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Summary

SUMMARY
The proteasome is a multicatalytic enzyme expressed in all eukaryotic cells and responsible for the
degradation of polyubiquitinated proteins. Thereby, the proteasome regulates protein homeostasis and
various biological processes such as transcription, translation, and cell cycle. Due to their global effects on
cellular functions and viability, proteasome inhibitors are promising drug targets, however, their application
is also associated with multiple undesirable side effects. The expression pattern of immunoproteasomes,
which incorporate, compared to standard proteasomes, distinct catalytically active subunits (i.e. low
molecular mass polypeptide (LMP)2, LMP7, multicatalytic endopeptidase complex-like (MECL)-1), is restricted
to immune cells and short-term inducible at sites of ongoing inflammation. Hence, blocking
immunoproteasomes might represent as a novel therapeutic strategy for hematologic malignancies
accompanied with reduced toxicity compared to constitutive proteasome inhibition. While the
immunoproteasome has long been known to shape the antigenic repertoire presented on major
histocompatibility complex (MHC) class I molecules, it was recently reported to play a role in cytokine
production, T helper (Th) cell differentiation, and T cell survival. Selective inhibition of the catalytically active
immunoproteasome subunit LMP7 was shown to ameliorate the clinical symptoms of autoimmune diseases
in vivo and to suppress the development of Th1 and Th17 cells and to promote the generation of regulatory
T cells (Tregs) under polarizing conditions in vitro. Although the underlying mechanism of the observed effects
of LMP7 inhibition is still unclear, these findings opened a large pool of possible therapeutic indications for
immunoproteasome inhibitors. On the other hand, interfering with proteasome activity in immune cells could
potentially be accompanied by problems of host defense mechanisms against pathogens. Hence, the aim of
this thesis was to characterize the impact of LMP7 inhibition on physiological as well as on pathophysiological
immune responses in vivo.
Due to its negative impact on Th1 and Th17 differentiation the question whether selective inhibition of LMP7
is able to cure T helper cell-mediated experimental autoimmune encephalomyelitis (EAE), a mouse model of
multiple sclerosis (MS), was addressed in the study described in chapter II. MS is a demyelinating autoimmune
disease of the central nervous system (CNS) resulting in neurodegeneration and physical disability of patients.
In fact, treatment with ONX 0914, an LMP7-selective epoxyketone inhibitor, attenuated disease progression
of myelin oligodendrocyte glycoprotein (MOG)35-55-induced EAE after active and passive immunization and
was sufficient to prevent disease exacerbation and relapses in a relapsing-remitting proteolipid-protein
(PLP)139-151-induced model. LMP7 inhibition strongly reduced the differentiation of autoreactive T helper cells
in the periphery and blocked the infiltration of activated immune cells into the brain and the spinal cord of
immunized mice. Thereby, ONX 0914 treatment reduced inflammatory responses in the CNS and prevented
tissue damage and neurodegeneration normally leading to MS-like symptoms. These results implicate the
immunoproteasome in the development of EAE and suggest immunoproteasome inhibitors as promising drug
targets for the treatment of MS.
8
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Interestingly, immunoproteasome inhibition does not seem to affect CD8+ T cells to the same extent as CD4+
T cells. For instance, in systemic infection with lymphocytic choriomeningitis virus (LCMV), selective LMP7
inhibition shows a rather modest and T cell epitope-selective impact on the virus-specific cytotoxic T cell (CTL)
response and did not interfere with viral clearance in vivo. However, Kremer et al. found, that LMP7-/- mice
displayed protracted clinical outcome of LCMV-induced meningitis, a CD8+ T cell-mediated neurodegenerative
disease of the CNS. In fact, in the course of the study described in chapter III (1.), it was shown that the lack
of LMP7-activity resulted in delayed clinical signs of disease due to a decreased inflammatory infiltration into
the brain of intracranial infected mice. Interestingly, we observed that LMP7-deficiency and inhibition affect
the pathogenesis of LCMV-induced meningitis in a distinct manner. While ONX 0914 treatment appeared to
interfere with CTL responses like interferon (IFN)-γ production, LMP7-deficiency resulted in reduced
presentation of GP33-41, an immunodominant T cell epitope of LCMV, as well as in decreased expression of
several adhesion molecules important for CNS trafficking on CTLs. However, these findings support the
important role of LMP7 in immune responses and suggest immunoproteasome inhibition as a novel strategy
against inflammation-induced neuropathologies of the CNS.
Intracranial LCMV infection is a widely used animal model to study virus-induced CTL-mediated meningitis
and immunopathology. Nevertheless, this model causes severe pain and distress in mice, especially at later
stages of the disease. For purposes of animal welfare and refinement of this mouse model, the influence of
buprenorphine, an opioid derivative, on the LCMV-specific immune response inducing CNS inflammation was
determined in the course of the study described in chapter III (2.). Interestingly, although buprenorphine
treatment strongly reduced symptoms of pain, which are usually used to estimate the pathological
development of this model, the LCMV-specific cytotoxic T cell response and immune cell infiltration into the
CNS were not altered in analgesia treated mice. Taken together, this study demonstrated that continuous
buprenorphine treatment improves animal welfare without affecting the immune response required to
mediate disease pathogenesis in this model for meningitis.
The study described in chapter IV investigated the influence of ONX 0914 treatment on allograft rejection in
an established MHC-mismatched (C57BL/6 (H-2b) to BALB/c (H-2d)) model of skin transplantation in vivo. Since
Th1 and Th17 cells are detrimental and Tregs are critical for transplant acceptance, it was hypothesized that
ONX 0914 treatment would interfere with allograft rejection. However, despite reduced allospecific IL-17
production of T cells in vitro, neither ONX 0914 alone nor as a combination therapy with low dose cyclosporine
A was able to influence the survival of C57BL/6 derived tail skin grafts on the back of BALB/c recipients. Hence,
selective inhibition of the immunoproteasome is not effective in prolonging skin allograft survival in a fully
mismatched skin allograft transplantation model.
In the course of the study described in chapter V, it was assessed whether immunoproteasome inhibition
does also interfere with T helper cell differentiation during systemic infection with Candida albicans since
CD4+ T cells play a key role in antifungal immunity. In fact, selective LMP7 inhibition resulted in reduced IL-17
and IFN-γ production in response to C. albicans in vitro and in vivo. ONX 0914 treated mice displayed an
exacerbated clinical outcome in ONX 0914 compared to vehicle treated mice which manifested at very early
9
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time points postinfection. This finding implied an impact of immunoproteasome inhibition in systemic
candidiasis apart from blocking T helper cell differentiation. Interestingly, analyzing cellular infiltration of the
brain and the kidney of ONX 0914 treated mice revealed increased neutrophil numbers, a cell type which is
known to mediate immunopathology and tissue damage in this model. Accordingly, these mice displayed
symptoms of renal failure and sepsis accompanied by increased weight loss and mortality compared to the
vehicle treated control group.
Taken together, the studies described in this thesis demonstrate the impact of the immunoproteasome on
physiological as well as on pathophysiological immune responses. However, in order to estimate the efficacy
or potential side effects of selective LMP7 inhibition in immune-mediated diseases it is very important to solve
the mechanistic impact of immunoproteasome inhibition on cellular functions in future studies.
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ZUSAMMENFASSUNG
Das Proteasom ist ein multikatalytisches Enzym, welches in allen eukaryotischen Zellen exprimiert und für
den Abbau polyubiquitinierter Proteine verantwortlich ist. Dabei reguliert das Proteasom die ProteinHomöostase und verschiedene biologische Prozesse, wie zum Beispiel die Transkription, die Translation und
den Zellzyklus. Einerseits sind Proteasom-Inhibitoren aufgrund ihrer umfangreichen Effekte auf zelluläre
Funktionen und Viabilität zwar vielversprechende Drug-Targets, jedoch ist ihre Anwendung auch mit vielen
unerwünschten Nebenwirkungen assoziiert. Die Expression von Immunoproteasomen, welche im Vergleich
zu Standardproteasomen unterschiedliche katalytisch aktive Untereinheiten (i.e. low molecular mass
polypeptide (LMP)2, LMP7 und multicatalytic endopeptidase complex-like- (MECL)-1) enthalten, beschränkt
sich auf Immunzellen und ist in Geweben mit aktiven Entzündungsvorgängen kurzzeitig induzierbar. Die
Inhibition von Immunoproteasomen ist im Vergleich zur Hemmung von konstitutiven Proteasomen weniger
toxisch und könnte somit einen neuen Therapieansatz für die Behandlung hämatologischer Erkrankungen
darstellen.
Während das Immunoproteasom seit langem dafür bekannt ist, das auf Haupt-Histokompatibilitäts-Komplex
(MHC) Klasse I-Molekülen präsentierte Antigenrepertoire zu bestimmen, wurde kürzlich gezeigt, dass es eine
Rolle bei der Zytokinproduktion, der Differenzierung von T-Helfer(Th)-Zellen und beim T-Zell-Überleben spielt.
Die selektive Inhibition der katalytisch aktiven Immunoproteasom-Untereinheit LMP7 milderte die klinischen
Symptome von Autoimmunkrankheiten in vivo und hemmte unter polarisierenden Bedingungen in vitro die
Differenzierung von Th1- und Th17-Zellen, während die Bildung von regulatorischen T-Zellen (Tregs)
begünstigt wurde. Obwohl der zugrundeliegende Mechanismus der beobachteten Effekte von LMP7Inhibition noch unklar ist, eröffneten diese Erkenntnisse eine Vielfalt an möglichen therapeutischen
Indikationen für Immunoproteasom-Inhibitoren. Auf der anderen Seite könnte das Blockieren der
Immunoproteasom-Aktivität in Immunzellen potenziell auch mit Problemen der Abwehrmechanismen
gegenüber Pathogenen verbunden sein. Das Ziel dieser Doktorarbeit war es deshalb, den Einfluss von
selektiver LMP7-Hemmung auf physiologische und pathophysiologische Immunantworten in vivo zu
charakterisieren.
Aufgrund der supprimierenden Wirkung auf die Th1- und Th17-Differenzierung, wurde in der in Kapitel II
beschriebenen Studie untersucht, ob es möglich ist, T-Helferzell-vermittelte experimentelle autoimmune
Enzephalomyelitis (EAE), ein Mausmodell für Multiple Sklerose (MS), durch LMP7-selektive Inhibition zu
behandeln. MS ist eine demyelinierende Autoimmunerkrankung des zentralen Nervensystems (ZNS), welche
zu Neurodegeneration und zu körperlicher Aktivitätseinschränkung führt. Tatsächlich verbesserte die
Behandlung mit ONX 0914, einem LMP7-selektiven Immunoproteasom-Inhibitor, den Krankheitsverlauf von
Myelin-Oligodendrozyten-Glykoprotein (MOG)35-55-induzierter EAE nach aktiver und passiver Immunisierung.
LMP7-Inhibition verhinderte außerdem die Krankheitsschübe und Rückfälle in einem Proteolipid-Protein
(PLP)139-151-induzierten schubförmig-remittierenden Mausmodell. Die Hemmung von LMP7 führte zu einer
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stark verminderten Differenzierung von auto-reaktiven T-Helferzellen und war in der Lage die Infiltration von
aktivierten Immunzellen in das Gehirn und das Rückenmark der immunisierten Mäuse zu blockieren. Die
Behandlung mit ONX 0914 führte dadurch zu verminderten Entzündungsvorgängen im ZNS und verhinderte
Gewebeschäden und Neurodegeneration, welche normalerweise zu MS-ähnlichen Symptomen führen. Diese
Ergebnisse deuten auf einen Einfluss des Immunoproteasoms auf die Krankheitsentwicklung von EAE hin und
machen Immunoproteasom-Inhibitoren zu vielversprechenden Drug-Targets in der MS Therapie.
Interessanterweise scheint sich die Inhibition des Immunoproteasoms in CD8+ T-Zellen nicht im gleichen Maße
wie in CD4+ T-Zellen auszuwirken. In einer systemischen Infektion mit dem lymphozytären ChoriomeningitisVirus (LCMV) zeigte LMP7-Inhibition einen eher moderaten und T-Zell-Epitop-selektiven Einfluss auf die virusspezifische zytotoxische T Zell-(CTL)-Antwort und die Elimination von LCMV war in vivo nicht beeinträchtigt.
Allerdings entdeckten Kremer et al., dass LMP7-/- Mäuse ein verzögertes klinisches Auftreten von LCMVinduzierter Meningitis, einer CD8+ T-Zell-vermittelten neurodegenerativen Erkrankung des ZNS, aufwiesen.
Tatsächlich konnte in der Studie, welche im Kapitel III (1.) beschrieben wird, gezeigt werden, dass das Fehlen
der LMP7-Aktivität aufgrund einer verminderten entzündlichen Zell-Infiltration in das Gehirn intrakraniell
infizierter Mäuse, zu einer Verzögerung der klinischen Symptome führte. Interessanterweise fanden wir
heraus, dass LMP7-Defizienz und -Inhibition die Pathogenese der LCMV-induzierten Meningitis auf
unterschiedliche Art und Weise beeinflussen. Während die Behandlung mit ONX 0914 die CTL-Antwort wie
z.B. Interferon (IFN)-γ Produktion zu beeinträchtigen schien, führte die LMP7-Defizienz zu einer verminderten
Antigenpräsentation von GP33, einem immundominanten T-Zell-Epitop von LCMV, sowie zu reduzierter
Expression mehrerer, für die Migration ins ZNS wichtiger, Adhäsionsmoleküle auf zytotoxischen T-Zellen.
Diese Ergebnisse unterstreichen die wichtige Rolle von LMP7 in Immunantworten und befürworten den
Einsatz von Immunoproteasom-Inhibitoren als neuartige Strategie zur Behandlung entzündungs-vermittelter
Neuropathologien des ZNS.
Intrakranielle LCMV-Infektion ist ein häufig genutztes Tiermodell zur Untersuchung virus-induzierter CTLvermittelter Meningitis und Immunpathologie. Dieses Modell verursacht allerdings, insbesondere in späteren
Stadien der Krankheit, erhebliche Schmerzen und Leiden bei Mäusen. Mit dem Ziel das Wohlergehen der Tiere
in diesem Modell zu verbessern, wurde in der in Kapitel III (2.) beschriebenen Studie der Einfluss von
Buprenorphin,

einem

Opioid-Derivat,

auf

die

LCMV-spezifische

Immunantwort,

welche

die

Entzündungsvorgänge im ZNS auslöst, bestimmt. Obwohl die Behandlung mit Buprenorphin die Anzeichen für
Schmerzen, die normalerweise zur Abschätzung der pathologischen Entwicklung der Krankheit dienen,
deutlich reduzierte, war in den mit Schmerzmittel behandelten Mäusen weder die LCMV-spezifische CTLAntwort noch die Infiltration von Immunzellen ins ZNS verändert. Zusammenfassend zeigte diese Studie, dass
die kontinuierliche Behandlung mit Buprenorphin das Wohlergehen der Tiere verbessert ohne dabei die
Immunantwort, welche für die Krankheitsentstehung in diesem Meningitis-Modell benötigt wird, zu
beeinträchtigen.
Die Studie, welche in Kapitel IV beschrieben wird, untersuchte den Einfluss von ONX 0914 Behandlung auf die
Abstoßung von Allotransplantaten in einem etablierten MHC-Mismatch-Modell (C57BL/6 (H-2b) auf BALB/c
12
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(H-2d)) für Hauttransplantation in vivo. Da Th1- und Th17-Zellen die Abstoßung des Transplantats fördern und
regulatorische T-Zellen entscheidend für die Akzeptanz des Transplantats sind, wurde spekuliert, dass die
Behandlung mit ONX 0914 die Abstoßungsreaktion beeinflussen würde. Trotz verminderter allo-spezifischer
IL-17 Produktion von T-Zellen in vitro konnte jedoch weder ONX 0914 alleine noch in Form einer
Kombinationstherapie mit einer niedrigen Dosis Cyclosporin A das Überleben von C57BL/6
Hauttransplantaten auf dem Rücken von BALB/c Empfängern beeinflussen. Die selektive Inhibition des
Immunoproteasoms ist demnach für die Verlängerung der Überlebensdauer des Transplantats in einem
vollständigen MHC-Mismatch-Hauttransplantations-Modell nicht wirksam.
In der in Kapitel V beschriebenen Studie wurde untersucht, ob die Inhibition des Immunoproteasoms auch
während einer systemischen Infektion mit Candida albicans die Differenzierung von T-Helferzellen hemmt, da
CD4+ T-Zellen eine Schlüsselrolle in der antifungalen Immunantwort spielen. Tatsächlich führte die selektive
Inhibition von LMP7 sowohl in vitro als auch in vivo zu einer verminderten Ausschüttung von IFN-γ und IL-17
in Reaktion auf C. albicans. ONX 0914 behandelte Mäuse wiesen im Vergleich zur Kontrollgruppe ein
verschlechtertes klinisches Ergebnis auf, was sich schon in sehr frühen Stadien der Infektion bemerkbar
machte. Diese Beobachtung implizierte einen von der Hemmung der T-Helferzell-Differenzierung
abweichenden Einfluss der Immunoproteasom-Inhibition auf systemische Candidiasis. Interessanterweise
zeigte die Analyse der zellulären Infiltration in das Gehirn und in die Niere in ONX 0914 behandelten Mäusen
eine erhöhte Anzahl von Neutrophilen, einem Zelltyp, welcher dafür bekannt ist in diesem Modell
immunpathologische und gewebeschädigende Auswirkungen zu haben. Dementsprechend wiesen diese
Mäuse Symptome von Nierenversagen und Sepsis auf, die mit einem höheren Gewichtsverlust und einer
höheren Sterblichkeit im Vergleich zur Kontrollgruppe einhergingen.
Zusammengefasst beschreiben die in dieser Doktorarbeit durchgeführten Studien den Einfluss des
Immunoproteasoms sowohl auf physiologische als auch auf pathophysiologische Immunantworten. Um
jedoch die Wirksamkeit oder auch potenzielle Nebenwirkungen der selektiven LMP7-Hemmung in
immunvermittelten Erkrankungen abschätzen zu können, ist es äußerst wichtig den mechanistischen Einfluss
auf zelluläre Funktionen in zukünftigen Studien aufzuklären.
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CHAPTER I: INTRODUCTION
1. Proteasomes - more than amino acid recycling
1.1 The ubiquitin-proteasome system (UPS)
The UPS is the major proteolytic system in eukaryotes responsible for regulatory and quality-control
protein degradation to maintain cellular homeostasis1-4. Thereby, the UPS affects nearly every cellular
function including cell cycle control, apoptosis, inflammation, transcription, and many other biological
processes5,6. A protein is usually targeted for degradation by the UPS by the covalent conjugation of
polyubiquitin chains to one or more of its lysines. This attachment is promoted by a cascade of three
enzymes, known as E1, E2, and E3. Initially, a ubiquitin-activating enzyme (E1) forms a high-energy
thioester bond between the C-terminal glycine residue of ubiquitin and the active site cysteine of E1 in an
ATP-dependent manner. The activated ubiquitin is then transferred to one of several ubiquitin-conjugating
enzymes (E2) and finally attached to the substrate’s lysine, a step which is mediated by the ubiquitin ligase
(E3). Additional ubiquitin molecules can be ligated to the initial ubiquitin via one of its seven lysines or its
N-terminus, respectively. Polyubiquitin chains must contain a minimum of four ubiquitin molecules in
order to be efficiently recognized by the proteasome7.

1.2 Role of the UPS in MHC class I antigen presentation
The T cell arm of the adaptive immune system recognizes peptides derived from partial intracellular
proteolysis. Peptides generated by lysosomal degradation of endocytosed proteins are loaded onto major
histocompatibility complex (MHC) class II molecules expressed on the surface of professional antigen
presenting cells (APCs) and recognized by cluster of differentiation (CD)4+ T helper (Th) cells. At the same
time, the end products of proteolysis of intracellular proteins by the UPS build the dominant source of
antigens for MHC class I binding. The latter process allows CD8+ cytotoxic T lymphocytes (CTLs) to monitor
cellular integrity (Figure 1)1,8. Hence, by providing a continued sampling of intracellular proteins, the
proteasome plays a key role for the immune system. An interesting link, termed cross-presentation, exists
between the two pathways, whereby exogenous antigens are presented on MHC class I molecules. Crosspresentation is essential for the initiation of immune responses to tumors and to viruses that do not infect
antigen presenting cells9,10. However, besides peptides resulting from proteasomal degradation of mature
proteins, the major source of MHC class I-associated antigens seem to originate from defective ribosomal
products (DRiPs)11-13. More recently, Vigneron et al. discovered an alternative source of MHC class I
antigenic peptides which are not encoded in the genome but generated by a proteasome-mediated
14
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process called “protein splicing”14,15. Upon recognition of polyubiquitinated proteins, the proteasome
degrades its substrates into peptides of 2 to 30 amino acids of length16.

Figure 1: Antigen processing in the MHC class I-restricted pathwaya. Intracellular proteins are polyubiquitinated in
the cytoplasm and degraded by the 26S proteasome. The peptides that are produced are either of the ideal length
for binding to MHC class I molecules (8–9 amino acids) or are N-terminally extended precursors that can be further
cleaved by aminopeptidases in the cytoplasm (such as leucine aminopeptidase, puromycin-sensitive aminopeptidase,
bleomycin hydrolase and tripeptidyl peptidase II). Chaperones (such as heat shock protein 70 (HSP70), HSP90α and
TriC) can stabilize the peptides in the cytoplasm to prevent their rapid degradation. Transporter associated with
antigen processing (TAP)1 and TAP2, which are attached to nascent MHC class I chains through tapasin, transport the
peptides into the endoplasmic reticulum (ER), where they can be further trimmed at the N-terminus by ER
aminopeptidase (ERAP)1 and ERAP2. The oxidoreductase ERp57 ensures the maintenance of disulfide bridges in the
MHC class I loading complex. Note that the C-terminus of a peptide ligand for MHC class I molecules is mainly
determined by proteasomal cleavage. The binding of peptides with high affinity to the MHC class I heavy chain–β2microglobulin (β2m) complex induces and final folding and release of the MHC class I molecule from the ER lumenal
chaperone calreticulin to allow exit from the ER and migration through the Golgi to the plasma membrane where the
peptide is presented to the immune system. TCR, T cell receptor.

Although proteasomes are required for MHC class I antigen presentation, they actually destroy many more
peptides than they generate18. Only 10-15% of the produced peptides are of the appropriate size for MHC
class I antigen presentation while most of them are too short to fit into the binding cleft of MHC class I
molecules16. Such peptides are rapidly hydrolyzed by cytosolic peptidases thereby supplying amino acids
for the synthesis of new proteins3,4,18. While proteasomal cleavage defines the C-terminal residue of
antigenic peptides a substantial fraction of peptides is produced as N-terminally extended precursors
which can be further trimmed by cytosolic aminopeptidases8,19-22. In order to be presented on the cell
surface, cytosolic peptides need to gain access to MHC class I molecules localized in the endoplasmic
a

Figure and legend adapted and modified from 17.
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reticulum (ER). Thus, proteasome generated peptides are transferred into the lumen of the ER by a
dedicated transporter named transporter associated with antigen processing (TAP) which was found to
prefer binding and transport of N-extended antigenic peptides23-26. Inside the ER, those peptides can be
further processed by ER-resident peptidases, and peptides of an appropriate size and sequence will then
be transferred onto MHC class I molecules, a process mediated by the so-called MHC class I peptide loading
complex (Figure 1)22,27-30. TAP is one subunit of this approximately 1 MDa complex which increases the
efficiency of peptide loading by clustering the relevant molecules that are involved in MHC class I loading
in a single location. The loading complex includes three or four copies of the dedicated molecular
chaperone tapasin, each bound to a peptide-receptive MHC class I molecule, and one copy each of the
general purpose molecular chaperones calreticulin and ERp5731. In order to bind stably to MHC class I
molecules, antigenic peptides must be of precise size (8-10 amino acids) and contain hydrophobic or basic
C-terminal anchor residues32. The appropriate length of antigenic peptides is determined by the geometry
of the peptide-binding groove which differs between MHC class I molecules due to the enormous allelic
polymorphism of MHC genes32,33. Binding of high affinity peptides induces the release of MHC class I
peptide complexes which are finally displayed at the cell surface for scrutiny by CTLs, the major sentinels
poised to rapidly recognize and destroy cells expressing mutant, infectious, or tumor-derived proteins.
It is the presentation of antigenic peptides derived from such altered proteins on MHC class I molecules
that marks cells for CTL recognition. The sensitivity of CTLs, which can be activated by target cells
expressing very few (1-100) peptide-MHC class I complexes, enables the detection of only subtle changes
in the cellular protein content34. At the same time, the repertoire of peptides displayed by MHC class I
molecules at the cell surface depends on proteasome activity which may vary according to the presence
of proteasome subtypes and regulators (see 1.3).

1.3 The different faces of 26S proteasomes
The 26S proteasome is a large (2.6 MDa), evolutionary conserved protease complex found in the nucleus
and cytoplasm of all eukaryotic cells and is responsible for the ATP-dependent degradation of the bulk (8090%) of cellular proteins1,6,35. Although the 26S proteasome is often considered as a single entity of
invariant structure and dedicated function, it exists in different forms with distinct functional features
(Figure 2). In the strictest canonical model, the subunits of the 26S proteasome are organized into two
functionally distinct sub-complexes: the catalytic 20S proteasome (also called the core particle (CP)) (see
1.3.1) and the 19S regulatory particle (RP), also called proteasome activator (PA) 700 (see 1.3.6).
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Figure 2: The dynamic proteasome. A) The 20S core exists in at least three forms (constitutive, immuno-, and
thymoproteasome) which differ in the composition of the catalytic subunits located in β rings. B) Regulatory proteins
including PA700, PA200, PA28αβ, PA28γ, and PI31 that bind to 20S α rings affect the function of the 20S proteasome
and determine substrate specificity. C) Possible combinations of 20S proteasome core with proteasome activator
complexes.

However, besides standard (also called constitutive) proteasomes, cells may contain immunoproteasomes
(see 1.3.2), intermediate/mixed proteasomes (see 1.3.3), thymoproteasomes (see 1.3.4), and
spermatoproteasomes (see 1.3.5). Moreover, proteasome activity is regulated by the association with
distinct regulatory proteins apart from the 19S RP as for example the PA28 regulators (see 1.3.6). These
modifications of proteasome expression and functionality might resemble an evolutionary process to
adapt to variable conditions and functional needs of our body36.

1.3.1 Constitutive 20S proteasomes
The constitutive 20S proteasome is a barrel-shaped 700 kDa particle that consists of 28 subunits arranged
into four stacked rings37. The outer two rings of the CP are made up of seven different α subunits (α1-7)
which lack proteolytic activity but regulate access of substrates to the interior space of the CP by occluding
the entrance with N-terminal tails. The α rings provide binding sites for the RP and other proteasome
activators and occupancy of these sites allows opening and entrance of substrates to the proteolytic
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chamber of the CP5,38-40. The inner two rings are each composed of seven distinct β subunits comprising a
central chamber where proteolysis occurs. In eukaryotes, three of the β subunits in each ring designated
as β1 (δ, Y), β2 (MC14, Z), and β5 (MB1, X), bear the catalytically active sites of the 20S proteasome. They
belong to the N-terminal nucleophile (Ntn) hydrolase family and are characterized by an N-terminal
threonine (Thr-1) providing the nucleophile (γ-hydroxyl group of Thr-1) for the cleavage of peptide bonds
at the C-terminal side after acidic, basic, and hydrophobic amino acids. These activities have been classified
as the caspase-like activity which is carried by β1, the trypsin-like activity of β2, and the chymotrypsin-like
activity assigned to β5, respectively.

1.3.2 Immunoproteasomes
During an infection and/or in the presence of interferon (IFN)-γ, the catalytically active β subunits β1, β2,
and β5 of the proteasome are replaced by their inducible counterparts i.e. low molecular mass polypeptide
(LMP)2 (β1i, proteasome subunit beta type (PSMB)9), multicatalytic endopeptidase complex-like (MECL)1 (β2i, PSMB10), and LMP7 (β5i, PSMB8), respectively17,41-54. This leads to the formation of the so-called
“immunoproteasome” which is constitutively expressed in cells of hematopoietic origin, especially in
lymphocytes and monocytes17,45,48,54. The IFN-γ-inducible expression of immunoproteasome subunits is
mediated by interferon regulatory factor (IRF)-1 and signal transducers and activators of transcription
(STAT)144,55-57. Hence, type-I interferons might also upregulate the inducible subunits, however, higher
concentrations of type-I interferons compared to IFN-γ are required in order to achieve similar expression
of immunoproteasomes45. In contrast to IFN-γ, other cytokines like interleukin (IL)-1, IL-4, IL-6, or tumor
necrosis factor (TNF)-α seem to be unable to increase immunoproteasome protein levels, although TNF-α
has been previously reported to either alone or synergistically with IFN-γ induce LMP7 expression41,44,58-62.

Immunoproteasome formation and tissue expression
Similar to standard proteasomes, the immunoproteasome is assembled in a stepwise manner. However,
when both constitutive and inducible β subunits are present at the same time, the cooperative biogenesis
of immunoproteasomes occurs preferentially over that of constitutive 20S proteasomes. In contrast to the
assembly pathway of constitutive proteasomes, LMP2 and MECL-1 are simultaneously incorporated ahead
of all other β subunits in a cooperative manner. Upon formation of an assembly intermediate containing
an α ring, LMP2, MECL-1, β3, and β4, LMP7 is incorporated into the pre-immunoproteasome which might,
in contrast to the constitutive proteasome biogenesis, occur independently of the presence of β463-68. For
the incorporation of LMP7 into newly synthesized 20S complexes the presence of MECL-1 and LMP2 is not
required, however, LMP7 it is integrated preferentially over β5 into proteasomes containing LMP2 and
MECL-1 precursors. By the removal of the propeptides of the inducible subunits, thereby uncovering their
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catalytic activity, LMP7 accelerates the maturation of immunoproteasomes. In LMP7-deficient cells, β5 is
compensatorily incorporated into 20S complexes, however, this leads to reduced levels of mature
immunoproteasomes63,65,69,70. The favored biogenesis of immunoproteasomes might additionally be
explained by the higher affinity and preferential interaction between the proteasome maturation protein
(POMP), which is also transcriptionally regulated by IFN-γ, and LMP7 compared to β571,72.
LMP2, MECL-1, and LMP7 are tissue-specific proteins which are constitutively expressed in cells of
hematopoietic origin like T cells, B cells, monocytes, macrophages, dendritic cells (DCs), or in medullary
thymic epithelial cells (mTECs). Thus, the spleen has the highest level of baseline immunoproteasome
levels and activity compared to other organs44,54,73. In other tissues, however, immunoproteasome
formation strongly depends on its induction by IFN-γ. The immunoproteasome was shown to assemble
approximately four times faster and to possess a much shorter half-life than the standard proteasome
indicating that its expression is a tightly controlled mechanism which can rapidly return to basal levels
once its presence is no longer required72. The relative instability of immunoproteasomes might suggest
that ongoing or long-term immunoproteasome expression could actually be detrimental to the host.
Indeed, Kremer et al. found that intracranial infection with LCMV led to only limited immunoproteasome
formation in the brain which was restricted to microglia and to an accumulation of immunoproteasome
precursors in the central nervous system (CNS)74. This might represent a post-translationally regulated
mechanism that prevents abundant and inappropriate immunoproteasome assembly in the brain and may
contribute to the protection of poorly regenerating cells of the CNS from immunopathological destruction.
Previously, tissue-specific antigen processing by 20S proteasomes was suggested as a potential mechanism
to prevent the development of CTL-mediated autoimmune diseases75,76. Thereby, CD8+ T cells are mainly
primed by DCs that contain high levels of immunoproteasomes meaning that they only recognize and react
to peptides generated by immunoproteasomes which are, in turn, only induced under inflammatory
conditions. This could prevent accidently activated self-reactive bystander CTLs in inflamed tissues from
finding the same self-epitopes elsewhere in the body75,77,78. In non-inflamed tissues, CTLs are not properly
reactivated since MHC class I antigens are mainly produced by constitutive proteasomes and presented in
the absence of costimulation and cytokines which ultimately leads to T cell anergy. This hypothesis was
recently supported by Zaiss et al. who observed early-stage multiorgan autoimmunity in LMP7/MECL-1
double deficient mice following irradiation and bone marrow transplantation79.

Immunoproteasome subunits determine the proteasome’s peptidase activities
The inducible subunits LMP2, MECL-1, and LMP7 are homologous to the constitutive catalytically active
subunits of the 20S proteasome and immunoproteasomes degrade proteins as efficiently as standard
proteasomes20,80-83. The incorporation of the inducible β subunits into 20S proteasomes, however, leads
to a marked change in the peptide cleavage pattern with reduced caspase-like and enhanced trypsin- and
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chymotrypsin like activities20,41,81,84-90. The increased propensity of immunoproteasomes to cleave after
basic or hydrophobic C-terminal residues results in the generation of peptides with high affinity for MHC
class I molecules. Thereby, immunoproteasomes play an important role in MHC class I antigen
presentation8,81,90,91.
The improved efficiency in producing MHC class I ligands by immunoproteasomes was explained by the
substitution of β1 by LMP2, resulting in the elimination of the caspase-like activity. The incorporation of
LMP2, which is shortened by one residue in the region of 113-124 and features four conserved
substitutions (T29V, T31F, R45L, and T52A) compared to β1, leads to an increased hydrophobicity and to
a decreased size of the S1 pocket. Consequently, peptide bond hydrolysis occurs preferentially after small
hydrophobic residues resulting in peptides with non-polar C-termini and higher affinity for MHC class I
molecules37,84,87,92,93. In contrast to LMP7, however, LMP2-deficiency has no influence on MHC class I
surface expression94,95.

MECL-1 (in contrast to LMP2 and LMP7) is not encoded in the MHC cluster and its substrate binding pocket
was found to be identical to that of β2 except for the substitution of Asp53 (β2) by Glu (MECL-1)37,49,51,96.
Corroboratively, Basler et al. could show that proteasomes of MECL-1-/- cells display no difference in
cleavage after basic amino acids (trypsin-like activity) compared to MECL-1-proficient proteasomes97.
Apparently, the enhanced incorporation of the constitutive β2 subunit into MECL-1-deficient proteasomes
can compensate for the loss of MECL-1 with respect to the trypsin-like activity fitting to the fact that the
incorporation of MECL-1 does not alter the S1 pockets of 20S proteasomes37,98. Hence, the biological effect
of the incorporation of MECL-1 is not fully understood so far.
Interestingly, neither MECL-1- nor LMP2-deficiency have an influence on MHC class I surface levels,
whereas LMP7-/- cells display considerably decreased surface MHC class I expression94,95,98 indicating that
LMP7 enhances the generation of MHC class I ligands. Overexpression of LMP7 in transfected HeLa cells
yielded a 36% increase in the chymotrypsin-like and a 22% increase in the trypsin-like activity,
respectively85. A contradicting result was obtained by the analysis of purified 20S proteasomes of LMP7-/mice where LMP7-deficiency led to an enhanced incorporation of the β5 subunit and an approximately
threefold enhancement of the chymotrypsin-like activity69. In 1995, two different studies showed that
overexpression of LMP7 in murine fibroblasts and human T2 cells does not cause a significant change in
the chymotrypsin-like, the trypsin-like, or the caspase-like activity99,100. However, besides a conserved
hydrophobic character of the S1 pocket of LMP7, Groll et al. found an increased hydrophilicity of the active
site and additional hydrogen bonds modulating the oxanion hole thereby kinetically favoring peptide
hydrolysis. These changes might lead to a dominant active site of LMP7 within immunoproteasomes and
might explain the outstanding role of LMP7 in antigen presentation101.

20

Chapter I: Introduction

Impact of immunoproteasomes on MHC class I antigen presentation
Several hints, including the fact that LMP2 and LMP7 are encoded in the MHC gene locus, suggest a role
of immunoproteasomes in regulating immune responses via optimization of MHC class I antigen
processing102-104. Indeed, immunoproteasome function seems to be crucial for a variety of CTL host
responses to pathogenic infections75,105,106. Priming of naive CTLs is critically dependent on mature DCs
which express a unique set of cytokines and costimulatory molecules to induce immune responses against
foreign and abnormal peptides presented on MHC class I molecules. Mature DCs mainly contain
immunoproteasomes and intermediate proteasomes but very little constitutive proteasomes77,107.
Consequently, CD8+ T cell responses are mostly induced against peptides specifically produced by
immunoproteasomes (and intermediate proteasomes) (see 1.3.3). Hence, the MHC class I ligand pool
generated by the immunoproteasome is not only distinct from but also more efficient in CTL activation
than the ligand pool produced by the constitutive proteasome75,89,90,95,108-111. Moreover, the
immunoproteasome was shown to shape the naive T cell repertoire by affecting T cell selection in the
thymus108,112,113.
However, by analyzing single immunoproteasome-deficiencies (in contrast to the complete lack of
inducible subunits90,114), it appeared that the immunoproteasome is not generally required to induce CD8+
T cell host responses but its specific effect seems to depend on the pathogen and site of infection (see
Table 3). For example, while LMP2-/- mice display a reduced frequency of influenza nucleoprotein-specific
CTLs, they generated a normal response to Sendai virus94. Similar to LMP2, the lack of LMP7 only affects a
minor part of the bulk of MHC class I ligands. For example, the endogenous male-specific minor
histocompatibility antigen HY, the lymphocytic choriomeningitis virus (LCMV)-specific epitopes GP33-41, and
multiple murine cytomegalovirus (MCMV)-derived CD8+ T cell epitopes are presented inefficiently in cells
lacking LMP7 whereas other epitopes like the M58-66 epitope of influenza virus were found to be generated
independently of LMP795,115-118. Moreover, Strehl et al. have reported that mice lacking LMP7 exhibit
normal frequencies of Listeria monocytogenes-specific CD8+ T cells and show normal pathogen clearance
in the spleen, whereas CTL-mediated elimination of L. monocytogenes from non-lymphoid tissue seems to
be significantly impaired in these mice119. Another study demonstrated that, in contrast to wild type (WT)
mice, LMP7-deficient mice succumb to infection with the protozoan parasite Toxoplasma gondii due to
decreased production of IFN-γ by parasite-specific CD8+ T cells (see Table 3)120.
Immunoproteasomes are constitutively expressed in the mTECs thereby influencing negative selection of
T cells in the thymus (see 1.3.4). Thus, the effects on CTL responses have been attributed to both, changes
in antigen presentation in the periphery and differences in the CTL precursor frequency108,118. For example,
reduced NP366–374-specific CTLs in LMP2-/- mice have been shown to result from a decrease in the precursor
frequency of these cells112. Also for MECL-1 a critical role in codetermining the T cell repertoire for an
antiviral CTL response was reported. Basler et al. observed that MECL-1 knockout mice exhibit lower
numbers of CD8+ lymphocytes and a reduction of the CTL response to the LCMV epitopes GP276-286 and
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NP205-21297. However, in experiments with mixed bone marrow chimeras, Sijts et al. demonstrated that the
reduced number of CD8+ lymphocytes in MECL-1-/- mice is not due to an altered T cell selection in the
thymus but that MECL-1 regulates the homeostatic expansion of T cells through direct effects on T cellintrinsic processes121.
Noteworthy, while many peptides are better produced by the immunoproteasome, some antigens are
actually destroyed and only processed efficiently by standard or intermediate proteasomes77,122-125. Many
of the epitopes processed inefficiently by the immunoproteasome are derived from self-proteins which
are probably important for the generation of anti-tumor immunity126. However, it has been shown that
LMP2 and LMP7 negatively affect the generation of the subdominant LCMV-specific epitope GP276-286.
Hence, the immunoproteasome appears to play a major role in establishing immunodominance hierarchy
of CTL responses in vivo108,112,118.
Mice deficient for one immunoproteasome catalytic subunit have relatively modest changes in antigen
presentation. However, studying triply deficient mice (mice genetically lacking LMP2, MECL-1, and LMP7
immunosubunits) led to the assumption that the crucial role of immunoproteasomes in shaping MHC class
I antigen presentation and CD8+ T cells responses was underestimated. Similar to LMP7-/- mice, MHC class
I surface expression in triply deficient mice was reduced by approximately 50% and antigen presenting
cells of these mice displayed profound defects in MHC class I antigen presentation90,95. Most investigated
epitopes were poorly presented in cells completely lacking immunoproteasome subunits, except for the
LCMV-derived epitope GP276–286 which elicited a significantly increased CTL-response in LCMV infected
triply deficient mice. An increased presentation of this T cell epitope was already observed in LMP2 and
LMP7 single deficient mice, whereas MECL-1-deficient mice demonstrated a decreased GP276–286-CTLresponse due to alterations in the T cell repertoire97,118,127. Mass spectrometric analysis of MHC class I
bound peptides on splenocytes derived from triply deficient or WT mice revealed marked changes in the
MHC class I peptide repertoire which were sufficient to cause triply deficient mice to reject WT cells90,105.

