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Summary / Zusammenfassung

Summary

The proteasome is a non-lysosomal multicatalytic protease composed of a 20S core
complex and associated regulatory proteins. It is responsible for the degradation
of the majority of cellular proteins thereby generating possible major histocom-
patibility complex (MHC) class I peptide ligands. Presentation of these peptide-
MHC class I-complexes on the cell surface is a prerequisite for patrolling CD8+ T
cells to distinguish between healthy and infected or mutated host cells. During
an ongoing immune response the released cytokines interferon gamma (IFNγ)
and tumor necrosis factor alpha (TNFα) induce the expression of the catalyti-
cally active beta subunits LMP2 (β1i), LMP7 (β5i) and MECL-1 (β2i) which are
incorporated into newly synthesized proteasomes instead of their corresponding
constitutive subunits δ (β1), MB1 (X, β5) and MC14 (Z, β2) in order to provide the
cells with a more diverse antigen processing machinery that furthermore opti-
mizes the production of MHC class I ligands due to an altered cleavage pattern of
the inducible subunits. In addition to the peptidase activity, proteasomes are ca-
pable of exerting endoribonuclease-, protein-chaperone- and DNA-helicase- activ-
ity, which places it in a position to regulate a multitude of vital cellular processes.
The observation of immunoproteasome deficient T cells featuring a severely com-
promised expansion after transfer in virally infected wildtype mice, regardless
of epitope-specificity, prompted us to investigate the influence of immunoprotea-
somes on T cell expansion irrespective of its function in customizing MHC class
I ligands. With the lymphocytic choriomeningitis virus (LCMV) we chose a well-
characterized viral infection model to adress this issue. After ruling out rejection
phenomena and impaired homeostatic proliferation or homing of T lymphocytes
being responsible, we proved LMP7 and MECL-1 gene targeted T cell receptor
transgenic CD8+ T cells, specific for the LCMV-WE epitope GP33, to suffer from
a severe cell loss after transfer in an LCMV-WE infected wildtype mouse. The
cells were unambiguously able to proliferate as good as wildtype T cells, but a
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Summary/ Zusammenfassung

bigger part of LMP7 deficient T cells seemed to undergo apoptosis early after
encounter of antigen. In vitro stimulation of MECL-1-/- x LMP7-/- splenocytes re-
vealed an altered cytokine environment, unveiled by elevated levels of IL2 but
reduced quantities of IL4 in the supernatant. We therefore suggest immunopro-
teasomes to be implicated in the regulation of antiviral T cell responses not only
via improving the supply of antigenic peptides, but rather by shaping basic pa-
rameters for a successful immune response, like the cytokine environment, the
balance between proliferation and apoptosis or and maybe in combination with
other, yet to be disclosed, processes.

Zusammenfassung

Das Proteasom ist eine nicht-lysosomale multikatalytische Protease, bestehend
aus einem enzymatisch aktiven Zentralkomplex (20S Proteasom) und assoziierten
regulatorischen Proteinen. Es ist verantwortlich für den Abbau eines Großteils
aller zellulärer Proteine und produziert dabei mögliche Liganden für Klasse I
Moleküle des Haupt-Gewebeverträglichkeitskomplexes (MHC). Patrouillierende
CD8+ T Zellen erkennen anhand dieser Peptid-MHC Komplexe auf der Zellober-
fläche ob eine Zelle gesund, infiziert oder entartet ist. Die während einer Immu-
nantwort freigesetzten Zytokine Interferon gamma (IFNγ) und Tumor Nekrose
Faktor alpha (TNFα) induzieren die Expression der katalytisch aktiven β Un-
tereinheiten LMP2 (β1i), LMP7 (β5i) und MECL-1 (β2i), die anstelle der konsti-
tutiven Untereinheiten δ (β1), MB1 (X, β5) und MC14 (Z, β2) in neu synthetisierte
Proteasomen eingebaut werden. Diese werden nun “Immunproteasom” genannt.
Die drei zusätzlichen katalytischen Aktivitäten der Immunproteasom-Unterein-
heiten innerhalb einer Zelle erhöhen damit zum einen die Vielfalt der produzierten
Antigene, zum anderen generiert die immunproteasomale Spaltung Peptide, deren
Aminosäure-Sequenzen eine effizientere Bindung an MHC Moleküle ermöglichen.
Neben ihrer Funktion beim proteolytischen Abbau von Proteinen weisen Pro-
teasome außerdem Endoribonuklease-, Protein-Chaperone- und DNA-Helikase-
Aktivität auf. Dies erlaubt ihnen, eine Vielzahl lebenswichtiger Prozesse zu reg-
ulieren. Es wurde beobachtet, dass T-Zellen, denen eine Immunproteasom-Unter-
einheit fehlt, ungeachtet ihrer Epitop-Spezifität, in einer virus-infizierten Wildtyp-
Maus nicht im erwarteten Maß expandieren können. Dies veranlasste uns, den
Einfluss des Immunproteasoms auf die Antigen-induzierte T-Zellexpansion, un-
abhängig von ihrer Rolle bei der Optimierung von MHC Klasse I Liganden, zu
untersuchen. Als Model-Organsimus wählten wir den Lymphozytären Chori-
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Summary/ Zusammenfassung

omeningits Virus (LCMV), da dieser hinsichtlich der zu erwartenden Immunant-
wort bereits detailliert beschrieben ist. Transferierte T-Zellen, denen Immun-
proteasom-Untereinheiten fehlen, werden vom Immunsystem der Empfänger-
Maus nicht abgestoßen. Auch die homöostatische Expansion der Zellen, sowie
deren Wanderung in lymphatische Organe und peripheres Gewebe ist nicht beein-
trächtigt. Dennoch ist die Anzahl virus-spezifischer T-Zellen (spezifisch für das
LCMV-Epitop GP33), denen eine der induzierbaren Untereinheiten MECL-1 oder
LMP7 fehlt, deutlich reduziert, nachdem sie in eine LCMV-infizierte Wildtyp-
Maus transferiert wurden. Diese Zellen konnten im Vergleich zu ebenfalls trans-
ferierten Immunproteasom-kompetenten Zellen, uneingeschränkt Zellteilung be-
treiben, fanden aber früh nach Antigen-Kontakt den apoptotischen Zelltod. Er-
höhte Konzentrationen von IL2 bei gleichzeitig verringerter IL4-Konzentration
im Überstand von in vitro aktivierten MECL-1-/- x LMP7-/- Milz-Zellen lassen auf
Veränderungen bei der Expression oder dem Verbrauch von Zytokinen schließen.
Die antivirale T-Zellantwort profitiert also nicht nur durch eine optimierte Antigen-
Prozessierung vom Austausch der konstitutiven Proteasome gegen Immunpro-
teasome. Vielmehr scheint das Proteasom/ Immunproteasom über die Modula-
tion des Zytokin-Millieus oder über die Steuerung des Gleichgewichts zwischen
Zellteilung und Apoptose die grundlegenden Rahmenbedingungen für eine erfol-
greiche Immunantwort zu gestalten. Ob und inwieweit die Protease außerdem
Einfluss auf die Produktion und Aktivität anderer Immunmodulatoren nimmt
und inwiefern diese wiederum allein oder im Zusammenspiel mit Zytokinen die
T-Zellantwort regulieren, ist noch offen.
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Introduction

The immune systeme

Species blessed with a high expectancy of life also enjoy the luxury of a late onset
of fertility and a rather long reproduction-cycle thereby tolerating a low number of
offspring. From the evolutionary point of view, the survival of these species relies
on the cooperation of sophisticated defence mechanisms against the myriad quan-
tity of pathogens that are threatening the integrity of individuals and, in conse-
quence, the upbringing of their progeny. There are physical (skin, epithelium),
chemical (acidity of stomach, digestive enzymes, lysozymes in lacrimal fluid) and
microbiological (commensal bacteria competing against pathogenic ones for nu-
trients and cell surface receptors, secreting antimicrobial substances in doing so)
barriers which seem to be simple at first sight but are very effective at prevent-
ing access of viruses, fungi, bacteria or parasites to their favoured target tissues.
Once pathogens managed to invade the host organism, they are facing the in-
nate immune system that aims at eliminating them or curtailing their propaga-
tion until the more powerful adaptive immune response comes into action. In-
nate defence mechanisms, mediated amongst others by phagocytes (neutrophiles,
monocytes, macrophages), natural killer cells (NK cells), complement system and
cytokines (interferon), are not only effective but first of all able to react quite
fast. This fast response is based on the detection of frequent molecular patterns
[e.g. lipopolysaccharids (LPS) of gram-negative bacteria, lipoteichoic acid (LTA)
of gram-positive bacteria, virus-derived double-stranded RNA (dsRNA)] and also
finds its limitations in this mode of function, as it is able to attack only foreign
organisms expressing one of the recognized patterns. The evolutionarily older in-
nate immunity operates unspecifically and is unable to adjust and hence improve
its activity according to the varied experiences during life time.

The adaptive immune response in contrast is characterized by antigen recognition
via two highly specific and variable receptor repertoires, capable of discriminating
between self and foreign determinants. Of particular importance, cells of the ac-
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Introduction

quired immune system are competent to generate an immunological memory that
facilitates a faster and more effective immunological performance during reinfec-
tion with an already known pathogen. The adaptive immune system consists of B
cells (named according to the tissue of origin and maturation: the bone-marrow),
in charge of the so-called humoral immune response and T lymphocytes mediat-
ing the cellular immune response. Each B- and T cell receptor is specific for one
single antigen whose encounter triggers the activation of the lymphocyte, leading
first of all to an extensive proliferation- and differentiation phase yielding B- or T
effector cells. This in turn explains the time delay in the onset of the acquired im-
mune response. As T cells will be described in detail in the following paragraph,
only a short review about B cell activity will be given here. The B cell antigen
receptor is a membrane-bound version of the antibody which the cell is going to
secrete after its activation. Antibodies, also known as immunoglobulins, bind to
their target epitope in blood or other extracellular fluids thereby tagging them for
the elimination by phagocytes or the complement system. According to their loca-
tion in different tissues (blood, epithelium,..) and the effector cells and -molecules
they can address after ligand binding, all antibodies can be assigned to one of 5
immunoglobulin isotypes: IgM, IgG, IgD, IgA and IgE.

Composition of constitutive and immunoproteasome -
differences and common properties

The proteasome core complex, referred to as 20S proteasome, is a cylinder-shaped
structure consisting of 28 subunits with a molecular weight of about 21 kD-31 kD.
The subunits are arranged in four stacked rings, with the two outer rings, each
made up of seven α-type subunits (α1-α7) framing the two inner rings, each com-
posed of seven β-type subunits (β1-β7) (Löwe et al., 1995), (Groll et al., 1997).
While the α subunits are important in assembly (Zwickl et al., 1994) and able
to bind regulatory proteins thereby regulating substrate influx and efflux (Peters
et al., 1993), (Yoshimura et al., 1993), (Gray et al., 1994), (Whitby et al., 2000),
the actual catalytic activity is performed by three β subunits of each inner ring.
The relevant subunits β1, β2 and β5 are designated Y, Z and X in humans and δ,
MC14 and MB1 in mice, respectively (Hisamatsu et al., 1996), (Groettrup et al.,
1996a). Mutagenesis experiments in yeast demonstrated the three active sites to
cleave preferentially at the C-termini of hydrophobic, basic and acidic residues
(Nussbaum et al., 1998), (Heinemeyer et al., 1997). Using fluorogenic peptide
substrates these activities have been classified according to their P1 specificity
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Introduction

as chymotrypsin-like, trypsin-like and caspase-like, respectively. Proteasome as-
sembly is a slow and carefully orchestrated process (Nandi et al., 1997) involving
the assistance of chaperones that promote various critical steps during complex
association (Fricke et al., 2007), (Ramos and Dohmen, 2008), (Rosenzweig and
Glickman, 2008). Most β subunits are incorporated as precursor proteins that ex-
perience further processing. In case of β1, β2 and β5 this is of utter importance,
as only the auto-catalytic cleavage of the corresponding precursor proteins dur-
ing proteasome maturation generates the active amino-terminal threonine that
is facing the inner surface of the β ring (Baumeister et al., 1997), (Schmidt and
Kloetzel, 1997), (Seemüller et al., 1995), (Brannigan et al., 1995). This N-terminal
threonine provides the capacity for nucleophilic attacks in order to break peptide
bonds.

The detection of two additional β-type proteasome subunits, LMP2 and LMP7
(low molecular weight protein 2 and 7), encoded in the MHC locus in 1991 (Ortiz-
Navarrete et al., 1991), (Glynne et al., 1991), (Kelly et al., 1991) and a third sub-
unit, MECL-1 (multicatalytic endopeptidase complex like-1), encoded outside of
the MHC locus on chromosome 16 in 1996 (Hisamatsu et al., 1996), (Groettrup
et al., 1996a), (Cruz et al., 1997), (Boes et al., 1994) paved the way for the discov-
ery of so-called immunoproteasomes. These can be induced by IFNγ (Barton et al.,
2002a), (Khan et al., 2001b) and very likely also by TNFα (Hallermalm et al.,
2001) during infections but are constitutively present in some immune-related
tissues like thymus and spleen, independent of IFNγ signalling (Barton et al.,
2002a). The "inducible" or “immunoproteasome" β subunits LMP2, LMP7 and
MECL-1 are replacing their corresponding subunits β1, β5 (Belich et al., 1994),
(Akiyama et al., 1994) and β2 (Hisamatsu et al., 1996) (Groettrup et al., 1996a),
respectively, in newly assembled proteasomes and are therefore also referred to
as β1i, β5i and β2i.

The immunological benefit gained by the rather time (Barton et al., 2002a), (Khan
et al., 2001b) and energy-consuming process of degrading the cells constitutive
proteasomes and substituting them by newly synthesized immunoproteasomes
is attributed to minor structural changes (Kuckelkorn et al., 1995) within the
proteasome, a more convenient cellular localisation (Sijts et al., 2000b) as well
as an altered cleavage pattern of the multicatalytic complex (Boes et al., 1994),
(Nussbaum et al., 1998), (Toes et al., 2001), (Groettrup et al., 1995), thus opti-
mizing quantity and quality of the generated peptides for presentation by MHC
class I molecules. The β1 exchange for example is scaling down the production of
peptides with acidic C-termini that are disfavoured by both the transporter asso-
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ciated with antigen processing (TAP), in charge of ferrying peptides inside the en-
doplasmatic reticulum (ER) and by all human and mouse MHC class I molecules
(Howard, 1995), (Rammensee et al., 1993), (Engelhard, 1994). In turn, it is in-
creasing the generation of peptides with hydrophobic C-termini, which are much
better in meeting the requirements for successful MHC class I binding (Gaczyn-
ska et al., 1993), (Kuckelkorn et al., 1995).

The versatile possibilities in combining constitutive with immunoproteasome sub-
units within one proteasome would enhance the spectrum of possible MHC lig-
ands considerably, but it is limited by the partially interdependent assembly of
the catalytically active β subunits. β2i for example was shown to join the α-ring
matrix only in presence of β1i (Griffin et al., 1998), (Groettrup et al., 1997). The
requirement of β2i for a successful integration of β1i is still a matter of debate
(Groettrup et al., 1997), (De et al., 2003). A more special role is played by β5i,
which is incorporated rather late during assembly, disregarding the presence or
absence of β2i and β1i, but all the more important for the maturation of the half-
proteasomes (Nandi et al., 1997). Incorporation of β5i is favoured over β5 in
pre-proteasomes already containing β2i and β1i (Griffin et al., 1998), (Groettrup
et al., 1997), (Kingsbury et al., 2000), similarly β5i was shown to complete pre-
proteasomes containing the constitutive subunits β2 and β1 (Nandi et al., 1997).
In contrast, the X(β5) propeptide exclusively permits the association with δ (β1)
and Z (β2) bearing proteasomes (Kingsbury et al., 2000). In light of our own data,
reporting on a slightly reduced accommodation of β1i in liver tissue of LCMV-WE
infected β2i deficient mice (Basler et al., 2006), we agree with the suggestion of
mixed proteasomes composed of β5i/ β1i/ β2 or β5i/ β1/ β2 being existent besides
pure constitutive and immunoproteasomes (De et al., 2003).

Regulatory proteins

In order to prevent uncontrolled degradation of native cellular and nuclear pro-
teins, the 15 nm x 11 nm 20S cylinder is almost completely closed by the N-termini
of its α-end-plates. Only the attachment of regulatory proteins allows the passage
of substrate proteins by opening the entry and exit gates of the proteolytic core
complex, partially in an ATP consuming process (Köhler et al., 2001b), (Köhler
et al., 2001a).
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PA700 (19S regulator)

The proteasome activator PA700 is highly conserved from yeast to human and
binds to both ends of the 20S proteasome to form the 26S proteasome. It is the
only known regulatory protein that is able to bind polyubiquitinylated substrates
which are subsequently unfolded and routed to proteasomal degradation in an
ATP-dependent manner (Braun et al., 1999), (DeMartino et al., 1996). 17 different
subunits are assembling a complex that can be structurally divided into a "base"
and a "lid" (Glickman et al., 1998). The "lid" is made up of multiple non-ATPase
subunits ("Rpn") (Glickman et al., 1998), (Glickman et al., 1999), (Voges et al.,
1999) whereas the "base", in charge of making contact with the α-subunits of the
20S proteasome, is composed of six AAA-ATPase subunits ("Rpt1-6") (involved in
numerous cellular processes, as described in more detail below) and three non-
ATPase subunits. One subunit of the lid, Rpn10 (S5 in mammalian) and two
subunits of the base, Rpn13 and Rpt5 (S6‘ in mammalian) (Deveraux et al., 1994),
(Lam et al., 2002), (Schreiner et al., 2008) respectively have been identified to bind
ubiquitin.

PA28 (11S regulator or REG)

PA28, a homo (PA28γ)- or heteromeric (PA28α/β) complex composed of 6-7 28 kDa
subunits, activates 20S proteasomes in higher eukaryotes but not yeast (Knowl-
ton et al., 1997). 11S regulators don’t possess ATPase activities, nevertheless the
crystal structure of yeast 20S proteasomes complexed with 26S (the distant PA28
homolog in Trypanosoma brucei) reveals that activator binding opens both ends of
the catalytic core complex forming a continuous central channel through the cen-
tre of the activator aligned with the open entrance gate of the proteasome (Whitby
et al., 2000), (Förster et al., 2003). 20S proteasomes can associate with PA700 at
one side and the 11S regulator at the other side, building hybrid proteasomes
(Hendil et al., 1998), (Cascio et al., 2002).

PA28α/β

The ring-shaped PA28α/β hetero-oligomer (Ahn et al., 1996), (Song et al., 1996)
appeared during evolution at roughly the same time as vertebrate cellular im-
munity. It was very fast assumed to be linked to the immune system since it is
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inducible by IFNγ (Honoré et al., 1993), (Jiang and Monaco, 1997) and, although
present in many organs, abundant in immune tissues (Ma et al., 1993). This
was supported by the finding of some class I epitopes being directly produced by
PA28α/β proteasome complexes (Groettrup et al., 1996b) as well as by the report
of an enhanced antigen processing in fibroblasts experiencing PA28α/β overex-
pression (Schwarz et al., 2000a). Furthermore experiments involving mice lack-
ing PA28α/β demonstrate an impaired class I presentation, albeit the phenotypes
as well as the proposed reasons for the observed immune defects differed consid-
erably between the two studies (Preckel et al., 1999), (Murata et al., 2001).

Since PA28α/β binding opens a wide channel through the α-rings of the protea-
some (Whitby et al., 2000) this was suggested to enhance the length of the pro-
duced peptides which in turn would augment MHC class I antigen presentation
given that most of the proteasome derived peptides are too short for optimal MHC
class I binding (Kisselev et al., 1999). Nevertheless, this very reasonable hypothe-
sis was rebutted by Cascio et al. who demonstrated that products of PA28α/β-20S
complexes were not increased in length (Cascio et al., 2002). A second way to pos-
sibly improve MHC class I antigen presentation was identified by experiments
involving heat shock protein 90 (HSP90) in PA28α/β-/- and PA28α/β+/+ mice. Here
HSP90 and PA28α/β were documented to serve as parallel chaperones that trans-
fer peptides from the proteasome to the MHC class I loading complex in the ER
membrane (Yamano et al., 2002). Finally, the altered cleavage site preferences
(Dubiel et al., 1992), (Ustrell et al., 1995) in presence of PA28α/β might contribute
to the enhanced production of antigenic peptides (Murata et al., 2001).

PA28γ (REGγ, Ki antigen)

In contrast to PA28α/β which is present predominately in the cytoplasm of virtu-
ally all tissues but brain, PA28γ is abundant in brain and moderately detectable
in other tissues but in either case confined to the nucleus (Wójcik et al., 1998). It
was first identified in 1990 as nuclear antigen of auto-antibodies in patients suf-
fering from lupus erythematosus (Nikaido et al., 1990). The ring-shaped homo-
heptamer is barely inducible by IFNγ (Jiang and Monaco, 1997) but rather down-
regulated during infections (Khan et al., 2001b). Attached to the 20S proteasome
it enables substrate passage and increases the proteasomal trypsin-like activity
as well as, to a lower extent, caspase- and chymotrypsin-like activity (Li et al.,
2001), (Realini et al., 1997). Already in 1989 the Ki antigen was suggested to
correlate with cellular transformation and cell growth regulation (Nikaido et al.,
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1989). Mice lacking PA28γ display a slightly reduced body size. Together with a
higher proportion of cultured PA28γ-/- mouse embryonic fibroblasts (Murata et al.,
1999) and PA28γ depleted (RNAi) Drosophila cells staying in G1 phase (Masson
et al., 2003), PA28γ was assumed to be involved in cell cycle progression. Further-
more, yeast-two-hybrid screens disclosed the interaction with several apoptosis-
related proteins (Hagemann et al., 2003), (Davis, 2000), (Imai et al., 1999), (Yang
et al., 1997), (Chen and Chen, 2003), (Bai et al., 2003), (Liu and Shuai, 2001). A
discussed anti-apoptotic influence exerted by PA28γ (Rechsteiner and Hill, 2005)
is in line with the reported high levels of PA28γ in malignant thyroid cells (Oka-
mura et al., 2003), but has to be further corroborated. In terms of immunology,
a normal surface expression of MHC class I molecules, but slightly reduced num-
bers of CD8+ T cells were reported. Minor immunological defects were demon-
strated by the marginally impaired clearance of a fungal pathogen (Barton et al.,
2004).

PA200

The most recently discovered proteasome activator PA200 is a 200 kDa single
chain protein, stimulating the proteasomal degradation of peptides, but not pro-
teins. Like PA28 it can associate with 20S proteasomes and PA700 to so-called hy-
bridproteasomes (Ustrell et al., 2002), (Tanahashi et al., 2000). There is some ev-
idence arguing for (Ustrell et al., 2002) and against (Aouida et al., 2004), (Fehlker
et al., 2003) a role of PA200 in DNA repair. Additionally the regulator was shown
to be upregulated in different models of muscle wasting (Lecker et al., 2004),
which at first sight doesn’t seem to be related to DNA repair mechanisms. Any-
way, since P200 homologs can be found in organisms missing adaptive immunity
(yeast, worms), an involvement of this regulator in antigen presentation is rather
unlikely (Rechsteiner and Hill, 2005).

PI31

The proline-rich proteasome inhibitor PI31 is a 30 kDa protein that inhibits prote-
olysis of small fluorogenic peptides and large native proteins (McCutchen-Maloney
et al., 2000). PI31 mRNA is expressed in many organs and the protein was lo-
calized to the nuclear envelope/ER-membrane (Zaiss et al., 2002). Actually one
would assume that the activity of 20S proteasomes doesn’t need to be inhibited
since the conformation of the external α-subunits prevents uncontrolled substrate
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passage anyway. Nevertheless, featuring a 50x higher affinity to the 20S pro-
teasome than PA28, PI31 is inhibiting substrate hydrolysis by competing PA28
binding (Zaiss et al., 1999). Furthermore PI31 seems to be involved in control-
ling immunoproteasome formation and hence was suggested to regulate the in-
tracellular balance of constitutive- and immunoproteasomes (Zaiss et al., 2002).
Regarding cleavage site preferences PI31 was shown to inhibit chymotrypsin-like
and PGPH-activity more than the trypsin-like activity (Zaiss et al., 1999). Ad-
ditional functions of PI31 in non-vertebrate organisms are conceivable since the
inhibitor is also present in plants and lower animals that are devoid of immuno-
proteasomes and MHC class I T cell responses.

The versatile roles of proteasomes during vital cellular
processes

Proteasomes were shown to be involved in numerous cellular processes. Besides
their function in generating MHC class I peptide ligands by the degradation of
native or defective (DRiP, defective ribosomal products) self and foreign peptides
they also exert influence on cell cycle control (Reed, 2006), differentiation and
development (Schwechheimer and Schwager, 2004), (Bowerman and Kurz, 2006),
apoptosis and gene expression. Proteasomes are degrading both, positive and
negative regulators of proliferation and apoptosis, like for example transcription
factors (c-Fos, c-Myc, NF-κB, AP-1), tumor suppressor p53, NF-κB inhibitor IκBα,
regulators of cell cycle, proteins of Bcl-2 family and regulators of caspase activity
(Wójcik, 2002). Additionally, in some cases proteasomal activity is already re-
quired for the synthesis of regulatory proteins when inactive precursor proteins
need to be processed to become active (Fig.1: Role of proteasomes within NF-κB
signalling pathway).

In consequence, proteasomes can execute pro- and anti-apoptotic activity depend-
ing on cell type, environment and/or proliferative state (Naujokat and Hoffmann,
2002), (Drexler, 1998). In non-dividing cell types like resting thymocytes (Grimm
et al., 1996) or differentiated neurons (Canu et al., 2000), (Sadoul et al., 1996) the
pro-apoptotic character seems to dominate, since proteasome inhibitors prevented
programmed cell death, induced by incubation with Dexamethasone, Phorbol-
12-myristate 13-acetate (PMA), γ-irradiation or withdrawal of essential growth
factors. In contrast, experiments involving different proteasome inhibitors and
different cell lines revealed apoptosis induction in neoplastic and rapidly grow-
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Figure 1: Role of proteasomes within NF-κB signalling pathway; modified from (Verma et al.,
1995). Both, p105 and IkappaB alpha become phosphorylated by protein kinases when the
cell receives an appropriate signal (e.g. TNFα, IL1, LPS). Subsequently phosphorylated p105
and IκBα are tagged by poly-ubiquitin-molecules to undergo proteasomal processing. In do-
ing so, IκBα is destroyed, enabling the p50/p105 complex to translocate to the nucleus and
activate genes including IL2, TNFα, p105 and IκBα. In case of the precursor protein p105 pro-
teasomal processing liberates the NF-κB subunit p50 that associates with p65. The p50/p65
complex is, bound to IκBα, retained in the cytoplasm until a new signal is provided.

ing mammalian cells of hematopoetic (Imajoh-Ohmi et al., 1995), (Drexler, 1997),
(Naujokat et al., 2000), (Shinohara et al., 1996), (Tanimoto et al., 1997), neu-
ronal (Kitagawa et al., 1999), (Lopes et al., 1997), (Qiu et al., 2000), mesenchymal
(Drexler et al., 2000), (Lopes et al., 1997) and epithelial (Adams et al., 1999),
(Herrmann et al., 1998) origin after treatment with proteasome inhibitors. These
effects can be attributed to a general toxicity of the proteasome inhibitors or the
interference with the proteasome dependent metabolism of pivotal regulatory pro-
teins (Wójcik, 2002). Moreover, compared to differentiated and normally grow-
ing cells, proteasomes are present in disproportionately high numbers in rapidly
growing metazoan embryonic and human neoplastic cells (Ichihara et al., 1993),
(Kanayama et al., 1991), (Klein et al., 1990), (Kumatori et al., 1990), (Shimbara
et al., 1992) counteracting apoptotis in these cells (Ichihara and Tanaka, 1995).
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Altogether these characteristics rendered the proteasome a very attractive drug-
target for the treatment of cancer, since the suppressed activity of anti-apoptotic
proteins like NF-κB (Traenckner et al., 1994), (Verma et al., 1995) and the re-
duced degradation of pro-apoptotic proteins such as Bax, Bid (Breitschopf et al.,
2000), (Chang et al., 1998), (Li and Dou, 2000), p53 (Burns and El-Deiry, 1999),
(Shen and White, 2001), (Wang, 1999), (MacLaren et al., 2001) and c-Myc (Sal-
ghetti et al., 1999), (Tani et al., 2001), (Wójcik, 2002) may increase the cell’s
sensitivity to chemotherapeutics and induces apoptosis in prostate cancer cells
(Yang et al., 2006) and even in leukaemic B cells that are resistant to conven-
tional chemotherapy (Almond et al., 2001). Still, euphoria would be premature
since recent investigations report on the protection of tumor cells from death re-
ceptor induced apoptosis by proteasome inhibitors during combinational therapy
(Sohn et al., 2006a), (Yang et al., 2006), (Sohn et al., 2006b). Moreover therapies
with proteasome inhibitors have been associated with toxicity and the develop-
ment of drug resistance. However, combinational therapies seem promising in
reducing these adverse effects (Chauhan et al., 2008).

The proteasomal involvement in gene expression is very complex and happens on
the transcriptional and post-transcriptional level via both, proteolytic and non-
proteolytic functions. During the already described regulation of transcription
factors (Rape and Jentsch, 2004), proteolytic activity is also required for the sta-
ble attachment of RNA pol II at promotors (Lipford et al., 2005) as well as for
the degradation of RNA pol II in case transcription has to be stopped in order to
repair DNA damages (Kleiman et al., 2005), (Reid and Svejstrup, 2004), (Somesh
et al., 2005) (Krogan et al., 2004). Furthermore, the accurate termination of tran-
scription was shown to be impaired in presence of proteasome inhibitors (Gillette
et al., 2004). Estrogen receptor mediated gene transcription and hence estrogen
stimulated cell cycle progression was demonstrated to require the immunoprotea-
some β- subunit LMP2 that directly interacts with the steroid receptor coactivator
(SRC) (Zhang et al., 2006). Also glucocorticoid hormone receptor dependent gene
transcription is based on proteasomal functions during the turnover and recycling
of receptor/transcriptional-DNA complexes (Kinyamu and Archer, 2007).

The 19S regulators (PA700), basically the ATPase components in its base, were
proven to influence the transcription of a number of genes in a non-proteolytic
manner. Featuring a DNA-helicase (Fraser et al., 1997) and protein-chaperone
(Collins and Tansey, 2006) activity it is involved in co-activator-recruitment (Fer-
dous et al., 2007) (Sun et al., 2002), transcriptional elongation (Ferdous et al.,
2001), (Auld et al., 2006) and histon modification (Ezhkova and Tansey, 2004),
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(Collins and Tansey, 2006). On the post-transcriptional level proteasomes seem to
influence both mRNA translation (Baugh and Pilipenko, 2004), (Auld et al., 2006),
(Dembla-Rajpal et al., 2004), (Jiang and Wek, 2005), (Auld and Silver, 2006) and
mRNA stability (Laroia et al., 1999), (Laroia et al., 2002). The latter was assumed
to be regulated in addition by the endoribonuclease activity of 20S and 26S pro-
teasomes (Ballut et al., 2003), (Evteeva et al., 2000), (Evteeva et al., 2003), (Jar-
rousse et al., 1999), (Petit et al., 1997a), (Petit et al., 1997b), (Toktarova et al.,
2004), (Mittenberg et al., 2002a), (Mittenberg et al., 2002b), (Mittenberg et al.,
2007), (Tsimokha et al., 2006), (Tsimokha et al., 2007a), (Tsimokha et al., 2007c),
(Tsimokha et al., 2007b). Unfortunately up to now, conclusive data enlightening
the regulatory mechanisms as well as the physiological significance of the protea-
somal RNase activity is still missing.

Ubiquitin

Proteins destined for elimination according to their half-lives as well as defect or
misfolded proteins have to be targeted to the appropriate proteolytic machinery
that degrades the corresponding substrate in the required temporal and spatial
manner. In eukaryotes, the majority of regulated protein degradation is per-
formed by the ubiquitin-proteasome-system (UPS) (Hochstrasser, 1996), (Her-
shko and Ciechanover, 1998), (Pickart and Cohen, 2004). Polyubiquitinylated
(polymer chain of at least four monomers) substrates bind to the 19S regulatory
protein (PA700) of the 26S proteasome (Pickart, 2000). Here they are unfolded
and translocated to the proteolytic core complex. At the same time, the polyubiq-
uitin chain is removed by deubiquitylating enzymes of the 19S regulator and the
ubiquitin monomers are henceforth available for labelling new substrate proteins
(Konstantinova et al., 2008). In addition, ubiquitin ligation can forward proteins
(usually membrane proteins) to the lysosome or vacuole to be degraded, without
proteasomal involvement. Similarly proteasomes can process substrates lacking
the ubiquitin label (Ravid and Hochstrasser, 2008). The 8.5 kD small ubiqui-
tin monomer is linked via an isopeptide-bond to a lysin (K) side chain within
the substrate protein. Additional ubiquitin monomers are covalently attached to
the K48 of the preceding ubiquitin molecule, thereby establishing a polyubiqui-
tin chain. This ATP consuming process is regulated by the consecutive activity
of four enzymes, ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme
E2, ubiquiting-ligase E3 and enzyme E4 which is in charge of generating polyu-
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biquitin chains composed of four or more monomers (Koegl et al., 1999) (Fig.2:
Substrate-Ubiquitin conjugation)

Besides its role in protein catabolism, ubiquitin also exerts influence on the reg-
ulation of DNA repair, transcriptional activity and endocytosis via monoubiqui-
tinylation (Hershko and Ciechanover, 1998), (Hershko et al., 2000), (Weissman,
2001). The pivotal question in terms of immunology, whether ubiquitinylation
is required to generate MHC class I epitopes, still remains unanswered. Some
studies exist aiming at elucidating this topic but conclusive data is still missing
(Michalek et al., 1993), (Michalek et al., 1996), (Cox et al., 1995). Nevertheless
viral evasion strategies, using membrane-bound E3-ligases to diminish expres-
sion of MHC class I as well as ICAM-I and B7.2 on the cell surface, are well docu-
mented (Coscoy et al., 2001), (Coscoy and Ganem, 2001), (Boname and Stevenson,
2001), (Hewitt et al., 2002). Screening the human genome, at least six genes en-
coding E3 ligases with similar secondary structure albeit little sequence homology
to viral E3 ligases have been identified so far (Holzerlandt et al., 2002). Overex-
pression of these genes induces ubiquitinylation, endocytosis and degradation of
B7.2 molecules (Goto et al., 2003). The physiological relevance of these enzymes
is still a matter of debate.

Antigen processing for MHC class I molecules

The proteasome is a very ancient structure of vital importance not only for mam-
mals but also for organisms early in evolution like archaebacteria or yeast. The
MHC class I antigen presentation system, much younger in terms of evolution,
seems to have evolved according to the peptide fragments delivered by the protea-
some. Endogenous, as well as viral or bacterial proteins are degraded by the pro-
teasome to peptide fragments ranging from 2-25 aa in size (Kisselev et al., 1998),
(Toes et al., 2001). Since the peptide binding groove of MHC class I molecules
can accommodate epitopes between eight and ten aa in length (Rammensee et al.,
1993), (Rammensee et al., 1995), 60% of the cleavage products were shown to be
too small, 15% are of proper size and 20% are too large (Cascio et al., 2001). Cy-
tosolic endopeptidases like leucin aminopeptidase (LAP) (Beninga et al., 1998),
bleomycin hydrolase (BH) (Stoltze et al., 2000), puromycin-sensitive aminopepti-
dase (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) can subsequently remove additional
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Figure 2: Substrate-Ubiquitin conjugation; modified from (Ravid and Hochstrasser, 2008). Ubiq-
uitinylation of substrate proteins requires the concerted and consecutive activity of three en-
zymes. In the first step, Ubiquitin becomes activated in an energy-consuming process by the
Ubiquitin-activating enzyme E1. Bound with a high-energy thioester bond to the latter, it is now
transferred to the ubiquitin-conjugating enzyme E2. The final transfer of (poly)ubiquitin to the
substrate protein is accomplished with the help of the third enzyme, ubiquitin-protein ligase E3.
There are two major classes of mechanistically distinct E3 enzymes, one catalysing the direct
transfer of ubiquitin from the E2 to the substrate; the other involves the transfer of ubiquitin to
E3 before finally being delivered to the substrate. De-ubiquitinylating enzymes (DUBs) remove
polyubiquitin chains, thereby replenishing the pool of available ubiquitin monomers.
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aa from the N-terminus thereby improving suitability for presentation on MHC
molecules or destroying the peptide completely.

Peptides destined for the MHC class I presentation pathway are translocated by
the transporter associated with antigen processing (TAP) to the lumen of the en-
doplasmatic reticulum (ER) (Neefjes et al., 1993), (van Endert et al., 2002). Here,
the approximately 1 MDa MHC class I-loading complex supports efficient peptide
loading by clustering all necessary components that are involved (tapasin, cal-
reticulin, TAP, the thiol oxidoreductase Erp57 and MHC class I-β2 microglobulin
dimer) in MHC class I peptide loading in a tight spatial arrangement (Dick et al.,
2002), (Garbi et al., 2000), (Ortmann et al., 1997). Peptides that still don’t meet
the strict length requirements for the association with MHC class I molecules can
be further trimmed by ER-resident aminopeptidases (Serwold et al., 2002), (Ser-
wold et al., 2001), (Brouwenstijn et al., 2001), (Fruci et al., 2001), (Saric et al.,
2002), (York et al., 2002), (Tanioka et al., 2003). As soon as an appropriate ligand
is bound by the MHC class I molecule, the MHC class I loading complex detaches,
leaving the epitop/MHC class I association to be transported via Golgi to the cell
surface, where they are screened by cytotoxic T cells (Fig.3 MHC class I antigen
processing/presentation pathway)

Due to the altered proteasomal cleavage patterns in presence of the inducible
β-subunits β1i, β2i and β5i, it could be shown, that some MHC class I ligands
are generated preferentially by immunoproteasomes (Kaer et al., 1994), (Sijts
et al., 2000a), some only by constitutive proteasomes (Morel et al., 2000) and some
epitopes are processed to the same extent by constitutive and immunoprotea-
somes (van Hall T et al., 2000). Hence, mice lacking one or more of the inducible
β subunits display a reduced CTL-response against some viral epitopes (Kaer
et al., 1994), caused by an insufficient processing and consequently presentation
of these antigenic peptides on target cells or professional antigen presenting cells
(pAPCs) in some cases (Pang et al., 2006). In other cases, the altered peptide pre-
sentation on thymocytes during positive and negative selection of CD8+ T cells
prevents the development of the relevant T cell repertoire (Chen et al., 2001),
(Basler et al., 2006), (Pang et al., 2006).

Possible sources of MHC class I ligands

Peptides presented on MHC class I molecules can be generated by the degrada-
tion of virtually all self and pathogen derived intracellular proteins (Hunt et al.,
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Figure 3: MHC class I antigen processing/presentation pathway

1992). Considering the process of cross-presentation [reviewed in (Knolle and
Limmer, 2001), (Colonna and Cella, 2007), (Burgdorf and Kurts, 2008)], the pool
of extracellular proteins is additionally available for the processing of MHC class
I ligands (Palmowski et al., 2006). For a long time it was generally assumed that
the MHC class I peptide supply was provided exclusively by proteins that have
to be degraded according to their half-life. However, the discovery of T cell epi-
topes originating from non-coding mRNA sequences and alternate reading frames
(Schwab et al., 2003), (Hahn et al., 1991), (Shastri and Gonzalez, 1993) as well
as epitopes derived from long-living proteins and proteins present in only low
quantities or resident in cellular compartments separated from the proteasome
could not be reconciled with this assumption. As a matter of fact, the genera-
tion of peptide-MHC complexes often doesn’t correlate with protein degradation
(Goth et al., 1996) but with protein synthesis rate, since cycloheximide, an in-
hibitor of protein synthesis diminished TAP (transporter associated with antigen
processing) motility to the same extent as the proteasome inhibitor lactacystin.
Thus, TAP ligands are processed by the proteasome and originate to a consid-
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erable number from newly synthesized proteins (Reits et al., 2000). Already in
1982 it was shown, that a large quantity of newly synthesized proteins are im-
mediately degraded (Wheatley et al., 1982). These were collectively referred to
as "defective ribosomal products" (DRiPs) since errors during and after transcrip-
tion and translation prevent the production of functional proteins with proper
folding characteristics and/or successful association with binding partners. In
1996 DRiPs were postulated to be a source of antigenic peptides (Yewdell et al.,
1996) which was supported by the finding of MHC class I ligands originating from
DRiPs of long-living viral proteins (Schubert et al., 2000), (Khan et al., 2001a).
Quantitative analysis revealed an efficiency of peptide generation for MHC class
I of approximately one per several 1000 proteins degraded, with a contribution
of DRiPs to 20%-50% of all MHC class I presented epitopes (Princiotta et al.,
2003). Evidence for the very sophisticated process of epitope generation is pro-
vided by the discovery of a CD8+ T cell epitope on melanoma cells that comprises
two non-contiguous protein fragments requiring excision of four aa and subse-
quent splicing of the fragments for its generation. Both steps are performed by
the proteasome (Vigneron et al., 2004).

