unprocessed precursor forms for LMP2 (23 kDa) and MECL-1 (29 kDa). The fact that 

these additional bands are missing in immunoblots of MECL-1-/-/LMP2-/- mice as well 

as their presence in fractions of lower density strongly support the hypothesis that  
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MECL-1 and LMP2 in the fractions 5 to 8 (Figure 11b) represent unprocessed, 

immunoproteasomal subunits, which are assembled in so-called precursor 

complexes. 

One could argue that a certain amount of unprocessed precursor complexes will 

always be found due to the constant neo-synthesis of proteasomes. To exclude that 

the absence of unprocessed precursor subunits in the blots of intravenously LCMV-

infected BALB/c livers results from an insufficient exposure time and thereby is 

masking the real situation, we performed an excessive exposure for LMP2 and Iota 

(Figure 12). In spite of the increased exposure time we could not detect any 

precursor LMP2 in the liver of LCMV-infected BALB/c mice indicating that the turn-

over of unprocessed precursor complexes into processed and mature proteasomes 

is a quite rapid process and that the observed accumulation of immunoproteasomal 

precursors in an infected, peripheral organ is quite unusual.  

 

Taken together, these data suggest that an impaired proteasome assembly is the 

reason for the observed incomplete replacement of constitutive proteasome by 

immunoproteasome and thereby may represent an additional mechanism of immune 

tolerance that contributes to the immunoprivileged status of brain. 

 

 

            
 

 

 

 

 

 

 

Figure 12: Distribution of the subunits LMP2 and Iota in density gradients of
LCMV-infected liver. A total lysate of liver from an intravenously LCMV-infected
was subjected to sucrose gradient ultracentrifugation. Following fractionation,
immunoproteasomal subunits LMP2 and Iota (α1) within the respective fractions
were detected by western blot analysis. As a positive control (+), purified
immunoproteasome from LCMV-infected BALB/c liver was used. The density
increases towards fraction 20. Blots were exposed for 10 min. 
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Figure 11: Analysis of mature immunoproteasomal subunits and their precursors
by density gradient centrifugation. Total lysates of liver and brain of LCMV-infected
mice were directed to sucrose gradient ultracentrifugation. Following fractionation,
immunoproteasomal subunits within the respective fractions were detected by western
blot. As a positive control purified immunoproteasome from LCMV-infected BALB/c liver
was used. The density increases towards fraction 20. A) intravenously LCMV-WE
infected BALB/c liver. B) intracranially LCMV-WE infected brain of wild-type BALB/c and
MECL-1-/-/LMP2-/- double knockout mice.

A) 

B) 
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3.1.6    LCMV mainly infects the meninges, the ventricle regions and the 
choroid plexus  
 

LCMV has the capacity to induce meningitis in both human and murine hosts. In 

adult immunocompetent mice, intracranial (i.c.) injection of LCMV results in the 

development of an acute, fatal meningitis 6-8 days post infection. To get a further 

insight into immunoproteasome expression in the brain following viral infection, we 

decided for a histologic approach and analysed the infectious status of the brain by 

immunofluorescence microscopy.  

Brains from LCMV-infected BALB/c mice and naïve control mice were prepared 

according to our protocol, embedded in TissueTeq, and snapcap frozen in liquid 

nitrogen. 10-20 µm thick cryosections were generated using a microtome and stained 

for DAPI and the LCMV-specific nucleoprotein VL-4. In accordance with others (Kang 

and McGavern 2008), viral infection was strongly detected in the meninges, the 

ependymal cells of the ventricles and the choroid plexus as well as in the regions 

around the ventricles on day 7 post intracranial LCMV infection (Figure 13b). Further 

infection of the brain parenchyma apart from the meninges or the ventricle regions 

was hardly seen. Following the co-infection protocol the meninges were significantly 

less infected, while the strong infection of the ventricular regions was also detected 

on day 10 p.i. (Figure 13c). A focused view into the infected regions of the meninges 

further revealed glia-like cells as one of the cellular targets of LCMV (Figure 13b). 

Naïve brains as well as a second stage control showed the expected negativity and 

proved the reliability of our findings (Figure 13d + 13e). 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Localization of LCMV in the brain of BALB/c mice following intracranial infection. 
Coronal brain cryosections from LCMV infected BALB/c mice and naïve reference mice were stained for
the presence of LCMV. The virus was detected with the LCMV nucleoprotein-specific mAB VL4 and a
cy3-coupled anti-rat IgG (red). Cell nuclei were counterstained with DAPI (blue). (A) Overview of the
analysed regions (adopted from the mouse brain atlas (Harvard Medical School)). (B) Localisation of
LCMV in a coronal brain section of intracranially LCMV-infected BALB/c mice on day 7 p.i. (C)
Localisation of LCMV in a coronal brain section of co-infected BALB/c mice on day 10 p.i. (D) Brain of
uninfected BALB/c mice (E) second stage control: intracranially LCMV-infected BALB/c brain on day 7
p.i., stained with DAPI and anti-rat IgG-cy3 alone.  
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D) 

E) 
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3.1.7    T-cell infiltration of the brain following intracranial LCMV infection 
 
Because LCMV is a non-cytopathic virus, the damage induced in the CNS is not 

caused by the virus, but is rather a result of the subsequent immune response. 

Although the virus is administered intracranially, approximately 90% of the inoculum 

is released into the blood and becomes available for peripheral T-cell priming that 

occurs within the next 3 to 5 days (Mims 1960). Following priming, activated T-cells are 

then assumed to enter the circulation, traffic to the CNS and cause inflammation and 

disease. We analysed T cell infiltration by staining for the T-cell receptor molecule 

CD3: Coronal brain cryosections of LCMV-infected mice and naïve reference mice 

were fixated in 100% ethanol followed by an antigen retrieval step in citrate buffer. 

Staining of infiltrating T-cells was performed using a rat anti-human CD3 antibody, 

which could be visualized by a cy3-coupled anti-rat antibody.  

The entry of leucocytes into the CNS is generally restricted by the tight junctions and 

by the relative non-reactivitiy of the cerebral capillary endothelial cells, which have 

limited endocytosis and limited expression of adhesion molecules. Although it has 

been reported that activated T-cells routinely cross the blood-brain barrier as part of 

the normal immunological suveillance (Griffin 2003), activated T-cells that enter the 

CNS are not retained in the CNS in the absence of antigen and either leave or die in 

situ. In accordance with that finding, we observed no T-cell infiltration in the brain of 

naïve control mice (Figure 14d). In the infected animals, T cell infiltration strongly 

correlated with the identified sites of infection and CD3+ infiltrating T-cells could be 

detected in the meninges, the choroid plexus, the ventricular regions, as well as in 

the cerebrospinal fluid (CSF) within the ventricles, while the meninges represented 

the primary site of T cell infiltration (Figure 14b + 14c). Following the co-infection 

protocol, the irregular infiltration of the meninges was only slightly reduced, while 

infiltration of the ventricular regions and the cerebrospinal fluid was unchanged on 

day10 post infection (Figure 14c).  

 

 
 

 
   
 

Figure 14: T-cell infiltration of the brain following intracranial LCMV infection. Coronal brain
cryosections from LCMV-infected BALB/c mice and naïve control mice were stained for infiltrating T-cells
using a rat anti-human antibody against CD3 visualized with a cy3-coupled anti-rat IgG (red). Cell nuclei
were counterstained with DAPI (blue). (A) Overview of the analysed regions. (B) Localisation of CD3+ T-
cells in a coronal brain section of intracranially LCMV-infected BALB/c mice on day7 p.i.. (C) Localisation
of LCMV in a coronal brain section of co-infected BALB/c mice on day10 p.i.. (D) Brain of uninfected
BALB/c mice. (E) second stage control: intracraniallly LCMV-infected BALB/c brain on day 7 p.i. stained
with DAPI and anti-rabbit IgG-cy3 alone.  
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Figure 14 
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Figure 14 
 
C) 

D) 
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3.1.8    Detection of LMP2 and MECL-1 in the brain of intracranially LCMV-
infected BALB/c mice by immunofluorescence microscopy 
 
In humans, immunoproteasome expression has been reported in brain areas such as 

hippocampus and cerebellum and has been shown to take place in neurons, 

astrocytes and endothelial cells (Mishto et al. 2006) (Mishto et al. 2006). Although 

immunoproteasome expression in vitro could be induced in mouse microglia cell lines 

upon stimulation with IFN-γ (Stohwasser et al. 2000), less is known about the situation in 

vivo following virus-induced inflammation. To address this issue and to further 

analyse our observation of impaired immunoproteasome formation, we decided for 

an immunohistochemical approach to identify potential, cellular candidates within the 

brain that express immunoproteasome and may account for the accumulation of 

immunoproteasomal precursors.  

From Prof. Dr. Benôit van den Eynde, Brussels, Belgium, we kindly obtained mouse-

specific anti-MECL-1 and anti-LMP2 antibodies, which are characterized by their 

respective epitopes localized at the outer face of the proteasome (unpublished data) 

and therefore seemed to be accessible for an immunohistochemical detection. To 

verify the specificity of these antibodies BALB/c mice and MECL-1-/-/LMP2-/- double-

knockout mice were intracranially infected with 30 pfu LCMV-WE. On day 7 p.i., mice 

were anaesthetized, transcardially perfused with 4% PFA/PBS and 18 µm thick 

coronal cryosections of the isolated diencephalon immunohistochemically stained for 

LMP2 and MECL-1 according to our protocol. As shown in Figure 15 and Figure 16 

both antibodies proved to be suited for the immunohistochemical detection of 

immunoproteasomal subunits showing a specific signal in wild-type mice that was 

absent in the knockout mice. The secondary antibody control (cryosection of an 

intracranially LCMV-infected BALB/c brain on day 7 p.i., incubated with cy3-coupled 

anti-rabbit IgG alone) also showed the expected negativity (Figure15c + 16b). 