Antigen-independent functions of immunoproteasomes
Beyond its role in shaping the antigenic peptide repertoire presented by MHC class I molecules, the
immunoproteasome was supposed to exert additional functions in regulating immune responses. For
instance, upon adoptive transfer, T cells of immunoproteasome-deficient mice failed to proliferate in
response to viral infection of WT recipient mice despite the robust proliferation of host T cells108,128. The
possibility of rejection due to reduced MHC class I levels or altered peptide repertoire was ruled out by
several arguments: 1. LMP2- and MECL-1-deficient cells do not express reduced levels of MHC class I
complexes94,95, 2. transplanted skin of LMP7-deficient mice was not rejected by WT recipients88, 3.
immunoproteasome-deficient T cells survived to the same extent compared to WT cells up to day 10 after
transfer into naive recipients128, 4. there is no major change in the specificity of proteasomal cleavage in
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MECL-1-/- mice97, and 5. only CD8+ T cells but not co-transferred B220+ B cells were rejected. Interestingly,
these observations were true for both, CD4+ and CD8+ T cells. Therefore, the impact of
immunoproteasome-deficiency on T cell survival could not be related to MHC class I antigen processing.
Based on this, it appears as if the immunoproteasome is required for the viability of activated T cells in a
pro-inflammatory environment which makes it a promising drug target for the suppression of overactive
T cell responses, for example in the context of autoimmunity (see 1.3.7). In fact, several recent human
genetic studies support the notion that immunoproteasomes are involved in inflammatory disorders105,129.
For example, genetic mapping of patients with an autosomal-recessive autoinflammatory “JMP” syndrome
(Joint contractures, Muscle atrophy, microcytic anemia, and Panniculitis-induced childhood-onset
lipodystrophy) revealed a point mutation (T75M) in PSMB8 (the gene encoding for LMP7) leading to a
disruption of the tertiary structure of LMP7130. Moreover, several distinct mutations of PSMB8 were
recently reported to cause “CANDLE” syndrome (Chronic Atypical Neutrophilic Dermatosis with
Lipodystrophy and Elevated temperature)131,132. Patients bearing a G176V mutation in the PSMB8 gene,
suffered from a newly recognized type of Japanese autoinflammatory syndrome with lipodystrophy
(JASL)133. The mutation manifested in low LMP7 expression which caused increased p38 phosphorylation
and IL-6 production. Similarly, Arima et al. found that a G201V mutation in the PSMB8 gene causes the
autoinflammatory disorder Nakajo-Nishimura syndrome134. The mutation disrupts the β-sheet structure
of LMP7, resulting in accumulation of polyubiquitinated and oxidized proteins within cells expressing
immunoproteasomes.
In fact, the immunoproteasome was demonstrated to be induced upon oxidative stress and to play a
critical role in the removal of oxidized proteins under oxidative stress and to maintain protein
homeostasis135-138. Oxidative stress is defined as an imbalance between pro-oxidants and anti-oxidants,
resulting in increased release of free radicals and subsequent accumulation of damaged proteins which
can in turn lead to formation of harmful protein aggregates causing apoptosis139. Due to its rapid induction
properties and the enhanced proteolytic activities compared to the standard proteasome, the
immunoproteasome was supposed to be superior in efficiently removing the oxidatively damaged
proteins135. Corroboratively, immunoproteasome-deficiency was correlated with increased oxidized and
polyubiquitinated proteins and to cause a more severe oxidative damage of the CNS resulting in
aggravated clinical outcome of EAE in LMP7-deficient mice136,140. Moreover, during coxsackievirius B3
(CVB3)-induced myocarditis LMP7-/- mice developed more severe myocardial tissue damage compared to
WT mice which was also attributed to an accumulation of polyubiquitin conjugates and oxidatively
damaged proteins leading to apoptotic cell death (see Table 3)141. On the other hand, it remains elusive
how immunoproteasome subunits should control substrate access to the proteolytic chamber especially
since the crystal structures do not reveal any differences in the α rings where regulators putatively
affecting entry of polyubiquitinated proteins may bind101. In contrast, Nathan et al. found that the
immunoproteasome and the constitutive proteasome do not differ in their ability to bind and to degrade
polyubiquitinated proteins80. They neither observed an increase of polyubiquitin conjugates in LMP7-/23
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murine embryonic fibroblasts (MEFs) treated with IFN-γ nor an enhanced susceptibility of LMP7-deficient
mice to EAE. Moreover, there was no increase in the amount of polyubiquitinated proteins neither in
splenocytes from triply immunoproteasome-deficient mice nor in MOLT-4 cells treated with an LMP7selective inhibitor, further arguing against a more efficient degradation of polyubiquitinated proteins by
immunoproteasomes compared to constitutive proteasomes90,117.
However, beyond the controversial findings with respect to their role in oxidative stress responses and the
maintenance of cellular homeostasis, the impact of immunoproteasomes on inflammatory immune cell
functions is well established. Major breakthrough for the investigation of the role of the
immunoproteasome in inflammatory disorders was achieved with the help of an LMP7-selective
immunoproteasome inhibitor (ONX 0914 (formerly called PR-957), Onyx Pharmaceuticals) (see 1.3.7).
Inhibition of LMP7 (but not of β5) in human peripheral blood mononuclear cells (PBMCs) blocked the
production of several pro-inflammatory cytokines including IL-6, IL-23, and TNF in vitro117. The suppression
of IL-23 and IL-6 is intriguing given that these cytokines have a key role in the differentiation and
maintenance of Th17 cells, which are known to be involved in the pathogenesis of several autoimmune
diseases142-144. Indeed, it was shown that LMP7 inhibition suppressed the differentiation of naive CD4+ T
cells into Th1 and Th17 cells under polarizing conditions in vitro while it did not affect the differentiation
into Th2 cells117,145. Moreover, they found that ONX 0914 promoted the generation of regulatory T cells
(Tregs) which account for peripheral tolerance and are known to counteract auto-reactive T helper cells145.
Correspondingly, ONX 0914 was shown to attenuate and prevent the progression of autoimmune diseases
in animal models for T cell-mediated rheumatoid arthritis, Hashimoto’s thyroiditis, and inflammatory
bowel disease (see Table 3)105,117,145-149. The efficacy of ONX 0914 in the T cell-independent collagen
antibody-induced arthritis (CAIA) model highlights the immunoregulatory role of immunoproteasomes
apart from antigen presentation117. Likewise, ONX 0914 was shown to block disease progression of SLE by
targeting two critical pathways of disease pathogenesis, namely type I interferon activation, and
autoantibody production by plasma cells150. Hence, selective inhibition of immunoproteasome appears to
be a promising novel treatment strategy for inflammatory disorders with diverse pathophysiologies.
In spite of the increasing evidence for cell intrinsic roles of the immunoproteasome for T cell survival and
autoimmune pathology, the underlying cellular mechanisms are poorly understood. One obvious
mechanism could represent the activation of the transcription factor nuclear factor-κB (NF-κB) which plays
a central role in the induction of genes involved in inflammatory responses, cell growth, differentiation,
and survival151. Proteasomal degradation of the inhibitor of NF-κB (IκB) is a key initial step in activating the
canonical NF-κB pathway152. However, whether the immunoproteasome plays an essential role in IκB
degradation and canonical NF-κB activation has been a controversial question for over a decade153-157.
Recently, using selective inhibitors of the immunoproteasome, two groups could independently
demonstrate that the immunoproteasome is not essential for the canonical NF-κB pathway117,158. In search
of the underlying mechanism for the immunoproteasome’s impact on T helper cell differentiation, Kalim
et al. found that under polarizing conditions in vitro the selective inhibition or the genetic deficiency of
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LMP7 suppressed phosphorylation of STAT1 and STAT3, which drive the differentiation of naive T cells into
Th1 and Th17, respectively, and enhanced SMAD phosphorylation in Tregs145. Accordingly, STAT1 and
STAT3 phosphorylation was also affected in lipopolysaccharide (LPS) stimulated macrophages of
LMP7/MECL-1 double-knockout mice159. However, further work is required to pinpoint the molecular
mechanism of immunoproteasome inhibition on the regulation of immune responses.

1.3.3 Intermediate proteasomes
Incorporation of the three immunosubunits into the 20S proteasome occurs in a cooperative mechanism
that favors the assembly of homogeneous "immunoproteasomes". However, there is evidence for the
existence of “mixed” (also called intermediate) proteasomes containing only one (LMP7) or two (LMP2
and LMP7) inducible β subunits. Noteworthy, Guillaume et al. did not find intermediate proteasomes that
only contain MECL-1. The fact that LMP7 is required for the maturation of LMP2 and MECL-1 might explain
why all intermediate proteasomes were found to contain LMP763,64,77,160. Interestingly, intermediate
proteasomes represent, depending on the organ, 30-50% of the total proteasome content. The fact that
they are, among immunoproteasomes, highly abundant in dendritic cells and bear different cleavage
properties in the generation of class I peptides suggest that they might play an important role in shaping
CD8+ T cell responses. Indeed, Zanker et al. reported that intermediate proteasomes increase viral peptide
diversity and broaden antiviral CTL response to influenza virus77,125,161.

1.3.4 Thymoproteasomes
The interest for immunoproteasome-dependent shaping of the naive T cell repertoire was strengthened
by the discovery of β5t, a seventh catalytically active subunit of proteasomes which is not IFN-γ inducible
but homologous to the β5 and β5i subunit162,163. β5t is exclusively expressed in cortical thymic epithelial
cells (cTECs) and incorporated into proteasomes containing β2i and β1i thereby building so-called
“thymoproteasomes”. Immature T cells develop and gain their antigen-specificity within the thymus and
those T cells which recognize self-MHC molecules expressed in the thymic cortex are positively selected
and survive. Negative selection occurs when T cells which express TCRs with too high affinity for selfpeptide/MHC complexes undergo apoptosis in order to prevent autoimmunity. Negative selection is
mediated by DCs and mTECs which constitutively express immunoproteasomes164,165. Thymoproteasomes,
however, were shown to have reduced chymotrypsin-like activity which is supported by the fact that the
S1 pocket of β5t bears hydrophilic amino acids, while that of β5 or LMP7 is lined by hydrophobic
residues166. Thymoproteasomes were therefore thought to predominantly produce low affinity
qualitatively distinct MHC class I ligands in cTECs supporting the idea that β5t plays a pivotal role in positive
selection and development of CD8+ T cells in the thymus166-169. Indeed, the selection of mature CD8+ T cells
was reduced by 80% in β5t-/- mice, leading to a similar reduction of CTLs in the spleen. Consequently, β5t25
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deficient mice succumbed to an influenza virus infection that WT mice survived167,168. On the other hand,
β5t was disproved to influence the half-life of MHC class I/peptide complexes disagreeing with the idea
that cTECs carry unstable MHC complexes for positive selection32,167,170. Several hypotheses, how
thymoproteasomes might influence positive T cell selection, are currently discussed. Hence, a more
detailed peptide repertoire analysis will help to understand its role in the formation of an
immunocompetent T cell repertoire78,122,164. Interestingly, Takada et al. reported that TCR affinity for
thymoproteasome-dependent positively selecting peptides conditions antigen responsiveness in CD8+ T
cells. Positive selection in the absence of thymoproteasomes resulted in diminished TCR responsiveness,
defective maintenance of the peripheral naive T cell compartment, and alteration of immune responses
to pathogens171.

1.3.5 Spermatoproteasomes
The most extensive tissue-specific alteration of proteasome subunit composition has been reported for
the testes and in particular for spermatids66,78,172. Spermatogenesis represents a highly regulated and
complex succession of cell division and differentiation events resulting in the continuous formation of
spermatozoa. Thus, the differentiation from spermatogonial stem cells to mature sperms requires precise
expression of enzymes and structural proteins which is not only accomplished by regulation of gene
transcription and translation, but also by targeted protein degradation66. Testes consist of multiple cell
types including spermatogonia, spermatocytes, spermatids/sperm, Sertoli cells, and Leydig cells, all of
which are representing distinct differentiation stages of male germ cells173. The existence of testes-specific
proteasome subunits was first described for Drosophila melanogaster by Belote et al., who found two
alternative α4-type proteasome subunits encoded by paralogous genes which are exclusively expressed in
the male germline174. Subsequent studies revealed that proteasome subunit gene duplications are
widespread in D. melanogaster. To date, 12 of the 33 subunits of the 26S proteasome are represented by
multiple paralogous genes. In each case, one form of each subunit is widely expressed at all developmental
stages and in all tissues (constitutive proteasome subunits), whereas all of the additional isoforms are
testes-specific175. This represents an unprecedented example of developmental regulation of alternative
proteasome subunit expression, and suggests that there might be a specialization of proteasome function
during spermatogenesis. So far, this hypothesis has been only addressed in more detail with respect to
α6T, Rpt3R and Rpt4R. Analyses of these subunits revealed an expression pattern limited to male germ
line cells during the mid to late stages of spermatogenesis, whereas only the conventional proteasome
subunits are expressed in the early gonial stages172,175-177. Strikingly, α6T- and Rpt3R-knockout mice were
found to exhibit a male-sterile phenotype, demonstrating that, at least for these cases, the testes-specific
proteasome subunit isoforms are necessary for normal spermatogenesis172,176. Besides testes-specific
proteasome subunits, also immunoproteasome subunits have been detected in the mammalian testis
proteasome. Qian et al. found that most “spermatoproteasomes” contain a spermatid/sperm-specific α
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subunit (α4s/proteasome subunit alpha (PSMA)8 and/or the catalytic β subunits of immunoproteasomes
as well as the proteasome activator PA200 (see 1.3.6)178. It appears that, in addition to the special subunit
composition of the 20S complex, the associated regulatory particles are also testes-specific. PA200 is
expressed in different mammalian tissues but it is particularly abundant in testes179, where PA200-capped
proteasomes are present as single or double-capped complexes or in the form of hybrid proteasomes that
carry both PA200 and the 19S regulator178. While PA200-/- mice are viable and show no obvious
developmental abnormalities PA200-deficient males exhibit a marked reduction of fertility due to
defective spermatogenesis which manifested in significant histological defects in spermatocytes, including
a high level of apoptosis180. A mechanistic explanation was recently suggested by Qian et al. who showed
that PA200 promotes the acetylation-dependent degradation of core histones during somatic DNA
damage responses and spermatogenesis178.

1.3.6 Proteasome regulators
PA700 (19S RP)
After opening the α ring gate, the 19S regulatory particle is responsible for the binding, deubiquitination,
unfolding, and translocation of substrates into the CP. The RP subunits have been subdivided into the lid
and the base assemblies which are distal and proximal to the CP, respectively. The ten subunits of the base
comprise six paralogous ATPases associated with a variety of cellular activities (AAA)-ATPases (Rpt1-6) that
form a heterohexameric ring and four non-ATPase subunits Rpn1, 2, 10, and 13. The ATPase ring directly
contacts the surface of the CP α-ring and provides the ATP-dependent unfolding force that is required for
the translocation of protein substrates into the CP for degradation. The base subunits Rpn1 and Rpn2
provide a link between the lid sub-complex and the ATPase ring of the base and serve as molecular
scaffolds that mediate binding of a variety of factors. The base proteins Rpn10 and Rpn13 serve as ubiquitin
receptors recognizing ubiquitinated proteins. The lid forms the distal mass of the 19S regulatory complex
and is composed of nine non-ATPase subunits Rpn3, 5-9, 11, 12, and 15. Its main function is to
deubiquitinate the captured substrates catalyzed by the metalloisopeptidase Rpn115,66,181.

PA28 (11S RP)
Most eukaryotic cells contain multiple proteins that bind directly to the outer α rings of 20S proteasomes
as alternatives to PA700, thereby generating structurally different proteasome-regulatory complexes. One
additional regulator of the proteasome in higher eukaryotes is PA28, also known as REG or 11S regulator
which is comprised of two homologous IFN-γ inducible subunits PA28α and PA28β. These subunits form
heptameric rings (3α4β) that associate to one or both ends of the 20S proteasome in an ATP-independent
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manner182-185. Competing with the 19S regulator for binding, PA28αβ opens the α ring of the CP channel
and stimulates the proteasome’s peptidase activities, thereby enhancing its ability to degrade short
peptide substrates but not ubiquitin-conjugated proteins186-188. Thus, PA28-20S particles degrade proteins
at the same low rate as 20S particles alone. However, binding of PA28αβ appears to influence the cleavagespecificity of the 20S proteasome. In contrast to the previous assumption that binding of PA28αβ enhances
the production of 8-10 residue MHC class I ligands, PA28-20S particles were demonstrated to mainly
generate shorter peptides (<6 amino acids in length). However, PA28αβ binding seems to favor the release
of a small subset of hydrophilic N-terminally prolonged peptides with acidic C-termini188. It has been
reported that PA28αβ leads to an enhanced cell surface presentation of at least some specific peptide
antigens on MHC class I molecules99,185,189-195. Moreover, PA28αβ induction by IFN-γ leads to increased
formation of hybrid proteasomes (19S-20S-11S) probably extending the spectrum of produced antigenic
peptides and thus influencing the adaptive immunity196,197. In this regard, the finding that PA28αβ induces
the generation of a certain number of peptides with an acidic C-terminus is counterintuitive because these
products cannot bind efficiently to MHC class I molecules. However, several of the remaining peptides do
present the correct hydrophobic or basic C-terminal anchor residue required for association with the MHC
class I binding groove. Therefore, it seems plausible, that a substantial fraction of peptides specifically
released by PA28αβ-20S proteasomes might be critical in eliciting an effective CTL response. However, it
was also speculated that by promoting release of peptides that apparently cannot serve in class I antigen
presentation, PA28αβ might exert a regulatory function aimed at blunting excessive presentation of selfantigens, thus preventing the risk of potentially harmful autoimmune reactions188.

Other proteasome regulators
Other regulators of the 20S proteasome include the proteasome activators PA28γ (Ki antigen) and PA200
as well as the proteasome inhibitor PI31. PA28γ, a homologue of PA28α and PA28β, is a ring
homoheptamer without ATPase activity. It binds to 20S proteasomes in the nucleus, thereby primarily
stimulating the trypsin-like activity and suppressing the chymotrypsin-like activity198,199. Unlike PA28α/β,
PA28γ is not induced by IFN-γ and does not seem to play a role in immune responses but it is involved in
regulation of cell proliferation and tumorigenesis198,200-205. PA200, a 200 kDa monomer, binds six of the
seven α subunits of the cylinder end of the 20S proteasome thereby leading to channel opening and its
activation for peptide hydrolysis179,206,207. Thus, PA200 is supposed to play a role in optimal proteasome
function as well as in DNA repair and normal spermatogenesis (see 1.3.5)179,180,207. The proteasome
inhibitor (PI)31 is a proline rich protein of 31 kDa which is able to block proteasomal degradation208,209.
Recombinant PI31 was found to compete with the proteasome regulators PA28 and PA700 for binding to
20S, indicating that PI31 may function by hindering substrate access to the 20S catalytic channel209,210.
Moreover, PI31 was found to be localized in the nuclear/ER membrane blocking immunoproteasome
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maturation thereby interfering with MHC class I antigen presentation211.

1.3.7 Proteasome inhibitors
In order to circumvent concerns associated with traditional gene deletion strategies, biologically active
small molecules have been increasingly used to investigate functions of proteins. This approach is
particularly relevant for investigating the functions of the proteasome, given that the deletion of a single
proteasome subunit can, due to its scaffold function, influence the entire proteasome assembly
process63,68,158. During the last two decades, proteasome inhibitors served as valuable drugs for cell
biologists and immunologists to dissect the role of the proteasome in protein degradation and antigen
presentation212.

Structural classes of proteasome inhibitors
Proteasome inhibitors are structurally diverse and can be divided into two classes based on whether or
not they form a covalent bond with the active site threonine of the catalytically active β subunits. These
two classes can be subdivided into structural subclasses distinct from each other with respect to their
pharmacophore, an electrophilic trap that interacts with the active site threonine and a peptide moiety213.
The first inhibitors to study proteasome function were developed as peptide-aldehydes primarily targeting
the chymotrypsin-like activity of proteasomes214. Peptide aldehydes (e.g. MG-132) are rapidly reversible,
potent inhibitors and block proteasome activity by forming a hemiacetal with the hydroxyl group of the
active site threonines1,152,215. Importantly, serine and cysteine proteases like for example cathepsins and
calpains are also blocked by aldehyde proteasome inhibitors although to a lesser extent215. However,
aldehydes are oxidized rapidly in vivo and do not have systemic activity when used in mice216. Peptide
boronates are much more potent synthetic inhibitors of the proteasome than are the corresponding
aldehydes217. Boronates form tetrahedral adducts with active site threonines which are further stabilized
by a hydrogen bond between the α-amino group of the threonine and one of the hydroxyl groups of the
boronic acid, making them much more specific for proteasomes compared to serine proteases213,218.
Although boronates are reversible inhibitors, proteasome-boronate adducts have much slower
dissociation rates than proteasome-aldehyde adducts. Peptide epoxyketones are the most specific and
potent proteasome inhibitors known to date. Since the discovery of the natural products epoxomycin and
eponemycin as proteasome inhibitors, no off-target effects of these compounds have been found213,219,220.
Its specificity relies on a six-membered morpholine ring formed by the N-terminal threonine and
epoxyketone moiety of the inhibitor101,221. Thereby, the catalytic hydroxyl group first attacks the carbonyl
group of the pharmacophore. Then, the free α-amino group of the threonine opens up the epoxide and
completes the formation of the morpholine adduct. Thus, epoxyketones take specific advantage of the
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unusual catalytic mechanism employed by the proteasome213. A similar mechanism of inhibition is exerted
by peptide ketoaldehydes forming a six membered ring containing a hemiketal and Schiff base222. Thus,
these inhibitors represent highly specific, reversible, covalent inhibitors in contrast to all other classes
which are either irreversible (epoxyketones, β-lactones) or reversible but not specific (aldehydes). Other
proteasome inhibitor classes include β-lactone inhibitors, vinyl sulfones, and syrbactins, but also noncovalent or allosteric active proteasome inhibitors have been identified213,223.

Pharmacological development of proteasome inhibitors
Initially developed in order to intervene excessive proteolysis in muscle wasting disease and as antiinflammatory agents, proteasome inhibitors were found to cause apoptosis selectively in transformed
cells212,224-226. Bortezomib (Velcade®, Millenium Pharmaceuticals), a reversible dipeptide boronate
inhibitor, was demonstrated to reduce the growth rate of xenograft tumors and displayed a remarkable
ability to block angiogenesis and to reduce metastasis227,228. Hence, phase I clinical trials were conducted
on a variety of solid tumors and hematologic malignancies229,230. Responses were particularly observed in
patients with multiple myeloma (MM) leading to focused phase II trials and rapid U.S. Food and Drug
Administration (FDA) approval as a third-line treatment for a relapsed and refractory disease of MM in
2003 and as a front-line treatment for newly diagnosed MM patients in 2008213,229,231.
Initially, it was assumed that the major molecular mechanism by which bortezomib mediates its anti-MM
activity involves inhibition of the NF-κB activation pathway, thereby down-regulating the expression of
several tumor-promoting factors like IL-6 and IGF-1 in bone marrow stromal cells (BMSCs)224,232-234,152,235.
However, this mechanism was disproved to be the major pathway responsible for bortezomib's activity.
MM cells are the most protein producers of all cell types secreting large amounts of IgG or IgA236,237, while
individual IgG chains that fail to properly fold or assemble are degraded by proteasomes via the
endoplasmic reticulum-associated protein degradation (ERAD) pathway. Thereby, the high rate of IgG
biosynthesis in MM cells puts an unusually high burden on the UPS of these cells and leads to permanent
ER stress. Hence, MM cells are, in contrast to patients’ normal cells, particularly sensitive to proteasome
inhibition-induced terminal unfolded protein response (UPR)238-240. Although bortezomib therapy is a
major advance, it has been associated with severe side effects like thrombocytopenia and neutropenia as
well as gastrointestinal disorders and the development of drug resistance229,231,241-244.
Nevertheless, the success of bortezomib led to the development of several second-generation proteasome
inhibitors (e.g. the peptide boronic acid inhibitors delanzomib (CEP-18770, Cephalon) and ixazomib
(MLN9708, Millenium Pharmaceuticals), the β-lactone inhibitor marizomib (NPI-0052, Nereus
Pharmaceuticals), and the epoxyketone inhibitors carfilzomib (Krypolis®, Onyx Pharmaceuticals) and
oprozomib (ONX 0912, Onyx Pharmaceuticals) all of which are also preferentially blocking the
chymotrypsin-like activity but with improved pharmacokinetics and -dynamics, increased chemical

30

Chapter I: Introduction
stability, different binding mechanisms, as well as reduced toxicities in the clinic213,223,245-249. For example,
carfilzomib has been approved by the FDA for the treatment of MM in 2012. The α’,β’-epoxyketone head
group results in higher specificity for the proteasome and less off-target effects compared to bortezomib.
Hence, carfilzomib therapy greatly reduced incidents of peripheral neuropathies compared to
bortezomib241,250-254. Due to the critical role of the UPS in the activation of NF-κB, proteasome inhibitors
have also been extensively studied in various animal models of inflammatory-related diseases212,213,255,256.
However, despite their promising therapeutic efficacies, many of these proteasome inhibitors are
frequently associated with narrow therapeutic windows or unwanted side-effects, possibly due to their
inhibitory effect on the constitutive proteasome in normal cells. At the same time, it has been recognized,
that immunoproteasomes are not only highly expressed in cells of hematopoietic origin but also
upregulated in a number of diseases including cancer and autoimmune disorders257-259. Thus, it was
suggested that inhibitors selectively targeting catalytically active immunosubunits may have the ability to
induce apoptosis only in hematological malignancies while sparing other tissues256,260. Intensive medicinalchemistry efforts led to the development of several LMP2-selective (eg. UK-101, ML604440, LU-001i) and
LMP7-selective (eg. ONX 0914, LU-005i, PR-924, LU-015i, and oxathiazolones) immunoproteasome
inhibitors (see Figure 3)117,261-263.

Figure 3: Subunit-specific proteasome inhibitorsb.

b

Figure adapted and modified from 240. Kisselev, A.F. & Groettrup, M. Subunit specific inhibitors of proteasomes

and their potential for immunomodulation. Curr. Opin. Chem. Biol. 23, 16-22 (2014).
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For example, ONX 0914 (Onyx Pharmaceuticals), the first LMP7-selective compound to be reported in the
literature, is a cell-permeable, irreversible tripeptide epoxyketone that selectively inhibits the LMP7
subunit of immunoproteasomes. The selectivity of ONX 0914 was determined using subunit specific
enzyme linked immunosorbent assay (ELISA) to quantify the occupied proteasome active sites in intact
cells. In a human leukemia cell line, ONX 0914 was demonstrated to be 20- to 40-fold more selective for
the LMP7 subunit than for the next most sensitive subunits, β5 or LMP2. The selectivity of ONX 0914 for
LMP7 was further verified using knockout mice lacking LMP7. Specifically, the inhibitory effect of ONX 0914
on the chymotrypsin-like activity was observed in WT animals, but not in LMP7-deficient mice117. The
molecular reason for the LMP7-selectivity of ONX 0914 has recently been elucidated by crystallographic
studies101. The S1 pocket of LMP7 is more spacious compared to that of β5. Thereby, the morpholine
derivative adduct formation between the active-site threonine and the pharmacophore of ONX 0914
would require a dislocation of Met45 in β5 which would in turn result in energetically unfavorable major
structural changes within the protein101,223. ONX 0914 was shown to reduce MHC class I surface expression
by approximately 50%, to block presentation of LMP7-specific MHC class I-restricted antigens, to lower
the production of proinflammatory cytokines such as IL-23, IL-6, and TNF-α, and to modulate T helper cell
differentiation in vitro (see 1.3.2)117,145. Interestingly, the influence on for example cytokine release was
demonstrated to be LMP7-specific since treatment with a β5-selective inhibitor (PR-825) did not show any
effect. This highlights the unique role for immunoproteasome subunits regarding immune responses and
suggests that the observed effects of dual β5/LMP7 inhibitors such as bortezomib and carfilzomib may
reflect immunoproteasome inhibition264,265. Strikingly, ONX 0914 was as effective as bortezomib in
reducing symptoms of nephritis in SLE, though with potentially less systemic toxicity150,266. Moreover,
LMP7 inhibition ameliorated the clinical outcome of several additional autoimmune diseases (see 1.3.2) at
doses of less than one tenth of the maximum tolerated dose (30 mg/kg), a therapeutic window that is not
achievable with non-selective inhibitors, rendering the immunoproteasome as a promising novel drug
target in hematological malignancies105.
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2. The Immune system: a double-edged sword in health and
disease
In basic terms, the immune system has two lines of defense that protect against disease: the innate and
the adaptive immunity. The innate immune response is a rapid, non-specific (antigen-independent)
mechanism to defend the host against intruding pathogens which does not confer long-term memory.
Adaptive immunity, on the other hand, is initiated in an antigen-specific manner and has the capacity for
immunologic memory enabling the host to mount a more rapid and efficient immune response upon
subsequent exposure to the pathogen. There is a great deal of synergy between the adaptive immune
system and its innate counterpart, and defects or malfunction in either system can provoke illness or
disease, such as immunodeficiency, inflammatory disorders, and cancer267.

2.1 Host defense against pathogens: Candida albicans
Only several hundred of the estimated 1.5 million fungal species that populate the planet establish
infection in humans while even a smaller number reside as commensals268,269. However, the incidence of
clinically relevant fungal infections has risen substantially in the past decades, largely due to increasing
numbers of immunocompromised hosts (secondarily to the increased prevalence of cancer, organ
transplantation, HIV infection, and autoimmune diseases). Medically important fungi include Histoplasma
capsulatum, Paracoccidiodes brasiliensis, Coccidiodes immitis and posadasii, Blastomyces dermatitidis,
Cryptococcus neoformans, Aspergillus fumigatus, Pneumocystis jirovecii, and Candida albicans270,271.
Candida albicans is a dimorphic commensal fungus found on the skin as well as in the gastrointestinal and
reproductive mucosa and can be isolated from the oral cavity of up to 80% of healthy individuals271-274.
However, when host defense mechanisms are weakened, C. albicans infections lead to oral and
oropharyngeal, vulvovaginal, mucocutaneous, or disseminated candidiasis272. Despite their frequency and
associated morbidity, superficial C. albicans infections are non-lethal. In striking contrast, systemic
candidiasis is associated with a high mortality rate, even with first line antifungal therapy274,275. Risk factors
for systemic dissemination of C. albicans include immunosuppression and neutropenia, central venous
catheters which allow direct access of the fungus to the bloodstream, the application of broad-spectrum
antibiotics enabling fungal overgrowth, and trauma or gastrointestinal surgery disrupting mucosal
barriers274,276.

2.1.1 Pathogenicity mechanisms of C. albicans
C. albicans is equipped with a number of pathogenicity mechanisms through which it is able to actively
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participate in the establishment and progress of infection of the human body. Besides the expression of
several virulence factors, C. albicans can rapidly adapt to fluctuations in environmental pH, has a great
metabolic flexibility, and a powerful nutrient acquisition system277-282. Moreover, C. albicans possesses
robust stress response machineries including phenotypic switching and heat and oxidative stress
responses and is able to reduce reactive oxygen species (ROS) and nitric oxide (NO) production by
macrophages and neutrophils in vivo274,277,283-290. C. albicans can escape the immune system by shielding
fungal pathogen-associated molecular patterns (PAMPs) that could elicit an adequate antifungal immune
response291. Additionally, the hyphal forms of C. albicans induce a more anti-inflammatory profile than the
yeast forms292. The expression of ligands for toll-like receptor (TLR)2 can induce immunomodulatory
signals, leading to a tolerogenic DC profile and generation of Tregs291,293,294. Thereby, C. albicans is not only
able to immediately respond to environmental changes but also to escape the host’s immune surveillance
by innate immune cells.
In order to invade host cells, C. albicans can utilize two different mechanisms: induced endocytosis and
active penetration295-297. For induced endocytosis, the fungus expresses specialized proteins (invasins) on
the cell surface that mediate binding to host ligands (such as E-cadherin on epithelial cells and N-cadherin
on endothelial cells), thereby triggering the engulfment of the fungal cell into the host cell295,298-300. In
contrast, active penetration requires a yeast-to-hyphae transition of C. albicans, a process which is
triggered by the contact with host cells297,300,301. The transition between yeast and hyphal growth forms is
termed dimorphism and it has been proposed that both growth forms are important for pathogenicity302.
Following adhesion to host cell surfaces and hyphal growth, C. albicans hyphae can secrete hydrolases
which have been proposed to facilitate active penetration and to enhance the efficiency of extracellular
nutrient acquisition303,304. The directional hyphal growth (thigmotropism) on surfaces with particular
topologies seems to be required for full damage of epithelial cells and normal virulence of C. albicans305,306.
A further important virulence factor of C. albicans is its capacity to form biofilms on abiotic (e.g. catheters)
or biotic surfaces which are much more resistant to anti-microbial agents and host immune factors in
comparison to single cells307,308.

2.1.2 Immunity to C. albicans infection
Activation of anti-C. albicans immunity
The constitutive mechanisms of innate antifungal host defense are present at sites of continuous
interaction with fungi. Besides the first line defense which is maintained through physical barriers of the
skin and the mucosa of the respiratory, gastrointestinal, and genitourinary tracts, also defensins, collectins,
and the complement system represent unspecific but effective mechanisms to prevent fungal infection of
the host. Moreover, innate immune cells like monocytes, macrophages, and neutrophils express pattern
recognition receptors (PRR) that specifically sense PAMPs of fungi270,273,309,310. The fungal cell wall varies in
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composition depending on the morphotype and the growth stage, and represents the main source of
PAMPs that are recognized by PRRs of innate immune cells311. The outer layer of the C. albicans cell wall is
composed of mannoproteins (chains of mannose molecules attached to fungal proteins via N- or Olinkages) (35-40%) and β-1,6 glucan (glucose polymer) linkers (20%) that attach these proteins to the
skeletal layer which is composed of β-1,3 glucan (40%) and chitin (polymer of N-acteylglucosamin) (2%)291.
The main PRRs involved in immune recognition of C. albicans are TLR2 and TLR4, the immunoreceptor
tyrosine based activation motif (ITAM)-dependent C-type lectin receptors (CLRs) DC-associated C-type
lectin (dectin)-1 and -2, and the macrophage-inducible C-type lectin (Mincle), as well as the macrophage
mannose receptor (MR), and the DC-specific ICAM3-grabbing nonintegrin (DC-SIGN) which are expressed
by macrophages, monocytes, and dendritic cells, respectively291. These receptors are involved in both
pathogen recognition and clearance, and triggering of downstream signaling cascades induces cytokine
production and initiation of the adaptive anti-C. albicans immunity (see Figure 4). TLR2 signaling, which is
induced by binding to phospholipomannan, has been implicated in anti-inflammatory effects on the antiC. albicans immunity trough promoting type 2 immune cell responses and the generation of Treg
cells294,312. On the other hand, TLR4 activation through the recognition of O-linked mannans was reported
to mediate proinflammatory responses313,314. In both cases, TLR activation leads to a signal cascade
involving MyD88-dependent activation of NF-κB and mitogen-activated protein kinase (MAP) kinases
eventually resulting in the induction of gene expression and production of various chemokines and
cytokines291,315. Notably, TLR2 and TLR4 are, in contrast to other PRRs, not directly involved in phagocytosis
of C. albicans316. β-1,3 glucan is the major ligand for the lectin dectin-1 which plays a central role in anti-C.
albicans host defense primarily of myeloid cells such as monocytes and macrophages. Dectin-1 is involved
in ligand uptake and phagocytosis as well as proinflammatory cytokine and ROS production273,291,317,318.
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Figure 4: Pattern-recognition receptors (PRRs) and signaling pathways that lead to differentiation of antifungal T
helper (Th) cellsc. Recognition of fungal pathogen-associated molecular patterns (PAMPs) is mediated by Toll-like
receptors (TLRs) and C-type lectin receptors (CLRs). The binding of fungi or β-glucan to Dectin-1 recruits SYK to the
two phosphorylated receptors which leads to the formation of a complex involving BCL10, CARD9, and MALT1 (BCM).
This results in the release of NF-κB, consisting of either p65-p50 or REL-p50 dimers, into the nucleus. Syk activation
also induces the non-canonical NF-κB pathway mediated by NF-κB-inducing kinase (NIK) and the nuclear translocation
of p52-RELB dimers. Dectin-1 enhances TLR2- and TLR4-induced cytokines in a Syk-independent manner through the
serine/threonine protein kinase RAF1 by Ras proteins which leads to the phosphorylation of p65. These pathways
lead to the production of, among other cytokines, IL-6 and IL-23 which induce Th17, and IL-12 which induces Th1.
Dectin-1 recognition of C. albicans can also activate the NLRP3 inflammasome through a mechanism that involves
Syk, ROS, and potassium efflux. Fungus-induced pro-IL-1β is cleaved by active caspase-1 to bioactive IL-1β to favor
Th17 development. Dectin-2 activation leads to FcR-γ-dependent recruitment and phosphorylation of Syk and
activated NF-κB and MAPKs (p38, JNK, and Erk). CARD9 is required for the activation of NF-κB and production of
cytokines that lead to Th17 cell differentiation. However, MAPK activation that occurs independent of CARD9 does
not lead to cytokine production. Recognition of α-mannose in Malassezia species by Mincle activates the FcRγ-SykCARD9 pathway and translocates NF-κB into the nucleus to induce the activation of proinflammatory cytokines.
Asterisk denotes that, although fungal PAMPs have not been shown to induce a distinct Th subset by this pathway,
the mycobacterial cord factor and its synthetic analog are potent adjuvants for the differentiation of Mincle-induced
Th1 and Th17 cells. The mannose receptor (MR) lacks a classical signaling motif in its short cytoplasmic tail, but it
induces proinflammatory cytokines that have been implicated in Th17 and Th1 differentiation. Although MRdependent triggering of human memory T cells produced IL-17, further studies with naive T cells will be necessary to
demonstrate the role of the MR in Th17 cell differentiation. MyD88 is critical for the signaling of TLR2 and TLR4. Upon
stimulation with phospholipomannan and O-linked mannan, TLR2 and TLR4, respectively, induce proinflammatory
signals through the MAL-MyD88-mediated NF-κB and MAPK pathways. TLR2 signaling is thought to generate weaker
proinflammatory signals but to induce strong stimulation of TGF-β and IL-10 that induces Treg cells. In addition, TLR4
triggers the MyD88-independent, TRIF-dependent signaling pathway via TRAM and IRF3 to induce type I IFNs.

c

Figure and legend dapted from 271.
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Activation of dectin-1 mediates signaling through the kinase Syk leading to the activation of the canonical
and the non-canonical NF-κB pathway as well as the nucleotide oligomerization domain (NOD)-like
receptor family pyrin domain-containing 3 (NLRP3) inflammasome, and MAP kinases, thereby playing a
crucial role in Th1 and Th17 differentiation271,273,319-323. Although dectin-1 signaling alone is sufficient to
induce anti-C. albicans immune responses, it was shown to cooperate with TLR2 and TLR4 signaling to
trigger proinflammatory cytokine production291,324-328. Hyphal N-mannan is recognized by dectin-2, a PRR
mainly expressed on myeloid cells and maturing inflammatory monocytes which was shown to require the
adaptor Fc receptor γ–chain (FcRγ) to activate Syk kinase and caspase recruitment domain-containing
protein 9 (CARD9). Dectin-2 signaling induces the NF-κB as well as the MAP kinase pathway and plays a
crucial role in the induction of C. albicans-specific Th17 responses327,329-332. In addition to dectins, also
mincle, which recognizes α-mannan, was shown to activate the NF-κB pathway via Syk and CARD9 signaling
and to promote Th17 differentiation333-336. DC-SIGN and the MR also recognize mannan carbohydrates of
C. albicans, however, while mincle is a non-phagocytic receptor, MR and DC-SIGN mediate uptake of C.
albicans yeasts and direct mannosylated fungal antigens into the DC endocytic pathway, thereby
promoting antigen processing and presentation to T cells337-342.

Innate fungal killing mechanisms
The most important cell populations involved in phagocytosis (and subsequent killing) of C. albicans are
neutrophils and macrophages and together with monocytes, they have been shown to be the major
producers of proinflammatory cytokines in response to C. albicans infections291. Killing of C. albicans occurs
intracellularly and extracellularly as well as through oxidative and non-oxidative mechanisms and its
efficiency is strongly influenced by the activation state of the innate immune cell270. Phagocytic receptors
include dectin-1, MR, DC-SIGN, and complement receptor (CR)3 whereby the latter is composed of CD11b
and CD18 and particularly involved in C. albicans uptake by neutrophils319,337-340,343. The recognition of fungi
by PRRs on phagocytes leads to their actin-dependent internalization, whereby cellular membranes
enclose the fungal particle resulting in the formation of an intracellular phagosome344. The phagosome
matures and fuses with components of the endosomal network leading to the development of the
phagolysosome, a compartment with potent anti-microbial activities including acidification and the
acquisition of a variety of oxidative and non-oxidative effector mechanisms344. The major component of
the antifungal defense mechanisms of phagocytes is the production of ROS, also termed the respiratory
burst, which is mediated by a multicomponent protein complex: the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase. This complex assembles in the phagosomal membrane and reduces
molecular oxygen to superoxide which can be converted to toxic reactive oxygen species, including
hydroxyl radicals and hydrogen peroxide345. The myeloperoxidase (MPO) located in the azurophilic
granules of neutrophils and in lysosomes of monocytes is able to generate fungicidal oxidants like
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hypochlorous and hypoiodous acids from hydrogen peroxide346. Macrophages can scavenge this enzyme
via mannose receptors and traffic it to their phagolysosymes347. The respiratory burst in neutrophils was
shown to be required to release and activate antifungal proteases from the proteoglycan matrix of
neutrophil granules and to trap and kill C. albicans by the release of neutrophil extracellular traps (NETs),
a network consisting of DNA and histones decorated with antifungal proteins like calprotectin348,349. PRRs
which are capable to trigger the oxidative burst in phagocytes include Fcγ receptors, TLRs, and dectin1325,350,351. Phagocytic cells, especially neutrophils, also possess a number of non-oxidative fungal killing
mechanisms including antimicrobial peptides, hydrolases, and components designed to restrict access to
essential nutrients344.

Adaptive immunity to C. albicans
While innate immune responses, mediated primarily by macrophages and neutrophils, are sufficient for
controlling infections with some fungi, full protection against most pathogens also requires an adaptive
response. The induction of innate immunity through the activation of PRRs provides the basis to develop
an antigen-dependent immune response352. Dendritic cells bridge innate and adaptive anti-C. albicans
immunity by presenting fungus-derived antigens on MHC class II molecules to CD4+ T helper cells.
Additionally, in response to PRR stimulation, they upregulate costimulatory molecules for proper T cell
receptor (TCR) stimulation and shape T helper cell differentiation via the release of certain cytokines. Th1
and Th17 cells are the principal T helper subsets that contribute to protective immunity to C. albicans
mainly by the recruitment and activation of phagocytes271,273. The IL-12/IFN-γ axis is crucial for host
defense through the induction of Th1 differentiation. IL-12 is the main cytokine produced in response to
C. albicans infection by macrophages, DCs, and neutrophils to induce IFN-γ production by Th1 cells which
in turn feeds back to infected macrophages as well as neutrophils to enhance their antimicrobial
capacities43,353-359. Differentiation of mouse Th17 cells requires tumor growth factor (TGF)-β and IL-6,
whereas human, naive T cells develop into Th17 cells in the presence of IL-1β, IL-23, and possibly TGF-β360.
It is well established, that Th17 cells play a pivotal role in host immunity against C. albicans which is mainly
attributed to their ability to recruit neutrophils to the site of infection144,342,361,362. IL-17 activates
neutrophils indirectly, primarily by upregulating the expression of granulocyte-colony stimulating factor
(G-CSF) and CXC chemokines in mucosal epithelial cells as well as in the local stroma342,363,364. Th17 can also
directly recruit neutrophils through the secretion of CXCL8. Moreover, they can activate neutrophils to
produce antimicrobial peptides and reduce their apoptosis by an IL-17-independent mechanism involving
secretion of granulocyte/monocyte-colony stimulating factor (GM-CSF), TNF-α, and IFN-γ342,358,365-367. The
importance of the IL-17 pathway in host protection against C. albicans is supported by the observation
that rare inborn errors of IL-17 immunity in humans are associated with an increased susceptibility to
infection with this fungus368,369.
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Treatment of C. albicans infections
To date, there are no vaccines against any fungal infection, however, increased interest over the past 15
years has led to the development of several experimental vaccines370-373. Two vaccine formulations that
are principally directed against C. albicans i.e. adhesin-like substance 3 (Als3) adjuvanted with alum (Al3OH)
(NDV-3; NovaDigm Therapeutics) and secreted aspartic protease 2 (Sap2) embedded in a virosomal
formulation with intrinsic adjuvanticity (PEV-7; Pevion Biotech) have successfully completed phase I clinical
trials and are planned to enter further clinical investigations for safety, immunogenicity, and
protection370,374-378. Both vaccines are univalent which means that they comprise a single recombinant
protein antigen or antigen fragment. The protection that is conferred by the experimental C. albicansspecific vaccines that have been studied so far is mostly mediated by antibodies. In contrast, the Als3containing vaccine is reported to have a protective effect in mice that is mediated by the activation of Th1
and Th17 cells370,372. Although both C. albicans vaccines seem to be able to generate immune memory
responses that lead to the production of virulence-neutralizing, protective antibodies, they still seem to
be unsuitable to achieve high-grade, persistent protection in humans. Their main limitation is due to their
univalence since one of the most characteristic features of C. albicans is its extraordinary range of virulence
factors that facilitate tissue invasion by enabling the fungus to escape from, modulate, or even exacerbate
host immunity370.
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2.2 CNS-associated immunopathology
Although the CNS is considered to be an immune-privileged tissue, it requires, in common with all other
tissues, effective immune mechanisms to protect against certain viral, bacterial, fungal, and parasitic
pathogens that may affect its poorly regenerative post-mitotic neuronal tissue. Consequently, there is
need for immune surveillance - a continuous process whereby the peripheral immune system is able to
monitor the CNS for signs of infection or tissue damage. However, uncontrolled immune responses in the
CNS can result in immunopathological disorders as it is the case for example in multiple sclerosis.