T cells- the executive authority of the antiviral immune
response

T cells originate from the same bone marrow resident pluripotent hematopoetic
stem cells like B cells and cells belonging to the myeloid lineage, but are migrat-
ing to the thymus for their further development. Arriving as CD4-CD8- double
negative (DN) thymocytes they are receiving signals via surface receptors com-
posed of a TCR β-chain and an invariant pre-T α-chain that initiates prolifera-
tion and differentiation to CD4+CD8+ double positive (DP) cells (Rodewald and
Fehling, 1998). Only a small number of the DP cells will succeed in identifying
the available self MHC class I or class II molecules and subsequently differen-
tiate to CD8+ cytotoxic T cells or CD4+ helper T cells, respectively (Bevan and
Fink, 1978), (Fowlkes and Schweighoffer, 1995), (Zinkernagel et al., 1978). The
lions share ( 97%) of the CD4+CD8+ cells are going to dye by neglect at that time.
Whether or not, the choice between CD4 vs. CD8 lineage fate is a random pro-
cess or determined by the MHC-TCR signal strength or signal duration is still a
matter of debate (Singer et al., 2008).
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Remaining thymocytes that detect self peptides presented on MHC molecules
with low affinity are receiving survival signals and enter the pool of the mature
T cell repertoire (Santori et al., 2002), (Jameson et al., 1994), (Alam et al., 1996),
(Nikolic-Zugic and Bevan, 1990). In contrast, T cells with high affinity T cell re-
ceptors for self peptide-MHC complexes are entailing the high probability of being
activated by self-determinants in the periphery and are thus negatively selected
to foreclose autoimmunity (Hengartner et al., 1988), (Starr et al., 2003), (Werlen
et al., 2003), (Sprent et al., 1988). Along with several instruments to ensure T cell
tolerance to self peptides also in the periphery, like regulatory T cells (Sakaguchi,
2000), this sophisticated intrathymic selection process generates an unique ma-
ture T cell repertoire, equipped with the discriminative sensitivity to become ac-
tivated in response to foreign epitopes but remain silent when recognizing MHC
bound self peptides.

Positive T cell selection was shown to happen in the thymic cortex, engaging cor-
tical thymic epithelial cells (cTEC) whereas negative selection takes place in a
second compartment, mediated by medullary thymic epithelial cells (mTEC) and
hemopoietic thymic stroma cells like DCs and macrophages (Anderson and Jenk-
inson, 2001), (Laufer et al., 1999). The observation of the vital transcription factor
autoimmune regulator (AIRE), which enables the ectopic expression of periph-
eral tissue-specific genes, being active exclusively in mTEC, supports the pivotal
role of mTEC during negative selection (Derbinski et al., 2001), (Anderson et al.,
2002). Individuals lacking precise AIRE activity suffer from severe autoimmu-
nity (Björses et al., 1998), (Peterson et al., 1998). Publications reporting on al-
tered T cell repertoires in LMP2, MECL-1 and MECL-1 x LMP7 deficient mice
(Chen et al., 2001), (Basler et al., 2006), (Pang et al., 2006) raise the question of
the immunoproteasome’s involvement during positive and/or negative selection.
In this regard, negatively selecting stroma was shown to be populated solely by
immunoproteasomes, which seems to be independent of IFNγ signalling. In con-
trast, cTECs, involved in positive selection, are devoid of immunoproteasomes
unless circulating IFNγ is inducing their assembly (Nil et al., 2004). In princi-
ple, a maximum diversity between the peptide repertoires triggering positive and
negative selection respectively, would be very reasonable, since in the other way
around all T cells positively selected by a certain peptide would be negatively
selected later on by the same peptide, thus reducing the number of surviving T
cells considerably. However, recent findings prove the processes to be more intri-
cate, given that T cells requiring an immunoproteasome dependent self peptide
to be positively selected are substantially less frequently detected in thymus and
periphery of LMP7 gene targeted mice (Osterloh et al., 2006). Verifying the im-
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munoproteasome’s influence on positive selection, the authors suggest the expres-
sion of immunoproteasomes in cells other than cTEC that have been proposed to
be involved in positive selection (Lilic et al., 2002), (Martinic et al., 2003). Addi-
tionally they emphasize the possibility of immunoproteasome- expression in cTEC
during infection (Nil et al., 2004), which may not be completely unlikely even in
specialized pathogen-free animal facilities.

Furthermore, attention should be paid to the discovery of a thymus-specific β5
subunit, referred to as β5t, exclusively present in cTEC (Murata et al., 2007).
There it replaces β5 or β5i and preferentially assembles with the inducible in-
stead of the constitutive β1 and β2 subunits. In presence of β5t, the chymotrypsin-
like activity, generating hydrophobic C-termini, is markedly reduced. This, ac-
cording to the authors, could support positive selection by generating low-affinity
MHC class I ligands, rather than high-affinity ligands, compared to constitutive
and immunoproteasomes.

The hallmark of the adaptive immune system are continuously circulating naive
T cells, that leave the blood to enter the peripheral lymphoid organs via high
endothelial venules (HEV). Since approximately only one out of 104-106 naive
T cells is specific for a certain antigen, the majority of the passing T cells will
leave the lymph node via efferent lymphatic vessels to the blood to carry on pa-
trolling the peripheral lymphoid organs. In case of an infection, the pathogen de-
rived antigens will be presented by professional antigen presenting cells (pAPC)
in the draining lymph node, spleen, peyer’s patches or tonsils depending on the
pathogen’s route of infection via skin, blood or mucosa respectively. Passing by
naive T cells will recognize their specific antigen in context of the appropriate
self-MHC molecule (Zinkernagel and Doherty, 1974), (Babbitt et al., 1985) and
become activated, provided they simultaneously receive a costimulatory signal
which can be delivered exclusively by pAPCs (Linsley et al., 1991), (Freeman
et al., 1993). During the following days, activated T cells undergo a period of
clonal expansion and differentiate to effector T cells before they leave the lym-
phatic organ to screen the body for infected cells. Migration and homing of naive
as well as activated T cells to lymphatic tissues or peripheral infected tissues is
directed by diverse chemokines and realized by the interaction of varying sets of
adhesion molecules (Campbell et al., 1998), (Förster et al., 1999), (Sallusto et al.,
1999).
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Lymphocytic Choriomeningitis Virus (LCMV)

Lymphocytic Choriomeningitis Virus is a well characterized and hence frequently
used pathogen to study the versatile aspects of an antiviral immune response.
The single stranded RNA virus uses rodents as reservoir (Rowe et al., 1970),
(Lehmann-Grube, 1984). The common house mouse, mus musculus, is both natu-
ral host and reservoir, transmitting the Old World arenavirus vertically from one
generation to the next by intrauterine infection. It was isolated first by Armstrong
and Lillie in 1933 from the cerebrospinal fluid of a human patient suffering from
general malaise who subsequently died (Armstrong C, 1934). The name "Lympho-
cytic choriomeningitis Virus" was chosen due to the pathological changes induced
in the choroid plexus and meninges of the infected animals. LCMV was identified
as the most frequent infectious causes of aseptic meningitis in humans (MEYER
et al., 1960). Human postnatal infections, by inhalation of virus aerosols or di-
rect contact with infectious virus, for example in excretions of infected mice, are
characterized by symptoms including headache, fever, photophobia and vomiting
or proceed asymptomatic (in about one third of cases) (Bonthius and Perlman,
2007). Otherwise healthy individuals normally experience full recovery, fatal in-
fections are rare (Roebroek et al., 1994), (Deibel and Schryver, 1976), (Warkel
et al., 1973).

Human-to-human horizontal infections are reported to be possible only after trans-
plantation of infected tissues (Fischer et al., 2006). In contrast, the danger of
vertical transmissions is present more frequently, since a considerable number of
adults were shown to possess antibodies to LCMV, implying prior LCMV- infec-
tion (Childs et al., 1992), (Stephensen et al., 1992). Congenital infections, from
mother to the fetus can result in severe defects of brain structure and function,
like hydrocephalus, chorioretinitis and microcephaly (KOMROWER et al., 1955),
(Sheinbergas, 1976), (Barton et al., 2002b), (Wright et al., 1997), (Enders et al.,
1999). But, as appropriate clinical or epidemiological studies are missing, it is im-
possible to tell, if the reported quite severe cases represent the typical outcome of
an LCMV infection during pregnancy, or if congenital infection is rather causing
a wide spectrum of pathological impacts ranging from severe to mild (Bonthius
et al., 2007), with the latter remaining possibly undiagnosed.

Viral propagation within the host is accomplished, after assembly of the newly
synthesized virus particles, by budding from the host cells, using the host’s cell
membrane to build the new viral lipid envelope. Since the host cell is not de-
stroyed during this process, LCMV is also referred to as non-cytopathic virus. The
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literal pathogenic consequences of an LCMV-infection like, in addition to the al-
ready mentioned choriomeningitis, also hepatitis or persistent infection accompa-
nied by general immune suppression is caused by the antiviral immune response
itself (Borrow and Oldstone, 1994). Infection progresses variably depending on
the virus strain, virus dose and route of infection as well as on the age, genetic
background and immune competence of the infected organism (Buchmeier et al.,
1980), (Schwenk et al., 1971). Adult immune competent mice, infected intraperi-
tonealy (i.p.) or intravenously (i.v.) with a low to medium dose of LCMV, are capa-
ble of eliminating the virus efficiently. Virus titers peak in spleen on day four of
infection. Between day seven and day nine, when the activity of specific cytotoxic
T lymphocytes (CTLs) reaches its maximum, the virus is almost completely elim-
inated (Moskophidis et al., 1987), due to the efficient detection and subsequent
lysis of infected cells by the very CTLs (McIntyre et al., 1985). CD4+ T helper
cells (Battegay et al., 1994), (Matloubian et al., 1994) as well as interferons, NK
cells (Leist et al., 1987), (Moskophidis et al., 1994) and antiviral antibodies are
not capable of killing the virus on their own, but by inhibiting the virus replica-
tion they influence the ratio between pathogen and immune system in support
of antiviral immune response. Neutralizing antibodies, detectable not until day
20-60 after onset of infection, are together with CTLs in charge of controlling an
LCMV infection in the long run (Ciurea et al., 2000).

Prenatal infections often proceed asymptomatically, since the viral antigens are
presented in the thymus during T cell maturation inducing immunological toler-
ance and owing to this, persistent infections (HOTCHIN and CINITS, 1958) with
large quantities of virus being released in nasal secretions, milk, urine, semen,
faeces and saliva (Buchmeier MJ, 1999b), (Buchmeier MJ, 2001). In addition, per-
sistent infections are a consequence of high dose LCMV infections (2x107 PFU)
leading to T cell exhaustion and a general immune suppression (Moskophidis
et al., 1993). By contrast, mice infected intracranially (i.c.) with a low virus dose
die within six to eight days due to acute lymphocytic choriomeningitis (Buch-
meier MJ, 1999a).

LCMV is an enveloped negative-strand RNA virus. The viral genome encodes four
proteins on two ambisense RNA sequences, a 3.4 kb S (short) RNA and the 7.2 kb
L (long) RNA (Meyer et al., 2002), (Salvato and Shimomaye, 1989). The 75 kD
glycoprotein precursor, and the 63 kD nucleoprotein are encoded on the S RNA
(Riviere et al., 1985), the L RNA accommodates the information for the 200 kD
virus specific RNA polymerase (L) and an 11 kD RING finger protein (Z) (Salvato
and Shimomaye, 1989). Genes encoded on the same segment are separated by
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a hairpin structure. The glycoprotein precursor is further processed to a 6 kD
signal peptide and the glycoproteins GP-1 (44 kD) and GP-2 (35 kD), which cover
the virion envelope as "spikes" in tetramer- or trimer-structure (Borrow, 1997).
Host cell infection involves the α-dystroglycan receptor (Cao et al., 1998) mediated
invasion and internalisation within vesicles followed by the GP mediated fusion
of viral and cellular membranes that finally facilitates the release of the LCMV
nucleocapsid into the host cell cytoplasm.

The CTL response in mice of H-2b haplotype (C57BL/6) is directed against four
dominant glyco- (GP), nucleoprotein (NP) and RNA polymerase-(L) derived epi-
topes, GP33-41, and NP396-404, presented on the MHC class I molecule H-2Db

(Oldstone et al., 1988), (Schulz et al., 1989), (Klavinskis et al., 1990), GP34-41
on H-2Kb (Hudrisier et al., 1997) and L455-463 (Kotturi et al., 2007). The epi-
topes GP276-286/Db, GP92-101/Db and NP205-212/Kb (van der Most et al., 1998)
as well as the recently described determinants GP70-77, NP166-175, NP235-243
(Masopust et al., 2007), GP166-173, GP221-228, GP365-372 and GP44-52 (Kot-
turi et al., 2007) were proved to be subdominant. In BALB/c mice (H-2d) most of
the cytotoxic T cells are specific for the epitope NP118-126 presented on H-2Ld,
with minor contributions of T cells recognizing GP283-292/Kd (van der Most et al.,
1998), (van der Most et al., 1996), (Weidt et al., 1998), (Sourdive et al., 1998). Be-
cause of the low expression of the L protein and the small size of the Z protein
both were not considered to be a source of antigens for a long time (Fuller-Pace
and Southern, 1989), (Francis et al., 1986). Nevertheless, recent investigations
report on the finding of 15 functional L derived epitopes, but none derived from
the Z protein, in LCMV- Armstrong infected H-2b mice (Kotturi et al., 2007). In
line with this, also BALB/c mice (H-2d) were shown to possess CTLs specific for
an epitope located in the L protein (Botten et al., 2007).

The immunodominance hierarchy of the epitopes during an LCMV infection is
determined by the viral dose the organism has to cope with. While low-dose in-
fections are inducing an immune response dominated by CTLs specific for NP-
derived epitopes, the CTL response during high-dose infections is mainly directed
towards epitopes of GP origin. This is supposed to be due to the higher anti-
gen sensitivity of CTLs detecting NP-epitopes, thus enabling T cell activation
already in presence of low amounts of viral peptides. However, confronted with
large quantities of LCMV-epitopes, NP-specific CTLs undergo selective exhaus-
tion, thereby putting GP-specific CTLs in charge of eliminating the virus. The
higher sensitivity of CTLs directed against NP-derived epitopes can be explained
by the faster presentation-kinetics of NP-epitopes. So, infections with LCMV-WE,
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LCMV-Docile and LCMV-Arm Clone 13 are dominated by GP33 specific CTLs,
whereas the slower replicating LCMV-Armstrong evokes the immunodominance
of NP396 (Zajac et al., 1998), (Gallimore et al., 1998), (Probst et al., 2003).

Minor histocompatibility antigens and their role in tissue
rejection

The genome of individuals belonging to one species is profoundly but not com-
pletely identical. In terms of immunology, on the one hand this is highly appre-
ciated, because allelic variations of MHC class I and class II genes are required
to guarantee the survival of a certain population, which is constantly challenged
by a huge variety of pathogens. On the other hand, these genetic variations are
the most considerable obstacles in the endeavours to successful organ transplan-
tation. Minor histocompatibility antigens (miHAg) mainly emerge from single
nucleotide polymorphisms in coding sequences of normal cellular proteins, re-
sulting in amino acid changes that can induce a T cell response if the peptide
is presented on MHC molecules and sufficiently different from the normal self-
allelic peptide. The molecular mechanisms responsible for miHAgs have been
studied for over 80 years (Little, 1914). During the last 20 years a growing num-
ber of miHAgs, encoded by sex-chromosomes, autosomes or mitochondrial DNA
has been described. In doing so, a great deal of attention received and are still
receiving the HY antigens, encoded on the male specific Y chromosome. Although
there are X chromosome paralogs which could provide MHC ligands for nega-
tive selection of HY antigen specific T cells, due to a deletion or a lack of MHC
binding (Scott et al., 1995) (Greenfield et al., 1996) these events are precluded
to a certain degree, making the female organism recognizing the HY antigens as
"foreign" to a certain degree. In humans these responses are very frequent (37%-
50%) in women with previous male pregnancies (Piper et al., 2007), whereas male
anti-female responses are not seen (because both males and females carry the X
chromosome and negatively select possible T cells specific for X chromosome en-
coded peptides). In mice, responsiveness to HY antigens varies depending on
the MHC haplotype. Females of H-2b haplotype are strong responders capable
of rejecting primary syngeneic male skin grafts. Although H-2k strain females
are able to present and recognize Y-chromosome derived epitopes on MHC class
I (HYKkSmcy, HYDkSmcy) and MHC class II (HYEkDby) they are only weak re-
sponders failing to reject male skin grafts or doing so only after immunization
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(Robertson et al., 2007). H-2d strains are proven to be absolute non-responders
(Fierz et al., 1982).

Autosomal miHAgs can, like Y-chromosome derived antigens, emerge because of
amino acid changes that can be sensitized by the highly discriminative T-cell re-
ceptor. The H13a miHAg locus for example encodes a naturally processed non-
apeptide (SSVVGVWYL, "SVL9"), presented by the Db MHC class I molecule. A
conservative methyl group substitution leads to a replacement of valine at posi-
tion 4 by isoleucin. The resulting H13b homolog "SIL9" also binds Db MHC class
I. These miHAgs elicit reciprocal T cell responses, which means that both graft
rejection and cytotoxic T lymphocytes (CTLs) can be induced bidirectionally, in
the H13a anti-H13b and the H13b anti-H13a directions (Mendoza et al., 1997).

Furthermore, amino acid changes can induce antigenicity when entailing alter-
ations in posttranslational modifications (e.g. cysteinylation of HLA-A2 restricted
SMCY and the HLA-A1 restricted DFFY epitopes) (Meadows et al., 1997) (Pierce
et al., 1999), changes in proteolytic cleavage, also by modifying cleavage sites
outside of the actual epitope, which in turn can influence all following steps in
the MHC loading process, as documented for HA-8. The sequence characteristics
of this human miHAg result in ineffective transport by the transporter associ-
ated with antigen processing (TAP) for presentation by HLA-A*0201 (Brickner
et al., 2001). An additional source for very strong autosomal miHAgs are proteins
which can’t be transcribed/ translated in some mouse strains (H60 miHAg) or are
only expressed at sufficient levels after exposure to interferon (H28 and Mx-1)
(Malarkannan et al., 2000) (Speiser et al., 1990). In case of the chromosome 10
encoded miHAg H60 the differential transcription in donor vs. host strain induces
a T cell response dominating over all other miHAg- specific T cells, because the
recipient mouse is missing the corresponding self analogue and consequently rec-
ognizes the graft- epitopes as completely foreign (Malarkannan et al., 1998) (Choi
et al., 2001).

Also the small mitochondrial genome has been attributed to bear miHAgs (Love-
land et al., 1990). N-formylated peptides from the ND1, COI and ATPase6 pro-
teins are presented by the non-polymorphic H2-M3 MHC class 1b molecule and
other peptides by conventional MHC class I molecules (Dabhi and Lindahl, 1996)
(Bhuyan et al., 1997). However, in humans, mtDNA mismatched transplanta-
tions did not show any clinical effect in a Japanese cohort study (Ishikawa et al.,
2001).
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Single nucleotide polymorphisms between unrelated humans are estimated to oc-
cur on average about every 1-2 kb (Halushka et al., 1999) (Sachidanandam et al.,
2001). In inbred mouse strains the quantity of SNPs is of course much lower. Sub-
tracting the number of SNPs in non-coding regions as well the polymorphisms
resulting in synonymous codon changes, there is still a remarkable amount of
genetic variation which has the potential to induce T cell responses and graft
rejection in MHC matched transplantation settings. But still there are a few hur-
dles to jump for a SNP to provide a miHAg. An appropriate expression level has
to deliver a substantial amount of precursor protein, which in turn has to meet
the requirements for productive processing and MHC binding. In the end, only
if the MHC-peptide complexes presented on the cell surface reach the necessary
density and also the T cell repertoire is equipped to detect the miHAg, the way is
paved to induce a complex T cell response. Nevertheless, due to the phenomenon
of immunodominance, well known from immune responses against viral (Mylin
et al., 1995) (Vitiello et al., 1996) (Oukka et al., 1996) (Deng et al., 1997), bac-
terial (Vijh and Pamer, 1997), transplantation (Wolpert et al., 1995) (Korngold
and Wettstein, 1990) (Yin et al., 1993) (Goulmy et al., 1996) and peptide antigens
(Chen et al., 1994) (Sandberg et al., 1998), the transplantation of MHC matched
miHAg mismatched solid organs or hematopoetic cells, evokes hierarchic T cell
responses against only a few of all possible miHAg epitopes. Bl6 female mice
immunized with BALB.B male spleen cells establish an immune response in the
following hierarchy: H60>H28, H4 and H7 > > H13>HY (Choi et al., 2001). The
immunodominance of miHAgs appears to be heavily dependent on the route of
immunization and/or the type of APCs (Butz and Bevan, 1998) (Grufman et al.,
1999) (Blazar et al., 1996).

Aim of project

Based on the observation of impaired expansion of immunoproteasome compro-
mised T cells after adoptive transfer in virus infected wildtype mice, this project
aims at elucidating roles of immunproteasomes in regulating antigen driven T cell
expansion, besides their already well-described function in optimizing MHC class
I ligands. Chapter I expatiates on the loss of immunoproteasome deficient T cells
after adoptive transfer and discloses potential causative contextes of immunopro-
teasomal activity and T cell expansion. Chapter II focusses on the immunological
characterization of MECL-1-/- x LMP2-/- and MECL-1-/- x LMP7-/- mice.
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Mice, viruses, bacteria, cells and media

C57BL/6 mice (H-2b) mice as well as B6.SJL-PtprcaPep3b/BoyJ (also referred to as
“CD45.1-” or “Ly5.1 congenic mice”) were originally obtained from Charles River,
Germany. B6.PL (Thy1.1) mice were obtained from The Jackson Laboratory (Bar
Harbor, ME). MECL-1 (Basler et al., 2006), LMP2 (Kaer et al., 1994) and LMP7
(Fehling et al., 1994) gene targeted mice were kindly provided by Dr. John J.
Monaco (Department of Molecular Genetics, Cincinnati Medical Center, Cincin-
nati, OH, USA). T cell receptor transgenic (TCR tg) P14 mice (transgenic line 318)
(Pircher et al., 1989), specific for aa 33-41 (= gp33 epitope, presented on MHC I)
of the LCMV glycoprotein were obtained from Dr. Maries van den Broek, Uni-
versity Hospital Zurich, Switzerland. Experiments with RAG-2 deficient mice
were performed in cooperation with the laboratory of Dr. Maries van den Broek,
University Hospital Zurich. The mice were originally obtained from the Jack-
son Laboratory (Bar Harbor, ME) and bred in individually ventilated cages in
the animal facility of the university hospital of Zurich, Switzerland .All knockout
mice were backcrossed onto the C57BL/6 background for at least 10 generations.
Mice were kept in a specific pathogen-free facility and used at 6-12 weeks of age,
groups were age- and sex-matched and experiments were approved by the review
board of Regierungspräsidium Freiburg. LCMV-WE was originally obtained from
F. Lehmann-Grube (Heinrich Pette Institut, Universität Hamburg, Germany) and
propagated on the fibroblast line L929. Vaccinia Virus (VV-WR) and recombi-
nant vaccinia virus (rVV) encoding the LCMV GP33 epitope (rVVGP33) (Probst
et al., 2003) was obtained from Dr. Maries van den Broek, University Hospi-
tal Zurich, Switzerland. Both VV were propagated on BSC 40 cells. Mice were
infected with 200 PFU or 2 x 104 PFU of LCMV-WE i.v. or with 2 x 106 PFU of VV-
WR or rVVGP33 i.p.. BSC40 is an African green monkey kidney-derived cell line.
All cells were grown in MEM 5% FCS. Listeria monocytogenes wildtype (LM) was
derived from Dr. Maries van den Broek, University Hospital Zurich, Switzer-
land. Recombinant Listeria monocytogenes, expressing ovalbumin (rLM-OVA)
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was kindly provided by Prof. Dirk Busch, Technische Universität München, Mu-
nich, Germany. The injection cultures were prepared by inoculation of 10 ml Brain
Heart Infusion Broth with 100 µl of the frozen (-70°C) stock culture. After grow-
ing overnight on a shaker at 37°C, the Listeria titer in the culture was estimated
by spectrophotometry: 1 OD600 nm unit = 109 CFU/ml. The mice were immunised
with 2-5 x 103 CFU LM and 2 x 104 CFU rLM-OVA respectively, in 200 µl PBS i.v..
To quantify the injection dose, estimated by spectrophotometry, 100 µl of 10-fold
dilutions of the injection culture were plated on agar plates made of Brain Heart
Agar. 24 h after incubation at 37°C the injection dose was determined by counting
the colonies that were growing. All media were purchased from Invitrogen-Life
Technologies; Karlsruhe, Germany, supplemented with GlutaMAX, 5% or 10%
FCS and 100 U/ml penicillin/streptomycin.

Western blotting

Immunoproteasome-expression in T cells

3 x 107 Thy1.2 sorted T cells from spleen of naive C57BL/6, LMP2-/-, LMP7-/- and
MECL-1-/- mice were lysed for 30 min on ice in 150 µl lysis buffer [10 mM Tris
pH 7.0; 1% Triton; 150 mM sodiumchloride; protease inhibitors: 1 µg/ml Pep-
statin; 1 µg/ml Leupeptin; 10 µg/ml Aprotinin (Roche)]. After centrifugation, 45 µl
of supernatant were boiled for 5 min at 95°C with 15 µl 4x reducing Laemmli
sample buffer and separated by SDS-PAGE (15% gel). Proteins were blotted onto
nitrocellulose (0.45 µm, 120 mA, 12 Vh) (Schleicher & Schuell BioSciences, Das-
sel, Germany). Membranes were blocked [PBS containing 0.2% Tween (v/v) and
5% dry milk (w/v)] for one hour at room temperature and incubated over night
at 4°C with monoclonal antibodies recognizing LMP2, LMP7 or MECL-1 respec-
tively (diluted 1:10000 in PBS; the antibodies were kindly provided by Dr. Benoit
van den Eynde, Ludwig Institute Brussels). After 3 washes with PBS containing
0.2% Tween (v/v) the membranes were incubated with the HRP-conjugated poly-
clonal swine anti-rabbit antibody (DakoCytomation, Glostrup, Denmark, diluted
1:2000 in PBS). Membranes were washed 3 times and proteins were visualized on
x-ray films by enhanced chemiluminescence.

NF-κB subunits p50/p105 in cytoplasmic extract of T cells

After RBC-lysis, the splenocytes of LCMV-WE infected (d 4, 200 PFU i.v.) C57BL/6,
LMP2-/-, LMP7-/- and MECL-1-/- mice were subjected to the “Nuclear Extract Kit”
(Active Motif, Rixensart, Belgium) to separate the cytoplasmic and the nuclear
cell extract. 75 µl of the cytoplasmic cell extract were boiled for 5 min at 95°C with
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25 µl 4x reducing Laemmli sample buffer and separated by SDS-PAGE (10% gel).
Proteins were blotted onto nitrocellulose (0.45 µm, 120 mA, 12 Vh) (Schleicher &
Schuell BioSciences, Dassel, Germany). Membranes were blocked [PBS contain-
ing 0.2% Tween (v/v) and 5% dry milk (w/v)] for one hour at room temperature
and incubated over night at 4°C with a polyclonal antibody recognizing NF-κB
p50/p105 [(C19) sc-1190, goat; Santa Cruz Biotechnology, Inc.] [1:500 in PBS con-
taining 0.2% Tween (v/v) and 5% dry milk (w/v)] and, as loading control, with
mouse anti-tubulin (Sigma) [1:8000 in PBS containing 0.2% Tween (v/v) and 3%
bovine serum albumin (BSA)]. After 3 washes with PBS containing 0.2% Tween
(v/v) the membrane was incubated with the HRP-conjugated rabbit anti-goat an-
tibody (DakoCytomation, Glostrup,Denmark, diluted 1:2000 in PBS containing
0.2% Tween (v/v) and 5% dry milk (w/v)) or with HRP-conjugated goat anti-mouse
antibody (DakoCytomation, Glostrup, Denmark, diluted 1:1000 in PBS contain-
ing 0.2% 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.

T cell isolation and adoptive T cell transfer

T cells from splenocytes of naive Thy1.2 positive mice (C57BL/6, LMP2-/-, LMP7-/-,
MECL-1-/-, MECL-1-/- x LMP2-/-, MECL-1-/- x LMP7-/-, P14, P14 x LMP7-/- and P14 x
MECL-1-/-) were isolated with anti-CD90.2 (Thy1.2)-coated microbeads (Miltenyi
Biotec, Germany). T cells from Thy1.1 mice were isolated with the Pan T Cell
Isolation Kit (Miltenyi Biotec, Germany). In experiments involving the transfer
of Thy1.1 T cells, all donor T cells were isolated with the Pan T Cell Isolation Kit.
For adoptive transfer experiments 1-3 x 107 purified T cells were intravenously
(i.v.) transferred into recipient mice.

CFSE labelling

5 x 107 cells were incubated in 1 ml of 10 µM 5(6)- Carboxyfluorescein diacetate N-
succinimidyl ester (CFSE, Sigma) in PBS, 0.1% FCS for 10 min at 37°C. Labelling
of cells was stopped by adding 5 volumes of ice-cold IMDM 10% FCS and washing
three times with IMDM 10% FCS.

In vitro proliferation assay

T cells from naive C57BL/6 or MECL-1-/- x LMP7-/- spleens were purified by mag-
netical depletion of non-T cells (Pan T cell isolation kit; Miltenyi Biotec, Bergisch
Gladbach, Germany), CFSE labelled and 4 x 105 T cells were stimulated for 48 h,
72 h and 96 h with either PMA (10 ng/ml)/ Ionomycin (400 ng/ml) or plate-bound
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anti-CD3 (5 µg/ml, clone 145-2C11)/ anti-CD28 (5 µg/ml, clone 37.51) in 96-well
plates. Proliferation of CD4+ and CD8+ T cells was analysed by means of CFSE
dilution with the use of FACScanTM flow cytometer and analysed by the FlowJo
software (APC anti-mouse CD4 (L3T4), clone GK1.5, eBiosciences; APC rat anti-
mouse CD8a, clone 53-6.7, BD Pharmingen).

Apoptosis assays

To determine the propensity of C57BL/6, MECL-1-/-, LMP2-/- and LMP7-/- T cells
to undergo apoptosis, the cells were isolated as described above and stimulated
for 2 days with ConA (3 µg/ml) and for 5 further days with IL2 (100 U/ml). A den-
sity centrifugation step was performed one day before incubation for 16 h with the
following apoptosis-stimuli: Dexamethasone (1 nM-0.3 µM), anti-CD3 (0.1 µg/ml-
3 µg/ml) and UV radiation (100-500 mJ) (data not shown). The percentage of cells
undergoing apoptosis was measured by AnnexinV-FITC- (BD Pharmingen) stain-
ing of CD8+ or CD4+ T cells [Cy5 anti-mouse CD8a, clone 53-6.7, BD Pharmingen;
PE-Cy5 rat anti-mouse CD4 (RM4-5), BD Pharmingen]. The samples were ac-
quired with the use of FACScanTM flow cytometer and analysed by the FlowJo
software.

In vivo proliferation assay

2-3 x 107 Thy1.2 sorted splenocytes from P14 TCRtg, P14 x LMP7-/- TCRtg or P14 x
MECL-1-/- TCRtg mice were CFSE labelled and transferred i.v. into either naive
Thy1.1 mice or Thy1.1 mice that had been infected with 2 x 104 PFU LCMV-WE
24 h earlier. 16 h and 40 h after transfer, splenocytes were analysed by FACSCal-
ibur flow cytometer after RBC-lysis with 1.66% NH4Cl (w/v) and staining for CD8-
positive cells (APC rat anti-mouse CD8a, clone 53-6.7, BD Pharmingen). To deter-
mine the percentage of transferred cells currently undergoing apoptosis vs. T cells
that are already dead, the splenocytes have been stained with PerCP rat anti-
mouse CD8a (clone 53-6.7, BD Pharmingen), Annexin-V-Pacific Blue (Molecular
Probes) and To-Pro-3 (Molecular Probes) after RBC-lysis. In this case, acquisition
was done with the FACS LSRII flow cytometer.

Determination of cytokine profile released by in vitro stimulated splenocytes

Splenocytes of naive C57BL/6 wildtype mice, LMP7-/-, MECL-1-/- and MECL-1-/- x
LMP7-/- mice were in vitro stimulated with plate-bound anti-CD3/CD28, (anti
CD3: 5 µg/ml in PBS, clone 145-2C11; anti-CD28: 5 µg/ml in PBS, clone 37.51),
1 µg/ml LPS (Sigma, LPS from Salmonella enterica serotype abortus equi) (data
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not shown) or left untreated respectively. After 27 h and 50 h, the supernatant
was frozen at -80°C and subsequently concentration of the indicated cytokines
was quantified using commercially available multiplexed bead-based assays (Bio-
PlexCytokine Assays, Bio-Rad Laboratories, Reinach, Switzerland). Samples were
prepared according to the manufacturer’s instructions and were analysed on a
flow cytometer (LSR II, BD Immunocytometry Systems, San Jose, CA) using
FACSDiva Software. Absolute cytokine concentrations were calculated based on
the median fluorescence intensity of the cytokine standard dilution.

Intracellular staining for IFNγ (ICS)

2 x 106 splenocytes were incubated in round-bottom 96-well plates with 10-7 M
of the specific peptide in 100 µl IMDM 10% + brefeldin A (10 µg/ml) for 5 h at
37°C. Cells were stained for 20 min at 4°C with Cy5-conjugated mouse anti-CD8
(clone 53-6.7, BD Pharmingen). Following fixation with 4% paraformaldehyde at
4°C for 5 min, the cells were incubated overnight with FITC-conjugated mouse
anti-IFNγ (clone XMG1.2 BD Pharmingen) in PBS containing 2% FCS and 0.1%
(w/v) saponin (Sigma). Samples were washed twice and aquired with the use of
FACScanTM flow cytometer and analysed by the FlowJo software.

Purification of 20S proteasome from mouse liver and proteasome activity as-
says

Livers of LCMV-WE infected C57BL/6, MECL-1-/- x LMP2-/- and MECL-1-/- x LMP7-/-

(day 8, 200 PFU i.v.) mice were lysed and 20S proteasomes were purified as de-
tailed previously (Groettrup et al., 1995). The subunit composition of the puri-
fied proteasomes in the different mouse strains was analysed by two-dimensional
gel electrophoresis. Fluorogenic assays were performed as described previously
(Schmidtke et al., 1999) to determine the peptide hydrolysing activity of the pro-
teasomes.

Two-dimensional gel electrophoresis

IEF/SDS-PAGE and NEPHGE/SDS-PAGE were performed exactly as previously
described (Groettrup et al., 1996a).

Statistical analysis

To statistically assess differences between groups, Student’s unpaired t-test was
performed using the GraphPad software. A p-value < 0.05 was considered statis-
tically significant for all analyses.
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The influence of immunoproteasomes on T cell

expansion during an antiviral immmune response

Adoptively transferred immunoproteasome deficient T cells can’t compete
with the endogenous T cells of the LCMV-WE infected wildtype host

In previous experiments in our laboratory, designed to characterize MECL-1 defi-
cient mice, we observed, that adoptively transferred T cells of naive MECL-1 gene
targeted mice are unable to expand in LCMV-WE infected Thy1.1 wildtype mice
to the same extent, as C57BL6 wildtype T cells do (Basler et al., 2006). These
findings are in accordance with previous experiments performed with LMP2, and
LMP7 x MECL-1 gene targeted mice. After adoptive transfer of these T cells,
followed by an influenza virus infection of the recipient wildtype mice, neither
the LMP2-/- nor the LMP7-/- x MECL-1-/- T cells were able to expand to the same
extent as the C57BL/6 control cells did, with a more prominent effect in the
LMP7-/- x MECL-1-/- transfer scenario. T cells derived from MECL-1 deficient
donors were detected in similar amounts as C57BL/6 wildtype cells (Pang et al.,
2006). As a possible explanation the authors mention rejection of donor T cells
by the host immune response because of either reduced surface MHC expres-
sion (Fehling et al., 1994) or miHAg differences emerging due to variations in
immunoproteasome composition. A second publication (Chen et al., 2001) also
documents the inability of transferred LMP2 gene targeted T cells to expand in
influenza virus infected wildtype mice to the expected extent. Besides this they
could also show, that the total CD8+ T cell response to influenza virus infection is
decreased, even to determinants that seem to be processed equally by standard-
and immunoproteasomes. Here, the authors assume limitations in the prolifera-
tive capacity in absence of a catalytically active LMP2 subunit, compared to wild-
type CD8+ T cells. In line with this, lethally irradiated MECL-1-/- x LMP7-/- mice
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reconstituted with a 1:1 mixture of B6.SJL wildtype bone marrow and MECL-
1-/- x LMP7-/- bone marrow were found to develop a T cell repertoire characterized
by an elevated ratio of CD4+ to CD8+ MECL-1-/- x LMP7-/- T cells, which remained
at this level also during Listeria monocytogenes infection. The authors suggest
an influence of MECL-1 on the homeostatic expansion of CD4+ and CD8+ T cells
through a T cell intrinsic mechanism independent of thymic or lymphoid interac-
tion partners (Zaiss et al., 2008).

To investigate the proliferative performance of immunoproteasome deficient T
cells elicited by an LCMV-WE infection in a wildtype environment, we adop-
tively transferred magnetically enriched T cells derived from MECL-1-/--, LMP2-/--
, LMP7-/-- or C57BL/6- (all of them carrying the Thy1.2 marker) mice into Thy1.1
recipient mice and infected these mice with LCMV-WE (200 PFU i.v.). In this sce-
nario, antigen presentation is performed by wildtype cells of the recipient mice
and hence is the same for the immunoproteasome deficient and for the C57BL/6
control T cells. Eight days post infection, expansion of donor T cells in recipi-
ent spleens was analysed. T cells derived from C57BL/6 control mice proliferated
to an extent of 2.55 +/- 0.03% of total lymphocytes. The lymphocyte population
of mice that received LMP2-/- T cells comprised 1.29 +/- 0.07% donor T cells, in
MECL-1-/- T cells receiving mice we can hardly detect any donor cells (0.54 +/-
0.17% of total lymphocytes) and similar findings were observed for LMP7-/- T cells
receiving mice (0.18 +/- 0.03%) (Fig.4). Of note, Thy1.1 wildtype T cells trans-
ferred into MECL-1 deficient mice (Basler et al., 2006), as well as B6.Ly5.1 T
cells adoptively transferred into LMP7-/- x MECL-1-/- mice (Pang et al., 2006) and
B6.SJL derived T cells in LMP2 gene targeted mice (Chen et al., 2001) expanded
to the same extent like they did after transfer in the wildtype control mice. As
we are also convinced that immunoproteasomal activity exerts an effect on T cell
proliferation, rather than immunoproteasome deficient T cells just being rejected,
our first set of experiments are aimed at describing the observed phenomenon in
more detail.

Immunoproteasome expression in murine T cells

Given that we are interested in the influence of immunoproteasomes on T cell
expansion, the inevitable question then is, how much immunoproteasome is ex-
pressed in T cells. To address this issue, T cells from naive C57BL/6, MECL-1-/-,
LMP2-/- and LMP7-/- mice were magnetically enriched with anti-CD90.2 (Thy1.2)
micro beads and the presence of the different immunoproteasome subunits was
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Figure 4: Expansion of adoptively transferred immunoproteasome deficient T cells in LCMV-
WE infected wildtyp-mice. (A) Magnetically purified Thy1.2 positive T cells (2.5 x 107) of naive
LMP2-/-, LMP7-/-, MECL-1-/- or C57BL/6 control mice were i.v. transferred into different Thy1.1
mice, and at the same time, mice were infected with 200 PFU of LCMV-WE. Eight days post
infection, splenocytes were stained for Thy1.2 (transferred T cells) and analysed by flow cytom-
etry. The experiments, each with two Thy1.1 recipient mice receiving cells from one genotype
have been repeated three times, yielding similar results. (B) Percentage of Thy1.2 positive
cells, recovered in the host mice spleen eight days post infection/transfer.

documented via Western blotting after separating the proteins of the T cells’ cel-
lular extract by SDS-PAGE (Fig.5).