Although the MECL-1 antibody also proved to be suited for our approach, the 

quantity as well as the quality of the staining was much better using the LMP2 

antibody. Most positive staining was located in the meninges, the outer brain 

parenchyma, the ventricular ependymal cells, and the regions around the ventricles. 

At a higher magnification LMP2+ cells in the ventricular region revealed a ramified 

morphology suggesting microglia cells as potential producers of immunoproteasome 

(Figure 15c). 
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A) 

B) 

C) 

Figure 15: Detection of LMP2 in the brain of LCMV-WE infected mice by
immunofluorescence microscopy. Coronal brain cryosections of intracranially LCMV-infected
BALB/c and MECL-1-/-/LMP2-/- double knockout mice were generated according to our protocol.
LMP2 was detected with an affinity-purified rabbit anti-LMP2 antibody visualized with  a cy3-
coupled anti-rabbit antibody (red). Cell nuclei were counterstained with DAPI (blue). (A) 4th

ventricle and meninges of BALB/c and MECL-1-/-/LMP2-/- double knockout mice. (B) Focused view
into the ventricular region of an infected BALB/c brain. (C) Second stage control: cryosection of
LCMV-infected BALB/c brain stained with DAPI and anti-rabbit IgG-cy3 alone. 
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B) 

Figure 16: Detection of MECL-1 in the brain of LCMV-WE infected mice by
immunofluorescence microscopy. Coronal brain cryosections of intracranially
LCMV-infected BALB/c and MECL-1-/-/LMP2-/- double knockout mice were stained
with a MECL-1-specific affinity-purified antibody and a cy3-coupled anti-rabbit
antibody (red). Cell nuclei were counterstained with DAPI (blue). (A) 4th ventricle
and meninges of BALB/c and MECL-1-/-/LMP2-/- double knockout mice. (B)
Second stage control: cryosection of LCMV-infected BALB/c brain stained with
DAPI and anti-rabbit IgG-cy3 alone. 

A) 
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3.1.9    Detection of LMP7 in the brain of intracranially LCMV-infected BALB/c 
mice by immunofluorescence microscopy 
 
We also tested our own LMP7 antibody (Khan et al. 2001) for its suitability in 

immunofluorescence microscopy. Brains derived from intracranially LCMV-infected 

BALB/c mice and MECL-1-/-/LMP7-/- double knockout mice were treated according to 

our protocol and further stained for LMP7 using the respective antibody. As shown in 

Figure 18a, the used LMP7 antibody marked cells of ramified morphology in 

accordance with the stainings obtained for LMP2 and MECL-1. This signal was 

specific and could not be observed in sections of MECL-1-/-/LMP7-/- double knockout 

mice. However, in addition to this specific signal we were confronted with a highly 

unspecific background staining that was also observed in MECL-1-/-/LMP7-/- double 

knockout mice (Figure 18b). Several attempts to eliminate this unspecific background 

staining by excessive blocking unfortunately failed, so we decided to use the more 

specific αLMP2 and αMECL-1 antibodies for further investigations. 

 

                              

 
 
 
 
 

Figure 17: Detection of LMP7 in the brain of LCMV-WE infected mice by
immunofluorescence microcopy. Coronal brain cryosections of intracranially
LCMV-infected BALB/c and MECL-1-/-/LMP7-/- double knockout mice (L7M-/-

mice) were stained with a rabbit anti-LMP7 IgG that was visualized using a cy3-
coupled anti-rabbit antibody (red). Cell nuclei were counterstained with DAPI
(blue). (A) Focused view into the infected region of a BALB/c brain shows an
LMP7-positive cell with a ramified morphology (B) Stainings in the brain of
infected BALB/c mice as well as L7M-/- mice show a high level of unspecific
background staining. White arrows indicate specific stainings in the brain of
BALB/c mice, which were absent in L7M-/- mice. 

B) 

A) 
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3.1.10    Intracranial LCMV infection results in microgliosis in the brain of 
BALB/c mice  
 
In advance of planed co-localisation studies we analysed an antibody specific for the 

microglia cell marker Iba-1 for its suitability in our immunoproteasomal staining 

protocol that uses PFA fixation followed by an antigen retrieval step in citrate buffer. 

Ionized calcium-binding adaptor molecule-1 (Iba-1), also named allograft 

inflammatory factor-1 (AIF-1), is a Ca2+-binding peptide that is commonly used as a 

cell-specific marker for microglial cells, because it has been reported to be 

exclusively expressed in cells of the monocytic lineage and to be associated with 

microglial activation in the brain (Imai et al. 1996) (Ito et al. 1998) (Deininger et al. 2002). Its 

constitutive expression has been reported for both CNS-associated macrophages in 

the perivascular space and the meninges as well as for proper microglia cells within 

the brain parenchyma (Davoust et al. 2008). Coronal cryosections of the brain of 

intracranially LCMV-infected BALB/c mice as well as naïve reference mice were 

stained with a goat anti-Iba-1 antibody that was visualized using a secondary 

alexa488-coupled anti-goat IgG. Nuclei were counterstained with DAPI (Figure 18): 

                                       
 

 

Figure 18: 
Iba-1 expression in
the brain of naïve
and LCMV-infected
BALB/c mice. 
Coronal cryosections
of the brain of
intracranially LCMV-
infected BALB/c
mice and naïve
reference mice were
stained with a goat
anti-Iba-1 antibody
that was visualized
using a secondary
alexa488-coupled, 
anti-goat antibody.
Nuclei were counter-
stained with DAPI. 
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Most prominent signals for Iba-1 were observed in the region of the meningeal and 

ventricular regions, whereby the staining in the region around the 4th ventricle was 

most noticeable. Comparing naive mice with intracranially LCMV-infected mice, we 

observed a clear increase in the number of microglia cells within these regions of 

infected mice. In correlation with previous data showing an up-regulation of Iba-1 

upon microglial activation (Ito et al. 1998), we could see that the intensity of stained cells 

was much stronger in the infected animals compared to naïve reference mice. 

The expansion of microlgia cells was also analysed by flow cytometry. CD11b 

(ITGAM, Mac-1), which is a protein subunit of the heterodimeric integrin alpha-M 

beta-2 (αMβ2) molecule, has widely been used to identify microglial cell populations 

within the brain and was also used in our experiments to identify CNS resident 

macrophages and microglia. Using a neuronal tissue dissociation kit, we generated 

single cell suspensions of naïve and LCMV-infected brain tissues, respectively, and 

analysed the distribution of microglial cells within these samples by flow cytometry 

using a FITC-labelled antibody against CD11b. As shown in Figure 19, staining with 

the used antibody resulted in a distinct population of CD11b+ cells, which comprised 

around 1% of total cells in naïve brains and which significantly increased following 

intracranial LCMV infection culminating in up to 4% of total cell count on day 7 post 

infection. This is in accordance with numerous reports observing an increase in 

microglial cell numbers termed microgliosis that can be observed following microglial 

activation due to numerous neuropathologic insults. 

 

                                                   
 

Figure 19: Expansion of
CD11b+ cells following
intracranial LCMV infection.
BALB/c mice were either left
untreated or intracranially
infected with 30 pfu LCMV-
WE. On day 7 post infection,
single cells suspensions from
the isolated brains were
stained for CD11b and
analyzed by flow cytometry.
Shown are dots of forward
scatter (FSC-H) versus CD11b
fluorescence. 
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Interestingly, microglia cells in naïve mice also showed a different morphology 

compared to the ones in infected animals. In the healthy brain, resting microglia 

display a typical ramified morphology (Figure 20; Stage A1) that does not occur in 

any population of macrophages in other tissues. This ramified phenotype consists of 

small rounded cell bodies and long, slender processes with secondary branching and 

lamellipodia. During activation following CNS injury or inflammation, the ramified 

microglia processes retract, cell bodies increase and become more amoeboid-like 

(Figure 20; Stage A2- A4) until they finally display a rounded macrophage phenotype 

also known as gitter cells (Figure 20; Stage A5- A6). A comparison of microglial 

morphology in naïve brains versus virus-infected brains showed that in contrast to 

naïve brains, where resting microglia (A1 stage) and early activated microglia (A2 

stage) were the predominating cell types, in virus-infected brains all different 

morphological stages could be observed with a predominance of late activated 

microglia cells showing a strongly retracted morphology (Figure 20 Stages; A3-A5). 

Chronically activated microglia (B-stages), which display a more needle-like 

morphology with a markedly elongated cell body and the nucleus in particular having 

a long, rod-shaped form, were also seen in significant numbers in infected brains, 

although sporadically these chronically activated microglia cells could also be 

observed in naïve brains.  

 

Taken together these data indicate that following intracranial LCMV infection 

microglia cells become activated as indicated by their proliferation and their change 

in morphology. 
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Figure 20: Representation of different morphological stages of microglial
activation and their distribution in naive and LCMV-infected mice. Coronal
brain cryosections of naïve and intracranially LCMV-infected mice were stained for
the microglial cell marker Iba-1 that was visualized using an alexa488-coupled anti-
goat antibody (green). Cell nuclei were counterstained with DAPI (blue). In infected
brains all indicated stages of microglial activation were observed, whereas in naïve
mice only the stages A1, A2a, A2b as well as sporadically the chronic activation
stage B2 was observed. The classification was performed according to the original
publication of del Rio-Hortega (1923). 
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3.1.11    Co-localisation of LMP2/MECL-1 and Iba-1 in the brain of LCMV-
infected mice 
 

We next performed a series of co-stainings to finally identify the cellular population 

within the brain responsible for the expression of immunoproteasome. 