2.2.1 Immune privilege in the CNS
The brain parenchyma is tightly sealed from systemic circulation by the blood-brain barrier (BBB) which
creates a unique and stable environment for optimal neuronal activity and exerts bidirectional control over
the passage of a large diversity of regulatory proteins, nutrients, and electrolytes, as well as potential
neurotoxins. The BBB not only inhibits free paracellular diffusion of water-soluble molecules by a network
of complex tight junctions (TJs) that interconnects the endothelial cells of CNS microvessels, but, combined
with the absence of fenestrae and an extremely low pinocytotic activity, also blocks transcellular passage
of molecules. The BBB comprises a highly specialized endothelium and its basement membrane (BM) is
embedded with a large number of pericytes as well as neurons, perivascular antigen presenting cells, and
a layer of astrocytic endfeet (glia limitans) which, together with leptomeningeal BM, form the outermost
part of the CNS parenchyma (see Figure 5B)379-389. The secretory epithelium of the choroid plexus is located
in the ventricular system of the brain and actively produces the cerebrospinal fluid (CSF). While the BBB is
established by endothelial cells, the basement membrane and tight junctions of the choroid plexus
epithelium provide the blood-CSF barrier (BCSFB) function390,391. Besides the limited penetration of the
BBB and the BCSFB by immune modulators and cells, other features of the CNS immune privilege include
a lack of lymphatic vessels in the parenchyma to drain antigens and immune cells from the CNS to
peripheral lymph nodes, a paucity of professional APCs, low expression levels of MHC molecules, and
constitutive expression of neuronal Fas and of many anti-inflammatory molecules and soluble modulators
like for example TGF-β392-405. However, it became clear that the immune privilege is compartmentalized
and mostly confined to the CNS parenchyma, while immune reactivity of the ventricles, choroid plexus,
meninges, and circumventricular organs is similar to that of the periphery405-408.

2.2.2 Initiation of adaptive immune responses in the CNS
The CNS was for decades thought to lack lymphatic vessels representing one of the most intriguing features
of its immune privilege. Nevertheless, it was shown to be able to deliver soluble antigens to the deep
cervical lymph nodes and the CSF was regarded as a functional equivalent of lymph409-412. The CSF produced
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by the choroid plexus drains from the ventricles towards the subarachnoid space and is mainly resorbed
to the systemic circulation through the arachnoid villi that extend into the venous sinuses of the cerebral
hemispheres while the CNS intestinal fluid drains into the CSF (see Figure 5A)412. Drainage of soluble
proteins occurs across the cibriform plate in the base of the ethmoid bone via the lymphatics of the nasal
submucosa into the deep cervical lymph nodes. There, most probably, the initial encounter of naive
lymphocytes with neuroantigens takes place, since, at least under physiological circumstances, these cells
are not present in the CSF or in the CNS parenchyma390,405,413-415.
Very recently, two groups independently discovered the so-called “glymphatic system” of the brain: a
lymphatic vessel network lining the duratic vessels which may be important for the clearance of
macromolecules416,417. These structures express all of the molecular hallmarks of lymphatic endothelial
cells, are able to carry both fluid and immune cells from the CSF, and are connected to the deep cervical
lymph nodes. This discovery might represent the lacking evidence for the hypothesis that CNS-associated
APCs are able to migrate from the CNS and present neuroantigens to naive lymphocytes in the peripheral
lymph nodes418-420. The healthy CNS parenchyma contains only one type of immune cell namely the
parenchymal microglia cell, a highly specialized tissue macrophage, which is maintained through life
without reconstitution from the bone marrow421-423. However, in the uninflamed brain, these cells have
weak antigen presentation activity424. During immune surveillance by antigen-experienced T cells, initial
antigen presentation in the CNS is likely to occur in perivascular and subarachnoid spaces where APCs are
continuously exposed to all CNS antigens draining via the CSF to peripheral lymphoid organs. Perivascular
macrophages as well as rare DCs and so-called Kolmer or epiplexus macrophages located within this
compartment are the only cells associated with the CNS which constitutively express MHC class II
molecules420,424-430. If patrolling T cells recognize their cognate antigen on any of these APCs, they will
trigger the inflammatory events leading to the expression of additional adhesion molecules allowing for
the recruitment of other immune cells from the bloodstream into the CNS431.
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Figure 5: Schematic anatomical drawing of the ventricular system and vasculature barrier of the braind. A) A human
head in midline sagittal section, showing relevant anatomical structures (namely the ventricle, choroid plexus, CNS
parenchyma, lymphatics and deep cervical lymph nodes in schematic form B) Subpial vasculature in relation to
subarachnoid space and brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the
cellular components of cerebral capillaries, the glia limitans and the basement membranes in relation to the
perivascular space. CSF: cerebrospinal fluid, CNS: central nervous system, DLN: draining lymph node

2.2.3 CNS
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As a result of the specialized structure of the CNS barriers, immune cell entry into the CNS parenchyma
involves two differently regulated steps: migration of the immune cells across the BBB or BSCFB into the
CSF drained spaces of the CNS (during immune surveillance) followed by progression across the glia
limitans into the CNS parenchyma (during neuroinflammation)431. It is generally assumed that the
mechanisms of physiological immune surveillance of the CNS are distinct from those operating during
disease390. Thus, immune cell trafficking to the CSF across the choroid plexus or into the subarachnoid
space via carotid artery is probably of physiological relevance whereas migration via the BBB to the
parenchymal perivascular space is speculated to be the route for activated leukocytes in case of
inflammation412,432,433.
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Figure and legend adapted from 420.

Ransohoff, R.M. & Engelhardt, B. The anatomical and cellular basis of

immune surveillance in the central nervous system. Nat. Rev. Immunol. 12, 623-635 (2012).
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Unlike the BBB, the fenestrated endothelial cells of the choroid plexus lack tight junctions that would
normally limit diapedesis of leukocytes. Thus, although immune cells still have to negotiate the tight
junctions of the choroid plexus epithelium, it appears that this site is specialized to allow lymphocytes
access to the CSF filled subarachnoid space (see Figure 6)412,434-436. Under normal circumstances, the CSF
contains few innate immune cells but a much higher percentage of memory or antigen-experienced CD4+
T cells compared to the blood, suggesting that these cells are specifically involved in immune
surveillance434,436,437. Multiple integrins, chemokine receptors, and adhesion molecules expressed on
circulating and CNS resident cells have been implicated in leukocyte extravasation into the CNS during
immune surveillance. The most likely candidates are those which are constitutively expressed in the CNS
in the absence of ongoing inflammation. These molecules include the vascular cell adhesion molecule
(VCAM) 1, the intercellular adhesion molecule (ICAM) 1, and the chemokines CC ligand (CCL)19 and CCL20.
T cell entry into the choroid plexus parenchyma in the absence of neuroinflammation seems to be
specifically dependent on the presence of P-selectin which is constitutively expressed by endothelial cells
of the choroid plexus434,436,438-443. In order to reach the CSF-filled ventricles, T cells need to breach the
BCSFB. CC receptor (CCR)6+ Th17 cells seem to use CCL20 expressed by the choroid plexus epithelium as a
guidance and require lymphocyte function-associated antigen (LFA)-1 (aLb2) for their entry into the
perivascular and subarachnoid spaces.
The molecular mechanism for the extravasation of the high numbers of central memory T cells found in
the CSF, however, is less well understood431,440,444. Studies of EAE (see 2.2.4) suggested that the molecular
mechanisms for T cell extravasation might be dependent on the nature of both the lymphocyte and the
site of entry431. Hence, Th1 cells, in contrast to Th17 cells, seem to preferentially cross the BBB in the spinal
cord microvessels in a very late antigen (VLA)4 (α4β1)-dependent manner444-446. In contrast, the expression
of CXC ligand (CXCL)12 seems to mediate retention of CXC receptor (CXCR)4+ encephalitogenic T cells in
order to block their entry into the CNS parenchyma during immune surveillance447,448.
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Figure 6: Molecular mechanisms involved in T cell migration across the epithelial blood-cerebrospinal fluid barrier
(BCSFB)e. The choroid plexus might be a preferential T cell entry site into the central nervous system (CNS) during
immunosurveillance, that is, in the absence of neuroinflammation. Circulating T cells extravasate in a P-selectindependent manner across fenestrated capillaries to reach the choroid plexus parenchyma, which is outside the CNS.
To reach the CSF-filled ventricles, T cells need to breach the BCSFB established by choroid plexus epithelial cells. The
paracellular pathway is sealed by unique tight junctions between the choroid plexus epithelial cells. CCR6+ T helper
(Th)17 cells may use chemokine CC ligand (CCL)20 expressed by choroid plexus epithelium as a guidance cue to
migrate across the BCSFB into the CSF-filled ventricular space. The high number of central memory T cells found in
the CSF of humans suggests that this T cell subset preferentially crosses the BCSFB. The molecular mechanisms used
by TCM cells to migrate across the BCSFB are unknown. Functional expression of intercellular adhesion molecule
(ICAM)-1, vascular cell adhesion molecule (VCAM)-1, and under inflammatory conditions, mucosal addressin cell
adhesion molecule (MAdCAM)-1 is restricted to the apical surface of choroid plexus epithelial cells, and is thus not
available for the basolateral to apical migration of immune cells across the BCSFB. The choroid plexus is in constant
movement and these adhesion molecules might instead allow T cells to crawl along the surface of the choroid plexus
epithelium or alternatively might mediate the adhesion of antigen presenting cells, so called epiplexus cells, ensuring
their strategic localization behind the BCSFB to present CNS antigens to the T cells during immunosurveillance.

Reactivation of patrolling T cells by APCs within the subarachnoid spaces of the CNS triggers the production
of soluble mediators including cytokines and chemokines that activate perivascular endothelial cells to
express adhesion molecules and chemokines resulting in the recruitment of other inflammatory cells.
Reactivated T cells might enter the brain parenchyma directly to initiate tissue injury. Exposure to
inflammatory cytokines leads to the disruption of the parenchymal BBB which is followed by a massive
influx of T cells and myeloid cells to the brain parenchyma420. T cell migration across the inflamed BBB is a
multistep process mediated by the sequential interaction of different cell adhesion and signaling molecules
on the T cell surface with their respective ligands on the highly specialized endothelium of the BBB (see
Figure 7)431. T cell tethering and rolling are mediated by P-selectin glyocoprotein ligand (PSGL)-1 interacting
with its endothelial ligand P-selectin in the inflamed leptomeningeal brain and spinal cord microvessels.
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Figure and legend adapted from 431.

Engelhardt, B. & Ransohoff, R.M. Capture, crawl, cross: the T cell code

to breach the blood-brain barriers. Trends Immunol. 33, 579-589 (2012).
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Although the importance of P-selectin-mediated rolling on T cell entry into the CNS is still controversial, a
specific polymorphism in PSGL-1 associated with primary progressive multiple sclerosis supports an impact
on neuroinflammation449-452. P-selectin-mediated rolling of T cells on the luminal surface of the BBB is
followed by G-protein coupled receptor (GPCR)-mediated activation of T cell integrins, which allows for
integrin-mediated T cell arrest and subsequent crawling to sites permissive for T cell diapedesis across the
BBB. Chemokines like CCL2, CCL19, CXCL21, and CCL12 are upregulated in brain endothelial cells and were
related to pathology in a mouse model of EAE431,441,442,453-455. Once a chemokine engages its respective
chemokine receptor on the T cell, this induces a G-protein-dependent signaling cascade in the T cell
affecting cytoskeletal dynamics and integrin conformation. However, both the chemokines and their
respective receptors accounting for integrin activation in the process of T cell arrest during CNS entry need
to be identified431,456. T cell arrest is mediated to a large degree on the interaction of the leukocyte integrins
LFA-1 and VLA-4 with their respective ligands ICAM-1 and vascular adhesion molecule VCAM-1, which are
upregulated on the inflamed brain endothelium. Subsequent T cell polarization and crawling against the
direction of flow required ICAM-1 and -2 but no longer VCAM-1.
Similarly to CD4+ T cells, the entry of CD8+ T cell into the CNS also originates in the subarachnoid spaces457.
In case of CTL trafficking to the CSF-filled perivascular spaces during acute LCMV-induced meningitis (see
2.2.5), several candidates for chemokine-GPCR interaction-induced activation of integrins have been
identified. It has been shown that the chemokine receptors CXCR2, CXCR3, and CCR5 are expressed on
CD8+ T cells after LCMV infection458-460. While CCR5 and CXCR3 are dispensable for initial T cell entry into
the CSF of LCMV infected mice, subsequent positioning of T cells in the brain parenchyma during LCMVinduced meningitis is controlled in part by interactions between CXCR3 and CXCL10460-462. In fact, CCR3- or
CXCL10-deficient mice display a reduced susceptibility to LCMV-induced meningitis which was attributed
to a reduced number of CD8+ T cells found in the brain parenchyma460,462. As seen for T helper cells,
extravasation of activated CTLs seems to depend on the expression of PSGL-1, VLA-4, and LFA-1450,463-466.
The cellular pathways as well as the molecules mediating T cell diapedesis (especially of CD8+ T cells) across
the BBB are not well understood and the contribution of chemokine receptors and adhesion molecules to
the pathogenesis of neuroinflammatory diseases might vary between different disease models, site of
entry, and the characteristics of the CNS infiltrating T cells380,430,431,444,467-470.
However, entry of T cells into the CNS parenchyma is dependent on the sequestration of CXCL12 from the
perivascular space by increased endothelial expression of CXCR7. Thereby, T cells are released from this
compartment and are able to migrate across the glia limitans (see Figure 5B). T cell penetration of the glia
limitans requires GM-CSF to induce focal activity of matrix metalloproteinases (MMPs) namely the
gelatinases MMP-2 and -9 in order to cleave β-dystroglycan, a cell surface receptor anchoring astrocyte
endfeet to the parenchymal basement membrane431,471-474.
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Figure 7: Molecular mechanisms involved in T cell migration across endothelial blood–brain barrier (BBB)f. As a
result of the different neuroanatomy and expression of adhesion and tight junction proteins in parenchymal versus
leptomeningeal endothelial cells, the molecular mechanisms of T cell migration across the BBB might be distinct from
those controlling T cell migration across the blood–leptomeningeal barrier (BLMB). A predominant role of α4β1integrins in mediating T cell capture and subsequent G-protein-dependent T cell arrest might be unique to the BBB
in the spinal cord. P-selectin can be upregulated during neuroinflammation, providing a cue for P-selectin
glycoprotein ligand (PSGL)-1-mediated T cell rolling during ongoing neuroinflammation. G-protein-dependent
integrin activation on T cells triggers their arrest on the BBB in a Leukocyte function-associated antigen (LFA)1−intercellular adhesion molecule (ICAM)-1- and α4β1-integrin−vascular cell adhesion molecule (VCAM)-1dependent manner. At least in an in vitro BBB model, T cells polarize and crawl against the direction of flow with a
mean velocity of 4 μm/min in an ICAM-1- and ICAM-2-dependent manner. Diapedesis across the BBB is observed to
occur preferentially through the endothelium, leaving the tight junctions molecularly intact.
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to breach the blood-brain barriers. Trends Immunol. 33, 579-589 (2012).
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2.2.4 Autoimmune-mediated CNS immunopathology: Multiple sclerosis
and EAE
Multiple sclerosis (MS)
Multiple sclerosis (MS) is a chronic inflammatory, demyelinating autoimmune disease of the CNS
characterized by a focal lymphocytic infiltration in the white matter of the brain and the spinal cord475,476.
Worldwide, MS is thought to affect more than 2.3 million people477 . Clinical signs associated with multiple
sclerosis include ataxia, loss of coordination, hyperreflexia, spasticity, visual and sensory impairment,
fatigue, and cognitive difficulties478. However, the severity and frequency of specific clinical symptoms as
well as the CNS pathology vary greatly among patients with this disease and the reasons for this variation
are still unclear. Apparently, the heterogeneity extends to both the genetics of the disease and the
pathomechanisms involved in lesion formation479. Most patients develop lesions in the brain or in both the
brain and spinal cord comprising T cells, macrophages, activated microglia, and other inflammatory cells480.
Approximately 85% of patients with multiple sclerosis have a relapsing remitting form of the disease which
commonly converts over years into a progressive disease characterized by severe neurological
impairment. It is marked by flare-ups (relapses or exacerbations) of symptoms followed by periods of
remission, when symptoms improve or disappear. About 10-15% of MS patients follow a primary
progressive disease course with continuous neurological deterioration following the initial exacerbation.
A small percentage of patients develop severe disease leading to extreme disability or death after only
months. This form of MS is more resistant to the drugs typically used to treat the disease480,481. While the
disease is not contagious or directly inherited, epidemiologists have identified environmental factors like
infection with Epstein-Barr virus (EBV), low levels of vitamin D, and cigarette smoking that may trigger MS
in genetically susceptible individuals477,482. The strongest genetic risk is, among some others, conferred by
the human leukocyte antigen (HLA)-DRB1*1501 allele which has a 14-30% frequency in populations from
countries with high MS risk, and increases risk of disease by an average of threefold in heterozygous
carriers and sixfold in homozygous individuals482-484. Given the important role in driving immune responses,
the involvement of HLA alleles in genetic predisposition for MS is consistent with a key role of
autoimmunity, however, there is no mechanistic insight how they affect disease etiology482. For many
years, the research on autoimmunity in the CNS has almost exclusively focused on CD4+ T cells. However,
the potential importance of CD8+ T cells in CNS autoimmunity has recently emerged although the genetic
association of MHC class I alleles with multiple sclerosis remains controversial480,485,486. While the MHC
class I molecule HLA-A3 (A*0301) has been reported to increase susceptibility, HLA-A2 (A*0201) seems to
confer protection against disease suggesting that some CD8+ T cell responses can be beneficial while others
are pathogenic486-488. Strikingly, CD8+ T cells outnumber CD4+ T cells in multiple sclerosis lesions, and clonal
expansion is detected more frequently among CD8+ T cells isolated from multiple sclerosis lesions than
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among CD4+ T cells480,485,486. Studies of myelin-specific CTLs revealed that CD8+ T cells are highly pathogenic
in EAE and adoptive transfer of myelin-specific CD8+ T cells was shown to induce clinical EAE reproducing
features of MS lesions usually not observed in CD4+ T cell-driven EAE489-492. To better understand the role
of CD8+ T cells in the pathogenesis of MS, several models ranging from virally induced to humanized mouse
models for EAE were developed493-497. For instance, Ji et al. developed a CD8+ T cell-mediated autoimmune
EAE model which can be induced in mice by infection with a recombinant vaccinia virus encoding the
myelin basic protein (MBP). They demonstrated that the virus activates T cells expressing “dual” TCRs that
recognize both viral antigens and MBP and thereby induces autoimmunity497,498.

T helper cell-mediated EAE
Multiple sclerosis has been widely studied using the CD4+T cell-mediated animal model EAE which is
induced in susceptible animals by immunization with myelin-derived antigens emulsified in Complete
Freund’s Adjuvant (CFA) or by the adoptive transfer of activated myelin-specific T cells480. Standard active
immunization models include proteolipid protein (PLP)139-151-induced relapsing-remitting EAE in SJL mice,
myelin basic protein (MBP)-induced EAE in PL/J mice, chronic-progressive models of myelin
oligodendrocyte glycoprotein (MOG)- or MOG35-55-peptide-induced EAE in C57BL/6 mice, and active
immunization with CNS tissue homogenates or MOG inducing a relapsing-remitting disease in Biozzi ABH
mice499. The inflammatory infiltrates and demyelination observed in EAE have many similarities to the
pathology of MS, however, there are still major differences and no single animal model is able to cover the
whole spectrum of MS480.
Myelin-specific CD4+ T cells rather than CD8+ T cells are the primary mediators in most models of EAE since
the induction protocol favors the activation of MHC class II-restricted T cells. The similarities between Th
cell-mediated EAE and MS and the strong association of certain MHC class II molecules with genetic
susceptibility to MS focused studies on the activity of the CD4+ T cells in EAE. Susceptibility to MS (or EAE)
does not only require the expression of an MHC class II molecule that can bind at least one myelin-derived
peptide, but also some myelin-specific T cells that escape central tolerance in order to be available for
activation in the periphery. Central tolerance is the process whereby T cells that exhibit high avidity
interactions with APCs presenting self-peptide/MHC complexes in the thymus undergo apoptosis in order
to prevent autoimmunity (negative selection)164,480. T cell avidity is a function of both the affinity of the
TCR for the self-antigen-MHC complex and the abundance of these complexes on the surface of the APC.
Hence, central tolerance might be escaped by T cells expressing TCRs with low affinity for myelin peptideMHC complexes or recognizing a myelin peptide that does not bind properly to the MHC molecule such
that few specific peptide-MHC complexes are generated500. The low avidity of these T cells for self-antigen
normally prevents them from being activated by APCs presenting self-antigen in the periphery and allows
them to circulate in a state of “ignorance”480. Additionally, MBP is the only myelin component known to
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be expressed in both peripheral and central myelin sheaths whereas other CNS myelin proteins are
exclusively expressed by CNS resident oligodendrocytes480. Thus, there is little opportunity for autoreactive
T cells to encounter CNS self-antigens in the periphery. However, the avidity of T cells for myelin peptides
can be increased under certain circumstances. Specifically, APCs responding to an immunogenic stimulus,
such as an infection, increase the expression of costimulatory molecules and MHC complexes on their cell
surface leading to an increased avidity of the interaction between the APC and self-reactive T cells such
that the T cells may respond to the peptide they previously ignored480,500.
Initially, the primary effector T cells in the pathology of both EAE and MS were thought to be Th1 cells
which require IL-12 for their differentiation and are characterized by the secretion of IFN-γ, IL-2, and
TNF480. This view was based in part on the finding that increased clinical activity in EAE and MS correlates
with the expression of IFN-γ and IL-12 in the CNS and CSF501-504. Moreover, gene-targeted deletion of the
p40 subunit of IL-12, a major Th1 differentiation factor, prevented the onset of EAE505,506. The possibility
to induce disease by adoptive transfer of Th1 cells as well as the immunomodulatory actions of IFN-γ
including upregulation of MHC class II, chemokine expression in the CNS, and activation of macrophage
function further supported the idea that Th1 cells mediate demyelination and neurodegeneration
observed in EAE and MS480,507-509. The discovery that mice deficient in IL-12p35, IL-12Rβ2, IFN-γ, IFN-γ-R,
and TNF develop severe EAE challenged the role for Th1 cells in EAE480,510,511. In contrast to p35-/- mice, p40/-

mice were found to be resistant to EAE leading to the insight, that IL-23 (consisting of p40 and p19) rather

than IL-12 is the critical cytokine for autoimmune inflammation in the brain512-515. IL-23 was shown to be
essential for the development and maintenance of pathogenic Th17 cells which are characterized by the
production of IL-17A, IL-17F, and IL-22142,516-518. Evidence for a pathogenic role for Th17 cells has been
provided by increased IL-17 transcripts detected in chronic multiple sclerosis lesions, the fact that transfer
of activated myelin-specific Th17 compared to Th1 cells induce more severe EAE, and that neutralizing IL17 activity ameliorates EAE516,519-523. Multiple cytokines including IL-17A, IL-17F, IL-21, IL-22, and GM-CSF
produced by Th17 cells can potentially contribute to pathology of MS and EAE480,510,518,524-527. IL-17 induces
a distinct set of cytokines and chemokines that eventually promote neuroinflammation. The IL-17 inducible
chemokines CXCL1 and CXCL2, for example, have been detected in MS lesions and are known to attract
neutrophils that drive inflammation and activation of the BBB528-531. There is also evidence for direct BBB
disruption by IL-17 and IL-22, mediated by the modulation of tight junctions532,533. It was postulated that
IL-22, which is induced by IL-23, marks a particularly pathogenic population of autoreactive T cells
implicating IL-22 as a major pathogenic cytokine during CNS inflammation534,535. Additionally, the IL-22
gene, together with IL-26 and IFN-γ on the human chromosome 12q14, was considered to be a prominent
susceptibility locus for MS536. However, it was found that although IL-23-deficient mice are completely
resistant to EAE, IL-17A-, IL-17F-, as well as IL-22- and IL-21-deficient mice are still susceptible512,534,537. In
contrast, production of GM-CSF was demonstrated to be critical for the pathogenic functions of Th17 cells
during EAE473,516,538-542. GM-CSF is a growth factor for granulocytes and macrophages and acts as a
proinflammatory cytokine, promoting the maturation and activation of monocytes and dendritic cells. In
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addition, GM-CSF was shown to enhance effector functions of mature neutrophils and macrophages, as
for example the production of inflammatory mediators by these cells543,544. GM-CSF production by T cells
has been linked to several autoimmune and inflammatory diseases including proliferative
glomerulonephritis, multiple sclerosis, myocarditis, and arthritis473,541,544-548. Genetic deletion of GM-CSF
resulted in complete resistance of mice to EAE, an observation which was later refined to be dependent
on the ability of CD4+ T cells to produce this cytokine541. In particular, adoptive transfer of in vitro activated
myelin-specific T cells that were unable to produce GM-CSF failed to induce disease. Moreover,
neutralizing GM-CSF at the onset of disease symptoms (after T cell priming has occurred) is effective in
blocking disease progression and allowing recovery473,538. GM-CSF is produced by Th17 cells in an IL-23dependent fashion and GM-CSF in turn triggers production of IL-23 by APCs, thus establishing a positive
feedback loop510,538,546. Mechanistically, the pathogenic impact of GM-CSF on EAE is most likely attributed
to myeloid cells which are recruited to the CNS and subsequently activated by this cytokine473,538. Indeed,
despite extensive documentation of the importance of autoreactive CD4+ T cells in EAE, particularly during
disease initiation, the effector mechanism leading to inflammation and demyelination within the CNS is
likely to be provided by other cell types such as infiltrating macrophages and resident microglia480,549,550.
The number of macrophages infiltrating the CNS strongly correlates with disease severity and both
activated macrophages and microglia produce a large number of deleterious soluble factors including
cytokines, chemokines, and complement499,541,550-555.

Treatment of multiple sclerosis
Despite extensive screening for new targets of MS therapy in EAE, only a few of the established MS
therapies have been developed in the animal model. Although there is no cure for MS, symptomatic
treatments aimed at maintaining function and improving quality of life and several disease modifying
agents which can reduce disease activity and progression in patients with MS are available.
For managing severe relapses caused by inflammation in the CNS that damages the myelin coating around
nerve fibers, neurologists recommend treatment with corticosteroids like methylprednisolone (SoluMedrol®) or prednisone (Deltasone®)477,481. On top of this, there are currently twelve disease-modifying
therapies (DMTs) approved by the FDA for their use in relapsing forms of MS (including secondaryprogressive MS for those people who are still experiencing relapses) (see Table 1)477.
Beta-interferons (IFN-β) were the first class of DMT approved by the FDA to treat MS although the exact
mechanisms of action are unknown556-559. IFN-β drugs are likely to have multiple effects on the immune
system including inhibition of antigen presentation in the periphery, down-regulation of adhesion
molecules, and decreased production of matrix metalloproteinases at the BBB. In combination, these
effects limit the entry of T cells into the CNS. Classically, the emphasis has been on IFN-β causing a shift
from Th1 to Th2 cells thereby creating an anti-inflammatory milieu560. More recently, it has been shown
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that IFN-β also affects Th17 cell-mediated autoimmune responses and induces FOXA1+ regulatory T
cells557,561,562.

Table 1: FDA-approved disease-modifying therapies for the treatment of MS
Year of
Brand

Manufacturer

Drug (mode of action)
FDA approval

Aubagio®

Genzyme, a Sanofi company

Avonex®

Biogen Idec

Betaseron®

Bayer HealthCare Pharmaceuticals,
Inc.

Teriflunomide (dihydroorotate
dehydrogenase inhibitor)

2012

IFN-β-1a

1996

IFN-β-1b

1993

Glatiramer acetate (polymer of four

Capoaxone®

Teva Neuroscience

Extavia®

Novartis pharmaceuticals Corp.

IFN-β-1

2009

Gilenya®

Novartis pharmaceuticals Corp.

Fingolimod (sphingosine analog)

2010

Lemtrada®

Genzyme, a Sanofi company

Alemtuzumab (anti-CD52 mAb)

2014

EMD Serono, Inc./ Immunex

Mitoxantrone (topoisomerase II

Cooperation

inhibitor)

Biogen Idec

Pegylated IFN-β-1a

2014

IFN-β-1a

2002

Novatrone®
Plegridy®
Rebif®

EMD Serono, Inc./ Pfizer Inc.
Cooperation

aa found in myelin basic protein)

1996

2000

Tecfidera®

Biogen Idec

Dimethyl fumarate (BG-12)

2013

Tysabri®

Biogen Idec

Natalizumab (anti- α4 integrin mAb)

2006

mAb: monoclonal antibody

The finding that blocking VLA-4/VCAM1 interactions delayed the onset and/or decreased the severity of
EAE implicated these molecules as a target for the treatment of MS563. This led to the clinical development
of the monoclonal antibody (mAb) natalizumab (Tysabri®, Biogen Idec) that targets α4 integrin and was
successfully used in clinical trials564. Natalizumab markedly reduces the attack rate in patients with MS and
significantly improves all disease parameters. However, a small number of patients (1:1000) treated with
this reagent developed progressive multifocal leukoencephalopathy (PML) associated with the
reactivation of latent John Cunningham (JC) polyomavirus infection especially when applied with IFN-β565567

. Consequently, in 2012, the FDA approved a product label change for natalizumab to identify anti-JCV

antibody status of MS patients as a risk factor for PML481,568.
Another example of MS DMT is glatiramer acetate (Capoaxone®, Teva Neuroscience), a copolymer of four
amino acids (namely glutamic acid, lysine, alanine, and tyrosine) present in myelin basic protein, which
seems to have a complex mechanism of action including competition with myelin antigens for binding to
MHC class II, modification of the properties of APCs, generation of Tregs, and production of anti51
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inflammatory cytokines and neurotrophic factors. Furthermore, a shift from Th1 to glatiramer acetatespecific Th2 cells has been observed subsequently leading to suppression of the inflammatory process in
the brain569,570. This medication is recommended as a first-line treatment in patients with relapsing–
remitting MS and in patients who cannot tolerate beta interferons571.
Mitoxantrone (Novatrone®, EMD Serono, Inc./ Immunex) was initially developed as an anti-neoplastic
agent that reduces lymphocyte proliferation. In vitro studies have shown that mitoxantrone inhibits B cell,
T cell, and macrophage proliferation and impairs antigen presentation as well as the production of IFN-γ,
TNF-α, and IL-2481. Mitoxantrone treatment has shown positive effects in patients with secondary
progressive and progressive relapsing disease courses572,573. However, it is associated with many side
effects particularly with cardiotoxicity, myelosuppression, and, rarely, leukemia574-576.
Another drug approved for MS treatment is fingolimod (Gilenya®, Novartis) an orally DMT, approved by
the FDA in September 2010577. Fingolimod is derived from the myriocin (ISP-1) metabolite of the fungus
Isaria sinclairii and represents a structural analog of sphingosine. Fingolimod acts as a sphingosine-1phosphate receptor modulator and is metabolized by sphingosine kinase to the active metabolite
fingolimod phosphate which is able to prevent lymphocytes from egressing lymph nodes578. Trapping of
lymphocytes in the peripheral lymph nodes decreases the overall number of circulating lymphocytes,
thereby probably reducing lymphocyte migration to the CNS557.
Teriflunomide (Aubagio®, Genzyme) is an inhibitor of the dihydroorotate dehydrogenase, the rate limiting
enzyme in the de novo pyrimidine synthesis, which only targets cellular functions that are associated with
overreactive immune responses without impairing basic homeostatic metabolism of resting immune
cells579,580. Teriflunomide was also shown to block the two major Janus tyrosine kinases (JAKs), JAK1 and
JAK3, downstream of the common γ chain cytokine receptors. Thereby, teriflunomide impairs immune cell
functions such as cytokine production, surface molecule expression, T cell-dependent antibody production
by B cells, as well as leukocyte migration and proved to be efficient in the treatment of MS581-584.
A novel oral DMT of MS is dimethyl fumarate (DMF) (Tecfidera® (BG-12), Biogen idec) which is related to
fumaric acid, an agent used for many years in psoriasis576. Although its exact mode of action is unknown,
BG-12 is thought to inhibit immune cells by stimulating the expression of anti-inflammatory cytokines,
such as IL-10, IL-4, and IL-5. Hence, it is thought that DMF can induce a shift from a proinflammatory Th1
to an anti-inflammatory Th2 T cell response. Additionally, fumarates appear to modulate a number of
oxidative pathways, thereby interfering with autoimmune responses which provoke downstream
pathways of tissue damage585.
Alemtuzumab (Lemtrada®, Genzyme) is a mAb that binds to CD52, an epitope common to most cells within
the immune system. Treatment with this agent essentially results in an antibody-mediated ablation of
circulating immune cells576,586,587. Because of Lemtrada’s safety profile, the FDA recommends this
medication generally to be reserved for people who have had an inadequate response to two or more MS
therapies477. Emerging DMT which are in the late stage of development und about to enter the market for
MS therapy include for example daclizumab, a mAb that binds to CD25588, ocrelizumab, a mAb that targets
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CD20 on the surface of B cells589, firategrast, an orally active, small molecule α4β1-integrin antagonist with
a shorter half-life than natalizumab590, and secukinumab, a humanized mAb to IL-17 which has already
been approved for the treatment of moderate-to-severe plaque psoriasis in adults in the beginning 2015
(Cosentyx®, Novartis)591,592.

2.2.5 Virus-induced CNS immunopathology
Virus-induced diseases of the central nervous system (CNS) represent a significant burden to human health
worldwide. The complexity of these diseases is influenced by the sheer number of different neurotropic
viruses, the diverse routes of CNS entry, viral tropism, and the immune system593. Neurotropic viruses can
cause severe neuronal dysfunction and degeneration, sometimes leading to fatal, life-threatening
consequences for the host594. Neuronal injury by neurotropic viruses can occur through direct killing by
inducing apoptosis or as a result of viral replication and cell lysis as seen in poliomyelitis. On the other
hand, CNS pathology is often caused by immune responses that occur in attempts of viral clearance594-605.
The CNS is a frequent site of viral infection and neurotropic viruses gain access to the CNS using various
mechanisms. Several viruses including JC polyomavirus, poliovirus, EBV, mouse adenovirus (MAV) 1,
human T lymphotropic virus (HTLV) type 1, and West Nile virus (WNV) have been shown to directly infect
human brain microvascular endothelial cells by crossing the BBB596,606-612. Another way used by viruses to
gain access to the CNS is based on the “Trojan horse” mechanism whereby infected leukocytes carry
pathogens from the blood across the BBB596,605. For example, the human immunodeficiency virus (HIV)
infects monocytes and/or macrophages to migrate across CNS vascular barriers613,614. A further possibility
to reach the CNS is provided by different types of nerve endings such as sensory nerve endings and
neuromuscular junctions (NMJs), a specialized type of synapses, connecting motor neurons to muscles.
This route for CNS entry is for example used by the rabies virus (RABV)615,616. Numerous viruses hijack the
axonal transport system for intracellular movement560,616-622. For example, herpes simplex virus (HSV) 1
and RABV can either directly or indirectly interact with dynein or dynactin components of the retrograde
transport system, allowing viral translocation to neuronal cell bodies and thus rapid CNS entry596,616,617,623.
Thereafter, infection of neurons and glial cells (neurotropism) tightly depends on the virus ability to enter
these cells through specific receptors and the capacity of these cells to combat or support viral replication
and the production of viral particles605.
Regardless of the route of entry, viral infection of the CNS tends to activate both innate and adaptive
immune responses. Viral and bacterial antigens, for example, activate PRRs like TLRs and NOD-like
receptors of the innate immune system. Thus, in immunocompetent hosts, the generation of an
appropriate immune response to an infection often results in clearance of virus while protecting the
function of host tissues605. In fact, immune cells were also shown to aid in repair and regeneration. For
example, microglia clear debris after myelin damage and also T cells seem to mediate recovery during
neurodegenerative diseases130,624. Moreover, under normal conditions, some neurotropic viruses support
53

Chapter I: Introduction
an immune-suppressive environment within the CNS by actively down-regulating immune responses594.
Megret et al. have reported that RABV up-regulates HLA-G expression in human neurons (NT2N)
promoting tolerance and leading to virus immune escape602. Members of the herpesvirus family, such as
human HSV-1 and EBV, also carry a repertoire of genes designed to evade the host’s immune responses.
They can for example interfere with MHC antigen processing and secrete analogues of immunoregulatory
molecules such as IL-10594. Thus, the immune-privilege status of the CNS, the active down-modulation of
immune reactions by viruses, as well as the post mitotic state of neurons provide the ideal environment
for viral latency which only becomes apparent in an immunocompromised host for example during
immunosuppressive therapies594.
However, excessive antiviral immunity in the CNS is often associated with demyelination and
neurodegeneration. Apart from the possibility that innate responses could damage neurons, for example
by release of free radicals by activated microglia, adaptive immune responses may also lead to
demyelination and neuronal damage. These tissue injuries may be promoted by direct immune cellmediated attack of virally infected neurons as for example in tick-borne encephalitis or occur as a side
effect of inflammation594,597,598,600,601,625. Animal models for immune-mediated neurodegeneration
comprise for example infection with Borna disease virus (BDV), a neurotropic virus that targets the neurons
of the limbic system and is associated with behavioral abnormalities, CNS infection with murine LCMV, and
with Theiler's murine encephalomyelitis virus (TMEV)605,626-628.

Lymphocytic choriomeningitis virus (LCMV)-induced meningitis
LCMV is a negative, single-stranded RNA virus that belongs to the family of arenaviridae also encompassing
human pathological viruses such as Lassa, Junin, Tacaribe, and Machupo629,630. Its virions are surrounded
by lipid envelopes covered with surface glycoprotein (GP) spikes. The viral genome consists of two singlestranded RNA segments of unequal length: a short (3.4 kb) S RNA and a long (7.2 kb) L RNA. Each RNA
segment has an ambisense coding strategy, either of them encoding two proteins in opposite orientations
separated by an intergenic hairpin631-635. The L RNA encodes the protein L representing the viral RNAdependent RNA polymerase and the small RING Finger protein Z. The S RNA encodes the viral
nucleoprotein (NP) and the glycoprotein precursor (GP-C) which is post-translationally cleaved into the
viral glycoproteins GP1 and GP2636. The former mediates attachment of the virus to its target cells to
initiate the infection via the interaction with α-dystroglycan, the cellular receptor of LCMV637. The
ambisense coding strategy of LCMV allows differential expression of the viral mRNA, whereby the NP
mRNA is transcribed in early stages of infection and the synthesis of GP-C mRNA cannot occur until viral
RNA replication has started. After processing in the Golgi (using host cell enzymes), the viral envelope
glycoproteins are transported to the cell surface where virion assembly takes place. Virions bud from the
cell surface without cell lysis, deriving their lipid envelope from the host’s plasma membrane638.
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In humans, congenital LCMV infection acts as an abortifacient and a fetal teratogen, usually manifested as
chorioretinitis, hydrocephalus, microcephaly, or macrocephaly639-644. Adult infection with LCMV can lead
to the development of fever, malaise, headaches, seizure, and in some cases fatal meningitis644-649. LCMV
is used as a model system in immunology that significantly contributed to the understanding of immune
tolerance, immunodominance, MHC restriction, virus-immune interactions, and the basis for viral
persistence644. An important benefit of the LCMV system is its great flexibility in the resultant outcome
after infection. Depending on the strain, dose, and route of LCMV infection, a wide variety of responses
including viral clearance, immune suppression, viral persistence, hepatitis, or fatal choriomeningitis can be
induced595,638,644.
LCMV has the capacity to induce meningitis in both human and murine hosts595,648,649. In adult
immunocompetent mice, intracranial (i.c.) injection of LCMV results in the development of acute, fatal
meningitis on day 6-8 postinfection and has served for decades as a model of CD8+ T cell-mediated viral
meningitis595,644,650. Prior to death, mice demonstrate symptoms including ruffled fur, blepharitis, hunched
posture, and seizures644. Since LCMV is a non-cytopathic virus, the damage induced in the CNS is not caused
by the virus but rather by the subsequent immune response. Intravital imaging studies revealed that
intracranial LCMV challenge leads to infection of three specific cell types: fibroblast-like cells in the
meningeal stroma, epithelial cells lining the ventricles, and epithelial cells in the choroid plexus which in
turn results in the accumulation of virus-specific CD8+ T cells in these compartments596,644,651,652. The
recruitment of CD8+ effector T cells to the meninges was demonstrated to be dependent on luminal MHC
class I expression by cerebral endothelium and to coincide with the onset of fatal convulsive
seizures457,596,652-654. LCMV-specificity of cytotoxic T cells was reported to be a prerequisite for disease
induction which cannot be mediated by non-specific bystander CD8+ T cells655. Although the virus is
administered i.c., approximately 90% of the inoculum is released into the blood and becomes available for
the peripheral T cell priming that occurs 3-5 days postinfection644,656. Priming of naive CD8+ T cells is likely
to take place in the spleen and deep cervical lymph nodes of LCMV infected mice. Proliferative and
cytotoxic capacities were shown to increase progressively over time, corresponding to the development
of a functional T cell response that precedes immunopathology644,657,658. After priming, activated CTLs may
enter the circulation, traffic to the CNS (see 2.2.3), and cause inflammation and disease. Interestingly,
although CTLs are required for a rapid disease onset, their effector mechanisms are not457,596,659. Convulsive
seizures were still observed in mice with single deficiencies in all major CTL effector pathways such as
granzymes, perforin, IFN-γ, TNF, Fas (also known as CD95), and degranulation457,596. Kim et al. could show
that CTLs can mediate fatal CNS inflammatory disease in part by recruiting monocytes and neutrophils that
compromise the integrity of meningeal blood vessels which results in BBB breakdown and fatal CNS
vascular injury457,660. CTLs can directly recruit innate immune cells to the brain by producing chemokines
such as CCL2, CCL3, CCL4, CCL5, and CXCL10. Chemokine upregulation appears to be linked to IFN-γ
expression, suggesting that the release of IFN-γ by infiltrating CD8+ T cells may be an important step in the
recruitment of myeloid cells to the CNS457,644,658,661,662.
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2.3 Alloimmune responses and transplant rejection
Transplantation presents a life-saving therapy and last resort for end-stage organ failure and can be
considered among the major accomplishments of the twentieth century in human health. Only in 2012,
more than 105 solid organ transplants were performed worldwide663. In the absence of pharmacological
immunosuppression, however, allogeneic organs, which means organs from another individual of the
same species, are acutely rejected. In most cases, adaptive immune responses to proteins of the grafted
allogenic tissues, which are perceived as foreign by the recipient, are the major hindrance to successful
transplantation. The immune response to a transplanted organ consists of both cellular (lymphocytemediated) and humoral (antibody-mediated) mechanisms. Although other cell types are also involved, T
cells have been demonstrated to play the central role in the rejection of grafts664,665. To prevent rejection,
current immunosuppressive therapies that target T cells non-specifically have to be taken lifelong, leaving
patients more susceptible to infections and tumors, in addition to having toxic off-target effects. Hence,
there is a strong need to develop alternative treatments to classical immunosuppression to induce donorspecific tolerance.