Although it’s not possible to draw any conclusions regarding immunoproteasome
quantity in comparison with the BALB/c control liver tissue, it is clearly visible,
that naive T cells are expressing a substantial amount of immunoproteasomes,
which will certainly increase even more during an antiviral immune response due
to the release of considerable amounts of IFNγ (Barton et al., 2002a) (Hisamatsu
et al., 1996) (Groettrup et al., 1996a).

T cell expansion and homing of transferred immunoproteasome deficient T
cells in LCMV-WE infected wildtype host

To get a general idea of how fast the adoptively transferred T cells ”disappear”
in the recipient mice, we injected naive MECL-1-/- or C57BL/6 control T cells into
wildtype mice that were LCMV-WE infected immediately after T cell transfer and
analysed the presence of donor T cells in blood on day two, five, six, seven and
eight after transfer/infection (Fig.6). Since the endogenous LCMV-specific T cells
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Figure 5: Immunoproteasome expression in murine T cells. (A) LMP2, (B) LMP7 and (C) MECL-
1-expression in CD90.2 sorted T cells of naive C57BL/6 mice compared to the expression of
the indicated immunoproteasome subunit in the corresponding gene targeted mouse and in
liver tissue of naive and LCMV infected (day eight, 200 PFU i.v.) BALB/c mice. Each sample
was applied with three dilutions (1:2:4).

of the host mouse also receive an activation stimulus by the viral infection, the
percentage of C57BL/6 wildtype donor T cells (from total lymphocytes) vanishes
in light of a vigorously expanding host population from day 5 (1.39% Thy1.2+

cells) to day 8 (0.5% Thy1.2+ cells), when 3 x 107 T cells have been transferred
(Fig.6A). 7 x 107 injected T cells (Fig.6B) seem to approach the number of endoge-
nous LCMV-specific T cells, as they can compete with them in their proliferative
response, visible in a rather increasing than decreasing relative percentage of
C57BL/6 donor T cells (5.46% Thy1.2+ cells on day 5 and 6.8% on day 8). How-
ever, the percentage of MECL-1-/- donor derived T cells are reduced compared to
the wildtype donor T cells, starting on day 5 or 6, regardless of the number of
transferred T cells (Fig.6A: 0.6% MECL-1-/- Thy1.2+ cells on day 5 and 0.042% on
day 8; Fig.6B: 4.01% Thy1.2+ cells on day 5 and 2.8% on day 8)

To fend off a pathogen successfully, win in a battle against a tumor or just to guar-
antee self-tolerance, proper homing to the correct tissues is an essential qualifi-
cation of all players of the immune system. To make sure that T cells lacking
immunoproteasome subunits don’t suffer from homing failures, we monitored the
migration of the LMP7-/- (Fig.7A) and MECL-1-/- (Fig.7B) donor derived T cells to
spleen, peritoneum, popliteal lymph node, medial iliac lymph node (den Broeck
et al., 2006) and blood of the LCMV-WE infected recipient mouse. LMP7-/- and
MECL-1-/- T cells transferred into Thy1.1 mice don’t display divergent homing
characteristics compared to C57BL/6 wildtype T cells, at least not in the tissues
analysed. But, as anticipated, cells originating from LMP7-/- or MECL-1-/- donors
respectively, were hardly detectable and far below the number of wildtype donor
cells in all organs examined.
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Figure 6: Kinetic of T cell expansion in blood of LCMV-WE infected host. (A) 3 x 107 or (B) 7 x 107

magnetically enriched MECL-1-/- or C57BL/6 control T cells were adoptively transferred into
naive Thy1.1 wildtype mice, that were infected with 200 PFU LCMV-WE i.v. immediately after T
cell transfer. On day two, five, six, seven and eight after T cell transfer and viral infection, the
percentage of Thy1.2 positive lymphocytes in the blood (tail vein) of the recipient mice were
detected by fluorescent anti-Thy1.2 antibodies and analysed by flow cytometry.

Adoptively transferred immunoproteasome deficient T cells are not rejected
by the naive host animal

A yet unanswered question is the impact of rejection events, because of dimin-
ished MHC class I surface expression in LMP7 gene targeted mice or miHAgs
that arise due to altered proteasome compositions in the mice missing the dif-
ferent immunoproteasome subunits. Especially in light of a recent publication
(Duffy et al., 2008), emphasizing the possible retention of miHAgs in transgenic
or knock-out strains that were backcrossed into an inbred mouse strain different
from the founder, this issue needs to be investigated thoroughly. The rejection of
transgenic CD4+ T cells carrying miHAg has been shown to take approximately
21 days (Duffy et al., 2008) and, to quote a second well-studied miHAg, 40-75% of
male hematopoetic cell grafts survive in female recipients at day 10 after transfer
(Robertson et al., 2007). As we are injecting only T cells (70-80% Thy1.2 posi-
tive cells after magnetic sorting, determined by FACS analysis, data not shown),
lacking professional antigen presenting cells (pAPCs) that could induce a direct
and fast activation of the recipient’s immune response, we would assume that
in our scenario the rejection process would even take longer. But, as shown in
Fig.4, depending on the immunoproteasomal subunit missing, the lion’s share of
the transferred T cells are gone by day eight.

To rule out rejection phenomena we transferred a 1:1 mixture of magnetically en-
riched Thy1.2 positive T cells derived from C57BL/6 wildtype and MECL-1 gene
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Figure 7: Homing of immunoproteasome deficient T cells in LCMV-WE infected host mice.
Magnetically isolated Thy1.2 positive cells (2-3 x 107) of naive (A) LMP7-/- and C57BL/6 control
mice and (B) MECL-1-/- and C57BL/6 wildtype mice were i.v. transferred into different Thy1.1
mice. One day after transfer (A) or immediately after T cell transfer (B) the recipient mice
were infected with 200 PFU LCMV-WE i.v.. Eight days post infection, homing of donor T cells to
the indicated organs (spleen, blood, peritoneum, popliteal lymph node, medial iliac lymph
node) was analysed by flow cytometry after Thy1.2 staining.

targeted mice into naive Thy1.1 mice. Control- and immunoproteasome- deficient
T cells can be discriminated by their CFSE intensity. C57BL/6 cells have been
labeled with a low amount, MECL-1-/- T cells with a high amount of the fluores-
cent dye. One day after transfer we bled the mice to confirm that all animals
started with a 1:1 ratio of wildtype- and MECL-1-/- T cells. Four and seven days
after transfer, splenocytes of the Thy1.1 host mice were stained for CD8. With
39.8% CFSE high CD8+ T cells on day four and 42.2% CFSE high CD8+ T cells
on day seven the percentage of MECL-1-/- cells remained stable over the whole
time period, arguing against the rejection of MECL-1 deficient T cells (Fig.8A).
The reason for only about 40% of the CFSE positive cells being CFSE high on day
four and day seven and not 50% as it was the case for the ”transferred cells” is the
following: A 1:1 mixture of total Thy1.2 MACS sorted T cells was injected and the
analysis for the ”transferred cells” and the cells on ”day 1 post transfer” (gated on
CFSE positive cells) was based on the total lymphocyte population. The analysis
of day four and day seven post transfer is referred to the CD8+ T cell population.
MECL-1 deficient mice are known to have about 20% less CD8+ T cells, which
is reflected in the detection of about 20% less (viz. 40%) CD8+ CFSE high cells
compared to the total lymphocyte population.

Being aware of the possibility that LMP7 gene targeted T cells are rejected by
Natural Killer cells (NK cells) due to a diminished MHC expression (Fehling et al.,
1994), we injected T cells of naive LMP7-/- or C57BL/6 mice into Thy1.1 mice
that were either LCMV-WE infected after one day or remained naive. Labeling
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Figure 8: Exclusion of rejection phenomena. (A) Persistence of adoptively transferred MECL-1
deficient T cells in an uninfected host. Magnetically enriched T cells of naive MECL-1-/- and
C57BL/6 control mice were fluorescently labeled with different amounts of CFSE (MECL-1-/-:
7.5 µM CFSE; C57BL/6: 0,75 µM CFSE) and mixed in a 1:1 ratio. 2.5 x 107 mixed Thy1.2 positive
cells were transferred i.v. into naive Thy1.1 mice. After one day, the transfer was documented
by detecting CFSE high and CFSE low cells in the blood of recipient mice via flow cytome-
try (gated on CFSE positive cells). Four and seven days after transfer, the mice were sacri-
ficed and splenocytes were stained for CD8 positive cells and subsequently analysed by flow
cytometry (gated on CD8 and CFSE positive cells). ”Transferred cells” displays the ratio of
C57BL/6 (wt) and MECL-1 deficient (ko) cells as they were used for injection, in presence of
unlabeled cells. The figure shows one out of three representative mice per time point. (B)
Donor LMP7-/- T cells are detectable on day nine after transfer in uninfected mice at com-
parable levels as C57BL/6 wildtype T cells, unlike the situation in LCMV-WE infected hosts.
Magnetically enriched Thy1.2 positive cells (2 x 107) of naive LMP7-/- and C57BL/6 control mice
were i.v. transferred into different Thy1.1 mice. One day after transfer, the recipient mice
were either infected with 200 PFU LCMV-WE i.v. or remained naive. Two days later, the T cell
transfer efficiency was documented by detecting the donor T cells in the recipient’s blood
using flow cytometry. After six additional days, the mice were sacrificed and the number of
Thy1.2 positive splenocytes was determined by flow cytometry after incubation with Thy1.2
specific fluorescent antibodies. The experiment was performed with two naive and three in-
fected Thy1.1 recipient mice receiving cells from one genotype. (C) Longterm monitoring
of immunoproteasome deficient T cells in naive recipients Magnetically purified Thy1.2 pos-
itive T cells (2.5 x 107) of naive LMP2-/-, LMP7-/-, MECL-1-/- or C57BL/6 wildtype mice were i.v.
transferred into different Thy1.1 mice. Two and ten days after transfer, blood of the recipient
mice was analysed for the percentage of donor cells (Thy1.2 positive cells) by flow cytometry.
On day 22 after transfer, mice were sacrificed and the number of Thy1.2 positive splenocytes
was analysed as described above. The experiments were performed each with two Thy1.1
recipient mice receiving cells from one genotype.
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Thy1.2 positive donor cells in blood on day three after transfer shows, that all
mice received an equal amount of cells (data not shown). However, nine days
after transfer, we found the LMP7-/- T cells hardly detectable in the virus-infected
mice (0.03% Thy1.2+ LMP7-/- cells vs. 1.06% Thy1.2+ C57BL/6 cells) (as expected),
but comparable amounts of wildtype (1.025% Thy1.2+ cells) and gene targeted
(0.815% Thy1.2+ cells) T cells in the naive animals (Fig.8B).

In order to directly compare the loss of LMP7 gene targeted T cells in an LCMV-
WE infected recipient mouse to rejection processes due to minor histocompati-
bility antigens (miHAg), we injected a 1:1 mixture of female LMP7-/- T cells and
female or male Thy1.1 wildtype T cells into naive or LCMV-WE infected (200 PFU
i.v., injected immediately after T cell transfer) female CD45.1 congenic mice. The
sex-chromosome encoded HY-antigens of the male Thy1.1 wildtype donor cells are
recognized as foreign in the female recipients and will induce a T cell response
eventually resulting in the rejection of the syngenic male T cells (Robertson et al.,
2007), citepScott1995, (Greenfield et al., 1996). Mice were bled on day one and
day four after transfer and sacrificed on day eight after transfer to analyse the
CD8+ T cell population in blood (days one and four; Fig.9A and 9B) or spleen
(day eight; Fig.9C) for the percentage of wildtype and gene targeted donor cells.
In naive recipient mice all donor T cells (female/male wildtype and LMP7 defi-
cient) are slightly reduced in number, presumably according to their half-life, but
are still present at comparable high levels after four and eight days (Fig.9D and
F). However in LCMV-WE infected host mice, LMP7 deficient T cells are sub-
stantially decreased already on day four and hardly detectable by day eight after
transfer and infection. In contrast, the percentages of Thy1.1 wildtype donor T
cells in the same recipient mice are, although marginally reduced on day four,
maintained from day one to day eight after transfer and infection, regardless of
the ”gender” of the T cells and thus regardless of the presence or absence of HY
miHAgs (Fig.9E and 9G). Taken together these data prove the inability of LMP7
gene targeted T cells to survive or even expand in an LCMV-WE infected recipient
to be unrelated to miHAg-induced rejection processes. The latter were shown to
require more time after ag encounter to become active and destroy the ag-bearing
tissue (Robertson et al., 2007), (Duffy et al., 2008).

In the last approach to exclude rejection phenomena we adoptively transferred
Thy1.2 MACS sorted T cells derived from naive LMP2-/-, LMP7-/-, MECL-1-/- and
C57BL/6 wildtype mice in different naive Thy1.1 mice and monitored their per-
sistence in blood on day two and day ten and in spleen on day 22 after trans-
fer. There are no statistically significant differences between the various donor T
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Figure 9: HY miHAgs don’t cause T cell rejection within eight days. T cells of female LMP7
deficient and both female and male Thy1.1 wildtype mice were magnetically enriched by
depletion of non-T cells. 1.5 x 107 cells of a 1:1 mixture of LMP7-/- and Thy1.1 female or LMP7-/-

and Thy1.1 male T cells were i.v. injected into female CD45.1 congenic mice. The recipient
mice were infected with 200 PFU LCMV-WE i.v. immediately after T cell transfer or remained
naive. (A) One and (B) four days after transfer, blood of the recipient mice was analysed
for the percentage of LMP7-/- (CD45.2+, Thy1.1-) and Thy1.1 (CD45.2+, Thy1.1+) donor CD8+ T
cells by flow cytometry. (C) On day eight after transfer mice were sacrificed and splenocytes
were analysed as described for blood. Dot plots in the upper row represent the transfer of wt
male + LMP7-/- cells, dot plots in the row below represent the transfer of wt female + LMP7-/-

cells. They are gated on the CD8+ lymphocyte population and display Thy1.1 (x-axis) vs.
CD45.2 (y-axis). The experiment was performed with two naive and three infected CD45.1
recipient mice receiving a mixture of wt male + LMP7-/- or wt female + LMP7-/- cells respec-
tively. (D-G) The figures sum up the data acquired from all recipient mice and all time points
analysed. (D)Survival of male Thy1.1 and female LMP7-/- T cells in the same naive or (E) LCMV-
WE infected recipient. (F) Survival of female Thy 1.1 and female LMP7-/- T cells in the same
naive or (G) LCMV-WE infected recipient.
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cells on day two or day ten, but we can’t deny a reduction of immunoproteasome-
compromised donor T cells compared to C57BL/6 donor cells in spleen 22 days
after transfer (Fig.8C) (0.16% Thy1.2+ C57BL/6 cells; 0.11% Thy1.2+ MECL-1-/-

cells; 0.02% Thy1.2+ LMP2-/- cells; 0.07% Thy1.2+ LMP7-/- cells). If this is due
to rejection of donor cells or failures in homeostatic proliferation or some other
crucial factor controlled by the function of proteasomes can’t be reasoned so far.

Useful for comparison, we also simulated an allo-response by injecting MHC mis-
matched BALB/c (H-2d haplotype) T cells into naive Thy1.1 mice (H-2b haplo-
type). The donor T cells were heavily reduced already after 2 days (1.28% Thy1.2+

C57BL/6 cells; 0.32% Thy1.2+ BALB/c cells) and almost gone 24 h later (1.07%
Thy1.2+ C57BL/6 cells; 0.07% Thy1.2+ BALB/c cells) (Fig.10A). Of note, neither
donor nor host cells showed a significantly elevated CD69 expression, which is an
early activation marker, upregulated on T cells on day two during an LCMV-WE
infection. Since there were hardly any BALB/c donor cells left three days after
transfer, the expression of CD69 on these very few cells could not be assessed
reliably (Fig.10B).

No obvious functional dysregulations, identified by the expression of
corresponding ”cluster of differentiation” molecules on the surface of
immunoproteasome subunit deficient T cells

In our endeavors to curtail the huge quantity of processes, proteasomal activ-
ity can possibly affect, we monitored the expression of a panel of differentiation
markers to identify potential dysregulations regarding homeostatic proliferation,
homing to peripheral lymphoid organs, activation, migration to the source of in-
fection or apoptosis. In several experiments we measured the expression of the
following CD molecules (clusters of differentiation) on different hematopoetic cells
and at different time points of the antiviral immune response (Tabl.1).

In none of the analysed tissues and at no time point, differences in the expression
of the indicated marker molecules between C57BL/6 wildtype and immunoprotea-
some deficient mice were detectable. For example Figure 11 shows the expression
level of CD127, CD62L, CD95 and PD1 on CD8+ T cells of naive and LCMV-WE in-
fected C57BL/6 wildtype and MECL-1-/- mice (day four and day eight of infection).
The slightly upregulated expression of CD127 on MECL-1-/- CD8+ T cells on day
eight of the LCMV-WE infection was not detectable in subsequent experiments
(Fig.11 CD127).
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Figure 10: Alloresponse mediates rejection within 3 days. Magnetically purified Thy1.2 posi-
tive T cells (2.5 x 107) of naive BALB/c (H-2d haplotype, Thy1.2+) or C57BL/6 (H-2b haplotype)
mice were i.v. transferred into different naive Thy1.1 mice (H-2b haplotype). The recipient
animals were sacrificed two or three days after transfer. Splenocytes were labeled for Thy1.2
(transferred T cells) and CD69 and analysed by flow cytometry. (A) Dot plots of lymphocyte
population displays FSC (y-axis) vs. Thy1.2 (x-axis). Numbers in upper right corner of the gate
represent the percentage of remaining Thy1.2 positive cells derived from the indicated donor
at day two and day three after transfer. (B) Histogramms are illustrating CD69 expression on
Thy1.2- host cells two or three days after receiving C57BL/6 or BALB/c donor T cells as well as
CD69 expression on the indicated Thy1.2+ donor cells. Upregulation of CD69 expression on T
cells during the early phase of an LCMV-WE infection was used as positive control.
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CD molecules mouse genotype infection status analysed tissue cell type
(LCMV-WE)

CTLA-4 MECL-1-/-, naive spleen CD4+ and
C57BL/6 CD8+

CTLA-4 MECL-1-/-, naive thymus CD8+ and
C57BL/6

IL15R MECL-1-/-, naive spleen CD8+ and
C57BL/6

CD44, CD62L, CD28, MECL-1-/- naive, spleen CD8+ and
CCR7, CD70, CD25, C57BL/6 day 4 and
PD 1, CTLA-4, CD95, day 8 of
CD127, IL15R infection
CCR7, CD18, CD25, LMP2-/-, day 8 of infection spleen, CD8+

CD28, CD29, CD44, LMP7-/-, (+ naive wt control lymph
CD54, CD62L, CD69 MECL-1-/-, for each tissue) node,
CD95, CD127, CTLA-4 C57BL/6 blood
PD 1
CD127, CCR7, MECL-1-/-, naive and day 8 spleen, blood CD8+

CD62L, CD102 C57BL/6 of infection lymph node
PD 1, CD18 MECL-1-/-, naive and day 8 spleen CD4+

CD62L, CD102 C57BL/6 of infection
CCR7, CD62L, MECL-1-/-, day 8 of infection spleen CD8+

CD127 PA28αβ-/-,
C57BL/6

LMP7tg No. 31
PD 1, CD127, MECL-1-/-, day 8 of infection spleen CD4+

CD62L, CD44, PA28αβ-/-,
CD29, CD18 C57BL/6

LMP7tg No. 31
CD95, CCR7, LMP2-/-, naive and day 8 spleen CD8+

CD62L,CD44 MECL-1-/-, of infection
C57BL/6

CD29, CD44, LMP2-/-, naive and day 8 spleen CD4+

CD62L,CD127, MECL-1-/-, of infection
PD 1 C57BL/6
CD29, CD62L, LMP2-/-, naive and day 8 lymph node CD8+

CD127, CCR7 MECL-1-/-, of infection
C57BL/6

CD62L LMP2-/-, naive and day 8 spleen CD4+

MECL-1-/-, of infection CD8+

C57BL/6
PD 1 LMP2-/-, day 8 of infection spleen CD8+

LMP7-/-, (+ naive wt control), CD4+

MECL-1-/-, day 10 of infection
C57BL/6

PD 1, CTLA-4, LMP2-/-, day 4, day 6 spleen CD4+

CD28 LMP7-/-, and day 8
MECL-1-/-, of infection
C57BL/6

Table 1: List of experiments performed in order to detect a potentially altered expression of the
indicated CD molecules in different cells and at varying immune status of immnoproteasome
deficient mice.
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Figure 11: Immunoproteasome deficient T cells don’t display differences in the expression of
CD127, CD62L, CD95 and PD 1. Splenocytes of naive and LCMV-WE infected (days four and
eight, 200 PFU i.v.) C57BL/6 and MECL-1-/- mice were incubated with fluorescent antibodies
detecting CD8+ cells and CD127, CD62L, CD95 or PD 1. The histogramms are displaying the
expression of the indicated molecules on CD8+ T cells.
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Immunoproteasome deficient T cells are neither impaired in homeostatic nor
in mitogen induced T cell expansion

Proteasomes are the main supplier of peptide-ligands for MHC class I molecules.
If the peptide delivery is scaling down, also the presence of stable MHC class
I molecules on the cell surface is decreasing. In LMP7 deficient mice this cor-
relation is assumed to be one major reason for the reduced MHC expression in
these mice, as the catalytic activity of LMP7 generates peptides with hydopho-
bic C-termini which are preferred anchor residues for binding to MHC class I
molecules (Fehling et al., 1994).

In addition to their irreplaceable role in the generation of MHC I ligands, some
observations point at immunoproteasome subunits as intrinsic factors affecting
expansion of T cells independent from their function in processing MHC-I pre-
sented peptides. For instance, although constitutive proteasomes are capable of
processing most MHC I-binding peptides, LMP2- and MECL-1 gene targeted mice
display a reduced number of CD8+ T cells (Kaer et al., 1994) (Basler et al., 2006).
In Zaiss et al. (Zaiss et al., 2008) it was shown, that in irradiated MECL-1 x LMP7
double knock-out mice, reconstituted with a mixture of bone marrow (BM) from
B6.SJL and MECL-1-/- x LMP7-/- mice, T cells derived from the MECL-1 x LMP7
deficient BM display a higher CD4/CD8 ratio than T cells derived from the wild-
type BM. This effect can also be observed at day seven and day 46 following Liste-
ria monocytogenes (LM) infection of the BM chimeric mice. Differences in positive
or negative selection caused by the MECL-1 x LMP7 deficiency are very unlikely
given that wildtype and gene targeted cells are selected in the same thymus. The
authors consider differences in homeostatic proliferation as possible explanation.
Total lymphocyte-numbers don’t seem to be changed in their experiments.

Caudill and colleagues (Caudill et al., 2006) report on hyperproliferating CD4+

and CD8+ MECL-1 x LMP7 double knock-out T cells in response to antiCD3/CD28
or PMA/Ionomycin stimulation. Also in mixed lymphocyte reactions (MLR) which
resemble a more physiological situation, requiring MHC-TCR dependent signals,
MECL-1-/- x LMP7-/- splenocytes hyperproliferate compared to wildtype or single
knockout cells. As single knock-out cells behave like wildtype cells regarding
proliferation, this effect can’t be explained by reduced MHC class I expression
or altered CD4/CD8 ratios. Plus, since CD4+ T cells are hyperproliferating as
well, but dependent on activation signals provided by MHC class II-peptides, their
proliferation shouldn’t be biased by variations in the generation of MHC class I
ligands.
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In our experimental setup single knock-out T cells are the ones compromised to
expand after transfer in LCMV-WE infected host. Hence we are interested in
homeostatic expansion of MECL-1, LMP2 and LMP7 single knockout T cells. To
investigate this issue we monitored the reconstitution of the T-cell repertoire in
RAG-2 deficient mice, after injection of a 1:1 mixture of negatively selected wild-
type (Thy1.1+) and either LMP2-/- or LMP7-/- or MECL-1-/- or C57BL/6 wildtype
control (all of them being Thy1.2+) T cells (Fig.12). The percentage of Thy1.1+

wildtype donor cells and the corresponding Thy1.2+ immunosubunit deficient T
cells that developed in one RAG-2 deficient recipient was analysed on day two
(Fig.12A), eight (Fig.12B) and 27 days (Fig.12C) after transfer in blood and two
months after injection in spleen (Fig.12D). At the first time point (day two), the
percentage of LMP7-/- and LMP2-/- T cells seems to exceed the percentage of the
wildtype T cells that are competing in the same RAG-2-/- mouse. But this differ-
ence is gone by day eight for LMP2-/- and by day 27 for LMP7-/- T cells. Thy1.1
wildtype T cells are apparently performing better in the RAG-2-/- recipient receiv-
ing a mixture of wildtype and MECL-1 gene targeted T cells from day eight to
two month after transfer, but this was not observed when repeating the experi-
ment. These results do not indicate an altered homeostatic expansion of single
knock-out T cells compared to wildtype T cells.

To address the mitogen induced T cell expansion, we stimulated splenic T cells
from MECL-1-/- x LMP7-/- mice, sorted by magnetically depleting all non- T cells,
for 48 h (data not shown), 72 h and 96 h (data not shown) in vitro with either
plate-bound anti-CD3/CD28 (Fig.13A) or PMA/Ionomycin (Fig.13B). While anti-
CD3/CD28 is activating T cells via the T cell receptor (TCR), PMA/Ionomycin
targets components downstream of the TCR (protein kinase C, calcineurin). The
activation induced proliferation of the CFSE labelled T cells was documented by
the dilution of the fluorescent dye when the cells are dividing. Neither CD4+

nor CD8+ MECL-1-/- x LMP7-/- T cells showed a significant hyperproliferation at
any time point and activating signal used. In accordance with this, in mixed
BM chimeric mice it was shown that MECL-1-/- x LMP7-/- T cells expanded to the
same extent as immunoproteasome-expressing T cells in response to bacterial
infections (Zaiss et al., 2008).
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Figure 12: Homeostatic expansion of adoptively transferred T cells in RAG deficient mice.
Magnetically purified T cells of naive LMP2-/-, LMP7-/-, MECL-1-/- or C57BL/6 control mice were
mixed in a 1:1 ratio with magnetically enriched Thy1.1 wildtyp T cells. A total amount of
2.5 x 107 cells were i.v. transferred into different RAG-/- mice. After (A) two, (B) eight and (C)
27 days, T cells were detected in the blood by flow cytometry after staining for CD4 (data
not shown), CD8, Thy1.1 and Thy1.2. (D) Two month after transfer, the spleens were taken and
analysed for the presence of transferred T cells as described. The graphs show the percent-
age of wildtype cells (Thy1.1, white bars) together with the indicated immunoproteasome
deficient cells and the C57BL/6 wildtyp control respectively (Thy1.2, grey bars), of the total
CD8 positive cells that expanded in one RAG-/- mouse. The values represent the mean of
three (recipients of C57BL/6 control cells) or two (recipients of immunoproteasome deficient
cells) different mice. The experiments have been repeated two times, yielding similar results.
Statistics: * (0.01<p>0.05); *** (p<0.001)
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Figure 13: In vitro proliferation of MECL-1-/- x LMP7-/- T cells after CD3/CD28 or PMA/Ionomycin
stimulation. Splenic T cells from naive MECL-1-/- x LMP7-/- and C57BL/6 mice were isolated by
magnetic depletion of non-T cells, labelled with CFSE and stimulated in vitro for 48 h (data not
shown), 72 h and 96 h (data not shown) with (A) plate-bound antiCD3/CD28 antibodies and
(B) PMA/ionomycin. Proliferation of T cells was measured by means of CFSE dilution, gated
on either CD4+ or CD8+ cells by flow cytometry. One out of four representative experiments is
shown.

Propensity of immunoproteasome deficient T cells to undergo apoptosis in
vitro

The proteasome’s central role in protein degradation directly entails the control
over crucial cellular processes by deciding on rise and fall of regulatory proteins
like cyclins, transcription factors and components of signal transduction path-
ways (reviewed in (Coux et al., 1996), (Hilt and Wolf, 1996), (Varshavsky, 1997),
(Konstantinova et al., 2008)).

In the same way factors managing apoptotic cell death are regulated by protea-
somal degradation. Hence, our aim is to compare immunoproteasome compro-
mised T cells with that of immunoproteasome expressing T cells in terms of their
propensity to undergo apoptosis in vitro. We used two approaches, one pursuing
activation induced cell death (AICD) after stimulation with plate-bound anti-CD3
(Fig.14B) and the second applying dexamethasone (Fig.14A), which is a synthetic
glucocorticoid, known as potent inducer of apoptosis in thymocytes and mature T
cells (reviewed in (Ashwell et al., 2000)).

Cells undergoing apoptosis were detected after incubation with fluorescent anti-
AnnexinV antibodies and anti-CD4+ or anti-CD8+ antibodies respectively, to dis-
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Figure 14: Apoptosis assay. Magnetically sorted T cells of naive C57BL/6, LMP2-/-,LMP7-/- and
MECL-1-/- mice were in vitro cultured for two days with 3 µg/ml ConA and for five further days
with 100 U/ml IL2. A density centrifugation step was performed one day before adding the
apoptosis stimuli to remove dead cells. The T cells were incubated for 16 h with either (A)
Dexamethasone or (B) anti-CD3 and the percentage of apoptotic cells was determined by
AnnexinV-labelling. The effects on CD4+ helper T cells and CD8+ cytotoxic T cells were dis-
criminated by staining the population with the corresponding fluorescent antibodies. The
samples were acquired by flow cytometry. The x-axis shows the concentration of the indi-
cated apoptosis-stimulus, the y-axis displays the percentage of CD8+ or CD4+ T cells that are
AnnexinV positive. Statistics: Asterisks in the upper panel of (A) are referred to statistical sig-
nificant differences between LMP7 deficient and C57BL/6 control CD8+ T cells treated with
Dexamethasone. * (0.01<p>0.05); ** (0.001<p>0.01)
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criminate T helper (Th)- and cytotoxic T lymphocyte (CTL)-subsets. In conse-
quence of dexamethasone stimulation LMP7-/- CD8+ T cells show a slight and to
some extent significant increase in the number of Annexin positive cells (0.001 M
Dex: C57BL/6 vs. LMP7-/- = 22.97% vs. 44.93%; 0.01 M Dex: C57BL/6 vs. LMP7-/-

= 31.33% vs. 46.19%; 0.03 M Dex: C57BL/6 vs. LMP7-/- = 31.54% vs. 47.44%; 0.3 M
Dex: C57BL/6 vs. LMP7-/- = 32.35% vs. 45.93%) (Fig.14A; CD8+ cells). These dif-
ferences could not be reproduced in a second experiment. We were unable to de-
tect differences in the CD4+ populations (Fig.14A and 14B; CD4+ cells). Similarly
all gene targeted CD8+ T cells after CD3 stimulation showed as many AnnexinV
positive cells, as wildtype T cells did (Fig.14B; CD8+ cells). Altogether there are no
obvious failures in the regulation of apoptotic processes after in vitro-stimulation.
The in vivo-situation is of course by far more complex, involving the numerous
non-T cell components of the immune system, as well as the tightly adjusted cy-
tokine milieu, sensitive to homeostatic, activating (ag-specific) or down-regulating
(glucocorticoids, reviewed in (Beauparlant and Hiscott, 1996), (Wilckens and Rijk,
1997)) signals. For that reason, our in vitro results can be interpreted as hints,
but by no means claim to represent the actual in vivo situation.

The role of immunoproteasomes in NF-κB assembly and activity

One of the crucial regulators of the immune response, at molecular level, is the
transcription factor NF-κB. Interaction of T cell receptors (TCR), B cell recep-
tors (BCR), tumor necrosis factor receptors (TNFR), CD40, lymphotoxinβ receptor
(LTβR) , BAFFR (B cell survival factor receptor ) and the TOLL/IL-1R family with
their corresponding ligands leads to transcriptional activation of genes expressing
cytokines, growth factors and effector enzymes, mediated by the activity of NF-
κB (reviewed in (Ghosh et al., 1998), (Silverman and Maniatis, 2001), (Bonizzi
and Karin, 2004). The mammalian NF-κB family consists of five members: RelA
(p65), NF-κB1 (p50/p105), NF-κB2 (p52/p100), c-Rel and RelB, which compose the
hetero- or homodimeric transcription factor. It is expressed in essentially all cell
types with the most frequent combination being p50/p65. In unstimulated cells
NF-κB is kept inactive in the cytosol by binding to the inhibitory protein inhibitor
of NF-κB, IκBα, that masks the nuclear localization signal of NF-κB. In conse-
quence of extracellular stimuli, IκBα gets rapidly phosphorylated, ubiquitinated
and proteolytically degraded by the proteasome, this in turn allows the NF-κB
dimer to translocate into the nucleus and regulate the expression of different tar-
get genes (reviewed in (Ghosh and Baltimore, 1990), (Henkel et al., 1993), (Karin
and Ben-Neriah, 2000), (Ghosh and Karin, 2002) and (Hayden and Ghosh, 2004).
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Both, degradation of IκBα and processing of the precursor proteins p100 and p105
to p52 and p50, respectively, is accomplished by the proteasome (Fig.1).

In 1999 a heated debate came up after a publication reporting on the absence
of LMP2 in certain tissues of NOD mice at a progressed developmental stage,
which leads to failures in NF-κB activation due to both impaired NF-κB subunit
p50 and p52 generation by proteasomal processing of the corresponding precur-
sor proteins and impaired degradation of IκBα (Hayashi and Faustman, 1999),
(Hayashi et al., 2000). The results were challenged by two independent studies
proving firstly normal proteasome activity in thymus and spleen of NOD mice, as
well as the presence of LMP2 in these tissues independent of age, gender or the
occurrence of diabetes at comparable levels to different control strains (Kessler
et al., 2000). Secondly experiments with T2 cells, carrying a homozygous LMP2
gene deletion, demonstrated an unimpeded generation of p50 in absence of LMP2
(Runnels et al., 2000).

Some years later this issue was again discussed when LMP2 siRNA treated hu-
man cell lines displayed elevated levels of phosphorylated IκBα, reduced IκBα

mRNA levels and a decrease of p50 protein in cytosolic and nuclear extract and
reduced p65 protein in the nuclear extract only. Expression of p50 and p65 mRNA
remained normal. From these findings, the authors draw the conclusion that
LMP2 is necessary for the generation of p50 and the degradation of phosphory-
lated IκBα. If the inhibitor can’t be removed by proteasomal activity, NF-κB can’t
be liberated to translocate to the nucleus, explaining the low amount of p65 found
in the nuclear extract. As the expression of the IκBα gene is also transcriptionally
regulated by NF-κB, IκBα mRNA level is declining too (Wang et al., 2006).

A study performed to examine the differences in proteasome subunit composi-
tion in the inflamed intestine of patients suffering from ulcerative colitis (UC) or
Crohn disease (CrD) indicated an enhanced upregulation of immunoproteasomes
in CrD patients compared to UC patients. Moreover, the processing of the p105
precursor protein as well as the degradation of IκBα was shown to be increased
in tissues of CrD patients (Visekruna et al., 2006).

Up to date the influence of immunoptoteasomes on the regulation of NF-κB ac-
tivity is still a matter of debate. But, due to its role as molecular switch point
of paramount importance, dysfunctions mediated by incomplete immunoprotea-
somes as they are found to varying degrees in LMP2, LMP7 and MECL-1 gene
targeted mice could undoubtedly explain the failure of expansion in wildtype re-
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cipients as described in Fig.4. For this reason we analysed the spleen cells of
naive (Fig.15A) and LCMV-WE infected (day 4, 200 PFU i.v.) (Fig.15B) C57BL/6,
LMP2-/-, LMP7-/- and MECL-1-/- mice in terms of p50 and p105 expression. The
Western Blots don’t show any convincing differences between immunoproteasome
subunit deficient and immunoproteasome expressing cells. According to the anti-
body manufacturer, the two signals lying one upon the other at the correct molec-
ular weight, are both supposed to be p50 or p105 respectively, due to varying
phosphorylation levels of the proteins. Hence we can rule out a compromised gen-
eration of NF-κB p50 in naive or LCMV-WE infected LMP2, LMP7 or MECL-1
gene targeted mice, causing an impaired T cell expansion after adoptive transfers.
But still, the question whether IκBα can be degraded successfully and rapidly in
cells lacking complete immunoproteasomes, needs to be addressed.

Figure 15: Expression of p50/p105 in cytosolic spleen extract. Lysates of the cytosolic extracts
of splenocytes derived from (A) naive or (B) LCMV-WE infected (day 4, 200 PFU i.v.) C57BL/6,
LMP2-/-, LMP7-/- and MECL-1-/- mice were subjected to 10% SDS-PAGE analysis in (A) two (1:2)
(B) three (1:2:4) dilution steps. The proteins were Western blotted, incubated with a polyclonal
goat anti-NF-κB p105/p50 antibody, followed by a HRP conjugated rabbit anti-goat ab and
finally visualized using a chemiluminescent substrate.
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Expansion of adoptively transferred T cells in Listeria monocytogenes or
Vaccinia Virus infected wildtype recipients

In order to examine whether we are facing a pathogen-specific effect, we also
transferred magnetically enriched T cells of the different immunoproteasome sub-
unit deficient and wildtype control mice in naive Thy1.1 mice that were either
infected immediately after transfer with 2 x 106 PFU VV-WR i.p. or one day af-
ter T cell transfer with 2 x 104 CFU recombinant Listeria monocytogenes express-
ing ovalbumin (rLM-OVA). There are no differences in T cell expansion between
the different mouse strains in rLM-OVA infected recipient mice (Fig.16C) and
only slightly reduced numbers of LMP2-/- (0.59 +/- 0.06%), LMP7-/- (0.36 +/- 0.04%)
and MECL-1-/-(0.55 +/- 0.02%) derived CD8+ T cells compared to the CD8+ T cell
population of the wildtype control donors (0.73 +/- 0.04%) in Vaccinia Virus in-
fected mice (Fig.16A). However, the percentage of LMP7-/- derived CD4+ donor
T cells (3.89 +/- 0.21%) is clearly decreased in Vaccinia Virus infected wildtype
mice, compared to both immunoproteasome expressing wildtype CD4+ T cells
(7.62 +/- 0.4%) and LMP2-/- (6.99 +/- 0.09%) and MECL-1-/- (7.5 +/- 0.31%) CD4+ T
cells (Fig.16B).

It is well-known that LCMV-WE infections are inducing a very potent CTL-response,
that peaks between day seven and day nine post infection accomplishing almost
complete virus elimination at this time point by lysing the infected cells (McIn-
tyre et al., 1985), (Moskophidis et al., 1987). Possible failures in T cell expansion
would become clearly visible in this setting. But which players of the immune sys-
tem are in charge of mediating the immune response to Listeria monocytogenes or
Vaccinia Virus infections? In the early phase of LM infections, the innate immune
system is indispensable for the host’s resistance against the pathogen (Nickol and
Bonventre, 1977), (Bancroft et al., 1991). IFNγ, produced by natural killer cells
(NK cells), provokes macrophage activation (Tripp et al., 1993), (Buchmeier and
Schreiber, 1985). Along with macrophages neutrophils are supposed to be the
essential cellular components driving the elimination of LM (Conlan and North,
1994), (Rogers and Unanue, 1993). Also TNFα plays an important role in the
primary defense mechanisms (Havell, 1989). Cellular and humoral immunity of
the adaptive immune system come into play at later time points of infection, with
T cells being the ones mediating pathogen killing (McGregor et al., 1970), while
humoral immunity provides only minor contributions.

Unexpectedly, depending on the tissue analysed, it is neither the production of
IFNγ or TNFα (Harty and Bevan, 1995), (White et al., 2000) nor the cytolytic ac-
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Figure 16: Expansion of adoptively transferred immunoproteasome deficient T cells in Vac-
cinia Virus (VV-WR) and Listeria monocytogenes (rLM-OVA) infected mice. Magnetically pu-
rified Thy1.2 positive T cells (1,5 x 107 T cells in the rLM-OVA setting and 4 x 107 T cells in the VV-
WR infected mice respectively) of naive LMP2-/-, LMP7-/-, MECL-1-/- or C57BL/6 control mice
were i.v. transferred into different Thy1.1 mice. Immediately after cell transfer, the mice were
infected with (A,B) 2 x 106 PFU VV-WR i.p. or (C) with 2 x 104 CFU of recombinant Listeria mono-
cytogenes expressing ovalbumin (rLM-OVA) i.v. one day after cell transfer. Seven days post
infection, splenocytes were analysed by flow cytometry for (A) percentage of Thy1.2+ donor
cells of CD8+ T cell population in VV-WR infected mice, (B) percentage of Thy1.2+ donor cells
of CD4+ T cell population in VV-WR infected mice or (C) percentage of Thy1.2+ donor cells
in rLM-OVA infected mice. The experiments, each with three Thy1.1 recipient mice receiving
cells from one genotype have been repeated two times, yielding similar results.

tivity of LM-specific CD8+ T cells that is necessary to combat the infection (White
et al., 2000), (White and Harty, 1998), (Jensen et al., 1998). The authors assume
a role of LM-specific CD8+ T cells in the recruitment and activation of bactericidal
cells, like macrophages and neutrophils (Pamer, 2004).

