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Zusammenfassung
Mit Hilfe von Peptiden, die auf MHC-Klasse-I Molekülen präsentiert werden, können
zytotoxische T-Lymphocyten mit ihrem T-Zellrezeptor Zellen erkennen, die von Pathogenen
infiziert oder zu einer Tumorzelle entartet sind. Das Proteasom, eine abundante Protease
eukaryontischer Zellen, spielt dabei eine zentrale Rolle. Das Ziel dieser Doktorarbeit war die
Analyse verschiedener Parameter des MHC-Klasse-I Weges, wobei die Rolle der drei
induzierbaren, proteolytisch aktiven Untereinheiten LMP2, LMP7 und MECL-1 im
Mittelpunkt stand. Als Werkzeug, um dies zu untersuchen, wurde das gut charakterisierte
Lymphozytäre Choriomeningits Virus (LCMV) verwendet.
In der Vergangenheit wurden widersprüchliche Resultate erhalten, ob Ubiquitin für die
Präsentation von MHC-I-Liganden benötigt wird. Um Klarheit zu schaffen, wurde in dieser
Arbeit Ubiquitin und dominant negative Formen von Ubiquitin in einem Tetrazyklininduzierbaren System exprimiert. Nach der Induktion von Ubiquitin oder mutiertem Ubiquitin
wurden

keine

Veränderungen

in

der

Ubiquitylierung

und

in

der

MHC-I

Oberflächenexpression festgestellt.
Um die Rolle von Hsp90 in der Antigenprozessierung zu analysieren, wurden Zellen mit
Geldanamycin, einem Inhibitor für Hsp90, behandelt. Diese zeigten eine dosisabhängige
Reduktion in der Präsentation des LCMV-spezifischen Epitopes NP118-126. Andere LCMVspezifische Peptide waren dagegen nicht betroffen. Verschiedene Experimente zur
Spezifizierung der Rolle von Hsp90 in der Prozessierung von NP118-126 schlugen fehl. Es
scheint, dass der Effekt von Geldanamycin auf NP118-126 Zell- und Virus-spezifisch ist. Die
Untersuchung des Einflusses von Geldanamycin auf die Präsentation von Epitopen, die am Noder C-terminalen Ende eines stabilen Proteins exprimiert wurden, zeigte, dass Epitope
unabhängig von ihrer Position verschlechtert präsentiert werden.
Im

Hauptteil

dieser

Doktorarbeit

wurde

die

Funktion

der

drei

induzierbaren

Proteasomuntereinheiten LMP2, LMP7 und MECL-1 in der Antigenprozessierung LCMVspezifischer Epitope untersucht. Dabei wurde gezeigt, dass Interferon-γ-behandelte Zellen das
LCMV-spezifische Epitop GP33-41 verbessert und das aus dem gleichen Glykoprotein
stammende subdominante Epitop GP276-286 verschlechtert präsentieren. In vitro wie auch in
vivo Experimente enthüllten, dass die proteasomale Prozessierung von GP276-286 besser
durch das konstitutive Proteasom als durch das Immunoproteasom vollzogen werden kann.
Zahlreiche Veröffentlichungen zur Unteruchung der Subdominanz von GP276-286 blieben
ohne schlüssige Resultate. Die zuvor erwähnte Zerstörung von GP276-286 durch
Immunoproteasome könnte der Grund dafür sein.
VIII

Zusammenfassung
Der Einfluss von MECL-1 in der Antigenprozessierung wurde mit Hilfe von MECL-1
defizienten Mäusen analysiert. Die Infektion dieser Mäuse mit LCMV zeigte eine reduzierte
CTL-Antwort gegen zwei verschiedene Epitope, NP205-212 und GP276-286. Die
verschlechterte CTL-Antwort gegen GP276-286 in MECL-1-/- Mäusen konnte nicht mit einem
Präsentationsdefekt in diesen Mäusen erklärt werden. CD8-positive Zellen in MECL-1defizienten Milzen waren im Vergleich zu Wildtyp Mäusen um 20% reduziert. CTLs von
MECL-1-defizienten Mäusen, welche das variabe Segment Vß10 in ihrem T Zellrezeptor
tragen, proliferierten nicht nach einer LCMV-Infektion. Dieser Befund sowie die Tatache,
dass MECL-1 in Zellen, welche die negative Selektion im Thymus vermitteln, konstitutiv
exprimiert ist, deuten auf ein verändertes T-Zellrepertoire in MECL-1 defizienten Mäusen
hin. Somit konnte gezeigt werden, dass MECL-1 eine wichige Komponente des MHC-I
Antigenprozessierungsweg ist.
Ein weiterer Faktor, der die Immundominanz einzelner Epitope bestimmt, ist die Kinetik der
viralen Proteinexpression. Es wurde gezeigt, dass eine geringe LCMV-Dosis zu einer
Dominanz von NP-spezifischen CTLs führt, wohingegen GP-spezifische CTLs nach einer
hohen Virus-Dosis dominieren.
Die Relevanz von Immunoproteasomen wurde mit Hilfe von Cytomegaloviren (MCMV und
HCMV), welche in ihrem Genom zahlreiche Proteine kodieren, die dem Virus helfen, dem
Immunsystem zu enkommen, untermauert. Es konnte in vitro gezeigt werden, dass der Einbau
von Immunoproteasomuntereinheiten in MCMV- und HCMV-infizierten Fibroblasten stark
vermindert ist. Eine Deletion im Gen M27 von MCMV, welches einen Inhibitor für STAT2
kodiert und somit den IFN-γ Rezeptor Signalweg hemmt, hatte zur Folge, dass die
Transkription und Proteinexpression der induzierbaren Proteasomeuntereinheiten wieder
normal funktionierten.
Das ungewöhnlich lange Signalpeptid des LCMV-Glykoproteins (GP) wurde in transfizierten
und LCMV-infizierten Zellen untersucht. Dabei wurde gefunden, dass das Signalpeptid von
GP langlebig ist und in Viruspartikeln akkumuliert. Diese Besonderheiten weisen darauf hin,
dass das Signalpeptid nicht nur den Glykoproteinvorläufer in die Membran des
Endoplasmatischen Retikulums führt, sondern auch eine zusätzliche bis jetzt unbekannte
Funktion im Lebenszyklus des LCMV hat.
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Preface and summary
The class I pathway allows the immunosurveillance of proteins, which are synthesized within
virtually all types of cells. Proteasomes are highly abundant in eukaryotic cells and play a
major role in antigen processing. The aim of this study was to analyse different parameters in
the MHC-I antigen processing pathway, focused on the role of the three proteasome inducible
immune subunits LMP2, LMP7, and MECL-1. As a tool to address the topics of these thesis
the well-characterised lymphocytic choriomeningitis virus model was chosen.
A general introduction to the topics addressed in the chapters (2-9) was described in
chapter 1, focused on proteasomal degradation.
Chapter 2 addressed the role of ubiquitylation in antigen processing. Ubiquitin and dominant
negative mutant forms of ubiquitin were expressed in a tetracycline inducible manner to
investigate whether ubiquitin is required for the presentation of ligands for MHC-I. No
change in total ubiquitylation and MHC-I surface expression was observed after induction of
ubiquitin or its mutant forms.
In chapter 3 the role of Hsp90 in the processing of LCMV derived epitopes was investigated.
Treatment of LCMV infected cells with geldanamycin, an inhibitor of Hsp90, led to a dose
dependent reduction in presentation of the LCMV-derived epitope NP118, but other LCMVderived epitopes were not affected. Different experiments to assign the role of Hsp90 in
processing of NP118 failed. The dependency of NP118 on Hsp90 seems to be cell and virus
specific. Analysis whether an epitope is differently affected by geldanamycin when expressed
at the N-terminus compared to the C-terminus within a stable protein, revealed that both are
reduced independently of their site of expression.
The main part of these thesis, Chapter 4 and 5, described the role of LMP2, LMP7 and
MECL-1 in the processing of LCMV-derived epitopes. Chapter 4 analysed the proteasomal
processing of GP276-286, a subdominant epitope in LCMV-WE infected C57BL/6 mice. The
treatment of cells with IFN-γ enhanced the presentation of GP33–41, whereas presentation of
the GP276–286 epitope from the same glycoprotein was markedly reduced. Different read-out
systems proved that GP276-286 is made more efficiently by constitutive proteasomes
compared to immunoproteasomes.
In chapter 5 the contribution of MECL-1 in antigen processing was analysed with the help of
MECL-1 gene targeted mice. Infection of these mice with LCMV-WE markedly reduced the
intensity of the CTL response to two different epitopes, NP205-212 and GP276-286. The
reduced CTL response to GP276-286 in MECL-1-/- mice could not be assigned to a defect in
presentation of this epitope. Staining of CD8 in splenocytes showed that MECL-1 deficient
X
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mice have a 20% reduction of CD8 positive cells compared to wildtype mice. MECL-1-/-derived CTLs using the Vß10 variable segment for their T cell receptors, the preferred Vßchain of GP276-specific CTLs, didn’t proliferate after LCMV infection. Therefore and as
MECL-1 is constitutively expressed in cells responsible for negative selection in the thymus
one can assume that MECL-1 gene targeted mice have an altered CTL-repertoire. Taken
together, it is demonstrated that MECL-1 is an important component in the MHC-I antigen
processing pathway.
Another factor that determines immunodominance is the kinetic of viral protein expression
(chapter 6). It was reported that a small load of LCMV led to immunodominance of NP-CTL,
whereas a large viral load resulted in dominance of GP-CTL.
Chapter 7 described that the incorporation of immunoproteasome subunits was prevented in
MCMV infected, as well as HCMV-infected, fibroblasts in vitro. Quantitative assessment of
LMP2, MECL-1, and LMP7 transcripts revealed that the inhibition of immunoproteasome
formation occurred at a pretranscriptional level. Remarkably, a targeted deletion of the
MCMV gene M27, encoding an inhibitor of STAT2 that disrupts IFN-γ receptor signaling,
largely restored transcription and protein expression of immunoproteasome subunits in
infected cells.
In chapter 8 we have investigated the cleavage and fate of the unusually long LCMVglycoprotein (GP) signal peptide (SP) in transfected and LCMV-infected cells. Thereby we
found that the cleaved signal peptide is rather long-lived and accumulates in virus particles.
These unusual features of the cleaved SP suggest that it not only targets the nascent
glycoprotein precursor (pGP-C) to the endoplasmic reticulum membrane but also has
additional so far unknown functions in lymphocytic choriomeningitis virus life cycle.
Finally, the results from chapter 2 to 8 are discussed in chapter 9. To obtain a more profound
overview of the results from chapter 2 to 8, I recommend reading the discussions at the end of
each chapter. The reference list in chapter 10 is linked to chapter 1 to 9.
Michael Basler
November 2004
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Chapter 1

1. Overview of the antiviral immune response
Vertebrates posses complex immunological defence systems, which protect them from
invading pathogens. At the beginning of an infection unspecific defence mechanism (called
innate or unspecific immunity) like anatomical (skin, mucous membranes) or physiological
(temperature, pH) barrier, complement system, natural killer cells (NK), and phagocytes play
an important role to suppress the infection till the adaptive (acquired) immune system can
control the infection. In contrast to the adaptive immunity, the innate immunity has no
memory.
The adaptive immune response can be classified into the humoral and cell-mediated
responses. The humoral response is mediated by B cells, which recognize the three
dimensional structure of viral antigens. In contrast, T cells, which are the executors of the
cellular immune response, recognize antigens in the form of small peptides presented on
major histocompatibility (MHC) molecules by their T cell receptor (Zinkernagel and Doherty,
1974) (Townsend et al., 1985).
The effector cells of the cellular immunity against viruses are T helper (TH) and cytotoxic T
lymphocytes (CTL) (Swain, 1983). CTLs carry the CD8 coreceptor and recognize through
their T cell receptor endogenous viral peptides presented on MHC-I of virus infected cells. An
infected cell can be killed by CTLs due to perforin release (Kägi et al., 1994). T helper cells
expressing the CD4 coreceptor are MHC-II restricted and their function is to induce and
modulate the immune response by cytokines (Swain, 1983).

2. T lymphocytes
T lymphocyte precursors develop in the bone marrow from stem cells and migrate to the
thymus for maturation. In the thymus, the T cell receptor is generated due to gene
recombination and positive as well as negative selection occurs.
The T cell receptor is a heterodimer consisting of α and β or γ and δ polypeptide chains,
which are connected via disulfide bonds (Garcia et al., 1996). The extracellular part of α and β
consists of a variable and constant immunoglobulin like domain (Yanagi et al., 1984). The
highest variability is constrained to the complementarity-determining regions 1-3 (CDR1-3)
of the variable domain. The diversity of T cell receptors results from genomic rearrangement
of V, D, and J gene segments for the β chain and of V and J segments for the α chain.
2
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Additional deletion and addition of nucleotides between different gene segments increase the
diversity of T cell receptors (Davis and Bjorkman, 1988). Different coreceptors like CD4,
CD8, and CD3 are essential for MHC recognition and signal transduction.
In a first step, rearranged T cell receptors are examined to recognize the individuals MHC
molecules (positive selection) (Bevan and Fink, 1978; Fowlkes and Schweighoffer, 1995;
Zinkernagel et al., 1978). Thereafter, auto reactive T cells, which bind a MHC-self antigen –
complex with too high affinity are eliminated (negative selection) (Hengartner et al., 1988).
Functional T cells leave the thymus to enter the blood as so called naïve T cells and build the
T cell repertoire.
T cells circulating in the blood reach secondary lymphatic organs (homing) via high
endothelial venules (HEV). This process is directed by chemokines. Naïve T cells circulate
through secondary lymphatic organs till they encounter their corresponding antigen presented
on MHC of professional antigen presenting cells in T cell zones, triggering clonal expansion
of the activated T cell. Activated CTLs leave secondary lymphatic organs and screen our body
for infected cells presenting foreign antigen on MHC-I (Campbell et al., 1998) (Sallusto et al.,
1999) (Forster et al., 1999).

3. The 26S proteasome
The 26S proteasome (2000kDa) is the main protease in the cytoplasm and the nucleus and is
responsible for the degradation of the bulk (80-90%) of cellular proteins (Rock et al., 1994). It
is implicated in the degradation of abnormal and damaged proteins, or regulating proteins like
cell-cycle regulators, oncogenes, or transcription factors. Recent studies have shown that not
only cytosolic and nuclear proteins are proteasome substrates: integral membrane and even
ER-luminal proteins have been identified to be degraded by proteasomes, the latter being
accessible only after re-export to the cytosol (Lord et al., 2000; Romisch, 1999; Tiwari and
Weissman, 2001). The 26S complex, which degrades ubiquitylated proteins, is composed of
two distinct complexes: A 20S (700kDa) proteolytic cylinder flanked by two distinct 19S
regulatory caps (Fig. 1).

3
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Figure 1: Scheme of the 20S proteasome and its regulators. The α-rings of the 20S proteasome are
highlighted in grey and the β-rings in white. The regulators (PA28αβ, PA28γ, PI31, and PA200) are
discussed in section 4.4.2 and the interferon-γ inducible subunits (LMP2, LMP7, MECL-1) in 4.4.1

3.1 20S proteasome
The proteolytic core complex of the proteasome system is the 20S proteasome, which is
constructed like a cylinder of four stacked rings. The outer two rings consist of seven different
α-type subunits that bind to regulatory complexes of the 20S core particle, whereas the two
inner rings are made up of seven different subunits of the β-type (α7-β7-β7-α7). Together, the
four rings enclose three inner compartments, two antechambers and one central proteolytic
chamber formed by the β-type subunits. Three of the β-subunits designated β1 (δ), β2 (Z,
MC14), and β5 (X, MB1) bear the active centers of the 20S proteasome. They (β1, β2, and β5)
all posses a N-terminal threonine (Thr-1) responsible for the nucleophilic attack of the
carbonyl carbon of a peptide bond. The catalytic activities of the 20S proteasome have been
characterized with the help of fluorogenic peptide substrates and inhibitors and were
classified as chymotrypsin-like (cleavage C-terminal of hydrophobic aa), trypsin-like
(cleavage C-terminal of basic aa), and caspase-like (also known as peptidyl-glutamyl-peptide
4
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hydrolysing (PGPH); cleavage C-terminal of acidic aa). Proteasome assembly is a slow
process that involves detectable intermediate complexes with half-lives of several hours
(Nandi et al., 1997). These ‘preproteasome‘ intermediates contain one complete α-ring, an
incomplete and variable complement of unprocessed β-subunits, and an assembly chaperone,
‘proteassemblin‘. Completion of assembly involves completion of the β-ring, juxtaposition of
two preproteasomes at the β-ring interface, autolysis of β-subunit N-terminal propeptides, and
degradation of proteassemblin (Nandi et al., 1997) (Schmidtke et al., 1997) (Griffin et al.,
2000).

3.2 PA700
The 20S proteasome must be viewed as a proteolytic core complex that needs to associate
with regulatory complexes that control the cleavage activity of the proteasome and the access
of substrates to the lumen of the 20S proteasome. The PA700 complex (or 19S regulator)
which seems to function as the “mouth” for the 20S‘s digestive machinery consists of 17
different subunits, and is thought to be required for the binding and unfolding of ubiquitylated
proteins (Braun et al., 1999). The 19S particle can be further subdivided into two
assemblages: the “base” and the “lid” (Glickman et al., 1998). The base, which generates a
direct contact with the α ring of the 20S complex, is made up of six AAA-ATPases (ATPases
associated with a variety of cellular activities; family of chaperone-like ATPases) (Rpt1-6)
together with three non–ATPase subunits (S1/Rpn2, S2/Rpn1, S5a/Rpn10). The lid complex
forms the distal mass of the 19S regulatory complex and is made of multiple non-ATPase
subunits (Rpn) (Glickman et al., 1998; Glickman et al., 1999; Voges et al., 1999).
One important function of PA700 is to recognize ubiquitylated proteins and other potential
substrates of the proteasome. Two ubiquitin-binding subunits of PA700 have been identified,
referred to as Rpn10 (S5a in mammalian) and Rpt5 (S6’) (Deveraux et al., 1994; Lam et al.,
2002). A second function of the 19S regulator is to open a gate in the α ring that will allow
entry of the substrate into the proteolytic chamber. Both the channel opening function and the
unfolding of the substrate require metabolic energy, which is probably provided by ATP and
the six base ATPase subunits (Kohler et al., 2001b) (Kohler et al., 2001a).

5
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4. Antigen processing for MHC-I
4.1 A short overview
The generation of peptide-MHC-class-I complexes results from a multi-step process (Fig. 2).
Endogenous viral or bacterial proteins of infected cells as well as cellular proteins are
degraded to small peptides of 8 to 10 amino acids (aa), which are presented on MHC-I to T
cells. This process is referred to antigen processing and antigen presentation (York et al.,
1999) (Rock and Goldberg, 1999).
Proteins (short lived, long lived, misfolded) are degraded by the ubiquitin-proteasome system.
Thereby the proteasome releases peptides that range in size from 2-25 amino acids (Kisselev
et al., 1998) (Toes et al., 2001). Peptides can be further trimmed or destroyed by cytosolic
proteases like leucine aminopeptidase (LAP) (Beninga et al., 1998), bleomycin hydrolase
(BH) (Stoltze et al., 2000), puromycin-sensitive aminopeptidase (PSA) (Stoltze et al., 2000),
thimet oligopeptidase (TOP) (Saric et al., 2001; York et al., 2003), and tripeptidyl
aminopeptidase II (TPPII) (Geier et al., 1999) (Seifert et al., 2003) (Reits et al., 2004).
Cytosolic peptides designated for MHC-I presentation are then transported into the lumen of
the endoplasmic reticulum (ER) via the transporter associated with antigen processing (TAP),
an ER-resident heterodimeric peptide transporter. TAP binds cytosolic peptides and
hydrolyses one ATP molecule to open its pore for peptide trans-location and one ATP
molecule to complete the cycle, expelling the peptide into the ER lumen in the process
(Neefjes et al., 1993; van Endert et al., 2002). TAP is one subunit of the approximately 1MDa
MHC-class-I-loading complex, that increases the efficiency of peptide loading by clustering
the relevant molecules (including tapasin, calreticulin, the thiol oxidoreductase Erp57, TAP,
and MHC-class-I-beta 2 microglobulin dimer) that are involved in MHC-class-I loading in a
single location (Dick et al., 2002; Garbi et al., 2000; Ortmann et al., 1997). In the ER, further
N-terminal trimming of peptides can occur by the ER- associated aminopeptidases ERAP1
(York et al., 2002) (Saric et al., 2002) or ERAP2 (not yet shown) (Tanioka et al., 2003). Once
the class I molecule binds an appropriate peptide, it is released from the MHC-I-loading
complex and rapidly transported via golgi to the cell surface, where they present the loaded
peptide to cytotoxic T cells (Fig. 2).