Wild-type BALB/c mice as well as MECL-1-/-/LMP2-/- knockout mice were either 

exclusively infected with 30 pfu LCMV-WE i.c. or co-infected with 30 pfu LCMV-WE 

i.c. and 105 pfu LCMV-WE i.p. On day 7 p.i. or day 10 p.i., respectively, brains were 

isolated and coronal cryosections of the diencephalon co-stained for LMP2 or MECL-

1, respectively, and for Iba-1 as a marker for microglia. As expected MECL-1-/-/ 

LMP2-/- double-deficient mice showed no signal for both immunoproteasomal 

subunits indicating the specificity of the immunoproteasomal staining (Figure 22a, 

23c). Concerning the expression of LMP2 and MECL-1 in wild-type mice we 

observed a clear co-localisation with Iba-1, which was most prominent in the outer 

regions of the cerebral cortex in close proximity to the meninges, which also 

sustained upon day 10 p.i. (Figure 21, 23a, 23b). To exclude false positive signals 

due to inappropriate compensation, we performed single stainings for LMP2 and 

MECL-1, which were visualized using a secondary cy3-coupled anti-rabbit antibody, 

as well as a single staining for Iba-1, which was visualized using an alexa488-

coupled anti-goat antibody. Both signals were mutually checked for fluorescence 

spilling into the other channel (Figure 22b, 22c, 23d). The second stage control 

(Figure 22d) incubated with the secondary antibodies anti-rabbit IgG-cy3 and anti 

goat IgG-alexa488 alone as well as the bleed-through controls were negative 

underlining the reliability of our findings. 

In summary, these experiments reveal Iba-1+ cells as the main producers of 

immunoproteasome following intracranial LCMV-infection. Although perivascular as 

well as meningeal macrophages are also known to express Iba-1 (Davoust et al. 2008), 

the Iba-1+LMP2+ cells in our staining, as well as the Iba-1+MECL-1+ cells, can be 

identified as proper microglia cells due to their characteristic morphology. 

In addition to the observed expression of immunoproteasome by Iba-1+ cells, we saw 

immunoproteasome-positive cells that were Iba-1 negative indicating the existence of 

at least one more cell population within the brain expressing immunoproteasome 

following viral infection. 
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A) 

B) 

Figure 21: Co-localization of LMP2 and Iba-1 in the brain of LCMV-infected BALB/c
mice. Coronal brain cryosections of LCMV-infected BALB/c mice were co-stained for LMP2
that was visualized using a cy3-coupled anti-rabbit antibody (red) and the microglial cell
marker Iba-1 that was visualized using an alexa488-coupled anti-goat antibody (green). (A)
intracranially LCMV-infected BALB/c brain on day 7 p.i. (B) intracranially LCMV-infected
BALB/c brain on day 10 p.i.. 
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Figure 22: Co-localization of LMP2 and Iba-1 in the brain of LCMV-infected BALB/c mice –
control stainings. Coronal brain cryosections of LCMV-infected mice were co-stained for LMP2
that was visualized using a cy3-coupled anti-rabbit antibody (red) and the microglial cell marker
Iba-1 that was visualized using an alexa488-coupled anti-goat antibody (green). (A) intracranially
LCMV-infected MECL-1-/-/LMP2-/- double knockout mice on day 10 p.i.. (B) Bleed through control
for LMP2: single staining for LMP2 in the brain of intracranially LCMV-infected BALB/c mice
analyzed on day 10 p.i. in the cy3 and alexa488 channel. (C) Bleed through control for Iba-1:
single staining for Iba-1 in the brain of intracranially LCMV-infected BALB/c mice analyzed on day
10 p.i. in the cy3 and alexa488 channel. (D) Second stage control: cryosection from intracranially
LCMV-infected BALB/c mice on day 10 p.i. incubated with secondary antibodies alone.  

A) 

B) 

C) 

D) 
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Figure 23: Co-localization of MECL-1 and Iba-1 in the brain of LCMV-infected
BALB/c mice. Cororonal brain cryosections of LCMV-infected mice were co-stained for
MECL-1 and the microglial cell marker Iba-1. (A) intracranially LCMV-infected BALB/c
mice on day 7 p.i.. (B) intracranially LCMV-infected BALB/c mice on day 10 p.i.. (C)
intracranially LCMV-infected MECL-1-/-/LMP2-/- double knockout mice on day 10 p.i.. (D)
Bleed through control for MECL-1: single staining for MECL-1 in the brain of
intracranially LCMV-infected BALB/c mice analyzed on day 10 p.i. in the cy3 and
alexa488 channel. 

A) 

B) 

C) 

D) 
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3.1.12    Intracranial LCMV-infection results in a modest form of astrogliosis 
 
Astrocytes represent the main glial cell type within the brain. They are involved in 

many processes related to CNS homeostasis including the release of neurotrophic 

factors and the guidance of neuronal development, the regulation of extracellular pH 

and K+ levels and the formation and maintance of the blood-brain barrier. 

Furthermore, they have been shown to communicate with microglia cells and to be 

important key players in modulating inflammatory responses as well as the repair of 

the brain after traumatic injuries (for a review see (Benveniste 1998)). Following 

activation, astrocytes undergo a process of proliferation and enhancement of glial 

fibrillary acid protein (GFAP) expression, which is termed astrogliosis and represent a 

common feature of many neurodegenerative diseases (for a review see (Hatten et al. 

1991) (Eng and Ghirnikar 1994)). 

To study the capability of astrocytes to express immunoproteasome following LCMV-

infection, we tested an antibody specific for GFAP for its suitability in our staining 

procedure. Mice were left untreated or intracranially infected with LCMV. On day 7 

p.i., brains were isolated and treated according to our protocol (see Material and 

Methods). 18µm thick coronal cryosections were stained with a mouse anti-GFAP 

antibody that was visualized using an alexa488-coupled anti-mouse antibody. Nuclei 

were counterstained with DAPI. 

Figure 24 shows that the used antibody specific for GFAP worked well in our applied 

combination of PFA fixation followed by an antigen retrieval step. The used 

secondary, alexa488-coupled anti-mouse antibody showed no unspecific background 

staining (Figure 24b). Positive staining for GFAP was mainly observed in the regions 

of the meninges, the outer regions of the cerebral cortex, the ventricles, as well as 

the hippocampus, showing the characteristic, delicate morphology of astrocytes 

(Figure 24a). A comparison of naïve versus infected brain sections showed a slight 

increase in the number of stained astrocytes that was most obvious in the region of 

the 4th ventricle and the hippocampus (Figure 24c). Compared to the extent of 

observed microgliosis, astrogliosis, however, was only a modest event associated 

with intracranial LCMV infection indicating that astrocytes have only been slightly 

activated following intracranial LCMV-infection.  
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Figure 24: Expression of GFAP in the brain of naive and LCMV-infected BALB/c
mice. Coronal cryosections obtained from naïve and intracranially LCMV-infected
BALB/c brains (day 7 p.i.) were stained with a mouse anti-GFAP antibody that was
visualized using a secondary, alexa488-coupled anti-mouse antibody (green). Cell
nuclei were counterstained with DAPI (blue). (A) A focused view into the outer region
of the cerebral cortex displays GFAP+ cells that show the characteristic morphology of
astrocytes. (B) Second stage control: cryosection from LCMV-infected brain incubated
with secondary antibody alone. (C) A comparison of GFAP-expression in the regions
of hippocampus and 4th ventricle of naïve versus LCMV-infected BALB/c mice. 

A) 

B) 

C) 
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3.1.13    LMP2 and Mecl-1 do not co-localize with GFAP 
 
After the functionality of the employed antibody specific for GFAP has been validated 

we performed co-stainings for GFAP and LMP2 or MECL-1, respectively. Coronal 

brain cryosections from BALB/c mice infected intracranially with 30 pfu LCMV-WE 

alone, or co-infected with 30 pfu intracranially and 105 pfu intraperitoneally, were 

treated according to our protocol and co-stained for GFAP and LMP2/Mecl-1. The 

bleed-through control for GFAP showed no scattering into the cy3 channel and the 

secondary antibody control also showed the expected negativity (Figure 25c + 25d). 

In contrast to microglia cells, however, we could not observe any co-localisation of 

GFAP and immunoproteasome in the cytosol of astrocytes, neither on day 7 p.i. nor 

on day 10 p.i. (Figures 25a + 25b). So on first sight, astrocytes did not seem to 

express immunoproteasome following virus-induced inflammation or that the 

obtained, modest activation status of astrocytes following intracranial LCMV infection 

is not sufficient to induce the expression of immunoproteasome.  

 

 

3.1.14    Following intracranial LCMV infection immunoproteasome can be 
detected in the nucleus of astrocytes 
 

A more focused view on the single LMP2 staining revealed that the additional 

staining apart from microglia cells is almost exclusively located in nuclei (Figure 26). 