The first line of defense against Vaccinia Virus infection is amongst others built
by NK cells and γδ-T cells (Karupiah et al., 1990), (Selin et al., 2001). Investi-
gations of the interaction of cellular and humoral immunity in response to this
pathogen still leaves some questions unanswered. Although VV infected BALB/c
mice display a remarkable primary and long-term CD8+ T cell response (Har-
rington et al., 2002) and C57BL/6 mice possess highly activated CD4+ and CD8+

T cells (including specific CTL-function ex vivo) at day seven post infection (Xu
et al., 2004), this seems to be of only little importance as β2m-/- mice, bearing
hardly any CD8+ T cells, survive even high doses of s.c. injected VV (Spriggs
et al., 1992). Similarly, both CD8 antibody (ab)-depleted and CD8-/- mice are able
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to clear VV infections at similar rates as control mice (Xu et al., 2004). Addition-
ally it could be shown that Perforin- or FAS-mediated cytotoxicity is dispensable
for the efficient elimination of a primary VV-infection (Kägi et al., 1995). In con-
trast, using ab-depletion experiments and knock-out mice, CD4+ T cell dependent
ab-responses were proven to be of irreplaceable value. Only in mice lacking both
CD4+ T cells and ab-response, CD8+ T cells contribute to antiviral protection (Xu
et al., 2004). Summarized, for the successful clearance of a Vaccinia Virus infec-
tion, an effective CD4+ T cell dependent antibody response seems to outweigh the
impact of the though clearly detectable CD8+ T cell mediated immune response.

From our today’s knowledge neither LM nor VV induces a comparable CD8+ T
cell response as LCMV-WE does. Regarding the impaired expansion of T cells
carrying incomplete immunoproteasomes in LCMV-WE infected wildtype recipi-
ent mice (Fig.4), which was not the case in rLM-OVA infected hosts (Fig.16C) and
only allusively in VV-WR infected mice (Fig.16A and 16B), two assumptions are
conceivable. The first one considers an LCMV-WE specific effect, for example due
to a very specialized cytokine environment, providing signals that can be faster
processed or even result in different cellular responses in immunoproteasome ex-
pressing wildtype cells compared to immunoproteasome compromised T cells.

The second hypothesis focuses on a T cell specific effect, which would be of no con-
sequence in rLM-OVA infected mice, as the CD8+ T cell population in this scenario
is not expanding to the same extent as during an LCMV-WE infection (Fig.16C).
In accordance with this we found slightly reduced levels of CD8+ T cells derived
from donor LMP2-/-, LMP7-/- and MECL-1-/- mice compared to wildtype donor T
cells in VV-WR infected recipients (Fig.16A) and heavily decreased numbers of
CD4+ LMP7-/- donor T cells (Fig.16B), suggesting that the lack of LMP7 prevents
the successful assembly of proteasomes carrying any immunoproteasome subunit
(Griffin et al., 1998), (De et al., 2003) and hence leading to the strongest effect,
affecting both CD8+ and CD4+ T cells, especially when considering the eminent
role of CD4+ T cells during VV infections, certainly resulting in a remarkable
expansion of this T cell population.

In vivo proliferation of LCMV-specific LMP7 and MECL-1 gene targeted CD8+ T
cells

As immunoproteasome compromised T cells suffer from proliferative restrictions
in response to LCMV-WE infections we crossed LMP7-/- and MECL-1-/- mice with
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P14 mice, which are T cell receptor transgenic (TCR tg) for the LCMV-WE MHC
class I epitope GP33 (glycoprotein derived, aa 33-41) (Pircher et al., 1987), (Pircher
et al., 1989), (Brändle et al., 1991) to track the in vivo expansion of virus specific
CD8+ T cells that lack LMP7 or MECL-1 respectively, in LCMV-WE infected wild-
type hosts.

To get an impression of the antiviral immune response in the TCRtg mice itself,
we infected P14 and P14 x LMP7-/- mice with a medium dose of LCMV-WE and
analysed the CTL response by means of intracellular cytokine staining (ICS) of
splenocytes from two, four and six days infected mice. In the early phase of the
immune response, on days two and four, we found comparable levels of GP33-
specific IFNγ producing CD8+ T cells. However on day six post infection the per-
centage of activated GP33- specific CTLs was clearly enhanced in P14 x LMP7-/-

mice (12.4 +/- 1% IFNγ+ P14 x LMP7-/- CD8+ cells, 2.86 +/- 0.12% IFNγ+ P14 CD8+

cells) (Fig.17A), suggesting that the P14 mice were able to eliminate the virus
very fast, resulting in an already declining CTL-response on day six. In contrast,
the still increasing number of activated CD8+ T cells on day six in absence of
LMP7 is very likely due to difficulties in killing the virus as fast and as efficient
as it is done in the aforementioned mice.

The subunit LMP7 is assumed to be substantially involved in the processing of
the LCMV-WE epitope of interest, GP33 (Basler et al., 2004). Hence, the inability
to induce a fast and strong T cell response could be attributed to a compromised
proteasomal delivery of the crucial peptide epitope, rather than a more general
effect of the incomplete immunoproteasome on T cell expansion. To shed light
on this issue, we infected P14 and P14 x LMP7-/- mice with a recombinant Vac-
cinia Virus, expressing the GP33 mini-gene (rVVGP33). This experimental setup
allows us to circumvent the dependence of GP33 presentation on proteasomal ac-
tivity, as solely the transcription of the mini gene is sufficient to generate the
proper epitope.

The CTL-response of both, P14 wildtype and P14xLMP7 deficient mice, decline
from about 5% activated CD8+ T cells on day four to 0.2% on day six (Fig.17B). Al-
though there are no statistical significant differences, the absence of LMP7 leads
to slightly reduced numbers of activated CD8+ T cells on day four and also min-
imal increased numbers on day six, pointing faintly to a delayed T cell response
like observed during the LCMV-WE infection. But with the effect being by far
more prominent in the latter, it can be rather attributed to the impaired epitope
generation. In line with this, P14 x MECL-1-/- mice infected with LCMV-WE show
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comparable high percentages of activated CD8+ T cells on day six after infection
(P14: 18.93 +/- 1.06%; P14 x MECL-1-/-: 22.02 +/- 1.81%; P14 x LMP7-/-: 29.68 +/-
1.58%) (Fig.17C). These mice also suffer from incomplete immunoproteasomes
which seems to be detrimental for T cell expansion in LCMV-WE infected wild-
type mice (Fig.4), but the GP33-epitope generation is not impeded and this suf-
fices to establish a CTL response with the kinetics of that in the P14 wildtype
mice.

Figure 17: Antiviral immune response in GP33 specific TCRtg mice. (A) P14 and P14 x LMP7-/-

mice were infected with 2 x 104 PFU LCMV-WE i.v.. Two, four and six days post infection the
mice were sacrificed and the percentage of GP33 specific CD8+ T cells was determined by
ICS of the splenocytes. The experiment, each with two mice per time point and genotype
were performed three times six days post infection and two times four days post infection. (B)
Female P14 and P14 x LMP7-/- mice were infected with 2 x 106 PFU rVVGP33 i.p.. Four and six
days post infection the mice were sacrificed and the percentage of GP33 specific CD8+ T
cells was determined by ICS of the splenocytes. The experiment, each with two to three mice
per time point and genotype were performed three times four days post infection and two
times six days post infection.(C) P14, P14 x LMP7-/- and P14 x MECL-1-/- mice were infected with
2 x 104 PFU LCMV-WE i.v.. Six days post infection the mice were sacrificed and the percentage
of GP33 specific CD8+ T cells was determined by ICS of the splenocytes. The experiment was
performed with five mice per genotype. Statistics: * (0.01<p>0.05); ** (0.001<p>0.01)

As adoptively transferred TCRtg T cells will detect the GP33 epitope presented
on immunoproteasome competent host cells, the possibly unreliable processing of
GP33 in the absence of LMP7 is of only little importance in this situation, so we
can continue transferring magnetically sorted CFSE labelled P14, P14 x LMP7-/-

and P14 x MECL-1-/- T cells into naive or LCMV-WE infected (2 x 104 PFU i.v., 24 h

63



Chapter 1

before cell transfer) congenic Thy1.1 mice, to monitor the fate of the LCMV-WE
specific T cells early after ag-encounter. 16 h and 40 h after T cell transfer we
analysed both, the ag-induced T cell proliferation and apoptotic/necrotic events
within the donor population (CFSE positive cells).

Already 16 h after transfer the average percentage of CD8+CFSE+ T cells (out of
two infected recipients for each genotype) in infected Thy1.1 mice receiving P14
T cells equals 47% to the percentage of CD8+CFSE+ T cells in the corresponding
naive recipient (naive: 0,86% CD8+CFSE+ of total lymphocytes=100%; infected:
(0,37% + 0,44%)/2 = 0,405% CD8+CFSE+ of total lymphocytes = 47% of the value in
the naive mouse) (Fig.18A). This decrease by more than 50% is due to proliferat-
ing host cells which are already infected for 24 h when the donor cells encounter
antigen for the first time. That’s why injecting the same number of T cells in
naive and infected recipients results in reduced percentages of donor cells in in-
fected mice.

Nevertheless, in mice receiving P14 x LMP7-/- T cells only 24,7% (of the percentage
in naive mice) and in mice receiving P14 x MECl-1-/- T cells only 33,7% could be re-
covered 16 h after transfer (Fig.18A), pointing to either loss of LMP7 and MECL-1
deficient TCRtg T cells or impaired expansion of these cells compared to P14 wild-
type cells. The differences are even more prominent 40 h after transfer. While im-
munoproteasome compromised T cells don’t seem to be hindered in proliferation
itself, as visible by the different CFSE dilution steps, representing cells pass-
ing defined cell divisions, proliferating P14 CFSE+CD8+ T cells equal 92% of the
CFSE+CD8+ cells in the corresponding naive recipient, while P14 x LMP7-/- and
P14 x MECL-1-/- T cells reach up to only 51,72% and 50% respectively (Fig.18B).

In vitro experiments reveal hyperproliferation of MECL-1-/- x LMP7-/-, but not
MECL-1 or LMP7 single knockout T cells in response to PMA/ Ionomycin stim-
ulation (Caudill et al., 2006). Although in our hands neither CD3/CD28 nor
PMA/ Ionomycin stimulation leads to hyperproliferating MECL-1-/- x LMP7-/- T
cells (Fig.13) we analysed the percentage of CD8+ donor cells passing the different
cell division steps 40 h after transfer (Fig.18C) to exclude hyperproliferation and
a possibly resulting disproportional activation induced cell death (AICD) as cause
of reduced percentages of donor P14 x LMP7-/- and P14 x MECL-1-/- cells. P14 and
P14 x LMP7-/- CD8+ cells are distributed very similarly between the different cell
divisions, but in case of P14 there is a population visible, which already passed 5
cell divisions that is missing in the donor LMP7 or MECL-1 deficient TCRtg T cell
population. The proliferation of P14 x MECL-1-/- T cells is lagging behind, since
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Figure 18: Analysis of adoptively transferred LMP7-/- and MECL-1-/- TCRtg T cells. 2 x 107 mag-
netically purified T cells of naive P14, P14 x LMP7-/- and P14 x MECL-1-/- mice were fluorescently
labelled (CFSE) and i.v. transferred into different naive or LCMV-WE infected (2 x 104 PFU i.v.,
24 h before T cell transfer) Thy1.1 mice. (A) 16 h and (B) 40 h after transfer, recipient mice were
sacrificed, splenocytes were stained for CD8 (x-axis) and proliferation of transferred TCRtg T
cells was analysed by means of CFSE dilution (y-axis) with the help of flow cytometry. These
results are representative of four separate experiments, each with two infected mice and one
naive recipient mouse per time point and genotype. (C) Neither P14 x LMP7-/- nor P14 x MECL-
1-/- hyperproliferate after transfer in LCMV-WE infected Thy1.1 wildtype mice. The figure illus-
trates the percentage of transferred CD8+ cells that are passing the indicated number of cell
division; the sum of all CFSE+CD8+ cells of one donor genotype being distributed in the several
cell divisions represents 100%.

about 45% of all CFSE+CD8+ cells didn’t divide at all at this time point, but the
ones that are dividing are doing it with a similar kinetic like P14 or P14 x LMP7-/-

T cells. This experiment was repeated two times and in both runs about 50% of
all genotype derived donor cells still remained undivided after 40 h, which makes
it impossible to judge if P14 x MECL-1-/- T cells are generally impaired in their
expansion. Regarding P14 and P14 x LMP7-/- T cells, the faint difference seen in
Fig.18C could not be reproduced. The cells were distributed similarly with neither
of them expanding significantly faster than the other.

At this point serious hyperproliferation can be ruled out as basic cause for re-
duced numbers of LMP7 and MECL-1 deficient TCRtg T cells 15 h and 40 h after
transfer in LCMV-WE infected wildtype mice. The next issue that needs to be
addressed in this situation is whether or not immunoproteasome compromised T
cells display irregularities in the controlling and timing of apoptotic events after
TCR stimulation. For this purpose the percentage of apoptotic and dead donor
derived CD8+ cells was determined in parallel to the T cell expansion studies in
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the above described experiments. The percentage of apoptotic cells (AnnexinV
single positive) in the population of P14 x LMP7-/- donor T cells exceeds that of
P14 wildtype and non-transgenic LMP7-/- derived donor cells by approximately
40% 15 h after transfer in LCMV-WE infected mice (P14 x LMP7-/-: Ø 30,75%,
P14: Ø 18,15%, LMP7-/-: Ø 15,35%). Concerning dead cells (AnnexinV and To-
Pro-3 double positive cells) the situation is found to be the other way around, only
15,45% of LMP7 gene targeted P14 T cells (average of two infected mice) repre-
sent dead cells, but on average 25,55% of P14 and 24,5% of LMP7-/- non-transgenic
donor cells are identified to be dead cells (Fig.19A).

If the recipient mice were left uninfected the different donor genotype derived
cells did not differ in the percentage of both apoptotic or dead cells 15 h or 40 h
after transfer (Fig.19A and 19B). The same is true for all donor cells analysed in
LCMV-WE infected hosts 40 h after transfer. In summary, only LMP7 deficient
TCRtg donor cells in infected host mice display enhanced levels of apoptotic cells
at very early time points, leading to the presumption that either the TCR stimu-
lation or the cytokine storm induced by the high quantity of LCMV-specific donor
cells delivers signals whose subsequent cellular translation requires the activity
of functional immunoproteasomes very early after infection to induce a proper
antiviral T cell response.

No obvious functional dysregulations, identified by the expression of
corresponding ”cluster of differentiation” molecules on the surface of donor
and recipient cells after adoptive transfer of immunoproteasome
compromised and competent cells

The highly regulated expression of a huge quantity of surface molecules impli-
cated in T cell activation, migration and downregulation is required for a suc-
cessfully operating immune response during infection and inflammation. With
the proteasome’s central role in protein metabolism it is involved in numerous
cellular processes that govern the morphological and functional changes T cells
are undergoing in the course of an immune reaction. In order to elucidate the
relevance of functional immunoproteasomes in this context both LCMV-WE in-
fected and naive host cells and the corresponding donor TCRtg CD8+ T cells were
analysed for the expression of the marker molecules listed below 15 h and 41 h
after transfer (Tabl.2). The experiment was performed as described in figure 18,
without CFSE labelling of donor T cells.
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Figure 19: P14 x LMP7-/- T cells undergo apoptosis early after transfer in LCMV-WE infected
Thy1.1 wildtype mice. The experiment was performed as described in Fig.18, with the excep-
tion of replacing P14 x MECL-1-/- donors by non-TCRtg LMP7-/- mice. (A) 16 h and (B) 40 h after
transfer all CFSE positive cells (donor derived) were subjected to an annexinV (x-axis)- and
dead cell-(To-Pro-3 displayed on y-axis) staining. Dot plots represent CD8+CFSE+ cells only. Al-
though we had difficulties in reproducing the data in this magnitude, due to the rather tight
time-frame when apoptosis is induced and proceeds, three additional experiments point in
the same direction.
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T cell activation CD25, CD28, CD69, CD80, CD86, CD44
T cell migration CD18 (LFA-1),

CD29 (Integrin beta1 chain, part of VLA1-VLA6),
CD54 (ICAM-I), CD62L, CD102 (ICAM-II)

T cell downregulation PD 1, CTLA-4, CD95
T cell homeostasis CD127 (IL7-R)

Table 2: Analysed marker molecules, assigned to the different processes they are involved in

As anticipated, the expression levels of the above mentioned molecules are chang-
ing depending on the absence (Fig.20A)/ presence (Fig.20B) and progress of the in-
fection (CD54, CD25 data not shown, CD69, CD80) or remain basically the same
since up-or downregulation of the respective molecule is expected to happen later
during infection (PD 1). However neither immunoproteasome compromised donor
T cells displayed altered expression levels of one of the listed molecules compared
to wildtype donor T cells, nor the recipient cells receiving P14 and P14 x LMP7-/-

T cells respectively do so.

The cytokine environment

In order to disclose possible differences in the cytokine milieu provided by an
environment lacking complete immunoproteasomes compared to the immuno-
proteasome-proficient setting, we stimulated splenocytes of naive C57BL/6, LMP7-/-,
MECL-1-/- and MECL-1-/- x LMP7-/- mice in vitro with anti CD3/CD28 and mea-
sured the concentration of IL2, IL4, IL6, IL10, IFNγ and TNFα in the super-
natant after one and two days. This setting was repeated two times for C57BL/6
and MECL-1-/- x LMP7-/- mice (Fig.21A-C) and one time for C57BL/6 and LMP7-/-

splenocytes (Fig.21B and 21C). There was no difference in the production or con-
sumption of IL6, IL10 and IFNγ (Fig.21A-C). One experiment showed a signifi-
cant decrease in TNFα concentration of 48 h stimulated MECL-1-/- x LMP7-/- spleno-
cytes (Fig.21A), which was also seen by tend in a second experiment, but below
statistically significant levels (Fig.21C). Concerning IL2 an increased concentra-
tion in the supernatant of MECL-1-/- x LMP7-/- splenocytes after 24 h and 48 h
(Fig.21A and 21B) was detectable in two out of three experiments. In all three ex-
periments we found a diminished concentration of IL4 in the supernatant of 48 h
stimulated MECL-1-/- x LMP7-/- cells, but statistical significance was achieved in
only one of them (Fig.21 A-C). Although we can now be sure that there is at least
in MECL-1-/- x LMP7-/- mice a certain cytokine-shift that can possibly manipulate
the T cell response in numerous ways, we neither know which cell population
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Figure 20: Expression of CD69, CD80 and PD1 on TCRtg donor- and Thy1.1 host cells. 2 x 107

magnetically purified T cells of naive P14 and P14 x LMP7-/- mice were i.v. transferred into differ-
ent (A) naive or (B) LCMV-WE infected (2 x 104 PFU i.v., 24 h before T cell transfer) Thy1.1 mice.
15 h and 41 h after transfer, recipient mice were sacrificed and splenocytes were fluorescently
labelled with antibodies directed against CD8, Thy1.2 (donor cells) and either CD69, CD80 or
PD1. The analysis was accomplished by flow cytometry. The histograms display the expression
levels of the indicated molecule on donor (Thy1.2 positive) or recipient (Thy1.2 negative) CD8+

cells (solid line, no background) compared to unlabeled Thy1.2 positive (donor) or negative
(recipient) CD8+ control cells (grey background). These results are representative of two sepa-
rate experiments, each with one infected and one naive recipient mouse per time point and
genotype.
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of the splenocyte-culture is responsible for these effects, nor do we know, if the
altered cytokine concentration is due to differences in the production or the con-
sumption of these immune regulators. A further hurdle for a reliable interpreta-
tion of our observations are the considerable mouse-to-mouse variances (Fig.21C)
and the hardly assessable in vitro kinetics of cytokine production by the spleno-
cytes, visible in substantial differing concentrations of one and the same cytokine
in the three independent experiments. These issues have to be addressed in fu-
ture investigations.

The fate of other hematopoetic cells lacking functional
immunoproteasomes

So far, mainly CD8+ T cells were in the focus of our research into immunopro-
teasome’s functions during antiviral immune responses, beyond their well docu-
mented role in MHC class I epitope generation. Furthermore, numerous other
hematopoetic cells are involved in the well orchestrated immune reaction to fend
off a pathogen. CD4+ T cells, B cells, NK cells and Dendritic Cells (DC) are sens-
ing direct and indirect virus mediated signals via their T cell receptor (TCR), B
cell receptor (BCR), Fc receptors or Toll like receptors. Presumably, these sig-
nals have to be subsequently processed on a cellular level involving proteaso-
mal activity. Additionally, not only their own mode of operation is regulated by
the surrounding cytokine milieu in a very high degree, but they are also pivotal
producers of cytokines themselves, initiating essential processes like antibody Ig
class switches and in doing so enabling successful virus elimination while main-
taining the host’s integrity. Of course dissecting the requirements of functional
immunoproteasomes for all types of hematopoetic cells and their very specialized
functions in detail would go beyond the scope of this project, therefore we lim-
ited our investigations on the proliferation or survival of adoptively transferred
LMP7 gene targeted CD4 T cells (CD4+), B cells (CD19+), DCs (CD11c+) and NK
cells (NK1.1+) in naive and LCMV-WE infected (200 PFU i.v.) wildtype hosts com-
pared to the corresponding endogenous cell types. Six days after transferring
total splenocytes of LMP7 deficient or C57BL/6 wildtype mice (both of them car-
rying the CD45.2 marker), the congenic CD45.1 recipient mice were sacrificed
and the number of donor derived CD4+, CD8+, CD19+, CD11c+ and NK1.1+ cells
was determined by flow cytometry.

In absence of the virus, the numbers of cells lacking or expressing LMP7 were
equal for all cell types analysed. The percentages of CD11c+ and NK1.1+ cells are
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Figure 21: Cytokine profile released by immunoproteasome deficient cells after in vitro stim-
ulation. Splenocytes of naive C57BL/6, LMP7-/-, MECL-1-/- and MECL-1-/- x LMP7-/- mice were
in vitro stimulated with plate-bound anti-CD3/CD28 or left untreated. After one and two
days, the concentrations of IL2, IL4, IL6, IFNγ, IL10 and TNFα in the supernatant was quan-
tified using commercially available multiplexed bead-based assays and were analysed by
flow cytometry. Absolute cytokine concentrations were calculated based on the median flu-
orescence intensity of the cytokine standard dilution. (A) Analysis of splenocytes derived from
one C57BL/6 and one MECL-1-/- x LMP7-/- mouse. (B) Analysis of splenocytes derived from one
C57BL/6, one LMP7-/- and one MECL-1-/- x LMP7-/- mouse. (C) Analysis of splenocytes derived
from two C57BL/6, two MECL-1-/-, two LMP7-/- and two MECL-1-/- x LMP7-/- mice. Statistics: *
(0.01<p>0.05); ** (0.001<p>0.01); *** (p<0.001)
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Figure 22: Impact of immunoproteasome deficiency on different hematopoetic cells during
an antiviral immune response. 3 x 107 total splenocytes of C57BL/6 wt or LMP7-/- mice were
i.v. transferred into different (A) naive or (B) LCMV-WE infected (200 PFU i.v., immediately after
cell transfer) CD45.1 congenic mice. Six days after transfer and LCMV-WE infection, recipient
mice were sacrificed and splenocytes were stained for CD45.2 positive cells to identify the
donor derived cells and for CD4-, CD8-, CD19-, CD11c- and NK1.1 positive cells to analyse
the antiviral response of the indicated cell populations derived from the donor C57BL/6 wt or
LMP7 deficient mice by flow cytometry. One out of two representative experiments, with two
(or one) naive and four (or three) infected recipient mice per genotype, is shown.

very low, like it is expected for naive mice (Fig.22A). By contrast, the LCMV-WE
infection leads to slightly increasing relative numbers of C57BL/6 derived CD8+

T cells and DCs, while CD4+ T cells are declining at the same time. But more im-
portant, the percentage of CD45.2+ LMP7-/- cells is markedly reduced compared
to CD45.2+ C57BL/6 cells (LMP7-/-: 0,299%; C57BL/6: 2,27%), with CD4+, CD8+,
CD11c+ and NK1.1+ cells being hardly detectable. Almost all remaining donor
LMP7-/- derived cells are B cells (CD19+CD45.2+: 0.2675%) and these as well
are significantly lagging behind wildtype donor B cells (CD19+CD45.2+: 1,86%)
(Fig.22B).
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Characterization of MECL-1-/- x LMP2-/- and

MECL-1-/- x LMP7-/- mice

The assembly of both constitutive and immunoproteasomes is a multi step process
(Nandi et al., 1997) assisted by the concerted activity of specific chaperons. Pro-
teasomal β subunits are attached to a ring composed of seven α subunits to build
the half-proteasome intermediate (Ramos and Dohmen, 2008) (Rosenzweig and
Glickman, 2008). Two of these intermediates subsequently dimerize to functional
20S proteasomes (Fricke et al., 2007). Depending on the cell type and the presence
or absence of IFNγ or TNFα, the three inducible β subunits LMP2/β1i, LMP7/β5i
and MECL-1/β2i can, in addition to the corresponding constitutive subunits δ/ β1,
MB1/ β5 and MC14/ β2, enrich the cellular assortment of catalytically active β

subunits (Noda et al., 2000), (Stohwasser et al., 1997), (Yang et al., 1992), (Brown
et al., 1993), (Eleuteri et al., 1997). These β subunits are incorporated as pre-
cursor proteins into half-proteasomes in a partially codependent fashion thereby
limiting the number of possible combinations of constitutive and immunoprotea-
some subunits within one proteasome.

In the past years a considerable number of investigations focused on the order of
β-propeptide assembly, the factors capable of affecting it and the cellular benefits
from this rather complex process. It could be shown that β5 subunits are joining
in very late, being absent from most preproteasomes but very important for the
maturation of preproteasomes (Nandi et al., 1997). The incorporation of LMP7/
β5i is favored over MB1/ β5 into proteasomes containing LMP2/ β1i and MECL-
1/ β2i (Griffin et al., 1998), (Groettrup et al., 1997), but similarly LMP7 can fit
in proteasomes containing δ/ β1 and MC14/ β2 (Nandi et al., 1997). While there
is a clear agreement that MECL-1 integration demands the presence of LMP2
(Groettrup et al., 1997), (Griffin et al., 1998), the requirement for MECL-1 during
successful LMP2 incorporation is still debated (Groettrup et al., 1997), (De et al.,
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2003). As our own results point to a diminished, but clearly detectable expres-
sion of LMP2 in the liver of infected MECL-1 deficient mice (Basler et al., 2006),
we agree with the assumption that, besides proteasomes containing either ex-
clusively constitutive or exclusively immunoproteasome subunits, mixed protea-
somes made up of LMP7/LMP2/MC14 or LMP7/δ/MC14 are presumably responsi-
ble to accomplish protein degradation within a cell (De et al., 2003). Hence, effects
observed in MECL-1 or LMP2 single knock-out mice are maybe not solely caused
by the lack of MECL-1 or LMP2, but additionally by the associated reduced or
completely missing activity of LMP2 or MECL-1, respectively. To eliminate these
uncertainties we bred MECL-1-/- x LMP2-/- mice, leaving LMP7 as only inducible
subunit active in cellular proteasomes. Furthermore we crossed MECL-1-/- and
LMP7-/- mice to generate MECL-1-/- x LMP7-/- mice which are assumed to be de-
void of any immunoproteasomes, as the X propeptide was demonstrated to restrict
incorporation into proteasomes containing δ and Z (Kingsbury et al., 2000).

Subunit composition of MECL-1-/- x LMP7-/- 20S proteasome

In order to verify the MECL-1 and LMP7 gene deletion on protein level we anal-
ysed the subunit composition of proteasomes purified from livers of LCMV-WE
infected (day eight, 200 PFU i.v.) MECL-1-/- x LMP7-/- and C57BL/6 control mice
by two-dimensional gel electrophoresis. In a first step the different subunits were
separated according to their electrochemical properties via isoelectric focusing
(IEF) or non-equilibrium pH gradient gel electrophoresis (NEPHGE) followed by
SDS polyacrylamid gelelectrophoresis (SDS-PAGE) facilitating discrimination of
proteasomal subunits by means of their molecular weight. The absence of MECL-
1 in liver tissue of LCMV-WE infected MECL-1-/- x LMP7-/- mice is documented by
the Coomassie stained IEF/SDS-PAGE gel when compared with that of C57BL/6
wildtype proteasomes (Fig.23, upper panel). The lack of LMP7 is apparent in both
types of gels, IEF and NEPHGE (Fig.23).

The more interesting issue is the question whether or not LMP2 is efficiently in-
corporated in proteasomes containing otherwise only constitutive subunits and if
so, to what extent happens this rather unfavored assembly. The IEF gel shows a
considerable quantity of δ and a diminished but clear LMP2 derived signal albeit
significantly weaker than that in the C57BL/6 tissue where constitutive and in-
ducible β1 subunits are more or less present in a 1:1 ratio (Fig.23, upper panel).
The separation with the NEPHGE protocol reveals a hardly visible LMP2 sig-
nal, but also in liver of infected C57BL/6 mice the constitutive subunit δ seems to
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Figure 23: Subunit composition of 20S proteasomes. Purified proteasomes from livers of LCMV-
WE infected (day eight, 200 PFU i.v.) C57BL/6 (left panel) and MECL-1-/- x LMP7-/- (right panel)
mice were subjected to IEF- (upper panel) and NEPHGE- (lower panel) SDS-PAGE analysis.
The proteins were visualized by Coomassie staining. Arrows are indicating the positions of the
inducible subunits LMP2 (β1i), LMP7 (β5i) and MECL-1 (β2i) and the constitutive analogues δ
(β1) and MC-14 (β2), MB1 (β5) is not shown.

be favored over the corresponding inducible subunit LMP2 (Fig.23, lower panel).
To sum up, LMP2 insertion is not impeded in absence of MECL and LMP7 but
the definitely preferred subunit in infected MECL-1-/- x LMP7-/- liver tissue is the
constitutive one, δ.

Reduced levels of CD8+ cells, but not CD4+ and CD11c+ cells in naive
MECL-1-/- x LMP7-/- spleen

The mammalian T cell repertoire is essentially configured by positive and neg-
ative selection processes in the Thymus early during development (Starr et al.,
2003), (Hogquist et al., 1997). The signal strength induced by the interaction
between T cell and peptide-MHC complexes determines if T cells are dying by ne-
glect or receiving a survival signal and finally join the active T cell repertoire or
if they are eliminated because of their auto-reactive potential (Ashton-Rickardt
and Tonegawa, 1994), (Hogquist et al., 1994), (Sebzda et al., 1994). As immuno-
proteasomes are both, present in thymus (Stohwasser et al., 1997), and shown
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to be involved in the generation of MHC class I peptide ligands (Kloetzel, 2001),
(Rock et al., 2002), immunoproteasomes are also assumed to have an impact on
intrathymic T cell differentiation (Chen et al., 2001), (Nil et al., 2004), (Osterloh
et al., 2006), (Basler et al., 2006). In line with this, naive LMP2 and MECL-1 gene
targeted mice display reduced numbers of CD8+ T cells (Basler et al., 2006), (Kaer
et al., 1994). In LMP7 deficient mice the limited supply of properly processed pep-
tides leads to a reduced cell surface expression of MHC class I molecules, which
can be restored by extracellular addition of Kb and Db epitopes resulting in the
stabilization of peptide-MHC molecules on the cell surface (Fehling et al., 1994).
Concerning MECL-1-/- x LMP7-/- mice a recent publication (Caudill et al., 2006)
documents an enhanced CD4/CD8 ratio in spleen and lymph nodes which is also
true for MECL-1-/- and LMP2-/- mice. In thymus of MECL-1-/- x LMP7-/- mice, the
CD4/CD8 ratio is equivalent to that measured in C57BL/6 mice, while in MECL-1
and LMP2 gene targeted mice the ratio is elevated in this organ as well.

In our approach we aimed at determining the percentages of CD8+ T cells, CD4+ T
cells and CD11c+ cells in total splenocytes of naive MECL-1-/-, LMP7-/- and MECL-
1-/- x LMP7-/- mice compared to C57BL/6 wildtype mice. Starting with CD11c+

cells: the absence of the different immunoproteasome subunits did not interfere
with the development of this cell population (Fig.24A). In contrast, the differenti-
ation of CD8+ T cells seems to be impaired in all mutant mice analysed (Fig.24B).
For MECL-1-/- and MECL-1-/- x LMP7-/- this is in accordance with previous publi-
cations (Basler et al., 2006), (Caudill et al., 2006), but it has never been described
for LMP7-/- mice before (Fehling et al., 1994). Including the also significantly re-
duced percentages of CD4+ T cells in LMP7-/- mice (Fig.24C) these findings point
to a generally decreased number of T cells in the splenocyte compartment. As
the ratio of CD4 to CD8 cells resembles that seen in C57BL/6 splenocytes, even
though it is still slightly increased (Fig.24D), a specific differentiation defect af-
fecting only one T cell subpopulation is rather unlikely. Since CD4+ T cell levels in
MECL-1-/- and MECL-1-/- x LMP7-/- mice are similar to that measured in C57BL/6
mice (Fig.24C), the CD4/CD8 ratios in these mice are elevated compared to wild-
type mice (Fig.24D) like published elsewhere (Caudill et al., 2006).

Peptide hydrolyzing activity of MECL-1-/- x LMP7-/- proteasomes

Peptides designated for the presentation by MHC class I molecules have to ful-
fill rigorous requirements concerning both peptide length (Wenzel et al., 1994),
(Groettrup et al., 1995), (Nussbaum et al., 1998), (Kisselev et al., 1999) and the
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Figure 24: Percentage of CD4+, CD8+ and CD11c+ cells in splenocytes of naive mice. Spleno-
cytes of naive C57BL/6, MECL-1-/-, LMP7-/- and MECL-1-/- x LMP7-/- mice were analysed in terms
of their proportion of (A) CD8+ (B) CD4+ and (C) CD11c+ cells by the use of fluorescent anti-
bodies. Data, representing mean values +/- standard deviation (SD) of three mice per geno-
type, were acquired by flow cytometry. Statistics: *** (p<0.001); ** (0.001<p>0.01)

presence of anchor residues C-terminal and within the epitope (Rammensee et al.,
1999). While N-terminal processing can be carried out by various enzymes follow-
ing proteasomal processing (York et al., 1999), (Saric et al., 2002), (Serwold et al.,
2002). the C-terminus which is furthermore a crucial factor for the peptide’s
efficient transfer to the endoplasmatic reticulum (ER) via the transporter asso-
ciated with antigen processing (TAP) (Howard, 1995), is generated exclusively
during proteasomal cleavage (York et al., 1999). The peptide binding groove of
human MHC class I molecules accommodates peptides containing hydrophobic or
basic C-terminal anchor residues, murine MHC class I molecules are preferring
hydrophobic C-termini (Howard, 1995), (Rammensee et al., 1993), (Engelhard,
1994).

The active site β subunits are capable of delivering peptide ligands with hy-
drophobic, basic and acidic anchor residues (Nussbaum et al., 1998), (Heinemeyer
et al., 1997) with the latter being not only of no use for the generation of mouse
and human MHC class I- peptide complexes, but may even destroy potential epi-
topes. This, according to the current state of knowledge, rather adverse cleavage
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preference seems to be featured by the constitutive subunit δ/ β1, as caspase-like
activity is elevated in 20S proteasomes of LMP2-/- splenocytes (Kaer et al., 1994).
In addition, the replacement of δ by LMP2 results in a considerable reduction of
peptide processing at the C-terminus of glutamic acid, cumulating in complete
down regulation of caspase-like activity to background levels in presence of over-
expressed LMP2 (Kuckelkorn et al., 1995), (Gaczynska et al., 1994), (Groettrup
et al., 1995). These experimental data are supported by structural facts derived
from X-ray crystallography of 20S proteasomes from S. cerevisiae suggesting a
change in substrate preference for the P1 pocket of the β1 subunit after replacing
constitutive proteasomes by immunoproteasomes in that LMP2 favors hydropho-
bic residues over acidic ones (Groll et al., 1997). Of note, chicken are missing MHC
encoded inducible proteasome subunits but some of their MHC class I molecules
are tolerating peptide ligands terminating in acidic aa (Kaufman et al., 1999).

Unlike LMP2, the immunological benefit achieved by replacing MB1 with LMP7
is very likely provided on a structural rather than a functional level. While trans-
fection experiments with mouse fibroblast (Groettrup et al., 1995) and human
cell lines (Kuckelkorn et al., 1995), (Gaczynska et al., 1994) yielded contradic-
tory results regarding LMP7’s peptide hydrolyzing activity, different approaches
aiming at elucidating the proteasome’s structural demands could show that the
presence of a catalytically inactive form of LMP7 is sufficient for the generation
of two immunoproteasome dependent viral epitopes (Gileadi et al., 1999), (Sijts
et al., 2000a). This is supported by information derived from X-ray crystallogra-
phy, which gives evidence for an only minimally changed binding characteristic in
presence of LMP7 or MECL-1 when compared to their constitutive counterparts
(Groll et al., 1997). Nevertheless, a substantial increase in chymotrypsin-like
activity was measured in proteasome preparations of LMP7-/- splenocytes (Sto-
hwasser et al., 1996).

In MECL-1-/- mice an enhanced caspase-like activity was reported for proteasomes
purified from liver tissue of LCMV-WE infected animals (Basler et al., 2006). But
as we know, that the incorporation of LMP2 in absence of MECL-1 is also impaired
to some degree and that LMP2 is the subunit capable of silencing the aforemen-
tioned activity, this enhancement could also be attributed to the diminished con-
tent of LMP2. 20S proteasomes purified from the liver of LCMV-WE infected (day
eight, 200 PFU i.v.) MECL-1-/- x LMP7-/- mice and analysed regarding their cleav-
age pattern of fluorogenic peptide substrates reflects the situation described in
the MECL-1 and LMP7 single knock out mice. The caspase-like activity (Fig.25,
Z-L-L-E-betaNA), producing the unwanted acidic C-terminal anchor residues, is
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slightly elevated in preparations lacking MECL-1 and LMP7, the same is true,
to different extents, for the chymotrypsin-like activity (Fig.25, Z-G-G-L-AMC and
Suc-L-L-V-Y-AMC). There was no difference detectable between wildtype protea-
some and proteasome missing MECL-1 and LMP7 in respect to the hydrolysis of
the basic substrate (Fig.25, Bz-V-G-R-AMC)

CTL response against LCMV-WE derived epitopes in MECL-1-/- x LMP7-/- and
MECL-1-/- x LMP2-/- mice

Proteasomes in their versatile and tissue dependent subunit compositions and
associations with various regulatory proteins (van Hall T et al., 2000) have been
shown to shape the immunodominance hierarchy of CTL epitopes during immune
responses against pathogens (Chen et al., 2001), (Basler et al., 2004). Proteasomal
activity provides or destroys peptide epitopes, which can, presented on thymic ep-
ithelial cells, influence the T cell repertoire development during positive and neg-
ative selection (Basler et al., 2006). Of similar importance, only the successful pro-
teasomal generation (Kaer et al., 1994), (Sibille et al., 1995), (Sijts et al., 2000a),
(Schwarz et al., 2000b) and subsequent presentation of crucial CTL-epitopes in
infected, neoplastic and professional antigen presenting cells (APC) enables the
cellular immune response to eliminate a pathogen or tumor (Morel et al., 2000).