6
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Figure 2: Model of the major histocompatibility complex class I pathway (MHC-I). For explanations
see text.

4.2 The source of antigenic peptides
Class-I-presented peptides can originate from virtually any cellular protein, including viral
and bacterial proteins (Hunt et al., 1992). Recent evidence suggests that a large portion of
ligands for MHC-I may derive from newly synthesized proteins (Khan et al., 2001a; Princiotta
et al., 2003; Reits et al., 2000; Schubert et al., 2000). It was proposed, that these MHC-I
peptides originate from mistakes in the translation process, like mis-incorporation of amino
acids (aa), premature termination, deletion of residues, unsuccessful folding, failure to
associate with proper partners, etc.. The products of all these errors can be grouped together
as a source of antigenic peptides, generally termed DRiP’s (defective ribosomal products)
(Yewdell et al., 1996). Studies of TAP with green fluorescent protein (GFP) showed that its
lateral mobility in the ER membrane is inversely proportional to the amount of transportable
peptides. Inhibition of protein synthesis decreased the mobility of TAP drastically (Reits et
al., 2000). This finding indicates that newly synthesized proteins constitute most of the TAPtransported peptides. The efficiency of peptide generation for MHC-I can be estimated to be
7
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in the order of 1 per several 1000 proteins degraded (Princiotta et al., 2003). 20% to 50% of
all peptides presented on MHC-I derive from DRiP’s (Princiotta et al., 2003). There is
increasing evidence that peptides derived from ´noncoding´ regions of mRNA 5´ or 3´ of the
open reading frame, and from alternate reading frames can serve as a source of antigenic
peptides (Hahn et al., 1991; Schwab et al., 2003; Shastri and Gonzalez, 1993). But this might
be rather an exception to the rule. Recently, Vigneron et al. reported that CD8 T lymphocytes
were found to recognize a nonameric peptide on melanoma cells that comprises two
noncontiguous segments of melanocytic glycoprotein gp100PMEL17. The production of this
peptide involves the excision of four amino acids and splicing of the fragments; both steps
executed by the proteasome. These results indicate, that antigenic peptides can emerge even
from two noncontiguous peptides (Vigneron et al., 2004).

4.3 Ubiquitin and its role in antigen processing
Ubiquitin is a small protein (76 amino acids) whose structure is highly conserved through
evolution and is abundant in the cytoplasm and nucleus of all eukaryotic cells (Finley and
Chau, 1991; Schlesinger et al., 1975). There are only three differences in the sequence of
ubiquitin from yeast compared to human. This strong sequence conservation suggests that the
vast majority of amino acids that make up ubiquitin are essential, as apparently any mutation
that has occurred over evolutionary history has been removed by natural selection. Ubiquitin
is encoded by a family of genes whose translation products are fusion proteins. The ubiquitin
genes typically exist in two states: 1. The ubiquitin gene can be fused to a ribosomal protein
gene giving rise to a translation product that is a ubiquitin-ribosomal fusion protein (Finley et
al., 1989); 2. Ubiquitin genes can exist as a linear repeat, meaning the translation product is
comprised of a linear chain of ubiquitin-molecules fused together (a polyubiquitin molecule)
(Ozkaynak et al., 1984). After the fusion proteins are synthesized, another protein called
ubiquitin-C-terminal-hydrolase cleaves the fusion proteins at the C-terminal end of ubiquitin.
This either liberates an individual ubiquitin and ribosomal protein or liberates a set of
ubiquitin monomers from the polyubiquitin (Pickart and Rose, 1985).
Ubiquitin fulfils essential functions (like the progression of cell cycle, the induction of the
inflammatory response, substrate degradation, regulation of DNA repair, etc.) in eukaryotes
through its covalent conjugation to other intracellular proteins. Conjugation of ubiquitin to its
substrates is achieved by the sequential action of three different enzymes (Fig. 3). Free
ubiquitin is activated in an ATP-dependent manner by the activity of an ubiquitin-activating
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enzyme (E1), which hydrolyses ATP and forms a complex with ubiquitin via a thioester bond.
Subsequently, ubiquitin is transferred to one of many distinct ubiquitin-conjugating enzymes
(E2s). In some reactions, E2s can directly ubiquitylate substrates, whereas others require the
help of ubiquitin ligases (E3s). Each ubiquitin molecule is conjugated via an isopeptide bond
between the C-terminus of ubiquitin (G76) and the epsilon amino group of a lysine side chain
to the substrate or to other previously bound ubiquitin moieties (via the K48) to form a long
chain (Fig. 3). Multiubiquitylation serves mainly to label substrates for degradation (at least
four ubiquitin moieties), whereas monoubiquitylation regulates several processes, such as
endocytosis, DNA repair and transcriptional regulation (Hershko and Ciechanover, 1998)
(Hershko et al., 2000) (Weissman, 2001) .
At present, it is unclear to what extent ubiquitylation is required to generate MHC-I-presented
peptides from different proteins. It is clear that ubiquitylation is not required for the
generation of all substrates. When cells were injected with ovalbumin (ova) in which all
potential sites for ubiquitylation have been blocked, presentation of an ova-derived peptide
still occurred (Michalek et al., 1996). Contradictory results have been obtained with a cell line
containing a temperature sensitive E1. At the nonpermissive temperature some antigens were
presented normally (Cox et al., 1995) but others displayed an impaired presentation (Michalek
et al., 1993). To study the role of ubiquitin in antigen presentation this approach is not really
suitable because these E1 cells have remaining E1-activity at nonpermissive temperature and
antigen presentation may change under heat shock condition. Given that ubiquitylation plays
an important role in overall protein degradation, it seems likely that it has a major role in
generating many MHC-I ligands, but conclusive data are still lacking.
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Figure 3: Enzymatic reaction of the ubiquitin system. (A) Overview of signalling by ubiquitin. ub:
ubiquitin (with carboxyl group G76). As indicated by brackets, the number of ubiquitins may vary. (B)
Enzymatic pathway of ubiquitin conjugation.

4.4 The proteasome as a source of MHC class I ligands
The proteasome plays a critical role in the generation of the majority of MHC class Ipresented peptides. Analysis with proteasome inhibitors showed a reduction of MHC-I
surface expression and a blocking of peptide-presentation derived from many proteins
(Gallimore et al., 1998c; Harding et al., 1995; Rock et al., 1994; Schwarz et al., 2000a).
Proteasome inhibited cells showed normal presentation of antigenic peptides expressed as
minigenes in this cells, which shows, that blocking antigen presentation with proteasome
inhibitors is due to a loss of peptide generation by proteasomes rather than to a disruption of
other required steps (affected by the inhibitors) in the pathway (Rock et al., 1994).
Furthermore, it has been demonstrated that purified proteasomes can generate antigenic
peptides or their precursor, which are trimmed by other proteases, from protein or
oligopeptide substrates (Eggers et al., 1995) (Niedermann et al., 1995; Schwarz et al., 2000c).
Estimates are that approximately 60% of proteasome-generated fragments are too small, 15%
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are of the appropriate size and 20% are too large for direct presentation by MHC-I (Cascio et
al., 2001). This implies that most of the longer peptides need to be further trimmed before
properly fitting MHC-I molecules.

4.4.1 The interferon-γ inducible proteasome subunits LMP2, LMP7, and
MECL-1
Some elements of the vertebrate proteasomal system are upregulated by interferon-γ, an
immunomodulatory cytokine secreted by TH, CTLs and NK cells. Upon stimulation of cells
with IFN-γ, the constitutive proteolytically active β-subunits designated β1 (δ), β2 (MC14, Z),
and β5 (MB1) are replaced by inducible subunits named β1i (LMP2), β2i (MECL-1), and β5i
(LMP7) during the de novo assembly of 20S proteasomes. Proteasomes containing the IFN-γ
inducible–subunits are commonly referred to as ‘immunoproteasomes’. In contrast to mecl-1,
the lmp2 and lmp7 genes are located in the mammalian MHC locus. In some tissues, (like
spleen, thymus, lungs) considerable amounts of immunoproteasomes are constitutively
expressed (Barton et al., 2002) (Stohwasser et al., 1997). Differences in organ specific
proteasome composition were proposed to be linked to CD8+ T cell-mediated autoimmunity
(Kuckelkorn et al., 2002). The substitution of active site subunits changes the proteolytic
specificity of the proteasome (Driscoll et al., 1993; Eleuteri et al., 1997) and leads to marked
changes in the distribution of fragments that are produced from polypeptides (Boes et al.,
1994; Groettrup et al., 1995). Based on comparison of in vitro digests of enolase from
constitutive and immunoproteasomes by mass spectrometry (MS), algorithms were developed
to predict cleavage patterns. This analysis showed that even aa, which are four aa apart from
the cleavage site, can influence whether proteasomes exert cleavage. The average length of
fragments produced by either set of proteasome was the same. Immunoproteasomes have a
much stronger preference for Leu at P1 (first aa N-terminal of the cleavage site), as well as
other hydrophobic aa in this position. In contrast, the acidic aa Asp (D) and Glu (E) were
clearly disfavoured by immunoproteasomes (Toes et al., 2001). Incorporation of the three
subunits occurs interdependently, so that under physiological conditions formation of
homogeneous immunoproteasomes or constitutive proteasomes is favoured (Griffin et al.,
1998; Groettrup et al., 1997). The β5-subunits (LMP7, X) are relatively late incorporated into
proteasomes and absent from most preproteasomes. Interestingly, immunoproteasome
assembly proceeds in a different order from constitutive proteasome assembly with LMP2
being an early component of pre-immunoproteasomes, whereas its homologue, Delta, is a late
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component of constitutive preproteasomes (Nandi et al., 1997). LMP2 is required for efficient
MECL-1 incorporation and LMP7 is incorporated preferentially over X into proteasomes
containing LMP2 and MECL-1, which is dependent on differences between LMP7 and X
propeptides (De et al., 2003; Griffin et al., 1998; Groettrup et al., 1997). Immunoproteasomes
from mice deficient in LMP7 showed a reduced incorporation of LMP2 and MECL-1 and an
accumulation of their precursors (De et al., 2003). Additionally, De et al. published that
incorporation of MECL-1 into proteasomes is dependent on LMP2 and to a lesser extent on
LMP7. In contrast, LMP2 and LMP7 are integrated independently of MECL-1 into
proteasomes. Contradictory results were obtained in mouse fibroblasts overexpressing LMP2
and LMP7, which displayed a poor incorporation of LMP2 into proteasomes. After
supertransfecting these cells, which expressed nearly no endogenous MECL-1, with MECL-1,
delta was fully replaced by LMP2 (Groettrup et al., 1997).
The majority of class-I-restricted epitopes known to date can be presented by cells carrying
standard proteasomes. In the past years, several antigenic peptides including tumor epitopes,
were found to be processed differentially by the two proteasome types (Schwarz et al., 2000c)
(Sijts et al., 2000b) (Morel et al., 2000).
Why does an organism take on such a tremendous effort to replace all the constitutive
proteasomes by immunoproteasomes when only a minor part of CTL epitopes is affected?
Different concepts have been proposed: (a) The LMP subunits may have a docking function
to physically link proteasomes to TAP. Electron microscopic studies have shown that a small
proportion of proteasomes is associated with the ER, and subcellular fractionation studies
have demonstrated an enrichment of the LMPs in the microsomal fraction (Palmer et al.,
1996; Rivett et al., 1992; Yang et al., 1992). However, proteasomes containing a LMP2-green
fluorescent protein fusion appeared to be more or less evenly distributed throughout the
cytoplasm and nucleus even after treatment of the cells with IFN-γ. (Reits et al., 1997) (b) The
‘optimal loading‘ argument is implying that the subunit exchanges produce a better-suited set
of peptides for loading and stabilizing MHC-I molecules. (c) Another concept is that of
‘optimal diversity‘, which suggests, that a broader set of peptides is produced. It was reported
that during an ongoing infection constitutive proteasomes were completely replaced by
immunoproteasomes in infected organs at the peak of the CTL response (Khan et al., 2001b)
(Barton et al., 2002). To present the most diverse set of peptide an exchange of constitutive to
immunoproteasome of more than 50% would not make sense. Another argument against the
‘diversity‘ concept is that dendritic cells, the main inducer of a CTL response, express after
maturation mostly immunoproteasomes (Macagno et al., 1999). The authors of Khan et al.
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came up with another concept. (d) They postulated that the almost complete replacement of
constitutive proteasomes by immunoproteasomes serves to generate different T cell epitopes
in inflamed as opposed to uninflamed tissues. This change in epitope production may
contribute to avoid autoimmune assaults if different peptide epitopes are processed from
endogenous housekeeping genes in uninflamed sites as opposed to sites of viral infection
(Khan et al., 2001b).

4.4.1.1 LMP2
GFP fusion studies with LMP2, which replaces delta, showed that LMP2 is evenly distributed
throughout the cytoplasm and nucleus (Reits et al., 1997). Overexpression of LMP2 reduces
the caspase-like activity of the proteasome and enhances C-terminal cleavage of hydrophobic
aa (leads to better suited MHC-I ligands), while proteasomes from spleen cells of LMP2
deficient mice displayed an enhancement in caspase-like activity compared to wildtype mice.
LMP2 gene targeted mice displayed no change in MHC class I ligand expression, but the
numbers of CD8+ were reduced in blood, spleen and thymus. Some epitopes are affected by
LMP2, but the bulk of MHC class I ligands can still be generated in cell lines or mice which
are deficient in LMP2 (Arnold et al., 1992; Momburg et al., 1992; Van Kaer et al., 1994).
Recently Chen et al. reported that in LMP2-/- mice the CTL response to influenza virus
follows a different hierarchy than in wild-type mice, which was due both to differences in the
CTL precursor frequency as well as to changes in epitope presentation (Chen et al., 2001).

4.4.1.2 LMP7
The exchange of LMP7 for MB1 is poorly understood and inconclusive results (regarding
cleavage preference) were obtained using fluorogenic peptides (Gaczynska et al., 1994;
Stohwasser et al., 1996) (Groettrup et al., 1995). LMP7-deficient mice display reduced MHC
class I surface expression (Fehling et al., 1994). A mutated form of LMP7 (T1A) revealed
that for the production of certain epitopes only the correct structure of LMP7 is required but
not its catalytical activity (Gileadi et al., 1999; Sijts et al., 2000a). Like for LMP2, only a
minor part of the bulk of MHC-I ligands is affected by LMP7 (Arnold et al., 1992; Momburg
et al., 1992).
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4.4.1.3 MECL-1
The MECL-1 subunit is unlike LMP2 and LMP7 not encoded in the MHC locus. The
discovery of this third subunit exchange (MECL-1 for MC14) lagged behind five years and
the in vivo function of this subunit is poorly characterized (Groettrup et al., 1996a; Hisamatsu
et al., 1996; Nandi et al., 1996). Overexpression of a mutant MECL-1 (T1A) led to a complete
loss in trypsin-like activity (Salzmann et al., 1999).

4.4.2 Regulators of the proteasome and their implication in antigen processing
4.4.2.1 PA28 or 11S REG
PA28 (200kDa) also referred as 11S REG forms a hexa- or heptameric ring-shaped complex
of 28kDa subunits. Similar to PA700, the 11S regulator binds to one or both α–rings of the
20S proteasome. The 19S regulatory complex and 11S regulatory complex can
simultaneously bind the proteasome to build the so-called hybrid proteasomes (Hendil et al.,
1998) (Cascio et al., 2002). The PA28 family consists of three members: α, β, and γ. Unlike
PA700, the PA28 proteins do not enable proteasomes to digest full-length proteins or
ubiquitylated substrates in vitro (Ma et al., 1992).

4.4.2.1.1 PA28αβ
Degradation of small peptides (but not denatured or ubiquitylated proteins) by the 20S
proteasome is greatly stimulated by PA28αβ (Song et al., 1996) (Kuehn and Dahlmann,
1996). PA28αβ predominantly forms hetero-oligomers (Ahn et al., 1996; Song et al., 1996),
which have been found mostly in the cytoplasm (Wojcik et al., 1998). X-ray crystallography
studies displayed that the 11 S REG is a barrel traversed by a central channel. This structural
analysis did not reveal the mechanism by which PA28 activates the 20S proteasome, but
conformational changes in proteasomal α- and β-type subunits have been implicated
(Knowlton et al., 1997). The N-terminal sequences in α subunits completely seal off the
antechambers of the 20S proteasome. Therefore it seems likely, that PA28αβ cause a
conformation change in proteasome α-subunits, such that substrate access to the chambers of
the 20S proteasome is relieved. It has also been proposed that PA28 binding may facilitate the
egress of peptide products by forming a continuous channel leading from the upper surface of
PA28 to the interior of the proteasome. Studies with small fluorogenic peptides have revealed,
14

Chapter 1
that the 11S REG stimulates the chymotrypsin-like and PGPH activity of the 20S proteasome
to a greater extent than the trypsin-like activity (Dubiel et al., 1992) (Ustrell et al., 1995). In
the absence of 11S REG, the 20S proteasome cleaves its substrate only at one site. In contrast,
different groups have shown that binding of the 11 S REG to the 20S proteasome promotes
the excision of dual-cleavage peptides (Groettrup et al., 1995) (Dick et al., 1996)
(Niedermann et al., 1997). Whitby et al. solved the X-ray structure of S. cerevisiae 20S
proteasome bound to PA26 (the 11S regulator of Trypanosoma brucei) and proposed another
model of how PA28αβ may operate. PA26 induced a conformational change in the α-subunits,
which opened a gate in the α-rings, but no changes in the β-subunits were observed (Whitby
et al., 2000). It has been reported that 75% of peptide products of 20S and 26S proteasome are
too short to serve as ligands for MHC-I molecules (Kisselev et al., 1999). Therefore, by
opening the α-ring, PA28αβ may affect antigen processing by permitting the exit of larger
peptide products better suited for MHC-I ligands.
PA28αβ only occurs in vertebrates and is upregulated by interferon-γ (IFN-γ) (Honore et al.,
1993) (Jiang and Monaco, 1997). Although the α- and β-subunits are not encoded in the MHC
locus (McCusker et al., 1999), their relatively high expression in cells and organs of the
immune system suggests a role in antigen processing (Knowlton et al., 1997; Ma et al., 1993).
One of the first direct hints for a role in antigen processing was the observation that PA28α
overexpression in fibroblasts led to an increased presentation of two CTL epitopes (Groettrup
et al., 1996b). Further insights into the role of PA28αβ in the immune system were expected
from knockout mice. But contradictory results were obtained with PA28β (Preckel et al.,
1999) and PA28αβ (Murata et al., 2001) deficient mice. Disruption of the PA28β-gene, which
led to a complete absence also of the PA28α protein, caused a severe immunological
phenotype. Processing of several endogenous (HY male antigen) and exogenous (OVAderived SIINFEKL, influenza virus derived NP366-374) epitopes as well as primary in vivo
CTL responses against MCMV and LCMV were drastically impaired. Two-dimensional gels
of proteasome from these mice revealed, that compared to wildtyp mice, the
immunoproteasome subunits LMP2, LMP7 and MECL-1 are not incorporated (Preckel et al.,
1999). Completely different results were obtained from PA28αβ double gene disrupted mice.
Immunoproteasome assembly in these mice was not impaired and no difference in
presentation of OVA-derived SIINFEKL and influenza virus derived NP366-374 was
observed compared to wildtype mice. These mice responded normal to influenza A virus
infection, but the TRP2 derived epitope181-188 presentation was impaired in these mice (Murata
et al., 2001). Taken together, it appears that PA28αβ leads to an enhanced presentation of
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some epitopes, but others are not affected (Groettrup et al., 1996b; Murata et al., 2001;
Schwarz et al., 2000b; Schwarz et al., 2000c).