GFAP, however, is an intermediate filament that is expressed in the cytosol and not 

the nuclei of astrocytes. In case that in astrocytes immunoproteasome is only located 

in the cell nucleus, a co-staining employing GFAP as a marker for astrocytes would 

turn out negative although these cells express immunoproteasome. We therefore had 

a more detailed view on our GFAP co-stainings and focused on GFAP+ astrocytes, 

which allowed a clear attribution of the relative cell nucleus. As shown in Figure 27a, 

LMP2 staining co-localizes with DAPI in nuclei that can be attributed to GFAP+ 

astrocytes. Mecl-1 also co-localizes with DAPI in nuclei of GFAP+ astrocytes 

indicating that in spite of a previous negative finding astrocytes seem to express and 

accumulate immunoproteasome and/or their precursors in the cell nucleus. 
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Figure 25: No co-localisation of immunoproteasomal subunits and GFAP in the
brain of LCMV-infected BALB/c mice. 
Brain cryosections from BALB/c mice infected either with 30 pfu LCMV-WE i.c. alone
or 30 pfu LCMV-WE i.c. and 105 pfu i.p. were stained for LMP2 (or MECL-1) (red) and
GFAP (green). (A) Co-staining of LMP2 and GFAP. (B) Co-staining of MECL-1 and
GFAP. (C) Bleed through control for GFAP: single staining for GFAP in the brain of
intracranially LCMV-infected BALB/c mice analyzed on day 10 p.i. in the cy3 and
alexa488 channel. (D) Second stage control: cryosection from LCMV-infected brain
incubated with secondary antibodies alone.  

A) 

B) 

C) 

D) 
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Figure 26: LMP2 co-localizes with DAPI in
the nuclei of non-microglia cells 
Cryosections of intracranially LCMV-infected
BALB/c mice on day 7 p.i. were immuno-
histochemically stained for Iba-1(green),
LMP2 (red) and DAPI (blue). (A) DAPI + Iba-
1. (B) DAPI + LMP2. (C) LMP2 + Iba-1. (D)
DAPI + LMP2 + Iba-1. White arrows indicate
nuclei, which are positive for LMP2 and not
related to microglia cells. 

Figure 27a: Localisation of LMP2 in the nuclei of astrocytes.
Brain cryosections of LCMV-infected BALB/c mice were stained for
LMP2 (red) and GFAP (green). Nuclei were counterstained with
DAPI. (A) DAPI alone. (B) LMP2 alone. (C) GFAP alone. (D) DAPI +
LMP2. (E) LMP2 + GFAP. (F) DAPI + LMP2 + GFAP. 
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Figure 27b: Localisation of MECL-1 in the nuclei of astrocytes. Brain
cryosections of LCMV-infected BALB/c mice were stained for MECL-1 (red)
and GFAP (green). Nuclei were counterstained with DAPI. (A) DAPI alone.
(B) MECL-1 alone. (C) GFAP alone. (D) DAPI + MECL-1 (E) MECL-1 +
GFAP. (F) DAPI + LMP2 + GFAP. 



 
Immunoproteasome assembly in the brain of LCMV-infected mice Results 

87 

 
3.1.15    Neurons and oligodendrocytes do not seem to express 
immunoproteasome  
 
We also analyzed the capacity of neurons and oligodendrocytes to express 

immunoproteasome. As a marker for neurons we used a mouse antibody that 

recognizes a neuron-specific nuclear protein called NeuN and can be visualized 

using an alexa488-coupled anti-mouse antibody. Oligodendrocytes were detected 

using a mouse antibody specific for CNPase (2',3'-Cyclic Nucleotide 3'-

Phosphodiesterase) that is specific for oligodendrocytes and Schwann cells. Both 

cell-markers worked well in our combination of PFA-fixation and subsequent antigen 

retrieval. Scattering into the LMP2-associated cy3 channel was not observed for both 

stainings (Figure 28b + 29c). Staining with only the secondary antibodies anti-rabbit 

IgG-cy3 and anti mouse IgG-alexa488 showed no unspecific staining (Figure 25). 

Concerning the co-expression of LMP2 and NeuN, the majority of stained neuronal 

nuclei did not express immunoproteasome (Figure 28a), although some neuronal 

nuclei in areas of strong immunoproteasome expression appeared to be positive for 

LMP2. Concerning the expression of the immunoproteasomal subunits LMP2 or 

MECL-1, respectively, and CNPase, we could not observe any co-localisation 

indicating that oligodendrocytes do not seem to express immunoproteasome (Figure 

29b).  

In summary, our immunohistochemical data show that microglia cells become highly 

activated and represent the main cell type expressing immunoproteasome following 

intracranial LCMV infection. While expression of immunoproteasome in astrocytes 

was mostly limited to the nuclei, oligodendrocytes did not express 

immunoproteasome at all. The majority of neurons also turned out to be negative for 

immunoproteasome expression, although some neuronal nuclei in areas of strong 

immunoproteasome expression also appeared positive. 
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Figure 28: No co-localisation of LMP2 and NeuN in the brain of LCMV-infected
BALB/c mice. 
Brain cryosections from BALB/c mice infected either with 30 pfu LCMV-WE i.c.
alone or co-infected with 30 pfu LCMV-WE i.c. and 105 pfu i.p. were stained for
LMP2 and NeuN. LMP2 was detected with a rabbit anti-LMP2 antibody that was
visualized using a secondary, cy3-coupled anti-rabbit antibody (red). NeuN was
visualized using a secondary, alexa488-coupled anti-mouse antibody (green) (A)
Co-staining of LMP2 and NeuN. (B) Bleed through control for NeuN: Single staining
for NeuN in the brain of intracranially LCMV-infected BALB/c mice analyzed on day
10 p.i. in the cy3 and alexa488 channel.  

A) 

B) 
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Figure 29: No co-localisation of immunoproteasomal subunits and CNPase in
the brain of LCMV-infected BALB/c mice. 
Brain cryosections from BALB/c mice either infected with 30 pfu LCMV-WE i.c.
alone or co-infected with 30 pfu LCMV-WE i.c. and 105 pfu i.p. were stained for
LMP2/MECL-1 and CNPase. LMP2 and MECL-1 were detected with affinity-purified
rabbit anti-LMP2 and anti-MECL-1 antibodies that were visualized using a
secondary, cy3-coupled anti-rabbit antibody (red). CNPase was detected with a
mouse anti-CNPase antibody that was visualized using a secondary, alexa488-
coupled anti-mouse antibody (green). (A) Co-staining of LMP2 and CNPase. (B)
Co-staining of MECL-1 and CNPase (C) Bleed through control for CNPase: Single
staining for CNPase in the brain of intracranially LCMV-infected BALB/c mice
analyzed on day 10 p.i. in the cy3 and alexa488 channel.  
 

A) 

B) 

C) 
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3.1.16    Immunoproteasome expression in isolated microglial cell populations 
 

To further analyse our immunohistochemical observation of exclusive 

immunoproteasome formation by microglia cells, we analysed the 

immunoproteasome expression in isolated CD11b+ fractions. CD11b+ cells were 

magnetically sorted out of single cell suspensions of intracranially LCMV-infected 

brains using the MACS® technology and further were analysed by western blot. 

Immunoproteasome expression was detected with antibodies against the inducible 

subunits LMP2 and LMP7, and it was exclusively restricted to the isolated CD11b+ 

population, whereas expression of the α-subunit Iota, which is present in constitutive 

and immuno- proteasome, could also be detected in the Flow-through fraction 

indicating the expression of constitutive proteasome in other cell types apart from 

microglia (Figure 30b). All detected immunoproteasomal subunits that were 

expressed in the CD11b+ fractions displayed a mature phenotype, whereas 

precursors could not be detected, probably due to degradation events during the 

isolation procedure in the absence of protease inhibitors.  

The quality of the isolation was analysed by flow cytometry and revealed purities of 

the isolated CD11b+ fractions between 70 and 90 percent (Figure 30a), that, 

however, were only obtained by repeating the purification procedure, and by 

administering eluted cells to a new MACS column. Notably, we also tried to isolate 

CD11b+ cells from naïve mice. However, isolation resulted in very low cell numbers 

of suboptimal purity between 20 and 40 percent (data not shown). As both 2-

dimensional gel analysis as well as real time data from naïve brains showed no 

indication for immunoproteasome expression, naïve littermates were excluded from 

the isolation experiment. 

Taken together these data further support our hypothesis that microglia cells are the 

main cell-type expressing immunoproteasome in the brain following intracranial 

LCMV infection. Although immunoproteasome have also been shown to be present 

in nuclei of astrocytes, this phenomenon does not seem to contribute significantly to 

the total pool of immunoproteasome in the brain as no immunoproteasome-specific 

signal could be detected in the flow-through fractions that also contain the astrocytes. 
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Figure 30: Immunoproteasome expression in isolated microglia.
Three BALB/c mice were intracranially infected with 30 pfu LCMV-WE. On
day 7 post infection, single cell suspensions were generated from the
brains and CD11b+ cells isolated by magnetic sorting. After the purity of
the isolated fractions has been confirmed by flow cytometry, total lysates
of the fractions were analyzed for their immunoproteasome content by
Western Blot using antibodies specific for LMP2, LMP7 and the
constitutive α-type subunit Iota. (A) Purification of isolated fractions
analyzed by FACS. (B) Western Blot of isolated fractions for the presence
of immunoproteasomal subunits. As a positive control (C), purified
proteasome from a LCMV-infected mouse liver was used.    

B) 

A) 
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3.1.17    Immunoproteasome expression in primary astrocytes following in vitro 
stimulation with IFN-γ 
 
To get a further insight into the immunoproteasome expression of astrocytes under 

inflammatory conditions, we decided for an in vitro approach.  