In oder to assay the interference of incomplete immunoproteasomes on the LCMV-
WE induced CTL response in MECL-1-/- x LMP2-/- and MECL-1-/- x LMP7-/- mice,
we stimulated splenocytes of LCMV-WE infected (day 8, 200 PFU i.v.) mice for 5 h
in vitro with the indicated viral epitopes and measured the production of IFNγ

in the activated epitope-specific CD8+ T cells. Both, MECL-1-/- x LMP2-/- (Fig.26A)
and MECL-1-/- x LMP7-/- (Fig.26B) mice display reduced numbers of GP276 and
NP205 specific T cells, as it was shown in MECL-1 single knock-out mice (Basler
et al., 2006) and there, in case of GP276, this was attributed to a T cell reper-
toire defect. Considering the simultaneously missing subunits LMP2 and LMP7,
one would expect the opposite picture, as a previous publication report on an im-
proved ability to generate GP276 specific CTLs in LMP2 and LMP7 single knock-
out mice, respectively. According to in vitro fragmentation assays this was due to
the preferential destruction of the glycoprotein derived epitope by immunoprotea-
somes in contrast to constitutive proteasomes (Basler et al., 2004). Presentation
and consequently also processing of GP276 is not altered in absence of MECL-1
(Basler et al., 2006), suggesting that the catalytic activity of this immunoprotea-
some subunit is not sufficient to destroy the epitope. The very likely, but yet to be
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Figure 25: Peptide hydrolyzing activity of 20S proteasomes. Purified proteasomes from liv-
ers of LCMV-WE infected (day eight, 200 PFU i.v.) C57BL/6 and MECL-1-/- x LMP7-/- mice were
incubated with the indicated substrates for 60 min (x-axis: substrate concentration). Protea-
somal peptide hydrolyzing activity results in liberation of the fluorogenic leaving groups AMC
or βNA, displayed on the y-axis. Values represent the mean +/-SD of triplicate cultures. The
experiments have been repeated two times yielding similar results.
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investigated, enhanced presentation of the LCMV-WE epitope GP276 in MECL-
1-/- x LMP2-/- and MECL-1-/- x LMP7-/- mice seems to be of no advantage for the
antiviral immune response, considering the reduced numbers of GP276 specific
CTLs, because of the inability to develop an appropriate T cell repertoire in ab-
sence of MECL-1. Regarding the nucleoprotein derived epitope NP205 there is
currently no data available enlightening the circumstances leading to the dimin-
ished quantity of specific CD8+ T cells.
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Figure 26: LCMV-WE induced CTL response in MECL-1-/- x LMP2-/- and MECL-1-/- x LMP7-/- mice.
Splenocytes of LCMV-WE infected (day eight, 200 PFU i.v.) (A) MECL-1-/- x LMP2-/- and (B) MECL-
1-/- x LMP7-/- as well as C57BL/6 control mice were in vitro stimulated with the indicated LMCV-
WE derived peptides for 5 h and subsequently analysed for intracellular IFNγ in CD8+ T cells by
flow cytometry.
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Mice lacking one of the immunoproteasome subunits LMP2, LMP7 and MECL-
1 are overall able to mount a powerful T cell response and clear the majority of
all so far analysed bacterial and viral infections as efficiently as immunoprotea-
some proficient wildtype mice (Chen et al., 2001), (Pang et al., 2006), (Strehl et al.,
2006), (Basler et al., 2006), suggesting the constitutive counterparts are sufficient
not only for housekeeping processes but also for ensuring health and survival dur-
ing immune responses. Nevertheless the IFNγ and TNFα induced replacement
of constitutive proteasomes by newly assembled immunoproteasomes during an
ongoing immune response is a time- and energy consuming process that has to
pay off in terms off improving the immunological fitness of an individual and, of
course, of the whole species. A link between low molecular weight proteins (LMP)
(and hence immunoproteasomes) and the immune system was suggested since
the discovery of LMP2 and LMP7 being encoded within the MHC class II region
(Martinez and Monaco, 1991), (Brown et al., 1991), (Glynne et al., 1991), (Kelly
et al., 1991), (Ortiz-Navarrete et al., 1991). Few years later this link was proven
to exist on the level of antigen processing. Due to the different cleavage pattern of
constitutive and immunoproteasomes (Boes et al., 1994), (Nussbaum et al., 1998),
(Toes et al., 2001), some MHC class I ligands were shown to be preferentially, if
not exclusively, produced by immunoproteasomes (Kaer et al., 1994), (Sijts et al.,
2000a), (Sijts et al., 2000b) or constitutive proteasomes (Morel et al., 2000) respec-
tively. In doing so, the immunoproteasome is assumed to favour the generation
of those peptides that are best equipped for meeting the rather stringent binding
characteristics of MHC class I molecules. In combination with the IFNγ induced
upregulated expression of other important components of the antigen processing-
and -presentation machinery, involving MHC class I heavy chain, TAP, PA28 and
the proteasome maturation protein (POMP) (Witt et al., 2000), this results in a
substantially improved antigen-presentation and accordingly promotes a fast and
powerful T cell response.
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Many, albeit not all (Morel et al., 2000), (Straten et al., 1997), (Piccinini et al.,
2005) human cancer cell lines derived from various tissues were demonstrated to
exhibit reduced amounts (Meidenbauer et al., 2004), (Seliger et al., 2002), (Mu-
rakami et al., 2001), (Imanishi et al., 2006) or nonfunctional variants (Heink
et al., 2006) of LMP2 and/ or LMP7, frequently accompanied by the simultane-
ously down modulated expression of one or more other proteins carrying key func-
tions in MHC class I antigen processing/presentation (TAP, MHC class I heavy
chain, β2-microglobulin) (Kageshita et al., 1999), (Atkins et al., 2004). Owing to
the reduced antigen presentation on the surface of these tumor cells they try to
escape an efficient elimination by cytotoxic T cells. In fact, a higher expression of
LMP2 and LMP7 was detected in melanoma cells exhibiting histological signs of
regression compared to those without regression phenomena (Dissemond et al.,
2003). These immune evasion strategies of tumor cells can be abrogated to a cer-
tain extent by the administration of IFNγ (Delp et al., 2000), (Singal et al., 1996).
In line with this, female LMP2 deficient mice suffer from an elevated incidence of
uterine neoplasms at 12 month of age (Hayashi and Faustman, 2002).

Furthermore, the tissue specific assembly of the different inducible and consti-
tutive β subunits within one 20S proteasome provides each tissue with a dis-
tinct repertoire of TCR epitopes, according to the preferential catalytic activity
of the incorporated subunits. This in turn would be a very conceivable mecha-
nism to restrict a T cell response to the appropriate organ or site of infection re-
spectively, while leaving uninvolved, healthy tissue unaffected (Groettrup et al.,
2001), (Kuckelkorn et al., 2002). Consistent with this it was documented that
both, the deregulated expression and the occurrence of different polymorphism-
derived inducible β subunit variants, was associated with multiple autoimmune
disorders (Casp et al., 2003), (Egerer et al., 2006), (Krause et al., 2006), (Krämer
et al., 2007), (Sia and Weinem, 2005), (Maksymowych et al., 1997). In summary,
mice with a life expectancy of one to two years and housed in a very clean animal
facility are by far less affected by the lack of complete immunoproteasomes than
humans that are experiencing a huge number of infections during their lifetime
and thus have to establish countless immune responses that need to be tightly
regulated to successfully eliminate the pathogen or neoplasm without harming
healthy cells or inducing autoimmune diseases. Immunoproteasomes seem to
be an essential instrument that helps the immune system keeping this balance.
Most of the evidence available so far implies this help to be exerted via optimiza-
tion of MHC class I ligands exclusively.
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Based on data reporting on a reduced number of MECL-1-/- x LMP7-/-, LMP2-/- and
MECL-1-/- donor derived T cells after adoptive transfer in influenza virus (Pang
et al., 2006), (Chen et al., 2001) and LCMV-WE (Basler et al., 2006) infected wild-
type mice respectively and the up-to-date state of knowledge regarding the pro-
teasome’s involvement in multiple cellular processes (Konstantinova et al., 2008),
the present study was performed in order to elucidate a possible role of immuno-
proteasomes in the regulation of antigen-driven T cell expansion, irrespective of
the antigen-optimizing function. T cells of mice lacking one of the immunopro-
teasome subunits LMP2, MECL-1 or LMP7 were proven to suffer from compro-
mised T cell expansion after adoptive transfer in LCMV-WE infected wildtype
mice, albeit to varying degrees (Fig.4). This observations was not only limited to
T lymphocytes located in the spleen but also confirmed in blood, peritoneum and
different lymph nodes thereby excluding homing failures of LMP7 and MECL-1
deficient T cells (Fig.7). Impaired homing mechanisms could have prevented effi-
cient migration, access or exit to or from the appropriate lymphoid organs, visible
by higher numbers of immunoproteasome deficient T cells in one of the analysed
organs. In case of LMP7-/- cells, which are known to express reduced levels of
MHC class I molecules on the cell surface (Fehling et al., 1994), it needed to be
excluded that the adoptively transferred LMP7-/- T cells are killed by NK cells of
the host mice. Host resident NK cells are used to a higher MHC class I expres-
sion, than they will detect on the donor T cells and are in charge of eliminating
cells with diminished MHC class I levels, since they are assuming a tumor- or vi-
ral evasion strategy. However, up to day 9 after injection, adoptively transferred
LMP7 deficient T cells survived to the same extent as C57BL/6 control cells in
naive recipients, while they are again heavily reduced in LCMV-WE infected host
mice (Fig.8B). These results argue against NK cell mediated rejection within the
time period of interest. Moreover, LMP2 and MECL-1 deficient T cells also suffer
from impaired expansion after transfer in LCMV-WE recipients (Fig.4), but are
expressing normal MHC class I surface levels (Kaer et al., 1994), (Basler et al.,
2006).

A second argument pointing in a similar direction, namely the rejection of donor
T cells because of minor histocompatibilty antigens (miHAg) was rebutted by data
proving the survival of adoptively transferred wildtype male T cells in naive and
LCMV-WE infected female recipients up to day eight. In contrast, co-transferred
LMP7 deficient female T cells were rapidly declining and gone by day eight in
LCMV infected, but not in naive recipients, emphasizing once more the relevance
of the virus infection. The well characterized rejection of male donor cells by the
female recipient’s immune response due to the Y-chromosome encoded HY mi-
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HAgs (Robertson et al., 2007), (Piper et al., 2007), (Toes et al., 2001) was shown
to occur not within the first eight days after transfer, regardless of the recipi-
ent being naive or suffering from an LCMV-WE infection (Fig.9). Additionally,
adoptively transferred LMP2, LMP7, MECL-1 deficient and wildtype T cells were
detectable in equal numbers in naive Thy1.1 host mice up to day 10 after transfer
(Fig.8A and 8C). Not until day 22 a decreased quantity of immunoproteasome-
compromised T cells compared to control T cells was evident. As adoptively trans-
ferred transgenic CD4+ T cells were demonstrated to be rejected due to miHAgs
after 21 days (Duffy et al., 2008), we cannot exclude that the diminished quan-
tity of LMP2-/-, LMP7-/- and MECL-1-/- donor T cells on day 22 in our case is also
provoked by rejection due to miHAgs. Similarly we can’t rule out alterations in
immunoproteasome regulated cellular processes determining the life-span of T
cells, especially with regard to the immunoproteasome deficient cells receiving
possibly unknown signals in the wildtype environment. Altogether, in the face of
the short time period of only 8 days for the T cells to disappear, a rejection due to
miHAg seems quite unlikely. In line with this, the transfer performed by inject-
ing wildtype T cells in MECL-1-/- (Basler et al., 2006) or LMP2-/- mice (Chen et al.,
2001), did not result in an impaired survival of the donor T cells in the recipi-
ent mice. The existence of miHAgs would definitely also induce the elimination
of wildtype donor T cells in this scenario as it was proven to happen during the
adoptive transfer of wildtype CD4+ T cells in CD4+ TCRtg DO11.10 mice and vice
versa (Duffy et al., 2008). Likewise, skin transplantation from wildtype donors
to LMP7 deficient recipients causes rejection within three to five weeks, probably
due to MHC class I epitopes that are generated exclusively by complete immuno-
proteasomes, but not by immunoproteasomes lacking LMP7. Wildtype recipients
receiving skin transplants from LMP7 gene targeted mice do not reject these up
to 20 weeks, since, according to the authors, the repertoire of antigenic peptides
produced by proteasomes lacking LMP7 does not differ from that produced by
complete immunoproteasomes (Toes et al., 2001). However, the presence of mi-
HAgs would cause skin rejection by both recipient genotypes.

The disadvantage of incomplete immunoproteasome function seems to be of no
importance in naive mice, but is gaining all the more importance when the T
cells have to clear a viral infection. A complete T cell response, starting with
the T cells becoming activated in peripheral lymphoid organs, followed by migra-
tion to the site of infection and ending with the very T cells receiving a death
signal when the infection is cured, encompasses a multitude of tightly regulated
processes the proteasome can possibly intervene. By assessing the expression of
various differentiation markers implicated in homeostatic proliferation (CD127,
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IL15R), migration (CD62L, CCR7, CD44, CD18, CD29, CD102), activation (CD25,
CD28, CD44, CD70) and -downregulation (CTLA-4, PD1, CD95) of T cells on
different cell types, resident in different tissues and during different stages of
the anti-LCMV immune response (Tabl.1) we tried to track down indications for
possible dysfunctions during these processes (Fig.11). There was no difference
detectable in the expression of the above mentioned differentiation markers be-
tween LMP2-/-, LMP7-/-, MECL-1-/- and C57BL/6 control cells, meaning that ei-
ther there are no irregularities in the absence of proper immunoproteasomes in
the investigated situations and we are missing the actually affected cellular pro-
cesses or they don’t become observable to a detectable degree with the chosen
parameters. Since migration and homing failures were shown to be rather un-
likely contributors to the hindered expansion or survival of immunoproteasome
compromised T cells in LCMV-WE infected wildtype mice (Fig.7), we went on fo-
cusing on homeostatic expansion, activation induced proliferation and apoptosis
in detail. However, neither the reconstitution of the T cell repertoire in RAG-
2 deficient mice (Fig.12), nor the in vitro apoptosis of isolated CD4+ and CD8+

T cells induced by Dexamethason or anti-CD3-treatment (Fig.14) revealed spe-
cial characteristics of LMP2, LMP7 or MECL-1 deficient cells. In contrast, the
activation-induced T cell proliferation seemed to be a very promising candidate
to elucidate our observations, especially in light of a recent publication report-
ing on hyperproliferating MECL-1-/- x LMP7-/- T cells after in vitro stimulation
with anti-CD3/CD28 or PMA/Ionomycin (Caudill et al., 2006). Since MECL-1 and
LMP7 single knock-out cells don’t display a hyperproliferating phenotype in this
setup, neither the reduced level of MHC class I expression on LMP7-/- cells, nor
the reduced number of CD8+ T cells in MECL-1-/- mice alone can be responsible
for this effect. Hence, further immunoproteasome functions capable of regulating
T cell expansion would be conceivable. Unfortunately, we could not reproduce the
findings of Caudill et al.. Both, onset and kinetics of proliferation did not dif-
fer significantly between MECL-1-/- x LMP7-/- and C57BL/6 wildtype T cells in our
hands (Fig.13). Admittedly, in vitro stimulation experiments of freshly isolated T
lymphocytes turned out to be characterized by considerable variations, regarding
T cell proliferation as well as cytokine production (Fig.21). For that reason, a final
evaluation of these data seems rather difficult at that time point.

In order to track the fate of LCMV-specific immunoproteasome deficient T cells af-
ter their activation in the LCMV-WE infected wildtype host, we injected CFSE la-
belled CD8+ TCRtg T cells, specific for the glycoprotein derived LCMV-WE epitope
GP33, in mice that were either infected with a medium viral dose or remained
naive. Preceding experiments proved the respective TCRtg donor mice P14 (all
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CD8+ T cells are GP33 specific), P14 x LMP7-/- and P14 x MECL-1-/- (all CD8+ T
cells are GP33 specific and miss the inducible beta subunit LMP7 or MECL-1
respectively) to be capable of mounting an efficient anti GP33-directed T cell re-
sponse when infected with LCMV-WE or recombinant Vaccinia Virus expressing
the GP33 minigene (Fig.17). Already 16 h after transfer (Fig.18A) we found the
percentage of P14 x LMP7-/- and P14 x MECL-1-/- CD8+ T cells reduced in LCMV-
WE infected mice. This became even more prominent after 40 h (Fig.18B). Ac-
cording to the CFSE dilution-spectra, representing cells that passed a specific
number of cell divisions, there is no evidence for hyperproliferation (Fig.18C).
Again, the investigation of the expression level of several differentiation mark-
ers implicated in homeostatic proliferation (CD127), migration (CD62L, CD18,
CD29, CD54, CD102), activation (CD25, CD28, CD44, CD69, CD80, CD86) and
-downregulation (CTLA-4, PD1, CD95) of donor and host derived T cells 15 h and
40 h after transfer did not disclose special characteristics of the immunoprotea-
some compromised T cells (Fig.20). However, an increase in the percentage of
apoptotic P14 x LMP7-/- T cells was detectable after 15 h (Fig.19A), which is gone
by 40 h after transfer (Fig.19B). The experiment was repeated several times, also
including P14 x MECL-1-/- T cells. But, since in vivo apoptosis is restricted to a
tight time-frame, we were unfortunately unable to reproduce the P14 x LMP7-/-

results to the same degree as it is pictured in Fig.19. Nevertheless, the tendency
was clearly visible in all performances, for P14 x LMP7-/-, but not to a convincing
extent for P14 x MECL-1-/- T cells. In the absence of an infection, the amount of
donor P14, P14 x LMP7-/- and P14 x MECL-1-/- cells as well as the percentage of
apoptotic and necrotic cells within the different donor genotype populations re-
mained at comparable levels at all time-points analysed. Hence, early after acti-
vation via the T cell receptor (TCR) immunoproteasomes seem to exert a function
in sustaining T cell survival and proliferation. Malfunctioning immunoprotea-
somes at this early phase dooms the cell to undergo apoptosis either indirectly by
withdrawing essential survival signals or apoptosis inhibitory proteins or directly
by delivering apoptosis inducing proteins. In terms of time, this has to happen
within the first 10-15 hours after antigen-encounter, since we can measure an en-
hanced apoptosis-rate already after 15 h, what finally entails the substantial cell
loss after 40 h. Whether or not this is mediated by a cell intrinsic effect, meaning
the inappropriate processing of the TCR signal induces the very T cell to undergo
apoptosis or an extrinsic effect involving for example an altered cytokine secretion
that makes the T cells within immediate vicinity undergo apoptosis or whether
it’s a contribution of both alternatives has yet to be determined. Since the lion’s
share of the transferred non-TCRtg immunoproteasome deficient T cells is unable
to survive in LCMV-WE infected recipients (Fig.4), but only a minor percentage of
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these cells are actually LCMV-specific and thus receiving a signal via their TCR
a bystander effect exerted by activated T cells and influencing also the fate of
resting T cells seems conceivable.

The transcription factor NF-κB which is part of the T cell receptor signaling cas-
cade, is a very attractive candidate to bridge the gap between the proteasome and
apoptosis since on the one hand NF-κB is in charge of regulating the expression of
a number of apoptosis-related proteins and on the other hand both, the process-
ing of its precursor proteins (p100 and p105 are processed to generate the mature
subunits p50 and p52 respectively) and the degradation of its inhibitor IκBα re-
quires proteasomal activity (Fig.1 Role of proteasomes within NF-κB signalling
pathway), (Traenckner et al., 1994), (Verma et al., 1995). A link to immunoprotea-
somes was first provided by a publication reporting on a reduced quantity of p50
and enhanced localizations of phosphorylated IκBα in LMP2 inhibited cells (Wang
et al., 2006) and shortly after this, the elevated level of immunoproteasomes in
intestinal tissues of Crohn’s Disease patients was suggested to be the reason for
an increased processing and degradation of p105 and IκBα respectively in these
tissues (Visekruna et al., 2006). Nevertheless, measuring the abundance of p50
and p105 in cytosolic extracts of naive or four days LCMV-WE infected spleno-
cytes of LMP2, LMP7 or MECL-1 gene targeted mice and C57BL/6 control mice
did not reveal any differences referring to this (Fig.15A and 15B). Still, details on
the influence of immunoproteasomes on p100, p52, IκBα and the resulting over-
all activity of NF-κB during an antiviral immune response are missing in order to
specify the role of immunoproteasomes within the NF-κB signalling pathway.

The ability to secrete and sense chemokines and cytokines provides the base for
communication between the individual components of the immune system. Es-
pecially T helper cells (Th) are in charge of orchestrating the adaptive immune
response mainly by secretion of cytokines and chemokines that activate and/or
recruit target cells (Zhu and Paul, 2008). The supernatant of in vitro CD3/CD28
stimulated splenocytes of naive C57BL/6, LMP7-/-, MECL-1-/- and MECL-1-/- x
LMP7-/- mice was analysed in respect of the quantity of the cytokines IL2, IL4,
IL6, IFNγ, IL10 and TNFα. Due to rather unpredictable in vitro kinetics of the
freshly isolated total spleen suspension, the three experiments display to some
extent remarkable variations regarding the concentration of one and the same
cytokine, making an overall evaluation difficult in many cases. Nevertheless an
elevated level of IL2 and, to a lesser extent, IL10 can be documented for MECL-
1-/- x LMP7-/- splenocytes, whereas IL4 concentrations are reduced in these mice
(Fig.21).
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According to current knowledge there are four CD4+ T helper (Th) cell popula-
tions that differentiate in response to the presence of certain cytokines when they
first encounter antigen and are involved in the regulation of different aspects of
the immune response. Th1 cells need to sense IFNγ and IL12 for their differ-
entiation and are assisting the cytotoxic T cell response during infections with
intracellular pathogens and autoimmune disorders (Mosmann et al., 1986), (Mos-
mann and Coffman, 1989), (Paul and Seder, 1994), (Szabo et al., 2000), (Lighvani
et al., 2001), (Murphy and Reiner, 2002). In contrast, Th2 cells are developing in
response to IL4 and IL2 and initiate the immune response against extracellular
parasites, but also during allergy and asthma (Mosmann et al., 1986), (Mosmann
and Coffman, 1989), (Paul and Seder, 1994), (Cote-Sierra et al., 2004). The regu-
lation of immune responses, immune tolerance and lymphocyte homeostasis was
attributed to “natural” regulatory T cells (nTreg), that emerge directly from the
thymus (Sakaguchi, 2004), (Shevach, 2006) and inducible regulatory CD4+ T cells
(iTreg), that arise after sensing TGFβ and IL2 (Chen et al., 2003), (Davidson et al.,
2007), (Burchill et al., 2007), (Burchill et al., 2008). The most recently described
category are Th17 cells. These were shown to be involved in the elimination of
extracellular bacteria and fungi (Weaver et al., 2006), but also in the progression
of autoimmune diseases (Milner et al., 2008). Th17 cells differentiate in presence
of TGFβ, IL6, IL21, IL23 and IL1 (Bettelli et al., 2006), (Mangan et al., 2006),
(Veldhoen et al., 2006), (Acosta-Rodriguez et al., 2007), (Wilson et al., 2007). Be-
sides their role in Th differentiation, IL2, IL4 and IL10 are furthermore secreted
by the different Th subtypes to exert their characteristic effector function. IL2 is,
in addition to IFNγ and Lymphotoxin α, the principle cytokine produced by Th1
cells (Suzuki et al., 1988). It is also called “T cell growth factor” and is of vital
importance for the cytotoxic T cell response. Th2 cells express higher levels of
IL2 receptor α-chain (CD25) than Th1 cells (Hwang et al., 2002) and the highest
and constitutive expression is documented for Treg cells, that need IL2 for their
survival and function even after they have differentiated. IL4 is not only required
for the differentiation of Th2 cells, but is also secreted by Th2 cells, thereby es-
tablishing a positive feedback-loop for the Th2 development (Killar et al., 1987),
(Gros et al., 1990), (Swain et al., 1990). Furthermore IL4 mediates the suppres-
sion of Th1 and Th17 cell differentiation (Park et al., 2005), (Harrington et al.,
2005). The third cytokine affected IL10, suppresses Th1 proliferation when pro-
duced by Th2 cells (Fiorentino et al., 1989). In certain circumstances all CD4+ T
cells are capable of producing IL10, which than serves as a negative regulatory
mechanism for limiting immune responses to prevent tissue damage (Jankovic
et al., 2007), (Anderson et al., 2007), (McGeachy et al., 2007). This short overview
makes no claim to be complete as a detailed description of the versatile sites and
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mechanisms of action of the single cytokines would go beyond the scope of this
work. Nevertheless it suffices to deliver insights into the complexity of this sys-
tem. An increased quantity of IL2 while levels of IL4 are reduced would at first
glance clearly point to a Th1 favored T cell response, but since we don’t know yet
if the production or the consumption of the cytokines is altered and which cells
within the splenocyte culture are responsible for the alterations it is impossible
to specify the causal connection to the impaired expansion of immunoproteasome
deficient T cells in LCMV-WE infected wildtype mice.

The observation of immunoproteasomes influencing the T cell’s cytokine environ-
ment is further emphasized in light of yet unpublished data, reporting on a LMP7
specific inhibitor that prevents the production of IL23 by activated monocytes and
T cell production of IL2 and IFNγ in vitro. Inhibition of multiple immunoprotea-
some subunits by this drug diminished the production of TNFα and IL6 in mono-
cytes. On top of that, in two mouse models of rheumatoid arthritis inhibitor treat-
ment achieved promising results in reversing the pathologic immune response. In
contrast to MECL-1-/- x LMP7-/- stimulation that rather promotes a Th1 response,
LMP7 inhibition generates a cytokine pattern which is unfavorable for the de-
velopment of Th1 and also Th17 cells, thereby easing the autoimmune reactivity.
For an attempt to explain these divergent outcomes one has to consider on the
one hand the additional lack of MECL-1 in the mutant mouse and on the other
hand the incorporation of active constitutive beta subunits in MECL-1-/- x LMP7-/-

mice while LMP7 inhibition completely abrogates the β5 activity.

Immunoproteasomal activity seems to be of particular importance during antivi-
ral immune responses since all hitherto documented incidences of impaired T cell
expansion happened after transfer in virus infected wildtype mice (Fig.4, 16A and
16B), (Chen et al., 2001), (Basler et al., 2006), (Pang et al., 2006), but not Listeria
monocytogenes infected mice (Fig.16C). Similarly, transferring not only T cells,
but complete splenocyte suspension, B cells are the only cells surviving and de-
tectable six days after transfer and LCMV-WE infection (Fig.22). This is conceiv-
able to be a consequence of T cells being less involved in antibacterial immune re-
sponses. They don’t receive such a fulminant proliferation stimulation as they do
during an antiviral response and hence an inadequate immunoproteasome func-
tion would be of no consequence in this case. A further explanation could be that
the cytokine repertoire, induced by a non-viral pathogen, communicate signals
whose cellular processing is independent of immunoproteasomal activity. Like-
wise one could imagine that the T cell receptor-, but not B cell receptor-signaling
cascade involves components that require functional immunoproteasomes to op-
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erate perfectly. Which components at all are affected and whether or not these
requirements are met by immunoproteasomes on the level of gene expression,
protein synthesis (possible mechanisms are detailed in the introduction), process-
ing of precursor proteins, the degradation of regulatory proteins or elsewhere and
maybe in a combination of theses processes has to be addressed in future projects.
In summary this study proves immunoproteasomes to be of importance for the
success of an antiviral immune response not only by optimizing MHC class I lig-
ands, but moreover by regulating T cell expansion, which is accomplished very
likely via controlling the T cell’s cytokine environment.

MECL-1-/- x LMP2-/- and MECL-1-/- x LMP7-/- mice are like the corresponding sin-
gle gene targeted mice viable, fertile, devoid of anatomical abnormalities and
appear healthy. A potentially higher incidence of uterine neoplasms for female
MECL-1-/- x LMP2-/- mice, as it was reported for aged female LMP2 gene targeted
mice (Hayashi and Faustman, 2002) is conceivable and remains to be investi-
gated. The gene disruption in MECL-1-/- x LMP7-/- mice was confirmed on protein
level by 2D gel analysis of LCMV-WE infected liver tissue (Fig.23), and revealed
furthermore the reduced but definite incorporation of LMP2 in proteasomes ac-
commodating otherwise only constitutive β subunits. This was rather unexpected
since the X(β5)-propeptide was shown to restrict the incorporation into protea-
somes containing δ and Z (Kingsbury et al., 2000), thereby favoring the assembly
of constitutive δ/Z/X proteasomes over LMP2/Z/X mixed proteasomes.

The analysis of the lymphocyte compartment in terms of the proportion of CD4+

and CD8+ T cells confirmed the data of Caudill et al. who reported an elevated
ratio of CD4+ to CD8+ T cells in naive MECL-1-/- x LMP7-/- mice (Caudill et al.,
2006). This was due to a reduced percentage of CD8+ T cells, with unchanged
numbers of CD4+ T cells (Fig.24A and 24B). The same observation was described
for MECL-1 (Fig.24A and B) (Basler et al., 2006) and LMP2 gene targeted mice
(Kaer et al., 1994). The development of CD11c+ cells seems unaffected in the
absence of the two inducible subunits MECL-1 and LMP7 (Fig.24C). Of note, for
the first time LMP7-/- mice were shown to express reduced percentages of both
CD4+ and CD8+ T cells pointing to a generally impaired T cell development in
these mice (Fig.24A and 24B).

The peptide hydrolyzing activity of proteasomes isolated from liver of LCMV-WE
infected MECL-1-/- x LMP7-/- mice reflects that found in proteasome preparations
of MECL-1 and LMP7 single gene targeted mice (Stohwasser et al., 1996), (Basler
et al., 2006). The caspase-like activity, producing peptides with an unfavorable
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acidic C-terminus as MHC class I ligands, is slightly increased. The same is
true for the chymotrypsin-like activity. Only the generation of basic C-termini is
unchanged in the simultaneous absence of MECL-1 and LMP7 (Fig.25).

Facing an LCMV-WE infection, MECL-1-/- x LMP2-/- and MECL-1-/- x LMP7-/- mice
are able to mount a proper CTL response and don’t seem to suffer from more se-
vere symptoms compared to wildtype mice. Nevertheless, virus titers at different
time points of the infection remain to be measured in order to document the kinet-
ics of virus elimination. Immunoproteasomes are known to exert influence on the
immunodominace hierarchy of the CTL-epitopes on the level of both, T cell reper-
toire development and processing/presentation of the peptide on infected cells or
professional antigen presenting cells (Basler et al., 2006), (Chen et al., 2001),
(Pang et al., 2006). MECL-1-/- x LMP2-/- and MECL-1-/- x LMP7-/- mice also feature
an altered immunodominace hierachy. The T cell response directed against the
glycoprotein derived epitope GP276 and the nucleoprotein derived epitope NP205
was decreased in both, MECL-1-/- x LMP2-/- and MECL-1-/- x LMP7-/- mice (Fig.26A
and 26B). The same was reported for MECL-1 deficient mice and here, in case of
GP276, the diminished T cell response could be attributed to an impaired T cell
repertoire. For an explanation one could assume an enhanced negative selection
of GP276 specific T cells when the absence of MECL-1 leads to the presentation of
a self-peptide that mimicks the viral epitope GP276 and establishes not a low, but
a high-affinity interaction with the T cell carrying the appropriate T cell receptor
(Basler et al., 2006), (Kammer et al., 1999). The latter will be negatively selected
in order to prevent autoimmunity. A T cell repertoire lacking GP276 specific T
cells is conceivable also for MECL-1-/- x LMP2-/- and MECL-1-/- x LMP7-/- mice but
needs to be confirmed by conclusive data. Concerning the reduced T cell response
against NP205 it has to be determined whether or not the simultaneous absence
of MECL-1 and LMP2 or MECL-1 and LMP7 is detrimental for the presentation
of the epitope or for the development of a competent T cell repertoire.

The cellular immune response is based on the recognition of peptid-MHC com-
plexes by T cells via their T cell receptor. Proteasomes are well-studied in their
function of generating peptide ligands for MHC class I molecules. The immuno-
logical benefit gained by the replacement of constitutive proteasomes by immuno-
proteasomes during an ongoing immune response is well proven to be realised on
the one hand by changing the repertoire of antigenic peptides presented on in-
fected cells, thereby facilitating the discrimination between healthy and infected
tissue. On the other hand peptide ligands generated by immunoproteasomes bind
more efficiently to MHC class I molecules than peptides liberated by constitutive
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proteasomes leading to an enhanced antigen presentation. In the present study
immunoproteasome activity was demonstrated to be of utmost importance for a
successful T cell response beyond this function in optimizing MHC class I ligands.
The observation of an altered cytokine environment in absence of immunoprotea-
some subunits rather suggests that immunoproteasomes fulfill a pivotal task in
configuring essential parameters of the immune response. The identification of
possible additional parameters subjected to proteasomal regulation as well as the
elucidation of the regulatory mechanisms on a molecular level awaits further ex-
tensive investigations.

100



References

E. V. Acosta-Rodriguez, G. Napolitani, A. Lanzavecchia, and F. Sallusto. Interleukins 1beta and
6 but not transforming growth factor-beta are essential for the differentiation of interleukin
17-producing human t helper cells. Nat Immunol, 8(9):942–949, Sep 2007.

J. Adams, V. J. Palombella, E. A. Sausville, J. Johnson, A. Destree, D. D. Lazarus, J. Maas, C. S.
Pien, S. Prakash, and P. J. Elliott. Proteasome inhibitors: a novel class of potent and effective
antitumor agents. Cancer Res, 59(11):2615–2622, Jun 1999.

K. Ahn, M. Erlander, D. Leturcq, P. A. Peterson, K. Früh, and Y. Yang. In vivo characterization of
the proteasome regulator pa28. J Biol Chem, 271(30):18237–18242, Jul 1996.

K. Akiyama, K. Yokota, S. Kagawa, N. Shimbara, T. Tamura, H. Akioka, H. G. Nothwang, C. Noda,
K. Tanaka, and A. Ichihara. cdna cloning and interferon gamma down-regulation of proteaso-
mal subunits x and y. Science, 265(5176):1231–1234, Aug 1994.

S. M. Alam, P. J. Travers, J. L. Wung, W. Nasholds, S. Redpath, S. C. Jameson, and N. R. Gascoigne.
T-cell-receptor affinity and thymocyte positive selection. Nature, 381(6583):616–620, Jun 1996.

J. B. Almond, R. T. Snowden, A. Hunter, D. Dinsdale, K. Cain, and G. M. Cohen. Proteasome
inhibitor-induced apoptosis of b-chronic lymphocytic leukaemia cells involves cytochrome c re-
lease and caspase activation, accompanied by formation of an approximately 700 kda apaf-1
containing apoptosome complex. Leukemia, 15(9):1388–1397, Sep 2001.

C. F. Anderson, M. Oukka, V. J. Kuchroo, and D. Sacks. Cd4(+)cd25(-)foxp3(-) th1 cells are the
source of il-10-mediated immune suppression in chronic cutaneous leishmaniasis. J Exp Med,
204(2):285–297, Feb 2007.

G. Anderson and E. J. Jenkinson. Lymphostromal interactions in thymic development and func-
tion. Nat Rev Immunol, 1(1):31–40, Oct 2001.

M. S. Anderson, E. S. Venanzi, L. Klein, Z. Chen, S. P. Berzins, S. J. Turley, H. von Boehmer,
R. Bronson, A. Dierich, C. Benoist, and D. Mathis. Projection of an immunological self shadow
within the thymus by the aire protein. Science, 298(5597):1395–1401, Nov 2002.

M. Aouida, N. Pagé, A. Leduc, M. Peter, and D. Ramotar. A genome-wide screen in saccha-
romyces cerevisiae reveals altered transport as a mechanism of resistance to the anticancer
drug bleomycin. Cancer Res, 64(3):1102–1109, Feb 2004.

L. R. Armstrong C. Experimental lymphocytic choriomeningitis of monkeys and mice produced
by a virus encountered in studies of the 1933 st.louis encephalitis epidemic. Public Health
Research, 491019-1022, 1934.

P. G. Ashton-Rickardt and S. Tonegawa. A differential-avidity model for t-cell selection. Immunol
Today, 15(8):362–366, Aug 1994.

J. D. Ashwell, F. W. Lu, and M. S. Vacchio. Glucocorticoids in t cell development and function*.
Annu Rev Immunol, 18:309–345, 2000.

D. Atkins, S. Ferrone, G. E. Schmahl, S. Störkel, and B. Seliger. Down-regulation of hla class i
antigen processing molecules: an immune escape mechanism of renal cell carcinoma? J Urol,
171(2 Pt 1):885–889, Feb 2004.

K. L. Auld and P. A. Silver. Transcriptional regulation by the proteasome as a mechanism for
cellular protein homeostasis. Cell Cycle, 5(14):1503–1505, Jul 2006.

101



References

K. L. Auld, C. R. Brown, J. M. Casolari, S. Komili, and P. A. Silver. Genomic association of
the proteasome demonstrates overlapping gene regulatory activity with transcription factor
substrates. Mol Cell, 21(6):861–871, Mar 2006.

B. P. Babbitt, P. M. Allen, G. Matsueda, E. Haber, and E. R. Unanue. Binding of immunogenic
peptides to ia histocompatibility molecules. Nature, 317(6035):359–361, 1985.

D. Bai, H. Chen, and B.-R. Huang. Ranbpm is a novel binding protein for p75ntr. Biochem Biophys
Res Commun, 309(3):552–557, Sep 2003.

L. Ballut, F. Petit, S. Mouzeyar, O. L. Gall, T. Candresse, P. Schmid, P. Nicolas, and S. Badaoui. Bio-
chemical identification of proteasome-associated endonuclease activity in sunflower. Biochim
Biophys Acta, 1645(1):30–39, Jan 2003.

G. J. Bancroft, R. D. Schreiber, and E. R. Unanue. Natural immunity: a t-cell-independent path-
way of macrophage activation, defined in the scid mouse. Immunol Rev, 124:5–24, Dec 1991.

L. F. Barton, M. Cruz, R. Rangwala, G. S. Deepe, and J. J. Monaco. Regulation of immunopro-
teasome subunit expression in vivo following pathogenic fungal infection. J Immunol, 169(6):
3046–3052, Sep 2002a.

L. F. Barton, H. A. Runnels, T. D. Schell, Y. Cho, R. Gibbons, S. S. Tevethia, G. S. Deepe, and J. J.
Monaco. Immune defects in 28-kda proteasome activator gamma-deficient mice. J Immunol,
172(6):3948–3954, Mar 2004.

L. L. Barton, M. B. Mets, and C. L. Beauchamp. Lymphocytic choriomeningitis virus: emerging
fetal teratogen. Am J Obstet Gynecol, 187(6):1715–1716, Dec 2002b.

M. Basler, N. Youhnovski, M. V. D. Broek, M. Przybylski, and M. Groettrup. Immunoproteasomes
down-regulate presentation of a subdominant t cell epitope from lymphocytic choriomeningitis
virus. J Immunol, 173(6):3925–3934, Sep 2004.

M. Basler, J. Moebius, L. Elenich, M. Groettrup, and J. J. Monaco. An altered t cell repertoire in
mecl-1-deficient mice. J Immunol, 176(11):6665–6672, Jun 2006.

M. Battegay, D. Moskophidis, A. Rahemtulla, H. Hengartner, T. W. Mak, and R. M. Zinkernagel.
Enhanced establishment of a virus carrier state in adult cd4+ t-cell-deficient mice. J Virol, 68
(7):4700–4704, Jul 1994.

J. M. Baugh and E. V. Pilipenko. 20s proteasome differentially alters translation of different
mrnas via the cleavage of eif4f and eif3. Mol Cell, 16(4):575–586, Nov 2004.

W. Baumeister, Z. Cejka, M. Kania, and E. Seemüller. The proteasome: a macromolecular as-
sembly designed to confine proteolysis to a nanocompartment. Biol Chem, 378(3-4):121–130,
1997.

P. Beauparlant and J. Hiscott. Biological and biochemical inhibitors of the nf-kappa b/rel proteins
and cytokine synthesis. Cytokine Growth Factor Rev, 7(2):175–190, Aug 1996.

M. P. Belich, R. J. Glynne, G. Senger, D. Sheer, and J. Trowsdale. Proteasome components with
reciprocal expression to that of the mhc-encoded lmp proteins. Curr Biol, 4(9):769–776, Sep
1994.

J. Beninga, K. L. Rock, and A. L. Goldberg. Interferon-gamma can stimulate post-proteasomal
trimming of the n terminus of an antigenic peptide by inducing leucine aminopeptidase. J Biol
Chem, 273(30):18734–18742, Jul 1998.

E. Bettelli, Y. Carrier, W. Gao, T. Korn, T. B. Strom, M. Oukka, H. L. Weiner, and V. K. Kuchroo.
Reciprocal developmental pathways for the generation of pathogenic effector th17 and regula-
tory t cells. Nature, 441(7090):235–238, May 2006.

M. J. Bevan and P. J. Fink. The influence of thymus h-2 antigens on the specificity of maturing
killer and helper cells. Immunol Rev, 42:3–19, 1978.