4.4.2.1.2 PA28γ
PA28γ (also called Ki, or REGγ) was discovered as a major autoantigen in patients suffering
from lupus erythematosus (Nikaido et al., 1990). REGγ forms homo heptamers, which
activate the 20S proteasome and is mainly found in the nucleus. In contrast to PA28αβ, REGγ
is barely induced by interferon-γ (Jiang and Monaco, 1997). PA28γ enhanced trypsin-like
activity of the proteasome, but only a weak enhancement of the caspase-like and
chymotrypsin-like activity was observed (Li et al., 2001) (Realini et al., 1997).
PA28γ deficient mice have only a minor phenotype. They display a reduction in body size
coupled with defects in mitotic progression of cultured embryonic fibroblasts (MEF) (Murata
et al., 1999). Recently, PA28γ gene targeted mice have been thoroughly analysed in respect to
immune defects (Barton et al., 2004). These mice showed normal surface MHC-I expression,
but had a slightly reduced number of CD8+ T cells. The proportions of CD8+ T cells
responding to a panel of influenza virus epitopes after influenza infection as well as to a SV40
T Ag epitope (expressed by a recombinant vaccinia virus) were normal. The only
immunological defect was a slightly impaired clearance of the intracellular fungal pathogen
Histoplasma capsulatum. Taken together, PA28γ has, if at all, only a minor effect on MHC-I
antigen presentation.

4.4.2.2 PA200
PA200 is a 200 kDa nuclear protein that activates the proteasome. It promotes the
proteasomal hydrolysis of peptides, but not proteins. Following gamma-irradiation of HeLa
cells the uniform nuclear distribution of PA200 changes to a strikingly punctuate pattern, a
behaviour characteristic of many DNA repair proteins. These findings implicate PA200 in
DNA repair, possibly by recruiting proteasomes to double strand breaks (Ustrell et al., 2002).
Homologs of PA200 are present in organism without an adaptive immune system (worms,
plants and yeast), which indicates that PA200 has no role in antigen presentation.
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4.4.2.3 PI31
PI31 (Proteasome Inhibitor) is a 31kDa protein that inhibits the hydrolysis of small synthetic
substrates and large unfolded proteins by the 20S proteasome (McCutchen-Maloney et al.,
2000). PI31 localizes at the nuclear envelop/endoplasmic reticulum membrane (Zaiss et al.,
2002). Immunosubunits do not influence the affinity of PI31 to the 20S proteasome. Kinetic
analysis showed that PA28 compete with PI31 for proteasome binding and this competition is
due to distinct affinities of the two molecules for the 20S proteasome, strongly biased towards
PI31. PI31 may function by hindering substrate access to the 20S catalytic channel (Zaiss et
al., 1999).
Zaiss et al. reported that in cells overexpressing PI31 immunoproteasome subunit precursors
were accumulating, which resulted in an impaired immunoproteasome formation. The failure
of immunoproteasomes to mature properly implicated a diminished processing of an
immunoproteasome-dependent

CTL

epitope

(E1B912-200).

In

parallel

to

impaired

immunoproteasome formation, IFN-γ treated cells (overexpressing PI31) exhibit a severely
reduced MHC-I surface expression, which suggests that generation of a large number of CTL
epitopes is inhibited in PI31-transfected cells. They proposed that PI31 may serve to control
immunoproteasome formation and may thereby maintain an intracellular balance between
constitutive-and immunoproteasomes (Zaiss et al., 2002).

4.5 Hsp90 and its role in antigen processing
The control and maintenance of the three-dimensional structure of proteins is a prerequisite
for cell survival, and involves a cooperation of molecular chaperones and energy-dependent
proteases. Molecular chaperones recognize hydrophobic regions exposed on unfolded proteins
and stabilize nonnative conformations. As a consequence, formation of insoluble protein
aggregates in the highly crowded cellular environment is prevented and folding to the native
state promoted. Different chaperones follow distinct strategies to achieve the general goal of
preventing protein misfolding and aggregation and they often cooperate (McClellan and
Frydman, 2001; Wickner et al., 1999).
The Hsp90 chaperone family is evolutionary highly conserved and includes the Hsp90
(90kDa heat shock protein) of the eukaryotic cytosol (termed: Hsp90α and β in humans;
Hsp86 and Hsp84 in mice; Hsc82 and Hsc84 in yeast) and Grp94/gp96 of the eukaryotic ER.
Other family members are the Hsp75/TRAP1 in the mitochondrial matrix and the HtpG in the
bacterial cytosol (Argon and Simen, 1999; Felts et al., 2000). The homodimer Hsp90 is one of
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the most abundant proteins in eukaryotic cells, comprising 1-2% of total cellular proteins even
in nonstress conditions and can be induced through heat shock and cell stress (Nemoto et al.,
1995) (Young et al., 2001). Functional Hsp90 is ATP dependent and can be inhibited by the
ansamycin drugs geldanamycin (GA) or herbimycin A (HA) occupying the ATP-binding
pocket (Whitesell et al., 1994).
Hsp90 functions as a protein-folding machinery collaborating with other chaperone
molecules, such as Hsp70 and Hsp40, and cochaperones p23 and Hop (Buchner, 1999) and is
essential for maintenance of functional integrity of various fragile proteins, such as steroid
hormone receptors and many protein kinases (Picard et al., 1990; Stepanova et al., 1996; Xu
and Lindquist, 1993). BAG-1 as well as CHIP, an ubiquitin ligase, have been proposed to act
as a link between molecular chaperones and the ubiquitin/proteasome pathway (Connell et al.,
2001) (Meacham et al., 2001) (Luders et al., 2000). Association with CHIP seems to convert
the Hsc/Hsp70 chaperone into a substrate recognition factor of a functional ubiquitin ligase
complex, whereas BAG-1 supports binding of the ligase complex to the proteasome and
triggers the release of ubiquitylated substrates from Hsc/Hsp70 for their transfer to the
proteasome (Cyr et al., 2002; Hohfeld et al., 2001).
Hsp90 directly associates with the 20S proteasome and thus appears to be closely linked to
protein degradation in the cell (Tsubuki et al., 1993; Wagner and Margolis, 1995). In addition,
it has been reported that Hsp90 links misfolded proteins to the ubiquitylation pathway for
selective elimination (Connell et al., 2001) and that Hsp90 binds to tumor-associated MHC-I
ligands or their precursors (Ishii et al., 1999). Complexes of peptides with Hsp90 can be taken
up by macrophages and dendritic cells through the CD91 receptor or scavenger receptor classA (SR-A) and these peptides are re-presented on MHC-I (Binder et al., 2000) (Basu et al.,
2001) (Berwin et al., 2003). A more direct link to MHC-I antigen presentation was provided
by Yamano et al. who showed that geldanamycin, an inhibitor of Hsp90, suppressed antigen
presentation of an ova-derived epitope in LPS blasts derived from PA28αβ-deficient mice, but
not in wildtype cells. This indicates that Hsp90 can compensate for the loss of PA28 and is
essential in a PA28-independent pathway (Yamano et al., 2002).

5. Immunodominance
CTL responses are usually directed against a few dominant epitopes and some minor epitopes.
The phenomenon that a CTL response is dominated by a few epitopes is termed
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immunodominance. Factors that contribute to immunodominance have been extensively
described (Chen et al., 2000; Deng et al., 1997; Yewdell and Bennink, 1999) (Probst et al.,
2002). Knowledge of these factors is important for the design of vaccines that elicit optimal
CD8+ T cell responses.
In order to be immunogenic, a peptide has to be generated by a professional antigen
presenting cell (APC) from a polypeptide and delivered to the MHC-I molecule to which it
has to bind with sufficient affinity. This complex has to trigger the activation and proliferation
of a TCD8+ with a complimentary T cell receptor. Many obstacles have to be cleared to achieve
a strong CTL response:
(a) The proteasome has to make the perfect C-terminal cut of a T cell epitope (Craiu et al.,
1997) (Mo et al., 1999) (Serwold and Shastri, 1999). (b) Cytosolic or ER-associated proteases
have to trim peptide precursors to correct size (Mo et al., 1999; Serwold et al., 2002) (Saric et
al., 2002). (c) Cytosolic as well as ER-associated proteases can destroy peptides or their
precursors (Reits et al., 2003). (d) Peptides have to bind to the transporter associated with
antigen processing (TAP) as well as to a given MHC class I molecule with respect to their
length and the availability of anchor residues (Rammensee et al., 1999). (e) A sufficient
number of peptide-MHC-I complexes has to be produced (Kageyama et al., 1995). (f) An
adequate avidity of the T cell receptor for the class I/peptide complex is pivotal
(Lanzavecchia et al., 1999) (g) The precursor frequency of T cells with a particular specificity
(T cell repertoire) will determine whether a given epitope achieves immunodominance over
competing epitopes (Chen et al., 2000; Slifka et al., 2003). (f) Specific viral proteins can
suppress efficient presentation of viral proteins (Basta and Bennink, 2003; Khan et al., 2004).
(g) Kinetic of viral protein expression can shape immunodominance (Probst et al., 2003).

6. Lymphocytic choriomeningitis virus
The prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) is a prominent model
to study immunological mechanism. Using the LCMV model important concepts of
immunology and viral pathogenesis have been developed. The natural host of the
noncytopathic virus is the mouse. LCMV is an enveloped bisegmented negative-strand RNA
virus. Virions of LCMV are composed of a nucleocapsid, which is surrounded by a lipid
envelope containing the envelope glycoprotein GP. After interaction of LCMV with its
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receptor alpha-dystroglycan (Cao et al., 1998) and internalisation of the virions within
vesicles, LCMV GP mediates fusion of the viral and cellular membranes, resulting in delivery
of the nucleocapsids into the cytoplasm. The two genome segments L (large) and S (short)
have approximate sizes of 7.2 and 3.4kb, respectively (Meyer et al., 2002; Salvato and
Shimomaye, 1989). Each segment directs the synthesis of two gene products, encoded in
ambisense orientation. The S segment encodes the virus nucleoprotein (NP; 63kDa) and the
glycoprotein (GP) precursor (GPC; 75kDa) (Riviere et al., 1985). Posttranslational processing
of GPC produces GP-1 (40-46kDa) and GP-2 (35kDa) (Buchmeier and Oldstone, 1979),
which is mediated by the cellular subtilase SKI-1/S1P in a late-Golgi or post-Golgi
compartment (Beyer et al., 2003). The LCMV N-terminal signal peptide (SP) of GPC is
unusual large (58aa) (Froeschke et al., 2003). The L RNA segment codes for the virus RNAdependent RNA polymerase (L; 200kDa) and a small 11kDa RING finger protein (Z), whose
role in the virus life cycle is poorly understood (Salvato and Shimomaye, 1989).
Infection of C57BL/6 (H-2b) mice with LCMV induces a strong and protective CTL response.
In C57BL/6 mice, this response is strongly dominated by CTLs specific for the GP-derived
GP33-41Db, GP34-41Kb, and the NP-derived NP396-404Db and the subdominant epitopes
GP276-286/Db, GP92-101/Db, GP118-125/Kb and NP205-212/Kb (van der Most et al., 1996)
(Gallimore et al., 1998a) (van der Most et al., 2003). The response in BALB/c (H-2d) mice is
dominated by a single epitope, the NP118-126/Ld, but also GP283-292/Kd specific CTLs are
detectable (van der Most et al., 1996) (Fig. 4). After infection with LCMV-WE, LCMVDocile, or LCMV-Arm Clone13 the CTL response in C57BL/6 mice is dominated by GP33specific CTLs, whereas infection of mice with the slower replicating strain LCMV-Armstrong
results in NP396 dominance (Gallimore et al., 1998a; Probst et al., 2003; Zajac et al., 1998).
NP118 is the first CTL epitope known to emerge exclusively from the DRiP pathway (Khan
et al., 2001a).
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Figure 4: Scheme of antigenic epitopes of lymphocytic choriomeningitis virus (LCMV). TM:
transmembrane region.

Infection with low doses of LCMV-WE (200pfu i.v.) leads to a peak in virus titer on day four
after infection. Shortly after infection the cytokines IFN-α/β and IFN-γ are induced impairing
viral replication. This cytokines activate NK cells, which are not able to control the virus
infection (Bukowski et al., 1983; Welsh and Kiessling, 1980). The LCMV-specific CTL
response peaks at day 7-9 post infection and eliminates the virus (Moskophidis et al., 1993;
Zinkernagel et al., 1986). Experiments with CD4-deficient or CD4-depleted mice showed that
the LCMV specific CTL response in the acute phase is independent of T help (Leist et al.,
1987; Rahemtulla et al., 1991). But for a long-term elimination of the virus neutralising
antibodies are essential to control virus replication (Ciurea et al., 2000; Planz et al., 1997).
The reason why CTLs are emerging in great numbers to only one or a few epitopes while
CTLs to other potential epitopes are virtually not detectable has been profoundly investigated
in the LCMV system but the phenomenon remains poorly understood (Gallimore et al.,
1998b) (van der Most et al., 1996) (van der Most et al., 1998) (Gallimore et al., 1998a). GP33,
GP276, and NP396 epitopes were eluted from H-2Db proteins of LCMV infected MC57
fibroblast cells and the approximate number of epitopes per cell was determined. The
calculated numbers were 1080 for GP33, 92 for GP276, and 162 for NP396 which implies
that the copies of GP276 and NP396 epitopes generated in MC57 cells and presented on the
cell surface are in a range, where recognition by CTLs could become limiting (Gallimore et
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al., 1998a) (Christinck et al., 1991). However, it must be pointed out that MC57 cells infected
with LCMV in vitro may not be representative for the physiological situation because infected
cells in vivo are confronted with IFN-γ produced by NK cells and Th1 cells which has
dramatic effects on the class I processing and presentation pathway. Recently, it has been
shown that the immunodominance of the LCMV specific CTL response can be shaped by the
kinetics of viral protein expression (Probst et al., 2003). But it is still not clear why GP276 is
a subdominant epitope in C57BL/6 mice after infection with LCMV. The affinity of GP276
for the peptide binding groove of H-2Db seems superior to that of GP33 since an about 10 fold
lower concentration of GP276 was required to achieve optimal lysis (Gallimore et al., 1998a)
(van der Most et al., 1998). Also the recognition and elimination of LCMV infected target
cells by GP276 specific CTLs seems to be more efficacious compared to GP33 specific CTLs
as evidenced by adoptive transfer experiments thus indicating that the binding of the GP276
specific T cell receptors to H-2Db/GP276 complexes on the surface of LCMV infected cells is
not a limitation (Gallimore et al., 1998a). It has been proposed that the GP276-286-specific T
cell repertoire might be a limiting factor because T cell lines specific for GP276 were strongly
biased for the usage of Vα4 and Vβ10 variable segments for their T cell receptors, but it has
not been investigated whether this bias imposes a limit on the availability of GP276 specific T
cells in the repertoire (Aebischer et al., 1990; Gallimore et al., 1998a). Butz and Bevan
showed that LCMV-infected fibroblasts are more efficient in restimulating GP276-286
specific CTLs than the LCMV-infected dendritic cell line jawsII (Butz and Bevan, 1998). In
contrast to fibroblasts, dendritic cells constitutively express high levels of immunoproteasome
subunits (Macagno et al., 1999). Hence, the observed reduced capacity of jawsII to
restimulate GP276-286 specific CTLs might be due to a destruction of the epitope GP276-286
by immunoproteasomes. This idea is supported by the fact that in persistently infected mice
GP276-286 becomes immunodominant and GP276-286 specific CTLs are attracted to nonlymphoid tissues where low levels of immunoproteasomes are expressed. It hence appears
that the intracellular processing of GP276 is less efficient than the processing of the GP33
epitope derived from the same glycoprotein. It has been reported that the proteasome is
involved in the processing of both GP33 and GP276 (Schwarz et al., 2000a).
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Generation of a cell line expressing wildtype
ubiquitin and ubiquitin mutant forms in an
inducible manner
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1. Abstract
The proteasome plays a critical role in the generation of the majority of MHC class Ipresented peptides. Ubiquitin is required for the degradation of most cellular proteins, but to
date it is unclear whether ubiquitin is also required for antigen processing for MHC-I. To
address this topic ubiquitin and dominant negative mutant forms of ubiquitin were expressed
in a tetracycline inducible manner. Induction of ubiquitin or its mutant forms did neither
change total ubiquitylation nor MHC-I surface expression.

2. Introduction
At present, it is unclear to what extent ubiquitylation is required to generate MHC-I-presented
peptides from different proteins (see chapter 1; 4.3). Contradictory results have been obtained
with a cell line containing a temperature sensitive E1. At the nonpermissive temperature some
antigens were presented normally (Cox et al., 1995) but others displayed an impaired
presentation (Michalek et al., 1993). To study the role of ubiqutin in antigen presentation this
approach is not really suitable because these E1 cells have remaining E1-activity at
nonpermissive temperature and antigen presentation may change under heat shock condition.
To establish a more appropriate system to study the role of ubiquitylation in antigen
processing an inducible dominant negative ubiquitin construct was created. To target a protein
for degradation at least four ubiquitin moieties connected via K48 have to be attached to a
lysine of a target protein. A lysine 48 to an arginine mutation (K48R) disturbs the formation
of ubiquitin chains und therefore degradation of a target protein. UbiquitinK48R (UbK48R) is
fully competent as a conjugative donor but when added to a target protein or an ubiquitin
UbK48R fails to regenerate a free K48 for chain elongation, and thus can act as a terminator
of chain growth. This mechanism suggests that UbK48R should be a dominant negative
inhibitor of chain formation and degradation. A problem arising with the K48R mutation is
that the chain stopping UbK48R can be removed by a deubiquitin enzyme and be replaced by
wildtype ubiquitin. Finley et al. showed that overexpression of the double mutant
UbK48R,G76A led to a bias toward short chain lengths (Finley et al., 1994). Although
UbK48R,G76A is a poor substrate for the ubiquitin-activating enzyme this construct was
more effective in stabilizing a short lived protein than the single K48R mutation. It has been
shown that the Gly to Ala mutation at position 76, which forms the C-terminus of ubiquitin,
inhibits deubiquitylation, and therefore degradation (Hodgins et al., 1992).
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3. Results
To study the role of ubiquitylation in antigen processing it was decided to overexpress the
following three different proteins in an inducible manner (Fig. 1):

Figure 1: Scheme of wildtype ubiquitin and ubiquitin mutants. HA-Tag is shown in red; Ubiquitin in blue.

A N-terminal hemagglutinin (HA) epitope tag, which is well-characterized and highly
immunoreactive, was placed at the N-terminus of ubiquitin or its mutants to discriminate them
from endogenous wildtype ubiquitin.

Generation of ubiquitin, ubiquitinK48R, and ubiquitinK48R,G76A constructs by PCR
With the help of ubiquitin specific primers containing a KpnI or an EcoRI restriction site,
mouse cDNA was used as a template to amplify mouse ubiquitin by PCR. The amplified
fragment (wildtype ubiquitin) was purified and used as template for the K48R and
K48R,G76A mutants. The K48R and K48R,G76A mutants were generated as displayed in
figure 2.
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Figure 2: Scheme of PCR strategies. (A) Mouse cDNA was amplified with primers containing EcoRI
and KpnI restriction sites. The resulting fragment was used to create two fragments containing the
K48R mutation (D). Pathway (B) generates the UbK48R fragment, pathway (C) the fragment
UbK48R,G76A. The two fragments created in (D) were annealed and completed by PCR (E). Dotted
arrows indicate that strands are completed by PCR. Short lines (________) characterize primers and
mutations are designated with ^.