From the laboratory of Prof. Dr. Leist, University of Konstanz, Germany, we kindly 

obtained primary astrocyte cultures, which were prepared from the cortices of 

neonatal BALB/c mice. After 3 weeks in culture, astrocytes were either left untreated 

or stimulated with 20 ng/ml IFN-γ for 72h and the immunoproteasome expression 

further analysed in total lysates by western blot. As shown in Figure 31, primary 

astrocytes were able to express immunoproteasome following stimulation with IFN-γ, 

while they did not under non-inflammatory conditions. Interestingly, the detected 

protein in the stimulated fraction of the MECL-1 blot showed a higher molecular 

weight of approximately 30 kDa compared to the positive control (C) of mature 

MECL-1 with a size of 25 kDa indicating that this protein very likely represents 

MECL-1 precursor. 

 

                                                                          
                                             

 

Figure 31: Immunoproteasome
expression in primary astrocyte
cultures following IFN-γ
stimulation. Primary astrocytes
cultures were generated from
neonatal BALB/c mice. After 3 weeks
in culture, cells were either left
untreated or stimulated for 72h in the
presence of 20 ng/ml IFN-γ. Total
lysates were analyzed by western
blot for the expression of
immunoproteasomal subunits MECL-
1, LMP2, LMP7 and Iota. As a
positive control (C), purified
immunoproteasome from LCMV-
infected mouse liver was loaded. 
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3.1.18    Immunoproteasome expression in ES-derived and immortalized 
astrocyte cultures following in vitro stimulation with IFN-γ 
 
We also analysed the immunoproteasome expression in astrocytes that have been 

derived from embryonal stem cells (ES) as well as in immortalized astrocytic cell lines 

(Section 2.12). 

Concerning the expression of immunoproteasome in astrocytes derived from 

embryonal stem cells we could observe immunoproteasome induction following 

stimulation with IFN-γ, which was absent in unstimulated cells (Figure 32a). 

Unfortunately, we were limited in the obtained material so that a western blot for 

MECL-1 could not be performed so far.  

Concerning the expression of immunoproteasome in immortalized astrocytic cell 

lines, we observed immunoproteasome expression upon IFN-γ stimulation and, 

moreover, could see the accumulation of LMP2 and MECL-1 precursors (Figure 

32b). However, immunoproteasome expression of both mature and immature 

subunits was also seen in unstimulated cells indicating that immortalized astrocytic 

cell lines do not fully represent the in vivo situation concerning the expression of 

immunoproteasome. 

 

 

In agreement with our finding of immunoproteasome expression in the nuclei of 

astrocytes, these data indicate that astrocytes are capable to produce 

immunoproteasome and, moreover, strongly suggest that the observed accumulation 

of unprocessed, immunoproteasomal precursors in the brain of intracranially LCMV-

infected BALB/c mice takes place in the population of astrocytes, while microglia 

cells, which represent the main producers of immunoproteasome, only express 

mature immunoproteasome. 
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Figure 32: Immunoproteasome expression in ES derived (A) and
immortalized (B) astrocyte cultures following in vitro stimulation with IFN-γ.
ES-derived astrocytes as well as immortalized astrocytes were either left
untreated or stimulated with 20 ng/ml IFN-γ for 72h. Total cell lysates were further
analyzed by western blot for their immunoproteasome expression using
antibodies specific for MECL-1, LMP2, LMP7 and Iota. As a positive control (C),
purified proteasome from LCMV-infected BALB/c liver was loaded. 
 

A) B)
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3.2    The polymorphic, cancer risk - associated variance at position aa49 within 
the pro-sequence of the human LMP7 gene does not affect proteasome 
assembly    
 
 
In a side project we analysed the impact of an allelic variance at Position 49 within 

the pro-sequence of humanLMP7 (hLMP7) on the formation of immunoproteasomes. 

As shown in Figure 34, this polymorphism is characterized by an exchange of Lysin 

(K) by Glutamin (Q) . 

Dr. Barbara Fellerhoff, University of Munich, Germany, has analysed the allelic 

distribution of a LMP7-Q49 and a LMP7-K49 variant in patients with colon rectal 

carcinoma (CRC) and healthy controls and found out that there is a high prevalence 

of the LMP7-Q49 variant among all analysed individuals reflected by 94% in healthy 

individuals versus 79% in CRC patients (Figure 33a). In contrast to healthy 

individuals, however, where only around 6% possessed the LMP7-K49 allele, this 

allele was present in up to 21% of the cancer patients thus indicating a potential risk 

factor of this allele for the outcome of colon cancer. Interestingly, in a different study 

Prahalad et al. observed a correlation between the LMP7-Q49/Q49 genotype and the 

outcome of juvenile rheumatoid arthritis (JRA) manifested by the presence of this 

genotype in 73% of patients with JRA versus 56% in control individuals (Prahalad et al. 

2001) (Figure 33b). 

 

  
 

 

 

 

Figure 33: Allelic distribution of different LMP7 alleles in patients with CRC or JRA. 
(A) A higher prevalence of LMP7-K in patients with colon rectal carcinoma may determine
LMP7-K as a potential risk factor for CRC (data obtained from B. Fellerhoff, Munich). (B) In
contrast, the LMP7-Q/Q genotype may represent a potential risk factor for the outcome of
JRA (data obtained from Prahalad et. al., 2001)  

A) B)
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Figure 34: Diagram of the sequence of the E2 variant of human LMP7 and localization of
the Q/K polymorphism at position 49 within the pro-sequence that is obtained by a single
nucleotide exchange shifting the CAG codon (Q) to AAG (K). The pro-sequence of hLMP7
is indicated by blue nucleotides, while the mature form is shown in red. The polymorphism at
position 49 is located within the pro-sequence and indicated by black letters. 
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Due to the fact that this polymorphism is located within the pro-sequence of LMP7 

and is cleaved away upon maturation of newly assembled immunoproteasomes (Chen 

and Hochstrasser 1996), it can be ruled out that this polymorphism influences the cleavage 

specificity and generation of potential epitopes by the immunoproteasome and thus 

would influence its direct function. 

However, it has been shown that the pro-sequences of the active β-subunits play a 

pivotal role for the cooperative assembly of the proteasome (Schmidtke et al. 1996) 

(Groettrup et al. 1997). So it appeared possible that differences in the pro-sequence of 

LMP7 may affect its own incorporation or the one of LMP2 and consequently the 

generation of homogeneous immunoproteasomes. Distinct, still not identified 

properties of heterogenous versus homogenous immunoproteasomes may be 

responsible for a destructive cleavage of potent cancer epitopes or the induction of 

autoimmune disorders and thus could account for the observed prevalence of the 

respective LMP7 genotype in patients with CRC or JRA. 

 

3.2.1    Proteasome composition in CRC biopsies of patients with defined LMP7 
genotype 
 

To investigate the impact of this polymorphism, we analysed the proteasome 

composition in CRC biopsies from patients with defined LMP7 genotype that we 

obtained from Dr. Barbara Fellerhoff, University of Munich.  

Proteasomes were isolated from the tissues and the proteasomal composition 

analysed by two-dimensional gel-electrophoresis (NEPHGE). In all tissue samples of 

the LMP7-Q49/Q49 genotype as well as in the ones from the LMP7-K49/K49 and the 

heterogenous LMP7-Q49/K49 genotype, we could observe the incorporation of both 

immunoproteasomal subunits (Figure 35). However, there were slight differences in 

the quantity of incorporated LMP2. In some of the homogenous LMP7-Q49/Q49 

samples we observed a reduced incorporation of LMP2 (CRC#831,CRC#1015, 

CRC#1056), which, however, was also observed in the LMP7-K49/K49 sample. On the 

other hand, CRC#1007, which also possesses an LMP7-Q49/Q49 genotype, showed 

an equal incorporation of LMP2 compared to its constitutive counterpart Y. This equal 

incorporation was also observed in the heterogenous LMP7-Q49/K49 sample 

CRC#1003 indicating that there is no clear correlation between the polymorphism at  

 



 
The polymorphic variance at position aa49 within the pro-sequence of human LMP7 Results 

99 

 

position 49 within the pro-sequence of hLMP7 and the efficiency of 

immunoproteasome formation. 

 

     
 

 

 

Figure 35: 2-D gel analysis of
the proteasome composition
in CRC biopsies of patients
with defined LMP7 genotype.
Proteasome was isolated
according to our protocol from
CRC biopsies of patients with
defined LMP7 genotype and
further analyzed by NEPHGE.
Immunoproteasomal subunits
LMP2 and LMP7, as well as their
constitutive counterparts Y and
X, are indicated by black arrows.
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3.2.2    Stable transfection of T2 cells with LMP2R61 in combination with 
LMP7Q49 or LMP7K49  
 

As the analysis of proteasome composition in cancer biopsies of patients with 

different LMP7 genotype did not reveal a direct impact of the respective genotype on 

the incorporation of immunoproteasomal subunits, we further decided for an in vitro 

approach to study the influence of this polymorphism on the formation of 

immunoproteasome. 

To address this issue, we cloned the open reading frame of the most common 

human LMP2 allele (hLMP2R61) into the first multiple cloning site of the bicistronic 

pIRES vector. pIRES is a mammalian expression vector that allows the translation of 

two consecutive open reading frames from the same messenger RNA. In the second 

multiple cloning site we either cloned the open reading frame of LMP7K49 or LMP7Q49, 

respectively (Figure 36a).  

T2 cells, which carry a deletion in the MHC class II locus, express MECL-1 but not 

LMP2 and LMP7 (Salter and Cresswell 1986). Following stable transfection of T2 cells with 

the respective constructs expressing LMP2R61 either in combination with LMP7K49 or 

LMP7Q49, we obtained several clones that were resistant to the selection marker 

Geneticin. Transcriptional expression of LMP2 and LMP7 was analysed by real time 

PCR and revealed prominent, immunoproteasomal induction in a large number of 

analysed clones (Figure 36b). In parallel, expression on the protein level was 

analysed by western blot (Figure 36c). In general, we noted a good correlation of the 

expression levels for hLMP2 and hLMP7 mRNA and protein.  