2.3.1 Allorecognition pathways - induction of adaptive immunity
There are three distinct mechanisms by which the adaptive immune system can recognize alloantigens
(see Figure 8). Unique to transplantation, peptide-allogenic-MHC complexes that were not encountered
during thymic development can be recognized ‘‘directly’’ on the surface of donor APCs (direct pathway)666670

. The indirect pathway involves the recognition of donor antigens after being internalized and presented

by recipient APCs as self-restricted allopeptides. Such peptides are processed from allogeneic MHC
molecules or from other donor (non-MHC) molecules that have polymorphic differences from host
proteins (minor histocompatibility antigens)666,671-675. More recently, a semi-direct pathway has been
proposed, whereby the recipient APC acquires peptide-allogenic-MHC complexes from donor cells which
are, instead of being processed, presented intactly on the cell surface676,677. These three pathways differ
profoundly in the nature and number of alloreactive T cell clones activated and in the duration of activation
phase665.
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Figure 8: Mechanisms of allorecognition.g (for explanation see text)

Direct allorecognition is thought to be largely responsible for acute rejection. This pathway is characterized
by the uniquely high frequency of T cells with direct allospecificity which is 100-fold to 1,000-fold higher
than the precursor frequency of T cells specific for any single foreign-peptide-self-MHC complex679-682.
Thus, the potency of inducing immune responses by HLA foreign alloantigens is much higher compared to
a conventional immune response. Every allograft undergoes a degree of ischemic reperfusion injury during
transplantation and, as a result of this injury, the innate immune system is activated predisposing the
allograft to both acute and chronic rejection. The mechanism by which ischemia reperfusion injury
promotes rejection is likely to be multifactorial664. Studies have shown that reperfusion injury activates
both a cellular response and humoral factors of the innate immune system. Central to the ischemia injury
is the release of ROS which are directly toxic to cells of the graft and can induce necrosis and
apoptosis683,684. In addition, ROS induce the release of chaperoning proteins like heat-shock proteins (HSPs)
and high-mobility box group (HMBG)1 proteins and extracellular matrix (ECM) components such as
hyaluronan, fibronectin, heparan sulfate, and biglycan from stressed or damaged cells. By binding to TLR4
or TLR2, these ligands activate immature TLR-expressing DCs and/or vascular endothelium685-694. TLRmediated DC activation in turn induces DCs to upregulate MHC and costimulatory molecules and to
migrate from grafts to secondary lymphoid tissues and to initiate an adaptive alloimmune response695-698.
Following activation, donor-specific T cells down-regulate the expression of CD62L and CCR7 in order to

g
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leave the lymph nodes. Depending on the site of inflammation, upregulation of adhesion molecules like
VLA-4 and LFA-1 enables allospecific T cells to enter the graft where they recognize alloantigens on the
graft parenchyma. Moreover, oxidative injury facilitates signaling through adaptor molecules such as
MyD88 and TRIF which induces the expression of chemokines like IFN-γ-induced protein (IP)-10 (CXCL10)
thereby promoting T cell recruitment into allografts. Ischemia reperfusion injury also stimulates the
production of proinflammatory cytokines and mediators including IL-1, IL-6, TGF-β, and prostaglandin E2
(PGE2) thereby driving T helper cell differentiation699,700.
As modern immunosuppressive agents have proved to be increasingly effective in preventing and treating
acute allograft rejection, chronic rejection has emerged as a major clinical problem. While donor APCs
within a transplanted organ gradually deplete with time, the indirect pathway continues to present
alloantigen to the host immune system for as long as the graft is present677,679. There is compelling
evidence connecting this ongoing indirect allorecognition with chronic rejection, both in experimental
models and in the clinical setting701-705. Organs undergoing chronic rejection display many of the features
of healing wounds, including fibroblast, endothelial cell, or epithelial cell proliferation and collagen
deposition within the graft parenchyma and blood vessels resulting in interstitial fibrosis, ischemia, and
the loss of graft function664,706,707. Importantly, although the direct and indirect allorecognition pathways
are applicable to both CD4+ and CD8+ T cell alloimmunity, CD8+ T cells with indirect allospecificity are largely
clinically irrelevant, because, although graft endothelium is partially replaced by recipient-derived
progenitor cells, graft parenchyma remains entirely donor in origin708,709. Thus, only effector CD8+ T cells
that bind through direct recognition of the allogeneic MHC class I on the graft can cause cytolytic injury710.
In contrast, it has been demonstrated that T helper cells, in addition to their ability to directly recognize
and respond to alloantigens, provide essential helper function: CD4+ T cell help provided through both the
direct pathway and the indirect pathway generates strong cytotoxic T cell responses while the interaction
of B cells and T helper cells with indirect allospecificity plays a central role concerning humoral responses
to the allograft during acute and chronic allograft rejection665,679,711-718. However, the relative contribution
of CD4+ T cells with direct and indirect specificity as well as their potential effector mechanisms to chronic
allograft rejection is poorly understood665.

2.3.2 CD4+ T cells in allograft rejection
Several studies indicate that alloreactive Th1 cells are involved in acute allograft rejection by inducing
several mechanisms which result in the destruction of donor tissue719,720. Upon recognition of
autoantigens, Th1 cells produce IL-2 which promotes the proliferation of alloreactive cytotoxic CD8+ T cells.
Moreover, CD8+ T cells produce IFN-γ which enhances Th1 responses thereby acting as positive feedback
loop for allospecific Th1 cells. Alloreactive Th1 cells contribute to allorejection by initiating macrophagemediated delayed type hypersensitivity (DTH) responses, upregulating the grafts MHC for immune
recognition by allospecific T cells, and activating B cells to produce allospecific antibodies665,721,722. Through
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Fas/Fas ligand (FasL)-mediated cytotoxicity Th1 cells are also capable to directly cause allograft damage
677,700,720

. While IFN-γ is a prototypical Th1 cytokine that mediates many proinflammatory immune

responses, it has become apparent that the precise role of IFN-γ in the alloimmune response is complex,
contributing to both graft-destructive and graft-protective immune responses723,724. For instance, it has
been shown that IFN-γ-deficiency in rodent heart and kidney transplant recipients resulted in accelerated
graft rejection and increased parenchymal necrosis721,725. This is consistent with a number of recently
described effects of IFN-γ such as its ability to inhibit the generation of Th17 cells and to promote the
generation of allospecific regulatory T cells517,726.
Th2 cytokines, particularly IL-4 and IL-10, are able to inhibit Th1 responses and, as a result, delay or prevent
acute rejection but, on the other hand, also seem to dominate during chronic rejection727-729. Thereby, Th2
cells have not only been implicated in inducing antibody-production of B cells but also in promoting
fibrosis664,730-735. Additionally, Th2 cytokines activate eosinophils which are thought to mediate allograft
rejection736,737.
Th17 cells were demonstrated to play a crucial role in acute as well as in chronic allograft rejection738-740.
In clinical transplantation, they have been implicated in acute lung, liver, and kidney rejection741-746. The
hallmark of Th17 cell-mediated allograft rejection is the ability of IL-17 to recruit neutrophils which are
one of the first inflammatory effector cells to infiltrate the allograft after transplantation and cause
allograft damage725,747-752. However, although these studies suggest a role for IL-17 in contributing to
allograft rejection, the direct contribution of Th17 cells was almost exclusively demonstrated in the
absence of allospecific Th1 responses739,753,754. A growing body of literature suggests that Th17 cells play a
role in the development of allograft rejection through an IL-17-mediated escape mechanism particularly
when Th1 responses are suppressed with calcineurin inhibitors (CNIs) 755. CNI-based immune suppression
protocols do not appear to suppress Th17 cells which was associated with the progression of chronic
rejection even in stable renal allograft recipients756. Accordingly, IL-17 has been demonstrated to be critical
for the development of allograft fibrosis as well as to induce collagen production757-761. Last but not least,
Th17 cells have been implicated as B cell helpers contributing to antibody-mediated acute and chronic
allograft rejection746,762.
Thymus-derived natural CD4+ forkhead box P3 (FOXP3+) Treg cells play a central role in immunological
tolerance and have been shown to induce and maintain allograft tolerance in experimental and clinical
transplantation763-766. Treg cells do not only suppress Th1 and Th2 but also alloreactive CD8+ T cells and
alloantibody-producing B cells. Many studies have demonstrated that Treg cells are also able to control
Th17 cell-mediated inflammatory diseases767,768. However, compared to Th1 and Th2 cells, Th17 cells of
both murine and human origin seem to be somewhat refractive to the suppression by Tregs768-773. A recent
study of Stummvoll et al. shows that Treg cells were also relatively ineffective at preventing disease in a
Th17-mediated autoimmune gastritis model when compared with Th1- and Th2-mediated disease, and
could only do so at early time points774. This observation is supported by the finding that early
administration of Tregs can prevent disease in a mouse model of Th17-driven graft-versus-host disease
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(GVHD), but that delayed administration had no effect775. Although limited in number, these studies
regarding Treg/Th17 interaction suggest that timing is crucial for suppressing Th17 responses, whereas it
appears to be less important for limiting Th1 or Th2 activity. Together with the fact that Tregs can favor
Th17 development by producing TGF-β and by becoming Th17 cells themselves, the approach to any future
Treg-based therapies will have to take into account the possibility that Th17 responses could theoretically
be favored738,776.

2.3.3 Immunosuppressive treatment regimens in transplantation
The success of solid organ transplants strictly depends on effective immunosuppression that minimizes
the risk of allograft rejection and graft loss. Although significant advances in transplant
immunosuppression have occurred in the past decades, the chronic use of immunosuppressive drugs leads
to drug-related toxicity and to an unspecific and general suppression of the immune system often resulting
in cardio-vascular diseases, opportunistic infections, and post-transplant neoplasia777-779. The main
objectives of immunosuppressive regimens have to be in fine equilibrium with minimal adverse effects for
the patient. Most clinically used immunosuppressive regimens consist of a combination of several agents
used concurrently and follow several general principles. Immunosuppressive drugs can be classified as
induction or maintenance regimens. Induction regimens provide intense early post-operative immune
suppression while maintenance regimens are used throughout the patient's life to prevent both acute and
chronic rejection. Five drug classes that currently comprise maintenance regimens include CNIs (e.g.
cyclosporine and tacrolimus), mammalian target of Rapamycin (mTOR) inhibitors (e.g. sirolimus and
everolimus), anti-proliferative agents (e.g. azathioprine and mycophenolic acid (MPA)), costimulation
blockers (e.g. belatacept), and corticosteroids (e.g. methylprednisolone) (see Table 2). For example,
“kidney disease: improving global outcomes” (KDIGO) clinical practice guidelines suggest that first-line
agents should include anti-CD25 (basiliximab) induction for low-risk patients and an anti-thymocyte
globulin for high-risk patients in conjunction with maintenance immunosuppression including tacrolimus
and mycophenolate780.
During the early years of organ transplantation, basic immunosuppressive protocols used corticosteroids
such as methylprednisolone to block acute rejection events. In addition to various anti-inflammatory
effects on cells of the adaptive and innate immune system, methylprednisolone also was reported to
enhance the suppressive activity of the total Treg cell pool by increasing its percentage of highly
differentiated and highly suppressive HLA-DRhigh CD45RA- Tregs678,781,782.
CNIs have revolutionized post-transplantation immunosuppressive regimens by significantly lowering
acute rejection rates. Cyclosporine (Neoral®, Novartis) became the basic immunosuppressive drug until a
new CNI, Tacrolimus (Prograf® (FK506), Astellas), was introduced in the 90s678,782. Although tacrolimus
shares a similar spectrum of adverse effects (basically worsening cardio-vascular profiles) it is still the most
widely used immunosuppressive drug and has been shown to be effective in preventing acute
60

Chapter I: Introduction
rejection783,784. A novel CNI, voclosporin (ISA 247, Isotechnika Pharma) is investigated in solid organ
transplantation displaying a higher affinity and greater in vivo potency compared to cyclosporine785,786.
CNIs have been demonstrated to suppress Th1 and Th2 cells in a concentration-dependent manner while
data concerning their effect on Th17 cells are not consistent738,740,754,756,787-790. However, when used in
combination with anti-proliferative drugs such as MPA (Cellcept®, Genentech/ Myfortic®, Novartis), the
frequency of acute rejection episodes was set below 20%.

Table 2: Maintenance regimens for immunosuppressive therapy in organ transplantation.
Year of initial
Brand

Manufacturer

Drug (mode of action)
FDA approval

Afinitor®, Zortress®

Novartis

Everolimus (mTOR inhibitor)

2009

Amevive®

Astellas

Alefacept1,2 (anti-CD2 mAb)

2003

ASKP1240

Astellas

(anti-CD40 mAb)

not approved

Astragraf XL®

Astellas

Tacrolimus Extended Release (CNI)

2013

Pfizer/Sanofi

Horse or Rabbit anti-thymocyte globulin

1981

Campath®

Berlex Laboratories

Alemtuzumab2 (anti-CD52 mAb)

2001

Cellcept®

Genentech

Myfortic®

Novartis

Neoral®

Novartis

Cyclosporine (CNI)

1983

Nulojix®

Bristol-Myers-Squibb

Belatacept (CTLA-4 fusion protein)

2011

Prograf®

Astellas

Tacrolimus (CNI)

1994

Rapamune®

Pfizer

Sirolimus (mTOR inhibitor)

1999

Atgam® or
Thymoglobulin®

Mycophenolate Mofetil (inosine monophosphate
dehydrogenase inhibitor)
Mycophenolate Sodium (inosine
monophosphate dehydrogenase inhibitor)

1,2

1995

1995

Raptiva®

Genentech

Efalizumab (anti-CD11a mAb)

2003

Rituxan®

Genentech

Rituximab (anti-CD20 mAb)

1997

Simulect®

Novartis

Basiliximab (anti-CD25 mAb)

2001

Soliris®

Novartis

Eculizumab (anti-C5 mAb)

2007

Bortezomib (proteasome inhibitor)

2003

Pfizer

Tolfacitinib1 (JAK3 inhibitor)

2012

Novartis

Sotrastaurin, AEB-0711 (PKC inhibitor)

not approved

Isotechnika Pharma

Voclosporin (CNI)

not approved

Generic

Azathioprine

manufacturers

(amidophosphoribosyltransferaseinhibitor)

Velcade®
Xeljanz®

1No

Millenium
Pharmaceuticals

1968

longer being investigated for transplantation; 2Withdrawn from US Market; PKC: protein kinase C
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Anti-proliferative agents such as azathioprine and MPA inhibit de novo DNA synthesis with potent
inhibition of lymphocyte proliferation. According to the so-called “Symphony” study, more than 85% of
current CNI minimization immunosuppressive protocols are based on a combination of steroids,
tacrolimus at low doses, plus MPA791. Compared to tacrolimus, MPA exerted a more profound inhibitory
effect on IL-17 production and related alloimmune responses787. Moreover, MPA was demonstrated to
shift the plastic equilibrium between Th17 and Treg cells towards the latter789. Thus, conversion from CNI
to MPA monotherapy was shown to overturn the repressive effect of CNI on circulating Treg levels thereby
promoting Treg-mediated suppression of alloreactivity792.
In recent years, two new, non-nephrotoxic mTOR inhibitors, sirolimus (Rapamune® (rapamycin), Pfizer)
and everolimus (Afinitor®/Zortress®, Novartis), have been demonstrated to have powerful
immunosuppressive modes of action. Blockade of mTOR by rapamycin impairs DC maturation and
function, inhibits T cell proliferation, and can sequester activated T cells in secondary lymphoid tissues. By
contrast, rapamycin causes an increase in the frequency of FOXP3+ T cells, reflecting both the ability of
Treg cells to proliferate in the presence of rapamycin and the induced in vivo conversion of naive T cells
into Treg cells. Moreover, mTOR inhibition was shown to preserve activation-induced cell death and
augment the potential of costimulation blockade to create tolerance782,793-799.
Biological-derived drugs are the next generation of “conventional” immunosuppressives. In murine
models, numerous studies demonstrated that blockade of costimulatory pathways during transplantation
is highly effective at tolerizing naive donor-reactive T cell and preventing both, acute and chronic allograft
rejection664,800. For example, belatacept (Nulojix®, Bristol Myers Squibb) is a second generation
costimulation blocker (CD80/86 antagonism) that received FDA approval for the use in kidney
transplantation in June of 2011. Belatacept is a fusion protein composed of the Fc fragment of a human
IgG1 linked to the extracellular domain of cytotoxic T lymphocyte-associated protein (CTLA)-4 which was
shown to block acute rejection episodes and to prolong graft survival801. Belatacept is the first
immunosuppressive to demonstrate a real benefit over a CNI-based regimen. Consequently, belatacept
was moved into clinical trials as the principal component of an immunosuppressive regimen consisting of
basiliximab, steroids, and MPA802,803. As expected, this study showed improvement in renal function
compared with cyclosporine-treated recipients owing to reduced CNI-related renal toxicities. However,
renal biopsies have exhibited a high incidence of acute, cell-mediated rejection, most probably mediated
by memory cells which do not depend on costimulation signaling802,804,805. Recently, a fully human antiCD40 mAb, (ASKP1240, Astellas), has shown promising results in phase 1 studies of kidney transplantation
and follow-up trials will compare the efficacy of ASKP1240 with calcineurin avoidance (basiliximab,
ASKP1240, MPA, and steroids) to the standard of care immunosuppressive regimen (basiliximab,
tacrolimus, MPA, steroids)806-808.
Antibody-mediated rejection is an important cause of acute and chronic graft failure which is typically less
responsive to conventional anti-rejection therapy. Treatment regimens for acute antibody-mediated
rejection include plasmapheresis, intravenous immunoglobulin, and rituximab (Rituxan®, Genentech), a
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chimeric anti-CD20 mAb that has been shown to be effective in several cases of acute humoral rejection808813

. Two investigational studies with promising results for the treatment of antibody-mediated rejection

include the proteasome inhibitor bortezomib (Velcade®, Millenium Pharmaceuticals) and eculizumab
(Soliris®, Alexion Pharmaceuticals), a humanized IgG mAb that binds to complement protein C5 and blocks
the activation of terminal complement808,814-818.
In the past years, several clinical trials have been discontinued due to lower efficacy and safety profiles
when compared to conventional immunosuppressives. These agents, which are no longer pursued for
transplantation, include efalizumab (Raptiva®, Genentech), an immunosuppressant which binds to the
CD11a subunit of LFA and thereby inhibits white blood cell migration, alefacept (Amevivie®, Astellas), an
anti-CD2 humanized mAb which was indicated for treatment of moderate to severe chronic plaque
psoriasis, sotrastaurin (Novartis), a potent and selective inhibitor of protein kinase C, and tolfacitinib
(Xeljanz®, Pfizer), a selective inhibitor of JAK3 that was FDA approved for moderate to severe rheumatoid
arthritis in November of 2012678,799,808,819.
Most of the improvements and new drugs show efficacy in the short term after transplantation, thus
controlling acute rejection. However, the numerous adverse side effects of conventional
immunosuppressants and their failure to effectively prevent chronic allograft dysfunction, which
represents the major cause of long-term graft dysfunction, boosted the development of alternative
strategies to avoid graft rejection678,782,808,820. Different alternative therapies have been proposed to
replace the classical treatment for allograft rejection and to induce donor-specific tolerance.
Transplantation tolerance can be defined as a state of immune unresponsiveness, downregulation or
deviation of an immune response to an inflammatory situation. Among the new approaches for the active
induction of allograft tolerance, the use of the regulatory properties of different regulatory cell types have
been evaluated in animal models and also in some clinical trials with promising results766,821,822.
Treg cells have been widely studied for their capacities to modulate the immune response towards
tolerance in different immunological contexts. Amongst the T cell subsets with immunomodulatory
properties, the regulatory roles of thymus-derived CD4+ CD25high FOXP3+ naturally occurring Treg cells have
been recognized for many years and substantial research efforts have sought to exploit their suppressive
functions to deliver a tolerogenic cell therapy for transplantation823,824. The transition to the clinic has been
facilitated by the significant progress made over the last 5 years in identification of further markers to
delineate stable suppressive Treg subsets, such as CD45RA, CD161, CCR6, and low expression of IL-7
receptor α chain (CD127), in addition to previously described expression of transcription factor FOXP3,
CTLA-4, glucocorticoid-induced TNFR family related gene (GITR), and CD62L825-827. Different types of
strategies have been tried to expand and activate Treg cells to enhance their immunosuppressive functions
828-832

. The use of immunosuppressive drugs that permit or promote Treg cell generation and function is

obviously one approach that might be effective766,833,834. Other strategies include the infusion of
alloantigens before transplantation (to expand or induce Treg cells specific for donor alloantigens) and the
delivery of Treg cells as a cellular therapy835,836. The mechanisms by which Treg cells manage to induce
63

Chapter I: Introduction
allograft tolerance are yet to be fully elucidated. Membrane-bound TGF-β and CTLA-4 expression is
thought to mediate contact-dependent immunosuppression toward APCs and effector cells766,837-841. Treg
cells can also produce IL-10 which is an immunosuppressive cytokine that can inhibit APC activity and
promote the conversion of T cells into Tregs842. Indeed, blocking the activity of CTLA-4 or IL-10 in vivo
prevents Treg cell-mediated regulation in transplantation models843,835,844. Treg cells have been reported
to block the induction of IL-2 in T cells at the transcription level leading to low proliferation and decreased
activation of effector CD4+ and CD8+ T cells845. Indirect recognition is thought to be the main allorecognition
pathway suppressed by Treg cells

846-848

. In animal models, the transfer of Treg cells, with or without

manipulation ex vivo, has proved to be a very effective strategy for controlling acute and chronic allograft
rejection844,849-855. Antigen presenting cells have also been tested in the induction of tolerance. Among
professional APCs, DCs actively participate in the physiological mechanisms of tolerance, through the
induction of T cell anergy, depletion of antigen-specific T cells, and/or the promotion of Treg cells856-858.
Preliminary experiments in rodents have widely demonstrated that administration of different types of
tolerogenic DCs prolong graft survival859-861. Tolerogenic DCs either have immature phenotypes and the
capacity to induce antigen-specific tolerance or are of plasmacytoid origin which can potently inhibit
effector T cell responses as well as enhance expansion/induction of Tregs862-864. Additionally, clinical trials
investigating the immunomodulatory effect of regulatory macrophages, mesenchymal stromal cells (MSC),
and myeloid-derived suppressor cells (MDSCs) are in progress766,865.
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AIM OF THE THESIS
The proteasome is responsible for the degradation of polyubiquitinated substrates including oxidized or
malfunctioning proteins as well as proteins with regulatory functions thereby controlling multiple biological
processes. Due to its restricted expression, the immunoproteasome appears as superior drug target
compared to the standard proteasome which is known to be expressed in all eukaryotic cells. Their influence
on cytokine production and T cell differentiation rendered immunoproteasome inhibitors as promising
therapeutic strategies against inflammatory disorders such as autoimmune diseases. Corroboratively, several
studies reported selective inhibition of LMP7 to ameliorate the clinical outcome of rheumatoid arthritis,
systemic lupus erythematosus, diabetes, and inflammatory bowel disease demonstrating its regulatory
influence on T cell-dependent and -independent immune responses. The aim of this study was to investigate
the impact of immunoproteasome inhibition on physiological and pathophysiological immune responses.
In the course of the study described in chapter II, the impact of ONX 0914 on the pathogenesis of CD4+ T cellmediated mouse model of MS was investigated. After establishing the MOG35-55-induced EAE model in the
lab, the impact of LMP7 inhibition on the clinical outcome was assessed by scoring ONX 0914 and vehicle
treated mice in vivo. Moreover, the influence of ONX 0914 treatment on inflammatory responses underlying
the immunopathology of EAE was characterized ex vivo.
In 2009, Kremer et al. observed that LMP7-/- mice, compared to WT mice, displayed a protracted clinical
outcome of LCMV-induced meningitis, a CD8+ T cell-mediated model of CNS inflammation. Thus, the objective
of the study described in chapter III was to determine the influence of LMP7 on the pathogenesis of this
disease in vivo and to characterize its impact on CTL responses using both selective inhibition and genetic
deficiency of LMP7. Moreover, in the second part of this chapter, the possibility to refine animal welfare in
this model was examined by characterizing the influence of buprenorphine, an opioid derivative, on LCMVspecific CD8+ T cell responses.
In chapter IV, the efficacy of LMP7 inhibition on the survival of allogenic skin grafts in a complete MHCmismatch mouse model was determined. After establishing this model in the lab, monotherapy with ONX
0914 as well as in combination with low dose cyclosporine A was used to estimate the influence of the
immunoproteasome on CD4+ T cell-mediated allograft rejection in vivo. Additionally, the influence of LMP7
inhibition on allogenic immune responses was assessed using mixed lymphocyte reactions in vitro.
CD4+ T cells are known to play a central role in antifungal immunity. Hence, the aim of the study described in
chapter V was to investigate the impact of LMP7 inhibition on T helper cell differentiation in a mouse model
of systemic infection with C. albicans. IFN-γ and IL-17, the hallmark cytokines of Th1 and Th17 cells,
respectively, were determined in the supernatant of human PBMCs as well as murine splenocytes activated
with heat-killed C. albicans blastoconidia in vitro. Moreover, the influence on Th1 and Th17 differentiation
was assessed by ex vivo restimulation of splenocytes from i.v. C. albicans infected mice. Moreover, the
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influence of ONX 0914 treatment on the clinical outcome of systemic candidiasis as well as on the innate
antifungal immunity was characterized in the course of this study.
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Inhibition of the immunoproteasome ameliorates
experimental autoimmune encephalomyelitis (EAE)
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Abstract
Multiple sclerosis (MS) is a chronic demyelinating immune-mediated disease of the central nervous system.
The immunoproteasome is a distinct class of proteasomes found predominantly in monocytes and
lymphocytes. Recently, we demonstrated a novel function of immunoproteasomes in cytokine production
and T cell differentiation. In this study, we investigated the therapeutic efficacy of an inhibitor of the
immunoproteasome (ONX 0914) in two different mouse models of MS. ONX 0914 attenuated disease
progression after active and passive induction of experimental autoimmune encephalomyelitis (EAE), both in
MOG35-55- and PLP139-151-induced EAE. Isolation of lymphocytes from the brain or spinal cord revealed a strong
reduction of cytokine-producing CD4+ cells in ONX 0914 treated mice. Additionally, ONX 0914 treatment
prevented disease exacerbation in a relapsing-remitting model. An analysis of draining lymph nodes after
induction of EAE revealed that the differentiation to Th17 or Th1 cells was strongly impaired in ONX 0914
treated mice. These results implicate the immunoproteasome in the development of EAE and suggest that
immunoproteasome inhibitors are promising drug targets for the treatment of MS.

Keywords: immunoproteasome / proteasome / experimental autoimmune encephalomyelitis / multiple
sclerosis
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Introduction
Multiple sclerosis (MS) is a complex chronic immune-mediated disease of the central nervous system,
affecting approximately 1 in 1000 individuals in Europe and the US866. Environmental and genetic factors
determine the susceptibility to develop the disease that is characterized by acute relapses of neurological
deficit and remissions, and by a progressive accumulation of neurological and cognitive disability over time.
MS pathology was originally defined by the presence of focal white matter lesions, due to primary
demyelination with partial preservation of axons and reactive astrocytic scar formation867. Experimental
autoimmune encephalomyelitis (EAE), a MS disease model in rodents, shares clinical and pathological
features with MS868-871. In this model, sensitization with central nervous system (CNS) antigens breaks
immunological tolerance of autoreactive T cells, enabling them to cross the blood brain barrier and induce
brain inflammation.
The proteasome is a large intracellular multicatalytic protease found both in the cytoplasm and the nucleus
controlling multiple cellular processes872. The 20S proteasome is a barrel-shaped complex of four rings with
seven subunits each. The outer two rings consist of α subunits, the inner two rings of β subunits forming the
central proteolytic chamber101. Three of the β subunits designated β1, β2, and β5 bear the active centers of
the 20S proteasome. In cells stimulated with interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) or in
cells of hematopoietic origin, the catalytic subunits LMP2 (β1i), MECL-1 (β2i), and LMP7 (β5i) replace the
constitutive subunits β1, β2, and β5 during neosynthesis and build the so-called immunoproteasome. The
immunological benefit of this process is attributed to minor structural changes within the proteasome101 and
an altered cleavage pattern, thus, the immunoproteasome optimizes quality and quantity of MHC class I
presented peptides88,99,110,873. Thereby, the immunoproteasome alters class I ligand generation and, thus,
shapes the naive CD8-T cell repertoire in the thymus and cytotoxic T cell responses in the periphery
17,90,97,108,114,118

. Apart from its role in antigen presentation, we have recently shown that the

immunoproteasome plays a crucial role in T cell expansion and autoimmune diseases105,117,128,147. ONX 0914
(formerly named PR-957), an LMP7-selective epoxyketone inhibitor of the immunoproteasome, reduced
cytokine production in activated monocytes or T cells and attenuated disease progression in mouse models
of rheumatoid arthritis, diabetes, colitis, and systemic lupus erythematosus117,147,150. Additionally, ONX 0914
blocked differentiation of naive CD4+ T cells to IL-17 producing cells in vitro 117.
These results prompted us to investigate the clinical effect of ONX 0914 in two different mouse models of MS.
In MOG35-55-and PLP139-151-induced EAE, ONX 0914 attenuated disease progression in diseased animals
following immunization with autoantigen or transfer of autoreactive T cells. Blockade of LMP7 prevented
infiltration of immune cells into the brain and spinal cord and diminished initial Th1 and Th17 differentiation.
Thus, our results suggest that the inhibition of LMP7 holds potential as a novel approach for the treatment of
MS in humans.
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Results
EAE induction in immunoproteasome-deficient mice.
In order to analyze whether mice deficient in immunoproteasome subunits are susceptible to experimental
autoimmune encephalomyelitis, LMP2-/-, LMP7-/-, MECL-1-/-, and C57BL/6 control mice were immunized with
MOG35-55 peptide. The clinical score of the mice was recorded for 26 days, but no significant difference in
disease score could be observed (Figure 1). A similar finding was obtained by Frausto et al. in LMP2-deficient
mice874, whereas Seifert et al. reported an exacerbation of EAE symptoms in LMP7-/- mice136. However, the
latter finding could not be confirmed by others80.

Figure 1: Immunoproteasome-deficient mice develop EAE. C57BL/6 wild type,
LMP2-/-, MECL-1-/-, and LMP7-/- mice were immunized with MOG35-55 peptide.
Mice were monitored daily for clinical symptoms of EAE. Clinical score (y-axis) is
plotted versus time post immunization (x-axis). Data points represent mean ±
s.e.m of six mice. The experiments were performed three times, yielding similar
results.

An LMP7-selective inhibitor prevents symptoms of EAE.
ONX 0914 is a selective inhibitor of LMP7 with low nanomolar potency in vitro and at doses of 6-12 mg/kg in
mice101,117,147. In order to investigate whether LMP7 inhibition affects clinical symptoms in MOG35-55immunized mice, ONX 0914 was administered three times a week at an LMP7-selective concentration of 10
mg/kg 117 beginning on the day of immunization. First clinical symptoms were observed on day 14 in vehicle
treated mice, whereas ONX 0914 treatment resulted in a significantly later onset of the disease and lower
disease severity (Figure 2A). Disease incidence in vehicle treated mice was 90%, compared to 23% in ONX
0914 treated mice (Table 1). This effect was due to specific inhibition of LMP7 as treatment of MOG35-55immunized LMP7-deficient mice with ONX 0914 developed disease in a similar manner to either wild type or
gene-deficient animals treated with vehicle (Figure 2B). When wild type mice immunized with MOG35-55 were
treated with the β5c-selective inhibitor PR-825 (described in 117) no change in disease onset or severity was
noted (Figure 2C). To address the question why an LMP7-selective inhibitor is so effective in attenuating
symptoms of EAE (Figure 2A, Table 1), while LMP7-/- are susceptible to the disease (Figure 1), EAE was induced
in PR-825 treated LMP7-deficient mice.
Interestingly, in contrast to wild type mice (Figure 2C) PR-825 treatment in LMP7-/- mice resulted in a
significantly later onset of the disease and lower disease severity (Figure 2D). Taken together, these data
suggest that inhibition of LMP7 results in reduced clinical symptoms in MOG35-55-induced EAE.
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Figure 2: ONX 0914 prevents MOG35-55induced EAE. C57BL/6 (A, C) or LMP7-/mice (B, D) were immunized with MOG3555 peptide and were monitored daily for
clinical symptoms of EAE. Mice were
treated with 10 mg/kg ONX 0914 (A, B), 2
mg/kg PR-825 (C), 1 mg/kg PR-825 (D) or
vehicle (A, B, C, D) three times a week
beginning on the day of immunization.
Data are presented as mean clinical score
± s.e.m of six mice. (E) C57BL/6 wild type
mice were irradiated and reconstituted
with bone marrow derived from wild type
(wild type → wild type) or LMP7-/- (LMP7/→ wild type) mice. Mice were
immunized with MOG35-55 peptide and
treated with 10 mg/kg ONX 0914 or
vehicle, three times a week beginning on
the day of immunization. The experiments
were performed five times (A) or twice (B,
C, D, E), yielding similar results. *p<0.05;
**p<0.01; ***p<0.001.

To assess whether tissue cells or cells derived from the hematopoietic system are affected by ONX 0914
treatment (Figure 2A) we generated bone marrow chimeras. Wild type mice were irradiated and
reconstituted with either wild type or LMP7-deficient bone marrow. Mice were immunized with MOG35-55 and
ONX 0914 was administered three times a week at an LMP7-selective concentration of 10 mg/kg (Figure 2E).
ONX 0914 treatment strongly reduced the clinical score in mice reconstituted with wild type bone marrow
but not in wild type mice reconstituted with LMP7-deficient bone marrow. Hence, we conclude that the
observed amelioration of EAE symptoms in ONX 0914 treated mice relies on the selective inhibition of LMP7
in cells derived from the hematopoietic system.

Table 1: Clinical parameters of vehicle and ONX 0914 treated mice during MOG35-55-induced EAEa
Day of disease onset
Group

a
b

(mean ± s.e.m.)b

Clinical score at the peak of disease,
Incidence

(mean ± s.e.m.)

vehicle

17,2 ± 0,7

27/30 (90%)

2,6 ± 0.1

10 mg/kg ONX 0914

26,6 ± 1,1

6/26 (23.1%)

1 ± 0.2

Results are cumulative data from five different experiments.
Not affected animals were arbitrary assigned to day 30 for disease onset (end of experiment).
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LMP7 inhibition prevents brain and spinal cord inflammation.
EAE is characterized by the invasion of autoreactive T helper cells into the CNS, leading to inflammation and
demyelination. Infiltration of immune cells into the brain and spinal cord on day 19 of MOG35-55-induced EAE
was measured by flow cytometry. Inhibition of LMP7 reduced infiltration of CD4+ T helper cells, activated
lymphocytes (CD45highCD11b-) and activated myeloid cells (CD45highCD11b+) (Figure 3A). The degree of
inflammation in H&E stained cross-sections of the spinal cord was microscopically assessed and
semiquantitatively graded from 0 to 4 blinded to sample identity (Figure 3B). In contrast to vehicle treated
mice, ONX 0914 treated mice had only mild signs of inflammation. Several soluble mediators of inflammation,
like proinflammatory cytokines, are elevated in EAE and play a crucial role in the course of the disease 875. To
investigate whether ONX 0914 treatment altered cytokine expression in mice after EAE induction, the mRNA
levels for TNF-α, IL-1β, IL-6, IL-17, and IL-23 were determined by real-time RT-PCR in spinal cords on day 19
after immunization with MOG35-55 peptide (Figure 4A). Cytokines were upregulated in vehicle treated mice,
whereas ONX 0914 treated mice showed significantly reduced TNF-α, IL-1β, and IL-6 mRNA production. To
investigate whether autoreactive T helper cells of ONX 0914 treated mice were able to promote and sustain
inflammation, we analyzed CD4+ T cells from the brains and spinal cords for their cytokine expression profile.
While CD4+ cells derived from the brain of vehicle treated mice produced IFN-γ, TNF-α, IL-17, and GM-CSF
upon in vitro restimulation with MOG35-55 (Figure 4B), the few CD4+ cells recovered from the brains of ONX
0914 treated mice were barely expressing these cytokines. Although some CD4+ T cells were able to invade
the brain of ONX 0914 treated mice, these data suggest that LMP7 inhibition dampens the ability of these
cells to produce cytokines.
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Figure 3: Reduced infiltration into the CNS in ONX 0914 treated mice. C57BL/6 mice were immunized with MOG35-55
peptide, treated three times a week with 10 mg/kg ONX 0914 or vehicle beginning on the day of immunization and
analyzed on day 19 post immunization. The experiments were performed twice (n=6 per group and n=2 naive mice),
yielding similar results. *p<0.05; **p<0.01; ***p<0.001. (A) Flow cytometric analysis of lymphocytes and myeloid cells
invading the brain (upper panels) or spinal cord (lower panels). Graphs show the mean absolute numbers ± s.e.m of CNS
invading CD4+ lymphocytes, CD45highCD11b- lymphocytes, and CD45highCD11b+ myeloid cells. Representative flow
cytometry profiles of CNS infiltrating cells are depicted on the left side. n.d.: not detected. (B) Representative histological
spinal cord sections (left side) of indicated mice (H&E, original magnification x5 (upper panels) and x40 lower panels)).
Semiquantitative histopathologic assessment (right side) of CNS infiltration. Data points represent mean ± s.e.m..

Recently, we have demonstrated that LMP7 regulates secretion of IL-23 and IL-6 by activated monocytes and
IFN-γ and IL-2 by T cells117. GM-CSF has been previously reported to play a pivotal role in the initiation of
autoimmune neuroinflammation473,538. To investigate whether LMP7 inhibition is able to influence the
secretion of this crucial cytokine in neuroinflammation, splenocytes were stimulated with plate bound
CD3/CD28 antibodies in the presence or absence of ONX 0914 and GM-CSF secretion was measured 24 h later
in the supernatant by ELISA (Figure 5A).
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Figure 4: Reduced CNS inflammations in ONX 0914 treated mice. C57BL/6 mice were immunized with MOG35-55 peptide,
treated three times a week with 10 mg/kg ONX 0914 or vehicle beginning on the day of immunization and analyzed on
day 19 post immunization. The experiments were performed twice (n=6 per group and n=2 naive mice), yielding similar
results. *p<0.05; **p<0.01; ***p<0.001. (A) The TNF-α, IL-23, IL-17, IL-1β, and IL-6 mRNA content in spinal cords was
analyzed by real-time RT-PCR. The values were normalized to the expression of hypoxanthineguanine phosphoribosyl
transferase in the same organs. Shown are the mean fold expression ± s.e.m.. (B) Brain infiltrating CD4+ lymphocytes
were restimulated in vitro with MOG35-55 peptide for 6 h and analyzed by flow cytometry after staining for CD4 and
intracellular IFN-γ, IL-17, TNF-α, or GM-CSF. Shown are the percentages of IFN-γ-, IL-17-, TNF-α-, or GM-CSF-positive cells
of CD4+ T cells (y-axis) as determined by flow cytometry. Unstimulated cells (no peptide) were used as a negative control.

LMP7-selective inhibition with ONX 0914 reduced the secretion of GM-CSF to background levels. A similar
result was found when T cells were stimulated with plate bound CD3/CD28 antibodies under GM-CSF
polarizing conditions (i.e. in the presence of neutralizing Abs to IFN-γ and IL-12) for 96 h as previously reported
(Figure 5B)473. ONX 0914 treatment at 300 nM reduced cytokine secretion to background levels. To determine
whether ONX 0914 can inhibit GM-CSF and IL-23 secretion of human cells, human PBMCs were incubated
with varying concentrations of ONX 0914.
Twenty four hours post stimulation with plate bound CD3/CD28 antibodies, GM-CSF secretion into the
supernatant was analyzed by ELISA whereas IL-23 production was assessed after LPS stimulation of PBMCs.
ONX 0914 reduced IL-23 secretion to background levels at 100 nM (Figure 5C bottom panel) in accordance
with our previous report117, while it diminished GM-CSF production by human PBMCs in a dose-dependent
manner to approximately 50% at 300 nM.
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Figure 5: ONX 0914 blocks GM-CSF
production of T cells. (A, B) GM-CSF
production of ONX 0914 (300nM) treated
splenocytes stimulated with plate bound
anti-CD3/anti-CD28 Abs in the absence (A) or
presence of neutralizing Abs to IFN-γ and IL12 (B) for 96 h, as analyzed by ELISA. Cytokine
concentrations are presented as the mean ±
s.e.m. from triplicate wells. Data represent
one out of three experiments. (C) Assessment
of GM-CSF and IL-23 production of human
PBMCs. PBMCs were incubated with
indicated concentrations of ONX 0914 for 2 h
and stimulated with plate bound antiCD3/anti-CD28 Abs (GM-CSF) or LPS (IL-23)
for 48 h. Cytokine concentrations measured
by ELISA are presented as the mean ± s.e.m.
from triplicate wells.