Insertion of constructs in pTet-splice
The three generated fragments were cleaved with KpnI and EcoRI, purified and inserted into
the multiple cloning site of pcDNA3.1 (containing HA-Tag); C-terminal of the HA-Tag. The
vector was amplified in E.Coli XL-1 blue, isolated, purified, and cleaved with the restriction
enzymes HindIII and XbaI. pTet-splice was opened with the help of the restriction enzymes
HindIII and SpeI. Due to compatible overhanging ends of XbaI and SpeI restriction sites the
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HindIII and XbaI cleaved fragments were cloned into the multiple cloning site of pTet-splice
(Fig. 3). All sequences were verified via dedesoxy sequencing (Microsynth, Balgach
Switzerland).

Figure 3: Scheme of cloning strategy. Different ubiquitin constructs were inserted in KpnI and EcoRI
cleaved pcDNA3.1 C-terminal of an HA-Tag. The ubiquitin fragment containing an HA-Tag was
excised via HindIII and XbaI and inserted into pTet-splice (opened with HindIII and SpeI).

Generation of Ub, UbK48R, and UbK48R,G76A inducible cell lines
To express the different ubiquitins in an inducible manner, the well-characterized tet-off
system was chosen (Gossen and Bujard, 1992; Khan et al., 2001; Raasi et al., 2001; Shockett
et al., 1995). Autoregulatory expression of tetracycline-controlled transactivator (tTA) is
accomplished in a vector called pTet-tTAk by placing the tTAk gene (Fig. 4; green) under the
control of tetP (tet promoter; Fig. 4; red) upstream of the minimal hcmv promoter region
(Fig. 4; blue) containing a TATA box and transcription start site. The gene of interest is
controlled by tetP as well. The tTA protein is consisting of two domains, one for DNA
binding and one for transactivation. In the presence of tetracycline (Fig.4; A), the basal
activity of the minimal hCMV promoter results in expression of very low levels of the tTA
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protein, and any tTA protein is blocked from binding to the tet repressor binding site. Both
tTAk and gene of interest are therefore maintained at low levels. When tetracycline is
removed (Fig. 4; B), the small amounts of tTA present bind to the tet repressor binding site
and thus stimulate expression of the tTAk gene. Higher levels of the tTA protein now
stimulate higher levels of tTA protein and, thus, gene of interest expression.

Figure 4: Scheme of a tetracycline regulated gene expression system. For explanations see text.

Initially, B8 cells were stably transfected with the expression construct pTet-tTAk, which
encodes a tet-responsive transcriptional inducer (Shockett et al., 1995). The transfectants were
tested by transient transfection of tet-regulated β-galactosidase or luciferase reporter
constructs, and a clone designated B8tTA.F4 was selected that showed a strong expression of
β-galactosidase and luciferase in the absence of tetracycline but very little expression of βgalactosidase and luciferase in the presence of tetracycline (Raasi et al., 2001).
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Ptet-splice vector containing the gene of interest (Ub; UbK48R; UbK48R,G76A) and pLXSP
puromycin resistance plasmid were stably transfected into B8tTA.F4. Clonal and selection
drug-resistant cells were extensively washed to remove tetracycline and protein expression
was analysed by western blot using an HA-Tag specific monoclonal antibody. Four positive
clones termed W14 (wildtype ubiquitin), K6 (ubiquitin containing K48R mutation), K8
(ubiquitin containing K48R mutation), and G4 (ubiquitin containing K48R and G76A
mutation) could be detected (Fig. 5).

Figure 5: Western blot analysis of HA-ubiquitin and its mutants. G4, K6, W14, and K8 were induced
by extensive washing and grown in the presence (+; not induced) or absence (-; induced) of
tetracycline. Two days post induction, total lysates were analysed by western blot with a monoclonal
HA-specific antibody. The molecular masses are indicated on the left.

HA-ubiquitin expression was completely absent in non-induced cells. W14 showed a stronger
induction of HA-ubiquitin than G4, K6, and K8. Ubiquitylation with UbK48R,G76A led to a
clear shift of ubiquitin conjugates to lower molecular masses, compared to Wt14, K6, and K8.
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Is total ubiquitin changed after induction?
To test whether total ubiquitin (endogenous plus induced ubiquitin) is changed after induction
of mutated ubiquitins the different cell lines were induced by extensive washing and analysed
by western blot with an ubiquitin specific antibody (Fig. 6). Induction of mutated ubiquitin
was confirmed by HA western blot.

Figure 6: Western blot analysis of ubiquitin expression. G4, K6, W14, and K8 were induced
by extensive washing and grown in the presence (+; not induced) or absence (-; induced) of
tetracycline. Two days post induction, total lysates were analysed by western blot with an
ubiquitin specific polyclonal antibody. The molecular masses are indicated on the left.
No change in total ubiquitylation was observed between induced and non-induced cells. G4 +
and - showed a reduced ubiquitylation, especially of higher molecular weight proteins,
probably due to loading less protein.
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Does induction of mutant ubiquitin forms change MHC-I expression on the cell surface?
If ubiquitin is important for MHC-I antigen presentation, the ubiquitin mutants should affect
total MHC-I surface expression. W14, K8, and G4 were induced by extensive washing and
two days later the cells were analysed by flow cytometrie with the help of Dd, Kd and Ldspecific antibodies (Fig. 7). B8 cells were used as a negative control.

Figure 7: Flow-cytometric analysis of MHC class I surface expression of B8, W14, K8, and G4. Cells
were induced by extensive washing and grown in the presence (blue) or absence (red) of tetracycline.
Two days post induction, cells were stained with an H-2Dd, H-2Ld, or H-2Kd class I molecules specific
antibody (indicated on top) followed by FITC-conjugated (FL-1) sheep anti-mouse Ig secondary
antibody. The black curves are stainings with the secondary Ab alone.

Inducing the cell lines did not lead to a change in Dd, Ld, and Kd MHC-I surface expression of
B8, W14, K8 or G4 cells compared to non-induced cells.
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4. Discussion
At present, the necessity of ubiquitin for antigen presentation is not clear. Analysis with a
temperature sensitive E1 enzyme led to contradictory results (Cox et al., 1995; Michalek et
al., 1993). To shed light into the dark a more convenient new system was created. Wildtype
ubiquitin and the mutant ubiquitin forms UbK48R and UbK48R,G76A were overexpressed in
fibroblasts in a tetracycline inducible manner. Ubiquitin containing a K48R mutation leads to
a stop in ubiquitin branch formation. At least four ubiquitin moieties are required to target
proteins for degradation. Hence, cells overexpressing ubiquitin containing a K48R mutation
should have an impaired degradation of proteins, which should lead to cell death after
prolonged induction. UbK48R blocking branch growth can be removed by deubiquitylating
enzymes and be replaced by wildtype ubiquitin. It has been shown that the Gly to Ala
mutation at position 76, which forms the C-terminus of ubiquitin, inhibits deubiquitylation
(Hodgins et al., 1992). Finley et al. showed that overexpression of the double mutant
UbK48R,G76A stabilized a short lived protein more effectively than the single K48R
mutation, although UbK48R,G76A is a poor substrate for the ubiquitin-activating enzyme
(Finley et al., 1994). This inspired us to overexpress UbK48R as well as the double mutant
UbK48R,G76A in a tetracycline inducible manner.
Western blot analysis of induced cells showed that the proteins UbWt, UbK48R,
UbK48R,G76A (clones were termed W14, K6, K8, and G4) can be induced and conjugated to
target proteins (Fig. 5). UbK48R,G76A overexpression led to ubiquitin conjugation shifted to
lower molecular masses, like it was reported in Finley et al. (Finley et al., 1994). Induction of
mutant ubiquitin did not cause cell death after prolonged induction. Probably, these
transfectants do not overexpress mutated ubiquitin to an extent were they can disturb the cells
ubiquitylation process. It is important to notice, that ubiquitin is highly abundant in the
cytosol and nucleus of all eucaryotic cells. Hence, it is not surprising, that endogenous
wildtype ubiquitin is competing successfully with its mutated form. To disturb the cells
ubiquitylation system the mutated ubiquitin should reach an expression level at which
endogenous ubiquitin is negligible. G4, K6, and K8 do not fulfil this. To find clones able to
compete with endogenous ubiquitin further screening for new clones is needed, in case
endogenous ubiquitin can ever be outcompeted. Cell lysates derived from induced W14, K6,
K8, and G4 did not display an altered ubiquitylation pattern compared to non-induced cells
(Fig. 6). Again, this indicates, that neither the induced W14 can increase total ubiquitylation
nor do the overexpressed mutants reduce total ubiquitylation or shift ubiquitin conjugates to
lower molecular weights.
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The bulk of MHC-I ligands are dependent on proteasomal degradation. Treatment of cells
with inhibitors for proteasome leads to a reduction in MHC-I on the cell surface (Harding et
al., 1995; Rock et al., 1994). Therefore, it seems reasonable that MHC-I surface expression is
dependent on ubiquitylation. W14, K6, K8, and G4 did not display an altered MHC-I surface
expression after induction, neither for H-2Dd, H-2Ld, nor H-2Kd class I molecules (Fig. 7).
Induction of wildtype ubiquitin did not increase MHC-I suggesting that the cells ubiquitin
content is not limiting for presentation of MHC-I surface expression or that ubiquitylation is
not needed at all. In case MHC-I antigen processing is ubiquitin dependent, the mutated forms
of ubiquitin should decrease MHC-I surface levels. But neither K48R nor K48R,G76A
mutations displayed reduced MHC-I expressions (Fig. 7). This might indicate, that ubiquitin
is not essential for MHC-I antigen processing or that, more likely, the induced mutated
ubiquitin cannot outcompete endogenous ubiquitin (discussed above).
It has been reported (Tsirigotis et al., 2001) that cells overexpressing UbK48R are highly
sensitive to canavanine (an amino acid analog that substitutes for arginine during translation)
or the heavy metal cadmium. Both substances induce protein misfolding; cadmium via a
poorly defined mechanism. High molecular weight proteins were accumulating during
canavanine and cadmium treatment leading to increased cell death (Tsirigotis et al., 2001).
Treatment of W14, K6, K8, and G4 with canavanine and cadmium might be an alternative to
explore the role of ubiquitin in antigen presentation. Ubiquitin might become limiting under
these conditions. But inducing protein misfolding can affect a lot of proteins required for
MHC-I antigen presentation, like it is the case with the temperature sensitive E1.
To obtain more conclusive data further investigations and screening for better clones are
required.

5. Material and methods
Primers and DNA constructs
For amplifying ubiquitin mouse cDNA (a kind gift of R. de Giuli) the following primer set
was used: 5´-TACGGGGTACCAATGCAGATCTTCGTGAAGACCC-3´; 5´-TCTGCAGAA
TTCTCAGCCACCTCTCAGGCGAAGGAC-3´. To create the UbK48R mutant two primer
sets were used: 1. 5´-TACGGGGTACCAATGCAGATCTTCGTGAAGACCC-3´; 5´GCCA
TCTTCCAGCTGCCTGCCGGCAAAGATCAG-3´ and 2. 5´-TCTGCAGAATTCTCAGCC
ACCTCTCAGGCGAAGGAC-3´;

5´-CTGATCTTTGCCGGCAGGCAGCTGGAAGATG
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GC -3´. For the generation of the UbK48R mutant two the following primer sets were used:
1.

5´-TACGGGGTACCAATGCAGATCTTCGTGAAGACCC-3´;

5´GCCATCTTCCA

GCTGCCTGCCGGCAAAGATCAG-3´ and 2. 5´-TCTGCAGAATTCTCAGGCACCTCTC
AGGCGAAGGACCAG-3´;

5´-CTGATCTTTGCCGGCAGGCAGCTGGAAGATGGC-3´.

All primers were purchased from Mycrosynth (Balgach, Switzerland). pcDNA3.1 (invitrogen)
containing HA-Tag was a kind gift of G. Schmidtke. pTet-splice was purchased from
invitrogen.

Restriction digests
Restriction digests with a single restriction enzyme were performed in a volume of 10µl
containing 1µl restriction enzyme, 1µl 10x restriction enzyme buffer, and variable volumes of
DNA. The difference to 10µl was equalled with ddH2O. Digests were incubated for 1h at
37°C and analysed by agarose gel electrophoresis. Restriction digests with two restriction
enzymes were performed similarly in a volume of 20µl. All restriction enzymes (KpnI,
EcoRI, XbaI, and SpeI) and buffers were purchased from Promega (Germany). All fragments
were analysed by agarose gel electrophoresis and purified with the NucleoSpin® extract kit
(Machinery Nagel, Germany).

Polymerase chain reaction (PCR)
All PCRs were performed in a volume of 30µl containing 3µl 10x PCR buffer, 3µl dNTPs
(2mM), 0.5µl sense primer (50µM), 0.5µl antisense primer (50µM), 0.5-2µl template and
0.2µl PFU polymerase (Promega, Germany). The difference to 30µl was equalled with
ddH2O. The following PCR program was used: 1. step: 5min 95°C, 2. step: 1min 95°C, 3. step
0.5min 60°C 4. step: 1min 72°C 5. step: 5min 72°C. Step 2 to 4 were repeated 30 times. To
combine the two K48R fragments a PCR without primers was performed (assembly PCR; the
fragments anneal and complete). Step 2 to 4 were repeated 7 times. To amplify the generated
fragment a PCR with the outer primers was performed.
All PCR products were analysed by agarose gel electrophoresis and purified with the
QIAquick gel extraction kit.
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Transformation and vector amplification
Electrocompetent E. Coli XL-1 blue (Stratagene, US) were thawed on ice and transferred to
an ice cold electrocuvette (2mm; Eurogentec, Belgium). 1µl of DNA (1ng to 1pg) was added
and incubated for 1min on ice. Electrotransformation was performed using the following
setup: 25µF, 1.8kV and 200ohm. After pulsing 500µl SOC (2% bacto-tryptone (w/v), 0.5%
bacto-yeast extract (w/v), 0.05%NaC (w/v), 2.5mM KCl, 10mM MgCl2, 20mM glucose) was
added, bacteria were shaked for 1h at 37°C and plated on LB agar plates (LB-medium plus
1.5% bacto-agar) containing 50µg/ml ampicilin. Bacteria were grown over night at 37°C and
single colonies were transferred to 5ml LB-medium containing 50µg/ml ampicilin. For the
production of small amounts of DNA the culture was shaked over night at 37°C and the DNA
was isolated using the NucleoSpin® plasmid kit (Machinery Nagel, Germany). To produce
large amounts of DNA 2ml of the 5ml bacteria culture were transferred after 8h to 500ml LBmedium containing 50µg/ml ampicilin. The DNA was isolated using the Gen EluteTM HP
Plasmid Maxiprep kit (Sigma, Germany).

Cell lines and transfection
B8tTA.F4 (Raasi et al., 2001) are B8 (Groettrup et al., 1995) cells stably transfected with the
plasmid pTet-tTAk and hygromycin resistant plasmid pLXSH. They are cultured in
IMDM10%+100 units/ml penicillin/streptomycin + 400 µg/ml hygromycin (Calbiochem) +
400ng/ml tetracycline (Sigma).
B8tTA.F4 cells were stably transfected with pTet-splice containing the gene for Ub, UbK48R,
or UbK48R,G76A and puromycin resistance plasmid (pLXSP) according to the manufactures
protocol (FuGENE 6, Roche) in 6-well plate. The cells were termed Ub, UbK48R, or
UbK48R,G76A according to the transfected plasmid. Two days later cells were transferred to
96-well round bottom plates and selected with puromycin (0.25µg/ml). Cells were plated at
different densities reaching from 1 to 10000 cells per plate. After 3 weeks clonal and selection
drug resistant cells were transferred to 24-well plates and propagated. Cells were washed four
times with PBS (to induce ubiquitin) in a 6-well plate and analysed two days later for protein
expression by western blot.
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Western blotting
Ub, UbK48R, or UbK48R,G76A cells (confluent 6-well) were lysed in 100µl lysis buffer
(20mM Tris pH7.8, 50mM NaCl, 0.1% SDS) on ice for 15 minutes and sonificated. After
centrifugation, 10µl aliquots of the crude lysates were boiled for 5min at 95 °C in 10 µl 2x
reducing Laemmli sample buffer and separated by SDS-PAGE (10% gel). Proteins were
blotted onto nitrocellulose (0.45µm, 12Vh, 200mA) (Schleicher & Schuell BioSciences,
Dassel, Germany). Membranes were blocked (PBS containing 0.4% Tween (v/v) and 5% dry
milk (w/v)) for 1h at room temperatures and incubated over night at 4 °C with a monoclonal
antibody recognizing HA (1:10000 in PBS containing 0.4% Tween (v/v) and 5% dry milk
(w/v) (Sigma). After 3 washes with PBS containing 0.4% Tween (v/v) the membrane was
incubated with the HRP-conjugated goat anti-mouse antibody (DakoCytomation, Glostrup,
Denmark, diluted 1:1000 in containing 0.4% Tween (v/v) and 5% dry milk (w/v)).
Membranes were washed 3 times and proteins were visualized on x-ray films by enhanced
chemiluminescence.

Flow cytometry
A number of 5x105 induced or non-induced cells in 100 µl of PBS + 2% FCS were incubated
in a round-bottom 96-well plate on ice for 20 min with 1 µg of mAb specific for H-2Ld, H2Kd, or H-2Dd molecules (28-14-81, 15-5-5S, or 19/191), washed twice, and subsequently
stained by a FITC-conjugated sheep anti-mouse Ig (Silenus, Victoria, Australia) for another
20 min on ice. Samples were washed twice, acquired with the use of FACScan flow cytometer
(BD Biosciences), and analyzed by the FlowJo software (Tree Star).
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1. Abstract
The control and maintenance of the three-dimensional structure of proteins is pivotal for cell
survival. Molecular chaperones recognize hydrophobic regions exposed on unfolded proteins
and stabilize nonnative conformations. The Hsp90 chaperone family is evolutionarily
conserved and highly abundant in cells. In this chapter the role of Hsp90 in antigen processing
of LCMV-derived epitopes is investigated. Treatment of the macrophage cell line J774 with
an Hsp90 specific inhibitor (geldanamycin) led to a dose-dependent reduction in the
presentation of the LCMV-derived epitope NP118. Other LCMV-derived epitopes were not
affected. Analysis whether an epitope is differently affected by geldanamycin when expressed
at the N-terminus compared to the C-terminus within a stable protein revealed that both are
reduced independently of their site of expression.

2. Introduction
Different aspects of the role of Hsp90 in antigen processing have been addressed (see
chapter 1; 4.5). It has been reported that Hsp90 links misfolded proteins to the ubiquitylation
pathway for selective elimination (Connell et al., 2001) and that Hsp90 binds to tumorassociated MHC-I ligands or their precursor (Ishii et al., 1999). The experiments of Yamano
et al. (Yamano et al., 2002), which showed that geldanamycin, an inhibitor of Hsp90,
suppressed antigen presentation of an ovalbumin (ova) derived epitope in LPS blasts derived
from PA28αβ-deficient mice, but not in wildtype cells, inspired us to investigate the role of
Hsp90 in processing of LCMV-WE derived epitopes.