Based on the expression profile, the clones with the highest expression rate A22 and 

B4 were selected for the analysis of proteasome composition. To do so, each clone 

was expanded up to 108 cells and purified proteasome was analysed by two-

dimensional gel electrophoresis (Figure 37). 

 

 

 

 

 

 

Figure 36: Stable transfection of T2 cells with LMP2R61 in combination with LMP7Q49 or LMP7K49 .
(A) Schematic view of the bicistronic transfection vector pIRES expressing LMP2R61 in combination with
either LMP7K49 or LMP7Q49. (B) Quantitative analysis of LMP2 and LMP7 in transfected, geneticin-
resistant T2-clones analysed by real-time PCR. (C) Western Blot analysis of immunoproteasomal
expression in transfected T2-clones: Total cell lysates of the respective clone were electrophoretically
separated and analysed by Western Blot using antibodies specific for hLMP2 and hLMP7. As a positive
control (+), purified proteasome from a LCMV-infected mouse liver was loaded. 
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Figure 36 

A) 

B) 

C) 
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A comparison of hLMP2 (β1i) with its constitutive human homologue Y (β1i) and 

hLMP7 (β5i) with its homologue X (β5) showed no differences between the clone A22 

expressing the LMP7K49 allele and B4 expressing the LMP7Q49 allele. Both inducible 

subunits were incorporated into newly assembling proteasomes and replaced their 

constitutive counterparts to equivalent amounts. 

Together with the in situ data of analysed cancer biopsies, these data strongly 

suggest that the polymorphism at position 49 within the pro-sequence of hLMP7 does 

not have any influence on the incorporation of LMP2 indicating that the observed 

correlation between the allelic variant hLMP7K49 and a higher incidence of colon 

rectal carcinomas is not based on an altered proteasome composition.  

 

       
 
 
 
 
 
 
 
 
 
 

Figure 37: 2-dimensional gel analysis of the proteasome composition in the T2
clone A22 expressing LMP2R61 in combination with LMP7K49 and clone B4
expressing LMP2R61 in combination with LMP7Q49. Proteasomes were isolated from
up to 108 cells of each clone and further analyzed by NEPHGE/SDS-PAGE. Black
arrows indicate immunoproteasomal subunits LMP2 and LMP7, as well as their
constitutive counterparts Y and X. Note that the polymorphism on position 49 within the
pro-sequence of hLMP7 does not have any influence on proper immunoproteasome
formation indicated by the same efficiency of immunoproteasome formation in both
clones. 
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4. Discussion 
 
4.1    Reduced immunoproteasome expression in the brain of intracranial 
LCMV-infected mice 
 
Viral infection usually is sensed by toll-like receptors and other pathogen recognition 

receptors (PRRs) that recognize pathogen associated structures (PAMPs) and 

induce an acute cytokine-driven, immune response. Most prominently involved in this 

antiviral response are the pro-inflammatory cytokines IFN-α, IFN-β, IFN-γ as well as 

TNF-α, which establish the inflammatory environment. One of the effects of IFN-γ 

and TNF-α is the induction of immunoproteasomal subunit expression that lead to the 

replacement of the constitutive subunits MC14, delta and MB1 by the inducible 

subunits MECL-1, LMP2 and LMP7 in newly assembled immunoproteasomes 

(Groettrup et al. 2001). 

We analysed the proteasome composition in different mouse organs following viral 

infection including liver, lung, heart, spleen, kidney, colon, intestine and brain and 

used the lymphocytic choriomeningits virus (LCMV) as a model system of a viral 

infection. 

What we could observe in most organs was a drastic change from a constitutively 

characterized proteasome composition within these organs in a non-infected state 

towards a more immunoproteasome-dominated composition in infected organs 

(Figure 6). 

The brain, however, was different. Although we could observe the transcriptional 

induction of immunoproteasome following intracranial LCMV infection (Figure 9), this 

induction was not capable of breaking the constitutive dominance resulting in only 

marginal amounts of immunoproteasome on day 7 post infection (Figure 7).  

Western blot analysis of the proteasomal composition in total lysates confirmed our 

data of low immunoproteasome expression in the inflamed brain and, moreover, 

showed an accumulation of immunoproteasomal precursor pre-LMP2 in the inflamed 

brain (Figure10).  

To verify that our postulated accumulation of immunoproteasomal precursors is not 

an artefact of the drastic disease progression and based on the limited time available 
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for immunoproteasome expression and assembly, we modified our infection protocol 

by the addition of an intraperitoneal and by this systemic administration of 105 pfu 

LCMV-WE. This leads to faster T-cell priming and increases the number of LCMV-

specific cytotoxic T cells that finally can clear the infection more rapidly without 

inducing lethal immunopathology (Oehen et al. 1991). Accordingly, mice showed typical 

symptoms associated with intracranial LCMV infection like bristeled fur, blepharitis 

and apathetic behaviour indicating an ongoing inflammatory response in the brain. 

However, the symptoms were less progressive and the mice survived day 7, showing 

signs of recovery upon the following days and were analysed on day 10 post 

infection with modest if any symtomathy. The analysis of the proteasomal 

composition within the brain showed the same modest representation of 

immunoproteasome on day 10 post intracranial LCMV infection (Figure 7) indicating 

that a limited time availability cannot account for the attenuated immunoproteasome 

formation in the brain.  

 

 

4.2    Accumulation of immunoproteasomal precursor complexes in the LCMV-
infected brain 
 
The assembly of the (immuno-)proteasome during neo-synthesis is a multi-step 

event, where N-terminal pro-sequences as well as carboxyterminal extensions of the 

subunits actively participate in correct assembly and finally are autocatalytically 

cleaved off during the final maturation step, leaving the (immuno-)proteasome in an 

functionally active conformation (Schmidtke et al. 1996). Despite of a cytokine-driven 

induction of immunoproteasome on the transcriptional level (Figure 9), dimerization 

of two half-proteasomes as well as the autocatalytic processing of 

immunoproteasomal subunits seem to be partially impeded in the brain as indicated 

by the accumulation of immunoproteasomal precursors (Figure 10). These 

precursors are located in fractions of lower density (Figure 11) that further support 

our hypothesis of incomplete proteasome formation leading to the accumulation of 

unprocessed, proteasomal precursors in so called half-proteasomes (Chen and 

Hochstrasser 1995; 1996). 

Taken together with the observed finding of reduced immunoproteasome formation in 

the brain (Figure 7), the demonstrated accumulation of immunoproteasomal  
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precursors (Figure 11) suggests the existence of a posttranslational mechanism that 

regulates immunoproteasome formation in areas, where no – or low – 

immunoproteasome expression is expected despite ongoing interferon release. This 

hypothesis makes sense if you consider the brain as a delicate organ, where 

uncontrolled inflammatory responses may cause destruction of fundamental, non-

renewable cells, and hence can cause more severe damage than the intruder itself. 

To prevent such disastrous collateral damage the special anatomy of the brain 

including the blood-brain barrier and the blood – CSF barrier as well as the absence 

of classic lymphatic vessels clearly provides the cells of the CNS with a certain 

protective status against overzealous immune attacks. However, in addition to these 

anatomic features, immune tolerance in the brain is also actively maintained by 

numerous factors that just begin to be revealed. Active immune tolerance acquired 

by immunoproteasome inhibition offers fruiting prospects for the treatment of many 

autoimmune diseases and it appears possible that a limited expression of mature 

immunoproteasome represents a useful strategy to protect the brain from an 

overzealous immune attack.  

Inhibition of proteasomal activity and/or its maturation by the co-assembly factor 

PI31, a demonstrated inhibitor of proteasomal function, seems not to play a role as 

the observed levels of PI31 expression in the brain following intracranial LCMV 

infection remained unchanged compared to naive BALB/c mice (data not shown). 

Expression levels of PA200, PA28α, and UMP1 were also unchanged in the infected 

brain compared to an infected liver (Anja Dahler, unpublished data) and thus can be 

excluded to play a role in our observed failure of proper immunoproteasome 

formation  

 

4.3    LCMV infection induces T-cell mediated immunopathology 
 

Following LCMV infection, we analysed the infected status of the brain by 

immunohistochemistry and could identify the meninges and the ependymal cells of 

the choroid plexus and the ventricles as the primary sites of LCMV replication with 

little to no infection of the brain parenchyma that also have been observed by others 

(Figure 13) (Kang and McGavern 2008).  

LCMV represents a non-cytophathic virus and the outcome of a severe form of 

encephalomyelitis is the immunopathologic result of infiltrating, cytotoxic CD8+ T cells  



 
Immunoproteasome assembly in the brain of LCMV-infected mice Discussion 

106 

 

(Baenziger et al. 1986) (Dixon et al. 1987). In accordance, we observed a strong infiltration of 

the meninges, and the CSF-containing ventricles with CD3+ T-cells following 

intracranial LCMV infection (Figure 14). 

 

 

4.4   (Immuno)proteasome expression in the brain  
 

In spite of the tremendous progress made in proteasome research, the 

characterization of proteasome expression, proteasome activity and proteasome 

function in the central nervous system is poorly defined. 