Therapeutic treatment with ONX 0914 inhibits progression of MOG35-55-induced EAE.
In order to investigate whether ONX 0914 is able to ameliorate active EAE, mice were immunized with MOG3555 peptide.

When the first clinical symptoms were visible (day 15), mice were randomized and treated with

vehicle or ONX 0914 either once or three times per week. Treatment with ONX 0914 prevented progression
to severe disease (Figure 6A) and resulted in reduced cellular infiltration into the spinal cord (Figure 6B). In
addition, expression of several inflammatory cytokines and adhesion molecules were reduced in the ONX
0914 treated animals as compared to vehicle control animals (Figure 6C). Next, splenocytes from diseased
EAE mice were restimulated in vitro with MOG35-55 peptide and adoptively transferred into C57BL/6 mice.
Treatment of these animals at the time of transfer with ONX 0914 significantly reduced disease onset and
severity compared to vehicle treated mice (Figure 6D). These results indicate that LMP7 inhibition suppresses
fully primed autoreactive T cells and prevents autoimmunity.

75

Chapter II: EAE

Figure 6: ONX 0914 inhibits progression of MOG35-55-induced EAE. (A) C57BL/6 were immunized with MOG35-55 peptide
and were daily scored for clinical symptoms. On the day of disease onset (d 15) mice were treated three times a week
with intravenous administration of 6 mg/kg ONX 0914, 10 mg/kg ONX 0914, or vehicle or once a week with 10 mg/kg
ONX 0914. Data, presented as the mean clinical score ± s.e.m. (n=10 per group), are from one experiment of three
performed with similar results. The arrow indicates the time point when treatment was initiated. *p<0.05; **p<0.01;
***p<0.001. (B) Histopathological analysis of spinal cords from MOG35-55-immunized mice at day 25 after immunization.
Data are a representative of 2 separate experiments. (C) MOG35-55-immunized mice received either vehicle or 10 mg/kg
ONX 0914 three times per week starting on day 14 after immunization. Individual spinal cords were harvested on day 25
from a cohort of animals in each group and analyzed by quantitative RT-PCR (b-actin normalized) for expression of the
indicated genes. Data presented are the mean normalized value ± s.e.m. (n=5 per group) and p values were derived from
an unpaired t-test. (D) In vitro restimulated MOG35-55 reactive T cells were adoptively transferred into C57BL/6 mice.
Mice were treated three times a week with 6 mg/kg ONX 0914 or vehicle for 14 days and were daily monitored for clinical
symptoms. Data are presented as mean clinical score ± s.e.m. (n=5 per group). (E) C57BL/6 were immunized with MOG3555 peptide and treated with 10 mg/kg ONX 0914 or vehicle, three times a week beginning on the day of immunization.
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On day 9 post immunization draining lymph node cells were restimulated in vitro with MOG35-55 peptide for 6 h and
analyzed by flow cytometry after staining for CD4 and intracellular IFN-γ, IL-17, TNF-α, or GM-CSF. Shown are the mean
percentages ± s.e.m. (n=6 per group) of IFN-γ-, IL-17-, TNF-α-, or GM-CSF-positive cells of CD4+ T cells (y-axis) as
determined by flow cytometry. Unstimulated cells (no peptide) were used as a negative control.

ONX 0914 blocks differentiation to autoreactive T cells.
Recently, we have shown that ONX 0914 blocked Th17 cell differentiation of T cells cultured in the presence
of polarizing cytokines 117. Th17 cells can be isolated from the inflamed CNS of EAE mice and their signature
cytokine, IL-17, can be measured in MS lesions 522. Barely any cytokine producing CD4+ cells were found in the
brain of ONX 0914 treated MOG35-55-immunized mice (Figure 4B). To investigate whether the initial
differentiation to Th1 or Th17 cells is altered in MOG35-55-immunized mice treated with ONX 0914, cells from
draining lymph nodes were restimulated in vitro with MOG35-55 peptide and analyzed for TNF-α, GM-CSF, IFNγ, and IL-17 expression (Figure 6E). In contrast to vehicle treated animals, almost no MOG35-55-specific IFN-γ
or IL-17 producing CD4+ cells could be recovered from mice treated with ONX 0914. In addition, antigenspecific expression of TNF-α and GM-CSF were strongly reduced in CD4+ T cells of ONX 0914 treated mice.
Thus, it appears that the differentiation to Th1 and Th17 cells in vivo is blocked in mice treated with an LMP7selective inhibitor.

ONX 0914 reduces clinical symptoms in the PLP139-15-induced relapsing-remitting EAE model in
SJL/J Mice.
Immunization of SJL/J mice with PLP139-151 induces a relapsing-remitting EAE that resembles the relapsingremitting form of MS in humans 876. In this model, mice fully or almost fully recover from the first wave of
paralysis after immunization and after a disease-free period of 1-2 weeks, 50 to 100% of the mice develop a
second wave of paralysis. When clinical symptoms were visible, animals were treated once or three times a
week with ONX 0914 or vehicle. Treatment with ONX 0914 almost completely blocked the first wave of
paralysis in these mice (Figure 7A). Interestingly a relapse was noted in inhibitor treated mice but was
significantly lower compared to vehicle treated animals. In accordance to the clinical symptoms, reduced
cellular infiltration into the spinal cord could be observed by microscopic assessment of cross-sections of the
spinal cord of ONX 0914 treated mice (Figure 7B).
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Figure 7: ONX 0914 ameliorates
PLP139-151-induced EAE. (A, B, C) SJL/J
mice were immunized with PLP139-151
and were monitored daily for clinical
symptoms of EAE. From day 11 (A)
or day 19 (C) on (indicated by an
arrow), mice were treated with 10
mg/kg ONX 0914 three times a week
(indicated 3x), 10 mg/kg ONX 0914
once a week (indicated weekly), or
vehicle. Data, presented as the
mean clinical score ± s.e.m (n=10
per group), are from one
experiment of three performed with
similar results. *** = P<0.001 by
two-way ANOVA followed by
Bonferroni post-hoc comparison at
the end of study. (B) Representative
histological spinal cord sections of
indicated mice. From day 11 on,
mice were treated with 10 mg/kg
ONX 0914 three times a week. Mice
were analyzed on day 14 post immunization. (D) In vitro restimulated PLP139-151 reactive T cells were adoptively
transferred into SJL/J mice. Mice were treated three times a week with 10 mg/kg ONX 0914 or vehicle beginning on day
9 and were monitored daily for clinical symptoms. Data are presented as mean clinical score ± s.e.m. (n=9-10 per group).
*p<0.05; **p<0.01; ***p<0.001.

To investigate whether a relapse could be prevented in the PLP-induced mouse model of EAE, PLP139-151immunized SJL/J mice were randomized on day 19 after the first wave of paralysis and were then treated with
either ONX 0914 or vehicle (Figure 7C). In contrast to the vehicle treated mice, no relapse was observed in
the ONX 0914 treated group. Hence, both disease progression and relapse can be prevented by LMP7
inhibition in this mouse model of MS. We have demonstrated that administration of ONX 0914 prevented EAE
symptoms after transfer of MOG35-55-specific autoreactive T cells (Figure 6D). To confirm this result in the PLP
model of EAE, draining lymph nodes from PLP139-151-immunized mice were removed on day 10 post
immunization. Cells were restimulated in vitro in the presence of PLP139-151 peptide and polarized to a Th17
phenotype in the presence of IL-23. The Th17 status was verified by both cytokine production and intracellular
staining of RORγT and IL-17 (Supplementary Figure 1). In vitro restimulated cells were then adoptively
transferred into SJL/J mice and were randomized to treatment with either vehicle or ONX 0914 following the
onset of clinical symptoms. Severe EAE developed in vehicle treated animals but not in the ONX 0914 treated
mice (Figure 7D). Since treatment of the PLP139-151 T cells with ONX 0914 prior to restimulation prevented the
production of IL-17 or IL-22 (data not shown), even in the presence of IL-23, it is likely that the in vivo effect
is due to a blockade in Th17 function in treated animals.
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Discussion
Proteasome inhibitors represent novel drugs in anti-cancer therapy as they can induce apoptosis
preferentially in transformed cells877,878, but their therapeutic potential may also extend to autoimmune
diseases due to their effects on cytokine production and proliferating lymphocytes879. Bortezomib, which
targets both the constitutive proteasome (CP) and the immunoproteasome (IP), is the first clinically approved
proteasome inhibitor and is used in the treatment of multiple myeloma and relapsed mantle cell
lymphoma226. Apart from its direct anti-tumor activity against malignant B-cells, bortezomib eliminates both
short- and long-lived plasma cells probably by activation of the terminal unfolded protein response266.
Treatment with bortezomib depleted plasma cells producing antibodies to double-stranded DNA, eliminated
autoantibody production, ameliorated glomerulonephritis, and prolonged survival the NZB/W F1 and MRL/lpr
mouse models of lupus nephritis. To overcome resistance to bortezomib and to develop inhibitors with
improved pharmacological and toxicological profiles, the development of proteasome inhibitors with
enhanced selectivity is warranted. Therefore, novel proteasome inhibitors preferentially targeting subunits
of the immunoproteasome were developed117,880-883. The selectivity of proteasome inhibitors is determined
by the geometry and amino acid side chain properties of the substrate-binding pocket, which differs between
the three catalytic beta subunits218. Recently, we have solved the crystal structures of the constitutive
proteasome and immunoproteasome of the mouse at 2.9 Å resolution101. These data will promote the
structure-guided design of inhibitory lead structures selective for immunoproteasomes.
In this study, we investigated the efficacy of the LMP7-selective epoxyketone proteasome inhibitor ONX 0914
(formerly named PR-957) in two different mouse models for EAE. In MOG35-55-induced EAE, ONX 0914 reduced
clinical symptoms of EAE and prevented brain and spinal cord inflammation (Figures 2, 3 and 4). Interestingly,
we found that mice genetically deficient in any of the immunoproteasome active site subunits developed EAE
following MOG35-55 immunization that was indistinguishable from wild type C57BL/6 mice (Figure 1). Similar
results using LMP2-/- mice have been reported by Frausto et al. 874 while others have reported that MOG35-55
immunization of LMP7-/- mice results in more severe inflammation compared to wild type mice136, which could
not be confirmed by others80. Although a precise reason for these disparate results is not known, it appears
that the clinical severity reported by Seifert et al. (approximately 0.75) was much lower than we report here.
Nonetheless, when wild type animals are immunized with MOG35-55 and treated with an LMP7-selective
inhibitor, disease onset was delayed and overall severity was reduced. The β5c-selective inhibitor PR-825
failed to prevent disease induction in C57BL/6 wild type mice (Figure 2C). In contrast, LMP7-deficient mice
treated with the same inhibitor were almost completely protected from MOG35-55-induced EAE (Figure 2D).
Hence, we can experimentally explain the discrepancy in phenotype between drug treated mice (Figure 2A)
and immunoproteasome knockout mice (Figure 1). Namely, the chymotrypsin-like activity of the proteasome
is responsible for the observed beneficial effects of the LMP7-selective inhibitor ONX 0914 on EAE. It seems
that the cells responsible for the induction of EAE express high levels of immunoproteasomes. Therefore, the
chymotrypsin-like activity in wild type cells (which contain LMP7) can only be blocked with ONX 0914, whereas
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in LMP7-deficient mice which incorporate β5c instead of LMP7 into immunoproteasomes, this activity can be
inhibited by the β5c-specific inhibitor PR-825. Consistent with this is the finding that the β5c-specific inhibitor
PR-825 suppresses production of IFN-γ or IL-17 in stimulated T cells from LMP7-/- but not wild type mice,
whereas ONX 0914 inhibits cytokine production only in T cells from wild type animals147. The finding that the
chymotrypsin-like activity of the proteasome is responsible for EAE prevention explains why broad-spectrum
proteasome inhibitors are effective in EAE prevention884-886. Nevertheless, these inhibitors are probably of no
clinical relevance for the treatment of autoimmune diseases due to their harmful side effects. Bortezomib, a
proteasome inhibitor for relapsed and/or refractory myeloma and mantle cell lymphoma, is used at the
maximal tolerated dose229,230. In contrast, the dose of ONX 0914 used in this manuscript to prevent EAE (10
mg/kg) is far below the maximal tolerated dose of 30 mg/kg117. Thereby, ONX 0914 is selectively targeting the
chymotrypsin-like activity in cells originating from the hematopoietic system (like T cells, dendritic cells, or
myeloid cells) which only contain immunoproteasomes and these cells are responsible in the induction of
EAE. Indeed, experiments with bone marrow chimeras demonstrated that the effect of LMP7 inhibition in
cells derived from the hematopoietic system is responsible for the amelioration of EAE symptoms in ONX
0914 treated mice (Figure 2E). Hence, ONX 0914 is selectively targeting the chymotrypsin-like activity at the
site of inflammation and, therefore, the chymotrypsin-like activity required for housekeeping functions of the
proteasome at other sites in the body are not affected. This also explains the lacking side effects of ONX 0914
in mice compared to broad-spectrum proteasome inhibitors. We even demonstrated that a β5c selective
inhibitor (PR-825) of the constitutive proteasome had no effect on EAE (Figure 2C). Therefore, our data
demonstrate that selective inhibition of LMP7 results in a dramatically improved safety margin over nonselective inhibitors. This study describes for the first time LMP7 as a prime pharmacological target in the
prevention of EAE. In contrast to EAE, immunoproteasome-deficient mice are protected from dextran sulfate
sodium (DSS)-induced colitis147,887,888. Hence, it appears that LMP7 plays a different role in this disease model.
EAE is characterized by the infiltration of lymphocytes and myeloid cells into the CNS. Selective inhibition of
LMP7 reduced migration of CD4+ T helper cells, activated lymphocytes (CD45highCD11b-), and activated
myeloid cells (CD45highCD11b+) into the brain and spinal cord of MOG35-55-immunized mice (Figure 3A).
Inflammation was reduced (Figure 3B) and the production of numerous cytokines was strongly impaired in
ONX 0914 treated mice (Figure 4A). In addition, CD4+ cells isolated on day 19 post MOG35-55 immunization
from the brain of ONX 0914 treated mice barely produced IFN-γ, TNF-α, IL-17, or GM-CSF upon in vitro
restimulation with MOG35-55 peptide (Figure 4B).
Recent work has demonstrated roles for GM-CSF and IL-23 in MS. T cell-derived GM-CSF sustains
neuroinflammation via myeloid cells that infiltrated the CNS473,538 and IL-23 is necessary for the induction of
EAE in mice via its role in the maintenance of Th17 cells473. GM-CSF is thought to stimulate the production of
IL-23 by dendritic cells during autoimmune responses in a CCR4-dependent manner889. ONX 0914 reduced
GM-CSF production of activated mouse T cells under GM-CSF polarizing and non-polarizing conditions and in
human PBMC stimulated through the T cell receptor (Figure 5). Additionally, ONX 0914 blocked IL-23 (Figure
5C, 117) production of human PBMCs and the differentiation of CD4+ cells to IFN-γ producing Th1 and IL-17
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producing Th17 cells (Figure 6E). We have recently shown that Th17 differentiation under lineage promoting
polarizing conditions in vitro is diminished in ONX 0914 treated CD4+ T cells 117. Taken together, this suggests
that systemic immunoproteasome inhibition has direct and indirect effects on autoreactive inflammatory T
cells.
Th17 cells are involved in the onset and maintenance of EAE511. IL-17+ T cells have been found in lesions in
brain tissues from patients with MS, indicating that Th17 cells also play a crucial role in the human
demyelinating disease523. It has been demonstrated that C-C chemokine receptor 6 (CCR6)-regulated entry of
Th17 cells into the CNS through the choroid plexus is required for the initiation of EAE which may explain why
ONX 0914-mediated blockage of Th17 differentiation is extremely efficient in the suppression of EAE (Figure
6E, 117). Additionally, we found that silencing LMP7 inhibited Th1 differentiation and promoted regulatory T
cell (Treg) development, whereas Th2 differentiation was not affected145. However, we did not detect a
difference in the number of Tregs in the brains of ONX 0914 treated mice 19 days after MOG35-55
immunization (data not shown).
LMP7 inhibition was not only effective in protecting from EAE development (Figure 2A, 3, 4 and 6E), but also
prevented progression in diseased animals (Figure 6A-C, and 7A-C). These results indicate that LMP7 blockade
suppresses fully active and differentiated autoreactive cells. The clinical benefit cannot be explained simply
by the elimination of immune cells, because ONX 0914 treatment did not alter CD4+, CD8+, CD19+, and CD11c+
counts in the spleen and lymph nodes on day 19 post MOG35-55 immunization (data not shown). Since LMP7
inhibition blocks cytokine production in multiple immune effector cells, it is possible that ONX 0914 treatment
prevents differentiation to and cytokine production by autoreactive T cells. Given that LMP7, but not β5 is
required for cytokine release117,147,890,891, we propose that the immunoproteasome selectively process a yet
to be determined factor that is required for regulating cytokine production.
Consecutive episodes of remission and relapse are hallmarks of MS in the majority of patients. PLP139-151induced relapsing-remitting EAE in SJL/J mice is an ideal model to study the relapse of the demyelinating
disease. When ONX 0914 was administered on the day when the first clinical symptoms appeared, the
inhibitor could prevent the initiation of the disease (Figure 7A). Additionally, LMP7 inhibition ameliorated a
relapse when treatment started in the recovery phase after the first wave of symptoms (Figure 7C). Hence,
LMP7 inhibition may qualify as a new treatment option to prevent the progression of autoimmune diseases
like MS.
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Material and Methods
Mice, viruses, cell lines, and media
Female C57BL/6 mice (H-2b) were originally purchased from Charles River, Germany. Female SJL/J mice were
obtained from Jackson Laboratories (Bar Harbor, ME). MECL-197, LMP294, and LMP795 gene-targeted mice
were provided by John Monaco (University of Cincinnati, Cincinnati, OH). Mice were kept in a specific
pathogen-free facility and used at 6-10 weeks of age. Animal experiments were approved by the review board
of Regierungspräsidium Freiburg or were performed under protocols approved by an institutional animal care
and use committee. All media were purchased from Invitrogen-Life Technologies (Karlsruhe, Germany) and
contained GlutaMAX, 10% FCS, and 100 U/ml penicillin/streptomycin.

Synthetic peptides
The synthetic peptide MOG35-55 (MEVGWYRSPFSRVVHLYRNGK) was obtained from GenScript (Piscataway, US)
or Bio-synthesis Inc. (Lewisville, TX). PLP139-151 (HSLGKWLGHPDKF) was purchased from Bio-synthesis Inc.

Proteasome inhibitor
The β5c- (PR-825) and β5i- (ONX 0914; formerly called PR-957) (Onyx pharmaceuticals) selective inhibitors
were dissolved at a concentration of 10 mM in DMSO and stored at -20°C.

Proteasome inhibition in mice
ONX 0914 was formulated in an aqueous solution of 10% (w/v) sulfobutylether-β-cyclodextrin and 10 mM
sodium citrate (pH 6) and administered to mice as an s.c. or i.v. bolus dose of 6 or 10 mg/kg (in a volume of
100 µl). PR-825 was dissolved in 2% ethanol in saline and administered as an s.c. bolus dose of 2 mg/kg (in a
volume of 100 µl) in C57BL/6 mice or 1 mg/kg in LMP7-/- mice.

Induction of EAE
C57BL/6 mice were immunized subcutaneously in the lateral abdomen with 300 μg MOG35-55 peptide in CFA
and 200 ng pertussis toxin in PBS was administered on day 0 (i.p.) and day 2 (i.v.). Clinical disease was scored
as follows: 0, no detectable signs of EAE; 0.5, distal limp tail; 1, complete limp tail; 1.5, limp tail and hind limb
weakness; 2, unilateral partial hind limb paralysis; 2.5, bilateral partial hind limb paralysis; 3, complete
bilateral hind limb paralysis; 3.5, complete hind limb paralysis and unilateral forelimb paralysis; 4, total
paralysis of fore and hind limbs (score > 4, to be killed); 5, death. For Figure 6A and 6B the following disease
score was used: 0, no detectable signs of EAE; 1, tail weakness or tail paralysis or hind limb weakness but not
both; 2, tail paralysis and hind leg weakness; 3, single hind leg paralysis. Noticeable gait disturbance, possible
atonic bladder; 4, complete hind leg paralysis; 5, Complete hind leg and with partial or complete front leg
paralysis; 6, moribund. Each time point shown is the average disease score of each group ± s.e.m..
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For induction of PLP-induced EAE, female SJL/J (8-12 weeks) mice were immunized subcutaneously with 200
μg of PLP139-151 peptide dissolved in PBS and emulsified with an equivalent volume of CFA containing 2.5 mg/ml
of Mycobacterium tuberculosis (Chondrex) under the skin at the nape of the neck and the right and left flank
on day 0. Pertussis toxin (200 ng/mouse, List Biological Laboratories Inc.) was injected i.v. on the same day as
the immunization.

Generation of bone marrow chimeras
Age- and sex-matched C57BL/6 recipient mice were lethally irradiated with 9.8 Gy and received 3 x 106 bone
marrow cells from age- and sex-matched LMP7-/- or C57BL/6 donor mice on the same day by i.v. injection.
Mice were rested 8 weeks before use in experiments.

Adoptive transfer
MOG35–55-immunized mice were sacrificed on day 11 post EAE induction. Spleen and lymph node cells were
restimulated in vitro in the presence of 15 µg/ml MOG35-55 and 2.5 ng/ml IL-12 for 4 days. 1-3x107 cells were
injected (i.p.) into recipient mice and 200 ng pertussis toxin in PBS was administered (i.p.) on day 0 and day
2.

Transfer in SJL/J mice
Donor SJL/J mice were immunized with PLP and CFA as described above and 8-10 days later, draining lymph
nodes were removed. PLP-specific cells were culture in RPMI 1640 supplemented with 10% FCS, 2 mM Lglutamine, 1% penicillin/streptomycin, 20 µg/ml of PLP and 5 ng/ml of rIL-23 (R&D) for 4 days. Cells were
washed and adjusted to the required concentration in PBS so that each naive SJL/J recipient received 5 x 106
cells i.v. in 0.1 ml. Recipient mice were monitored twice daily for clinical signs of disease

Quantitative real-time RT-PCR
Real-time RT-PCR was used to quantify cytokine expression levels in mouse spinal cords. For Figure 4A,
samples were disrupted in TRIzol® (Invitrogen) using a tissue homogenizer. After centrifugation chloroform
was added. Total RNA was extracted from the aqueous phase using the Rneasy Plus Mini Kit including Optional
on-column Dnase Digestion with the RNase-Free Dnase Set (Qiagen). 1 µg of total RNA was reverse
transcribed using oligonucleotide (dT) primers and the reverse transcription system (Promega, Madison, WI).
Quantitative real-time PCR was performed with the LightCycler instrument, using the Light-Cycler Fast Start
DNA Master SYBR Green I reaction mix (both from Roche Applied Science, Mannheim, Germany). Primers
were previously described147. Mouse hypoxanthineguanine phosphoribosyl transferase was used as a
reference gene.
For Figure 6C, RNA isolation and polymerase chain reaction (PCR) analysis was performed by Gene Screen
Technologies (Piscataway, NJ). Total RNA was extracted by RNAeasy extraction kit (Qiagen, Valencia CA). After
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treatment with DNase I (Qiagen), complementary DNA (cDNA) was synthesized using random primers and
Superscript II as per the manufacturer’s protocol (Invitrogen). Gene expression was measured by TaqMan
realtime PCR using target gene probes and primers per the manufacturer’s protocol (Applied Biosystems).
The experiments were performed on an ABI PRISM 7900 sequence detection system under the following
conditions: 1 cycle of 50°C (2 min) followed by 95°C (10 min), 40 cycles of 95°C (15 sec) followed by 60°C (1
min). All reactions were performed in triplicate and the experiments were repeated three times. Cytokine
mRNA levels were normalized to β-actin.

Histological analysis
Spinal cords were fixed in 4% formalin in phosphate buffer (55 mM Na2HPO4, 12 mM NaH2PO4). The fixed
tissues were dehydrated and embedded in paraffin. Seven-micrometer sections were stained with H&E and
scored in a blinded manner. The degree of inflammation on microscopic cross-sections of the spinal cord was
graded semiquantitatively: 0, none; 1, minimal; 2, mild; 3, moderate; and 4, severe.

T cell stimulation
Splenocytes of C57BL/6 (1.5 x 105/well) were incubated with ONX 0914 and stimulated with plate bound antiCD3 (5 µg/ml, clone 17A2; eBioscience, San Diego, CA) and anti-CD28 (5 µg/ml, clone 37.51; BD Biosciences)
antibodies for 24 h. GM-CSF in the supernatant was determined by ELISA, according to the manufacturer’s
protocol (eBioscience). For GM-CSF polarizing conditions, anti-IL-12 (10 µg/ml, clone C15.6, BD Biosciences)
and anti-IFN-γ (10 µg/ml, clone XMG1.2, eBioscience) antibodies were added and supernatants were analyzed
96 h post stimulation.
Human PBMC´s from healthy volunteers were incubated with ONX 0914 for 2 h at 37°C. Washed cells (2.5 x
105/well) were stimulated with plate bound anti-CD3 (1 µg/ml, clone OKT3, eBioscience) and anti-CD28 (5
µg/ml, clone CD28.2, BD Biosciences) antibodies for 24 h. GM-CSF or IL-23 in the supernatant was determined
by ELISA, according to the manufacturer’s protocol (eBioscience).

Isolation of mononuclear cells from CNS
Mice were sacrificed and perfused with cold PBS to minimize contamination of brain and spinal cord with
blood-derived leukocytes of peripheral blood. Mononuclear cells from the brain or spinal cord were isolated
by enzymatic digestion of tissues with collagenase D (0.2 mg/ml) and DNase I (0.2 mg/ml) followed by Percoll®
gradient centrifugation.

Flow cytometry
Flow cytometry was performed exactly as previously described 118. Abs to CD4 (clone GK1.5), CD45 (clone 30F11) were obtained from eBioscience and antibodies to CD4 (clone RM4-5), and CD11b (clone M1/70) were
purchased from BD Biosciences. Cells were acquired with the use of the Accuri 6 flow cytometer system.
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Intracellular cytokine staining (ICS)
Analysis of T cell responses was performed as previously detailed
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. Briefly, lymph node cells or

mononucleated cells purified from brain or spinal cord were incubated in round-bottom 96-well plates with
10 µg/ml MOG35-55 peptide in 100 µl IMDM 10% plus brefeldin A (10 µg/ml) for 5-6 h at 37°C. The first two
hours of stimulation were performed in the absence of brefeldin A. The staining, fixation, and
permeabilization of the cells were performed exactly as detailed previously
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. Antibodies to CD4 (clone

GK1.5), GM-CSF (clone MP1-22E9), and IL-17A (clone eBio17B7) were obtained from eBioscience and
antibodies to IFN-γ (clone AN-18) and TNF-α (MP6-XT22) were purchased from BD Biosciences.

Statistical analysis
The statistical significance was determined using the Student t test or ANOVA. For ANOVA, we used the
Bonferroni post hoc analysis to compare treatment groups. All statistical analyses were performed using
GraphPad Prism Software (version 4.03) (GraphPad, San Diego, CA). Statistical significance was achieved when
p<0.05. *: p<0.05; ** p<0.01; *** p<0.001.
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The paper explained
PROBLEM:
Multiple sclerosis (MS) is a chronic immune-mediated disease of the central nervous system, affecting
approximately 1 in 1000 individuals. This disease is thought to be propagated by autoreactive inflammatory
T cells including Th1 and Th17 cells. Experimental autoimmune encephalomyelitis (EAE), a MS disease model
in rodents, shares clinical and pathological features with MS. Although some treatments are effective in MS,
a large patient population suffers intolerable side effects, relapse, or fails to respond altogether. Therefore,
the identification of novel therapeutic targets is warranted.

RESULTS:
The immunoproteasome is a cytokine-induced variant of the 20S proteasome bearing the unique subunits
LMP2 (β1i), MECL-1 (β2i), and LMP7 (β5i). Recently, a novel role of the immunoproteasome in promoting the
differentiation of pro-inflammatory T helper cells in chronic inflammation has been identified. In this study
we have investigated the impact of the LMP7-selective inhibitor ONX 0914 on two mouse models for MS. ONX
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0914 strongly attenuated disease progression in diseased animals following immunization with autoantigen
or transfer of autoreactive T cells. Isolation of lymphocytes from the brain or spinal cord at the peak of the
disease revealed a strong reduction in cellular infiltration and of cytokine-producing CD4+ cells in ONX 0914
treated mice. Recent work has demonstrated a crucial role for GM-CSF in MS. ONX 0914 reduced GM-CSF
production of activated mouse T cells and in human peripheral blood mononuclear cell (PBMC) stimulated
through the T cell receptor. An analysis of draining lymph nodes after induction of EAE revealed that the
differentiation to Th17 or Th1 cells was strongly impaired in ONX 0914 treated mice. Consecutive episodes of
remission and relapse are hallmarks of MS in the majority of patients. ONX 0914 strongly attenuated clinical
symptoms in a relapsing-remitting EAE model and prevented a second exacerbation when treatment started
in the recovery phase after the first wave of symptoms.
IMPACT:
Our results strongly implicate the immunoproteasome in the development of EAE and suggest that
immunoproteasome inhibitors are promising drug targets for the treatment of MS. Our data argue that
especially autoimmune diseases which rely on a strong Th1 and Th17 driven pro-inflammatory response
should be amenable to therapy with LMP7 inhibitors. These advances in characterizing LMP7 as a drug target
for the therapy of autoimmune diseases will promote the further development of LMP7 inhibitors and the
clinical testing of ONX 0914 for the suppression of autoimmunity.

Bullet point list:
• Immunoproteasome inhibition reduces clinical symptoms in two different animal model for multiple
sclerosis
• Immunoproteasome inhibition impedes Th1 and Th17 cell differentiation in experimental autoimmune
encephalomyelitis
• Immunoproteasome inhibition reduces cellular infiltration into the CNS in experimental autoimmune
encephalomyelitis
• Immunoproteasome inhibitors are promising targets for the treatment of multiple sclerosis
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Supplementary information

Figure S1: Th17 status of PLP139-151 peptide restimulated CD4+ T cells. DLN were harvested 8- 10 days post PLP139– 151/CFA
immunization and cells were cultured for four days in the presence of 20 μg/ml PLP and 5 ng/ml of rIL- 23. IL-17
production and RORγT expression in CD4+ T cells was analyzed by intracellular staining.
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Abstract
In addition to antigen processing, immunoproteasomes were recently shown to exert functions influencing
cytokine production by monocytes and T cells, T helper cell differentiation, and T cell survival. Moreover,
selective inhibition of the immunoproteasome subunit LMP7 ameliorated symptoms of autoimmune diseases
including CD4+ T cell-mediated experimental autoimmune encephalomyelitis (EAE). In this study, we show
that LMP7 also plays a crucial role in the pathogenesis of lymphocytic choriomeningitis virus (LCMV)-induced
meningitis mediated by cytotoxic T cells (CTLs). Mice lacking functional LMP7 display delayed and reduced
clinical signs of disease accompanied by a strongly decreased inflammatory infiltration into the brain.
Interestingly, we found that selective inhibition and genetic deficiency of LMP7 affect the pathogenesis of
LCMV-induced meningitis in a distinct manner. Our findings support the important role of LMP7 in
inflammatory disorders and suggest immunoproteasome inhibition as a novel strategy against inflammationinduced neuropathology in the CNS.
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Introduction
The 26S proteasome is a proteolytic complex in eukaryotic cells responsible for the ATP-dependent
degradation of the bulk of cellular proteins with critical functions in antigen presentation on major
histocompatibility complex (MHC) class I molecules and many other biological processes. Its 20S core particle
consists of α and β subunits that build a barrel-shaped complex of four rings with seven subunits each 101. In
cells of hematopoietic origin, or in response to interferon (IFN)-γ or tumor-necrosis-factor (TNF)-α, the
catalytically active β-subunits (β1, β2, and β5) are replaced by their inducible counterparts LMP2 (β1i), MECL1 (β2i), and LMP7 (β5i), respectively, thereby building the so-called immunoproteasome during neosynthesis.
The immunological benefit of this process is attributed to structural changes in substrate binding pockets101
and an altered cleavage pattern of the multicatalytic complex88. The MHC class I ligand pool generated by
immunoproteasomes is not only distinct from but also more efficient in activating cytotoxic T lymphocytes
(CTLs) compared to that of constitutive proteasomes17,110,894. Beyond their important role in generating MHC
class I ligands for T cell activation in the periphery, immunoproteasomes have been shown to shape the naive
T cell repertoire in the thymus and to regulate immune responses105,117,128,145,147.
Lymphocytic choriomeningitis virus (LCMV) is used as a model system for viral infection of mice and
contributed to the understanding of immune tolerance, immunodominance, MHC restriction, viral-immune
interactions, and the basis for viral persistence644. In adult immunocompetent mice, intracranial (i.c.) injection
of LCMV results in the development of acute, fatal meningitis on day 6-8 postinfection and serves as a model
of CTL-mediated viral meningitis 644. Since the virus itself is non-cytolytic, pathogenesis and death are directly
related to the influx of virus-specific CD8+ T cells895,896. This disease process exemplifies the delicate balance
between successful viral clearance and a life-threatening immunopathology595. The first evidence that
immunoproteasomes might have an influence on LCMV-induced meningitis was reported by Kremer et al. in
201074. They observed only a moderate induction of immunoproteasomes upon intracranial LCMV infection
which was restricted to microglia and an accumulation of immunoproteasome precursors in the CNS. These
findings led to the hypothesis, that immunoproteasomes or in particular LMP7 might influence the
pathogenesis of LCMV-induced meningitis. In this study, we found that both selective inhibition and the
genetic deficiency of LMP7 but not LMP2 and MECL-1 delayed and attenuated this disease by suppressing
inflammation and by blocking CNS infiltration of immune cells.
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Results
LMP7-deficiency and selective inhibition of LMP7 result in delayed onset of LCMV-induced
meningitis.
In order to investigate the impact of the immunoproteasome on LCMV-induced meningitis, LMP2-/-, MECL-1/-

, LMP7-/-, and C57BL/6 mice were intracranially (i.c.) infected with LCMV. Remarkably, LMP7-/- mice showed

a delayed onset of meningitis symptoms and a lower severity of disease74 whereas LMP2-/- and MECL-1-/- mice
displayed a similar clinical outcome compared to C57BL/6 mice (Fig. 1A). Next, we wanted to assess whether
the selective inhibition of LMP7 also ameliorates the symptoms of LCMV-induced meningitis. C57BL/6 mice
were i.c. infected with LCMV and treated with an LMP7-selective inhibitor (ONX 0914)117 or vehicle. In
accordance with data from LMP7-/- mice (Fig. 1A), LMP7 inhibition resulted in a significant decrease of clinical
symptoms and an increased survival (Fig. 1B and C).

Figure 1: Delayed pathogenesis of LCMV-induced meningitis in ONX 0914 treated C57BL/6 and LMP7-/- mice. (A)
C57BL/6, LMP2-/-, MECL-1-/-, and LMP7-/- mice and (B) vehicle or ONX 0914 (10 mg/kg) treated C57BL/6 mice were i.c.
infected with LCMV and scored regularly for clinical symptoms in a blinded manner. Data are presented as mean clinical
score ± SEM. (C) Survival of vehicle and ONX 0914 treated C57BL/6 mice at indicated time points. Results are
representative for one out of two independent experiments (n=5 mice per group). The statistical significance was
determined using two-way ANOVA with *P < 0.05, **P < 0.01, and ***P < 0.001 versus control.

Interfering with LMP7-activity blocks CNS immunopathology.
To assess the influence of LMP7 on CNS immunopathology, brains of i.c. LCMV infected mice were analyzed
for infiltration of immune cells by flow cytometry on day 7 postinfection. We compared LMP7-/- vs. untreated
C57BL/6 mice and vehicle vs. ONX 0914 treated C57BL/6 mice.
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Figure 2: Chemical inhibition and genetic deficiency of LMP7 reduces CNS infiltration by lymphocytes and myeloid
cells. Mice were i.c. infected with LCMV and, when indicated, C57BL/6 mice were treated with vehicle or 10 mg/kg ONX
0914, every second day. Naive mice served as uninfected controls. Graphs show (A) representative flow cytometry profile
of CNS infiltrating CD45highCD11b- lymphocytes and CD45highCD11b+ myeloid cells and CD45intCD11b+ CNS resident
microglia gated on live cells and (B) and (C) absolute numbers ± SEM of CD4+, CD8+, CD45highCD11b-, CD45highCD11b+,
CD11b+Ly6-Ghigh, or CD45intCD11b+ brain cells (live cell gate) on day 7. Data are representative for one out of three (B) or
two (C) independent experiments (n=5 per group and 2 naive mice). The statistical significance was determined using
students t test with *P < 0.05 and **P < 0.01 versus control.

Strikingly, we found strongly reduced numbers of infiltrating activated lymphocytes and myeloid cells in brains
of LMP7-/- and ONX 0914 treated mice compared to control mice (Fig. 2). Notably, the number of CNS resident
microglia was not affected by LMP7 inhibition or -deficiency (Fig. 2B and C).
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In order to exclude that the observed decrease of CNS infiltration by activated lymphocytes and monocytes
in mice lacking functional LMP7 was due to an elimination of immune cells during the pathogenesis of
meningitis, splenocytes of infected mice were analyzed for CD4+, CD8+, and CD19+ cells on day 7 (Supporting
information Fig. 1A and B). There was no significant alteration in the percentages and total numbers of T cells
and B cells between ONX 0914 and vehicle treated mice. Analysis of T and B cell populations in the spleen of
LMP7-/- mice revealed that the percentage of CD8+ T cells was slightly reduced and the absolute number of
CD19+ B cells was increased in LMP7-/- compared to C57BL/6 mice (Supporting information Fig. 1B). The
number of CD4+ T cells was not altered in LMP7-/- mice.

Influence of LMP7 on the LCMV-specific CTL response.
The LCMV-specificity of CTLs was reported to be a prerequisite for disease induction of LCMV-induced
meningitis which cannot be mediated by non-specific bystander CD8+ T cells 655. To evaluate whether there is
an effect of LMP7 on the CTL response during LCMV-induced meningitis, CD8+ splenocytes were analyzed for
LCMV-specificity and for antigen-specific IFN-γ release. Staining with GP33- and NP396-MHC class I-tetramers
revealed a slightly reduced percentage of GP33-specific CTLs in LMP7-/- mice compared to vehicle or ONX 0914
treated C57BL/6 mice (Fig. 3A) whereas the percentage of NP396-specific CD8+ T cells was not altered (Fig. 3B).
However, analysis of the splenic CTL response by intracellular cytokine staining (ICS) for IFN-γ revealed that
ONX 0914 treatment results in a markedly reduced cytotoxic T cell response to GP33, GP276, NP396, and GP118,
while having no influence on the NP205-specific response on day 7 postinfection (Fig. 3C). LMP7-/- mice
displayed reduced GP276- and GP118-specific CTL responses whereas the CTL response to GP33, NP396, and NP205
was not significantly changed compared to C57BL/6 mice (Fig. 3D). Interestingly, we detected reduced IFN-γ
levels in the serum of ONX 0914 treated mice on day 7 after infection and in the supernatant of splenocytes
from these mice which have been cultured ex vivo for 24 h at 37°C without restimulation (Fig. 3E and 3F). In
contrast, IFN-γ levels were not found to be altered in the splenic supernatants or serum of LMP7-/- mice (Fig.
3E and F).
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Figure 3: Influence of LMP7 on LCMV-specific
CTL responses. C57BL/6 and LMP7-/- mice
were i.c. infected with LCMV and (E) treated
with vehicle or 10 mg/kg ONX 0914, every
second day. Naive mice were left uninfected.
(A and B) Graphs show mean percentage ±
SEM of tetramer+ CD8+ splenocytes on day 7
p.i. and represent pooled data from three
independent experiments (n=11-14 mice per
group and 2 naive mice). (C and D) On day 7
p.i., splenic CD8+ lymphocytes were analyzed
ex vivo for peptide-specific IFN-γ production
by intracellular cytokine staining. ‘-’ means
restimulation in vitro was performed without
specific peptide. Data are representative for
one out of three (C) and two (D) independent
experiments and presented as the mean
percentage of CD8+ IFN-γ+ cells ± SEM (n=5
mice per group). On day 7, (E) supernatants of
splenocytes cultured ex vivo for 24 h and (F)
serum was analyzed for IFN-γ by ELISA. Data
are presented as mean +/- SEM and represent
pooled data from two independent
experiments (n=9-13 mice per group and 6
uninfected naive mice). (F and G) Brain
infiltrating CD8+ T cells were analyzed ex vivo
for peptide-specific IFN-γ production as
described in (C) and (D). The statistical
significance was determined using students t
test with *P < 0.05, **P < 0.01, ***P < 0.001
and n.s.: not significant versus control.

The effect of ONX 0914 was dependent on LMP7 since treatment of LMP7-/- mice had no influence on IFN-γ
levels in the supernatant of ex vivo cultured splenocytes (Fig. 3E). Moreover, the LCMV-specific response of
brain infiltrating CTLs was completely blocked by LMP7 inhibition (Fig. 3G) while infiltrating LMP7-/- CTLs still
show LCMV-specificity in terms of IFN-γ production (Fig. 3H). However, it is important to emphasize here that
the total number of infiltrating CD8+ T cells was massively reduced in both ONX 0914 treated and LMP7-/mice (Fig. 2B and C).
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LMP7 is not required for viral clearance in LCMV-induced meningitis.
The LCMV-specific CTL response was reduced in the periphery and in the brain of mice treated with ONX 0914
(Fig. 3C). Hence, we wanted to investigate whether this is accompanied by a disability of the immune system
to cope with the virus. We analyzed viral titers in the spleen and the brain at different time points
postinfection. In line with previous reports118,127, LMP7 is not required for effective virus clearance in the
spleen. Viral titers as well as the kinetic of viral clearance were comparable in the spleens of ONX 0914 and
vehicle treated mice (Fig. 4A) and neither were viral titers altered upon LMP7 inhibition in the brain (Fig. 4B).