3. Results
NP118-presentation is affected by Hsp90
Due to the fact that the LCMV-WE specific CTL response in BALB/c mice is mostly directed
to the NP118 CTL epitope (van der Most et al., 1996), CTLs from these mice can be used to
exclusively detect the NP118 epitope. After a short in vitro restimulation with cells presenting
the corresponding peptide, CTLs start to produce IFN-γ. The activation of these CTLs can be
detected by double staining for CD8 and intracellular IFN-γ (intracellular cytokine staining
for IFN-γ (ICS)). The portion of activated CTLs corresponds with the amount of antigen
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presented, making it an appropriate system to detect antigen presented on MHC-I. The
macrophage cell line J774 (H-2d) was infected with LCMV-WE (moi of 0.5) and treated with
different concentrations of geldanamycin (GA), ranging from 0.1 to 10µM. Geldanamycin is a
well-characterized specific inhibitor for Hsp90, binding into the ATP binding site of Hsp90
(Stebbins et al., 1997). Primary splenocytes from LCMV-WE infected BALB/c mice (d8 post
infection) were used to compare the amount of MHC-I-NP118 complexes on the cell surface
of GA and untreated LCMV infected cells using ICS (Fig. 1).

Figure 1: Comparison of the presentation of the LCMV epitope NP118 in GA treated and LCMVinfected J774 cells. J774 cells were infected with LCMV-WE (moi of 0.5, o/n) and treated with
different concentrations of GA (0.1µM, 1µM, 2.5µM, 5µM, 10µM) or HA (10µM). The y-axis shows
intracellular IFN-γ produced by CD8-positive splenocytes (derived from LCMV-WE infected (200pfu
i.v.) BALB/c mice (8d post infection)). LCMV infected but untreated J774 are marked with ‘LCMV’.
As a negative control uninfected cells (Ø) and peptide loaded cells (pep118) were used. To exclude
possible inhibition effects of GA on splenocytes, LCMV-infected untreated J774 (Ø pep) and LCMVinfected 10µM GA treated J774 (GA10µM pep) were pulsed with peptide.
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The activation status of splenocytes decreased from 13% (untreated cells) with increasing
concentrations of GA to 7%. Treatment (10µM) of LCMV-infected cells with another Hsp90specific inhibitor, designated herbimycin A (HA), led to a reduction comparable to treatment
with 5µM GA. Schnaider et al. reported that GA blocks CD28-mediated activation of human
T lymphocytes (Schnaider et al., 1998). To exclude that GA from GA-treated cells inhibits
CTLs (used to detect amount of antigen presented), and thus falsifying activation status of
CTLs, GA-treated cells were extensively washed and part of the cells were pulsed with
peptide NP118. LCMV-infected untreated (pulsed with peptide) and GA treated cells (pulsed
with peptide) activated CTLs to the same extend, thus excluding an inhibition effect of GA on
CTLs in this assay.

Effect of geldanamycin shortly after LCMV infection
In order to examine the effect of GA on presentation of NP118 shortly after infection, the
amount of NP118 presented on LCMV-infected ±GA treated J774 cells was analysed at 2h,
4h and 5h post infection. As a read-out to detect antigen, ICS with splenocytes from LCMVWE infected BALB/c mice (200pfu; d8) was used (Fig. 2).

Figure 2: Comparison of the presentation of the LCMV epitope NP118 in GA treated and LCMVinfected J774 cells shortly after infection. J774 cells were pretreated for 1h with 10µM GA. Then cells
were infected with LCMV-WE (moi of 10) for 2h, 4h, 5h and treated ± 10µM GA. Antigen was
detected by ICS with splenocytes from LCMV-WE infected BALB/c mice (8d post infection; 200pfu).
The y-axis shows intracellular IFN-γ produced by CD8-positive splenocytes. As a negative control
uninfected cells (Ø) and peptide-loaded cells (pep118) were used.
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LCMV infection could be detected already 2h post infection. GA treated cells showed a slight
but consistent reduction in NP118 presentation 2h, 4h, and 5h post infection. Hence, the effect
of Hsp90 on the presentation of NP118 is exerted shortly after translating the protein.

Generation of cell lines expressing LCMVNP or ubiquitin-LCMVNP
Khan et al. demonstrated that the NP118 epitope exclusively derives from DRiPs (Khan et al.,
1994). This might indicate that Hsp90 exerts its effect on NP118 presentation in the DRiP
pathway. Hsp90, probably binding to newly synthesized proteins, could function as linkage
between defective ribosomal products and the proteasome. To proof this hypothesis, B8 cells
were transfected with either LCMV-derived nucleoprotein (NP) or a nucleoprotein containing
an N-terminal ubiquitin moiety (UbNP). The N-terminal ubiquitin moiety leads to a rapid
degradation of the nucleoprotein in UbNP transfected cells (Rodriguez et al., 1997).
Proteasome inhibitors led to an accumulation of the full nucleoprotein, thus, the full protein is
correctly made, but immediately degraded after synthesis. Therefore, in contrast to NP
transfected cells, GA should not have an effect on the presentation of NP118 in UbNP
transfected cells, if the above mentioned hypothesis (concerning Hsp90 participating in the
DRiP pathway) is true (Fig. 3).

Figure 3: Postulated model of Hsp90 effecting processing of NP118. For explanations see text.
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B8 cells were stably transfected with NP or UbNP and screened for NP118 presentation by
ICS with splenocytes derived from LCMV-WE infected BALB/c mice (d8 post infection).
Several positive NP and UbNP clones displayed in Fig. 4 were obtained.

Figure 4: FACS dot blots of NP or UbNP transfected cells. B8 cells were transfected with plasmids
containing NP or UbNP and NP118 presentation was analysed by ICS with splenocytes from LCMVWE infected BALB/c mice (8d post infection; 200pfu). Three different stably transfected clones are
shown for NP and UbNP. The y-axis shows intracellular IFN-γ (FL-1) produced by CD8-positive
splenocytes (lymphocytes were gated on CD8). As a negative control untransfected cells (B8) and
peptide-loaded cells (B8+pep118) were used.

Nucleoprotein containing a N-terminal ubiquitin (UbNP) transfected B8 cells displayed a
general higher activation of CTLs resulting from an enhanced NP118 presentation as it was
reported by Rodriguez et al. (Rodriguez et al., 1997).

Effect of geldanamycin on NP and UbNP cells
To proof the afore mentioned theory, UbNP1, UbNP12, NP5, and NP15 were treated over
night with GA or as a negative control with DMSO and NP118 presentation was analysed by
ICS with splenocytes derived from LCMV-WE infected BALB/c mice (Fig. 5).
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Figure 5: Comparison of the presentation of the LCMV epitope NP118 in GA or DMSO treated
UbNP1, UbNP12, NP5, and NP15 cells. UbNP1, UbNP12, NP5, and NP15 cells were treated over
night with either 10µM GA or DMSO. NP118 presentation was analysed by ICS. The y-axis shows
intracellular IFN-γ produced by CD8-positive splenocytes (derived from LCMV-WE infected (200pfu
i.v.) BALB/c mice (8d post infection)). As a negative control uninfected cells (B8 0) and peptideloaded cells (B8 pep118) were used.

No significant reduction of NP118 presentation was observed in neither NP nor UbNP
transfected cells. UbNP1, UbNP12, NP5, and NP15 cells are stably transfected cells, thus
continuously producing NP. Probably, the overnight treatment with GA is not sufficient to
reduce the existing NP118 (is already at the surface before GA treatment). To circumvent this
problem cells were incubated for 10h with brefeldin A, a drug inhibiting transport from the
ER to the cell surface (Fujiwara et al., 1988), to reduce MHC-I expression and thus NP118
presentation (Fig. 6A). BFA pre-incubated cells were treated over night with GA or as a
negative control with DMSO and NP118 presentation was analysed by ICS with splenocytes
derived from LCMV-WE infected BALB/c mice (Fig. 6B).
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Figure 6: Comparison of the presentation of the LCMV-derived epitope NP118 in GA or DMSO
treated BFA preincubated UbNP1, UbNP5, NP5, and NP8 cells. A. B8 cells were incubated for 10h
with 10µg/ml BFA (blue curve) or left untreated (red curve). Cells were stained with an antibody
specific for Ld and analysed by FACS followed by FITC-conjugated (FL-1) sheep anti-mouse Ig
secondary antibody. The black curve is a staining with the secondary antibody alone. B. BFA pretreated or untreated UbNP1, UbNP5, NP5, and NP8 cells were incubated o/n with 10µM GA or
DMSO. NP118 presentation was analysed by ICS. The x-axis displays different (1;3;9;27) effector
(splenocytes) to target (UbNP1, UbNP5, NP5, or NP8) ratios. The y-axis shows intracellular IFN-γ
produced by CD8-positive splenocytes (derived from LCMV-WE infected (200pfu i.v.) BALB/c mice
(8d post infection)). As a negative control untreated B8 cells (B8) were used.

No significant and consistent difference was observed for GA treated NP and UbNP cells
compared to untreated cells. It seems that for unknown reasons GA had no effect on these
cells in contrast to LCMV infected J774 cells (Fig. 1), indicating that the effect seen in Fig. 1
is cell type and virus specific.

Effect of geldanamycin on minimal NP118 epitope
To test whether the impact of Hsp90 on NP118 presentation (Fig. 1) is a processing
phenomenon J774 cells were treated ±GA and infected with either a vaccinia virus expressing
the full length nucleoprotein (VVYN4) or the minimal NP118 epitope (VV118). The infected
cells were analysed (5h post infection) by ICS with splenocytes derived from LCMV-WE
infected BALB/c mice (Fig. 7).
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Figure 7: Comparison of the presentation of the LCMV epitope NP118 in ±GA treated VVYN4 or
VV118 infected J774 cells. J774 cells were pretreated with GA (10µM) for 2h followed by infection
with either VVYN4 or VV118 for 5h. NP118 presentation was analysed by ICS with splenocytes
derived from LCMV-WE infected (200pfu i.v.) BALB/c mice (8d post infection). The y-axis shows
intracellular IFN-γ produced by CD8-positive splenocytes. As a negative control uninfected cells (0)
and peptide loaded cells (pep118) were used.

Neither VVYN4 nor VV118 infected J774 cells displayed a significant change in NP118
presentation after GA treatment, compared to uninfected cells. Therefore, no conclusion can
be drawn whether Hsp90 plays a role in the presentation of the minimal epitope. For unknown
reasons, GA treatment had no effect on the presentation of NP118 when the full length
LCMV-derived nucleoprotein was expressed by a vaccinia virus, indicating, that the
phenomena discovered in Fig. 1 seems to be virus specific.

Effect of Hsp90 on other LCMV-derived epitopes
To examine whether other LCMV-derived epitopes are affected by Hsp90, C57BL/6 (H-2b)
derived thioglycollate-elicited peritoneal macrophages were treated ±GA and infected with
LCMV. The infected cells were analysed (15h post infection) by ICS with in vitro
restimulated splenocytes (CTL lines specific for GP33, GP276, and NP396) derived from
LCMV-WE infected BALB/c mice (Fig. 7).
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Figure 7: Comparison of the presentation of the LCMV-derived epitopes GP33, GP276, and NP396 in
±GA treated C57BL/6 derived macrophages. Thioglycollate-elicited peritoneal macrophages were
infected over night with LCMV-WE (moi of 0.5) and treated with 10µM GA (B6 GA) or DMSO (B6
LCMV). GP33 (A.), GP276 (B.), and NP396 (C.) presentation was analysed by ICS with CTL-lines
specific for GP33, GP276 or NP396. The y-axis shows intracellular IFN-γ produced by CD8-positive
CTL-lines specific for GP33 (A.), GP276 (B.), and NP396 (C.). As a negative control uninfected
macrophages (B6 0) were used. To point out the specificity of the different CTL-lines macrophages
were pulsed with peptide (pep33, pep276, and pep396).

No reduction in CTL activation after GA treatment can be observed for the H-2Db derived
epitopes GP33, GP276, and NP396. On the contrary GP276 and NP396 presentation were
even slightly increased.

Generation of cell lines expressing NP118 N- or C-terminal of GFP
The fact that two epitopes derived from the same nucleoprotein (NP118 and NP396) behave
differently in respect to Hsp90 led to speculations that Hsp90 could affect epitopes expressed
at the N-terminus differently than epitopes derived from the C-terminus. It has been shown
that the NP118 epitope exclusively derives from DRiP’s (Khan et al., 2001). Therefore an
epitope derived from the N-terminus should be a better ‘DRiP’ than an epitope derived from
the C-terminus due to premature chain termination derived from translational errors. To test
this hypothesis the NP118 epitope was expressed at the N- (termed NGFP) or C- (termed
GFPC) terminus of the very stable green fluorescent protein (GFP) (Fig. 8) in a tetracycline
inducible manner (see chapter 2).
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Figure 8: Scheme of two different GFP constructs. GFP expressing a N-terminal NP118-126 epitope
was termed NGFP; C-terminal NP118-126 expressing GFP was named GFPC.

Ptet-splice vector containing the gene of interest (NGFP or GFPC) and pLXSP puromycin
resistance plasmid were stably transfected into B8tTA.F4. Clonal and selection drug-resistant
cells were extensively washed to remove tetracycline and protein expression was analysed
due to excitation of eGFP (enhanced GFP) at 488nm and excision at 507nm by flow
cytometry measured in FL-1 (Fig. 9).

Figure 9: FACS blots of NGFP or GFPC transfected B8tTA.F4 cells. B8tTA.F4 cells were transfected
with plasmids containing NGFP or GFPC and eGFP expression (FL-1) was determined 2d after
intensive washing (to remove tetracycline) by flow cytometrie. One clone expressing NGFP
(NGFP10.6) and three clones for GFPC (GFPC1.3, GFPC1.5, and GFPC3.1) were obtained. Live cells
are displayed as a FL-1 (y-axis) vs. ssc (x-axis) plot. Cells containing tetracycline are marked with
‘+tetracycline’ (not induced), transfectants without tetracycline are labelled with ‘-tetracycline’
(induced).

One clone expressing the NP118-126 N-terminal of GFP fluoresced in induced state but was
completely silent in the presence of tetracycline. In contrast, all three GFPC expressing clones
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displayed a background expression, even in the presence of tetracycline (not induced).
Whether this background expression is a systematic error arising with GFPC transfected cells
has to be determined with screening for more GFPC clones.

Do NGFP and GFPC present NP118?
In order to test whether the stably transfected NGFP or GFPC cells present the NP118
epitope, these cells were induced by extensive washing and NP118 presentation was analysed
by ICS with splenocytes derived from LCMV-WE infected (200pfu i.v.) BALB/c mice (8d
post infection) (Fig. 10).

Figure 10: Comparison of the presentation of the LCMV-derived epitopes NP118 of stably
transfected NGFP or GFPC cells by ICS. Cells were extensively washed and NP118 presentation was
analysed 2d later by ICS using splenocytes derived from LCMV-WE infected (200pfu i.v.) BALB/c
mice (8d post infection). The y-axis shows intracellular IFN-γ produced by CD8-positive splenocytes.
Cells containing tetracycline are marked with ‘+tetracycline’ (not induced), transfectants without
tetracycline are labelled with ‘-tetracycline’ (induced).

All four clones were able to present the NP118 epitope, but no difference in activating CTLs
could be observed between N-terminal and C-terminal expression of NP118. GFPC cells
stimulated CTLs even when not induced, confirming results obtained in Fig. 9, where GFP
was partially expressed in the presence of tetracycline.
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Stability of NGFP and GFPC
To investigate the stability of the two constructs NGFP and GFPC, NGFP10.6 and GFPC1.5
cells were extensively washed, metabolically labelled and pulsed for 0h, 2h, 6h, 24h, 36h,
48h, and 96h. GFP was precipitated with anti-GFP mAb and analysed by SDS-PAGE (Fig.
11).

Figure 11: Stability of NGFP and GFPC. NGFP10.6 and GFPC1.5 cells were labeled for 2h with
[35S]Cys/Met and chased for the indicated times prior to GFP-specific immunoprecipitation, SDSPAGE, and autoradiography. Molecular mass markers are indicated to the left in kDa, and
immunoprecipitated proteins are indicated on top.

GFPC proofed to be a very stable protein barely degraded over the time course of 4d (t1/2>4d).
In contrast, NGFP was degraded with increased rate compared to GFPC but can still be
considered as a quite stable protein with a half-life of approximately 40h.

Neosynthesis is required to present NGFP and GFPC
Khan et al. showed that two days after terminating nucleoprotein synthesis the presentation of
the LCMV-nucleoprotein-derived epitope NP118 was not detectable anymore, although the
full nucleoprotein was still present. To investigate the role of protein neosynthesis for the
presentation of the nucleoprotein epitope NP118 in stably transfected NGFP and GFPC cells,
these cells were grown in the absence of tetracycline and were subsequently cultivated for 0,
1, 2, and 3 days in the presence of tetracycline. NP118 presentation on NGFP and GFPC cells
was monitored by ICS using splenocytes derived from LCMV infected BALB/c mice
(Fig. 12).

50

Chapter 3

Figure 12: Analysis of NP118 presentation by NGFP and GFPC cells by ICS. NP118 presentation
was determined on NGFP10.6 (A.) and GFPC3.1 (B.) cells, which had been cultured in the absence of
tetracycline and were then grown in the presence of tetracycline for the indicated number of days (d13) (right panel of A. and B.). The x-axis displays different effector (splenocytes) to target (NGFP10.6
and GFPC3.1) ratios. The y-axis shows intracellular IFN-γ produced by CD8-positive splenocytes
(derived from LCMV-WE infected (200pfu i.v.) BALB/c mice (8d post infection)). As a negative
control cells were grown continuously in the presence of tetracycline (left panel of A. and B.).

Only 1 day after cultivation of NGFP10.6 and GFPC3.1 with tetracycline NP118 presentation
was reduced by 50%. On the second and third day of tetracycline treatment of NGFP10.6 the
NP118 presentation stagnated slightly over background levels (compare not induced
NGFP10.6), presumably due to diminutive degradation of the full-length stable nucleoprotein
(seen in Fig. 11). GFPC3.1 displayed on the second day of tetracycline treatment a reduction
of the NP118 presentation to almost background levels obtained with noninduced GFPC3.1. It
is therefore evident that nucleoprotein neosynthesis is required to maintain full NP118
presentation. In GFPC3.1 cells presentation of this epitope cannot be fuelled from the longlived nucleoprotein molecules, which remained at the same level in GFPC3.1 cells over 4 days
(Fig. 11). A sharp drop in NP118 presentation was detected 1 day after the termination of
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nucleoprotein synthesis in NGFP10.6 cells but a small residual NP118 presentation remained
on the second and third day of cultivation in the presence of tetracycline. Taken together, this
data demonstrate a requirement for nucleoprotein neosynthesis for the full presentation of the
immunodominant epitope NP118.

Effect of geldanamycin on NGFP and GFPC
In order to determine the effect of Hsp90 on NGFP or GFPC these cells were induced by
extensive washing and incubated over night with 10µM GA. NP118 presentation was
analysed by ICS using splenocytes derived from LCMV infected BALB/c mice (Fig. 13).

Figure 13: Comparison of the presentation of the LCMV epitope NP118 in GA treated NGFP10.6,
GFPC3.1, GFPC1.5, and GFPC1.3 cells. NGFP10.6 (A.), GFPC3.1 (B.), GFPC1.5 (C.), and GFPC1.3
(D.) cells were induced by extensive washing and treated over night with either 10µM GA or DMSO.
NP118
presentation
was
analysed
by
ICS.
The
y-axis
shows
intracellular
IFN-γ produced by CD8-positive splenocytes (derived from LCMV-WE infected (200pfu i.v.)
BALB/c mice (8d post infection)). As a negative control cells grown in the presence of tetracycline
(+Tet) are shown (not induced cells).
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Presentation of NP118 on MHC-I on the cell surface in geldanamycin treated NGFP and
GFPC cells was impeded compared to untreated cells (GFPC1.3 to a lesser extent) (Fig. 13).
No difference could be observed between N- and C-terminal NP118-GFP-fusion, suggesting
that Hsp90 is not discriminating between N- and C-terminal epitopes.