Constitutive proteasomes are ubiquitously, although not homogenously, expressed in 

the CNS: In the naïve rat brain most 20S proteasome is expressed in the nuclei, 

whereas pyramidal cortical neurons and motor neurons in the ventral horn of the 

spinal cord also showed cytosolic expression (Mengual et al. 1996) (Okada et al. 1991). Similar 

findings were obtained for yeast, where 80% of the total proteasome was expressed 

in the nucleus (Russell et al. 1999). In humans, proteasome expression is distributed in 

the cytoplasm, nuclei, dentrites, axons and the synaptic buttons of a variety of cells 

including both neuronal and glial cell populations (Ding and Keller 2001). Furthermore, a 

down-regulation in the proteasome expression and activity has been shown to be 

associated with many neurodegenerative diseases such as Alzheimer´s disease, 

Parkinson´s disease or Huntington´s disease (Piccinini 2008).  

Concerning the expression of immunoproteasome, a low basal expression has been 

reported in the human brain suggesting that both types of proteasome are existing in 

the human brain under non-inflammatory conditions (Piccinini et al. 2003). An up-

regulation further could be observed during neuronal differentiation, age-progression 

and neurologicqal disorders such as Huntington´s disease (Diaz-Hernandez et al. 2003; Diaz-

Hernandez et al. 2004) suggesting the involvement of chronic inflammation in normal age 

progression as well as in neurological disorders. 

Similar to humans, a low basal expression has also been reported in the central 

nervous system of mice (Ferrington et al. 2008). We could not see this basal expression of 

immunoproteasome in the naïve mouse brain analysed by western blot analysis, 2d-

gel analysis, and immunohistology. However, following real time PCR analysis, we 

obtained CT (cycle threshold) values of approximately 23 for MECL-1, 27 for LMP2 

and 26 for LMP7 compared to CT values >35 for the respective genes in a negative  
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H20 control, indicating that there is some basal expression of immunoproteasome in 

the uninflamed brain. This expression, however, seems to be quite low, or at least 

too low to be measured with the herein applied techniques. 

 

To get a deeper insight into immunoproteasome expression in the inflamed brain we 

established an immunohistochemical protocol for the detection of 

immunoproteasome-producing cells using antibodies directed against the outer 

regions of mMECL-1 and mLMP2. These antibodies were a kind gift from Benôit van 

den Eynde, Brusseles, Belgium, and they turned out to be excellently suited for the 

histological detection of immunoproteasome in brain cryosections, probably due to 

their binding at the outer, accessible regions of the proteasome. Moreover, they also 

were able to detect the respective pre-cursors pre-MECL-1 and pre-LMP2. We 

obtained specific stainings for the respective subunits in brain cryosections of 

intracranially LCMV-infected mice that were absent in naïve mice and in the sections 

of the respective knockout mice underlining the reliability of the performed stainings 

(Figure 15 + 16). Such important negative controls have not been applied in earlier 

immunohistochemical studies of immunoproteasome expression (Frentzel et al. 1993) 

(Ferrington et al. 2008) (Egerer et al. 2006) strongly questioning the validity of these studies. 

Co-stainings with cell markers specific for neurons (NeuN) and oligodendrocytes 

(CNPase) showed no to low co-localization with the respective immunoproteasomal 

subunit (Figure 28 +29) indicating that these cells do no not seem to express 

immunoproteasome. Using Iba-1 as a marker specific for microglia cells, we could 

identify these cells as the main producers of immunoproteasome in the inflamed 

brain with strong immunoproteasome expression in the cytosol and the nucleus 

(Figure 21 + 22). This confirms previous results by Stohwasser et al., who could 

induce immunoproteasome expression in isolated microglia and a microglia BV-2 cell 

line upon stimulation with IFN-γ (Stohwasser et al. 2000).  

Microglia cells are generally considered to be immunologically quiescient under non-

pathological conditions as indicated by their ramified morphology, marginal 

expression of MHC class I molecules and the complete absence of MHC class II 

surface expression. Following activation by viral inflammation for example, they 

transform into highly active effector cells as indicated by their contracted morphology 

(Figure 20) and their proliferation (Figure 18 +19). Due to an inflammatory increase in  
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MHC class I and MHC class II surface expression, as well as the up-regulation of co-

stimulatory molecules such as B7.1 (CD80), B7.2 (CD86) and ICAM-1, most of the 

literature considers them to be the most-efficient antigen-presenting cell population in 

the brain parenchyma (Frei et al. 1987) (Gehrmann et al. 1995). Our finding that following a 

viral infection these cells adapt their proteasomal composition to the requirements of 

an optimised MHC class I epitope processing by the expression of 

immunoproteasome strongly supports this hypothesis and suggests that these cells 

participate in antigen presentation. The antigen-presentation properties of dendritic 

cells as well as macrophages are well described (Guermonprez et al. 2002), but how far 

CNS-associated DCs and macrophages contribute to brain inflammation following a 

viral infection still needs to be elucidated. 

The ventricular ependymal cells including the choroid plexus also showed a positive 

staining for immunoproteasome, but their potential involvement in antigen-

presentation and/or (re-)activation of T-cells needs further investigation.  

In accordance with our findings, Ferrington and colleagues could also show an up-

regulation of immunoproteasome in the inflamed brain using a model of CTL-induced 

brain injury (Ferrington et al. 2008). However, they postulate that neurons, astrocytes and 

oligodendrocytes produce a substantial portion of the immunoproteasome in the 

brain. We could hardly see any co-localization of immunoproteasomal subunits and 

neurons (Figure 28) and no co-localization at all with oligodendrocytes (Figure 29), 

pointing more towards a non-priming function of these cells. Ferrington and collegues 

assessed the expression of LMP7 and a different expression of LMP7 compared to 

other subunits cannot completely be excluded, but a more plausible reason for this 

contradictionary finding maybe based on the different models used to induce 

inflammation. We induced inflammation by a viral infection, whereas Ferrington et al. 

used CTL-mediated injury of β−gal-expressing astrocytes as a model system of 

inflammation and concerning the applied cell marker molecules we also used a 

different set.  

The antigen presentation capacity of astrocytes, the major glial cell population, 

remains in question and is heavily discussed. Although increased astrocytic cell 

numbers are associated with many neurodegenerative diseases and could be shown 

to present MBP to encephalolitogenic T-cells (Fontana et al. 1984), their presentation 

capacity remains debatable. Sedgwick and collegues could show that astrocytes can  
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activate T-cells only if these cells were incubated in the presence of microglia or IL-1 

indicating that an additional antigen presenting cell is required (Sedgwick et al. 1991). 

Analysing the immunoproteasome expression in GFAP+ astrocytes, we hardly 

observe any cytosolic co-localization of MECL-1 or LMP2 in astrocytes (Figure 25).  

Based on these findings, we postulate that in the LCMV-infected brain the function of 

antigen processing and presentation is mainly fulfilled by microglia cells, which 

represent the most dominant immunoproteasome-expressing cell population in the 

brain. An additional role of CNS-associated dendritic cells and macrophages was not 

analysed but cannot be excluded and seems to be quite likely. 

Neurons and oligodendrocytes do not seem to play a role for antigen presentation in 

the context of LCMV infection, and astrocytes are more likely to be involved in 

shaping the immune response towards inflammation and/ or recovery. 

 

 

4.5    Immunoproteasome expression in the nuclei of astrocytes 
 
Russell et al. report that in yeast 80% of 26S proteasomes are located in the cell 

nucleus (Russell et al. 1999) and also in the rat brain most 20S proteasomes are 

expressed in the cell nuclei (Mengual et al. 1996). 

Enenkel et al. could show that in yeast proteasomal 13S-16S precursor complexes, 

also named half-proteasomes, are transported via karyopherin into the nucleus and 

postulate that the final dimerization step and the autocatalytic processing of β-

subunits takes place in the nucleus and finally release functionally active 

proteasomes (Lehmann et al. 2002) (Wendler et al. 2004).  

Nuclear proteasome trafficking is pivotal for proteasome function and cell cycle 

progression in yeasts (McDonald and Byers 1997). An open question is, whether 

proteasome maturation always takes place in the nucleus or if this is a yeast specific 

phenomenon. In case this is a general phenomenon the nuclear envelope (NE) and 

the associated ER would represent the major compartment of both proteasome 

proteolysis and biogenesis. Moreover, under these conditions one could speculate 

the presence of an additional factor facilitating translocation back into the cytosol and 

that is missing in activated astrocytes thus causing the accumulation of 

immunoproteasome in the cell nucleus. 
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In contrast to the strong immunohistochemical presence of immunoproteasomes in 

the nuclei, proteasome activity in the central nervous system predominantly takes 

place in the cytosol (Ding and Keller 2001). Even if nucleosolic activity is only counting for 

10-15% of total proteasome activity, this low percentage may be particularly 

important in maintaining general cellular processes or specific regulatory functions of 

certain cell types. Concerning the nuclear localisation of immunoproteasomes in 

astrocytes, we do not know till now, if this immunoproteasome represents active, 

mature immunoproteasome that may be involved in the direct regulation of 

transcription factors in the nucleus, or, if it represents unprocessed, immature 

precursor proteasome that is deposited in the nucleus and inactive. Taking into 

account that in total lysates of IFN-γ −stimulated, primary astrocytes we could detect 

MECL-1 precursor (Figure 31) may argue in favour of the second scenario, where the 

nuclear envelope is used to compartmentalize redundantly expressed 

immunoproteasome in an inactive form and thus would represent a posttranslational 

mechanism to regulate immunoproteasome expression. As there is also mature 

immunoproteasome detected in these cells, both options seem to be feasible as well 

as the possibility of different heterogenous proteasomes assembled out of both 

constitutive and inducible subunits that may exert different functions. 