Figure 4: Influence of ONX 0914 on viral
clearance during LCMV-induced meningitis.
Mice were i.c. infected with LCMV and treated
with vehicle or 10 mg/kg ONX 0914, every
second day. (A) Spleens and (B) brains of
infected mice were analyzed for viral titer by
LCMV focus forming assay. Data are presented
as mean viral titer per organ (PFU) ± SEM and
represent one experiment per time point with
n=5 mice per group.

Altered antigen presentation in mice lacking LMP7-activity does not influence proliferation of
CTLs.
Next, we wanted to determine the influence of LMP7 on LCMV-specific antigen presentation in LCMV-induced
meningitis. Therefore, splenocytes of i.c. infected mice were used as stimulators for mono-specific CTL lines
specific for GP33, GP276, or NP396 and IFN-γ production by CTLs was determined by ICS. The capacity of
splenocytes to present GP33 was only slightly reduced in LMP7-/- mice (Fig. 5A) while the presentation of NP396
and GP276 was even enhanced in the absence of active LMP7 (Fig. 5B und C).
This observation argues against a strong impact of LMP7-dependent antigen presentation on the delayed
pathogenesis of LCMV-induced meningitis (Fig. 1). However, since GP33-specific T cells by far outnumber other
brain infiltrating LCMV-specific CD8+ T cells (data not shown), we also investigated whether LMP7 has an
influence on the proliferation of GP33-specific T cells in response to LCMV in vivo. We adoptively transferred
CFSE-labeled CD8+ T cells from Thy1.1/P14 mice (expressing a GP33/H-2Db-specific transgenic TCR) into WT
and LMP7-/- mice and assessed the proliferation of transferred cells 80 h post i.c. infection. There was no
influence of ONX 0914 treatment on the proliferation of GP33-specific T cells (Fig. 5D) in response to the
infection. Interestingly, transferred CD8+Thy1.1+ P14 cells could not be recovered from LMP7-/- recipients at
this time point (data not shown) probably due to rejection as previously observed in skin transplantation
experiments88.
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Figure 5: LMP7 inhibition does not alter antigen
presentation and CTL proliferation. C57BL/6
and LMP7-/- mice were i.c. infected with LCMV
and treated with vehicle or 10 mg/kg ONX 0914,
on day -1, 1, and 3. Naive mice were not infected.
(A-C) LCMV-specific antigen presentation of total
splenocytes was analyzed by IFN-γ production of
peptide-specific T cell lines on day 4. Data show
combined results from 6 independent
experiments (n=17-24 mice and 12 naive mice)
and are normalized to the highest percentage of
IFN-γ+ CD8+ stimulated T cells by splenocytes of
vehicle treated mice from one experiment. (D)
Proliferation of i.v. transferred CFSE-labeled
CD8+Thy1.1+ P14 cells 80 h postinfection. Data
are presented as mean percentage ± SEM and
represent one out of three independent
experiments (n=5 mice per group) of Thy1.1+
CD8+ cells that have passed the indicated
number of cell divisions. The statistical
significance was determined using students t
test with *P < 0.05, **P < 0.01, and n.s.: not
significant.

Influence of LMP7 on CNS entry of CTLs during LCMV-induced meningitis.
To further examine how LCMV-specific CTLs could be hindered from entering the CNS and eliciting
immunopathology in LMP7-/- or ONX 0914 treated C57BL/6 mice (Fig. 2), we assessed the blood-brain barrier
(BBB) integrity on day 6, a time point when inflammatory infiltrates can already be detected in the CNS.
Surprisingly, quantifying leakage of Evans blue dye into the brains of infected mice revealed no significant
difference between vehicle treated mice and mice lacking LMP7-activity (Fig. 6A). Hence, although the
capability of LCMV-specific CTLs to gain access to the CNS seems to be somehow hindered in mice lacking
LMP7-activity (Fig. 2), the immune response elicited in these mice still leads to the breakdown of the BBB. To
investigate whether LMP7-activity has an influence on virus-induced up-regulation of markers important for
T cell migration to the site of infection, we analyzed the expression of CD44, CD62L, CD11a, CD18, CD49d,
CD29, PSGL-1, and CXCR3 on splenic CD8+ T cells by flow cytometry on day 7 (Fig. 6B-I). We found no
statistically significant differences in the activation state between CD8+ T cells of vehicle- and ONX 0914
treated mice. CD44 was up-regulated to a similar extent except for three out of eight vehicle treated animals
showing a much stronger surface expression of CD44. However, CD44 surface expression on LMP7-/- CTLs was
slightly reduced (Fig. 6B). CD62L was readily down-regulated on CTLs of all i.c. infected animals in contrast to
naive mice (Fig. 6C). Moreover, PSGL-1 (CD162, P-selectin glycoprotein ligand-1) expression was strongly
induced on CD8+ T cells of infected mice and did not differ between vehicle and ONX 0914 treated groups (Fig.
6D), whereas LMP7-/- CTLs showed significantly decreased expression of this surface marker. We observed a
strong induction of CXCR3 expression on CTLs of all infected mice but to a lesser extent in LMP7-/- mice (Fig.
6E). Next, we assessed the expression of VLA-4, which was demonstrated to play a crucial role in targeting
effector T cells to sites of viral infection (including the CNS). Both integrin subunits composing VLA-4, namely
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CD49d and CD29, were found to be highly expressed on CTLs on day 7 post i.c. infection with LCMV (Fig. 6F
and G).

Figure 6: Influence of LMP7 on BBB breakdown and CTL infiltration into the CNS. C57BL/6 and LMP7-/- mice were i.c.
infected with LCMV and C57BL/6 mice were treated with vehicle or 10 mg/kg ONX 0914, every second day. Naive mice
were not infected. (A) On day 6, BBB permeability was assessed. The graph shows mean fluorescence of Evans blue in
the supernatant of brain homogenate and represents pooled data +/- SEM from two independent experiments (n=4 mice
per group). (B-I) On day 7, CD8+ T cells were analyzed for surface marker expression by flow cytometry. Data are
presented as median fluorescence +/- SEM of the individual surface marker gated on CD8+ splenocytes. Graphs represent
pooled data from three independent experiments (n=9-14 mice per group and 2 naive mice). The statistical significance
was determined using students t test with * P < 0.05 and ** P < 0.01 versus control.

Strikingly, expression of both subunits was significantly reduced on the surface of LMP7-/- CTLs but not
changed upon LMP7 inhibition. In contrast, CD11a and CD18, composing LFA-1, another integrin dimer
implicated in T cell entry into the inflamed CNS897, was similarly upregulated on CTLs from LCMV-infected
vehicle or ONX 0914 treated C57BL/6 mice and LMP7-/- mice, respectively (Fig. 6H and I).
Taken together, CTLs derived from ONX 0914 treated mice did not show any difference with respect to their
surface expression of integrins important for leukocyte migration into the inflamed brain. In contrast, CTLs
derived from LMP7-/- mice displayed a reduced expression pattern of these molecules.
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Discussion
Immunoproteasomes have been shown to improve the quantity and quality of MHC class I ligands for inducing
CTL responses. However, in recent years a novel role of immunoproteasomes in T helper cell differentiation
and cytokine production of immune cells has emerged117,145. In vivo, several studies linked selective inhibition
of LMP7 to milder clinical outcomes of autoimmune diseases117,146,147,150 suggesting that immunoproteasome
inhibition might also influence other diseases triggered by the immune system. There is evidence for
upregulated immunoproteasome expression in CNS-related diseases including Huntington’s disease898,
Alzheimer’s disease899, and macular degeneration900. However, Kremer et al. observed that intracranial
infection with LCMV led, compared to other organs, only to a faint upregulation of mature
immunoproteasome in the brain (mainly in microglia) and resulted in the accumulation of
immunoproteasome precursors74.
In this study, we investigated how LMP7 contributes to the pathology of LCMV-induced meningitis. We could
confirm previous data of Kremer et al.74 that LMP7-/- mice show protracted disease progression compared to
C57BL/6 mice (Fig. 1A). However, LMP7-/- mice incorporate very little LMP2 and MECL-1 into their
proteasomes70 thus rendering it unclear which of the subunits is required. We found no difference in the
disease outcome between C57BL/6 mice and mice lacking MECL-1 or LMP2 emphasizing the particular
importance of LMP7 in regulating inflammatory immune responses in the CNS (Fig. 1A). In order to investigate
the LMP7-specific contribution to the immunopathology in this disease in more detail, we analyzed the clinical
outcome of mice treated with an LMP7-selective inhibitor (ONX 0914)117. Similar to LMP7-/- mice, ONX 0914
treated mice showed delayed and less severe clinical symptoms (Fig. 1B) and prolonged survival compared to
vehicle treated mice (Fig. 1C).
Disease progression of LCMV-induced meningitis is characterized by an inflammatory infiltration of immune
cells into the brain leading to lethal neurodegeneration of infected mice. Strikingly, mice lacking functional
LMP7 displayed a massively reduced CNS invasion of activated leukocytes (Fig. 2). This is most probably the
reason for the delayed onset of clinical symptoms since the virus itself is non-cytolytic and pathogenesis and
death are directly related to the influx of virus-specific CD8+ T cells895,896. LCMV-specificity of CTLs was
reported to be a prerequisite for disease induction which cannot be mediated by non-specific bystander CD8+
T cells655. This suggests that LMP7 might play an important role during LCMV-induced meningitis by controlling
immunopathological CTL responses in the periphery. With the help of MHC class I-tetramers we could detect
a slightly reduced percentage of GP33-specific CTLs in LMP7-/- but not in ONX 0914 treated mice, while NP396specificity was not altered in the absence of functional LMP7 (Fig. 3A and B). Analyzing the CTL response to
LCMV in the periphery and the brain revealed a substantial decrease of IFN-γ production in ONX 0914 treated
C57BL/6 mice (Fig. 3C and E-G). In contrast, in LMP7-/- mice we observed only an epitope-selective reduction
of the CTL response in the spleen and the brain (Fig. 3D and H) and no influence on serum or splenic IFN-γ
levels (Fig. 3E and F). To our knowledge, this is the first time that LMP7 inhibition in vivo has been shown to
influence cytokine production on protein level. The lost capability to produce IFN-γ could lead to an impeded
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access of virus-specific CTLs to the CNS since IFN-γ is known to induce chemokine expression of resident and
recently recruited cells and thereby contributing to the infiltration of lymphocytes across the BBB458,658,661,901.
In addition, exposure to IFN-γ has been shown to increase expression of MHC class I antigens on the surface
of brain cells such as astrocytes, oligodendrocytes, microglia, and neurons902 which might in part explain
reduced immunopathology in the brain upon LMP7 inhibition. On the other hand, LCMV-specific T cells of
ONX 0914 treated mice were apparently still capable to clear LCMV in the periphery (Fig. 4A). The difference
between LMP7-/- and ONX 0914 treated mice might be explained by structural changes in the
immunoproteasome when LMP7 is absent and replaced by its constitutive counterpart β5 which maintains
the chymotrypsin-like activity in immunoproteasomes of LMP7-/- cells69,99. In contrast, when LMP7 is
chemically inhibited with ONX 0914, the chymotrypsin-like activity of immunoproteasomes is irreversibly
blocked. On the other hand, at doses of 10 mg/kg ONX 0914 mediates some inhibition of LMP2 which might
also affect the LCMV-specific CTL response in vivo

117

. However, we observed no influence of ONX 0914

treatment on the IFN-γ levels in splenocytes of LMP7-/- mice (Fig. 3E) making it rather unlikely that off target
effects of this inhibitor are accountable for its protective effect in LCMV-induced meningitis. Additionally, the
specific influence of ONX 0914 on cytokine production was already previously demonstrated by Muchamuel
et al.117. Moreover, the impact of ONX 0914 treatment on CD4+ T cell-meditated neurodegeneration was also
proven to rely on the selective LMP7 inhibition since ONX 0914 treatment had, in contrast to WT mice, no
influence on the clinical outcome of EAE in LMP7-/- mice146. Hence, our data implicate a distinct impact of
chemical inhibition or genetic deficiency of LMP7 on the pathogenesis of LCMV-induced meningitis. How
could LMP7 influence disease development aside from the LCMV-specific CTL response?
The recruitment of CD8+ effector T cells to the meninges was shown to be dependent on luminal MHC class I
expression by cerebral endothelium and to coincide with the onset of fatal convulsive seizures595,596,653. It is
generally accepted that immunoproteasomes improve quantity and quality of generated MHC class I ligands17.
Moreover, LMP7 is known to influence the LCMV-derived peptide repertoire presented on MHC class I105,118.
However, we only detected a slightly decreased presentation of GP33 in LMP7-/- mice (Fig. 5A) which might
explain the reduced percentage of GP33-specific LMP7-/- CTLs (Fig. 3A) but not in ONX 0914 treated mice.
Corroboratively, the proliferation capacity of GP33-specific T cells was not altered upon LMP7 inhibition (Fig.
5D). In contrast, the presentation of NP396 and GP276 was even enhanced (Fig. 5B and C) in the absence of
functional LMP7. Together, our data indicate that LMP7-dependent changes in antigen presentation do not
substantially contribute to the reduced immunopathology.
Interestingly, although CTLs are required for a rapid onset of LCMV-induced meningitis, their effector
mechanisms are probably not 457. Kim et al. demonstrated that CTLs mediate immunopathology by recruiting
monocytes and neutrophils to the infected central nervous system (CNS) resulting in loss of meningeal blood
vessels integrity, breakdown of the blood-brain-barrier (BBB), and fatal CNS vascular injury

457

. Strikingly,

although we found massively diminished CNS infiltration of monocytes and neutrophils in the absence of
LMP7-activity (Fig. 2), BBB breakdown seems to happen in a normal manner (Fig. 6A) suggesting that other
factors important for CNS trafficking might be altered. Activated virus-specific CTLs up-regulate adhesion
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molecules like PSGL-1, LFA-1, and VLA-4 and chemokine receptors like for example CXCR3 enabling them to
migrate to the site of infection and infiltrate into the CNS 463-465. Interestingly, we detected no difference for
the expression of these molecules between CTLs of vehicle and ONX 0914 treated mice indicating that LMP7
inhibition does not influence the capability of CD8+ T cells to enter the CNS by simply downregulating
molecules important for migration and diapedesis (Fig. 6B-I). However, except for LFA-1, the expression of
the other analyzed surface markers was slightly decreased on CTLs of LMP7-/- mice (Fig. 6B-I). Although CTLs
of LMP7-/- seem to be functional in terms of IFN-γ production (Fig. 3D-F and H) and inducing BBB breakdown
(Fig. 6A), it seems that they are slightly less activated and thus not properly prepared to enter the site of
infection.
Hence, our results indicate that there exist distinct mechanisms how LMP7 inhibition or -deficiency affect the
pathogenesis of LCMV-induced meningitis. Together with the previous finding that LMP7 inhibition
suppresses brain inflammation in EAE, it is warranted to test whether LMP7 inhibition could mitigate brain
inflammation in other disease models in mice and even in humans.
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Materials and methods
Mice, viruses and cell lines
C57BL/6 mice (H-2b) were originally purchased from Charles River, Germany. MECL-197, LMP294, and LMP7 95
gene-targeted mice were provided by John Monaco (University of Cincinnati, Cincinnati, OH) and backcrossed
to C57BL/6 background for ≥10 generations. P14 mice (tg line 318) 903 were obtained from Dr. Oliver Planz,
Tübingen University, Germany. B6.PL (Thy1.1) mice were purchased from The Jackson Laboratory, USA. Mice
were kept in a specific pathogen-free facility and used at 8-10 weeks of age. Mice were i.c. infected with 30
PFU LCMV-WE. Animal experiments were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources, 1996). MC57 is a C57BL/6-derived
methylcholanthrene-induced fibrosarcoma cell line. Lymphocytic choriomeningitis virus (LCMV-WE) had been
obtained from F. Lehmann-Grube, Heinrich Pette Institut, University of Hamburg, Germany and propagated
on the fibroblast cell line L929.

Disease score
The degree of disease was regularly assessed in a blinded manner as previously reported74,904 with the
following modifications: The evaluated categories a) orbital tightening, b) ear position, c) hunchback, d) nose
bulge and e) locomotion constraint were scored on the following scale: 0: not present, 1: moderate, and 2:
severe. The sum of the scores for each of the four categories yielded the final disease score.

Proteasome inhibition
For in vivo proteasome inhibition, ONX 0914 was formulated in an aqueous solution of 10% (w/v)
sulfobutylether-β-cyclodextrin and 10 mM sodium citrate (pH 6).

Isolation of CNS mononuclear cells
Mononuclear cells from CNS were isolated by enzymatic digestion of brains followed by Percoll® gradient
centrifugation as previously described146.

Flow cytometry
Cells were stained with antibodies to CD4 (GK1.5, eBioscience), CD8 (53-6.7, eBioscience), Ly6-G (RB6-8C5,
eBioscience), CD45 (clone 30-F11, eBioscience), CD19 (1D3, eBioscience), CD49d (R1-2, Biolegend), CD11b
(M1/70, eBioscience), CD11a (2D7, Biolegend), PSGL-1 (MIH5, Biolegend), CD18 (C71/16, BD Biosciences),
CD29 (H2/5, BD Biosciences), CXCR3 (CXCR3-173, Biolegend), CD62L (MEL-14, BD Biosciences), and CD44 (IM7,
BD Biosciences) as previously described

146

and acquired with the BD Accuri C6TM flow cytometer (BD

Biosciences).
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Intracellular cytokine staining (ICS)
Splenocytes or enriched mononuclear brain cells of i.c. LCMV infected mice were stimulated with 10-6 M
LCMV-derived peptides (GP33–41, GP276–286, NP396–404, GP118-125, and NP205–212) in the presence of 10 µg/ml
brefeldin A (Sigma Aldrich) for 5 h. ICS for IFN-γ was performed as previously described146.

Cytokine production of splenocytes
Splenocytes were cultured ex vivo in 96-well plates at 37°C for 24 h and IFN-γ levels were analyzed in the
supernatant by ELISA according to the manufacturer’s protocol.

Synthetic peptides
The synthetic peptides GP33–41 (KAVYNFATC), GP276–286 (SGVENPGGYCL), NP396–404 (FQPQNGQFI), NP205–212
(YTVKYPNL), and GP118–125 (LNHNFCNL) were purchased from P. Henklein (Charité Berlin, Germany).

LCMV focus forming assay
Titers of lymphocytic choriomeningitis virus (LCMV) in spleens and brains of i.c. infected mice were
determined on adherent fibroblast cells (MC57) as previously described892.

LCMV-specific CTL lines
LCMV peptide-specific CTL-lines were generated as previously described97,893 with slight modifications. In
brief, splenocytes of memory mice were restimulated with 10-6M LCMV-derived peptides in the presence of
80 U/ml IL-2 for up to 9 days. IMDM medium containing 40 U/ml IL-2 was added to the cells after 3 and 5 days
of culture. Two days prior to the experiment, viable CTLs were enriched by Ficoll gradient centrifugation and
cultured in the presence of 40 U/ml IL-2 for further 2 days.

Ex vivo antigen presentation assay
Spleens from i.c. infected mice were harvested on day 4 postinfection and 106 cells were incubated with
LCMV-specific CTLs in the presence of brefeldin A for 5 h. IFN-γ secretion of CTLs was detected by ICS as
described above.

Tetramer staining
Tetrameric complexes of APC conjugated H-2Db-LCMV-GP33-41 and H-2Db-LCMV-NP396-404 were purchased from
TCMetrix (Epalinges, Switzerland). T cells (5×105) were incubated with tetramer (1:150) in 50 μl FACS buffer
for 30 min at RT. Cells were washed, stained for CD8 as described above, and analyzed by flow cytometry.
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Evans Blue assay
To quantify BBB permeability, Evans blue leakage into the brains of LCMV i.c. infected mice was assessed. On
day 6 p.i., mice were intraperitoneally injected with 200 µl of 2% Evans Blue (Sigma) in PBS. After 4 hours,
mice were perfused with PBS via the left ventricle of the heart and brains were extracted and homogenized
in 1 ml of N,N-dimethyl formamide (Sigma). The homogenate was centrifuged at 14,000 rpm for 30 min at 4°C
and the fluorescence of the supernatant was measured using a spectrofluorometer (Tecan) (620 nm
excitation; 680 nm emission).

In vivo proliferation assay
CD8+ T cells were sorted from bulk splenocytes of Thy1.1+ P14 TCR-transgenic mice using the CD8+ Isolation
kit II (Miltenyi) and labeled with CFSE as previously described128. Up to 1x107 CFSE+CD8+Thy1.1+ lymphocytes
were intravenously transferred to C57BL/6 (Thy1.2+) mice (d-1). One day later (d0), recipient mice were
intracranially infected with LCMV and three times subcutaneously treated with 10 mg/kg ONX 0914 (d-1, d1,
d3). 80 h postinfection, in vivo proliferation of Thy1.1+ P14 cells was analyzed in the spleen of infected mice
by flow cytometry. Samples were acquired using the FACSAria™III (BD Biosciences) flow cytometer.

Statistical analysis
The statistical significance of the differences was determined using students t test, Log-rank (Mantel-Cox)
test, or two-way ANOVA. For ANOVA, the “Bonferroni's Multiple Comparison Test” was used to compare
treatment groups. All statistical analyses were performed using GraphPad prism Software. Statistical
significance was achieved when * P < 0.05, ** P < 0.01, and *** P< 0.001 versus control.
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Supporting information

Supporting information figure 1: Influence of LMP7 on peripheral lymphocyte populations during meningitis. C57BL/6
and LMP7-/- mice were i.c. infected with 30 PFU LCMV-WE and treated with vehicle or 10 mg/kg ONX 0914 as indicated,
every second day. Spleens were removed on day 7 p.i. and stained with antibodies to CD8, CD4, and CD19. Data are
presented as the mean percentage (upper panel) or absolute numbers per spleen (lower panel) of CD8+, CD4+, and CD19+
lymphocytes ± SEM in (A) vehicle vs ONX 0914 treated C57BL/6 mice and (B) C57BL/6 vs LMP7-/- mice. Graphs show
representative data from one out of two independent experiments (n=5 mice per group). Statistical significance was
determined by students t test wit * P < 0.05 and n.s.: not significant vs control.
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Abstract
Intracranial lymphocytic choriomeningitis virus (LCMV) infection is a widely used animal model to study virusinduced cytotoxic T cell (CTL)-mediated meningitis and immunopathology. Nevertheless, this model causes
severe pain and distress in mice, especially at later stages of the disease. Therefore, new treatment regimens
to improve animal welfare have to be developed. In this study, we subcutaneously implanted ALZET® osmotic
pumps continuously releasing buprenorphine to reduce pain in mice with LCMV-induced meningitis. Thereby,
mice treated with buprenorphine demonstrated strongly reduced symptoms of pain. However, the LCMVspecific cytotoxic T cell response and the immune cell infiltration into the central nervous system (CNS) were
unchanged in analgesia treated mice indicating that the LCMV-induced immune response was not altered in
these mice. Taken together, we demonstrate that in this animal model for meningitis continuous
buprenorphine treatment improves animal welfare without affecting the immune response.
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Introduction
Lymphocytic choriomeningitis virus (LCMV), a bisegmented ssRNA virus, belonging to the Arenaviridae family
is considered an emerging human pathogen905. LCMV infection in its natural host the mouse is a widely studied
model for virus host interactions that contributed to the understanding of immune tolerance,
immunodominance, MHC restriction, viral-immune interactions, and the basis for viral persistence644,906.
Peripheral LCMV infection of mice has little clinical impact and results in a strong cytotoxic (CD8+) T cell (CTL)
response leading to clearance of the virus within 8–12 days postinfection. In contrast, in adult
immunocompetent mice, intracranial (i.c.) injection of LCMV results in the development of acute, fatal
meningitis on day 6-8 postinfection with characteristic seizures and mononuclear cell infiltrates in the
meninges, ependyma, and choroid plexus. Intracranial LCMV-infection has served for decades as a model of
CD8+ T cell-mediated viral meningitis644. Since the virus itself is noncytolytic907, pathogenesis and death are
directly related to the influx of virus-specific CTLs896. The CD8+ T cells produce cytokines and chemokines that
mediate extravasation of myelomonocytic cells, which leads to vascular leakage and acute lethality457.
The principles of the 3Rs (Replacement, Reduction and Refinement) were developed over 50 years ago as a
framework for humane animal research908. Refinement refers to methods that avoid or minimize the actual
or potential pain, distress, and other adverse effects experienced at any time during the life of the animals
involved in experiments, thereby enhancing their wellbeing. Intracranial LCMV-infection is still a widely used
mouse model to study CTL-mediated meningitis74,203,909. Nevertheless, this model causes severe pain and
distress in mice74,644. Hence, the development of treatment regimens to reduce pain and improve wellbeing
of these animals is highly warranted.
In this study, we used subcutaneously implanted ALZET® osmotic pumps to apply the analgesic
buprenorphine. We observed strongly reduced pain scores in diseased mice receiving analgesics, whereas the
immune response was not altered in these mice. Hence, our study offers a new treatment option to improve
wellbeing of mice used to study LCMV-induced meningitis without grossly altering immune parameters and
will help to improve animal welfare in future studies using the LCMV-induced meningitis model.
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Animals and Methods
Mice, housing condition and ethics statement
Animal experiments were approved by the review board of Regierungspräsidium Freiburg (G-11/110) in
accordance with German Animal Protection Law. The study went through a process of ethical review
(Regierungspräsidium Freiburg) prior to the study commencement. Although some pain was induced in the
control group, this study will help to improve animal welfare in future studies using the LCMV-induced
meningitis model. The potential for application of the 3Rs was rigorously researched prior to starting, and
every opportunity was taken during the course of the study to implement each of them. All individuals
involved in the use of animals were well trained and experienced with anaesthesia, analgesia, and euthanasia
carried out in this study. Animal husbandry and care was in accordance with contemporary best practice and
all individuals involved with the care and use of animals were trained and skilled to an acceptable level of
competency. Appropriate methods were used to minimize pain and distress, and humane endpoints were
defined (see pain score).
C57BL/6 mice (H-2b) were originally purchased from Charles River, Germany. Mice were kept in a specific
pathogen-free facility. Immune and health status were regularly checked. Mice were positive for Trichomonas
spp.. All the animals were housed in groups of five animals in Eurotype II long clear-transparent plastic cages
with autoclaved dust-free sawdust bedding. They were fed a pelleted and extruded mouse diet (wheat,
soybean meal (NGMO), flacked oats, wheat middlings, herring meal, barley, sunflower cake, corn (NGMO),
linseed meal, wheat germ, poultry meal, brewer’s dried yeast, molasses, whey powder, soybean oil, sucrose,
minerals, vitamins, amino acids; product number 3800; KLIBA NAFAG, Switzerland) ad libitum and had
unrestricted access to drinking water. The light/dark cycle in the room consisted of 12/12 h with artificial light.
Female mice were used at 8 weeks of age. Prior to the experiment mice were naive and not previously used
for other purposes. The number of mice for the comparison of the PBS and the buprenorphine group was
determined using G*Power 3.0.10 (comparison of two independent groups, effect size d: 0.2372, α err prob:
0.05)910. A total number of 12 animals (5 mice per PBS group; 5 mice per buprenorphine group; 2 mice per
naive group) was used. Prior to the experiment mice were randomly assigned to each group. Ear holes
produced by an ear punch device were used to mark the mice. The average weight per mouse was 20.1 g ±
0.8 g (mean ± SDEV). Due to improper release of buprenorphine from the osmotic pump, one mouse had to
be excluded from the study.

ALZET® osmotic pump implantation
Before implantation, all mice were treated with 0.05 mg/kg s.c. buprenorphine (TEMGESIC®, Reckitt Benckiser
Healthcare (UK) Ltd.) to suppress post-surgical pain. Buprenorphine was chosen because, compared to other
opioids, it was shown to have the least immune-modulatory effects (Al-Hashimi et al., 2013). Osmotic pump
implantation was performed under continuous isoflurane anesthesia using the XGI-8 Gas Anesthesia System
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(PerkinEmer). ALZET® osmotic pumps (model 1007D; releases approximately 0.5µl/h for 1 week) were
subcutaneously implanted (2-4 p.m.) in the left flank. The usage of these pumps ensures a continuous drug
release. Buprenorphine containing pumps were prepared according to the manufacturer´s lot specific
instructions to release 0.15 mg/kg buprenorphine per day. Control osmotic pumps were filled with PBS.

Virus
LCMV (strain WE) was originally obtained from F. Lehmann-Grube (Hamburg, Germany) and propagated on
the fibroblast line L929. Mice were intracranially infected with 30 PFU LCMV using a 26G x1/2" syringe with a
cap to restrict needle penetration into the skullcap to 0.5 mm. Infection was done directly after pump
implantation under isoflurane anesthesia using the XGI-8 Gas Anesthesia System (PerkinEmer).

Pain score
Intracranially LCMV-infected mice were scored twice a day (day 0 - day 4) or every 4 hours (day 5 - day 7) in a
random order. The PBS, the buprenorphine, and the naive group were held in separate cages. The degree of
pain was scored based on the mouse grimace scale according to Langford et al.

911

with the following

modifications. The evaluated categories 1) orbital tightening, 2) nose bulge, 3) hunchback, and 4) locomotion
constraint were separately graded as follows: 0, not present; 1, moderate; and 2, severe. The sum of the
scores for each of the four categories yielded the final pain score. The following end points were defined:
Animals would have to be euthanized if the sum of the scores reached 6 or if 2 out the 4 scored categories
reached a score of 2. No animal reached the end points. 158h postinfection, mice were euthanized with CO2
and from every mouse spleen and brain were removed.

Cell preparation
Spleens were removed and single cell suspensions were generated by mashing the whole organ with a plunger
through a metal mesh. Mononuclear cells from CNS were isolated by enzymatic digestion of brains followed
by Percoll® gradient centrifugation as previously described

146

. Briefly, 158 h postinfection, mice were

sacrificed with CO2 and perfused with PBS via the left ventricle of the heart. Brains were enzymatically
digested with 0.2 mg/ml collagenase D (Roche Diagnostics GmbH, Roche Applied Science, Germany) and 0.2
mg/ml DNase I (Roche Diagnostics GmbH, Roche Applied Science, Germany) and homogenates were
resuspended in 30% Percoll® (Sigma-Aldrich, Germany) and centrifuged at 2700 rpm and 4°C for 35 min,
without brake. The interface containing mononuclear cells was washed and analyzed by flow cytometry.

Flow cytometry
Flow cytometry was performed as previously described146. Shortly, splenocytes or CNS mononuclear cells
were incubated for 30 min with antibodies to CD4 (GK1.5, eBioscience), CD8 (53-6.7, eBioscience), CD45
(clone 30-F11, eBioscience), CD19 (1D3, eBioscience), CD11b (M1/70, eBioscience), or NK1.1 (NK1.1,
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eBioscience) at 4°C. After two washes, cells were acquired with the use of the Accuri 6 flow cytometer
system.For tetramer staining, tetrameric complexes of APC conjugated H-2Db-LCMV-GP33-41 and H-2Db-LCMVNP396-404 were purchased from TCMetrix (Epalinges, Switzerland). Cells were incubated with tetramer (1:150)
in 50 μl FACS buffer (PBS containing 2% FCS, 2 mM NaN3, and 2 mM EDTA) for 30 min at RT. Cells were washed
and stained with anti-CD8 antibodies as described above. Samples were washed twice and analyzed by flow
cytometry. For intracellular cytokine staining, splenocytes were incubated in round-bottom 96-well plates
with 10-6 M of the specific peptide in IMDM 10% containing brefeldin A (10 µg/ml) for 5 h at 37°C. The
synthetic peptides GP33–41 (KAVYNFATC), GP276–286 (SGVENPGGYCL), and NP396–404 (FQPQNGQFI), were obtained
from P. Henklein (Charité, Berlin, Germany).Staining, fixation, and permeabilization of the cells were
performed exactly as previously detailed 118.

Statistical analysis
The statistical significance was determined using the Student t test. All statistical analyses were performed
using GraphPad Prism Software (version 6.04) (GraphPad, San Diego, CA). Statistical significance was achieved
when p<0.05. *: p<0.05; ** p<0.01; *** p<0.001; n.s. not significant. Due to the low number of mice in the
naive group (n=2), no statistical analysis was performed between the naive control group and other groups.
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Results
Reduced disease score in buprenorphine treated mice with experimental meningitis.
Intracranial LCMV infection in mice results in a fatal virus-induced meningitis. To test whether the pain
induced in the diseased mice can be reduced, ALZET® osmotic pumps containing the analgesic agent
buprenorphine were subcutaneously implanted. The usage of these pumps ensures a continuous drug
release. Mice were intracranially infected with 30 PFU LCMV-WE. A total number of 12 naive animals (5 mice
per PBS group; 5 mice per buprenorphine group; 2 mice per naive group) was used. Immune and health status
of the mice were regularly checked and revealed that mice were positive for Trichomonas spp.. The average
weight per mouse was 20.1 g ± 0.8 g (mean ± SDEV). The degree of pain was regularly scored based on the
mouse grimace scale according to Langford et al.

911

with the following modifications: The evaluated

categories encompassed orbital tightening, ear position, hunchback, and locomotion constraint. 146 h
postinfection the first disease symptoms were observed in control mice and continuously increased during
the next 12 h (Fig. 1).
Figure 1: Strongly reduced meningitis development in mice treated with
buprenorphine. ALZET® osmotic pumps containing buprenorphine or PBS were
subcutaneously implanted into C57BL/6 wild type mice. Mice were intracranially
infected with 30 PFU LCMV-WE and the disease score (y-axis) was assessed as
outlined in Animals and Methods and regularly graded at indicated time intervals (in
hours) postinfection. Data points represent mean ± SEM of five (PBS group) or four
(buprenorphine group) mice. n.s. not significant.

Mice were euthanized 158 h postinfection to reduce suffering in non-analgized mice. Due to improper release
of buprenorphine from the osmotic pump, one mouse had to be excluded from the study. In contrast to
untreated mice, mice treated with buprenorphine had significantly reduced pain scores with no obvious signs
of pain. Hence, ALZET® osmotic pumps constantly releasing buprenorphine can be used to reduce pain in mice
with LCMV-induced meningitis.

The peripheral T cell response is not altered in buprenorphine treated mice with experimental
meningitis.
To test whether continuous buprenorphine treatment affects the viability of immune cells, T cells (CD8+ and
CD4+), B cells (CD19+), and natural killer cells (NK1.1+) were analyzed in the spleen (158 h postinfection) by
flow cytometry (Fig. 2). Neither the percentage nor the absolute numbers of CD8+, CD4+, NK1.1+, and CD19+
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cells were altered between PBS and buprenorphine treated mice. The increased percentage and absolute
numbers of CD8+ cells and the reduced percentage of CD4+ cells in infected mice (PBS and buprenorphine
treated mice) compared to naive mice indicates the induction of an LCMV-induced cytotoxic T cell response.
To compare the anti-LCMV cytotoxic T cell response of buprenorphine treated and control mice, splenocytes
derived from these mice were assayed 158 h after infection for responses to three well-defined LCMV
epitopes by intracellular cytokine staining for IFN-γ (Fig. 3A).

Figure 2: Percentages and absolute cell numbers of CD8+, CD4+, NK1.1+, and CD19+ cells are not altered in the spleen
of mice continuously treated with buprenorphine. ALZET® osmotic pumps containing buprenorphine or PBS were
subcutaneously implanted into C57BL/6 wild type mice. Mice were intracranially infected with 30 PFU LCMV-WE. 158 h
postinfection, the proportions (A) or cell numbers per spleen (B) of CD8+, CD4+, NK1.1+, and CD19+ splenocytes derived
from PBS or buprenorphine treated mice were determined by flow cytometry. Values are the means ± SEM of five (PBS
group), four (buprenorphine group), or two (naive) mice. n.s. not significant.

CTL responses to the dominant epitopes GP33 and NP396 and the subdominant epitope GP276 were similar. To
confirm this result with an additional method, we performed double stainings of splenocytes from
buprenorphine treated and control mice for CD8 and for GP33- or NP396-specific TCR (MHC tetramer staining)
158 h postinfection with LCMV-WE (Fig. 3B). Similar results as shown in Fig. 3A were obtained with this assay.
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Figure 3: The peripheral LCMV-specific CTL response is not
altered in mice continuously treated with buprenorphine.
ALZET® osmotic pumps containing buprenorphine or PBS were
subcutaneously implanted into C57BL/6 wild type mice. Mice
were intracranially infected with 30 PFU LCMV-WE and spleen
cells were harvested 158 h later. (A) Splenocytes were stimulated
in vitro with indicated peptides for 5 h. Shown are the
percentages of IFN-γ-positive cells of CD8+ cells as determined by
flow cytometry. Ø represents splenocytes without in vitro peptide
stimulation. The values are shown as the mean ± SEM of 5 (PBS)
or 4 (buprenorphine) mice. (B) The CTL response was analyzed by
staining with GP33-H-2Db- (left side) or NP396-H-2Db (right side)specific tetramers and flow cytometry. The y-axis shows the
percent tetramer positive of all CD8+ cells. The values are shown
as the mean ± SEM of 5 (PBS), 4 (buprenorphine), or 2 (naive)
mice. n.s. not significant.

No influence of continuous buprenorphine treatment on CNS entry of immune cells.
No difference in the peripheral CTL response could be observed between mice continuously treated with
buprenorphine and control mice. In LCMV-induced meningitis, CTLs mediate immunopathology by recruiting
monocytes and neutrophils to the infected CNS which results in loss of meningeal blood vessels integrity,
breakdown of the blood-brain barrier (BBB), and fatal CNS vascular injury457. Therefore, infiltration of immune
cells into the brain 158 h postinfection was determined by flow cytometry. Continuous buprenorphine
treatment did not significantly alter the infiltration of CD4+ T cells, CD8+ T cells, activated lymphocytes
(CD45highCD11b-), and activated myeloid cells (CD45highCD11b+) (Fig. 4A). Moreover, the CNS resident microglia
(CD45intCD11b+) were not affected.

113

Chapter III: LCMV-induced meningitis
Figure
4:
Inflammatory
CNS
infiltrates in mice continuously
treated with buprenorphine. ALZET®
osmotic
pumps
containing
buprenorphine
or
PBS
were
subcutaneously
implanted
into
C57BL/6 wild type mice. Mice were
intracranially infected with 30 PFU
LCMV-WE. 158 h postinfection, brains
of buprenorphine or PBS treated mice
were perfused with PBS and
mononuclear cells isolated from the
brain. (A) Mononuclear cells were
stained for CD4, CD8, CD45, and
CD11b.
Graphs
show
mean
percentage ± SEM of CD4+, CD8+,
CD45highCD11binvading
lymphocytes,
CD45highCD11b+
invading
myeloid
cells,
and
CD45intCD11b+ CNS resident microglia
in the brain (n=4 mice per group and
n=2 naive mice). (B) LCMV-specific
cytotoxic T cells infiltrating the brain
were stained with GP33-H-2Db- (left
side) or NP396-H-2Db (right side)specific tetramers and analyzed by
flow cytometry. The y-axis shows the
percent tetramer positive of all CD8+
cells. The values are shown as the
mean ± SEM of n=5 (PBS) or 4
(buprenorphine) mice. n.s. not
significant.

To evaluate whether the continuous buprenorphine treatment affects the infiltration of LCMV-specific
cytotoxic T cells into the brain, CD8+ T cells infiltrating the brain were analyzed for LCMV-specificity. Staining
with GP33- and NP396-MHC class I-tetramers revealed no alteration in the percentage of GP33- or NP396-specific
CTLs infiltrating the brain (Fig. 4B).
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Discussion
LCMV-induced meningitis is a frequently used mouse model to study different aspects of
immunology74,909,912,913. Nevertheless, this mouse model is considered to induce severe pain in diseased mice,
especially at later stages of the disease. Therefore, treatment options to improve the welfare of mice used in
this animal model are required. In this study, we subcutaneously implanted ALZET® osmotic pumps releasing
the analgesic agent buprenorphine. Continuous delivery with osmotic pumps ensures constant compound
levels for maximized therapeutic efficacy and reduced adverse effects. Additionally, unnecessary stressful
animal handling due to repeated injection is not required. With a prize of approximately 40 € per pump (model
1007d) the ALZET® osmotic pumps are affordable and could principally be reused. Implantation is
straightforward but needs some training to reduce incision size. Buprenorphine is among the class of opiate
drugs that bind to opiate receptors and prevent the sensation of pain produced by brain chemicals914.
Nowadays, in the treatment of laboratory rodents and in veterinary medicine, buprenorphine has become a
commonly used analgesic drug. Indeed, continuous release of buprenorphine in mice with LCMV-induced
meningitis strongly reduced pain in these mice (Fig. 1). In contrast, behavioral signs of pain and distress were
observed in mice without analgesic treatment, which led to constraint locomotion and hunchback formation.
Nevertheless, in addition to their effects on neuronal functions, opioids modulate other body functions in the
periphery, including the immune system915. Thereby, treatment with opioids often results in
immunosuppression and induces anti-inflammatory effects. Nevertheless, buprenorphine, compared to other
opioids, was shown to have the least immune-modulatory effects

915

. In a recent study, Börner and Kraus

demonstrated that opioids inhibited NF-κB, a crucial transcription factor in T cell activation, in T cells916. The
LCMV-induced meningitis model is strictly dependent on cytotoxic T cells644. Hence, the reduced pain score
observed in Figure 1 might be due to a buprenorphine-mediated suppression of the immune response in these
mice. Therefore, we tested different immune parameters in intracranially infected mice continuously treated
with buprenorphine (Fig. 2, 3 and 4). At first, we analyzed the immune response in the spleen (Fig. 2 and 3).
The percentage and absolute numbers of T cells (CD8+ and CD4+), B cells (CD19+), and natural killer cells
(NK1.1+) in the spleen was not altered (Fig. 2), indicating that continuous buprenorphine treatment does not
eliminate these immune cells. In contrast to naive mice, a similar LCMV-induced CTL expansion could be
observed in buprenorphine treated and control mice. Additionally, the LCMV-specific CTL response, as
determined by intracellular cytokine staining and MCH tetramer staining, was not altered in mice continuously
treated with buprenorphine (Fig. 3). Disease progression of LCMV-induced meningitis is characterized by an
inflammatory infiltration of immune cells into the brain leading to neurodegeneration and eventually to death
of infected mice. Since the virus itself is non-cytolytic, pathogenesis and death are directly related to the influx
of virus-specific CD8+ T cells into the CNS896. Therefore, we analyzed the infiltration of LCMV-specific T cells
into the brain of diseased mice (Fig. 4B). No difference in the influx of LCMV-specific GP33- or NP396-specific T
cells could be observed between buprenorphine and PBS treated mice. Cytotoxic T cells recruit monocytes
and neutrophils to the infected central nervous system which results in the breakdown of the blood-brain
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barrier (BBB)457. Therefore, cellular infiltrates into the brain were analyzed in intracranially LCMV-infected
buprenorphine and control mice. A massive influx of different immune cells could be observed in both groups
(Fig. 4A). Infiltration of CD4+ T cells, CD8+ T cells, activated lymphocytes (CD45highCD11b-), activated myeloid
cells (CD45highCD11b+) (Fig. 4A), and also the CNS resident microglia (CD45intCD11b+) were not affected by
buprenorphine treatment. Nevertheless, we cannot exclude that buprenorphine treatment influences
immune parameters at very late stages of the disease.
Taken together, we have demonstrated that continuous buprenorphine treatment strongly reduced pain in
LCMV-induced meningitis, without altering the LCMV-induced immune response and cellular infiltration into
CNS. This method can now be applied to improve welfare of mice in this model and could be implemented to
other immune-mediated CNS inflammation models like infection with mouse hepatitis virus or tick-borne
encephalitis virus (summarized in 594).
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No prolongation of skin allograft survival by
immunoproteasome inhibition in mice

Sarah Mundt, Michael Basler, Birgit Sawitzki& Marcus Groettrup
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Abstract
Background. The immunoproteasome, a distinct class of proteasomes, which is inducible under inflammatory
conditions and constitutively expressed in monocytes and lymphocytes, is known to shape the antigenic
repertoire presented on major histocompatibility complex (MHC) class I molecules. Moreover, inhibition of
the immunoproteasome subunit LMP7 ameliorates clinical symptoms of autoimmune diseases in vivo and
was shown to suppress the development of T helper cell (Th) 1 and Th17 cells and to promote regulatory T
(Treg) cell generation under polarizing conditions in vitro.