4. Discussion
A role of heat shock proteins in antigen presentation, probably by protecting peptide
intermediates from degradation, has been suggested several years ago (Srivastava and Das,
1984; Tamura et al., 1997; Udono and Srivastava, 1993). Heat shock proteins play an
important role in eliciting innate and adaptive immunity by chaperoning peptides for antigen
presentation and providing endogenous danger signalling (Chen et al., 1999; Millar et al.,
2003). Recently, Kunisawa et al. showed by tracking proteolytic intermediates in living cells,
that some of these peptides were bound to the group II chaperonin TRiC and were protected
from degradation. Destabilization of TRiC by RNA interference inhibited the expression of
peptide-loaded MHC-I molecules on the cell surface. Thus, the TRiC chaperonin serves a
function in protecting proteolytic intermediates in the MHC-I antigen processing pathway
(Kunisawa and Shastri, 2003). Yamano et al. showed that geldanamycin, an inhibitor of
Hsp90, suppressed antigen presentation of an ova derived epitope in LPS blasts derived from
PA28αβ-deficient mice, but not in wildtype cells. This indicates that Hsp90 can compensate
for the loss of PA28 and is essential in a PA28-independent pathway (Yamano et al., 2002).
The results of Yamano et al. inspired us to investigate role of Hsp90 in the presentation of
LCMV-derived epitopes. It has been shown, that geldanamycin (GA), an inhibitor for Hsp90,
reduces NP118 presentation in a dose-dependent manner (Fig. 1). Experiments to confirm
these data with RNA interference (siRNA) failed, probably due to stability and high
abundance of Hsp90 (data not shown). Even two hours LCMV infection reduced the NP118presentation about 30% in geldanamycin treated cells, compared to untreated cells (Fig. 2).
Khan et al. proofed that the NP118 epitope is exclusively emerging from ‘DRiP’s’ (Khan et
al., 2001). This finding suggests that Hsp90 might be involved in transporting DRiP’s to the
proteasome (Fig. 3). To confirm this hypothesis two cell lines either expressing the full-length
nucleoprotein or an ubiquitin-nucleoprotein fusion protein were generated (Fig. 4). In contrast
to the very long-lived nucleoprotein, Rodriguez et al. showed that the N-terminal ubiquitin
fusion leads to a rapid degradation of the nucleoprotein (Rodriguez et al., 1997). Assuming
that most of the generated NP118 peptides derive from the short lived but full length
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ubiquitin-nucleoprotein fusion protein, and not from DRiP’s, cells expressing UbNP should
be less affected by geldanamycin than cells expressing the stable wildtype nucleoprotein (Fig.
3). This theory was not supported by data obtained in Fig. 5,6. Hsp90 inhibition did even not
disturb NP118 presentation in B8 cells transfected with wildtype nucleoprotein, suggesting
that the effect of Hsp90 displayed in Fig. 1 is a cell- or viral-specific phenomenon. The results
of Yamano et al. indicate that the Hsp90-dependent processing pathway is common, but the
contribution of Hsp90 in antigen processing seems to depend on the cell type (Yamano et al.,
2002). Infection of the geldanamycin treated macrophage cell line J774 with a vaccinia virus
expressing the LCMV nucleoprotein (VVYN4) did not affect NP118 presentation (Fig. 7),
suggesting the effect of Hsp90 to be a LCMV specific phenomena.
Yamano et al. reported that Hsp90 acts in an epitope-specific manner (Yamano et al., 2002).
None of the H-2Db-restricted LCMV-derived epitopes GP33, GP276, and NP396 were
negatively affected by geldanamycin (Fig. 8). In contrast Hsp90 inhibition led even to a
slightly increased GP276 and NP396 presentation. The result that GA affected the
presentation of the two epitopes NP118 and NP396, derived from the same nucleoprotein,
differently, led to speculations that epitopes expressed at different positions within a certain
protein are differently dependent on Hsp90. To proof this theory the NP118 epitope was
expressed at the N- or C-terminus of green fluorescent protein (GFP) in a tetracycline
inducible manner (Fig. 9,10). GA treatment reduced the amount of NP118 presented on
MHC-I for both NGFP and GFPC, but no altered presentation was observed when the epitope
was expressed at the N- or C-terminus of GFP.
The existence of DRiPs is certain, as biological processes cannot occur with 100% fidelity.
There are translational errors that result in amino acid substitutions and truncations. Further
errors occur post-translationally, including improper interaction with molecular chaperones
(therefore incorrect folding), mistargeting to organelles, failure to associate with proper
partners to create multisubunit structures and improper post-translational covalent
modifications. The above-mentioned system, with the NP118 epitope fused N- or C-terminal
to GFP, is an excellent approach to investigate whether DRiPs derive predominantly from
translational errors or from post-translational events. If DRiPs originate mainly from
translational errors, resulting in premature translation termination, than an epitope near the Nterminus should be produced in larger quantities than an epitope expressed at the C-terminus,
because there is an increased probability that the translation process is terminated before the
C-terminal epitope is made. To address this question the presentation of the NP118 epitope in
NGFP and GFPC cells should derive exclusively from DRiPs. To fulfil this, these proteins
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have to be long lived so that the pool of fully matured proteins (of NGFP or GFPC) does not
contribute significantly to MHC-I presentation. Both proteins were quite stable, but NGFP
was degraded more efficient than GFPC (Fig. 11). No significant difference was observed
between NGFP and GFPC in activating splenocytes in ICS (Fig. 10), but no conclusion can be
drawn, because all GFPC clones were slightly presenting NP118 in noninduced conditions,
making it difficult to compare NGFP to GFPC. Screening for tight GFPC clones, expressing
comparable amounts of eGFP to NGFP, should clarify whether the epitope position within a
certain protein is important for efficient antigen presentation.

5. Materials and methods
Primers and DNA constructs
To generate NGFP the NP118 epitope (plus four additional N- and C-terminal aa: NP114-122;
plus a N-terminal kosak sequence (GCCACC)) was amplified from pTet-SpliceLCMV-NP
(Khan et al., 2001) using following primers containing the EcoRI and SalI restriction site: 5`CCGGAATTCGCCACCATGAGAACTGAGAGGCCTC-3`;

3`-ATGTACCCTTTAAAC

TGTCGTCAGCTGGCGT-5`. The amplified NP118 epitope was cloned into the tetracycline
(tet)-regulated expression construct pTet-Splice (Shockett et al., 1995) via EcoRI and SalI
sites, thus yielding the plasmid pTet-SpliceNNP118. EGFP was amplified from pEGFP-C1
(Clontech) using primers containing a stop codon (TAA) and SalI and SpeI restriction site
(5`-ACGCGTCGACATGGTGAGCAAGGGCGAG-3`; 3`-GTACCTGCTCGACATGTTCA
TTTGATCACC -5`) and cloned into pTet-SpliceNNP118 C-terminal of the NP118 epitope
via SalI and SpeI restriction sites. The resulting construct was named pTet-SpliceNGFP.
To generate GFPC, EGFP was amplified from pEGFP-C1 (Clontech) using primers (5`-CCG
GAATTCGCCACCATGGTGAGCAA-3`;

3`-GTACCTGCTCGACATGTTCCAGCTGGC

T-5`) containing a start codon (ATG), the EcoRI and SalI restriction sites plus a N-terminal
kosak sequence and cloned into pTet-Splice via EcoRI and SalI sites, thus yielding the
plasmid pTet-SpliceGFP. The NP118 epitope (plus four additional N- and C-terminal aa:
NP114-122) was amplified from pTet-SpliceLCMV-NP (Khan et al., 2001) using following
primers containing the SalI and SpeI restriction sites and the C-terminal stop codon (TAA):
5`-ACGCGTCGACATGAGAACTGAGAGGCCTC-3`; 3`-ATGTACCCTTTAAACTGTCG
TATTTGATCACC-5`. The amplified NP118 epitope was cloned into pTet-SpliceGFP via
SalI and SpeI restriction sites, thus yielding the plasmid pTet-SpliceGFPC. All primers were
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purchased from Mycrosynth (Balgach, Switzerland). pTet-splice was purchased from
invitrogen.

Restriction digests
Restriction digests with a single restriction enzyme were performed in a volume of 10µl
containing 1µl restriction enzyme, 1µl 10x restrction enzyme buffer, and variable volumes of
DNA. The difference to 10µl was equalled with ddH2O. Digests were incubated for 1h at
37°C and analysed by agaraose gel electrophoresis. Restriction digests with two restriction
enzymes were performed similarly in a volume of 20µl. All restriction enzymes (SpeI, EcoRI,
SalI) and buffers were purchased from Promega (Germany). Fragments were purified with the
NucleoSpin® extract kit or the NucleoTrap® kit (Machinery Nagel, Germany).

Polymerase chain reaction (PCR)
All PCRs were performed in a volume of 30µl containing 3µl 10x PCR buffer, 3µl dNTPs
(2mM), 0.5µl sense primer (50µM), 0.5µl antisense primer (50µM), 0.5-2µl template and
0.2µl PFU polymerase (Promega, Germany). The difference to 30µl was equalled with
ddH2O. The following PCR program was used: 1. step: 5min 95°C, 2. step: 1min 95°C, 3. step
0.5min 60°C 4. step: 1min 72°C 5. step: 5min 72°C. Step 2 to 4 were repeated 30 times. All
PCR products were analysed by agarose gel electrophoresis and purified with NucleoSpin®
extract kit or the NucleoTrap® kit (Machinery Nagel, Germany).

Transformation and vector amplification
Electrocompetent E. Coli XL-1 blue (Stratagene, US) were thawed on ice and transferred to
an ice cold electrocuvette (2mm; Eurogentec, Belgium). 1µl of DNA (1ng to 1pg) was added
and incubated for 1min on ice. Electrotransformation was performed using the following
setup: 25µF, 1.8kV and 200ohm. After pulsing 500µl SOC (2% bacto-tryptone (w/v), 0.5%
bacto-yeast extract (w/v), 0.05%NaC (w/v), 2.5mM KCl, 10mM MgCl2, 20mM glucose) was
added. Bacteria were shaked for 1h at 37°C and plated on LB agar plates (LB-medium plus
1.5% bacto-agar) containing 50µg/ml ampicilin. Bacteria were grown over night at 37°C and
single colonies were transferred to 5ml LB-medium containing 50µg/ml ampicilin. For the
production of small amounts of DNA the culture was shaken over night at 37°C and the DNA
was isolated using the NucleoSpin® plasmid kit (Machinery Nagel, Germany). To produce
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large amounts of DNA 2ml of the 5ml bacteria culture were transferred after 8h to 500ml LBmedium containing 50µg/ml ampicilin. The DNA was isolated using the Gen EluteTM HP
Plasmid Maxiprep kit (Sigma, Germany).

Cell lines and transfection
IMDM and RPMI media were purchased from Invitrogen-Life Technologies (Karlsruhe,
Germany) and contained GlutaMAX, 10% FCS, and 100U/ml penicillin/streptomycin.
J774 (cultured in RPMI10%) is a mouse macrophage cell line (kind gift of S. Basta) and B8
(cultured in IMDM10%) is a BALB/c-derived fibroblast line (H-2d) obtained by SV40
infection in vitro (Groettrup et al., 1995). B8tTA.F4 (Raasi et al., 2001) are B8 cells stably
transfected with the plasmid pTet-tTAk and hygromycin resistant plasmid pLXSH. They are
cultured in IMDM10%+100 units/ml penicillin/streptomycin + 400 µg/ml hygromycin
(Calbiochem), + 400ng/ml tetracycline (Sigma).
B8tTA.F4 cells were stably transfected with the plasmids pTet-SpliceGFPC or pTetSpliceNGFP and puromycin resistance plasmid (pLXSP) according to the manufactures
protocol (FuGENE 6, Roche) in 6-well plates. The cells were termed NGFP or GFPC
according to the transfected plasmid. Two days later cells were transferred to 96-well round
bottom plates and selected with puromycin (0.25µg/ml). Cells were plated at different
densities reaching from 1 to 10000 cells per plate. After 3 weeks clonal and selection drug
resistant cells were transferred to 24-well plates and propagated. Cells were washed four
times with PBS (to induce NGFP or GFPC) in a 6-well plate and protein expression was
analysed two days later due to excitation of eGFP (enhanced GFP) at 488nm and emission at
507nm by flow cytometry measured in FL-1. NGFP and GFPC are cultured in IMDM10% +
400 µg/ml hygromycin (Calbiochem), + 2.5µg/ml puromycin (Sigma) + 400ng/ml
tetracycline (Sigma).
To generate NP and UbNP cells, B8 cells were transfected similarly to NGFP and GFPC with
the plasmids pCMV-NP (NP) and pCMV-U-NP (UbNP) (Rodriguez et al., 1997) (kind gift of
L. Whitton). Clonal and selection drug resistant cells were analysed for NP118 presentation
by ICS. NP and UbNP are cultured in IMDM10% + 2.5µg/ml puromycin (Sigma).
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Synthetic peptides, mice and viruses
The synthetic peptides GP33-41/Db (KAVYNFATC), GP276-286/Db (SGVENPGGYCL),
NP396-404/Db (FQPQNGQFI), and NP118-126/Ld (RPQASGVYM) were obtained from
Echaz Microcollections (Tubingen, Germany).
BALB/c (H-2d) and C57BL/6 (H-2b) mice were originally obtained from Charles River,
Germany. The animals were kept at the University of Constance in a pathogen-free facility
and used at 6-10 weeks of age.
LCMV-WE was originally obtained from F. Lehmann-Grube (Hamburg, Germany) and
propagated on the fibroblast line L929. Recombinant vaccinia virus encoding the LCMV
nucleoprotein (VVYN4) (was originally obtained from Dr. D. Bishop, Institute of Virology,
Oxford, U.K.) or the NP118 minigene (VV118) (Schwarz et al., 2000) was propagated on
BSC40 cells.

Intracellular cytokine staining for interferon-γ (ICS)
2x106 splenocytes or 2x105 restimulated cells and 2-4x105 stimulator cells were incubated in
round-bottom 96-well plates with 10-7M of the specific peptide in 100µl IMDM10% +
brefeldin A (10µg/ml) for 5h at 37°C. Cells were incubated for 20min at 4°C with Cy5conjugated mouse anti-CD8 (clone 53-6.7, BD PharMingen) and washed twice with PBS.
Following fixation with 4% paraformaldehyde at 4°C for 5min and two washes with PBS, the
cells were incubated overnight with fluorescein-conjugated mouse anti-IFN-γ (clone
XMG1.2, BD PharMingen) in PBS containing 2% FCS and 0.1% (w/v) saponin (Sigma).
Samples were washed twice and acquired with the use of FACScan™ flow cytometer (Becton
Dickinson, Mountain View, CA) and analysed by the FlowJo software (Tree Star, San Carlos,
CA).

CTL lines
For generating NP396-404, GP33-41, and GP276-286 specific CTL-lines, memory C57BL/6
mice (at least four weeks post infection with 200pfu LCMV-WE i.v.) were sacrificed and
splenocytes were plated at a density of 4x106 in 24-well plates. Splenocytes were restimulated
with 2x105 peritoneal-elicited macrophages pulsed with peptide (10-7M). 8d later restimulated
cells of one well were transferred to a 6-well plate and restimulated with 6x105 thioglycolate-
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elicited peritoneal macrophages pulsed with peptide (10-7M). CTL lines were used in ICS at a
E:T ratio of 1:1.

Flow cytometry
A number of approximately 5x105 BFA treated (10µg/ml) or untreated B8 cells in 100µl of
PBS + 2% FCS were incubated in a round-bottom 96-well plate on ice for 20 min with 1µg of
Ld-specific mAb 28-14-81, washed twice, and subsequently stained by a FITC-conjugated
sheep anti-mouse Ig (Silenus, Victoria, Australia) for another 20 min on ice. Samples were
washed twice, acquired with the use of FACScan flow cytometer (BD Biosciences), and
analyzed by the FlowJo software (Tree Star).
NGFP and GFPC cells were washed four times with PBS and eGFP expression was analysed
two days later by flow cytometry in FL-1.

Metabolic labeling, immunoprecipitation, and gel electrophoresis
A total of approximately 107 NGFP or GFPC cells were starved in cysteine/methionine-free
RPMI 1640, 10% dialyzed FCS for 1 h at 37°C and labeled with 0.2 mCi/ml Met-[35S]-label
(Hartmann Analytic, Braunschweig, Germany) for 2h. Cells were washed with PBS and
chased for 0h, 2h, 6h, 24h, 48h, 72h, and 96h in the presence of tetracycline to stop
neosynthesis. Cells were harvested, and lysed for 30 min on ice in 20mM Tris/HCl, pH 7.5,
150mM NaCl, 1mM MgCl2, and 2% Triton X-100. The lysates were counted for
[35S]methionine/cysteine

incorporation,

and

equal

aliquots

were

used

for

immunoprecipitation. The lysate was precleared for 1 h with protein G-Sepharose CL-4B
(Amersham Biosciences, Uppsala, Sweden), followed by overnight immunoprecipitation with
an anti-GFP antibody (clone 7.1 and 13.1) (Roche, Germany) bound to protein G-Sepharose at
4°C. The precipitates were washed five times with ripa-buffer (50mM Tris pH8, 150mM
NaCl, 1% NP40, 0.5% deoxycholate, 0.1% SDS), separated by SDS-PAGE (12%), and
visualized by autoradiography on a Fuji BAS1500 radioimager.
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1. Abstract
The proteasome is responsible for the generation of most peptide ligands of MHC class I
molecules either in their final form or in the form of N-terminally extended precursors. IFN-γ
treatment leads to a replacement of the proteasome’s active site subunits δ, MB1, and MC14
by the inducible subunits LMP2, LMP7, and MECL-1. To date, no evidence has been
obtained for a role of MECL-1 in antigen presentation, like it has been demonstrated for
LMP2 and LMP7. In this study, we investigated the poorly understood exchange of MECL-1
for MC14 with the help of MECL-1 gene targeted mice. Infection of mice with lymphocytic
choriomeningitis virus elicited a markedly reduced CTL response to GP276-286/Db and
NP205-212/Kb in MECL-1-/- mice. We demonstrated that the impaired CTL response to
GP276-286 was not attributed to a decreased generation of this epitope by antigen presenting
cells, leaving open the possibility that the CTL repertoire was altered in MECL-1 deficient
mice. Differences in Vß10 usage of LCMV-infected MECL-1 mice support this idea. Taken
together, we demonstrated a role of MECL-1 in antigen processing.