 

 

4.6    Prospects of immunoproteasome inhibition 
 
We agree with others in the postulation of alternative roles for immunoproteasome 

apart from its known properties in antigen processing (York et al. 1999): Histones and 

transcription factors have been demonstrated to be nuclear proteasome substrates 

indicating proteasomal participation in transcriptional control (McDonald and Byers 1997) 

(Scheffner et al. 1990; Marambaud et al. 1997; Honda et al. 1999; Ullrich et al. 1999; Lonard et al. 2000). 

Inhibition of IκBα degradation and NF-κB -dependent gene expression by 

proteasome inhibition of the proteasomal activity had an ameliorating, anti-

inflammatory effect on the outcome of a bacterial-induced form of arthritis (Palombella et 

al. 1998). However, an improved processing of IκBα  by immunoproteasome has not 

convincingly been shown so far, and the influence of immunoproteasome on NF-κB 

signaling further needs to be investigated. 
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Proteasome inhibition becomes an emerging strategy for the treatment of a variety of 

autoimmune, neurodegenerative and mitotic disorders: Bortezomib, a proteasome-

specific inhibitor involved in the treatment of multiple myeloma (Richardson et al. 2005), 

reduces cytokine production upon inflammation. However, its therapeutic suitability is 

limited due to considerable toxicities and its therapeutic use in chronic inflammations 

remains problematic.  

Recently, Muchamuel et al. could present an immunoproteasome-specific inhibitor 

targeting the chymotrypsin activity of the LMP7 subunit (Muchamuel et al. 2009). The 

inhibitor PR-957 modifies proteasomal N-terminal threonine active sites in a way that 

respective substrates cannot interact with the P1 pocket anymore. In several animal 

models of autoimmune disorders including diabetes, rheumatoid arthritis and 

collagen-induced arthritis (CIA), PR-957 treatment showed an impressing 

ameliorating effect. LMP7 inhibition led to an 80% reduction of IL-23 expression and 

to a 50% reduction in the expression of TNF-α and IL-6. The fact that administration 

of PR-957 did not affect NF-κB activation strongly suggests, that LMP7 regulates 

cytokine production in an NF-kB–independent manner. 

The anti-inflammatory effect of PR-957 could be induced at concentrations less than 

a tenth of the maximal tolerated dose in contrast to unselective proteasome inhibitors 

such as bortezomib, which is only effective at the maximal tolerated dose, indicating 

the good compatibility of this immunoproteasome-specific inhibitor. 

In summary, all these data strongly indicate that the immunoproteasome has so far 

unappreciated functions, which require further investigation. 

  

 

4.7    The role of microglia and astrocytes 
 

Concerning the T cell entry into the brain, an interesting question remains, what is 

the antigen presenting cell that reactivates an infiltrating T cell.  

Astrocytes and microglia comprise the glia limitans of the blood brain barrier. During 

autoimmune inflammation microglia express MHC class II and co-stimulatory 

molecules (Aloisi 2001), produce both IL-12 (Aloisi 2001) (Becher et al. 2000)) and IL-23 (Cua et 

al. 2003) and trigger cytokine production by T cells (Ford et al. 1996) (Juedes and Ruddle 2001). 

They seem to be crucial for maintaining autoimmune responses in the CNS (Heppner et 

al. 2005), suggesting that microglia may sustain CNS autoimmunity by shaping the T  
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helper cell response or by triggering T cells to produce inflammatory soluble 

mediators before they die.  

Astrocytes also express MHC class II and co-stimulatory molecules following 

exposure to IFN-γ  (Nikcevich et al. 1997). Although their role as APCs in vivo is 

controversial, astrocytes influence the inflammatory response through the production 

of chemokines and cytokines. MCP-1 release from astrocytes can promote adhesion 

of monocytes on the blood vessel wall and thus facilitates ongoing inflammation (Van 

Der Voorn et al. 1999). They also express galectin 9, which is a ligand for T cell 

immunoglobulin domain and mucin domain protein 3 (TIM3). The cross-talk between 

astrocytes and microglia via a Tim3 signalling pathway seems to promote a pro-

inflammatory cytokine profile in microglia cells (Anderson et al. 2007). 

 

However, in contrast to their pro-inflammatory contributions, astrocytes also seem to 

be involved in an anti-inflammatory response and participate in tissue repair. Ablation 

of reactive astrocytes caused failure of blood-brain barrier repair, leukocyte 

infiltration, local tissue disruption, severe demyelination, and neuronal death (Faulkner 

et al. 2004).  

 

Taking into account that microglia express immunoproteasome in the cytosol and the 

nucleus (Figure 21 + 23) and astrocytes mainly express immunoproteasome in the 

nucleus (Figure 25 + 27), it appears worthwile to further analyze the effect of 

(immunoproteasome) inhibition on both cell types. Using intracranial LCMV infection 

as a model system of virus-induced inflammation, our read-out systems could help to 

elucidate, if proteasome inhibition results in reduced inflammation and reduced 

activation of microglia and astrocyte populations; how it affects T-cell infiltration into 

the central nervous system, and if it has an ameliorating, an exacerbating, or no 

effect on viral clearance and disease progression.  
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4.8    Effect of immunoproteasome on Th17 cells  
 
Th17 cells are a third T helper cell population. They are assumed to be a key effector 

cell in the initiation of autoimmune inflammation.  

In the absence of inflammation, endothelial cells at the blood-brain barrier do not 

express the adhesion molecules that are necessary for activated T cells to adhere to 

the vessel wall and to enter the brain parenchyma. That’s why immune surveillance 

has been proposed to primarily occur at the blood-CSF barrier in the choroid plexus, 

where adhesion molecules are constitutively expressed by the vessel wall and allow 

entry of T-cells (Goverman 2009). Concerning EAE, it has been postulated that in the 

early phase of inflammation CCR6+ Th17 cells (that also express the CD3 receptor) 

enter the choroid plexus and further migrate towards CCR20 expressing epithelial 

cells (CPE) licensing translocation into the CSF-containing arachnoid space, where 

reactivation is assumed to occur and finally results in the recruitment of effector T 

cells (Reboldi et al. 2009). Our CD3 - positive staining in the choroid plexus and ventricles 

could be a hint that following viral inflammation similar mechanisms enable T-cell 

recruitment into the central nervous system. The observed expression of 

immunoproteasome in ependyma cells may contribute to this mechanism.  

LCMV infection is a typical model of CTL-mediated immunopathology indicating that 

most infiltrating T cells are represented by cytotoxic CD8+ T-cells and Th1 T-cells 

(Kang and McGavern 2008). A possible involvement of Th17 cells has not been addressed 

so far. The role of immunoproteasome expression in ependymal cells and its effect 

on Th17 cells as well as immunoproteasome production by T(h17)-cells needs to be 

further investigated. 

 

 

4.9    Concluding remarks 
 

The role of immunoproteasome expression in the brain, and its involvement in 

neurodegenerative diseases first start to be realized. 

In this study we could show that upon LCMV infection an accumulation of 

immunoproteasomal precursor complexes can be observed in the brain of 

intracranially infected mice. Concerning the expression of immunoproteasomal 

subunits in microglia as well as in astrocytes, we do not know till now, if this  



 
Immunoproteasome assembly in the brain of LCMV-infected mice Discussion 

114 

 

immonoproteasome exclusively represents mature or immature immunoproteasome. 

Our isolation experiments of CD11b+ cells strongly indicate that the expressed 

immunoproteasome in microglia represents mature immunoproteasome. However, it 

also seems possible that, following the long isolation procedure, additional precursor 

complexes are rapidly degraded due to their relative instability and thereby can not 

be detected in the subsequent western blot analysis. 

A possible option to assess this question maybe a histological approach by 

perfoming a co-staining of immunoproteasomal subunits (MECL-1 or LMP2), Iba-1 as 

a marker for microglia, and UMP1 as a marker for immature precursor complexes.  

UMP1 is degraded upon the final maturation step by the proteasome itself and is  

exclusively associated with pre-mature porteasome complexes underlining its 

potential role as a marker of immature proteasome-complexes. Unfortunately, no 

good antibodies against UMP1 are available to date and the assumption that UMP1 

is buried inside the proteasome to coordinate ß-subunit assembly (Ramos et al. 1998) (Witt 

et al. 2000) further could complicate the situation.  

Another possibility that may help to solve this problem would be an in vitro model, 

where - in analogy to our in vitro studies with astrocytes - a microglia cell line, like 

BV-2 is stimulated with IFN-γ, and the maturation status of immunoproteasomal 

subunits further is analysed by western blot. 

 

Concerning the question, in which cells the immunoproteasomal precursors 

accumulate in vivo following intracranial LCMV-infection, our in vitro data strongly 

suggest astrocytes as candidates for this accumulation. 

 

Taken into account the simultaneous, but strongly reduced generation of mature 

immunoproteasome in the brain, it is justified to challenge the relevance of such a 

precursor accumulation in the presence of mature immunoproteasomes. However, 

based on our data that propose a cell-type specific accumulation of 

immunoproteasomal precursors in astrocytes, it is conceivable that the reduced 

cytosolic expression of mature immunoproteasome and/or a potential absence of 

homogenous immunoproteasomes indeed is relevant considering the versatile 

functions of these cells during the inflammatory response. 
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Understanding the role of immunoproteasome expression as well as the role of its 

reduced formation in the brain could provide new insights into how an immune 

response is regulated in an immuneprivileged organ, and how active immune 

tolerance can be attained. Immunoproteasome-specific inhibitors like PR-957 will 

help to elucidate these questions and may represent a promising strategy for the 

treatment of chronic inflammation–associated, neurological disorders. 
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