P. K. Bhuyan, L. L. Young, K. F. Lindahl, and G. W. Butcher. Identification of the rat maternally
transmitted minor histocompatibility antigen. J Immunol, 158(8):3753–3760, Apr 1997.

P. Björses, J. Aaltonen, N. Horelli-Kuitunen, M. L. Yaspo, and L. Peltonen. Gene defect behind
apeced: a new clue to autoimmunity. Hum Mol Genet, 7(10):1547–1553, 1998.

102



References

B. R. Blazar, D. C. Roopenian, P. A. Taylor, G. J. Christianson, A. Panoskaltsis-Mortari, and D. A.
Vallera. Lack of gvhd across classical, single minor histocompatibility (mih) locus barriers in
mice. Transplantation, 61(4):619–624, Feb 1996.

B. Boes, H. Hengel, T. Ruppert, G. Multhaup, U. H. Koszinowski, and P. M. Kloetzel. Interferon
gamma stimulation modulates the proteolytic activity and cleavage site preference of 20s mouse
proteasomes. J Exp Med, 179(3):901–909, Mar 1994.

J. M. Boname and P. G. Stevenson. Mhc class i ubiquitination by a viral phd/lap finger protein.
Immunity, 15(4):627–636, Oct 2001.

G. Bonizzi and M. Karin. The two nf-kappab activation pathways and their role in innate and
adaptive immunity. Trends Immunol, 25(6):280–288, Jun 2004.

D. J. Bonthius and S. Perlman. Congenital viral infections of the brain: lessons learned from
lymphocytic choriomeningitis virus in the neonatal rat. PLoS Pathog, 3(11):e149, Nov 2007.

D. J. Bonthius, R. Wright, B. Tseng, L. Barton, E. Marco, B. Karacay, and P. D. Larsen. Congenital
lymphocytic choriomeningitis virus infection: spectrum of disease. Ann Neurol, 62(4):347–355,
Oct 2007.

O. M. B. Borrow, P. Viral Pathogenisis, chapter Chapter 25. 1997.

P. Borrow and M. B. Oldstone. Mechanism of lymphocytic choriomeningitis virus entry into cells.
Virology, 198(1):1–9, Jan 1994.

J. Botten, J. L. Whitton, P. Barrowman, J. Sidney, J. K. Whitmire, J. Alexander, J. P. C. Ting, H.-
H. Bui, A. Sette, and M. J. Buchmeier. Hla-a2-restricted protection against lethal lymphocytic
choriomeningitis. J Virol, 81(5):2307–2317, Mar 2007.

B. Bowerman and T. Kurz. Degrade to create: developmental requirements for ubiquitin-mediated
proteolysis during early c. elegans embryogenesis. Development, 133(5):773–784, Mar 2006.

J. A. Brannigan, G. Dodson, H. J. Duggleby, P. C. Moody, J. L. Smith, D. R. Tomchick, and
A. G. Murzin. A protein catalytic framework with an n-terminal nucleophile is capable of self-
activation. Nature, 378(6555):416–419, Nov 1995.

B. C. Braun, M. Glickman, R. Kraft, B. Dahlmann, P. M. Kloetzel, D. Finley, and M. Schmidt. The
base of the proteasome regulatory particle exhibits chaperone-like activity. Nat Cell Biol, 1(4):
221–226, Aug 1999.

K. Breitschopf, A. M. Zeiher, and S. Dimmeler. Ubiquitin-mediated degradation of the proapoptotic
active form of bid. a functional consequence on apoptosis induction. J Biol Chem, 275(28):
21648–21652, Jul 2000.

A. G. Brickner, E. H. Warren, J. A. Caldwell, Y. Akatsuka, T. N. Golovina, A. L. Zarling, J. Sha-
banowitz, L. C. Eisenlohr, D. F. Hunt, V. H. Engelhard, and S. R. Riddell. The immunogenicity
of a new human minor histocompatibility antigen results from differential antigen processing.
J Exp Med, 193(2):195–206, Jan 2001.

N. Brouwenstijn, T. Serwold, and N. Shastri. Mhc class i molecules can direct proteolytic cleavage
of antigenic precursors in the endoplasmic reticulum. Immunity, 15(1):95–104, Jul 2001.

M. G. Brown, J. Driscoll, and J. J. Monaco. Structural and serological similarity of mhc-linked lmp
and proteasome (multicatalytic proteinase) complexes. Nature, 353(6342):355–357, Sep 1991.

M. G. Brown, J. Driscoll, and J. J. Monaco. Mhc-linked low-molecular mass polypeptide subunits
define distinct subsets of proteasomes. implications for divergent function among distinct pro-
teasome subsets. J Immunol, 151(3):1193–1204, Aug 1993.

D. Brändle, K. Bürki, V. A. Wallace, U. H. Rohrer, T. W. Mak, B. Malissen, H. Hengartner, and
H. Pircher. Involvement of both t cell receptor v alpha and v beta variable region domains and
alpha chain junctional region in viral antigen recognition. Eur J Immunol, 21(9):2195–2202,
Sep 1991.

M. J. Buchmeier, R. M. Welsh, F. J. Dutko, and M. B. Oldstone. The virology and immunobiology
of lymphocytic choriomeningitis virus infection. Adv Immunol, 30:275–331, 1980.

103



References

N. A. Buchmeier and R. D. Schreiber. Requirement of endogenous interferon-gamma production
for resolution of listeria monocytogenes infection. Proc Natl Acad Sci U S A, 82(21):7404–7408,
Nov 1985.

A. J. Buchmeier MJ, Zajac. Lymphocytic choriomeningitis virus. John Wiley & Sons, Ltd., Chich-
ester, Sussex, United Kingdom, 1999a.

P. C. Buchmeier MJ, Bowen MD. Field‘s virology, 4th edition, chapter Arenaviridae: the viruses
and their replication., pages 1635–1668. Philadelphia: Lippicott Williams & Wilkins, 2001.

Z. A. Buchmeier MJ. Persistent viral infections, chapter Lymphocytic choriomeningitis virus.,
pages 575–605. New York: Wiley, 1999b.

M. A. Burchill, J. Yang, C. Vogtenhuber, B. R. Blazar, and M. A. Farrar. Il-2 receptor beta-
dependent stat5 activation is required for the development of foxp3+ regulatory t cells. J Im-
munol, 178(1):280–290, Jan 2007.

M. A. Burchill, J. Yang, K. B. Vang, J. J. Moon, H. H. Chu, C.-W. J. Lio, A. L. Vegoe, C.-S. Hsieh,
M. K. Jenkins, and M. A. Farrar. Linked t cell receptor and cytokine signaling govern the
development of the regulatory t cell repertoire. Immunity, 28(1):112–121, Jan 2008.

S. Burgdorf and C. Kurts. Endocytosis mechanisms and the cell biology of antigen presentation.
Curr Opin Immunol, 20(1):89–95, Feb 2008.

T. F. Burns and W. S. El-Deiry. The p53 pathway and apoptosis. J Cell Physiol, 181(2):231–239,
Nov 1999.

E. A. Butz and M. J. Bevan. Differential presentation of the same mhc class i epitopes by fibrob-
lasts and dendritic cells. J Immunol, 160(5):2139–2144, Mar 1998.

J. J. Campbell, E. P. Bowman, K. Murphy, K. R. Youngman, M. A. Siani, D. A. Thompson, L. Wu,
A. Zlotnik, and E. C. Butcher. 6-c-kine (slc), a lymphocyte adhesion-triggering chemokine ex-
pressed by high endothelium, is an agonist for the mip-3beta receptor ccr7. J Cell Biol, 141(4):
1053–1059, May 1998.

N. Canu, C. Barbato, M. T. Ciotti, A. Serafino, L. Dus, and P. Calissano. Proteasome involvement
and accumulation of ubiquitinated proteins in cerebellar granule neurons undergoing apopto-
sis. J Neurosci, 20(2):589–599, Jan 2000.

W. Cao, M. D. Henry, P. Borrow, H. Yamada, J. H. Elder, E. V. Ravkov, S. T. Nichol, R. W. Compans,
K. P. Campbell, and M. B. Oldstone. Identification of alpha-dystroglycan as a receptor for
lymphocytic choriomeningitis virus and lassa fever virus. Science, 282(5396):2079–2081, Dec
1998.

P. Cascio, C. Hilton, A. F. Kisselev, K. L. Rock, and A. L. Goldberg. 26s proteasomes and immuno-
proteasomes produce mainly n-extended versions of an antigenic peptide. EMBO J, 20(10):
2357–2366, May 2001.

P. Cascio, M. Call, B. M. Petre, T. Walz, and A. L. Goldberg. Properties of the hybrid form of the 26s
proteasome containing both 19s and pa28 complexes. EMBO J, 21(11):2636–2645, Jun 2002.

C. B. Casp, J.-X. She, and W. T. McCormack. Genes of the lmp/tap cluster are associated with the
human autoimmune disease vitiligo. Genes Immun, 4(7):492–499, Oct 2003.

C. M. Caudill, K. Jayarapu, L. Elenich, J. J. Monaco, R. A. Colbert, and T. A. Griffin. T cells lack-
ing immunoproteasome subunits mecl-1 and lmp7 hyperproliferate in response to polyclonal
mitogens. J Immunol, 176(7):4075–4082, Apr 2006.

Y. C. Chang, Y. S. Lee, T. Tejima, K. Tanaka, S. Omura, N. H. Heintz, Y. Mitsui, and J. Magae.
mdm2 and bax, downstream mediators of the p53 response, are degraded by the ubiquitin-
proteasome pathway. Cell Growth Differ, 9(1):79–84, Jan 1998.

D. Chauhan, G. Bianchi, and K. C. Anderson. Targeting the ups as therapy in multiple myeloma.
BMC Biochem, 9 Suppl 1:S1, 2008.

L.-Y. Chen and J. D. Chen. Daxx silencing sensitizes cells to multiple apoptotic pathways. Mol
Cell Biol, 23(20):7108–7121, Oct 2003.

104



References

W. Chen, S. Khilko, J. Fecondo, D. H. Margulies, and J. McCluskey. Determinant selection of
major histocompatibility complex class i-restricted antigenic peptides is explained by class i-
peptide affinity and is strongly influenced by nondominant anchor residues. J Exp Med, 180(4):
1471–1483, Oct 1994.

W. Chen, C. C. Norbury, Y. Cho, J. W. Yewdell, and J. R. Bennink. Immunoproteasomes shape
immunodominance hierarchies of antiviral cd8(+) t cells at the levels of t cell repertoire and
presentation of viral antigens. J Exp Med, 193(11):1319–1326, Jun 2001.

W. Chen, W. Jin, N. Hardegen, K.-J. Lei, L. Li, N. Marinos, G. McGrady, and S. M. Wahl. Conver-
sion of peripheral cd4+cd25- naive t cells to cd4+cd25+ regulatory t cells by tgf-beta induction
of transcription factor foxp3. J Exp Med, 198(12):1875–1886, Dec 2003.

J. E. Childs, G. E. Glass, G. W. Korch, T. G. Ksiazek, and J. W. Leduc. Lymphocytic choriomenin-
gitis virus infection and house mouse (mus musculus) distribution in urban baltimore. Am J
Trop Med Hyg, 47(1):27–34, Jul 1992.

E. Y. Choi, Y. Yoshimura, G. J. Christianson, T. J. Sproule, S. Malarkannan, N. Shastri, S. Joyce,
and D. C. Roopenian. Quantitative analysis of the immune response to mouse non-mhc trans-
plantation antigens in vivo: the h60 histocompatibility antigen dominates over all others. J
Immunol, 166(7):4370–4379, Apr 2001.

A. Ciurea, P. Klenerman, L. Hunziker, E. Horvath, B. M. Senn, A. F. Ochsenbein, H. Hengartner,
and R. M. Zinkernagel. Viral persistence in vivo through selection of neutralizing antibody-
escape variants. Proc Natl Acad Sci U S A, 97(6):2749–2754, Mar 2000.

G. A. Collins and W. P. Tansey. The proteasome: a utility tool for transcription? Curr Opin Genet
Dev, 16(2):197–202, Apr 2006.

M. Colonna and M. Cella. Crosspresentation: plasmacytoid dendritic cells are in the business.
Immunity, 27(3):419–421, Sep 2007.

J. W. Conlan and R. J. North. Neutrophils are essential for early anti-listeria defense in the liver,
but not in the spleen or peritoneal cavity, as revealed by a granulocyte-depleting monoclonal
antibody. J Exp Med, 179(1):259–268, Jan 1994.

L. Coscoy and D. Ganem. A viral protein that selectively downregulates icam-1 and b7-2 and
modulates t cell costimulation. J Clin Invest, 107(12):1599–1606, Jun 2001.

L. Coscoy, D. J. Sanchez, and D. Ganem. A novel class of herpesvirus-encoded membrane-bound
e3 ubiquitin ligases regulates endocytosis of proteins involved in immune recognition. J Cell
Biol, 155(7):1265–1273, Dec 2001.

J. Cote-Sierra, G. Foucras, L. Guo, L. Chiodetti, H. A. Young, J. Hu-Li, J. Zhu, and W. E. Paul.
Interleukin 2 plays a central role in th2 differentiation. Proc Natl Acad Sci U S A, 101(11):
3880–3885, Mar 2004.

O. Coux, K. Tanaka, and A. L. Goldberg. Structure and functions of the 20s and 26s proteasomes.
Annu Rev Biochem, 65:801–847, 1996.

J. H. Cox, P. Galardy, J. R. Bennink, and J. W. Yewdell. Presentation of endogenous and exoge-
nous antigens is not affected by inactivation of e1 ubiquitin-activating enzyme in temperature-
sensitive cell lines. J Immunol, 154(2):511–519, Jan 1995.

M. Cruz, L. A. Elenich, T. A. Smolarek, A. G. Menon, and J. J. Monaco. Dna sequence, chromoso-
mal localization, and tissue expression of the mouse proteasome subunit lmp10 (psmb10) gene.
Genomics, 45(3):618–622, Nov 1997.

V. M. Dabhi and K. F. Lindahl. Ctl respond to a mitochondrial antigen presented by h2-db. Im-
munogenetics, 45(1):65–68, 1996.

T. S. Davidson, R. J. DiPaolo, J. Andersson, and E. M. Shevach. Cutting edge: Il-2 is essential
for tgf-beta-mediated induction of foxp3+ t regulatory cells. J Immunol, 178(7):4022–4026, Apr
2007.

R. J. Davis. Signal transduction by the jnk group of map kinases. Cell, 103(2):239–252, Oct 2000.

105



References

M. De, K. Jayarapu, L. Elenich, J. J. Monaco, R. A. Colbert, and T. A. Griffin. Beta 2 subunit
propeptides influence cooperative proteasome assembly. J Biol Chem, 278(8):6153–6159, Feb
2003.

R. Deibel and G. D. Schryver. Viral antibody in the cerebrospinal fluid of patients with acute
central nervous system infections. J Clin Microbiol, 3(4):397–401, Apr 1976.

K. Delp, F. Momburg, C. Hilmes, C. Huber, and B. Seliger. Functional deficiencies of components of
the mhc class i antigen pathway in human tumors of epithelial origin. Bone Marrow Transplant,
25 Suppl 2:S88–S95, May 2000.

G. N. DeMartino, R. J. Proske, C. R. Moomaw, A. A. Strong, X. Song, H. Hisamatsu, K. Tanaka,
and C. A. Slaughter. Identification, purification, and characterization of a pa700-dependent
activator of the proteasome. J Biol Chem, 271(6):3112–3118, Feb 1996.

N. Dembla-Rajpal, R. Seipelt, Q. Wang, and B. C. Rymond. Proteasome inhibition alters the
transcription of multiple yeast genes. Biochim Biophys Acta, 1680(1):34–45, Oct 2004.

W. V. den Broeck, A. Derore, and P. Simoens. Anatomy and nomenclature of murine lymph nodes:
Descriptive study and nomenclatory standardization in balb/canncrl mice. J Immunol Methods,
312(1-2):12–19, May 2006.

Y. Deng, J. W. Yewdell, L. C. Eisenlohr, and J. R. Bennink. Mhc affinity, peptide liberation, t
cell repertoire, and immunodominance all contribute to the paucity of mhc class i-restricted
peptides recognized by antiviral ctl. J Immunol, 158(4):1507–1515, Feb 1997.

J. Derbinski, A. Schulte, B. Kyewski, and L. Klein. Promiscuous gene expression in medullary
thymic epithelial cells mirrors the peripheral self. Nat Immunol, 2(11):1032–1039, Nov 2001.

Q. Deveraux, V. Ustrell, C. Pickart, and M. Rechsteiner. A 26 s protease subunit that binds
ubiquitin conjugates. J Biol Chem, 269(10):7059–7061, Mar 1994.

T. P. Dick, N. Bangia, D. R. Peaper, and P. Cresswell. Disulfide bond isomerization and the assem-
bly of mhc class i-peptide complexes. Immunity, 16(1):87–98, Jan 2002.

J. Dissemond, P. Goette, J. Moers, A. Lindeke, M. Goos, S. Ferrone, and S. N. Wagner. Immuno-
proteasome subunits lmp2 and lmp7 downregulation in primary malignant melanoma lesions:
association with lack of spontaneous regression. Melanoma Res, 13(4):371–377, Aug 2003.

H. C. Drexler. Activation of the cell death program by inhibition of proteasome function. Proc Natl
Acad Sci U S A, 94(3):855–860, Feb 1997.

H. C. Drexler. Programmed cell death and the proteasome. Apoptosis, 3(1):1–7, 1998.

H. C. Drexler, W. Risau, and M. A. Konerding. Inhibition of proteasome function induces pro-
grammed cell death in proliferating endothelial cells. FASEB J, 14(1):65–77, Jan 2000.

W. Dubiel, G. Pratt, K. Ferrell, and M. Rechsteiner. Purification of an 11 s regulator of the multi-
catalytic protease. J Biol Chem, 267(31):22369–22377, Nov 1992.

D. Duffy, S. M. Sparshott, C. ping Yang, and E. B. Bell. Transgenic cd4 t cells (do11.10) are
destroyed in mhc-compatible hosts by nk cells and cd8 t cells. J Immunol, 180(2):747–753, Jan
2008.

T. Egerer, L. Martinez-Gamboa, A. Dankof, B. Stuhlmüller, T. Dörner, V. Krenn, K. Egerer, P. E.
Rudolph, G.-R. Burmester, and E. Feist. Tissue-specific up-regulation of the proteasome subunit
beta5i (lmp7) in sjögren’s syndrome. Arthritis Rheum, 54(5):1501–1508, May 2006.

A. M. Eleuteri, R. A. Kohanski, C. Cardozo, and M. Orlowski. Bovine spleen multicatalytic pro-
teinase complex (proteasome). replacement of x, y, and z subunits by lmp7, lmp2, and mecl1
and changes in properties and specificity. J Biol Chem, 272(18):11824–11831, May 1997.

G. Enders, M. Varho-Göbel, J. Löhler, E. Terletskaia-Ladwig, and M. Eggers. Congenital lympho-
cytic choriomeningitis virus infection: an underdiagnosed disease. Pediatr Infect Dis J, 18(7):
652–655, Jul 1999.

V. H. Engelhard. Structure of peptides associated with mhc class i molecules. Curr Opin Immunol,
6(1):13–23, Feb 1994.

106



References

I. N. Evteeva, V. A. Kulichkova, A. G. Mittenberg, I. V. Volkova, I. B. Ermolaeva, L. V. Teslenko,
A. D. Obukhova, V. A. Penniia?nen, L. N. Gauze, and I. M. Konstantinova. [novel endoribonu-
clease activity of 26s-proteasomes from a-431 cells]. Tsitologiia, 42(7):675–680, 2000.

I. N. Evteeva, V. A. Kulichkova, A. D. Obukhova, A. G. Mittenberg, I. V. Volkova, I. B. Ermolaeva,
M. V. Toktarova, L. V. Teslenko, L. N. Gauze, and I. M. Konstantinova. [egf regulation of specific
endoribonuclease activity of 26s proteasomes from a431 cells: a potential role of proteasomes
in control of mrna stability]. Tsitologiia, 45(5):488–492, 2003.

E. Ezhkova and W. P. Tansey. Proteasomal atpases link ubiquitylation of histone h2b to methyla-
tion of histone h3. Mol Cell, 13(3):435–442, Feb 2004.

H. J. Fehling, W. Swat, C. Laplace, R. Kühn, K. Rajewsky, U. Müller, and H. von Boehmer. Mhc
class i expression in mice lacking the proteasome subunit lmp-7. Science, 265(5176):1234–1237,
Aug 1994.

M. Fehlker, P. Wendler, A. Lehmann, and C. Enenkel. Blm3 is part of nascent proteasomes and is
involved in a late stage of nuclear proteasome assembly. EMBO Rep, 4(10):959–963, Oct 2003.

A. Ferdous, F. Gonzalez, L. Sun, T. Kodadek, and S. A. Johnston. The 19s regulatory particle of
the proteasome is required for efficient transcription elongation by rna polymerase ii. Mol Cell,
7(5):981–991, May 2001.

A. Ferdous, D. Sikder, T. Gillette, K. Nalley, T. Kodadek, and S. A. Johnston. The role of the
proteasomal atpases and activator monoubiquitylation in regulating gal4 binding to promoters.
Genes Dev, 21(1):112–123, Jan 2007.

W. Fierz, M. Brenan, A. Müllbacher, and E. Simpson. Non-h-2 and h-2-linked immune response
genes control the cytotoxic t-cell response to h-y. Immunogenetics, 15(3):261–270, Mar 1982.

D. F. Fiorentino, M. W. Bond, and T. R. Mosmann. Two types of mouse t helper cell. iv. th2 clones
secrete a factor that inhibits cytokine production by th1 clones. J Exp Med, 170(6):2081–2095,
Dec 1989.

S. A. Fischer, M. B. Graham, M. J. Kuehnert, C. N. Kotton, A. Srinivasan, F. M. Marty, J. A. Comer,
J. Guarner, C. D. Paddock, D. L. DeMeo, W.-J. Shieh, B. R. Erickson, U. Bandy, A. DeMaria, J. P.
Davis, F. L. Delmonico, B. Pavlin, A. Likos, M. J. Vincent, T. K. Sealy, C. S. Goldsmith, D. B.
Jernigan, P. E. Rollin, M. M. Packard, M. Patel, C. Rowland, R. F. Helfand, S. T. Nichol, J. A.
Fishman, T. Ksiazek, S. R. Zaki, and L. C. M. V. in Transplant Recipients Investigation Team.
Transmission of lymphocytic choriomeningitis virus by organ transplantation. N Engl J Med,
354(21):2235–2249, May 2006.

B. J. Fowlkes and E. Schweighoffer. Positive selection of t cells. Curr Opin Immunol, 7(2):188–195,
Apr 1995.

S. J. Francis, M. K. Singh, M. B. Oldstone, and P. J. Southern. Analysis of lymphocytic chori-
omeningitis virus gene expression in acutely and persistently infected mice. Med Microbiol
Immunol, 175(2-3):105–108, 1986.

R. A. Fraser, M. Rossignol, D. J. Heard, J. M. Egly, and P. Chambon. Sug1, a putative transcrip-
tional mediator and subunit of the pa700 proteasome regulatory complex, is a dna helicase. J
Biol Chem, 272(11):7122–7126, Mar 1997.

G. J. Freeman, F. Borriello, R. J. Hodes, H. Reiser, J. G. Gribben, J. W. Ng, J. Kim, J. M. Goldberg,
K. Hathcock, and G. Laszlo. Murine b7-2, an alternative ctla4 counter-receptor that costimu-
lates t cell proliferation and interleukin 2 production. J Exp Med, 178(6):2185–2192, Dec 1993.

B. Fricke, S. Heink, J. Steffen, P.-M. Kloetzel, and E. Krüger. The proteasome maturation protein
pomp facilitates major steps of 20s proteasome formation at the endoplasmic reticulum. EMBO
Rep, 8(12):1170–1175, Dec 2007.

D. Fruci, G. Niedermann, R. H. Butler, and P. M. van Endert. Efficient mhc class i-independent
amino-terminal trimming of epitope precursor peptides in the endoplasmic reticulum. Immu-
nity, 15(3):467–476, Sep 2001.

F. V. Fuller-Pace and P. J. Southern. Detection of virus-specific rna-dependent rna polymerase ac-
tivity in extracts from cells infected with lymphocytic choriomeningitis virus: in vitro synthesis
of full-length viral rna species. J Virol, 63(5):1938–1944, May 1989.

107



References

A. Förster, F. G. Whitby, and C. P. Hill. The pore of activated 20s proteasomes has an ordered
7-fold symmetric conformation. EMBO J, 22(17):4356–4364, Sep 2003.

R. Förster, A. Schubel, D. Breitfeld, E. Kremmer, I. Renner-Müller, E. Wolf, and M. Lipp. Ccr7
coordinates the primary immune response by establishing functional microenvironments in
secondary lymphoid organs. Cell, 99(1):23–33, Oct 1999.

M. Gaczynska, K. L. Rock, and A. L. Goldberg. Gamma-interferon and expression of mhc genes
regulate peptide hydrolysis by proteasomes. Nature, 365(6443):264–267, Sep 1993.

M. Gaczynska, K. L. Rock, T. Spies, and A. L. Goldberg. Peptidase activities of proteasomes are
differentially regulated by the major histocompatibility complex-encoded genes for lmp2 and
lmp7. Proc Natl Acad Sci U S A, 91(20):9213–9217, Sep 1994.

A. Gallimore, T. Dumrese, H. Hengartner, R. M. Zinkernagel, and H. G. Rammensee. Protective
immunity does not correlate with the hierarchy of virus-specific cytotoxic t cell responses to
naturally processed peptides. J Exp Med, 187(10):1647–1657, May 1998.

N. Garbi, P. Tan, A. D. Diehl, B. J. Chambers, H. G. Ljunggren, F. Momburg, and G. J. Hämmer-
ling. Impaired immune responses and altered peptide repertoire in tapasin-deficient mice. Nat
Immunol, 1(3):234–238, Sep 2000.

E. Geier, G. Pfeifer, M. Wilm, M. Lucchiari-Hartz, W. Baumeister, K. Eichmann, and G. Nieder-
mann. A giant protease with potential to substitute for some functions of the proteasome.
Science, 283(5404):978–981, Feb 1999.

S. Ghosh and D. Baltimore. Activation in vitro of nf-kappa b by phosphorylation of its inhibitor i
kappa b. Nature, 344(6267):678–682, Apr 1990.

S. Ghosh and M. Karin. Missing pieces in the nf-kappab puzzle. Cell, 109 Suppl:S81–S96, Apr
2002.

S. Ghosh, M. J. May, and E. B. Kopp. Nf-kappa b and rel proteins: evolutionarily conserved
mediators of immune responses. Annu Rev Immunol, 16:225–260, 1998.

U. Gileadi, H. T. Moins-Teisserenc, I. Correa, B. L. Booth, P. R. Dunbar, A. K. Sewell, J. Trowsdale,
R. E. Phillips, and V. Cerundolo. Generation of an immunodominant ctl epitope is affected by
proteasome subunit composition and stability of the antigenic protein. J Immunol, 163(11):
6045–6052, Dec 1999.

T. G. Gillette, F. Gonzalez, A. Delahodde, S. A. Johnston, and T. Kodadek. Physical and functional
association of rna polymerase ii and the proteasome. Proc Natl Acad Sci U S A, 101(16):5904–
5909, Apr 2004.

M. H. Glickman, D. M. Rubin, O. Coux, I. Wefes, G. Pfeifer, Z. Cjeka, W. Baumeister, V. A. Fried,
and D. Finley. A subcomplex of the proteasome regulatory particle required for ubiquitin-
conjugate degradation and related to the cop9-signalosome and eif3. Cell, 94(5):615–623, Sep
1998.

M. H. Glickman, D. M. Rubin, H. Fu, C. N. Larsen, O. Coux, I. Wefes, G. Pfeifer, Z. Cjeka, R. Vier-
stra, W. Baumeister, V. Fried, and D. Finley. Functional analysis of the proteasome regulatory
particle. Mol Biol Rep, 26(1-2):21–28, Apr 1999.

R. Glynne, S. H. Powis, S. Beck, A. Kelly, L. A. Kerr, and J. Trowsdale. A proteasome-related gene
between the two abc transporter loci in the class ii region of the human mhc. Nature, 353(6342):
357–360, Sep 1991.

S. Goth, V. Nguyen, and N. Shastri. Generation of naturally processed peptide/mhc class i com-
plexes is independent of the stability of endogenously synthesized precursors. J Immunol, 157
(5):1894–1904, Sep 1996.

E. Goto, S. Ishido, Y. Sato, S. Ohgimoto, K. Ohgimoto, M. Nagano-Fujii, and H. Hotta. c-mir, a
human e3 ubiquitin ligase, is a functional homolog of herpesvirus proteins mir1 and mir2 and
has similar activity. J Biol Chem, 278(17):14657–14668, Apr 2003.

E. Goulmy, R. Schipper, J. Pool, E. Blokland, J. H. Falkenburg, J. Vossen, A. Gratwohl, G. B.
Vogelsang, H. C. van Houwelingen, and J. J. van Rood. Mismatches of minor histocompatibility
antigens between hla-identical donors and recipients and the development of graft-versus-host
disease after bone marrow transplantation. N Engl J Med, 334(5):281–285, Feb 1996.

108



References

C. W. Gray, C. A. Slaughter, and G. N. DeMartino. Pa28 activator protein forms regulatory caps
on proteasome stacked rings. J Mol Biol, 236(1):7–15, Feb 1994.

A. Greenfield, D. Scott, D. Pennisi, I. Ehrmann, P. Ellis, L. Cooper, E. Simpson, and P. Koopman.
An h-ydb epitope is encoded by a novel mouse y chromosome gene. Nat Genet, 14(4):474–478,
Dec 1996.

T. A. Griffin, D. Nandi, M. Cruz, H. J. Fehling, L. V. Kaer, J. J. Monaco, and R. A. Colbert. Immuno-
proteasome assembly: cooperative incorporation of interferon gamma (ifn-gamma)-inducible
subunits. J Exp Med, 187(1):97–104, Jan 1998.

L. M. Grimm, A. L. Goldberg, G. G. Poirier, L. M. Schwartz, and B. A. Osborne. Proteasomes play
an essential role in thymocyte apoptosis. EMBO J, 15(15):3835–3844, Aug 1996.

M. Groettrup, T. Ruppert, L. Kuehn, M. Seeger, S. Standera, U. Koszinowski, and P. M. Kloetzel.
The interferon-gamma-inducible 11 s regulator (pa28) and the lmp2/lmp7 subunits govern the
peptide production by the 20 s proteasome in vitro. J Biol Chem, 270(40):23808–23815, Oct
1995.

M. Groettrup, R. Kraft, S. Kostka, S. Standera, R. Stohwasser, and P. M. Kloetzel. A third
interferon-gamma-induced subunit exchange in the 20s proteasome. Eur J Immunol, 26(4):
863–869, Apr 1996a.

M. Groettrup, A. Soza, M. Eggers, L. Kuehn, T. P. Dick, H. Schild, H. G. Rammensee, U. H.
Koszinowski, and P. M. Kloetzel. A role for the proteasome regulator pa28alpha in antigen
presentation. Nature, 381(6578):166–168, May 1996b.

M. Groettrup, S. Standera, R. Stohwasser, and P. M. Kloetzel. The subunits mecl-1 and lmp2 are
mutually required for incorporation into the 20s proteasome. Proc Natl Acad Sci U S A, 94(17):
8970–8975, Aug 1997.

M. Groettrup, S. Khan, K. Schwarz, and G. Schmidtke. Interferon-gamma inducible exchanges of
20s proteasome active site subunits: why? Biochimie, 83(3-4):367–372, 2001.

M. Groll, L. Ditzel, J. Löwe, D. Stock, M. Bochtler, H. D. Bartunik, and R. HuberK. Structure of
20s proteasome from yeast at 2.4 a resolution. Nature, 386(6624):463–471, Apr 1997.

G. L. Gros, S. Z. Ben-Sasson, R. Seder, F. D. Finkelman, and W. E. Paul. Generation of interleukin
4 (il-4)-producing cells in vivo and in vitro: Il-2 and il-4 are required for in vitro generation of
il-4-producing cells. J Exp Med, 172(3):921–929, Sep 1990.

P. Grufman, E. Z. Wolpert, J. K. Sandberg, and K. Kärre. T cell competition for the antigen-
presenting cell as a model for immunodominance in the cytotoxic t lymphocyte response against
minor histocompatibility antigens. Eur J Immunol, 29(7):2197–2204, Jul 1999.

C. Hagemann, R. Patel, and J. L. Blank. Mekk3 interacts with the pa28 gamma regulatory subunit
of the proteasome. Biochem J, 373(Pt 1):71–79, Jul 2003.

Y. S. Hahn, V. L. Braciale, and T. J. Braciale. Presentation of viral antigen to class i major his-
tocompatibility complex-restricted cytotoxic t lymphocyte. recognition of an immunodominant
influenza hemagglutinin site by cytotoxic t lymphocyte is independent of the position of the site
in the hemagglutinin translation product. J Exp Med, 174(3):733–736, Sep 1991.

K. Hallermalm, K. Seki, C. Wei, C. Castelli, L. Rivoltini, R. Kiessling, and J. Levitskaya. Tumor
necrosis factor-alpha induces coordinated changes in major histocompatibility class i presenta-
tion pathway, resulting in increased stability of class i complexes at the cell surface. Blood, 98
(4):1108–1115, Aug 2001.

M. K. Halushka, J. B. Fan, K. Bentley, L. Hsie, N. Shen, A. Weder, R. Cooper, R. Lipshutz, and
A. Chakravarti. Patterns of single-nucleotide polymorphisms in candidate genes for blood-
pressure homeostasis. Nat Genet, 22(3):239–247, Jul 1999.

L. E. Harrington, R. van der Most Rv, J. L. Whitton, and R. Ahmed. Recombinant vaccinia virus-
induced t-cell immunity: quantitation of the response to the virus vector and the foreign epi-
tope. J Virol, 76(7):3329–3337, Apr 2002.

L. E. Harrington, R. D. Hatton, P. R. Mangan, H. Turner, T. L. Murphy, K. M. Murphy, and C. T.
Weaver. Interleukin 17-producing cd4+ effector t cells develop via a lineage distinct from the t
helper type 1 and 2 lineages. Nat Immunol, 6(11):1123–1132, Nov 2005.

109



References

J. T. Harty and M. J. Bevan. Specific immunity to listeria monocytogenes in the absence of ifn
gamma. Immunity, 3(1):109–117, Jul 1995.

E. A. Havell. Evidence that tumor necrosis factor has an important role in antibacterial resistance.
J Immunol, 143(9):2894–2899, Nov 1989.

Hayashi, Kodama, and Faustman. Reply to ’lmp2 expression and proteasome activity in nod mice’.
Nat Med, 6(10):1065–1066, Oct 2000.

T. Hayashi and D. Faustman. Nod mice are defective in proteasome production and activation of
nf-kappab. Mol Cell Biol, 19(12):8646–8659, Dec 1999.

T. Hayashi and D. L. Faustman. Development of spontaneous uterine tumors in low molecular
mass polypeptide-2 knockout mice. Cancer Res, 62(1):24–27, Jan 2002.

M. S. Hayden and S. Ghosh. Signaling to nf-kappab. Genes Dev, 18(18):2195–2224, Sep 2004.

W. Heinemeyer, M. Fischer, T. Krimmer, U. Stachon, and D. H. Wolf. The active sites of the
eukaryotic 20 s proteasome and their involvement in subunit precursor processing. J Biol
Chem, 272(40):25200–25209, Oct 1997.

S. Heink, B. Fricke, D. Ludwig, P.-M. Kloetzel, and E. Krüger. Tumor cell lines expressing the
proteasome subunit isoform lmp7e1 exhibit immunoproteasome deficiency. Cancer Res, 66(2):
649–652, Jan 2006.

K. B. Hendil, S. Khan, and K. Tanaka. Simultaneous binding of pa28 and pa700 activators to 20
s proteasomes. Biochem J, 332 ( Pt 3):749–754, Jun 1998.

H. Hengartner, B. Odermatt, R. Schneider, M. Schreyer, G. Wälle, H. R. MacDonald, and R. M.
Zinkernagel. Deletion of self-reactive t cells before entry into the thymus medulla. Nature, 336
(6197):388–390, Nov 1988.

T. Henkel, T. Machleidt, I. Alkalay, M. Krönke, Y. Ben-Neriah, and P. A. Baeuerle. Rapid prote-
olysis of i kappa b-alpha is necessary for activation of transcription factor nf-kappa b. Nature,
365(6442):182–185, Sep 1993.

J. L. Herrmann, F. Briones, S. Brisbay, C. J. Logothetis, and T. J. McDonnell. Prostate carcinoma
cell death resulting from inhibition of proteasome activity is independent of functional bcl-2
and p53. Oncogene, 17(22):2889–2899, Dec 1998.

A. Hershko and A. Ciechanover. The ubiquitin system. Annu Rev Biochem, 67:425–479, 1998.

A. Hershko, A. Ciechanover, and A. Varshavsky. Basic medical research award. the ubiquitin
system. Nat Med, 6(10):1073–1081, Oct 2000.

E. W. Hewitt, L. Duncan, D. Mufti, J. Baker, P. G. Stevenson, and P. J. Lehner. Ubiquitylation of
mhc class i by the k3 viral protein signals internalization and tsg101-dependent degradation.
EMBO J, 21(10):2418–2429, May 2002.

W. Hilt and D. H. Wolf. Proteasomes: destruction as a programme. Trends Biochem Sci, 21(3):
96–102, Mar 1996.

H. Hisamatsu, N. Shimbara, Y. Saito, P. Kristensen, K. B. Hendil, T. Fujiwara, E. Takahashi,
N. Tanahashi, T. Tamura, A. Ichihara, and K. Tanaka. Newly identified pair of proteasomal
subunits regulated reciprocally by interferon gamma. J Exp Med, 183(4):1807–1816, Apr 1996.

M. Hochstrasser. Ubiquitin-dependent protein degradation. Annu Rev Genet, 30:405–439, 1996.

K. A. Hogquist, S. C. Jameson, W. R. Heath, J. L. Howard, M. J. Bevan, and F. R. Carbone. T cell
receptor antagonist peptides induce positive selection. Cell, 76(1):17–27, Jan 1994.

K. A. Hogquist, A. J. Tomlinson, W. C. Kieper, M. A. McGargill, M. C. Hart, S. Naylor, and S. C.
Jameson. Identification of a naturally occurring ligand for thymic positive selection. Immunity,
6(4):389–399, Apr 1997.

R. Holzerlandt, C. Orengo, P. Kellam, and M. M. Albà. Identification of new herpesvirus gene
homologs in the human genome. Genome Res, 12(11):1739–1748, Nov 2002.

B. Honoré, H. Leffers, P. Madsen, and J. E. Celis. Interferon-gamma up-regulates a unique set
of proteins in human keratinocytes. molecular cloning and expression of the cdna encoding the
rgd-sequence-containing protein igup i-5111. Eur J Biochem, 218(2):421–430, Dec 1993.

110



References

J. E. HOTCHIN and M. CINITS. Lymphocytic choriomeningitis infection of mice as a model for
the study of latent virus infection. Can J Microbiol, 4(2):149–163, Apr 1958.

J. C. Howard. Supply and transport of peptides presented by class i mhc molecules. Curr Opin
Immunol, 7(1):69–76, Feb 1995.

D. Hudrisier, M. B. Oldstone, and J. E. Gairin. The signal sequence of lymphocytic choriomeningi-
tis virus contains an immunodominant cytotoxic t cell epitope that is restricted by both h-2d(b)
and h-2k(b) molecules. Virology, 234(1):62–73, Jul 1997.

D. F. Hunt, R. A. Henderson, J. Shabanowitz, K. Sakaguchi, H. Michel, N. Sevilir, A. L. Cox,
E. Appella, and V. H. Engelhard. Characterization of peptides bound to the class i mhc molecule
hla-a2.1 by mass spectrometry. Science, 255(5049):1261–1263, Mar 1992.

E. S. Hwang, I. A. White, and I.-C. Ho. An il-4-independent and cd25-mediated function of c-maf
in promoting the production of th2 cytokines. Proc Natl Acad Sci U S A, 99(20):13026–13030,
Oct 2002.

A. Ichihara and K. Tanaka. Roles of proteasomes in cell growth. Mol Biol Rep, 21(1):49–52, 1995.

A. Ichihara, K. Tanaka, T. Andoh, and N. Shimbara. Regulation of proteasome expression in
developing and transformed cells. Adv Enzyme Regul, 33:173–180, 1993.