2. Introduction
Cytotoxic T lymphocytes (CTL) recognize peptide epitopes presented on MHC class I
molecules, which allows CTLs to monitor our body for cells harbouring intracellular
pathogens.
The proteasome is the main protease in the cytoplasm and the nucleus which is responsible for
the generation of most peptide ligands of MHC class I molecules (Groettrup et al., 1996b)
(Voges et al., 1999). The proteolytic core complex of the proteasome system is the 20S
proteasome which is constructed like a cylinder of four stacked rings. The outer two rings
consist of seven different α-type subunits that bind to regulatory complexes of the 20S core
particle, whereas the two inner rings are made up of seven different subunits of the β-type
(Groll et al., 1997). Three of the β-subunits designated δ, MB1, and MC14 (Z) bear the active
centers of the 20S proteasome. The catalytic activities of the proteasome have been classified
with the help of fluorogenic peptides as chymotrypsin-like (cleavage C-terminal of
hydrophobic aa), trypsin-like (cleavage C-terminal of basic aa), and caspase-like (also known
as peptidyl-glutamyl-peptide hydrolysing (PGPH); cleavage C-terminal of acidic aa)). Upon
stimulation of cells with the inflammatory cytokine interferon-γ (IFN-γ), these constitutively
expressed subunits are replaced by inducible subunits named LMP2, LMP7, and MECL-1
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during the de novo assembly of 20S proteasomes. In contrast to LMP2 and LMP7 the MECL1 subunit is not encoded in the MHC locus and the discovery of this third subunit exchange
(MECL-1 for MC14) lagged behind several years (Groettrup et al., 1996a; Hisamatsu et al.,
1996; Nandi et al., 1996). Recently, De et al. reported that in ConA blasts derived from
MECL-1 deficient mice incorporation of MECL-1 into proteasomes is dependent on LMP2
and to a lesser extent on LMP7, but LMP2 and LMP7 are integrated independently of MECL1 into proteasomes (De et al., 2003).
Analysis with small fluorogenic substrates showed that the exchange of LMP2 for δ downregulates the cleavages C-terminal of acidic residues (caspase-like activity) and favours the
cleavage C-terminal of hydrophobic residues (chymotrypsin-like activity). Contradicting
results have been obtained for the exchange of LMP7 for MB1 and MECL-1 for MC14.
Salzmann et al. reported that overexpression of a mutant MECL-1 (T1A) led to a complete
loss in trypsin-like activity (Salzmann et al., 1999).
LMP2- and LMP7-deficient mice have been analysed intensively. LMP2 gene targeted mice
displayed no change in MHC class I ligand expression, but the numbers of CD8+ was reduced
in blood, spleen and thymus. LMP7 deficient mice display reduced MHC class I surface
expression (Fehling et al., 1994). Some epitopes are affected by LMP2- and LMP7 gene
targeted mice, but the bulk of MHC class I ligands can still be generated in these mice (Van
Kaer et al., 1994) (Fehling et al., 1994). Chen et al. examined the effects of
immunoproteasomes on the immunodominance hierarchy in the TCD8+ response to influenza
virus (IV) infection in LMP2-deficient mice (Chen et al., 2001). TCD8+ responses to the two
most dominant determinants dropped markedly, whereas responses to two subdominant
epitopes were enhanced. The altered immunogenicity of some epitopes can be attributed to
changes in epitope presentation, whereas the CTL response to one determinant (NP366-374) was
reduced due to alterations in the TCD8+ repertoire (Chen et al., 2001). Also for LMP7 gene
targeted mice was reported that they posses an altered T cell repertoire. Vaccination of
LMP7-/- mice with cells derived from wildtype mice, but not vice versa, elicited a strong CTL
response (Toes et al., 2001). This indicates that the incorporation of immunosubunits
influences the repertoire of peptides presented to CTLs and thereby the overall specificity of
the CTL response.
In this work, we used the infection with lymphocytic choriomeningitis virus (LCMV) to study
the characteristics of antigen processing and presentation in MECL-1 gene targeted mice. The
cytotoxic immune response to LCMV is essential for elimination of the virus from infected
mice. In C57BL/6 mice, this response is strongly dominated by CTLs specific for the GP75
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derived GP33-41Db, GP34-41Kb, and NP-derived NP396-404Db and the subdominant
epitopes GP276-286/Db, GP92-101/Db GP118-125/Kb and NP205-212/Kb (van der Most et
al., 1996) (Gallimore et al., 1998) (van der Most et al., 2003).
We found that proteasomes isolated from LCMV infected liver of MECL-1 deficient mice had
a slightly impaired incorporation of LMP2, which correlated with an enhanced caspase-like
activity. Furthermore naïve MECL-1 gene targeted mice displayed a reduction of CD8+
splenocytes of approximately 20% compared to wild type mice. Analysis of splenocytes
derived from LCMV-infected MECL-1-/- mice revealed a markedly reduced CTL-response to
GP276 and NP205. The reduction of GP276 was not due to an impaired antigen presentation
as assessed by determining the amount of GP276 presented in splenocytes or on macrophages.
This result would be consistent with a change of T cell repertoire in MECL-1 deficient mice.
Taken together, we demonstrated that MECL-1 is an important component in the MHC-I
antigen processing pathway.

4. Results
Mutant mice lack MECL-1
Analysis of genomic DNA of MECL-1-/- and wild type mice by PCR confirmed the gene
disruption in MECL-1-/- mice (data not shown). To verify the absence of MECL-1 protein
expression in these mice purified spleen proteasomes were separated by two-dimensional gel
electrophoresis (2D-PAGE). MECL-1 is constitutively expressed in spleens of C57BL/6
wildtyp mice (Fig. 1A) but completely absent in MECL-1 deficient mice. Western blot
analysis of 2D-Gels from LCMV-WE infected liver (Fig. 1B) with a MECL-1 specific
antiserum confirmed the lack of MECL-1. Additionally, C57BL/6 western blots revealed
several so far uncharacterised isoforms of MECL-1 (Fig. 1B).
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Figure 1: Composition of 20S proteasome subunits from C57BL/6 and MECL-1-/- mice. A: IEF/SDSPAGE analysis of 70µg 20S proteasome purified from the spleen of uninfected C57BL/6 (upper panel)
and MECL-1-/- (lower panel) mice. The proteins were visualized by coomassie blue staining. The
position of the proteasome subunit MECL-1 is indicated. B: IEF/SDS-PAGE of 70µg 20S proteasome
purified from the liver of LCMV-WE (d8 post infection with 200pfu) infected C57BL/6 (upper panel)
and MECL-1-/- (lower panel) mice were analysed by Western blot with a rabbit polyclonal antibody
recognizing MECL-1. Different MECL-1 specific spots are marked.
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LMP2 incorporation into immunoproteasomes of LCMV infected livers is reduced in
MECL-1 deficient mice
Dependency of MECL-1 incorporation into proteasome on LMP2 and LMP7 has been studied
in different systems. It was proposed that efficient LMP2 incorporation is dependent on
MECL-1 (Groettrup et al., 1997). De et al. found in ConA blasts of MECL-1 deficient mice
that LMP7 as well as LMP2 are inserted independently of MECL-1 into proteasomes (De et
al., 2003). To analyse the incorporation of LMP2 and LMP7 in MECL-1 deficient mice,
MECL-1-/- and C57BL/6 mice were infected with 200pfu LCMV-WE. 8d later the proteasome
composition of infected livers was analysed by 2D-PAGE (Fig. 2). Incorporation of LMP7
into proteasomes was not affected in MECL-1-/- mice compared to wildtype mice. In contrast,
LMP2 was slightly but consistently reduced in MECL-deficient mice. It seems that LMP2
incorporation into proteasomes in LCMV infected livers occurs in the absence of MECL-1 but
less efficiently.

Figure 2: Composition of 20S proteasome subunits from LCMV-WE infected livers of C57BL/6 and
MECL-1-/- mice. IEF/SDS-PAGE analysis of 70µg 20S proteasome purified from livers of LCMV-WE
infected C57BL/6 (upper panel) and MECL-1-/- (lower panel) mice. The proteins were visualized by
coomassie staining. The positions of the proteasome subunits LMP2, δ, and MECL-1 are indicated.
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MECL-1 deficient proteasomes have an enhanced caspase-like activity
To investigate the role of MECL-1 in peptide degradation, the peptide hydrolysing activities
of purified proteasomes from LCMV infected liver of C57BL/6 and MECL-1-/- were
compared with help of fluorogenic peptides. No differences in hydrolysing Bz-VGR-AMC
and (Z)-GGL-AMC were observed (Fig. 3). In contrast, Z-LLE-βNA was cleaved more
efficiently by MECL-1 deficient proteasomes than by proteasomes from wildtype mice. This
is in agreement with an enhanced caspase-like activity in proteasomes of LMP2 deficient
mice (Van Kaer et al., 1994), since LMP2 incorporation in MECL-1 deficient mice is slightly
reduced (Fig. 2). In contrast to immunoproteasomes carrying an inactive MECL-1 mutation
(T1A) (Salzmann et al., 1999), the absence of MECL-1 did not lead to a reduction in trypsin
like activity (Fig. 3).

Figure 3: Peptide hydrolyzing activity of 20S proteasomes purified from the livers of LCMV-infected
C57BL/6 and MECL-1-/- mice. The purified 20S proteasomes from livers of LCMV-WE-infected
C57BL/6 and MECL-1-/- mice (the same preparations as analysed in Fig. 2) were assayed for
hydrolysis of the indicated fluorogenic substrates at various concentrations. The activities are
calculated from fluorescence of the AMC or ßNA leaving groups after 60 min of incubation. Values
represent the mean ± SD of triplicate cultures.

Impaired CTL response against GP276 in LCMV-WE infected MECL-1 deficient mice
LMP2- and LMP7 deficient mice display only marginal immunological defects, which were
mostly epitope specific (Van Kaer et al., 1994) (Fehling et al., 1994). To characterize MECL1 deficient mice in a model system of viral infection, we infected these mice with LCMV-WE
and determined virus titers in spleens four days later. No significant differences in virus titers
were obtained in control and knock out mice (data not shown). The CTL response in C57BL/6
mice after LCMV-WE infection is directed against two dominant and several subdominant
epitopes. In order to compare the anti-LCMV TCD8+ response of wildtype and MECL-1
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deficient mice, these mice were infected intravenously with LCMV-WE and splenocytes were
assayed on d8 after infection for responses to six defined LCMV epitopes by intracellular
cytokine staining for interferon-γ (Fig. 4A). CTL responses to the dominant epitopes GP33
and NP396 and the subdominant epitopes GP92 and GP118 were similar whereas responses to
GP276 and NP205 (Fig. 4A,B) were reduced.
In order to confirm the observed reduction in the generation of GP276 specific CTLs in
MECL-1 deficient mice, we performed double stainings of splenocytes from MECL-1-/- and
C57BL/6 control mice for CD8 and for GP276 specific T cell receptor (tetramer staining) on
day 8 post infection with LCMV-WE (Fig. 4C). Similar results as shown in Fig. 4A,B were
obtained with this assay. To distinguish the contribution of antigen presentation versus TCD8+
repertoire formation to the reduced generation of GP276-286-specific CTLs, further
experiments were performed.
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Figure 4: CTL responses in LCMV-WE infected MECL-1-/- and C57BL/6 mice. MECL-1-/- and
C57BL/6 mice were infected with 200pfu LCMV-WE i.v.. A: Spleen cells were harvested 8d later,
stimulated in vitro, and screened for reactivity against the panel of LCMV epitopes listed (x-axis) by
flow cytometry for CD8+ T cells expressing intracellular IFN-γ (y-axis). The values represent the
mean of three different mice. One representative experiment out of four is shown. B: FACS plots of
LCMV-infected C57BL/6 (wildtype), and MECL-1–/– mice after 5h in vitro stimulation with GP276 or
NP205. Ø represents LCMV-infected mice without in vitro peptide stimulation. The y-axis shows
intracellular IFN-γ produced by CD8-positive (x-axis) splenocytes. C: CTL response in LCMVinfected C57BL/6 (wild type), and MECL-1–/– mice was analysed by GP276-specific tetramers. The yaxis shows tetramer positive CTLs. The values represent the mean of three different mice.

81

Chapter 5
No alteration of GP276 presentation in MECL-1 deficient mice
Recently, we have shown that immunoproteasomes lead to a diminished presentation of
GP276 (Basler et al., 2004). To investigate the role of antigen presentation in MECL-1 gene
targeted mice, thioglycollate-elicited peritoneal macrophages from MECL-1 deficient as well
as C57BL/6 control mice were infected in vitro for 20 h with LCMV-WE and analysed for
GP276 presentation with GP276-specific T cell hybridomas (Fig. 5A). GP276 presentation
was not affected in LCMV infected MECL-1 deficient macrophages. In order to determine the
amount of antigen presented directly in vivo, we intravenously infected MECL-1-/- and control
C57BL/6 mice with high dose (2x107 pfu) or low dose (200 pfu) and analysed the status of
GP33 and GP276 presentation in the spleen on day two or four after infection, respectively.
Splenocytes from these mice were used as stimulators for IFN-γ production (ICS) by monospecific CTL-lines specific for GP33 and GP276. To exclude that activated TCD8+ in infected
spleens falsify the activation status of mono-specific CTLs, a normal intracellular IFN-γ
staining (ICS) with infected splenocytes but without mono-specific CTLs was performed. No
IFN-γ producing CTLs were detected on d2 and d4 after LCMV-WE infection in spleens
(data not shown). As shown in Fig. 5B,C neither GP33 nor GP276 is presented differently in
spleens on d2 (high dose) or d4 (low dose) post LCMV-WE infection.
Analysis of peptide fragments from in vitro digests of a 25mer (including GP276-286) with
purified proteasomes from LCMV infected liver of MECL-1-/- and C57BL/6 control mice by
HPLC electron spray ionisation mass spectrometry (HPLC-ESI-MS) did not reveal significant
differences between MECL-1-/- and C57BL/6 proteasomal fragmentation (data not shown).
Due to fact that the diminished CTL response to GP276 in MECL-1 deficient mice (Fig. 4) is
not caused by reduced antigen presentation (Fig. 5B,C) one could assume that the impaired
CTL response might be attributed to a defect in the T cell repertoire.
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A

Figure 5: A: Presentation of LCMV-gp276–286 epitopes by LCMV-infected macrophages from
C57BL/6, and MECL-1–/– mice. Peritoneal macrophages were infected with LCMV-WE in vitro 1 day
before addition of T cell hybridomas specific for gp276. Uninfected macrophages are marked with Ø.
The y-axis shows absorbance of enzymatically converted chromogen at 570 nm in lacZ assays. The
values are the means ± SD of three replicate cultures. The experiment has been repeated twice, giving
similar results. B, and C: LCMV-infected splenocytes derived from C57BL/6 or MECL-/- present the
LCMV GP-derived CTL epitopes GP33 and GP276 ex vivo similarly. MECL-1-/- and C57BL/6 mice
were infected i.v. with 2 x 107 pfu (B.) or 200 pfu (C.) LCMV-WE, their splenocytes were isolated at
d2 or d4 post infection, respectively, and were used as APC for GP33–41- or GP276-286 specific
CTL-lines. Activation of CTL-lines was analysed by staining for CD8 and intracellular IFN-γ. Shown
are the percentages of IFN-γ-positive cells of CD8+ cells as determined by flow cytometry. The
percentage of intracellular IFN-γ (y-axis) produced by CTL-lines is plotted versus E:T ratio (effector
(CTL-lines) to target (splenocytes)). One experiment out of three is shown. D: Specificity of GP33 and
GP76 specific CTL-lines. GP33-specific (upper panel) or GP276-specific (lower panel) CTL-lines
were incubated with splenocytes pulsed with GP33 or GP276 (x-axis). Activation of CTL-lines was
analysed by staining for CD8 and intracellular IFN-γ (y-axis).
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MECL-1 gene targeted mice have reduced numbers of CD8+ T cells
It has been reported that LMP2-/- deficient mice displayed an altered TCD8+ response to several
influenza epitopes, which was influenced by a modified T cell repertoire in these mice (Chen
et al., 2001). To determine whether MECL-1 deficient mice have a defect in numbers of T
cells, splenocytes from naïve MECL-1-/- and C57BL/6 control mice were stained for CD8 and
analysed by FACS. Cells were gated on lymphocytes and their percentage of CD8+ cells is
shown in Fig. 6. MECL-1 gene targeted mice displayed a significant reduction of CD8+ cells
of 20%. The number of CD4+ cells was not affected (data not shown). Similar results were
reported for LMP2-/- mice (Van Kaer et al., 1994). The reduced numbers of CTLs in
MECL-1-/- mice might indicate that these mice have a modified T cell repertoire.

Figure 6: Proportions of splenocytes derived from C57BL/6 or MECL-1-/- mice that are CD8+
determined by flow cytometry. Values are the means ± SD of 8 mice. Values of p were determined by
unpaired t test and are considered to be statistically significant when p < 0.05.

The generation of Vβ10b-specific CTLs is impaired in LCMV-infected MECL-1 deficient
mice
In order to investigate whether the impaired generation of GP276 specific CTLs in MECL-1
deficient mice is due to an altered CTL repertoire splenocytes from naïve and LCMV-WE
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infected (8d post infection with 200pfu LCMV-WE) C57BL/6, MECL-1-/- mice were stained
with Vß specific antibodies (Fig. 7). It has been reported that T cell lines specific for GP276
were using exclusively the Vß10 variable segment for their T cell receptors (Aebischer et al.,
1990). Naïve MECL-1-/- mice showed no difference in Vß10 usage compared to C57BL/6. In
contrast, after LCMV infection the extent of CTLs using Vß10 was significantly increased in
C57BL/6 mice compared to MECL-1 deficient mice. Vß6 and Vß9 were not affected in naïve
and LCMV-infected mice (data not shown).

Figure 7: Analysis of Vß10 variable segments of TCRs from C57BL/6, and MECL-1–/– mice.
Splenocytes from naive or LCMV-infected (8 days post infection with 200 PFU of LCMV-WE i.v.)
mice were stained for CD8 and Vß10b, and analyzed by flow cytometry. Values are the means ± SD
of 6 (naive) or 10 (infected) mice. Values of p were determined by unpaired t test and are considered
to be statistically significant when p < 0.05.

4. Discussion
To date the reason for the expression of the three cytokine-inducible proteasome subunits
LMP2, LMP7, and MECL-1 replacing their constitutive counterparts, is still not clear. A
minor part of ligands for MHC-I is affected by the immunoproteasome subunits, but the bulk
of MHC-I ligands can still be produced in the absence of LMP2 and LMP7 (Arnold et al.,
1992; Momburg et al., 1992). The subunit exchange of MECL-1 was discovered several years
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after LMP2 and LMP7 (Groettrup et al., 1996a; Hisamatsu et al., 1996; Nandi et al., 1996)
and the in vivo function of MECL-1 is poorly characterized. In this study, we analysed the
immune response to the well-characterized model virus LCMV in MECL-1 gene targeted
mice. Proteasomes isolated from LCMV-WE infected liver derived from MECL-1 deficient
mice displayed an only slightly reduced incorporation of LMP2 (Fig. 2). Similar results were
obtained with LPS blasts from MECL-1 deficient mice showing unchanged LMP2 and LMP7
incorporation in the absence of MECL-1 (De et al., 2003). In contrast, LMP2-/- deficient mice
have an impaired MECL-1 incorporation and the absence of LMP7 reduced the level of LMP2
and MECL-1, and resulted in an accumulation of their precursors (De et al., 2003). Therefore
defects in MECL-1 deficient mice are exclusively attributed to a loss in MECL-1 and not to
other immunosubunits like in LMP2-/- or LMP7-/- mice.
Analysis of proteasomes from LCMV infected liver by western blot revealed three different
isoforms of MECL-1 with similar molecular weights but different isoelectric points,
suggesting posttranslational modifications as a cause for this polymorphism. Kuckelkorn et al.
found that MECL-1 is expressed as different isoforms in liver, thymus, small intestine, and
colon but the molecular basis of this polymorphism remained unclear (Kuckelkorn et al.,
2002).
Analysis of cleavage specificity of MECL-1 deficient proteasomes isolated from LCMV-WE
infected livers with the help of small fluorogenic substrates showed no difference in cleavage
after basic aa (trypsin-like activity) (Fig. 3) as it has been reported for proteasomes containing
an inactive MECL-1 (T1A) (Salzmann et al., 1999). Probably, the constitutive MC14 subunit
can compensate the trypsin-like activity in MECL-1 deficient proteasomes.
Infection of MECL-1 gene targeted mice with LCMV-WE proceeded normally with virus
titers on d4 comparable to C57BL/6 wildtype mice (data not shown). Analysis of a panel of
LCMV-specific CTL epitopes revealed an impeded CTL-response to GP276 and NP205
(Fig. 4). Recently, we have reported that immunoproteasomes impair presentation of the
LCMV glycoprotein derived T cell epitope GP276 (Basler et al., 2004). To investigate
whether the reduced CTL response to GP276 in MECL-1 deficient mice is due to a
presentation defect, fragmentation of a 25mer containing GP276 by MECL-1 or C57BL/6
immunoproteasomes was analysed by HPLC-ESI-MS (data not shown). No significant
difference in fragmentation could be observed between the two types of proteasome.
Additionally, neither in vitro infected thioglycollate-elicited macrophages derived from
MECL-1-/- nor ex vivo analysis of antigen presentation in spleens of MECL-1-/- revealed
reduced GP276 presentation in MECL-1 gene targeted mice (Fig. 5). These findings
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suggested that the loss of MECL-1 has an effect on the TCD8+ repertoire, like it has been
reported for LMP2 gene targeted mice (Chen et al., 2001). The authors showed that the CTLresponse to several influenza epitopes was changed in LMP2-/- mice, which was due to both,
changes in epitope presentation as well as to differences in the CTL precursor frequency. Graft
transplantation and adoptive transfer experiments from wildtype mice to LMP7-deficient mice
revealed that the CTL repertoire is altered in LMP7-/- mice, probably due to changes in
peptide presentation in the thymus (Toes et al., 2001). As MECL-1, as well as the other
immunoproteasome subunits, are expressed in the thymus (Barton et al., 2004; Nil et al.,
2004; Stohwasser et al., 1997), one can assume that MECL-1 can shape the T cell repertoire
by influencing positive and negative selection. TCD8+ cells in splenocytes of naïve MECL-1
deficient mice were reduced about 20% compared to wildtype mice, as it has been reported
for LMP2-/- mice (Van Kaer et al., 1994), which might indicate an altered T cell repertoire.
Recently, Nil et al. reported that immunoproteasome subunits are expressed in the negative
selection mediating thymus-derived dendritic cells, macrophages and medullary thymic
epithelial cells (mTEC). In contrast, RT-PCR analysis of cortical epithelial cells (cTEC),
which are responsible for positive selection, revealed that immunoproteasome subunits are not
present in these cells (Nil et al., 2004). Therefore the defect of MECL-1 deficient mice to
respond to GP276 would probably arise from elimination of GP276-specific CTLs by
negative selection in the thymus. It has been shown that specific CTLs can recognize different
peptides, a phenomenon called molecular mimicry (Kammer et al., 1999). Assuming that
GP276 specific CTLs are negatively selected in the thymus, a self-peptide, mimicking GP276,
is expressed in the thymus of MECL-1 gene targeted mice, which is absent in wildtype mice.
Taken together, we demonstrated immune defects in MECL-1 deficient mice, indicating that
MECL-1 is an important parameter in the design of vaccines against cancers and viruses and
to prevent autoimmune diseases.