Methods. Since Th1 and Th17 cells are detrimental and Treg cells are critical for transplant acceptance, we
investigated the influence of the LMP7-selective inhibitor ONX 0914 in a mixed lymphocyte reaction (MLR) in
vitro as well as on allograft rejection in an established MHC-mismatched (C57BL/6 (H-2b) to BALB/c (H-2d))
model of skin transplantation in vivo.

Results. Although we observed reduced allospecific IL-17 production of T cells in vitro, we found that selective
inhibition of LMP7 with or without a low dose cyclosporine A (CsA) treatment of BALB/c recipients had no
influence on the survival of C57BL/6 derived tail skin grafts.

Conclusion. Selective inhibition of the immunoproteasome is not effective in prolonging skin allograft survival
in a fully mismatched skin allograft transplantation model.
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Introduction
The 26S proteasome is a multicatalytic protease in the nucleus and cytoplasm of all eukaryotic cells
responsible for the ATP-dependent degradation of the bulk (80-90%) of cellular proteins with critical functions
in multiple biological processes189. In cells of hematopoietic origin, or in response to interferon (IFN)-γ, the
constitutively expressed catalytically active β subunits are replaced by their inducible counterparts low
molecular mass polypeptide (LMP)2 (β1i), multicatalytic endopeptidase complex subunit (MECL)-1 (β2i), and
LMP7 (β5i) during neosynthesis, thereby building the so-called immunoproteasome75. The incorporation of
the inducible subunits leads to minor structural changes within the proteasome, to a marked change in the
cleavage preference, and to an enhanced production of T cell epitopes17,75,101,105. Immunoproteasomes do not
only play an important role in generating MHC class I ligands for T cell activation in the periphery but also in
shaping the naive T cell repertoire in the thymus and regulating immune responses17,105.
CD4+ T cells have long been known to play a central role in mediating transplant rejection677. Acute allograft
rejection is a T cell-dependent phenomenon and may be triggered by different types of T helper cells. T helper
(Th)1 cell responses initiate allograft rejection by promoting proliferation of alloreactive CD8+ T cells or by
inducing a delayed type hypersensitivity (DTH) reaction mediated by macrophages. Additionally, Th1 cells
promote transplant rejection by activating B cells to produce allospecific antibodies or directly through Fas/
Fas ligand (Fas L)-induced cytotoxicity677. In recent years, it turned out that not only Th1 but also Th17 cells
mediate acute allograft rejection by recruiting neutrophils and monocytes into the graft which then
contributes to transplant inflammation725,752,917. Importantly, it has been demonstrated that regulatory T cells
(Tregs) induce and maintain tolerance to the allograft in experimental and clinical transplantation766.
Bortezomib, a dipeptide boronate, is the first in class proteasome inhibitor approved for the treatment of
multiple myeloma243. In addition, bortezomib was evaluated in clinical studies for solid tumors, including nonsmall cell lung cancer918, and has demonstrated therapeutic efficacy in kidney transplantation919. Most well
characterized proteasome inhibitors mediate equivalent inhibition of both proteasome chymotrypsin-like
activities (β5 and LMP7) and have considerable toxicities that limit their clinical utility in chronic inflammatory
diseases242. Immunoproteasomes are highly expressed in cells of hematopoietic origin implying that inhibitors
targeting catalytically active immunosubunits might be a powerful tool for the treatment of inflammatory
disorders while sparing other tissues. Their superiority in terms of drug resistance and toxicity may render
immunoproteasome-selective inhibitors as promising candidates for the treatment of allograft rejection. ONX
0914 (formerly designated PR-957) is an irreversible proteasome inhibitor that selectively targets the LMP7
subunit of immunoproteasomes. Under polarizing conditions in vitro, ONX 0914 suppressed the development
of Th1 and Th17 cells and promoted Treg cell development without affecting the differentiation of Th2 cells145.
Moreover, treatment with ONX 0914 was shown to attenuate several autoimmune diseases in mouse models
at doses of less than one tenth of the maximum tolerated dose, a therapeutic window that is not achievable
with nonselective inhibitors17,117,146-148.
These findings suggest the immunoproteasome as a promising target for therapeutic intervention in several
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inflammatory disorders and encouraged us to investigate whether selective inhibition of LMP7 is able to
prolong graft survival in an MHC-mismatched skin transplantation model. However, despite influencing
allospecific Th17 cell responses in vitro, treatment of recipient mice with ONX 0914 had no influence on the
allogeneic rejection response in vivo.
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Results
LMP7 inhibition has no influence on allospecific proliferation of T cells but reduces allospecific
Th17 cell responses in vitro.
In order to investigate the role of the immunoproteasome in allogeneic immune responses, we determined
the effect of LMP7 inhibition on the proliferation capacity of T cells in a mixed lymphocyte reaction (MLR) in
vitro. To this aim, we treated magnetically sorted splenic responder T cells with ONX 0914 and cultured them
in the presence of irradiated allogeneic stimulator splenocytes. However, we found that LMP7 inhibition had
no influence on the percentage of proliferated CD4+ or CD8+ T cells after 96 h of stimulation (Figure 1A and B)
whereas cyclosporine A (CsA) effectively inhibited allospecific proliferation.

Figure 1: Influence of LMP7 inhibition on allogeneic T cell proliferation in a mixed lymphocyte reaction. CFSE labeled
T cells magnetically isolated from bulk splenocytes of C57BL/6 (H-2b), LMP7-/- (H-2b), and BALB/c (H-2d) mice (indicated
in black above the panels) were treated with DMSO, ONX 0914 (250 nM), or CsA (1 µM) and cultured in the presence of
allogeneic irradiated stimulator splenocytes (indicated in grey above the panels) for 96 h. Syngeneic stimulator
splenocytes were used as negative control. Graphs show proliferation of (A) CD4+ and (B) CD8+ T cells. Data are presented
as mean +/- SD from duplicates and represent one out of three independent experiments.

Furthermore, we measured allospecific IL-2, IL-17, and IFN-γ release of T cells by ELISA and noticed that ONX
0914 did not reduce IL-2 or IFN-γ production but resulted in decreased IL-17A levels in the supernatant of the
MLR (Figure 2A). This effect was LMP7-specific since a reduction of IL-17A was not detected when T cells from
LMP7-/- mice were treated with ONX 0914 (Figure 2B).

121

Chapter IV: Skin allograft rejection

Figure 2: Influence of ONX 0914 on allospecific cytokine production in a mixed lymphocyte reaction. T cells
magnetically isolated from bulk splenocytes of (A) C57BL/6 (H-2b) and (B) LMP7-/- (H-2b) mice were treated with DMSO,
ONX 0914 (250 nM), or CsA (1 µM) and cultured in the presence of allogeneic irradiated stimulator splenocytes from
BALB/c (H-2d) mice for 72-96 h as indicated. Syngeneic stimulator splenocytes (syngeneic control) were used as negative
control. Data show mean +/- SD of IL-2, IFN-γ, and IL-17 concentrations in the supernatant from triplicates and represent
one out of two independent experiments.

ONX 0914 treatment does not prolong graft survival in an MHC-mismatched skin allograft
transplantation model.
LMP7 inhibition was shown to not only affect MHC class I antigen processing but also the differentiation of
Th1 and Th17 cells. Moreover, treatment of mice with ONX 0914 ameliorated the clinical symptoms of various
T cell-mediated autoimmune diseases. Consequently, the decreased allospecific Th17 differentiation of ONX
0914 treated cells in vitro prompted us to investigate the influence of LMP7 inhibition on allogeneic immune
responses in vivo using a murine skin allograft transplantation model. For this purpose, C57BL/6 (H-2b) tail
skin grafts were transplanted onto the back of BALB/c (H-2d) mice.
Figure 3: Influence of LMP7 inhibition on skin
allograft rejection. BALB/ c recipient mice were
transplanted with fully-thickness tail skin of
C57BL/6 mice and (A) treated with vehicle (s.c.)
or ONX 0914 (10 mg/kg, s.c.) every second day or
(B) treated daily with PBS (i.p.) or CsA (5 mg/kg;
i.p.) +/- ONX 0914 (10 mg/kg, s.c.) every second
day from day -1 of transplantation onwards.
Graft survival was monitored daily after removal
of the bandage. Graphs show survival curves and
represent pooled data from (A) three
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independent experiments (n=11 mice per group
and n=4 syngeneic controls) or (B) two
independent experiments (n=8-9 mice per group
and n=4 syngeneic controls).

The recipient mice were treated with ONX 0914 or vehicle (Captisol®), respectively, and the graft was
monitored daily for signs of rejection. Both vehicle and ONX 0914 treated mice rejected their allograft within
11-16 days with a mean graft survival time of 13 and 14 days, respectively (Figure 3A, Table 1), whereas
syngeneic transplants were not rejected. Hence, no influence of LMP7 inhibition on the graft survival could
be observed.

Table 1: Survival of C57BL/6 skin allografts in BALB/c recipients treated with ONX 0914.
Median
Donor

Recipient

Treatment

survival

Graft survival time (d)
time (d) +/- SD

C57BL/6

BALB/c

vehicle s.c.

11, 12, 13, 13, 13, 13, 14, 14, 15, 15, 16

13 +/- 1.3

ONX 0914 (10 mg/kg) s.c.

12, 13, 13, 13, 13, 14, 14, 14, 14, 15, 16

14 +/- 1.0

Next, we investigated whether ONX 0914 in combination with a low dose CsA treatment could affect the
rejection of skin allografts. We compared skin allograft survival of BALB/c mice treated with 5 mg/kg CsA only
or in combination with 10 mg/kg ONX 0914 (Figure 3B, Table 2). We detected a slightly delayed rejection in
mice treated with low dose CsA (17 days) compared to the PBS treated control group (12 days), however,
additional ONX 0914 treatment did not further prolong allograft survival (17 days). Hence, our data suggest
that inhibiting the immunoproteasome is not effective in preventing acute T cell-mediated allograft rejection.

Table 2: Survival of C57BL/6 skin allografts in BALB/c recipients treated with ONX 0914 in combination with low dose
cyclosporine A.
Median
Donor

Recipient

Treatment

survival

Graft survival time (d)
time (d) +/- SD

C57BL/6

BALB/c

PBS i.p.

8, 11, 12, 12, 12, 13, 14, 14

12 +/- 1.8

CsA (5 mg/kg)

13, 14, 16, 17, 17,19, 20, 20

17 +/- 2.5

11, 12, 15, 16, 17, 19, 20, 20, 20

17 +/- 3.2

CsA (5 mg/kg) i.p.
+ ONX 0914 (10 mg/kg) s.c.
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Discussion
Allograft rejection is a major threat to clinical organ transplantation and only due to immunosuppression over
90% of most organ transplants survive920. The most extensively used immunosuppressive drugs are
cyclosporine A, tacrolimus, and sirolimus. All these drugs affect not only the cells of the immune system, but
have adverse side effects on other cells or tissues and long-term administration of these compounds causes
nephrotoxicity, susceptibility to infection, and onset of diabetes921,922. This ultimately evokes the search for
new and safe immunosuppressive drugs. Remarkably, treatment with the proteasome inhibitor bortezomib
has been shown to rapidly eliminate donor-specific anti-human leukocyte antigen antibodies during antibodymediated rejection (AMR) in renal transplant recipients923. The suppressive effect of LMP7 inhibition on
inflammatory immune responses, and Th1 and Th17 cell differentiation, as well as its promotive influence on
Treg generation encouraged us to test the potential efficacy of ONX 0914 treatment in a T cell-mediated skin
rejection model117,145.
Despite we observed no influence on allospecific CD4+ or CD8+ T cell proliferation (Figure 1) or IL-2 and IFN-γ
production (Figure 2) during mixed lymphocyte reaction in vitro, we detected a decrease of the IL-17A release
when T cells have been treated with ONX 0914 (Figure 2). Th17/Treg ratios were found to be significantly
higher during allograft rejection, suggesting that Th17 to Treg imbalance plays a role in the development of
allograft rejection924. Thus, reversing this imbalance by LMP7 inhibition145 seemed to be a promising approach
to interfere with allograft rejection. Indeed, although Th1 responses were traditionally thought to play a
central role in the development of acute allograft rejection677, it was reported that IFN-γ may not be essential
for these responses indicating that other cytokines may contribute to the inflammation cascade and facilitate
rejection725. With the discovery of IL-17 producing CD4+ T cells in 2005 a role of Th17-mediated allograft
rejection was suggested by a vast body of data752,917,924. However, in the complete MHC-mismatch murine skin
allograft transplantation model investigated in this study, in vivo treatment of recipient mice with ONX 0914
did not prolong graft survival (Figure 3A); neither alone nor in combination with a low dose CsA treatment
(Figure 3B). Although a role for Th17 cells in mediating acute allograft rejection is well established, it has been
demonstrated by Agorogiannis et al. that these cells do not need IL-17A to mediate neutrophil recruitment
to the graft and induce tissue damage747. In agreement with our observations (Figure 1A and 2A), IL-17Adeficiency had no influence on alloantigen-specific proliferative response in an MLR917.
The insufficient suppression of allogeneic immune responses by ONX 0914 treatment might be explained by
the fact that the fully MHC-mismatch skin allograft transplantation is a very challenging model eliciting strong
allogeneic immune responses. Hence, it is a rather difficult to interfere with the allograft rejection between
complete MHC-disparate mice. It might be worthwhile to reinvestigate the influence of immunoproteasome
inhibition in less sensitive transplantation models with minor histocompatibility antigen (H-Y) or single MHC
class I or class II mismatched mice. In addition to this, it would be interesting to investigate whether
immunoproteasome inhibition has the potential to interfere with B cell activation and compare the clinical
outcome of antibody-mediated allograft rejections.
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However, although we have shown reduced IL-17A production in an MLR in vitro, the influence of LMP7
inhibition is probably not sufficient to interfere with acute allogeneic responses during transplant rejection in
vivo.
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Materials and Methods
Mice
C57BL/6 mice (H-2b) and BALB/c mice (H-2d) were originally purchased from Charles River, Germany. LMP7
gene-targeted mice95 were provided by John Monaco (University of Cincinnati, Cincinnati, OH). Mice were
kept in a specific pathogen-free facility and used at 8-10 weeks of age. Animal experiments were approved by
the Review Board of Regierungspräsidium Freiburg.

Immunoproteasome inhibition
For in vitro experiments, the LMP7-selective inhibitor ONX 0914 (formerly PR-957) was dissolved at a
concentration of 10 mM in DMSO and stored at -80°C. For in vivo proteasome inhibition, ONX 0914 was
formulated in an aqueous solution of 10% (w/v) sulfobutylether-β-cyclodextrin (Captisol®) and 10 mM sodium
citrate (pH 6) referred to as vehicle and administered to mice as an s.c. bolus dose of 10 mg/kg.

Cyclosporine A treatment
For in vitro experiments, cyclosporine A (Sigma) was dissolved at a concentration of 50 mM in EtOH and stored
at -20°C. For in vivo CsA treatment, cylosporine A (Sandimmune®, Novartis) was formulated in PBS and
administered to mice as an i.p. bolus dose of 5 mg/kg.

Skin allograft transplantation
Recipient BALB/c mice were anesthetized with a mixture of ketamine (120 mg/kg; i.p.) and xylazine (10 mg/kg
i.p.) in isotonic sterile saline solution and additionally received carprofen (5 mg/kg, s.c.) on the day of
transplantation and 24 h later. The dorsal skin was shaved and a 1 cm2 graft bed was prepared on the lateral
back. Donor C57BL/6 mice were sacrificed and 1 cm2 full thickness tail skin grafts were prepared and
transplanted to the beds on the back of the recipient mice. After removal of the bandage, graft survival was
monitored daily and rejection was defined by complete destruction of the skin graft, as assessed by visual
inspection.

Mixed lymphocyte reaction
Influence of ONX 0914 on allospecific T cell proliferation was assessed by mixed lymphocyte reaction. MACS
(Mouse Pan Isolation Kit II, Miltenyi) sorted splenic T cells originated from naive C57BL/6 (H-2b), BALB/c (H2d), or LMP7-/- (H-2b) mice were used as responders while residual splenocytes (- T cells) derived from C57BL/6
or BALB/c mice were used as stimulators. Responder T cells were carboxyfluorescein succinimidyl ester
(CFSE)-labeled as previously described128 and pulsed with DMSO or 250 nM ONX 0914 in IMDM 10% at 37°C
for 2 h or continuously treated with 1 µM CsA, respectively. 1x106 responder T cells were cultured with 1x105
irradiated (2000r rad) stimulators in IMDM 10% in a 96-well plate. The cultures were incubated at 37 °C in 5%
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CO2 for 72 h-96 h. Cell culture supernatants were anaylzed for IL-2, IL-17, and IFN-γ by ELISA according to the
manufacturer´s protocol (eBioscience) and allospecific proliferation of CD4+ and CD8+ T cells was determined
by flow cytometry.

Flow cytometry
Cells were stained with antibodies to CD4 (eBioscience ; clone GK1.5), and CD8 (eBioscience, clone 53-6.7) in
50 µl FACS buffer (2% FBS, 2 mM EDTA, 2 mM NaN3 in PBS) at 4 °C for 20 min, washed two times and acquired
with the Accuri™ C6 flow cytometer (BD Biosciences). All antibodies were purchased from eBioscience.
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Abstract
Apart from its role in MHC class I antigen processing, the immunoproteasome has recently been implicated
in the modulation of T helper cell differentiation under polarizing conditions in vitro and in the pathogenesis
of autoimmune diseases in vivo. In this study, we investigated the influence of LMP7 on T helper cell
differentiation in response to the fungus Candida albicans. We observed a strong effect of ONX 0914, an
LMP7-selective inhibitor of the immunoproteasome, on IFN-γ and IL-17A production by murine splenocytes
and human peripheral blood mononuclear cells (PBMCs) stimulated with C. albicans in vitro. Using a murine
model of systemic candidiasis, we could confirm reduced generation of IFN-γ and IL-17A producing cells in
ONX 0914 treated mice in vivo. Interestingly, ONX 0914 treatment resulted in increased susceptibility to
systemic candidiasis, which manifested at very early stages of infection. Mice treated with ONX 0914 showed
markedly increased kidney and brain fungal burden resulting in excessive neutrophil recruitment to these
organs. Increased inflammatory infiltrates, in turn, led to immunopathology culminating in renal failure and
sepsis. Together, these results strongly suggest a role of the immunoproteasome in promoting
proinflammatory T helper cells in response to C. albicans but also in affecting the innate antifungal immunity
in a T helper cell-independent manner.
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Introduction
The 26S proteasome is a multicatalytic enzyme expressed in the nucleus and cytoplasm of all eukaryotic
cells925. It is responsible for the degradation of the bulk (80-90%) of cellular proteins thereby regulating many
biological processes including MHC class I antigen presentation1. In response to the proinflammatory cytokine
interferon (IFN)-γ, the catalytically active β subunits of the proteasome are replaced by their inducible
counterparts low molecular mass polypeptide (LMP)2 (β1i), multicatalytic endopeptidase complex-like
(MECL)-1 (β2i), and LMP7 (β5i), thereby building the so-called immunoproteasome75. The incorporation of the
inducible subunits leads to minor structural changes within the proteasome, to a marked change in the
cleavage preference, and to an enhanced production of T cell epitopes75,101. However, it has been
demonstrated that immunoproteasomes do not only play an important role in MHC class I antigen processing
but also in shaping the naive T cell repertoire in the thymus and regulating immune responses in the
periphery17,105. ONX 0914 (formerly named PR-957), an LMP7-selective epoxyketone inhibitor of the
immunoproteasome, reduced cytokine production in activated monocytes or lymphocytes in vitro and
attenuated disease progression in various mouse models of autoimmune diseases105,117,145-148,150. Moreover,
selective inhibition of LMP7 was shown to suppress the development of T helper (Th) 1 and Th17 cells and to
promote regulatory T (Treg) cell development under polarizing conditions in vitro117,145
C. albicans is a commensal organism of mucosal and skin surfaces which can cause various disease
manifestations

ranging

from

oral

or

mucocutaneous

to

lethal

disseminated

candidiasis

in

immunocompromised hosts273,926. Host protection from infection ultimately depends on recognition of C.
albicans by pattern recognition receptors (PRRs) and their associated signaling pathways that initiate
immunity. C. albicans is a strong inducer of Th1 and Th17 cell differentiation by the engagement of C-type
lectins on the surface of antigen presenting cells and the subsequent induction of cytokines like IL-6, IL-12,
IFN-γ, and IL-23322,362,927. Th1 cells provide fungal control through IFN-γ production required for optimal
activation of phagocytes and for helping in the generation of a protective antibody response270,928. Th17 cells
act as an important source of IL-17A which is crucial for the anti-C. albicans host defense by inducing the
expression of genes encoding proinflammatory cytokines, chemokines, and antimicrobial peptides, as well as
by promoting granulopoiesis and recruiting neutrophils to the site of infection362,929,930. Despite adaptive
immunity being important for host defense against mucocutaneous candidiasis, it does not play a prominent
role in combatting disseminated C. albicans infection. Instead, innate immunity acts as the major barrier to
systemic Candida spread. The candidacidal activity of neutrophils is the key mediator of immunity to systemic
candidiasis and neutropenia is a major risk factor for invasive candidiasis931-933. As in humans, the mouse
kidney is the primary target organ during systemic C. albicans infection and progressive sepsis as well as renal
failure account for mortality in that model934-936. Since the severity of kidney damage is quantitatively related
to levels of host innate immune response, it has been suggested that uncontrolled inflammatory immune
response, rather than C. albicans itself, may worsen disease outcome. Indeed, massive infiltration of
neutrophils is commonly observed and believed to contribute significantly to host tissue destruction937-939.
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Here, we found that ONX 0914 treatment blocks Th1 and Th17 cell differentiation in response to C. albicans
in vitro and in a murine model of systemic candidiasis in vivo. Interestingly, ONX 0914 treated mice displayed
an enhanced susceptibility at early stages of infection implicating a so far undescribed influence of LMP7
inhibition on innate anti-C. albicans immune responses.
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Results
Reduced C. albicans-induced production of IL-17A and IFN-γ by murine splenocytes and human
PBMCs in vitro.
Hitherto, the inhibition of LMP7 has been shown to suppress several autoimmune diseases which correlated
with a reduction in the differentiation of pathogenic Th1 and Th17 cells. Since Th1 and especially Th17 cells
play a central role in the host defense against C. albicans, we investigated the impact of immunoproteasome
inhibition on the immune response against this pathogen. In a first approach, we stimulated naive splenocytes
with heat-killed C. albicans yeast in vitro, leading to IL-17A and IFN-γ release into the culture supernatant.
Compared to cells treated with DMSO, we observed reduced IL-17A and IFN-γ production by splenocytes
pulsed with 200 nM ONX 0914 (Fig. 1A).

Figure 1: Influence of ONX 0914 on C. albicans-induced production of IL-6, IL-17A, and IFN-γ by murine splenocytes
and human PBMCs in vitro. Culture supernatant levels of IL-6, IL-17A, and IFN-γ were measured by ELISA. (A) Naive
murine splenocytes were pulsed with DMSO or 200 nM ONX 0914 for 2 h and cultured in the presence of heat-killed C.
albicans yeast for up to 6 days. Data are representative for one out of three independent experiments and expressed as
mean +/- SD. (B) Human PBMCs from healthy donors were treated as described in (A) and cultured in the presence of
heat-killed C. albicans hyphae for 5 days. Data represent blood samples from three different donors. Data are analyzed
by two-way ANOVA with * p<0.05 and ** p<0.01.

This effect was LMP7-dependent because ONX 0914 treatment of splenocytes from LMP7-/- mice did not lead
to reduced cytokine production (Supplementary Fig. S1). In order to investigate whether LMP7 inhibition has
a similar effect on human peripheral blood mononuclear cells (PBMCs), PBMCs from healthy volunteers were
stimulated with heat-killed C. albicans in vitro and cytokines were measured in the supernatant by ELISA.
Similar to murine splenocytes, ONX 0914 treatment of human PBMCs resulted in reduced IL-17A and IFN-γ
production in response to C. albicans (Fig. 1B). Interestingly, the secretion of IL-6, a key cytokine for Th17
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differentiation, was reduced in human PBMCs by LMP7 inhibition while it was not affected in murine
splenocytes (Fig. 1A). Next, naive murine splenocytes were sorted for CD4+ cells and either the CD4- fraction
(containing antigen presenting cells) or the CD4+ fraction (containing T helper cells) was pulsed with 200 nM
ONX 0914. Untreated and treated cell fractions were combined and stimulated with heat-killed C. albicans.
Strikingly, IFN-γ and IL-17A production was affected by LMP7 inhibition in both settings (Supplementary Fig.
S2) indicating that ONX 0914 is able to block the production of proinflammatory cytokines by directly acting
on CD4+ T cells as well as affecting CD4- cells.

Impaired generation of IL-17A and IFN-γ producing cells and aggravated clinical outcome of
disseminated candidiasis in ONX 0914 treated mice.
Our results obtained with splenocytes and PBMCs stimulated with C. albicans in vitro (Fig. 1) and previous
reports suggest a role of LMP7 inhibition in T helper cell differentiation117,145,146. Thus, we intended to
investigate whether the immunoproteasome has an influence on the generation or activation of IL-17A- and
IFN-γ-producing cells in response to systemic C. albicans infection in vivo. Analyzing cytokine production of
splenocytes upon ex vivo restimulation with heat-killed C. albicans on day 7 postinfection revealed a marked
reduction of IL-17A and IFN-γ production upon LMP7 inhibition in vivo (Fig. 2).

Figure 2: LMP7 inhibition reduces the
development of IL-17A and IFN-γ producing cells
in vivo. Mice were i.v. infected with 1x105 CFU
live C. albicans blastoconidia and treated with 10
mg/kg ONX 0914 (s.c.) every second day. On day
7 postinfection, splenocytes were restimulated
with 106/ml heat-killed C. albicans yeast cells for
48 h. Levels of IL-17A (left graph) and IFN-γ (right
graph) were measured in the supernatant by
ELISA. Data are representative for one out of three independent experiments and expressed as mean +/- SEM of n=5 mice
(n=2 naive mice). Data are analyzed by two-way ANOVA with * p<0.05 and *** p<0.001.

While immunoproteasome-deficient mice showed no altered susceptibility to invasive candidiasis (Fig. 3A),
ONX 0914 treated mice suffered from accelerated and more pronounced weight loss as well as higher
mortality compared to vehicle treated mice already on day 2 of infection (Fig. 3B and C). Moreover, in some
experiments, we observed that LMP7 inhibition led to movement disorders and neurological abnormalities of
mice as manifested by a slight tilting of the head and uncontrolled twisting/rotation when handled (data not
shown).
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Figure 3: Influence of the immunoproteasome on weight loss and survival in systemic candidiasis. C57BL/6, LMP7-/-,
LMP2-/-, and MECL-1-/- mice were i.v. infected with 1x105 CFU live C. albicans blastoconidia and treated with vehicle or
10 mg/kg ONX 0914 (s.c.) every second day where indicated (B,C). (A and C) Change of body weight during systemic
infection with C. albicans. Percent weight loss (y-axis) is plotted versus time (x-axis). Data points represent mean weight
change +/- SEM. (B) Survival curves of ONX 0914 and vehicle treated mice. Data represent combined results from 2-3
experiments with n=8-18 mice per group. Data are analyzed by two-way ANOVA with * p<0.05, ** p<0.01, and ***
p<0.001.

Selective inhibition of LMP7 leads to increased fungal burden at early time points in the course of
invasive candidiasis.
Mice with disseminated candidiasis die because of progressive sepsis and, notably, kidney fungal burden was
shown to correlate with severity of renal failure and acidemia, which are hallmarks of severe sepsis936.
Therefore, we investigated whether the observed enhanced susceptibility to systemic infection with C.
albicans in ONX 0914 treated mice is due to defects in the control of the fungus. Kidney, brain, and liver tissue
homogenates were analyzed for fungal outgrowth. Interestingly, mice treated with ONX 0914 had higher
fungal burden in kidneys and brains compared to vehicle treated mice at early stages (day 3) of disseminated
candidiasis (Fig. 4A and B). The increased fungal burden in the brain of ONX 0914 treated mice was also
detectable at later stages (day 7) of infection (Fig. 4B). In contrast, in the liver (day 3+7) and at later time
points in the kidney (day 7), LMP7 inhibition had no influence on the immune systems’ capability to control
the fungus (Fig. 4A and C). Importantly, we found that ONX 0914 had no impact on the growth of C. albicans
cultures in vitro (data not shown).
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Figure 4: Influence of LMP7
inhibition on fungal burden in
kidney, liver, and brain. Mice
were intravenously infected
with 1x105 CFU live C. albicans
blastoconidia and treated with
vehicle or 10 mg/kg ONX 0914
(s.c.) every second day. On day
3 (left panels) and day 7 (right
panels) fungal burden was
determined in kidneys (A),
brains (B), and liver (C). Bars
show mean log10 CFU/g tissue
+/- SEM. Data represent
pooled results from two
independent experiments and
are
analyzed
by
nonparametric Mann-Whitney test
with * p<0.05, ** p<0.01 and
*** p<0.001.

Antifungal treatment is still effective in ONX 0914 treated mice.
We wondered whether the increased susceptibility to systemic candidiasis observed upon LMP7 inhibition
would be treatable with antifungal agents like Amphotericin B (AmpB). Mice receiving vehicle or ONX 0914
were daily treated with 10 mg/kg AmpB. Strikingly, these mice, no matter if treated with vehicle or ONX 0914,
were almost fully protected from weight loss (Supplementary Fig. S3A). Analyzing renal fungal burden
revealed that independent of LMP7 inhibition, AmpB treatment resulted in almost complete clearance of the
fungus on day 7 p.i. (Supplementary Fig. S3B).

Elevated neutrophil numbers in kidneys and brains of ONX 0914 treated mice during invasive
candidiasis.
Defects in IL-17 immunity are often associated with impaired neutrophil recruitment and function929,940.
Hence, we investigated the influence of ONX 0914 treatment on neutrophil recruitment to the kidney, which
is the main target of systemic candidiasis934-936,941. Unexpectedly, we observed significantly increased CD45int
Ly6-Ghigh neutrophil numbers in the kidney of ONX 0914 treated mice both early (day 2 and 3) and late (day 7)
in the course of invasive candidiasis (Fig. 5A, B and C) as detected by flow cytometric analysis of purified renal
mononuclear cells.
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Figure 5: Elevated neutrophil numbers in the kidney and the brain of ONX 0914 treated mice. Mice were i.v. infected
with 1.5x105 CFU live C. albicans blastoconidia and treated with vehicle or 10 mg/kg ONX 0914 (s.c.) every second day.
Kidneys and brains were removed and isolated mononuclear cells were stained for Ly6-G, CD45, F4/80, CD11b, MHC-II,
and CD11c and analyzed by flow cytometry. Graphs show (A) representative flow cytometry profiles of kidney infiltrating
neutrophils (gated on live cells according to FSC/SSC) on day 7, (B) pooled results from two independent experiments
presented as mean percentage of kidney infiltrating CD45intLy6-Ghigh neutrophils +/- SEM, (C and D) pooled results from
two independent experiments presented as mean absolute numbers +/- SEM of (C) kidney infiltrating neutrophils,
monocytes, macrophages, and myeloid derived dendritic cells (mDCs) 48 h p.i., and (D) brain infiltrating neutrophils,
myeloid cells, and mDCs and CNS resident microglia 72 h p.i.. Data are analyzed by students t test with * p<0.05 and **
p<0.01.

Moreover, we observed significantly increased numbers of kidney infiltrating F4/80+ CD11b+ MHC-IImonocytes upon LMP7 inhibition 48 h postinfection (Fig. 5C). While the infiltration of F4/80+ CD11b+ MHC-II+
macrophages was not affected by LMP7 inhibition, we found reduced numbers of CD11b+ MHC-IIhigh CD11c+
myeloid dendritic cells (mDCs) in the kidney of ONX 0914 treated mice (Fig. 5C). Interestingly, we noticed a
strong inflammatory infiltration of innate immune cells into the brain on day 3 of systemic infection with C.
albicans in both, ONX 0914 and vehicle treated mice (Fig. 5D). Nevertheless, compared to vehicle treated
mice, ONX 0914 treatment resulted in a strong increase of CD45int Ly6-Ghigh CD11b+ neutrophils and CD45high
CD11b+ myeloid cells while infiltrating CD11b+ MHC-IIhigh CD11c+ mDCs numbers were reduced (Fig. 5D). CNS
resident CD45int CD11b+ microglia, which were demonstrated to be the main cell type responding to C.
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albicans in the brain941, were also increased upon infection. However, we detected no difference between
vehicle and ONX 0914 treated mice.

Figure 6: Influence of ONX 0914 treatment on neutrophil recruitment. Mice were i.v. infected with 1x105 CFU live C.
albicans blastoconidia and treated with vehicle or 10 mg/kg ONX 0914 (s.c.) every second day. (A) On day 3, 5, and 7,
peripheral blood was stained for Ly6-G and CD45, and analyzed by flow cytometry. (B) On day 3, mature bone marrow
neutrophils were analyzed by flow cytometry and (C) serum levels of KC (CXCL1) were determined by cytometric bead
array. Graphs show pooled data from two independent experiments and are presented as mean +/- SEM. (D and E)
Relative mRNA expression of KC (CXCL1), MIP-1α (CCL3), MCP-1 (CCL2), or MIP-2α (CCXL2) in the kidney on day 2 (D) or
day 7 p.i. (E). Real-time RT-PCR data are pooled from two independent experiments with n=8-10 mice per group and
expressed as mean absolute gene regulation +/- SEM relative to one naive mouse, which served as uninfected control.
Data are analyzed by students t test with ** p<0.01.

In an attempt to identify the cellular source of the increase of neutrophilic granulocytes, we observed
significantly elevated numbers of blood neutrophils in mice treated with ONX 0914, particularly at later stages
of infection (Fig. 6A). However, when analyzing bone marrow neutrophils we could not find any difference in
the percentage of mature CD45int Ly6-Ghigh cells between vehicle and ONX 0914 treated mice on day 3 (Fig.
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6B) or day 5 postinfection (data not shown) suggesting that the development of neutrophils in the bone
marrow was not affected. In order to clarify the reason for the increased neutrophil numbers in blood and
kidney upon LMP7 inhibition we assessed the expression of important chemoattractants for monocytes and
polymorphonuclear leukocytes. On day 3 postinfection, we detected KC (CXCL1) serum cytokine levels were
increased (Fig. 6C) but not altered by ONX 0914 treatment. In contrast, kidney mRNA levels of KC (CXCL1),
MIP-1α (CCL3), MCP-1 (CCL2), and MIP-2α (CXCL2) were strongly upregulated upon LMP7 inhibition 48 h
postinfection (Fig. 6D). At later stages (day 7) of systemic candidiasis, no difference was seen for KC and MIP1α (CCL3), whereas MIP-2α (CXCL2) was still upregulated (Fig. 6E).
Enhanced neutrophil recruitment to the kidney during systemic candidiasis has been correlated with
inflammation and immunopathology-mediated renal failure939. This would fit to the observation that ONX
0914 treated mice are more susceptible to invasive candidiasis and indicate that these mice might suffer from
deregulated immunopathology leading to increased renal tissue damage. Indeed, in some cases, the kidneys
of ONX 0914 treated mice appeared paler and more swollen than kidneys of vehicle treated mice by gross
pathology (data not shown). In ONX 0914 treated mice we found elevated serum levels of creatinine and urea
on day 7 (Fig. 7A) and of TNF-α and IL-6 on day 3 and day 7 (Fig. 7B; data not shown) indicating that renal
failure and sepsis might occur faster upon LMP7 inhibition. Renal mRNA expression of kidney injury molecule1 (KIM-1), a marker for early kidney damage, was strongly upregulated on day 2 postinfection, but no
difference could be detected between ONX 0914 and vehicle treated mice (Fig. 7C).

Figure 7: Influence of LMP7 inhibition on the maintenance
of kidney function and proinflammatory serum cytokine
levels. Mice were i.v. infected with 1x105 CFU live C.
albicans blastoconidia and treated with vehicle or 10
mg/kg ONX 0914 (s.c.) every second day. Graphs show (A)
photometrically determined serum levels of urea and
creatinine on day 7 and (B) serum levels of IL-6 and TNF-α
as detected by cytometric bead array on day 3. (C) Relative
mRNA expression of KIM-1 on day 2, pooled from two
independent experiments with n=8-10 mice per group, and
presented as mean absolute gene regulation +/- SEM
relative to one naive mouse, which served as uninfected
control. Data are analyzed by students t test with * p<0.05.

Reduced activation of innate immune cells upon LMP7 inhibition in vivo.
Increased renal fungal burden during systemic C. albicans infection suggests impaired fungal control by innate
immune cells. Especially neutrophils represent key innate immune effector cells that play a crucial role in
phagocytosis and killing of C. albicans942. To assess the ability of neutrophils to kill C. albicans, mice were
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infected with a strain of GFP-positive C. albicans and the GFP signal among kidney neutrophils was measured.
We found no difference in the percentage of GFP+ neutrophils between ONX 0914 treated and control mice
(Fig. 8A) indicating that the phagocytic activity of neutrophils is not affected by LMP7 inhibition. However,
there was a slightly (not quite significantly) higher median fluorescence of GFP within neutrophils of ONX
0914 treated mice which suggests that killing efficiency of neutrophils might be reduced by LMP7 inhibition
(Fig. 8A). Moreover, we observed that neutrophils of ONX 0914 treated mice in the kidney as well as in the
brain expressed reduced levels of the activation marker CD11b (Fig. 8B and C). Additionally, infiltrating
macrophages in the kidney and myeloid cells of the brain expressed significantly lower levels of MHC class II
supporting the hypothesis that LMP7 inhibition interferes with proper activation of innate immune cells in
response to C. albicans (Fig. 8B and C). However, ONX 0914 treatment did not alter the capacity of isolated
human neutrophils to produce reactive oxygen species in vitro. (Fig. 8D).