Y. Imai, T. Kimura, A. Murakami, N. Yajima, K. Sakamaki, and S. Yonehara. The ced-4-
homologous protein flash is involved in fas-mediated activation of caspase-8 during apoptosis.
Nature, 398(6730):777–785, Apr 1999.

S. Imajoh-Ohmi, T. Kawaguchi, S. Sugiyama, K. Tanaka, S. Omura, and H. Kikuchi. Lactacystin, a
specific inhibitor of the proteasome, induces apoptosis in human monoblast u937 cells. Biochem
Biophys Res Commun, 217(3):1070–1077, Dec 1995.

T. Imanishi, T. Kamigaki, T. Nakamura, S. Hayashi, T. Yasuda, K. Kawasaki, S. Takase, T. Ajiki,
and Y. Kuroda. Correlation between expression of major histocompatibility complex class i and
that of antigen presenting machineries in carcinoma cell lines of the pancreas, biliary tract and
colon. Kobe J Med Sci, 52(3-4):85–95, 2006.

Y. Ishikawa, K. Kashiwase, M. Okai, A. Ogawa, T. Akaza, Y. Morishima, H. Inoko, T. Sasazuki,
Y. Kodera, and T. Juji. Polymorphisms in the coding region of mtdna and effects on clinical
outcome of unrelated bone marrow transplantation. Bone Marrow Transplant, 28(6):603–607,
Sep 2001.

S. C. Jameson, K. A. Hogquist, and M. J. Bevan. Specificity and flexibility in thymic selection.
Nature, 369(6483):750–752, Jun 1994.

D. Jankovic, M. C. Kullberg, C. G. Feng, R. S. Goldszmid, C. M. Collazo, M. Wilson, T. A. Wynn,
M. Kamanaka, R. A. Flavell, and A. Sher. Conventional t-bet(+)foxp3(-) th1 cells are the major
source of host-protective regulatory il-10 during intracellular protozoan infection. J Exp Med,
204(2):273–283, Feb 2007.

A. S. Jarrousse, F. Petit, C. Kreutzer-Schmid, R. Gaedigk, and H. P. Schmid. Possible involvement
of proteasomes (prosomes) in auuua-mediated mrna decay. J Biol Chem, 274(9):5925–5930, Feb
1999.

E. R. Jensen, A. A. Glass, W. R. Clark, E. J. Wing, J. F. Miller, and S. H. Gregory. Fas (cd95)-
dependent cell-mediated immunity to listeria monocytogenes. Infect Immun, 66(9):4143–4150,
Sep 1998.

H. Jiang and J. J. Monaco. Sequence and expression of mouse proteasome activator pa28 and the
related autoantigen ki. Immunogenetics, 46(2):93–98, 1997.

H.-Y. Jiang and R. C. Wek. Phosphorylation of the alpha-subunit of the eukaryotic initiation
factor-2 (eif2alpha) reduces protein synthesis and enhances apoptosis in response to proteasome
inhibition. J Biol Chem, 280(14):14189–14202, Apr 2005.

L. V. Kaer, P. G. Ashton-Rickardt, M. Eichelberger, M. Gaczynska, K. Nagashima, K. L. Rock, A. L.
Goldberg, P. C. Doherty, and S. Tonegawa. Altered peptidase and viral-specific t cell response
in lmp2 mutant mice. Immunity, 1(7):533–541, Oct 1994.

111



References

T. Kageshita, S. Hirai, T. Ono, D. J. Hicklin, and S. Ferrone. Down-regulation of hla class i antigen-
processing molecules in malignant melanoma: association with disease progression. Am J
Pathol, 154(3):745–754, Mar 1999.

A. R. Kammer, S. H. van der Burg, B. Grabscheid, I. P. Hunziker, K. M. Kwappenberg, J. Reichen,
C. J. Melief, and A. Cerny. Molecular mimicry of human cytochrome p450 by hepatitis c virus
at the level of cytotoxic t cell recognition. J Exp Med, 190(2):169–176, Jul 1999.

H. Kanayama, K. Tanaka, M. Aki, S. Kagawa, H. Miyaji, M. Satoh, F. Okada, S. Sato, N. Shimbara,
and A. Ichihara. Changes in expressions of proteasome and ubiquitin genes in human renal
cancer cells. Cancer Res, 51(24):6677–6685, Dec 1991.

M. Karin and Y. Ben-Neriah. Phosphorylation meets ubiquitination: the control of nf-[kappa]b
activity. Annu Rev Immunol, 18:621–663, 2000.

G. Karupiah, B. E. Coupar, M. E. Andrew, D. B. Boyle, S. M. Phillips, A. Müllbacher, R. V. Blanden,
and I. A. Ramshaw. Elevated natural killer cell responses in mice infected with recombinant
vaccinia virus encoding murine il-2. J Immunol, 144(1):290–298, Jan 1990.

J. Kaufman, S. Milne, T. W. Göbel, B. A. Walker, J. P. Jacob, C. Auffray, R. Zoorob, and S. Beck.
The chicken b locus is a minimal essential major histocompatibility complex. Nature, 401(6756):
923–925, Oct 1999.

A. Kelly, S. H. Powis, R. Glynne, E. Radley, S. Beck, and J. Trowsdale. Second proteasome-related
gene in the human mhc class ii region. Nature, 353(6345):667–668, Oct 1991.

B. M. Kessler, A. M. Lennon-Duménil, M. L. Shinohara, M. A. Lipes, and H. L. Ploegh. Lmp2
expression and proteasome activity in nod mice. Nat Med, 6(10):1064; author reply 1065–1064;
author reply 1066, Oct 2000.

S. Khan, R. de Giuli, G. Schmidtke, M. Bruns, M. Buchmeier, M. van den Broek, and M. Groettrup.
Cutting edge: neosynthesis is required for the presentation of a t cell epitope from a long-lived
viral protein. J Immunol, 167(9):4801–4804, Nov 2001a.

S. Khan, M. van den Broek, K. Schwarz, R. de Giuli, P. A. Diener, and M. Groettrup. Immuno-
proteasomes largely replace constitutive proteasomes during an antiviral and antibacterial im-
mune response in the liver. J Immunol, 167(12):6859–6868, Dec 2001b.

L. Killar, G. MacDonald, J. West, A. Woods, and K. Bottomly. Cloned, ia-restricted t cells that do
not produce interleukin 4(il 4)/b cell stimulatory factor 1(bsf-1) fail to help antigen-specific b
cells. J Immunol, 138(6):1674–1679, Mar 1987.

D. J. Kingsbury, T. A. Griffin, and R. A. Colbert. Novel propeptide function in 20 s proteasome
assembly influences beta subunit composition. J Biol Chem, 275(31):24156–24162, Aug 2000.

H. K. Kinyamu and T. K. Archer. Proteasome activity modulates chromatin modifications and rna
polymerase ii phosphorylation to enhance glucocorticoid receptor-mediated transcription. Mol
Cell Biol, 27(13):4891–4904, Jul 2007.

A. F. Kisselev, T. N. Akopian, and A. L. Goldberg. Range of sizes of peptide products generated
during degradation of different proteins by archaeal proteasomes. J Biol Chem, 273(4):1982–
1989, Jan 1998.

A. F. Kisselev, T. N. Akopian, K. M. Woo, and A. L. Goldberg. The sizes of peptides generated from
protein by mammalian 26 and 20 s proteasomes. implications for understanding the degrada-
tive mechanism and antigen presentation. J Biol Chem, 274(6):3363–3371, Feb 1999.

H. Kitagawa, E. Tani, H. Ikemoto, I. Ozaki, A. Nakano, and S. Omura. Proteasome inhibitors
induce mitochondria-independent apoptosis in human glioma cells. FEBS Lett, 443(2):181–186,
Jan 1999.

L. S. Klavinskis, J. L. Whitton, E. Joly, and M. B. Oldstone. Vaccination and protection from a
lethal viral infection: identification, incorporation, and use of a cytotoxic t lymphocyte glyco-
protein epitope. Virology, 178(2):393–400, Oct 1990.

F. E. Kleiman, F. Wu-Baer, D. Fonseca, S. Kaneko, R. Baer, and J. L. Manley. Brca1/bard1 inhi-
bition of mrna 3’ processing involves targeted degradation of rna polymerase ii. Genes Dev, 19
(10):1227–1237, May 2005.

112



References

U. Klein, M. Gernold, and P. M. Kloetzel. Cell-specific accumulation of drosophila proteasomes
(mcp) during early development. J Cell Biol, 111(6 Pt 1):2275–2282, Dec 1990.

P. M. Kloetzel. Antigen processing by the proteasome. Nat Rev Mol Cell Biol, 2(3):179–187, Mar
2001.

P. A. Knolle and A. Limmer. Neighborhood politics: the immunoregulatory function of organ-
resident liver endothelial cells. Trends Immunol, 22(8):432–437, Aug 2001.

J. R. Knowlton, S. C. Johnston, F. G. Whitby, C. Realini, Z. Zhang, M. Rechsteiner, and C. P. Hill.
Structure of the proteasome activator regalpha (pa28alpha). Nature, 390(6660):639–643, Dec
1997.

M. Koegl, T. Hoppe, S. Schlenker, H. D. Ulrich, T. U. Mayer, and S. Jentsch. A novel ubiquitination
factor, e4, is involved in multiubiquitin chain assembly. Cell, 96(5):635–644, Mar 1999.

G. M. KOMROWER, B. L. WILLIAMS, and P. B. STONES. Lymphocytic choriomeningitis in the
newborn; probable transplacental infection. Lancet, 268(6866):697–698, Apr 1955.

I. M. Konstantinova, A. S. Tsimokha, and A. G. Mittenberg. Role of proteasomes in cellular regu-
lation. Int Rev Cell Mol Biol, 267:59–124, 2008.

R. Korngold and P. J. Wettstein. Immunodominance in the graft-vs-host disease t cell response to
minor histocompatibility antigens. J Immunol, 145(12):4079–4088, Dec 1990.

M. F. Kotturi, B. Peters, F. Buendia-Laysa, J. Sidney, C. Oseroff, J. Botten, H. Grey, M. J. Buch-
meier, and A. Sette. The cd8+ t-cell response to lymphocytic choriomeningitis virus involves the
l antigen: uncovering new tricks for an old virus. J Virol, 81(10):4928–4940, May 2007.

S. Krause, U. Kuckelkorn, T. Dörner, G.-R. Burmester, E. Feist, and P.-M. Kloetzel. Immunopro-
teasome subunit lmp2 expression is deregulated in sjogren’s syndrome but not in other autoim-
mune disorders. Ann Rheum Dis, 65(8):1021–1027, Aug 2006.

N. J. Krogan, M. H. Y. Lam, J. Fillingham, M.-C. Keogh, M. Gebbia, J. Li, N. Datta, G. Cagney,
S. Buratowski, A. Emili, and J. F. Greenblatt. Proteasome involvement in the repair of dna
double-strand breaks. Mol Cell, 16(6):1027–1034, Dec 2004.

U. Krämer, T. Illig, T. Grune, J. Krutmann, and C. Esser. Strong associations of psoriasis with
antigen processing lmp and transport genes tap differ by gender and phenotype. Genes Immun,
8(6):513–517, Sep 2007.

U. Kuckelkorn, S. Frentzel, R. Kraft, S. Kostka, M. Groettrup, and P. M. Kloetzel. Incorporation
of major histocompatibility complex–encoded subunits lmp2 and lmp7 changes the quality of
the 20s proteasome polypeptide processing products independent of interferon-gamma. Eur J
Immunol, 25(9):2605–2611, Sep 1995.

U. Kuckelkorn, T. Ruppert, B. Strehl, P. R. Jungblut, U. Zimny-Arndt, S. Lamer, I. Prinz, I. Drung,
P.-M. Kloetzel, S. H. E. Kaufmann, and U. Steinhoff. Link between organ-specific antigen pro-
cessing by 20s proteasomes and cd8(+) t cell-mediated autoimmunity. J Exp Med, 195(8):983–
990, Apr 2002.

A. Kumatori, K. Tanaka, N. Inamura, S. Sone, T. Ogura, T. Matsumoto, T. Tachikawa, S. Shin, and
A. Ichihara. Abnormally high expression of proteasomes in human leukemic cells. Proc Natl
Acad Sci U S A, 87(18):7071–7075, Sep 1990.

D. Kägi, P. Seiler, J. Pavlovic, B. Ledermann, K. Bürki, R. M. Zinkernagel, and H. Hengartner.
The roles of perforin- and fas-dependent cytotoxicity in protection against cytopathic and non-
cytopathic viruses. Eur J Immunol, 25(12):3256–3262, Dec 1995.

A. Köhler, M. Bajorek, M. Groll, L. Moroder, D. M. Rubin, R. Huber, M. H. Glickman, and D. Finley.
The substrate translocation channel of the proteasome. Biochimie, 83(3-4):325–332, 2001a.

A. Köhler, P. Cascio, D. S. Leggett, K. M. Woo, A. L. Goldberg, and D. Finley. The axial channel of
the proteasome core particle is gated by the rpt2 atpase and controls both substrate entry and
product release. Mol Cell, 7(6):1143–1152, Jun 2001b.

Y. A. Lam, T. G. Lawson, M. Velayutham, J. L. Zweier, and C. M. Pickart. A proteasomal atpase
subunit recognizes the polyubiquitin degradation signal. Nature, 416(6882):763–767, Apr 2002.

113



References

G. Laroia, R. Cuesta, G. Brewer, and R. J. Schneider. Control of mrna decay by heat shock-
ubiquitin-proteasome pathway. Science, 284(5413):499–502, Apr 1999.

G. Laroia, B. Sarkar, and R. J. Schneider. Ubiquitin-dependent mechanism regulates rapid
turnover of au-rich cytokine mrnas. Proc Natl Acad Sci U S A, 99(4):1842–1846, Feb 2002.

T. M. Laufer, L. H. Glimcher, and D. Lo. Using thymus anatomy to dissect t cell repertoire selec-
tion. Semin Immunol, 11(1):65–70, Feb 1999.

S. H. Lecker, R. T. Jagoe, A. Gilbert, M. Gomes, V. Baracos, J. Bailey, S. R. Price, W. E. Mitch,
and A. L. Goldberg. Multiple types of skeletal muscle atrophy involve a common program of
changes in gene expression. FASEB J, 18(1):39–51, Jan 2004.

F. Lehmann-Grube. Portraits of viruses: arenaviruses. Intervirology, 22(3):121–145, 1984.

T. P. Leist, M. Aguet, M. Hässig, D. C. Pevear, C. J. Pfau, and R. M. Zinkernagel. Lack of cor-
relation between serum titres of interferon alpha, beta, natural killer cell activity and clinical
susceptibility in mice infected with two isolates of lymphocytic choriomeningitis virus. J Gen
Virol, 68 ( Pt 8):2213–2218, Aug 1987.

B. Li and Q. P. Dou. Bax degradation by the ubiquitin/proteasome-dependent pathway: involve-
ment in tumor survival and progression. Proc Natl Acad Sci U S A, 97(8):3850–3855, Apr 2000.

J. Li, X. Gao, J. Ortega, T. Nazif, L. Joss, M. Bogyo, A. C. Steven, and M. Rechsteiner. Lysine 188
substitutions convert the pattern of proteasome activation by reggamma to that of regs alpha
and beta. EMBO J, 20(13):3359–3369, Jul 2001.

A. A. Lighvani, D. M. Frucht, D. Jankovic, H. Yamane, J. Aliberti, B. D. Hissong, B. V. Nguyen,
M. Gadina, A. Sher, W. E. Paul, and J. J. O’Shea. T-bet is rapidly induced by interferon-gamma
in lymphoid and myeloid cells. Proc Natl Acad Sci U S A, 98(26):15137–15142, Dec 2001.

M. Lilic, F. R. Santori, E. G. Neilson, A. B. Frey, and S. Vukmanovic. The role of fibroblasts in
thymocyte-positive selection. J Immunol, 169(9):4945–4950, Nov 2002.

P. S. Linsley, W. Brady, L. Grosmaire, A. Aruffo, N. K. Damle, and J. A. Ledbetter. Binding of
the b cell activation antigen b7 to cd28 costimulates t cell proliferation and interleukin 2 mrna
accumulation. J Exp Med, 173(3):721–730, Mar 1991.

J. R. Lipford, G. T. Smith, Y. Chi, and R. J. Deshaies. A putative stimulatory role for activator
turnover in gene expression. Nature, 438(7064):113–116, Nov 2005.

C. C. Little. A possible mendelian explanation for a type of inheritance apparently non-mendelian
in nature. Science, 40(1042):904–906, Dec 1914.

B. Liu and K. Shuai. Induction of apoptosis by protein inhibitor of activated stat1 through c-jun
nh2-terminal kinase activation. J Biol Chem, 276(39):36624–36631, Sep 2001.

U. G. Lopes, P. Erhardt, R. Yao, and G. M. Cooper. p53-dependent induction of apoptosis by
proteasome inhibitors. J Biol Chem, 272(20):12893–12896, May 1997.

B. Loveland, C. R. Wang, H. Yonekawa, E. Hermel, and K. F. Lindahl. Maternally transmitted
histocompatibility antigen of mice: a hydrophobic peptide of a mitochondrially encoded protein.
Cell, 60(6):971–980, Mar 1990.

J. Löwe, D. Stock, B. Jap, P. Zwickl, W. Baumeister, and R. Huber. Crystal structure of the 20s
proteasome from the archaeon t. acidophilum at 3.4 a resolution. Science, 268(5210):533–539,
Apr 1995.

C. P. Ma, P. J. Willy, C. A. Slaughter, and G. N. DeMartino. Pa28, an activator of the 20 s protea-
some, is inactivated by proteolytic modification at its carboxyl terminus. J Biol Chem, 268(30):
22514–22519, Oct 1993.

A. P. MacLaren, R. S. Chapman, A. H. Wyllie, and C. J. Watson. p53-dependent apoptosis induced
by proteasome inhibition in mammary epithelial cells. Cell Death Differ, 8(3):210–218, Mar
2001.

W. P. Maksymowych, N. Adlam, D. Lind, and A. S. Russell. Polymorphism of the lmp2 gene
and disease phenotype in ankylosing spondylitis: no association with disease severity. Clin
Rheumatol, 16(5):461–465, Sep 1997.

114



References

S. Malarkannan, P. P. Shih, P. A. Eden, T. Horng, A. R. Zuberi, G. Christianson, D. Roopenian,
and N. Shastri. The molecular and functional characterization of a dominant minor h antigen,
h60. J Immunol, 161(7):3501–3509, Oct 1998.

S. Malarkannan, T. Horng, P. Eden, F. Gonzalez, P. Shih, N. Brouwenstijn, H. Klinge, G. Christian-
son, D. Roopenian, and N. Shastri. Differences that matter: major cytotoxic t cell-stimulating
minor histocompatibility antigens. Immunity, 13(3):333–344, Sep 2000.

P. R. Mangan, L. E. Harrington, D. B. O’Quinn, W. S. Helms, D. C. Bullard, C. O. Elson, R. D.
Hatton, S. M. Wahl, T. R. Schoeb, and C. T. Weaver. Transforming growth factor-beta induces
development of the t(h)17 lineage. Nature, 441(7090):231–234, May 2006.

C. K. Martinez and J. J. Monaco. Homology of proteasome subunits to a major histocompatibility
complex-linked lmp gene. Nature, 353(6345):664–667, Oct 1991.

M. M. Martinic, T. Rülicke, A. Althage, B. Odermatt, M. Höchli, A. Lamarre, T. Dumrese, D. E.
Speiser, D. Kyburz, H. Hengartner, and R. M. Zinkernagel. Efficient t cell repertoire selection
in tetraparental chimeric mice independent of thymic epithelial mhc. Proc Natl Acad Sci U S
A, 100(4):1861–1866, Feb 2003.

D. Masopust, K. Murali-Krishna, and R. Ahmed. Quantitating the magnitude of the lymphocytic
choriomeningitis virus-specific cd8 t-cell response: it is even bigger than we thought. J Virol,
81(4):2002–2011, Feb 2007.

P. Masson, J. Lundgren, and P. Young. Drosophila proteasome regulator reggamma: transcrip-
tional activation by dna replication-related factor dref and evidence for a role in cell cycle pro-
gression. J Mol Biol, 327(5):1001–1012, Apr 2003.

M. Matloubian, R. J. Concepcion, and R. Ahmed. Cd4+ t cells are required to sustain cd8+ cytotoxic
t-cell responses during chronic viral infection. J Virol, 68(12):8056–8063, Dec 1994.

S. L. McCutchen-Maloney, K. Matsuda, N. Shimbara, D. D. Binns, K. Tanaka, C. A. Slaughter, and
G. N. DeMartino. cdna cloning, expression, and functional characterization of pi31, a proline-
rich inhibitor of the proteasome. J Biol Chem, 275(24):18557–18565, Jun 2000.

M. J. McGeachy, K. S. Bak-Jensen, Y. Chen, C. M. Tato, W. Blumenschein, T. McClanahan, and
D. J. Cua. Tgf-beta and il-6 drive the production of il-17 and il-10 by t cells and restrain t(h)-17
cell-mediated pathology. Nat Immunol, 8(12):1390–1397, Dec 2007.

D. D. McGregor, F. T. Koster, and G. B. Mackaness. The short lived small lymphocyte as a mediator
of cellular immunity. Nature, 228(5274):855–856, Nov 1970.

K. W. McIntyre, J. F. Bukowski, and R. M. Welsh. Exquisite specificity of adoptive immunization
in arenavirus-infected mice. Antiviral Res, 5(5):299–305, Oct 1985.

L. Meadows, W. Wang, J. M. den Haan, E. Blokland, C. Reinhardus, J. W. Drijfhout, J. Sha-
banowitz, R. Pierce, A. I. Agulnik, C. E. Bishop, D. F. Hunt, E. Goulmy, and V. H. Engelhard.
The hla-a*0201-restricted h-y antigen contains a posttranslationally modified cysteine that sig-
nificantly affects t cell recognition. Immunity, 6(3):273–281, Mar 1997.

N. Meidenbauer, A. Zippelius, M. J. Pittet, M. Laumer, S. Vogl, J. Heymann, M. Rehli, B. Seliger,
S. Schwarz, F.-A. L. Gal, P. Y. Dietrich, R. Andreesen, P. Romero, and A. Mackensen.
High frequency of functionally active melan-a-specific t cells in a patient with progressive
immunoproteasome-deficient melanoma. Cancer Res, 64(17):6319–6326, Sep 2004.

L. M. Mendoza, P. Paz, A. Zuberi, G. Christianson, D. Roopenian, and N. Shastri. Minors held
by majors: the h13 minor histocompatibility locus defined as a peptide/mhc class i complex.
Immunity, 7(4):461–472, Oct 1997.

B. J. Meyer, J. C. de la Torre, and P. J. Southern. Arenaviruses: genomic rnas, transcription, and
replication. Curr Top Microbiol Immunol, 262:139–157, 2002.

H. M. MEYER, R. T. JOHNSON, I. P. CRAWFORD, H. E. DASCOMB, and N. G. ROGERS. Central
nervous system syndromes of "vital" etiology. a study of 713 cases. Am J Med, 29:334–347, Aug
1960.

M. T. Michalek, E. P. Grant, C. Gramm, A. L. Goldberg, and K. L. Rock. A role for the ubiquitin-
dependent proteolytic pathway in mhc class i-restricted antigen presentation. Nature, 363
(6429):552–554, Jun 1993.

115



References

M. T. Michalek, E. P. Grant, and K. L. Rock. Chemical denaturation and modification of ovalbumin
alters its dependence on ubiquitin conjugation for class i antigen presentation. J Immunol, 157
(2):617–624, Jul 1996.

J. D. Milner, J. M. Brenchley, A. Laurence, A. F. Freeman, B. J. Hill, K. M. Elias, Y. Kanno,
C. Spalding, H. Z. Elloumi, M. L. Paulson, J. Davis, A. Hsu, A. I. Asher, J. O’Shea, S. M. Holland,
W. E. Paul, and D. C. Douek. Impaired t(h)17 cell differentiation in subjects with autosomal
dominant hyper-ige syndrome. Nature, 452(7188):773–776, Apr 2008.

A. G. Mittenberg, V. A. Kulichkova, L. N. Gauze, and I. M. Konstantinova. [properties of en-
doribonuclease activity of proteasomes from k562 cells. iii. the specific endonuclease activity of
ribonucleoprotein particles (alpha-rnp) tightly bound to chromatin and containing 20s proteo-
somes]. Tsitologiia, 44(4):364–368, 2002a.

A. G. Mittenberg, V. A. Kulichkova, N. D. Medvedeva, I. V. Volkova, I. B. Ermolaeva, and I. M. Kon-
stantinova. [properties of endoribonuclease activity of proteasomes from k562 cells. ii. analysis
of specific mrna nucleolysis by proteasomes]. Tsitologiia, 44(4):357–363, 2002b.

A. G. Mittenberg, T. N. Moiseeva, I. V. Pugacheva, V. A. Kulichkova, A. S. Tsimokha, L. N. Gauze,
and I. M. Konstantinova. [regulation of the 26s proteasomes’ endoribonuclease activity speci-
ficity in k562 cells under effect of differentiation and apoptosis inductors]. Tsitologiia, 49(2):
142–148, 2007.

S. Morel, F. Lévy, O. Burlet-Schiltz, F. Brasseur, M. Probst-Kepper, A. L. Peitrequin, B. Monsarrat,
R. V. Velthoven, J. C. Cerottini, T. Boon, J. E. Gairin, and B. J. V. den Eynde. Processing of
some antigens by the standard proteasome but not by the immunoproteasome results in poor
presentation by dendritic cells. Immunity, 12(1):107–117, Jan 2000.

D. Moskophidis, U. Assmann-Wischer, M. M. Simon, and F. Lehmann-Grube. The immune re-
sponse of the mouse to lymphocytic choriomeningitis virus. v. high numbers of cytolytic t lym-
phocytes are generated in the spleen during acute infection. Eur J Immunol, 17(7):937–942,
Jul 1987.

D. Moskophidis, F. Lechner, H. Pircher, and R. M. Zinkernagel. Virus persistence in acutely in-
fected immunocompetent mice by exhaustion of antiviral cytotoxic effector t cells. Nature, 362
(6422):758–761, Apr 1993.

D. Moskophidis, M. Battegay, M. A. Bruendler, E. Laine, I. Gresser, and R. M. Zinkernagel. Resis-
tance of lymphocytic choriomeningitis virus to alpha/beta interferon and to gamma interferon.
J Virol, 68(3):1951–1955, Mar 1994.

T. R. Mosmann and R. L. Coffman. Th1 and th2 cells: different patterns of lymphokine secretion
lead to different functional properties. Annu Rev Immunol, 7:145–173, 1989.

T. R. Mosmann, H. Cherwinski, M. W. Bond, M. A. Giedlin, and R. L. Coffman. Two types of
murine helper t cell clone. i. definition according to profiles of lymphokine activities and se-
creted proteins. J Immunol, 136(7):2348–2357, Apr 1986.

Y. Murakami, K. Kanda, K. Yokota, H. Kanayama, and S. Kagawa. Prognostic significance of
immuno-proteosome subunit expression in patients with renal-cell carcinoma: a preliminary
study. Mol Urol, 5(3):113–119, 2001.

S. Murata, H. Kawahara, S. Tohma, K. Yamamoto, M. Kasahara, Y. Nabeshima, K. Tanaka, and
T. Chiba. Growth retardation in mice lacking the proteasome activator pa28gamma. J Biol
Chem, 274(53):38211–38215, Dec 1999.

S. Murata, H. Udono, N. Tanahashi, N. Hamada, K. Watanabe, K. Adachi, T. Yamano, K. Yui,
N. Kobayashi, M. Kasahara, K. Tanaka, and T. Chiba. Immunoproteasome assembly and anti-
gen presentation in mice lacking both pa28alpha and pa28beta. EMBO J, 20(21):5898–5907,
Nov 2001.

S. Murata, K. Sasaki, T. Kishimoto, S.-I. Niwa, H. Hayashi, Y. Takahama, and K. Tanaka. Regula-
tion of cd8+ t cell development by thymus-specific proteasomes. Science, 316(5829):1349–1353,
Jun 2007.

K. M. Murphy and S. L. Reiner. The lineage decisions of helper t cells. Nat Rev Immunol, 2(12):
933–944, Dec 2002.

116



References

L. M. Mylin, R. H. Bonneau, J. D. Lippolis, and S. S. Tevethia. Hierarchy among multiple h-2b-
restricted cytotoxic t-lymphocyte epitopes within simian virus 40 t antigen. J Virol, 69(11):
6665–6677, Nov 1995.

D. Nandi, E. Woodward, D. B. Ginsburg, and J. J. Monaco. Intermediates in the formation of
mouse 20s proteasomes: implications for the assembly of precursor beta subunits. EMBO J, 16
(17):5363–5375, Sep 1997.

C. Naujokat and S. Hoffmann. Role and function of the 26s proteasome in proliferation and apop-
tosis. Lab Invest, 82(8):965–980, Aug 2002.

C. Naujokat, O. Sezer, H. Zinke, A. Leclere, S. Hauptmann, and K. Possinger. Proteasome in-
hibitors induced caspase-dependent apoptosis and accumulation of p21waf1/cip1 in human im-
mature leukemic cells. Eur J Haematol, 65(4):221–236, Oct 2000.

J. J. Neefjes, F. Momburg, and G. J. Hämmerling. Selective and atp-dependent translocation of
peptides by the mhc-encoded transporter. Science, 261(5122):769–771, Aug 1993.

A. D. Nickol and P. F. Bonventre. Anomalous high native resistance to athymic mice to bacterial
pathogens. Infect Immun, 18(3):636–645, Dec 1977.

T. Nikaido, K. Shimada, Y. Nishida, R. S. Lee, A. B. Pardee, and Y. Nishizuka. Loss in transformed
cells of cell cycle regulation of expression of a nuclear protein recognized by sle patient antisera.
Exp Cell Res, 182(1):284–289, May 1989.

T. Nikaido, K. Shimada, M. Shibata, M. Hata, M. Sakamoto, Y. Takasaki, C. Sato, T. Takahashi,
and Y. Nishida. Cloning and nucleotide sequence of cdna for ki antigen, a highly conserved
nuclear protein detected with sera from patients with systemic lupus erythematosus. Clin Exp
Immunol, 79(2):209–214, Feb 1990.

J. Nikolic-Zugic and M. J. Bevan. Role of self-peptides in positively selecting the t-cell repertoire.
Nature, 344(6261):65–67, Mar 1990.

A. Nil, E. Firat, V. Sobek, K. Eichmann, and G. Niedermann. Expression of housekeeping and im-
munoproteasome subunit genes is differentially regulated in positively and negatively selecting
thymic stroma subsets. Eur J Immunol, 34(10):2681–2689, Oct 2004.

C. Noda, N. Tanahashi, N. Shimbara, K. B. Hendil, and K. Tanaka. Tissue distribution of con-
stitutive proteasomes, immunoproteasomes, and pa28 in rats. Biochem Biophys Res Commun,
277(2):348–354, Oct 2000.

A. K. Nussbaum, T. P. Dick, W. Keilholz, M. Schirle, S. Stevanovi?, K. Dietz, W. Heinemeyer,
M. Groll, D. H. Wolf, R. Huber, H. G. Rammensee, and H. Schild. Cleavage motifs of the yeast
20s proteasome beta subunits deduced from digests of enolase 1. Proc Natl Acad Sci U S A, 95
(21):12504–12509, Oct 1998.

T. Okamura, S.-I. Taniguchi, T. Ohkura, A. Yoshida, H. Shimizu, M. Sakai, H. Maeta, H. Fukui,
Y. Ueta, I. Hisatome, and C. Shigemasa. Abnormally high expression of proteasome activator-
gamma in thyroid neoplasm. J Clin Endocrinol Metab, 88(3):1374–1383, Mar 2003.

M. B. Oldstone, J. L. Whitton, H. Lewicki, and A. Tishon. Fine dissection of a nine amino acid
glycoprotein epitope, a major determinant recognized by lymphocytic choriomeningitis virus-
specific class i-restricted h-2db cytotoxic t lymphocytes. J Exp Med, 168(2):559–570, Aug 1988.

V. Ortiz-Navarrete, A. Seelig, M. Gernold, S. Frentzel, P. M. Kloetzel, and G. J. Hämmerling. Sub-
unit of the ’20s’ proteasome (multicatalytic proteinase) encoded by the major histocompatibility
complex. Nature, 353(6345):662–664, Oct 1991.

B. Ortmann, J. Copeman, P. J. Lehner, B. Sadasivan, J. A. Herberg, A. G. Grandea, S. R. Riddell,
R. Tampé, T. Spies, J. Trowsdale, and P. Cresswell. A critical role for tapasin in the assembly
and function of multimeric mhc class i-tap complexes. Science, 277(5330):1306–1309, Aug 1997.

P. Osterloh, K. Linkemann, S. Tenzer, H.-G. Rammensee, M. P. Radsak, D. H. Busch, and
H. Schild. Proteasomes shape the repertoire of t cells participating in antigen-specific immune
responses. Proc Natl Acad Sci U S A, 103(13):5042–5047, Mar 2006.

M. Oukka, J. C. Manuguerra, N. Livaditis, S. Tourdot, N. Riche, I. Vergnon, P. Cordopatis, and
K. Kosmatopoulos. Protection against lethal viral infection by vaccination with nonimmun-
odominant peptides. J Immunol, 157(7):3039–3045, Oct 1996.

117



References

M. J. Palmowski, U. Gileadi, M. Salio, A. Gallimore, M. Millrain, E. James, C. Addey, D. Scott,
J. Dyson, E. Simpson, and V. Cerundolo. Role of immunoproteasomes in cross-presentation. J
Immunol, 177(2):983–990, Jul 2006.

E. G. Pamer. Immune responses to listeria monocytogenes. Nat Rev Immunol, 4(10):812–823, Oct
2004.

K. C. Pang, M. T. Sanders, J. J. Monaco, P. C. Doherty, S. J. Turner, and W. Chen. Immunopro-
teasome subunit deficiencies impact differentially on two immunodominant influenza virus-
specific cd8+ t cell responses. J Immunol, 177(11):7680–7688, Dec 2006.

H. Park, Z. Li, X. O. Yang, S. H. Chang, R. Nurieva, Y.-H. Wang, Y. Wang, L. Hood, Z. Zhu, Q. Tian,
and C. Dong. A distinct lineage of cd4 t cells regulates tissue inflammation by producing inter-
leukin 17. Nat Immunol, 6(11):1133–1141, Nov 2005.

W. E. Paul and R. A. Seder. Lymphocyte responses and cytokines. Cell, 76(2):241–251, Jan 1994.

J. M. Peters, Z. Cejka, J. R. Harris, J. A. Kleinschmidt, and W. Baumeister. Structural features of
the 26 s proteasome complex. J Mol Biol, 234(4):932–937, Dec 1993.

P. Peterson, K. Nagamine, H. Scott, M. Heino, J. Kudoh, N. Shimizu, S. E. Antonarakis, and
K. J. Krohn. Apeced: a monogenic autoimmune disease providing new clues to self-tolerance.
Immunol Today, 19(9):384–386, Sep 1998.

F. Petit, A. S. Jarrousse, G. Boissonnet, M. H. Dadet, J. Buri, Y. Briand, and H. P. Schmid. Protea-
some (prosome) associated endonuclease activity. Mol Biol Rep, 24(1-2):113–117, Mar 1997a.

F. Petit, A. S. Jarrousse, B. Dahlmann, A. Sobek, K. B. Hendil, J. Buri, Y. Briand, and H. P. Schmid.
Involvement of proteasomal subunits zeta and iota in rna degradation. Biochem J, 326 ( Pt 1):
93–98, Aug 1997b.

M. Piccinini, M. T. Rinaudo, A. Anselmino, C. Ramondetti, B. Buccinnà, V. Fiano, C. Ghimenti,
and D. Schiffer. Characterization of the 20s proteasome in human glioblastomas. Anticancer
Res, 25(5):3203–3210, 2005.

C. M. Pickart. Ubiquitin in chains. Trends Biochem Sci, 25(11):544–548, Nov 2000.

C. M. Pickart and R. E. Cohen. Proteasomes and their kin: proteases in the machine age. Nat Rev
Mol Cell Biol, 5(3):177–187, Mar 2004.

R. A. Pierce, E. D. Field, J. M. den Haan, J. A. Caldwell, F. M. White, J. A. Marto, W. Wang, L. M.
Frost, E. Blokland, C. Reinhardus, J. Shabanowitz, D. F. Hunt, E. Goulmy, and V. H. Engelhard.
Cutting edge: the hla-a*0101-restricted hy minor histocompatibility antigen originates from
dffry and contains a cysteinylated cysteine residue as identified by a novel mass spectrometric
technique. J Immunol, 163(12):6360–6364, Dec 1999.

K. P. Piper, A. McLarnon, J. Arrazi, C. Horlock, J. Ainsworth, M. D. Kilby, W. L. Martin, and P. A.
Moss. Functional hy-specific cd8+ t cells are found in a high proportion of women following
pregnancy with a male fetus. Biol Reprod, 76(1):96–101, Jan 2007.

H. Pircher, E. E. Michalopoulos, A. Iwamoto, P. S. Ohashi, J. Baenziger, H. Hengartner, R. M.
Zinkernagel, and T. W. Mak. Molecular analysis of the antigen receptor of virus-specific cyto-
toxic t cells and identification of a new v alpha family. Eur J Immunol, 17(12):1843–1846, Dec
1987.

H. Pircher, K. Bürki, R. Lang, H. Hengartner, and R. M. Zinkernagel. Tolerance induction in
double specific t-cell receptor transgenic mice varies with antigen. Nature, 342(6249):559–561,
Nov 1989.

T. Preckel, W. P. Fung-Leung, Z. Cai, A. Vitiello, L. Salter-Cid, O. Winqvist, T. G. Wolfe, M. V.
Herrath, A. Angulo, P. Ghazal, J. D. Lee, A. M. Fourie, Y. Wu, J. Pang, K. Ngo, P. A. Peterson,
K. Früh, and Y. Yang. Impaired immunoproteasome assembly and immune responses in pa28-/-
mice. Science, 286(5447):2162–2165, Dec 1999.

M. F. Princiotta, D. Finzi, S.-B. Qian, J. Gibbs, S. Schuchmann, F. Buttgereit, J. R. Bennink, and
J. W. Yewdell. Quantitating protein synthesis, degradation, and endogenous antigen processing.
Immunity, 18(3):343–354, Mar 2003.

118



References

H. C. Probst, K. Tschannen, A. Gallimore, M. Martinic, M. Basler, T. Dumrese, E. Jones, and M. F.
van den Broek. Immunodominance of an antiviral cytotoxic t cell response is shaped by the
kinetics of viral protein expression. J Immunol, 171(10):5415–5422, Nov 2003.

J. H. Qiu, A. Asai, S. Chi, N. Saito, H. Hamada, and T. Kirino. Proteasome inhibitors induce cy-
tochrome c-caspase-3-like protease-mediated apoptosis in cultured cortical neurons. J Neurosci,
20(1):259–265, Jan 2000.

H. Rammensee, J. Bachmann, N. P. Emmerich, O. A. Bachor, and S. Stevanovi? Syfpeithi:
database for mhc ligands and peptide motifs. Immunogenetics, 50(3-4):213–219, Nov 1999.

H. G. Rammensee, K. Falk, and O. Rötzschke. Peptides naturally presented by mhc class i
molecules. Annu Rev Immunol, 11:213–244, 1993.

H. G. Rammensee, T. Friede, and S. Stevanoviíc. Mhc ligands and peptide motifs: first listing.
Immunogenetics, 41(4):178–228, 1995.

P. C. Ramos and R. J. Dohmen. Pacemakers of proteasome core particle assembly. Structure, 16
(9):1296–1304, Sep 2008.

M. Rape and S. Jentsch. Productive rupture: activation of transcription factors by proteasomal
processing. Biochim Biophys Acta, 1695(1-3):209–213, Nov 2004.

T. Ravid and M. Hochstrasser. Diversity of degradation signals in the ubiquitin-proteasome sys-
tem. Nat Rev Mol Cell Biol, 9(9):679–690, Sep 2008.

C. Realini, C. C. Jensen, Z. Zhang, S. C. Johnston, J. R. Knowlton, C. P. Hill, and M. Rechsteiner.
Characterization of recombinant regalpha, regbeta, and reggamma proteasome activators. J
Biol Chem, 272(41):25483–25492, Oct 1997.

M. Rechsteiner and C. P. Hill. Mobilizing the proteolytic machine: cell biological roles of protea-
some activators and inhibitors. Trends Cell Biol, 15(1):27–33, Jan 2005.