5. Materials and methods
Mice, viruses, cells, and media
C57BL/6 mice (H-2b) mice were originally obtained from Charles River, Germany. MECL-1
gene targeted mice (De et al., 2003) were provided by Dr. John Monaco (Cincinnati, USA).
All knock out mice were backcrossed onto the C57BL/6 background for at least 10

87

Chapter 5
generations. Mice were kept in a specific pathogen-free facility and used at 6-10 weeks of
age.
LCMV-WE was originally obtained from F. Lehmann-Grube (Hamburg, Germany) and
propagated on the fibroblast line L929. Mice were infected with 200pfu (low dose) LCMVWE i.v. and the specific CTL response was analysed at d8 post infection. To determine the
amount of antigen presented in spleens derived from C57BL/6 and MECL-1-/-, mice were
infected with 200pfu (low dose) or 2x107pfu (high dose) LCMV-WE i.v and analysed on d4
or d2, respectively.
DC2.4 (H-2b) is a mouse dendritic cell line (A kind gift from Dr. K. Rock, University of
Massachusetts Medical School). All media were purchased from (Invitrogen-Life
Technologies, Karlsruhe, Germany) and contained GlutaMAX, 10% FCS, and 100U/ml
penicillin/streptomycin.

Synthetic peptides
The synthetic peptides GP33-41 (KAVYNFATC), GP92-101 (CSANNSHHYI), GP118-125
(ISHNFCNL), GP276-286 (SGVENPGGYCL), NP205-212 (YTVKYPNL) and NP396-404
(FQPQNGQFI) were obtained from Echaz Microcollections (Tubingen, Germany).

Purification of 20S proteasome from mouse organs and fluorogenic assays
The lysis of organ tissues, the purification of 20S proteasomes from liver and spleen, and the
quantification of the 20S proteasome from uninfected and LCMV infected (8d post infection
with 200pfu LCMV-WE i.v.) C57BL/6, MECL-/- mice were performed as previously
described (Groettrup et al., 1995). Purified proteasomes were analysed by two-dimensional
gel electrophoresis. Hydrolytic assays for proteasome activity employing fluorogenic assays
were performed as detailed previously (Schmidtke et al., 1999).

Two-dimensional gel electrophoresis
IEF/SDS-PAGE and NEPHGE/SDS-PAGE were performed exactly as previously described
(Groettrup et al., 1996a).
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Western blotting
Proteins from 2-D Gels were blotted onto nitrocellulose (Schleicher & Schuell BioSciences,
Dassel, Germany), blocked with PBS/5% (w/v) low fat dry milk/0.2% Tween) for 1h and
agitated overnight at 4°C with a rabbit polyclonal antibody recognizing MECL-1 (Groettrup
et al., 1997). The blots were washed three times and incubated for 2h with HRP-conjugated
goat anti-rabbit antibody (DakoCytomation, Glostrup, Denmark). After extensive washing
with PBS/0.2% Tween 20, proteins were visualized on x-ray films by enhanced
chemiluminescence.

Flow cytometry
For Vß staining splenocytes from uninfected or LCMV (8 days post infection with 200pfu
LCMV-WE i.v.) infected C57BL/6 and MECL-1-/- mice were treated with 1.66% NH4Cl
(w/v), washed twice, and incubated for 30min with biotin-conjugated anti Vß10b (BD
PharMingen) antibodies on ice. Samples were washed twice and incubated for another 30min
with streptavidin-conjugated FITC and Cy5-conjugated mouse anti-CD8 (BD PharMingen).
After two washes, cells were acquired with the use of a FACScan™ flow cytometer (Becton
Dickinson, Mountain View, CA) and analysed with the FLOWJO software (Tree Star, San
Carlos,

CA).

Differences

between

groups

were

assessed

by

unpaired

t-test

(www.graphpad.com). P values less than 0.05 are considered to be statistically significant.

Intracellular staining for interferon-γ (ICS)
2x106 splenocytes were incubated in round-bottom 96-well plates with 10-7M of the specific
peptide in 100µl IMDM10% + brefeldin A (10µg/ml) for 5h at 37°C. Cells were incubated for
20min at 4°C with Cy5-conjugated mouse anti-CD8 (clone 53-6.7, BD PharMingen).
Following fixation with 4% paraformaldehyde at 4°C for 5min, the cells were incubated
overnight with fluorescein-conjugated mouse anti-IFN-γ (clone XMG1.2, BD PharMingen) in
PBS containing 2% FCS and 0.1% (w/v) saponin (Sigma). Samples were washed twice and
acquired with the use of FACScan™ flow cytometer (Becton Dickinson, Mountain View,
CA) and analysed by the FlowJo software (Tree Star, San Carlos, CA).
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Tetramer staining
Tetrameric complexes containing biotinylated H-2Db, β2-microglobulin, GP276-286 peptide,
and streptavidin-PE were a kind gift of M. van den Broek. 5x105 cells were incubated with
0.5µl tetramer in 50µl FACS buffer (PBS containing 2% FCS, 2mM NaN3, 2mM EDTA) for
10min at 37°C. After adding 1µl of anti-CD8α-Cy5 cells were incubated at 4°C for 30min.
Samples were washed three times and acquired with the use of FACScan™ flow cytometer
(Becton Dickinson, Mountain View, CA) and analysed by the FlowJo software (Tree Star,
San Carlos, CA).

Lac Z assay
For the lacZ assay, LCMVGP276-286/H-2Db specific T cell hybridomas (Schwarz et al.,
2000) were cocultured overnight with 2.5 x 104 stimulator cells in 96-well plates. As
stimulator cells in vitro infected (moi of 1; 24h) thioglycollate-elicited peritoneal
macrophages from C57BL/6 and MECL-1-/- mice were used. The lacZ based colour reaction
was performed and measured as detailed elsewhere (Schwarz et al., 2000).

Peptide-specific CTL lines
Splenocytes from LCMV-WE memory mice (at least one month post infection with 200 PFU
LCMV-WE i.v) were restimulated with irradiated (10000rad) and peptide-loaded (10-7 M)
(gp33–41 (KAVYNFATC, Db), or gp276–286 (SGVENPGGYCL, Db)) DC2.4 in the presence
of 40U/ml IL-2. Cultures were restimulated weekly as described above at a ratio of 10:1. An
additional density centrifugation step was carried out 1-2 days before using CTLs in in vitro
antigen presentation experiments. CTLs were used in ICS at an E:T ratio of 0.2 in the first
dilution.
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Chapter 9
The adaptive immune system has evolved in higher vertebrates to defend them efficiently
against infections and perhaps also against cancers. The class I pathway allows the
immunosurveillance of proteins, which are synthesized within virtually all types of cells.
Proteasomes are highly abundant in eukaryotic cells and play a major role in antigen
processing. The aim of this study was to analyse different parameters in the MHC-I antigen
processing pathway, focused on the role of the three proteasome inducible immune subunits
LMP2, LMP7, and MECL-1.
Chapter 2 describes the role of ubiquitylation in antigen processing. To date, it is not known
whether ubiquitin is required for antigen processing and when addressing this question with a
temperature sensitive E1 cell line in the past contradictory results were obtained (Cox et al.,
1995; Michalek et al., 1996). In this thesis, ubiquitin and dominant negative mutant forms of
ubiquitin were expressed in a tetracycline inducible manner to investigate whether ubiquitin is
required for the presentation of ligands for MHC-I. No change in total ubiquitylation and
MHC-I surface expression was observed after induction of ubiquitin or its mutant forms.
Since the induced ubiquitin can not outcompete endogenous ubiquitin no conclusion can be
drawn whether ubiquitin is required for antigen processing, but at least, ubiquitin is not
limiting (if required at all). An alternative approach to address the role of ubiquitylation in
antigen processing could be the elimination of the E1 enzyme by inducible small interference
RNA (siRNA). The shut-off of the ubiquitin-activating enzyme E1 would prevent
ubiquitylation of all proteins and thereby ubiquitylation in antigen processing could be
investigated.
In chapter 3 the role of Hsp90 in the processing of LCMV derived epitopes was investigated.
Treatment of LCMV infected cells with geldanamycin, an inhibitor of Hsp90, led to a dose
dependent reduction in presentation of the LCMV-derived epitope NP118, but other LCMVderived epitopes were not affected. Different experiments to assign the role of Hsp90 in
processing of NP118 failed. The dependency of NP118 on Hsp90 seems to be cell and virus
specific.
The main part of this thesis, Chapter 4 and 5, describes the role of LMP2, LMP7 and MECL-1
in the processing of LCMV-derived epitopes. Chapter 4 analyses the proteasomal processing
of GP276-286, a subdominant epitope in LCMV-WE infected C57BL/6 mice. It is shown that
the treatment of cells with IFN-γ enhanced the presentation of GP33–41, whereas presentation
of the GP276–286 epitope from the same glycoprotein was markedly reduced. Different readout systems proved that GP276-286 is made more efficiently by constitutive proteasomes
compared to immunoproteasomes. Overexpression of the active site subunits of
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immunoproteasomes LMP2, LMP7, and MECL-1 as well as overexpression of LMP2 alone
suppressed the presentation of the GP276–286 epitope. Infection of thioglycollate-elicited
peritoneal macrophages derived from LMP2- and LMP7-deficient mice with LCMV-WE, as
well as infection of these mice with a recombinant vaccinia virus expressing the LCMV
glycoprotein showed an enhanced generation of GP276–286 epitope. In vitro digests
demonstrated that fragmentation by immunoproteasomes, but not constitutive proteasomes,
led to a preferential destruction of the GP276 epitope. In the past, the phenomenon of
immunodominance has been investigated intensively in the LCMV system, but the reasons for
the subdominance of GP276 remained unclear (Aebischer et al., 1990; Gallimore et al.,
1998a; Gallimore et al., 1998b; van der Most et al., 2003; van der Most et al., 1998). We show
that LMP2 and LMP7 can at least in part contribute to the subdominance of GP276 and
immunosubunits can shape the epitope hierarchy of CTL responses in vivo. Another factor
that determines immunodominance is the kinetic of viral protein expression (chapter 6). It is
reported that a small load of LCMV led to immunodominance of NP-CTL, whereas a large
viral load resulted in dominance of GP-CTL. Immunodominance is an extremely complex
phenomenon due to contribution of many different factors (discussed in chapter 1). Analysis
of single components leads to general knowledge that is important to develop vaccines that
induce effective and protective CTL responses to different pathogens or cancers resistant to
humoral immunity.
The proteasomal active site subunit exchange of MECL-1 for MC14 was discovered relatively
late compared to LMP2 and LMP7 and little is known about this exchange in respect to
antigen processing for MHC-I (Groettrup et al., 1996; Hisamatsu et al., 1996; Nandi et al.,
1996). In this thesis, the contribution of MECL-1 in antigen processing was analyzed with the
help of MECL-1 gene targeted mice (chapter 5). Infection of these mice with LCMV-WE
elicited a strong CTL response to a panel of different peptides. The intensity of the CTL
response to two different epitopes, NP205 and GP276, was markedly reduced. The impaired
CTL response to GP276 in MECL-1-/- mice could not be assigned to a defect in the
presentation of this epitope. Analysis of Vß10b, the preferred Vß-chain in the TCR of GP276specific CTLs (Aebischer et al., 1990), in naïve and LCMV infected MECL-1 gene targeted
mice revealed that they are present in MECL-1-/- mice but they do not proliferate after LCMV
infection. Staining of CD8 in splenocytes showed that MECL-1 deficient mice have a 20%
reduction of CD8 positive cells compared to wildtype mice. Similar results were reported for
LMP2- and PA28γ-gene targeted mice. Chen et al. reported an altered hierarchy in LMP2-/mice after infection with influenza virus, which was due to both, changes in peptide
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presentation and an altered TCD8+ repertoire in these mice (Chen et al., 2001). Since the
reduced CTL response to GP276 in MECL-1 deficient mice is not due to an impaired
presentation of this epitope it is very likely that the changed CTL response is due to an altered
CTL repertoire. Data concerning vß10b-usage of GP276specific CTLs in MECL-1-deficient
mice support this idea. Adoptive transfer experiments of naïve T cells (CD90.2) into CD90.1
mice following an infection with LCMV-WE should confirm an altered CTL repertoire of
MECL-1 deficient mice. As MECL-1 is constitutively expressed in cells responsible for
negative selection in the thymus (Nil et al., 2004) one can assume that MECL-1 gene targeted
mice have an altered CTL-repertoire. Probably a self-peptide expressed in the thymus of
MECL-1 deficient mice causes the elimination of GP276-specific CTLs. Taken together, in
chapter 5 it is demonstrated that MECL-1 is an important component of the MHC-I antigen
processing pathway.
Both human and mouse cytomegaloviruses (HCMV and MCMV) avoid peptide presentation
by several viral glycoproteins controlling different checkpoints of the MHC-I presentation
pathway (Basta and Bennink, 2003). The incorporation of immunoproteasome subunits was
prevented in MCMV infected, as well as HCMV-infected, fibroblasts in vitro (chapter 7).
Quantitative assessment of LMP2, MECL-1, and LMP7 transcripts revealed that the inhibition
of immunoproteasome formation occurred at a pretranscriptional level. Remarkably, a
targeted deletion of the MCMV gene M27, encoding an inhibitor of STAT2 that disrupts IFNγ

receptor

signaling,

largely

restored

transcription

and

protein

expression

of

immunoproteasome subunits in infected cells. The fact that viruses have acquired molecules
to suppress immunoproteasome formation during evolution highlights the importance of
immunoproteasomes for processing of ligands for MHC-I molecules. Moreover, analysis of
viral evasion proteins is pivotal in understanding virus host interactions and developing
vaccines to modulate immune responses.
The glycoproteins (GP-1 and GP-2) of the lymphocytic choriomeningitis virus (LCMV) are
synthesized as a type I precursor glycoprotein C (pGP-C) that is processed during intracellular
transport into GP-1 and GP-2. The predicted signal peptide (SP) of LCMV pGP-C (SPGP-C)
is unusually long (58aa) compared to the average length of signal peptides. In chapter 8 we
have investigated the cleavage and fate of the SPGP-C in transfected and LCMV-infected
cells. We found that cleaved SPGP-C is rather long-lived and accumulates in virus particles.
These unusual features of the cleaved SPGP-C suggest that SPGP-C not only targets the
nascent pGP-C to the endoplasmic reticulum membrane but that it has additional so far
unknown functions in lymphocytic choriomeningitis virus life cycle. A consequence of
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SPGP-C stability is that the T cell epitope GP33 will not directly be released, and thus the T
cell response will be delayed. As we have seen in chapter 6, the time point when a certain
protein is synthesized during viral replication, is an important parameter in determining
epitope hierarchy. Generation of the SPGP-C-derived T cell epitope GP33 requires a
functional proteasome, suggesting that the SPGP-C is eventually released from the membrane
into the cytosol, where it becomes proteolytically processed. Whether processing of cleaved
SPGP-C is relevant for generating the GP33 T cell epitope is unclear.
During this thesis we also found that immunoproteasomes can affect some epitopes, but
others are not affected. Why did nature make such a tremendous effort to replace the
proteasomes active site subunits by the three IFN-γ inducible subunits LMP2, LMP7 and
MECL-1? At present no simple answer can be given and several arguments indicate that
immunoproteasomes are not absolutely required: (1) The bulk of MHC-I ligands can still be
generated in cell lines and mice deficient for LMP2 or LMP7 (Arnold et al., 1992) (Momburg
et al., 1992). (2) No severe phenotypes have been detected in LMP2, LMP7, and MECL-1
deficient mice (Fehling et al., 1994; Van Kaer et al., 1994). (3) These mice are not
handicapped in clearance of several pathogens compared to wildtype mice (Basler et al.,
2004; Chen et al., 2001; Fehling et al., 1994; Van Kaer et al., 1994). (4) Chickens do not have
immunosubunits (Kaufman et al., 1999). The fact that no severe phenotype has been found in
these

mice

does

not

exclude

an

important

function

of

immunoproteasomes.

Immunoproteasome are may be not absolutely required for a single individual, but for a whole
population of a species they might be pivotal in surviving during evolution.
In the past, different functions have been assigned to the immunosubunits (discussed in
chapter1). (1) The LMP subunits may have a docking function to physically link proteasomes
to TAP. (2) The ‘optimal loading‘ argument is implying that the subunit exchanges produce a
better-suited set of peptides for loading and stabilizing MHC-I molecules. (3) Another
concept is that of ‘optimal diversity‘, which suggests, that a broader set of peptides is
produced. (4) The change in epitope production may contribute to avoid autoimmune assaults
if different peptide epitopes are processed from endogenous housekeeping genes in
uninflamed sites as opposed to sites of viral infection.
Didn’t we investigate the right parameters in the past? Are the immunosubunits relevant for
another pathway than that for the obvious MHC-I? What makes other organism containing
immunoproteasomes different from chickens? May be immunoproteasomes are important in
the cleavage of only very rare and so far unidentified proteins and thereby regulating cell
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functions. Further analysis of LMP2, LMP7, and MECL-1 deficient mice in autoimmune or
cancer models could reveal a special function of these subunits in these diseases. It is also
possible that the gene disruption of only one subunit has only a minor effect, may be due to
compensation of the loss by the other subunits, whereas generation of LMP2, LMP7 and
MECL-1 triple gene deficient mice or even mice with gene disruption of all the inducible
proteasome components, including regulators, could have a more drastic effect.
Due to the fact that nature developed the inducible energy requiring immunoproteasome
system during evolution and the fact that viruses developed molecules to suppress
immunoproteasome formation (chapter 7) one can conclude that these subunits have
important so far not identified or not well characterized functions.
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