S. I. Reed. The ubiquitin-proteasome pathway in cell cycle control. Results Probl Cell Differ, 42:
147–181, 2006.

J. Reid and J. Q. Svejstrup. Dna damage-induced def1-rna polymerase ii interaction and def1
requirement for polymerase ubiquitylation in vitro. J Biol Chem, 279(29):29875–29878, Jul
2004.

E. Reits, J. Neijssen, C. Herberts, W. Benckhuijsen, L. Janssen, J. W. Drijfhout, and J. Neefjes.
A major role for tppii in trimming proteasomal degradation products for mhc class i antigen
presentation. Immunity, 20(4):495–506, Apr 2004.

E. A. Reits, J. C. Vos, M. Grommé, and J. Neefjes. The major substrates for tap in vivo are derived
from newly synthesized proteins. Nature, 404(6779):774–778, Apr 2000.

Y. Riviere, R. Ahmed, P. J. Southern, M. J. Buchmeier, F. J. Dutko, and M. B. Oldstone. The s rna
segment of lymphocytic choriomeningitis virus codes for the nucleoprotein and glycoproteins 1
and 2. J Virol, 53(3):966–968, Mar 1985.

N. J. Robertson, J.-G. Chai, M. Millrain, D. Scott, F. Hashim, E. Manktelow, F. Lemonnier, E. Simp-
son, and J. Dyson. Natural regulation of immunity to minor histocompatibility antigens. J
Immunol, 178(6):3558–3565, Mar 2007.

K. L. Rock, I. A. York, T. Saric, and A. L. Goldberg. Protein degradation and the generation of mhc
class i-presented peptides. Adv Immunol, 80:1–70, 2002.

H. R. Rodewald and H. J. Fehling. Molecular and cellular events in early thymocyte development.
Adv Immunol, 69:1–112, 1998.

R. M. Roebroek, B. H. Postma, and U. J. Dijkstra. Aseptic meningitis caused by the lymphocytic
choriomeningitis virus. Clin Neurol Neurosurg, 96(2):178–180, May 1994.

H. W. Rogers and E. R. Unanue. Neutrophils are involved in acute, nonspecific resistance to
listeria monocytogenes in mice. Infect Immun, 61(12):5090–5096, Dec 1993.

R. Rosenzweig and M. H. Glickman. Chaperone-driven proteasome assembly. Biochem Soc Trans,
36(Pt 5):807–812, Oct 2008.

119



References

W. P. Rowe, F. A. Murphy, G. H. Bergold, J. Casals, J. Hotchin, K. M. Johnson, F. Lehmann-Grube,
C. A. Mims, E. Traub, and P. A. Webb. Arenoviruses: proposed name for a newly defined virus
group. J Virol, 5(5):651–652, May 1970.

H. A. Runnels, W. A. Watkins, and J. J. Monaco. Lmp2 expression and proteasome activity in nod
mice. Nat Med, 6(10):1064–5; author reply 1065–6, Oct 2000.

R. Sachidanandam, D. Weissman, S. C. Schmidt, J. M. Kakol, L. D. Stein, G. Marth, S. Sherry, J. C.
Mullikin, B. J. Mortimore, D. L. Willey, S. E. Hunt, C. G. Cole, P. C. Coggill, C. M. Rice, Z. Ning,
J. Rogers, D. R. Bentley, P. Y. Kwok, E. R. Mardis, R. T. Yeh, B. Schultz, L. Cook, R. Davenport,
M. Dante, L. Fulton, L. Hillier, R. H. Waterston, J. D. McPherson, B. Gilman, S. Schaffner,
W. J. V. Etten, D. Reich, J. Higgins, M. J. Daly, B. Blumenstiel, J. Baldwin, N. Stange-Thomann,
M. C. Zody, L. Linton, E. S. Lander, D. Altshuler, and I. S. M. W. Group. A map of human
genome sequence variation containing 1.42 million single nucleotide polymorphisms. Nature,
409(6822):928–933, Feb 2001.

R. Sadoul, P. A. Fernandez, A. L. Quiquerez, I. Martinou, M. Maki, M. Schröter, J. D. Becherer,
M. Irmler, J. Tschopp, and J. C. Martinou. Involvement of the proteasome in the programmed
cell death of ngf-deprived sympathetic neurons. EMBO J, 15(15):3845–3852, Aug 1996.

S. Sakaguchi. Regulatory t cells: key controllers of immunologic self-tolerance. Cell, 101(5):455–
458, May 2000.

S. Sakaguchi. Naturally arising cd4+ regulatory t cells for immunologic self-tolerance and nega-
tive control of immune responses. Annu Rev Immunol, 22:531–562, 2004.

S. E. Salghetti, S. Y. Kim, and W. P. Tansey. Destruction of myc by ubiquitin-mediated proteoly-
sis: cancer-associated and transforming mutations stabilize myc. EMBO J, 18(3):717–726, Feb
1999.

F. Sallusto, D. Lenig, R. Förster, M. Lipp, and A. Lanzavecchia. Two subsets of memory t lympho-
cytes with distinct homing potentials and effector functions. Nature, 401(6754):708–712, Oct
1999.

M. S. Salvato and E. M. Shimomaye. The completed sequence of lymphocytic choriomeningitis
virus reveals a unique rna structure and a gene for a zinc finger protein. Virology, 173(1):1–10,
Nov 1989.

J. K. Sandberg, P. Grufman, E. Z. Wolpert, L. Franksson, B. J. Chambers, and K. Kärre. Super-
dominance among immunodominant h-2kb-restricted epitopes and reversal by dendritic cell-
mediated antigen delivery. J Immunol, 160(7):3163–3169, Apr 1998.

F. R. Santori, W. C. Kieper, S. M. Brown, Y. Lu, T. A. Neubert, K. L. Johnson, S. Naylor, S. Vuk-
manovi?, K. A. Hogquist, and S. C. Jameson. Rare, structurally homologous self-peptides pro-
mote thymocyte positive selection. Immunity, 17(2):131–142, Aug 2002.

T. Saric, J. Beninga, C. I. Graef, T. N. Akopian, K. L. Rock, and A. L. Goldberg. Major histocompat-
ibility complex class i-presented antigenic peptides are degraded in cytosolic extracts primarily
by thimet oligopeptidase. J Biol Chem, 276(39):36474–36481, Sep 2001.

T. Saric, S.-C. Chang, A. Hattori, I. A. York, S. Markant, K. L. Rock, M. Tsujimoto, and A. L.
Goldberg. An ifn-gamma-induced aminopeptidase in the er, erap1, trims precursors to mhc
class i-presented peptides. Nat Immunol, 3(12):1169–1176, Dec 2002.

M. Schmidt and P. M. Kloetzel. Biogenesis of eukaryotic 20s proteasomes: the complex maturation
pathway of a complex enzyme. FASEB J, 11(14):1235–1243, Dec 1997.

G. Schmidtke, H. G. Holzhütter, M. Bogyo, N. Kairies, M. Groll, R. de Giuli, S. Emch, and
M. Groettrup. How an inhibitor of the hiv-i protease modulates proteasome activity. J Biol
Chem, 274(50):35734–35740, Dec 1999.

P. Schreiner, X. Chen, K. Husnjak, L. Randles, N. Zhang, S. Elsasser, D. Finley, I. Dikic, K. J. Wal-
ters, and M. Groll. Ubiquitin docking at the proteasome through a novel pleckstrin-homology
domain interaction. Nature, 453(7194):548–552, May 2008.

U. Schubert, L. C. Antón, J. Gibbs, C. C. Norbury, J. W. Yewdell, and J. R. Bennink. Rapid degra-
dation of a large fraction of newly synthesized proteins by proteasomes. Nature, 404(6779):
770–774, Apr 2000.

120



References

M. Schulz, P. Aichele, M. Vollenweider, F. W. Bobe, F. Cardinaux, H. Hengartner, and R. M. Zinker-
nagel. Major histocompatibility complex–dependent t cell epitopes of lymphocytic choriomenin-
gitis virus nucleoprotein and their protective capacity against viral disease. Eur J Immunol,
19(9):1657–1667, Sep 1989.

S. R. Schwab, K. C. Li, C. Kang, and N. Shastri. Constitutive display of cryptic translation products
by mhc class i molecules. Science, 301(5638):1367–1371, Sep 2003.

K. Schwarz, M. Eggers, A. Soza, U. H. Koszinowski, P. M. Kloetzel, and M. Groettrup. The protea-
some regulator pa28alpha/beta can enhance antigen presentation without affecting 20s protea-
some subunit composition. Eur J Immunol, 30(12):3672–3679, Dec 2000a.

K. Schwarz, M. van Den Broek, S. Kostka, R. Kraft, A. Soza, G. Schmidtke, P. M. Kloetzel, and
M. Groettrup. Overexpression of the proteasome subunits lmp2, lmp7, and mecl-1, but not pa28
alpha/beta, enhances the presentation of an immunodominant lymphocytic choriomeningitis
virus t cell epitope. J Immunol, 165(2):768–778, Jul 2000b.

C. Schwechheimer and K. Schwager. Regulated proteolysis and plant development. Plant Cell
Rep, 23(6):353–364, Nov 2004.

H. U. Schwenk, W. Slenczka, and F. Lehmann-Grube. Phytohemagglutinin-induced dna synthesis
in blood lymphocytes from mice persistently infected with the virus of lymphocytic choriomenin-
gitis. brief report. Arch Gesamte Virusforsch, 33(1):197–199, 1971.

D. M. Scott, I. E. Ehrmann, P. S. Ellis, C. E. Bishop, A. I. Agulnik, E. Simpson, and M. J. Mitchell.
Identification of a mouse male-specific transplantation antigen, h-y. Nature, 376(6542):695–
698, Aug 1995.

E. Sebzda, V. A. Wallace, J. Mayer, R. S. Yeung, T. W. Mak, and P. S. Ohashi. Positive and negative
thymocyte selection induced by different concentrations of a single peptide. Science, 263(5153):
1615–1618, Mar 1994.

E. Seemüller, A. Lupas, D. Stock, J. Löwe, R. Huber, and W. Baumeister. Proteasome from ther-
moplasma acidophilum: a threonine protease. Science, 268(5210):579–582, Apr 1995.

U. Seifert, C. Marañón, A. Shmueli, J.-F. Desoutter, L. Wesoloski, K. Janek, P. Henklein, S. Di-
escher, M. Andrieu, H. de la Salle, T. Weinschenk, H. Schild, D. Laderach, A. Galy, G. Haas,
P.-M. Kloetzel, Y. Reiss, and A. Hosmalin. An essential role for tripeptidyl peptidase in the
generation of an mhc class i epitope. Nat Immunol, 4(4):375–379, Apr 2003.

B. Seliger, M. Bock, U. Ritz, and C. Huber. High frequency of a non-functional tap1/lmp2 promoter
polymorphism in human tumors. Int J Oncol, 20(2):349–353, Feb 2002.

L. K. Selin, P. A. Santolucito, A. K. Pinto, E. Szomolanyi-Tsuda, and R. M. Welsh. Innate immunity
to viruses: control of vaccinia virus infection by gamma delta t cells. J Immunol, 166(11):6784–
6794, Jun 2001.

T. Serwold, S. Gaw, and N. Shastri. Er aminopeptidases generate a unique pool of peptides for
mhc class i molecules. Nat Immunol, 2(7):644–651, Jul 2001.

T. Serwold, F. Gonzalez, J. Kim, R. Jacob, and N. Shastri. Eraap customizes peptides for mhc class
i molecules in the endoplasmic reticulum. Nature, 419(6906):480–483, Oct 2002.

N. Shastri and F. Gonzalez. Endogenous generation and presentation of the ovalbumin peptide/kb
complex to t cells. J Immunol, 150(7):2724–2736, Apr 1993.

M. M. Sheinbergas. Hydrocephalus due to prenatal infection with the lymphocytic choriomenin-
gitis virus. Infection, 4(4):185–191, 1976.

Y. Shen and E. White. p53-dependent apoptosis pathways. Adv Cancer Res, 82:55–84, 2001.

E. M. Shevach. From vanilla to 28 flavors: multiple varieties of t regulatory cells. Immunity, 25
(2):195–201, Aug 2006.

N. Shimbara, E. Orino, S. Sone, T. Ogura, M. Takashina, M. Shono, T. Tamura, H. Yasuda,
K. Tanaka, and A. Ichihara. Regulation of gene expression of proteasomes (multi-protease
complexes) during growth and differentiation of human hematopoietic cells. J Biol Chem, 267
(25):18100–18109, Sep 1992.

121



References

K. Shinohara, M. Tomioka, H. Nakano, S. Toné, H. Ito, and S. Kawashima. Apoptosis induction
resulting from proteasome inhibition. Biochem J, 317 ( Pt 2):385–388, Jul 1996.

C. Sia and M. Weinem. Genetic susceptibility to type 1 diabetes in the intracellular pathway of
antigen processing - a subject review and cross-study comparison. Rev Diabet Stud, 2(1):40–52,
2005.

C. Sibille, K. G. Gould, K. Willard-Gallo, S. Thomson, A. J. Rivett, S. Powis, G. W. Butcher, and
P. D. Baetselier. Lmp2+ proteasomes are required for the presentation of specific antigens to
cytotoxic t lymphocytes. Curr Biol, 5(8):923–930, Aug 1995.

A. J. Sijts, T. Ruppert, B. Rehermann, M. Schmidt, U. Koszinowski, and P. M. Kloetzel. Efficient
generation of a hepatitis b virus cytotoxic t lymphocyte epitope requires the structural features
of immunoproteasomes. J Exp Med, 191(3):503–514, Feb 2000a.

A. J. Sijts, S. Standera, R. E. Toes, T. Ruppert, N. J. Beekman, P. A. van Veelen, F. A. Ossendorp,
C. J. Melief, and P. M. Kloetzel. Mhc class i antigen processing of an adenovirus ctl epitope
is linked to the levels of immunoproteasomes in infected cells. J Immunol, 164(9):4500–4506,
May 2000b.

N. Silverman and T. Maniatis. Nf-kappab signaling pathways in mammalian and insect innate
immunity. Genes Dev, 15(18):2321–2342, Sep 2001.

D. P. Singal, M. Ye, J. Ni, and D. P. Snider. Markedly decreased expression of tap1 and lmp2 genes
in hla class i-deficient human tumor cell lines. Immunol Lett, 50(3):149–154, May 1996.

A. Singer, S. Adoro, and J.-H. Park. Lineage fate and intense debate: myths, models and mecha-
nisms of cd4- versus cd8-lineage choice. Nat Rev Immunol, 8(10):788–801, Oct 2008.

D. Sohn, G. Totzke, F. Essmann, K. Schulze-Osthoff, B. Levkau, and R. U. Jänicke. The proteasome
is required for rapid initiation of death receptor-induced apoptosis. Mol Cell Biol, 26(5):1967–
1978, Mar 2006a.

D. Sohn, G. Totzke, K. Schulze-Osthoff, and R. U. Jänicke. Friend or foe? the proteasome in
combined cancer therapy. Cell Cycle, 5(8):841–845, Apr 2006b.

B. P. Somesh, J. Reid, W.-F. Liu, T. M. M. Søgaard, H. Erdjument-Bromage, P. Tempst, and J. Q.
Svejstrup. Multiple mechanisms confining rna polymerase ii ubiquitylation to polymerases
undergoing transcriptional arrest. Cell, 121(6):913–923, Jun 2005.

X. Song, J. D. Mott, J. von Kampen, B. Pramanik, K. Tanaka, C. A. Slaughter, and G. N. DeMartino.
A model for the quaternary structure of the proteasome activator pa28. J Biol Chem, 271(42):
26410–26417, Oct 1996.

D. J. Sourdive, K. Murali-Krishna, J. D. Altman, A. J. Zajac, J. K. Whitmire, C. Pannetier,
P. Kourilsky, B. Evavold, A. Sette, and R. Ahmed. Conserved t cell receptor repertoire in pri-
mary and memory cd8 t cell responses to an acute viral infection. J Exp Med, 188(1):71–82, Jul
1998.

D. E. Speiser, T. Zürcher, H. Ramseier, H. Hengartner, P. Staeheli, O. Haller, and R. M. Zinker-
nagel. Nuclear myxovirus-resistance protein mx is a minor histocompatibility antigen. Proc
Natl Acad Sci U S A, 87(5):2021–2025, Mar 1990.

J. Sprent, D. Lo, E. K. Gao, and Y. Ron. T cell selection in the thymus. Immunol Rev, 101:173–190,
Jan 1988.

M. K. Spriggs, B. H. Koller, T. Sato, P. J. Morrissey, W. C. Fanslow, O. Smithies, R. F. Voice,
M. B. Widmer, and C. R. Maliszewski. Beta 2-microglobulin-, cd8+ t-cell-deficient mice survive
inoculation with high doses of vaccinia virus and exhibit altered igg responses. Proc Natl Acad
Sci U S A, 89(13):6070–6074, Jul 1992.

T. K. Starr, S. C. Jameson, and K. A. Hogquist. Positive and negative selection of t cells. Annu Rev
Immunol, 21:139–176, 2003.

C. B. Stephensen, S. R. Blount, R. E. Lanford, K. V. Holmes, R. J. Montali, M. E. Fleenor, and J. F.
Shaw. Prevalence of serum antibodies against lymphocytic choriomeningitis virus in selected
populations from two u.s. cities. J Med Virol, 38(1):27–31, Sep 1992.

122



References

R. Stohwasser, U. Kuckelkorn, R. Kraft, S. Kostka, and P. M. Kloetzel. 20s proteasome from lmp7
knock out mice reveals altered proteolytic activities and cleavage site preferences. FEBS Lett,
383(1-2):109–113, Mar 1996.

R. Stohwasser, S. Standera, I. Peters, P. M. Kloetzel, and M. Groettrup. Molecular cloning of
the mouse proteasome subunits mc14 and mecl-1: reciprocally regulated tissue expression of
interferon-gamma-modulated proteasome subunits. Eur J Immunol, 27(5):1182–1187, May
1997.

L. Stoltze, M. Schirle, G. Schwarz, C. Schröter, M. W. Thompson, L. B. Hersh, H. Kalbacher,
S. Stevanovic, H. G. Rammensee, and H. Schild. Two new proteases in the mhc class i processing
pathway. Nat Immunol, 1(5):413–418, Nov 2000.

P. T. Straten, A. F. Kirkin, T. Seremet, and J. Zeuthen. Expression of transporter associated with
antigen processing 1 and 2 (tap1/2) in malignant melanoma cell lines. Int J Cancer, 70(5):
582–586, Mar 1997.

B. Strehl, T. Joeris, M. Rieger, A. Visekruna, K. Textoris-Taube, S. H. E. Kaufmann, P.-M. Kloetzel,
U. Kuckelkorn, and U. Steinhoff. Immunoproteasomes are essential for clearance of listeria
monocytogenes in nonlymphoid tissues but not for induction of bacteria-specific cd8+ t cells. J
Immunol, 177(9):6238–6244, Nov 2006.

L. Sun, S. A. Johnston, and T. Kodadek. Physical association of the apis complex and general
transcription factors. Biochem Biophys Res Commun, 296(4):991–999, Aug 2002.

Y. Suzuki, M. A. Orellana, R. D. Schreiber, and J. S. Remington. Interferon-gamma: the major
mediator of resistance against toxoplasma gondii. Science, 240(4851):516–518, Apr 1988.

S. L. Swain, A. D. Weinberg, M. English, and G. Huston. Il-4 directs the development of th2-like
helper effectors. J Immunol, 145(11):3796–3806, Dec 1990.

S. J. Szabo, S. T. Kim, G. L. Costa, X. Zhang, C. G. Fathman, and L. H. Glimcher. A novel tran-
scription factor, t-bet, directs th1 lineage commitment. Cell, 100(6):655–669, Mar 2000.

N. Tanahashi, Y. Murakami, Y. Minami, N. Shimbara, K. B. Hendil, and K. Tanaka. Hybrid
proteasomes. induction by interferon-gamma and contribution to atp-dependent proteolysis. J
Biol Chem, 275(19):14336–14345, May 2000.

E. Tani, H. Kitagawa, H. Ikemoto, and T. Matsumoto. Proteasome inhibitors induce fas-mediated
apoptosis by c-myc accumulation and subsequent induction of fasl message in human glioma
cells. FEBS Lett, 504(1-2):53–58, Aug 2001.

Y. Tanimoto, Y. Onishi, S. Hashimoto, and H. Kizaki. Peptidyl aldehyde inhibitors of proteasome
induce apoptosis rapidly in mouse lymphoma rvc cells. J Biochem, 121(3):542–549, Mar 1997.

T. Tanioka, A. Hattori, S. Masuda, Y. Nomura, H. Nakayama, S. Mizutani, and M. Tsujimoto.
Human leukocyte-derived arginine aminopeptidase. the third member of the oxytocinase sub-
family of aminopeptidases. J Biol Chem, 278(34):32275–32283, Aug 2003.

R. E. Toes, A. K. Nussbaum, S. Degermann, M. Schirle, N. P. Emmerich, M. Kraft, C. Laplace,
A. Zwinderman, T. P. Dick, J. Müller, B. Schönfisch, C. Schmid, H. J. Fehling, S. Stevanovic,
H. G. Rammensee, and H. Schild. Discrete cleavage motifs of constitutive and immunopro-
teasomes revealed by quantitative analysis of cleavage products. J Exp Med, 194(1):1–12, Jul
2001.

M. V. Toktarova, V. A. Kulichkova, A. G. Mittenberg, I. V. Kozhukharova, I. V. Volkova, I. B. Ermo-
laeva, A. V. Peshekhonov, T. N. Ignatova, L. N. Gauze, and I. M. Konstantinova. [selective effect
of inductors of apoptosis on the endoribonuclease activity of 26s proteasomes and alpha-rnp
particles in k562 cells: possible involvement of 26s proteasomes and alpha-rnp in the regula-
tion of rna stability]. Tsitologiia, 46(3):283–290, 2004.

E. B. Traenckner, S. Wilk, and P. A. Baeuerle. A proteasome inhibitor prevents activation of nf-
kappa b and stabilizes a newly phosphorylated form of i kappa b-alpha that is still bound to
nf-kappa b. EMBO J, 13(22):5433–5441, Nov 1994.

123



References

C. S. Tripp, S. F. Wolf, and E. R. Unanue. Interleukin 12 and tumor necrosis factor alpha are
costimulators of interferon gamma production by natural killer cells in severe combined im-
munodeficiency mice with listeriosis, and interleukin 10 is a physiologic antagonist. Proc Natl
Acad Sci U S A, 90(8):3725–3729, Apr 1993.

A. S. Tsimokha, A. G. Mittenberg, V. A. Kulichkova, I. N. Evteeva, I. I. Vatazhok, T. N. Moi-
seeva, I. B. Ermolaeva, E. S. Vashukova, I. V. Volkova, I. V. Kozhukharova, L. N. Gauze, and
I. M. Konstantinova. [specificity of changes in proteasome properties in diethylmaleate-induced
apoptosis of k562 cells]. Tsitologiia, 48(2):133–141, 2006.

A. S. Tsimokha, A. G. Mittenberg, I. N. Evteeva, V. A. Kulichkova, I. V. Kozhukharova, I. B.
Ermolaeva, and I. M. Konstantinova. [reprogramming of nuclear proteasomes in k562 cells un-
dergoing apoptosis. ii. effect of anticancer drug doxorubicin]. Tsitologiia, 49(7):552–560, 2007a.

A. S. Tsimokha, A. G. Mittenberg, V. A. Kulichkova, I. V. Kozhukharova, L. N. Gause, and I. M.
Konstantinova. Changes in composition and activities of 26s proteasomes under the action of
doxorubicin–apoptosis inductor of erythroleukemic k562 cells. Cell Biol Int, 31(4):338–348, Apr
2007b.

A. S. Tsimokha, A. G. Mittenberg, V. A. Kulichkova, I. I. Vatazhok, T. N. Moiseeva, I. N. Evteeva,
I. B. Ermolaeva, L. N. Gauze, and I. M. Konstantinova. [reprogramming of nuclear proteasomes
in k562 cells undergoing apoptosis. i. effect of glutathione-depleting agent, diethylmaleate].
Tsitologiia, 49(6):451–459, 2007c.

V. Ustrell, C. Realini, G. Pratt, and M. Rechsteiner. Human lymphoblast and erythrocyte multi-
catalytic proteases: differential peptidase activities and responses to the 11s regulator. FEBS
Lett, 376(3):155–158, Dec 1995.

V. Ustrell, L. Hoffman, G. Pratt, and M. Rechsteiner. Pa200, a nuclear proteasome activator
involved in dna repair. EMBO J, 21(13):3516–3525, Jul 2002.

R. G. van der Most, A. Sette, C. Oseroff, J. Alexander, K. Murali-Krishna, L. L. Lau, S. Southwood,
J. Sidney, R. W. Chesnut, M. Matloubian, and R. Ahmed. Analysis of cytotoxic t cell responses
to dominant and subdominant epitopes during acute and chronic lymphocytic choriomeningitis
virus infection. J Immunol, 157(12):5543–5554, Dec 1996.

R. G. van der Most, K. Murali-Krishna, J. L. Whitton, C. Oseroff, J. Alexander, S. Southwood,
J. Sidney, R. W. Chesnut, A. Sette, and R. Ahmed. Identification of db- and kb-restricted sub-
dominant cytotoxic t-cell responses in lymphocytic choriomeningitis virus-infected mice. Virol-
ogy, 240(1):158–167, Jan 1998.

P. M. van Endert, L. Saveanu, E. W. Hewitt, and P. Lehner. Powering the peptide pump: Tap
crosstalk with energetic nucleotides. Trends Biochem Sci, 27(9):454–461, Sep 2002.

van Hall T, A. Sijts, M. Camps, R. Offringa, C. Melief, P. M. Kloetzel, and F. Ossendorp. Differen-
tial influence on cytotoxic t lymphocyte epitope presentation by controlled expression of either
proteasome immunosubunits or pa28. J Exp Med, 192(4):483–494, Aug 2000.

A. Varshavsky. The ubiquitin system. Trends Biochem Sci, 22(10):383–387, Oct 1997.

M. Veldhoen, R. J. Hocking, C. J. Atkins, R. M. Locksley, and B. Stockinger. Tgfbeta in the context
of an inflammatory cytokine milieu supports de novo differentiation of il-17-producing t cells.
Immunity, 24(2):179–189, Feb 2006.

I. M. Verma, J. K. Stevenson, E. M. Schwarz, D. V. Antwerp, and S. Miyamoto. Rel/nf-kappa b/i
kappa b family: intimate tales of association and dissociation. Genes Dev, 9(22):2723–2735,
Nov 1995.

N. Vigneron, V. Stroobant, J. Chapiro, A. Ooms, G. Degiovanni, S. Morel, P. van der Bruggen,
T. Boon, and B. J. V. den Eynde. An antigenic peptide produced by peptide splicing in the
proteasome. Science, 304(5670):587–590, Apr 2004.

S. Vijh and E. G. Pamer. Immunodominant and subdominant ctl responses to listeria monocyto-
genes infection. J Immunol, 158(7):3366–3371, Apr 1997.

A. Visekruna, T. Joeris, D. Seidel, A. Kroesen, C. Loddenkemper, M. Zeitz, S. H. E. Kaufmann,
R. Schmidt-Ullrich, and U. Steinhoff. Proteasome-mediated degradation of ikappabalpha and

124



References

processing of p105 in crohn disease and ulcerative colitis. J Clin Invest, 116(12):3195–3203,
Dec 2006.

A. Vitiello, L. Yuan, R. W. Chesnut, J. Sidney, S. Southwood, P. Farness, M. R. Jackson, P. A.
Peterson, and A. Sette. Immunodominance analysis of ctl responses to influenza pr8 virus
reveals two new dominant and subdominant kb-restricted epitopes. J Immunol, 157(12):5555–
5562, Dec 1996.

D. Voges, P. Zwickl, and W. Baumeister. The 26s proteasome: a molecular machine designed for
controlled proteolysis. Annu Rev Biochem, 68:1015–1068, 1999.

H.-X. Wang, H.-M. Wang, H.-Y. Lin, Q. Yang, H. Zhang, B. K. Tsang, and C. Zhu. Proteasome
subunit lmp2 is required for matrix metalloproteinase-2 and -9 expression and activities in
human invasive extravillous trophoblast cell line. J Cell Physiol, 206(3):616–623, Mar 2006.

X. W. Wang. Role of p53 and apoptosis in carcinogenesis. Anticancer Res, 19(6A):4759–4771, 1999.

R. L. Warkel, C. F. Rinaldi, W. H. Bancroft, R. D. Cardiff, G. E. Holmes, and R. E. Wilsnack.
Fatal acute meningoencephalitis due to lymphocytic choriomeningitis virus. Neurology, 23(2):
198–203, Feb 1973.

C. T. Weaver, L. E. Harrington, P. R. Mangan, M. Gavrieli, and K. M. Murphy. Th17: an effector
cd4 t cell lineage with regulatory t cell ties. Immunity, 24(6):677–688, Jun 2006.

G. Weidt, O. Utermöhlen, J. Heukeshoven, F. Lehmann-Grube, and W. Deppert. Relationship
among immunodominance of single cd8+ t cell epitopes, virus load, and kinetics of primary
antiviral ctl response. J Immunol, 160(6):2923–2931, Mar 1998.

A. M. Weissman. Themes and variations on ubiquitylation. Nat Rev Mol Cell Biol, 2(3):169–178,
Mar 2001.

T. Wenzel, C. Eckerskorn, F. Lottspeich, and W. Baumeister. Existence of a molecular ruler in
proteasomes suggested by analysis of degradation products. FEBS Lett, 349(2):205–209, Aug
1994.

G. Werlen, B. Hausmann, D. Naeher, and E. Palmer. Signaling life and death in the thymus:
timing is everything. Science, 299(5614):1859–1863, Mar 2003.

D. N. Wheatley, S. Grisolía, and J. Hernández-Yago. Significance of the rapid degradation of newly
synthesized proteins in mammalian cells: a working hypothesis. J Theor Biol, 98(2):283–300,
Sep 1982.

F. G. Whitby, E. I. Masters, L. Kramer, J. R. Knowlton, Y. Yao, C. C. Wang, and C. P. Hill. Structural
basis for the activation of 20s proteasomes by 11s regulators. Nature, 408(6808):115–120, Nov
2000.

D. W. White and J. T. Harty. Perforin-deficient cd8+ t cells provide immunity to listeria monocy-
togenes by a mechanism that is independent of cd95 and ifn-gamma but requires tnf-alpha. J
Immunol, 160(2):898–905, Jan 1998.

D. W. White, V. P. Badovinac, G. Kollias, and J. T. Harty. Cutting edge: antilisterial activity of
cd8+ t cells derived from tnf-deficient and tnf/perforin double-deficient mice. J Immunol, 165
(1):5–9, Jul 2000.

T. Wilckens and R. D. Rijk. Glucocorticoids and immune function: unknown dimensions and new
frontiers. Immunol Today, 18(9):418–424, Sep 1997.

N. J. Wilson, K. Boniface, J. R. Chan, B. S. McKenzie, W. M. Blumenschein, J. D. Mattson,
B. Basham, K. Smith, T. Chen, F. Morel, J.-C. Lecron, R. A. Kastelein, D. J. Cua, T. K. Mc-
Clanahan, E. P. Bowman, and R. de Waal Malefyt. Development, cytokine profile and function
of human interleukin 17-producing helper t cells. Nat Immunol, 8(9):950–957, Sep 2007.

E. Witt, D. Zantopf, M. Schmidt, R. Kraft, P. M. Kloetzel, and E. Krüger. Characterisation of the
newly identified human ump1 homologue pomp and analysis of lmp7(beta 5i) incorporation into
20 s proteasomes. J Mol Biol, 301(1):1–9, Aug 2000.

E. Wolpert, L. Franksson, and K. Kärre. Dominant and cryptic antigens in the mhc class i re-
stricted t cell response across a complex minor histocompatibility barrier: analysis and map-
ping by elution of cellular peptides. Int Immunol, 7(6):919–928, Jun 1995.

125



References

R. Wright, D. Johnson, M. Neumann, T. G. Ksiazek, P. Rollin, R. V. Keech, D. J. Bonthius,
P. Hitchon, C. F. Grose, W. E. Bell, and J. F. Bale. Congenital lymphocytic choriomeningitis
virus syndrome: a disease that mimics congenital toxoplasmosis or cytomegalovirus infection.
Pediatrics, 100(1):E9, Jul 1997.

C. Wójcik. Regulation of apoptosis by the ubiquitin and proteasome pathway. J Cell Mol Med, 6
(1):25–48, 2002.

C. Wójcik, K. Tanaka, N. Paweletz, U. Naab, and S. Wilk. Proteasome activator (pa28) subunits,
alpha, beta and gamma (ki antigen) in nt2 neuronal precursor cells and hela s3 cells. Eur J
Cell Biol, 77(2):151–160, Oct 1998.

R. Xu, A. J. Johnson, D. Liggitt, and M. J. Bevan. Cellular and humoral immunity against vaccinia
virus infection of mice. J Immunol, 172(10):6265–6271, May 2004.

T. Yamano, S. Murata, N. Shimbara, N. Tanaka, T. Chiba, K. Tanaka, K. Yui, and H. Udono.
Two distinct pathways mediated by pa28 and hsp90 in major histocompatibility complex class
i antigen processing. J Exp Med, 196(2):185–196, Jul 2002.

W. Yang, J. Monroe, Y. Zhang, D. George, E. Bremer, and H. Li. Proteasome inhibition induces
both pro- and anti-cell death pathways in prostate cancer cells. Cancer Lett, 243(2):217–227,
Nov 2006.

X. Yang, R. Khosravi-Far, H. Y. Chang, and D. Baltimore. Daxx, a novel fas-binding protein that
activates jnk and apoptosis. Cell, 89(7):1067–1076, Jun 1997.

Y. Yang, J. B. Waters, K. Früh, and P. A. Peterson. Proteasomes are regulated by interferon
gamma: implications for antigen processing. Proc Natl Acad Sci U S A, 89(11):4928–4932, Jun
1992.

J. W. Yewdell, L. C. Antón, and J. R. Bennink. Defective ribosomal products (drips): a major source
of antigenic peptides for mhc class i molecules? J Immunol, 157(5):1823–1826, Sep 1996.

L. Yin, G. Poirier, O. Neth, J. J. Hsuan, N. F. Totty, and H. J. Stauss. Few peptides dominate
cytotoxic t lymphocyte responses to single and multiple minor histocompatibility antigens. Int
Immunol, 5(9):1003–1009, Sep 1993.

I. A. York, A. L. Goldberg, X. Y. Mo, and K. L. Rock. Proteolysis and class i major histocompatibility
complex antigen presentation. Immunol Rev, 172:49–66, Dec 1999.

I. A. York, S.-C. Chang, T. Saric, J. A. Keys, J. M. Favreau, A. L. Goldberg, and K. L. Rock. The
er aminopeptidase erap1 enhances or limits antigen presentation by trimming epitopes to 8-9
residues. Nat Immunol, 3(12):1177–1184, Dec 2002.

I. A. York, A. X. Y. Mo, K. Lemerise, W. Zeng, Y. Shen, C. R. Abraham, T. Saric, A. L. Goldberg,
and K. L. Rock. The cytosolic endopeptidase, thimet oligopeptidase, destroys antigenic peptides
and limits the extent of mhc class i antigen presentation. Immunity, 18(3):429–440, Mar 2003.

T. Yoshimura, K. Kameyama, T. Takagi, A. Ikai, F. Tokunaga, T. Koide, N. Tanahashi, T. Tamura,
Z. Cejka, and W. Baumeister. Molecular characterization of the "26s" proteasome complex from
rat liver. J Struct Biol, 111(3):200–211, 1993.

D. M. Zaiss, S. Standera, H. Holzhütter, P. Kloetzel, and A. J. Sijts. The proteasome inhibitor pi31
competes with pa28 for binding to 20s proteasomes. FEBS Lett, 457(3):333–338, Sep 1999.

D. M. W. Zaiss, S. Standera, P.-M. Kloetzel, and A. J. A. M. Sijts. Pi31 is a modulator of proteasome
formation and antigen processing. Proc Natl Acad Sci U S A, 99(22):14344–14349, Oct 2002.

D. M. W. Zaiss, N. de Graaf, and A. J. A. M. Sijts. The proteasome immunosubunit multicatalytic
endopeptidase complex-like 1 is a t-cell-intrinsic factor influencing homeostatic expansion. In-
fect Immun, 76(3):1207–1213, Mar 2008.

A. J. Zajac, J. N. Blattman, K. Murali-Krishna, D. J. Sourdive, M. Suresh, J. D. Altman, and
R. Ahmed. Viral immune evasion due to persistence of activated t cells without effector function.
J Exp Med, 188(12):2205–2213, Dec 1998.

H. Zhang, L. Sun, J. Liang, W. Yu, Y. Zhang, Y. Wang, Y. Chen, R. Li, X. Sun, and Y. Shang.
The catalytic subunit of the proteasome is engaged in the entire process of estrogen receptor-
regulated transcription. EMBO J, 25(18):4223–4233, Sep 2006.

126



References

J. Zhu and W. E. Paul. Cd4 t cells: fates, functions, and faults. Blood, 112(5):1557–1569, Sep 2008.

R. M. Zinkernagel and P. C. Doherty. Restriction of in vitro t cell-mediated cytotoxicity in lympho-
cytic choriomeningitis within a syngeneic or semiallogeneic system. Nature, 248(450):701–702,
Apr 1974.

R. M. Zinkernagel, G. N. Callahan, J. Klein, and G. Dennert. Cytotoxic t cells learn specificity for
self h-2 during differentiation in the thymus. Nature, 271(5642):251–253, Jan 1978.

P. Zwickl, J. Kleinz, and W. Baumeister. Critical elements in proteasome assembly. Nat Struct
Biol, 1(11):765–770, Nov 1994.

127



Abbreviations

aa amino acid
ab antibody
AICD activation induced cell death
AIRE autoimmune regulator
APC antigen presenting cell
BAFFR receptor for the B cell activating factor belonging to the TNF family
BCR B cell receptor
BFA brefeldin A
bp basepair
BSA bovine serum albumin
CD cluster of differentiation
CFSE 5-(6)- Carboxyfluorescein diacetate N-succinimidyl ester
ConA concanavalin A
CrD Crohn disease
CTL cytotoxic T lymphocyte
DC dendritic cell
DN double negative
DNA deoxyribonucleic acid
DP double positive
DRiP Defective Ribosomal Product
dsRNA double-stranded RNA
DUB de-ubiquitylating enzyme
ER endoplasmic reticulum
FACS fluorescence activated cell sorting
FCS fetal calf serum
Fig. figure
FITC fluorescein-isothiocyanat
FL fluorescence
FPLC fast performance liquid chromatography
FSC forward scatter
GP glycoprotein (LCMV)
HRPO horse radish peroxidase
HSP90 heat shock protein 90
i.p. intra-peritoneal
i.v. intra-venous
ICS intracellular cytokine staining
IEF isoelectric focusing
IFN interferon
IL interleukin
IMDM Iscove‘s Modified Dulbecco‘s Medium
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Abbreviations

LCMV Lymphocytic choriomeningitis virus
LFA-1 lymphocyte function associated antigen 1
LM Listeria monocytogenes
LMP low molecular weight protein
LPS lipopolysaccharide
LTA lipoteichoic acid
LTbetaR lymphotoxin beta receptor
MECL-1 multicatalytic endopeptidase complex-like 1
MEM Minimum Essential Medium
MHC major histocompatibility complex
min minute
miHAg minor histocompatibility antigen
ml milliliter
m.o.i. multiplicity of infection
NEPHGE non-equilibrium ph gradient gel electrophoresis
NK natural killer cell
NP nucleoprotein (LCMV)
OD optical density
OVA ovalbumin
PA proteasome activator
PAGE polyacrylamide gel electrophoresis
pAPC professional antigen presenting cell
PBS phosphate buffered saline
PCR polymerase chain reaction
PE phycoerythrin
PFU plaque forming units
PGPH peptidyl-glutamyl-peptide hydrolysing
PMA phorbol 12-myristate 13-acetate
POMP proteasome maturation protein
rLM recombinant Listeria monocytogenes
RNA ribonucleic acid
RPM rounds per minute
RT room temperature
rVV recombinant Vaccinia Virus
s.c. subcutaneously
SD standard deviation
SDS sodium dodecyl sulphate
SNP single nucleotide polymorphism
TAP transporter associated with antigen processing
Th T helper cell
TNF tumor necrosis factor
TNFR tumor necrosis factor receptor
U unit
UC ulcerative colitis
VV Vaccinia Virus
wt wildtype
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Amino Acids

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamine Gln Q
Glutamic acid Glu E
Glycine Gly G
Histidine His H
Isoleucine Ile I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophane Trp W
Tyrosine Tyr Y
Valine Val V
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