Figure 8: Influence of LMP7 inhibition on C. albicans-induced activation of innate immune cells. (A) Mice were
intravenously infected with 1.5x105 CFU live C. albicans-GFP blastoconidia and treated with vehicle or 10 mg/kg ONX
0914 (s.c.) on the day of infection. 48 h p.i., kidneys were removed and isolated mononuclear cells were stained for Ly6G and CD45. Graph shows mean percentages of GFP+CD45intLy6-Ghigh cells or median fluorescence of GFP in CD45intLy6Ghigh cells +/- SEM, respectively. (B and C) Mice were i.v. infected with 1.5x105 CFU live C. albicans blastoconidia and
treated with vehicle or 10 mg/kg ONX 0914 (s.c.) on the day of infection. Graphs show median fluorescence of MHC class
II on kidney infiltrating MHC-II+F4/80+CD11b+ macrophages (B) or brain infiltrating CD45highF4/80+CD11b+ myeloid cells
(C), or CD11b expression on kidney (B) or brain (C) infiltrating CD45intLy6-Ghigh neutrophils, respectively. Data are pooled
from two independent experiments (n=7-10 mice per group). Data are analyzed by students t test with * p<0.05 and ***
p<0.001. (D) NADPH oxidase activity as determined by DHR test. Isolated human neutrophils were treated with DMSO
or 200 nM ONX 0914 in vitro for one hour and stimulated with 140 nM PMA for 30 min. Graph shows result from one
experiment representative for three different blood donors.
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Discussion
Besides its important role in MHC class I antigen processing, the immunoproteasome was found to be involved
in proinflammatory immune responses and T helper cell differentiation117,145 while immunoproteasome
inhibition ameliorated the outcome of several autoimmune diseases117,145-148,150. However, T helper cells do
not only exert pathogenic functions in autoimmune disorders but also play a central role in host defense
against for example fungal infections. In this study, we have investigated whether LMP7 inhibition would also
affect T helper cell differentiation in response to C. albicans, a strong inducer of Th1 and Th17 cells322,362,927.
Indeed, we found a reduced production of the Th1/Th17 derived cytokines IL-17A and IFN-γ by ONX 0914
treated human PBMCs and murine splenocytes in vitro stimulated with heat-killed C. albicans (Fig. 1A and B).
IL-17A and IFN-γ might also be produced by other cell types present in bulk splenocytes or PBMCs, however,
treatment of CD4+ T cells was sufficient to reduce their release into the supernatant (Supplementary Fig. S2).
Interestingly, ONX 0914 treatment blocked IL-17A and IFN-γ production by affecting both CD4+ cells and CD4cells (Supplementary Fig. S2) suggesting that immunoproteasome inhibition affects T helper cells as well as
innate antigen presenting cells. Corroboratively, LMP7 inhibition in vivo led to a reduced generation of IL-17A
and IFN-γ producing cells in mice systemically infected with C. albicans (Fig. 2) supporting the idea that LMP7
inhibition interferes with the differentiation of Th1 and Th17 cells.
ONX 0914 treated mice displayed a higher susceptibility to systemic candidiasis compared to vehicle treated
control mice which, unexpectedly, manifested at very early stages of infection. We observed a more
pronounced weight loss, an impaired survival, and a higher fungal burden of the kidney and the brain (Fig. 3B
and C and Fig. 4A and B). The influence of LMP7 inhibition became apparent far too early for impaired T helper
cell differentiation being the reason for the increased susceptibility of ONX 0914 treated mice. In fact,
adaptive immunity does not play a prominent role in combatting disseminated candidiasis. Instead, resistance
to systemic C. albicans infection is mainly mediated by innate immune cells indicating that
immunoproteasome inhibition has a more versatile effect on the anti-C. albicans immunity344,933,943.
Interestingly, mice lacking immunoproteasome subunits LMP2, MECL-1, or LMP7 showed no difference in
weight loss (Fig. 3A) or survival (data not shown) compared to WT mice. The difference between LMP7-/- and
ONX 0914 treated mice might be explained by structural changes in the immunoproteasome when LMP7 is
absent and replaced by its constitutive counterpart β5which maintains the chymotrypsin-like activity in
immunoproteasomes of LMP7-/- cells69,95,99. In contrast, when LMP7 is chemically inhibited with ONX 0914,
the LMP7-dependent chymotrypsin-like activity of the immunoproteasome is irreversibly blocked.
Neutrophils are key innate immune effector cells that play a crucial role in phagocytosis and killing of C.
albicans322,362,942. Therefore, it was surprising to observe strongly increased neutrophil numbers (Fig. 5B, C and
D) and higher fungal burden in the brains and kidneys of ONX 0914 treated mice (Fig. 4A and B) at the same
time. Excessive neutrophil accumulation is most probably a compensatory event to fight increased renal
fungal burden which might in turn result from impaired candidacidal activity of neutrophils and/or other
innate immune cells as observed by others944. Upon PMA stimulation of purified PMNs in vitro, we observed
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no effect of LMP7 inhibition on the production of reactive oxygen species (ROS) (Fig. 8D), representing an
important killing mechanism of neutrophils. However, killing of C. albicans by neutrophils occurs
intracellularly and extracellularly as well as through oxidative and non-oxidative mechanisms270. Hence, LMP7
might affect one or several non-oxidative killing mechanisms like for example the ability of neutrophils to
phagocytose C. albicans or to form extracellular traps by releasing decondensed chromatin fibres decorated
with antifungal proteins273,349. Moreover, LMP7 inhibition might influence neutrophil activity in an indirect
manner. In fact, DCs which are strongly reduced in the brains and kidneys of ONX 0914 treated mice, were
shown to be essential to sustain the anti-microbial activity of neutrophils via the induction of NK cells to
produce GM-CSF944. Correspondingly, brain and kidney neutrophils of ONX 0914 treated mice displayed
reduced expression of the activation marker CD11b which is part of the complement receptor CR3 and
important for phagocytosis of C. albicans (Fig. 8B and C). Recently, Whitney et al. used GFP+ C. albicans to
assess killing capacity of neutrophils in vivo. They observed a greater frequency of GFP+ neutrophils in
CD11cΔSyk mice than in controls and concluded that kidney neutrophils from the former strain are impaired
in their ability to destroy the fungus944. We found no difference in the percentage of GFP+ C. albicans
containing neutrophils (Fig. 8A). However, this could mean that either uptake and killing is not affected by
LMP7 inhibition or that neutrophils of ONX 0914 treated mice have reduced phagocytic activity. However, we
noticed slightly enhanced fluorescence of GFP (reflecting the number of viable GFP+ C. albicans) within GFP+
neutrophils which might suggest reduced killing capacity in vivo. Additionally, we detected strongly decreased
MHC class II expression on the surface of myeloid cells in the brain and macrophages in the kidney of ONX
0914 treated mice (Fig. 8B and C) suggesting that LMP7 inhibition interferes with a proper activation of innate
immune cells and, consequently, probably also with an effective fungal control by these cells.
In order to characterize the influence of LMP7 inhibition on neutrophils in systemic candidiasis, we wanted to
investigate whether increased neutrophil numbers result from an enhanced recruitment from peripheral
blood. Interestingly, we observed elevated blood neutrophils in ONX 0914 treated mice particularly at later
stages of disease (Fig. 6A). We found no difference in the percentage of neutrophils in the bone marrow
between ONX 0914 treated and vehicle treated mice (Fig. 6B) suggesting that LMP7 inhibition has no impact
on granulopoiesis but only leads to increased neutrophil recruitment to the site of infection or, possibly, to
reduced neutrophil clearance in the periphery945.
It has been demonstrated that disease severity in C. albicans infections correlates with kidney levels of many
cytokines and chemokines like IL-6, KC (CXCL1), MIP-2 (CXCL2), TNF, and MCP-1 (CCL2)938. Interestingly, these
cytokines and chemokines were strongly upregulated in ONX 0914 treated mice (Fig. 6D and E and Fig. 7B). In
particular, MacCallum et al. demonstrated significant correlation of early kidney KC (CXCL1) concentrations
with subsequent histological kidney lesion parameters938. Hence, the development of tissue pathology in C.
albicans-infected mice appears to depend on relative balances of cytokine or chemokine production and of
neutrophil recruitment to the kidney supporting a direct exacerbating effect of LMP7 inhibition on the
pathogenesis of disseminated candidiasis. Although neutrophils represent a central arm of the anti-C. albicans
immunity they may also be harmful to the host by mediating immunopathology and tissue injury939,946. While
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sepsis is the major cause of death in systemic candidiasis, the extent of kidney damage in animals showing
severe symptoms contributes to the overall pathology of the disease936,938. It has been recognized for many
years that the disease processes in C. albicans-infected kidneys lead to heavy host leukocyte infiltrates and
microabscess formation which in turn result in tissue damage938. Hence, excessive infiltration of monocytes
and neutrophils into the brain and the kidney of ONX 0914 treated mice might lead to meningoencephalitis
and kidney injury, respectively937,939,941,947. Indeed, at least in some experiments, we noticed that kidneys of
ONX 0914 treated mice had severe swelling and pallor in gross pathology and that these mice display altered
behavior as manifested by movement disorders and neurological abnormalities (data not shown). Moreover,
although the expression of KIM-1, a marker of tubular epithelial damage currently used for diagnosis of acute
kidney injury in humans948, was not changed (Fig. 7C), we measured significantly elevated TNF-α and IL-6 (Fig.
7B) as well as urea and creatinine (Fig. 7A) levels in the serum of ONX 0914 treated mice. This suggests that
LMP7 inhibition contributes to both death-associated pathologies, sepsis as well as renal failure, respectively.
Taken together, it appears that LMP7 inhibition leads to reduced Th1 and Th17 cell differentiation in response
to C. albicans but also affects the innate immunity resulting in higher susceptibility of ONX 0914 treated mice
to systemic candidiasis. Hence, the question arises whether immunoproteasome inhibitors can in general be
applied in the therapy of autoimmunity if they interfere with host defense against pathogens like fungi.
Proteasome inhibitors are already used in humans e.g. for the treatment of multiple myeloma and,
importantly, except for an increased incidence of varicella herpes zoster in bortezomib treated patients, there
is no evidence for higher susceptibility to fungal infections949,950. Moreover, during infection with WT vaccinia
virus (VV-WR) or lymphocytic choriomeningitis virus (LCMV-WE), we observed no influence on the immune
system’s capability to clear the virus in mice treated with ONX 0914117. Nevertheless, it would be worthwhile
to investigate the influence of LMP7 inhibition for example on oropharyngeal candidiasis (OPC) where host
resistance is strictly dependent on T helper cells930. However, since even systemic candidiasis can be easily
controlled with standard fungicide therapy (Supplementary Fig. S3), our data do not discourage the
development and testing of LMP7-selective inhibitors as therapeutics against autoimmune diseases and
inflammatory disorders.
To our knowledge this is the first time that ONX 0914 treatment was demonstrated to affect the innate
immunity. An underlying mechanism could be reduced IL-23 secretion by dendritic cells and tissue-resident
macrophages as observed in human PBMCs117,146. This would, for example, affect IL-23R+ IL-17 producing
immune cells like γδT, iNKT, or nTH17 cells which are implicated in host defense against C. albicans513.
Moreover, Whitney et al. recently demonstrated that IL-23 produced by DCs is essential to induce GM-CSF
production in NK cells which in turn sustains anti-microbial activity of neutrophils, the main fungicidal
effectors944,951. Hence, it is of great interest to further investigate the role of the immunoproteasome in innate
immunity and to determine the underlying mechanism of its influence on host defense against C. albicans and
other pathogens.
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Material and Methods
Mice
C57BL/6 mice (H-2b) were originally purchased from Charles River, Germany. MECL-197, LMP294, and LMP7
gene-targeted mice95 were provided by John Monaco (University of Cincinnati, Cincinnati, OH). Mice were
kept in a specific pathogen-free facility and used at 8-10 weeks of age. Animal experiments were approved by
the Review Board of Governmental Presidium Freiburg of the State of Baden-Württemberg. All methods were
carried out in accordance with the approved guidelines.

Immunoproteasome inhibition
For in vitro experiments, the LMP7-selective inhibitor ONX 0914 (Onyx Pharmaceuticals) was dissolved at a
concentration of 10 mM in DMSO and stored at -80 °C. For in vivo proteasome inhibition, ONX 0914 was
formulated in an aqueous solution of 10% (w/v) sulfobutylether-β-cyclodextrin and 10 mM sodium citrate (pH
6) referred to as vehicle and administered to mice as an s.c. bolus dose of 10 mg/kg.

Systemic infection with C. albicans
The Candida albicans laboratory strain SC5314 (kind gift from Prof. Joachim Morschhäuser, Institute for
Molecular Infection Biology, University of Würzburg) or C. albicans strain CAI4-pACT1 GFP (kind gift from Prof.
Salome LeibundGut, Institute of Microbiology, ETH Zürich) was grown on YPD plates at 30 °C. A single colony
of C. albicans was grown for 18 h at 30 °C in YPD media and yeast cells were harvested by centrifugation,
washed with PBS, and counted with a hemocytometer. Mice were injected i.v. with blastoconidia in PBS and
their health status was monitored daily. Animals that became immobile or otherwise showed signs of severe
illness were humanely terminated and recorded with 30% weight loss and as dying on the following day. For
in vitro experiments, C. albicans yeast and hyphae were heat-killed for 1 h at 100 °C. To generate
pseudohyphae, blastoconidia were grown at 37 °C and 6% CO2 in serum-free RPMI medium overnight.

Fungal burden
To assess the tissue outgrowth of C. albicans, kidneys, brains, and livers of the sacrificed animals were
removed aseptically, weighed, and homogenized in sterile distilled water using a tissue homogenizer. The
number of viable C. albicans cells in the tissues was determined by plating serial dilutions on YPD plates. The
colonies were counted after 24 h of incubation at 30 °C, and the fungal burden was expressed as log10 CFU/g
tissue.

Antifungal therapy
Amphotericin B was purchased as FungizoneTM (Medicopharm AG, Germany). Amphotericin B as raw material
(50 mg) was dispersed in 10 ml sterile distilled water and aliquots were stored at -20 °C. Amphotericin B stock
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solution (5 mg/ml) was diluted with 5% Glucose (pH > 4.2) and administered intraperitoneally as a single bolus
of 10 mg/kg every day.

Ex vivo cytokine production by primed splenocytes
To assess in vivo T helper cell differentiation, ~ 5x106 primed spleen cells from C. albicans infected mice were
in vitro restimulated with heat-killed C. albicans yeast (~ 106 cells/mL) and cultured for 48 h at 37 °C. Culture
supernatants were analyzed for IL-17A and IFN-γ by ELISA according to the manufacturer´s protocol
(eBioscience).

In vitro T helper cell differentiation
Human PBMCs from healthy volunteers (2.5x105/well) or bulk splenocytes of naive C57BL/6 (1x106/well) were
pulsed for 2 h with 200 nM ONX 0914 at 37 °C, washed and cultured in the presence of heat-killed C. albicans
yeast or hyphae (~ 1x106 cells/ml) in IMDM at 37 °C for 5 days. Cytokines in the supernatant were determined
by ELISA according to the manufacturer’s protocol (eBioscience).

Quantitative real-time RT-PCR
Real-time RT-PCR was used to quantify cytokine expression levels in mouse kidney as previously described146
with slight modifications. RNA from mouse kidney was extracted with the RNeasy mini plus kit of Qiagen. One
µg of total RNA was reverse transcribed using oligonucleotide (dT) primers and the reverse transcription
system (Promega). Glycerinaldehyd-3-phosphat-dehydrogenase (GAPDH) was used as reference gene.
Target gene
MIP-2α
KC
MIP-1α
MCP-1
KIM-1

Fwd Primer
5´-AAGTTTGCCTTGACCCTGAA-3´
5´-TGGCTGGGATTCACCTCAAG-3´
5´-GTAGCCACATCGAGGGACTC-3´
5´-TCAGCCAGATGCAGTTAACG-3´
5´-ACATTCTCCGTAAATGGGCTT-3´

Rev primer
5´-AGGCACATCAGGTACGATCC-3´
5´-CCGTTACTTGGGGACACCTT-3´
5´-GATGGGGGTTGAGGAACGTG-3´
5´-GTTGTAGGTTCTGATCTCATTTGG-3´
5´-CTGCTGTGAAGGAGACCCTG-3´

Isolation of mononuclear cells from kidney
Mice were sacrificed and mononuclear cells from the kidney were isolated by enzymatic digestion of tissues
with collagenase D (0.2 mg/ml) and DNase I (0.2 mg/ml) followed by Percoll® density gradient (70%/30%)
centrifugation. Cells were collected from the interphase and analyzed for surface marker expression by flow
cytometry.

Isolation of mononuclear cells from brain
Mice were sacrificed and perfused with cold PBS to minimize contamination of brain and spinal cord with
blood-derived leukocytes from peripheral blood. Mononuclear cells from CNS were isolated by enzymatic
digestion of brains followed by Percoll® density gradient centrifugation as previously described146.
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Flow cytometry
Flow cytometry was performed as previously described146. Abs to Ly6-G (RB6-8C5), CD45 (30-F11), IL-17A
(eBio17B7), F4/80 (BM8), CD11b (M1/70), CD11c (HL3), MHC-II (AF6-120.1), were obtained from BD
Biosciences or eBioscience. Anti-IFN-γ antibody (AN18) was kindly provided by Dr. Michael Basler. Cells were
acquired with the use of the BD AccuriTM C6 flow cytometer system and pregated on living cells according to
FSC/SSC signal.

Bead-based cytokine assay
Serum levels of TNF-α, IL-6, and KC (CXCL1) were determined by multiplexed bead-based assays (Bio-Plex Pro
Mouse Cytokine Assays, Bio-Rad Laboratories, Hercules, CA). Samples were prepared according to the
manufacturer's instructions and were analyzed on a FACSCanto II flow cytometer (BD Immunocytometry
Systems, Heidelberg, Germany). Absolute cytokine concentrations were calculated based on the mean
fluorescence intensity of cytokine standards with a 4-parameter logistic curve model. The sensitivity of the
assays was 1.4 pg/ml for TNF-α, 0.2 pg/ml IL-6, and 0.3 pg/ml for KC.

Photometric assays
Serum creatinine and urea were measured photometrically using an automated clinical chemistry analyser
(ADVIA 1800, Siemens) at the medical laboratory Dr. Brunner in Konstanz.

Isolation of polymorphonuclear cells (PMNs) from human peripheral blood
Neutrophils were isolated using a density gradient centrifugation method. In brief, 1 part of 1x HBSS diluted
blood (without Ca2+/Mg2+) was carefully underlayed by Ficoll PaqueTM Plus (δ=1.077 g/ml) and centrifuged at
400 x g, 20 °C for 40 min without brake. Supernatant and mononuclear cell fraction were removed and the
pellet was washed in HBSS. Erythrocytes were lysed with H2O for 20 s and PMNs were washed and
resuspended in HBSS.

Isolation of peripheral blood mononuclear cells (PBMCs) from human blood
Human PBMCs were isolated from whole blood with the help of BD Vacutainer® CPTTM and cultured in RPMI
medium.

NADPH oxidase activity assay
PMNs (5.0×106 cells/ml) that were previously treated with DMSO or 200 nM ONX 0914 for 60 min at 37 °C
were activated or not with 140 nM PMA for 30 min at 37 °C, respectively. After stimulation, the cells were
incubated with 50 µM DHR for 30 min, washed once, and resuspended in HBSS. The fluorescence of gated
neutrophils was detected in FL1 using BD AccuriTM C6 flow cytometer.
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Statistical analysis
The statistical significance was determined using the students t test, two-way ANOVA or non-parametric
Mann-Whitney test with two-tailed P value. All statistical analyses were performed using GraphPad Prism
Software (version 4.03) (GraphPad, San Diego, CA). Statistical significance was achieved when p<0.05. If not
indicated otherwise, differences are not significant.
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Supplementary information

Supplementary Figure S1: Influence of ONX 0914 on the production of pro-inflammatory cytokines depends on LMP7.
Naive murine splenocytes of LMP7-/- mice were pulsed with 200 nM ONX 0914 for 2 h and cultured in the presence of
1x106 heat-killed C. albicans yeast per ml. Levels of IL-6, IFN-γ, and IL-17 in the supernatant were analyzed by ELISA. Data
are representative for one out of two independent experiments and expressed as mean +/- SD from triplicates.

Supplementary Figure S2: LMP7 inhibition directly and indirectly affects IL-17A and IFN-γ production by splenocytes.
Naive mouse splenocytes were sorted for CD4+ T cells. (A) CD4- cells or (B) CD4+ T cells pulsed with 200 nM ONX 0914 or
DMSO for 2 h were combined with untreated CD4+ T cells or CD4- cells, respectively, and cultured in the presence of 106
heat-killed C. albicans yeast per ml. Levels of IL-17A and IFN-γ in the supernatant were analyzed by ELISA. Data are
representative for one out of three independent experiments and expressed as mean +/- SD from triplicates. Data are
analyzed by two-way ANOVA with * p<0.05, ** p<0.01, *** p<0.001.
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Supplementary Figure S3: Amphotericin B is still effective in mice treated with ONX 0914. Mice were i.v. infected with
1.5x105 CFU live C. albicans blastoconidia and treated with vehicle or 10 mg/kg ONX 0914 (s.c.) every second day.
Moreover, mice received 10 mg/kg AmpB as 100 µl i.p. bolus q.d. and were (A) monitored for weight loss over time. Data
are representative for one out of two independent experiments (n=4-5 mice per group). Data are analyzed by two-way
ANOVA with * p<0.05, ** p<0.01, *** p<0.001 vs. AmpB treated animals. (B) On day 7 p.i., mice were sacrificed and
fungal burden in kidneys were determined. Bars show mean log10 CFU +/- SEM. No detectable fungus was arbitrarily set
to log10 of 1. Data are analyzed by non-parametric Mann-Whitney test with *** p<0.001 vs. AmpB treated animals.
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CHAPTER VI: CONCLUDING REMARKS AND
PERSPECTIVES
Proteasomes are not only responsible for protein homeostasis but also regulate multiple biological processes
like for example cell cycle, apoptosis, transcription, and adaptive immune responses8,152,952-957. Hence, medical
interest in modulating proteasome function for therapeutic purposes has significantly grown during the last
decades, since the first proteasome inhibitor, bortezomib, has been approved for the treatment of refractory
MM by the FDA in 2003213,229,231. However, due to its broad impact on cellular functions, targeting the
proteasome is associated with major side effects. Prolonged proteasome inhibition disrupts the cell cycle and
cellular protein homeostasis and activates cell death programs958. Adverse side effects of bortezomib include,
for example, peripheral neuropathy, gastrointestinal problems, lymphopenia, thrombocytopenia, asthenia,
cardiac and pulmonary disorders, and pain231,242,959,960. In 2011, these major drug-associated toxicities were
explained by the finding that bortezomib treatment results in equal inhibition of the proteasome and serine
proteases such as cathepsin G, cathepsin A, chymase, and dipeptidyl peptidase II241. This insight led to the
development of proteasome inhibitors with increased specificity and reduced off-target activity. Many second
generation inhibitors show increased proteasome-specificity which is primarily attributed to their nucleophilic
head group. For instance, α’,β’-epoxyketones, such as carfilzomib, are selective for Ntn hydrolases since their
reaction with proteasomal active sites follows a unique binding mechanism resulting in the formation of a
morpholine ring system223. Due to its improved on-target activity, carfilzomib therapy greatly reduced
incidents of peripheral neuropathies compared to bortezomib241,250-254. Immunoproteasomes, a special form
of proteasomes, are constitutively expressed in cells of hematopoietic origin and upregulated under
inflammatory conditions41-53. They incorporate IFN-γ-inducible alternate β subunits which differ, at least in
the case of LMP2 and LMP7, with respect to their cleavage site preference due to alterations in the substrate
specificity pockets101. These alterations enable to selectively target the active sites of this special proteasome
form101. Since immunoproteasomes represent a minor fraction of the proteasome population and are found
predominantly in cells involved in ongoing immune responses, it was expected that treatment with inhibitors
that specifically block the inducible, but not the constitutive β subunits, should result in reduced toxicity223,958.
Apart from antigen processing, the immunoproteasome was recently shown to regulate T cell survival,
proinflammatory cytokine production, and T helper cell differentiation117,128,145,146. Thus, targeting the
immunoproteasome appeared to be a promising strategy to treat inflammatory disorders caused by
uncontrolled immune responses. In fact, selective inhibition of LMP7 by ONX 0914 ameliorated the clinical
outcome in mouse models of various autoimmune diseases including rheumatoid arthritis, systemic lupus
erythematosus, diabetes, experimental colitis, and cell-mediated Hashimoto’s thyroiditis117,145,147,149,150.
Encouraged by these data, the objective of this thesis was to investigate the impact of immunoproteasome
inhibition on distinct disease manifestations. Beginning with the question whether selective inhibition of
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LMP7 is also effective in preventing T helper cell-mediated EAE, the studies described in this thesis later
focused on other models with immune-mediated pathologies like skin allograft rejection and LCMV-induced
meningitis. Furthermore, it was investigated whether LMP7 inhibition does lead to decreased Th1 and Th17
differentiation during systemic infection with C. albicans since these cells are actually important for antifungal
host defense mechansims270,362,928-930.
The study described in chapter II demonstrated the efficacy of LMP7 inhibition in ameliorating clinical
symptoms of two distinct mouse models for EAE. In accordance with previous findings, ONX 0914 treatment
resulted in decreased Th1 and Th17 differentiation (Chapter II: Figure 4B and Figure 6E) thereby preventing
the key initiation step of the disease pathology and, consequently, CNS inflammation (Chapter II: Figure 3, 4
and 6)480. Notably, this study experimentally addressed the question why selective inhibition of LMP7 but not
the genetic deficiency was able to block the disease (Chapter II: Figure 2). It was found that cells of the
hematopoietic origin require the chymotrypsin-like activity in order to induce autoimmune responses leading
to MS-like symptoms. In contrast to selective LMP7 inhibition, blocking the constitutive subunit β5 in WT mice
had no impact on the disease outcome. This might be not due to an LMP7-specific impact on immune
responses but rather rely on the fact that T cells and probably also other immune cells (especially in a
proinflammatory environment) mainly contain immunoproteasomes or mixed proteasomes which do all
contain LMP717,42,44,47,48,50,54,77. In contrast, the compensatory incorporation of β5 instead of LMP7 in LMP7-/mice, makes immune cells susceptible to β5 inhibition69. Consequently, PR-825 treatment blocked cytokine
secretion by splenocytes of LMP7-deficient mice with DSS-induced colitis 147 and ameliorated EAE pathology
in LMP7-/- mice (Chapter II: Figure 2C). These observations illustrate the requirement to quantitatively
determine the immunoproteasome content in different cell populations of hematopoietic origin (with and
without activation) in order to predict the impact of immunoproteasome inhibition on diseases mediated by
distinct immune cells.
Although the impact of LMP7 inhibition on immune reactions has been recognized for several years, the
underlying mechanisms are still unclear. Several hypotheses, including the selective processing of a putative
factor involved in T cell differentiation, function, or survival, have been investigated. Blockage of LMP7 might
either prevent the degradation of a regulatory protein or interfere with the production of a polypeptide with
regulatory functions (see Figure 9, step 1). In order to identify this (these) factor(s), different approaches could
be pursued. A protein which is not degraded when LMP7-activity is blocked, could be identified and
quantitatively assessed in the ubiquitin-modified proteome by comparing cells activated in the presence or
absence of ONX 0914. Therefore, the recently optimized method described by Kim et al.961, which combines
the use of the commercially available monoclonal antibody specifically recognizing the “diGLy remnant” of
ubiquitinated proteins resulting from trypsinolysis, with the method of stable isotope labeling with amino
acids in cell culture (SILAC) would represent a suitable approach. With the recently described terminal amine
isotopic labelling of substrates (TAILS) method which allows the identification and quantification of proteasegenerated neo-N-termini, it would be possible to find polypeptides which are only generated in the presence
of active LMP7. During this thesis, the TAILS method was used to compare the “N-terminome” of DMSO and
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ONX 0914 treated J774 macrophages upon LPS stimulation (data not shown). Two different analyses yielded
89 putative polypeptides which were significantly reduced in the ONX 0914 treated samples. The influence of
LMP7 inhibition on the processing of four of these hits was reinvestigated by western blot analysis. However,
a differential processing of these proteins in the absence or presence of ONX 0914 could not be confirmed by
this method. To further pursue this approach to identify LMP7-generated neo-N-termini it would be
worthwhile to narrow down the potential hits before proceeding with western blot analyses. Hence, TAILS
analysis should be performed a third time using a new batch of LPS stimulated J774 cells and only hits which
are reproducibly altered should be further investigated.
Alternatively, it is very likely that blocking the chymotrypsin-like activity which accounts for 1/3 of the
immunoproteasome’s catalytic activity, has a, depending on the immunoproteasome content, more or less
dramatic effect on the cells’ ability to adapt to activation-induced alterations. Thus, reducing the
chymotrypsin-like activity might affect for instance metabolism, protein turnover, transcription, and
regulatory processes, thereby in particular interfering with the functionality of immune cells. Probably, the
degree of sensitivity to immunoproteasome inhibition does not only correlate with the immunoproteasome
proportion of a cell but also with the extent of cell-specific adaptions to stress or inflammation.
For example, activation-induced metabolic reprogramming has been shown to vary between different T cell
populations. Distinct metabolic adaptions may be important to enable effector cells to fulfill their specific
immunological roles962. Possibly, these differences might explain the different effects of LMP7 inhibition on
Th1 and Th17 compared to Th2 and Treg cells145. However, in addition to homeostatic proliferation and
sustenance, ATP must be present in sufficient amounts within immune cells in order to provide the energy
required to carry out various functional activities such as cell growth, trafficking, proliferation, differentiation,
and effector functions during an immune response963,964. Interestingly, it has been shown that the cell rapidly
upregulates proteasome activity on ATP reduction under stress conditions suggesting that the proteasome
might be involved in energetic adaptation of activated cells965. For example, the exceptional strong
dependence of IL-23 production by human PBMCs on LMP7 activity might be explained by a higher energy
cost compared to that of other cytokines (Chapter II: Figure 5C)117,146,147. Corroboratively, ATP has been shown
to induce IL-23 production by DCs thereby promoting Th17 differentiation in vivo966,967. Hence, immune cell
functions with high energy demand might be in particular sensitive to immunoproteasome inhibition (see
Figure 9, step 2). The recently described “XF extracellular flux technology” (Seahorse Bioscience) might be a
possible way to determine the impact of LMP7 inhibition on energy metabolism during an immune response.
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Figure 9: Hypothetical impact of LMP7 inhibition on cellular processes. (for explanation see text)

Moreover, cell activation is associated with increased intracellular ROS levels which are not only involved in
signal transduction and pathogen killing but eventually lead to oxidative stress within the cell968. Under these
conditions, the rapid elimination of damaged proteins, whose accumulation would interfere with normal cell
function and viability, is of particul r importance2,969. Interestingly, the immunoproteasome was demonstrated
to be induced upon oxidative stress and found to be recruited to mitochondria, the main producers of ROS
within the cell135-138,968,970. Consistently, anti-oxidant treatment prevented immunoproteasome induction and
translocation to mitochondria and mitochondrial dysfunction appeared to correlate with proteasome
inhibition970,971. These findings suggest a critical role for the immunoproteasome in the removal of oxidized
proteins and to maintain cellular homeostasis (see Figure 9, step 3)135-138.
In fact, the crystal structure of the immunoproteasome revealed a unique active site architecture of LMP7
which might kinetically favor its proteolytic activity101. Hence, the incorporation of β5 would not perfectly
compensate for the loss of LMP7, possibly explaining the phenotype of LMP7-/- mice for example in DSSinduced colitis147. However, studies investigating the role of the immunoproteasome in removing oxidatively
damaged proteins revealed contradicting results. While some groups proposed the immunoproteasome to
be superior in degrading polyubiquitinated proteins, others found no difference compared to the constitutive
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proteasome80,135,136,140,141. Notably, most of these studies were performed under conditions of genetic LMP7deficiency. However, while incorporation of β5 is, at least in most cases, probably sufficient to compensate
for the functional loss of the chymotrypsin-like activity, inhibition of LMP7 might, especially under stress
conditions, influence the cells’ ability to cope with an increase of oxidized proteins. Hence, it would be
interesting to reinvestigate this issue under LMP7-selective inhibition instead of LMP7-deficiency.
In addition to oxidative stress, immune cell activation leads to increased protein synthesis which can be
affected by immunoproteasome inhibition simply by the limitation of the amount of available amino acids
resulting from reduced protein degradation (see Figure 9, step 4)3,4,18. Furthermore, increased protein
synthesis induces ER stress which can influence immune responses and plays an important role in host
defense and inflammation972-977. Notably, not only immune cell activation, but also proteasome inhibition was
shown to induce ER stress. The presumptive basis for ER stress induction by proteasome inhibitors is indirect
interference with ERAD. Thereby, the homeostatic mechanism for the elimination of unfolded proteins via
retrograde translocation into the cytosol becomes defective and causes an accumulation of unfolded proteins
in the ER977. The ER responds by triggering specific signaling pathways including the UPR which induces
transcriptional and translational programs that rescue ER homeostasis. However, under high-level or chronic
ER stress, these adaptive changes ultimately become overshadowed by alternative 'terminal UPR' signals that
actively commit cells to degeneration, culminating in programmed cell death978,979. It is conceivable that
strongly activated immune cells are more sensitive to proteasome inhibition and ER stress-induced terminal
UPR as it has been observed for MM cells treated with bortezomib (see Figure 9, step 5)238,980. Anyway, there
is a need to investigate the influence of immunoproteasome inhibition on ER stress and apoptosis since there
are so far only very preliminary experiments addressing this issue.
However, interfering with the reduction of oxidized proteins and UPR stress in activated immune cells might
generally reduce their potential to react to antigenic stimuli with normal functionality. This implies that early
signaling events leading to immune cell activation might not be affected by immunoproteasome inhibition
probably because the remaining proteasome function is sufficient to deal with physiological protein turnover
and the processing of regulatory proteins like for instance IκB117,158. However, at later time points, when the
cell is fully activated and cellular adaptations require increasing proteasome activity, selective inhibition of
LMP7 might interfere with immune cell responses. This might lead to alterations in upregulation of activation
markers, antigen presentation, migration, T cell differentiation and expansion, cytokine production, and
killing mechanisms117,145 and explain the broad impact of immunoproteasome inhibition on immune-mediated
pathologies like autoimmune diseases148 as seen in chapter II or virus-induced CNS immunopathology as seen
in chapter III. However, in LCMV-induced meningitis it appeared that not only selective inhibition but also the
genetic deficiency of LMP7 impaired immune cell activation. This could in part be explained by alteration in
antigen presentation since for example the presentation of immunodominant epitope GP33-41 was slightly
reduced in LMP7-deficient mice (Chapter III: Figure 5A). Less efficient priming and reduced expansion of GP33specific T cells (Chapter III: Figure 3A) could delay CTL-mediated immune responses leading to CNS
inflammation. However, it is important to mention, that although the disease onset of LCMV-induced
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meningitis is delayed (Chapter III (1.): Figure 1A and B), the disease-associated immunopathology and
mortality of mice still takes place albeit somewhat retarded compared to WT mice. Corroboratively, neither
LMP7 inhibition nor -deficiency did interfere with the capability of CTLs to eliminate the virus in the periphery
(Chapter III: Figure 4A)117. Hence, CD8+ T cells might not be affected as strongly as CD4+ cells in the T helper
cell-mediated EAE model where the disease progression was almost completely blocked by ONX 914
treatment (Chapter II, Figure 2A). Interestingly, Cao et al. demonstrated, that CD4+ and CD8+ T cells display a
distinct activation-induced metabolic reprogramming profile with CD4+ T cells being more oxidative and
showing greater maximal respiratory capacity than activated CD8+ T cells962. Moreover, CD4+ T cells were
associated with greater levels of ROS and increased mitochondrial content which might, with respect to
increased oxidative stress, result in a greater dependency on immunoproteasome-activity compared to CD8+
T cells. CD8+ T cells on the other hand, were better able to oxidize glutamine as an alternative fuel source and
the more glycolytic metabolism of activated CD8+ T cells correlated with increased capacity for growth and
proliferation, along with reduced sensitivity of cell growth to metabolic inhibition962. These differences could
also explain a reduced sensitivity of CD8+ T cells to immunoproteasome inhibition. Moreover, it is possible
that only single pathways of CTL responses like IFN-γ production (Chapter III (1.): Figure 3C, E and G) are
affected by interfering with LMP7-activity while others, sufficient for viral clearance, are not. Furthermore,
the extremely strong expansion of activated CD8+ T cells which is not affected by ONX 0914 (Chapter III (1.):
Figure 5D) might result in only a partial inhibition of LMP7 in LCMV-specific CTLs. So far, the extent and
efficiency of LMP7 inhibition in distinct cell types has not been determined during an immune response in
vivo. This could for example be achieved with the help of an immunoproteasome subunit-specific ELISA which
is able to quantify inhibitor-occupied proteasome active sites in purified cells from different tissues117.
Moreover, ONX 0914 binding was shown to induce a shift of the LMP7 subunit detectable in western blot
analyzes (Schmidt et al., unpublished data). Similarly, Wehenkel et al. observed a shift of the LMP2 band
induced by covalent binding to UK-101, an LMP2-targeting inhibitor derived from the natural product
eponemycin981. With this approach it would be possible to estimate the percentage of proteasomes with
blocked LMP7-activity in distinct immune cells and thereby predict the influence of LMP7 inhibition on the
respective immune response.
In contrast to T cells, the effect of immunoproteasome inhibition on innate immune cells in vivo was not
studied so far. In chapter V, we found that selective inhibition of LMP7 has a dramatic effect on innate
immunity in response to an intravenous challenge with C. albicans. Mice treated with ONX 0914 displayed a
higher susceptibility to systemic candidiasis which manifested at very early time points postinfection (Chapter
V: Figure 3B and C). Importantly, LMP7 inhibition resulted in a massively increased neutrophil recruitment to
the brain and the kidneys of ONX 0914 treated mice (Chapter V: Figure 5C and D). Elevated neutrophil
numbers are often associated with increased immunopathology and tissue damage accompanied by
enhanced weight loss and reduced survival of mice937-939. However, how LMP7 inhibition might influence
neutrophil recruitment remains to be further investigated. One hypothesis is, that very early innate immune
effector responses (probably within the first few hours of infection) are affected by LMP7 inhibition resulting
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in a compensatory recruitment of neutrophils. In line with this, we observed increased fungal burden of the
brain and the kidney at day 3 as well as at earlier time points (Chapter V: Figure 4A and B, (data not shown)),
which might reflect problems of the innate immune system to control the fungus upon LMP7 inhibition. The
high numbers of compensatorily recruited neutrophils might escape the inhibitory effect of ONX 0914 and
their antifungal effector mechanisms lead to immunopathology in the respective organs937-939,982-985.
Interestingly, ONX 0914 treatment did only result in increased fungal burden in the kidney and the brain but
not in the liver (Chapter V: Figure 4). Hence, the question arises why control of C. albicans growth is only
affected in the brain and in the kidney which are, also under “normal” circumstances, the most affected
organs during systemic candidiasis986,987. Failure of fungal clearance might relate to organ-specific factors that
impair neutrophil function, such as the high osmolarity and urea content of renal tubules, by enhancing
Candida fitness to cause invasion, or, for example, by the induction of regulatory responses941,988,989. Indeed,
hyphal forms of C. albicans which are only found in the kidney (but not in the spleen or in the liver) may
impede effective immune responses because they are more resistant to killing by phagocytes than yeasts and
too large to be ingested by neutrophils, which instead degranulate and release oxidative contents
extracellularly thereby contributing to tissue damage982-985. Furthermore, hyphae induce a more antiinflammatory profile than the yeast form, suggesting that morphogenetic changes can modulate the immune
response to the advantage of the fungus292. Conveniently, the PRR genes most highly upregulated in response
to infection in the kidney were TLR2 and dectin-2, which is involved in the recognition of C. albicans
hyphae329,330,986. Although TLR2 signaling can induce the production of proinflammatory mediators such as
macrophage inflammatory protein (MIP)-2, keratinocyte-derived cytokine (KC), TNF-α, IL-1β, and IFNγ312,313,986,990-993, it can also induce IL-10 production and the expansion of Treg cells, suppressing immune
responses to C. albicans291,293,294,312,994,995. Interestingly, the ratio between a proinflammatory type 1 and an
anti-inflammatory type 2 immune response in the kidney was shown to depend on the inoculum size and to
strongly correlate with mortality in this model996. Accordingly, the increased susceptibility of ONX 0914
treated mice was particularly apparent upon infection with higher inoculum sizes (data not shown). Likewise,
the anti-inflammatory milieu within the immune-privileged CNS might also contribute to reduced anti-C.
albicans immunity within the brain392-405. Interfering with proinflammatory immune responses by LMP7
inhibition might further enhance the advantageous environment for fungal growth within these organs.
During the last years, many studies demonstrated the important role of immunoproteasomes in the
processing of MHC class I ligands as well as on antigen presentation-independent processes including T cell
differentiation and survival. The studies described in this thesis further supported the strong impact of the
immunoproteasome on physiological as well as on pathophysiological immune responses. Corroboratively,
several preclinical studies including the study described in chapter II, reported LMP7 inhibition to be efficient
in ameliorating the pathogenesis of autoimmune diseases in vivo. Hence, it would be interesting to pass into
clinical trials in order to confirm these preclinical findings in studies with non-human primates and humans.
However, in order to estimate the efficacy or potential side effects of LMP7 inhibition in immune-mediated
diseases it is very important to solve the mechanistic impact of immunoproteasome inhibition on cellular
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function in future studies.

Table 3: Impact of LMP7 inhibition or -deficiency in health and disease. (Most relevant in vivo studies investigating the
influence of LMP7 inhibition or -deficiency (single KO) in mouse models of immunopathology and infection)
Disease/
Infection model

Experimental
autoimmune
encephalomyelitis
(EAE)80,136,146

Immune-mediated diseases

Hashimoto’s
thyroiditis149

Graves’
hyperthyroidism
149

Induction of disease
PLP139–151
immunization (s.c.) of
SJL/J mice
MOG35-55 immunization
(s.c.) of C57BL/6 mice

iodine-induced
autoimmune
thyroiditis in NOD-H2h4
mice (NaI in drinking
water)

immunization (i.m.) of
BALB/c mice with
human Ad-TSHR289

adoptive T cell transfer
into RAG-/- mice
Inflammatory
bowel
disease145,147,888,99
7

Systemic lupus
erythematosus150

DSS-induced colitis in
C57BL/6 mice (DSS in
drinking water)

Lupus-prone MRL/lpr
and NZB/NZWF1 mice

Collagen antibodyinduced arthritis (CAIA)
Rheumatoid
arthritis117

156

Collagen-induced
arthritis (CIA)

ONX 0914 inhibition
- reduced Th1 and Th17
differentiation
- ameliorated clinical
outcome
- reduced CNS infiltration
by lymphocytes and
myeloid cells
- reduced inflammation
- reduced Th1 and Th17
differentiation
- reduced intrathyroidal
lymphocyte infiltration
- minor effect on antithyroglobulin (Tg)
autoantibody levels
- ameliorated clinical
outcome
- reduced IFN-γ
expression
- no influence on antiTSHR antibody titers or
free T4 levels
- no influence on clinical
outcome
- reduced Th1 and Th17
differentiation
- enhanced Treg
development
- reduced weight loss
- reduced inflammation
and tissue damage
- reduced serum
autoantibody levels and
type I IFN activation by
plasma cells
- ameliorated clinical
outcome
- reduced inflammation
- reduced tarsal joint
infiltration and
subsequent bone
erosion
- ameliorated clinical
outcome

LMP7 deficiency

contradictory findings (only
investigated for MOG35-55
induced EAE)

n.i.

n.i.

contradictory findings for T
cell transfer-based colitis
- reduced Th1 and Th17
differentiation
- enhanced Treg
development
- reduced weight loss
- reduced inflammation and
tissue damage

n.i.

n.i.
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infection (i.c. ) of
C57BL/6 mice with
LCMV-WE

- reduced peripheral CTL
response
- reduced IFN-γ levels
- reduced CNS infiltration
by lymphocytes and
myeloid cells
- delayed clinical outcome

- epitope-selective influence
on CTL response
- decreased GP33-41
presentation
- reduced CNS infiltration by
lymphocytes and myeloid
cells
- delayed clinical outcome

Graft vs. host
disease (GVHD)999

miHA-mismatch
(B10.BR(H-2k2)
CBA(H-2k)) bone
marrow reconstitution

- reduced IFN-γ
production by allogeneic
T cells
- decreased endogenous
miHA presentation
- modest improvement in
the survival of mice
experiencing GVHD

n.i.

no influence on graft
survival (+/- low dose CsA)

n.i.

Skin allograft
rejection88

MHC-mismatch
(C57BL/6 (H-2b)
BALB/c (H-2d))
transplantation of tail
skin
129 (H-2b)
LMP7-/- (H-2b)
transplantation of
trunk skin

n.i.

graft rejection (no rejection
when LMP7-/- skin is
transplanted on WT mice)

LCMV-induced
meningitis74,998

Experimental
allergic
asthma1000

Diabetes
mellitus117

Infectious diseases

MCMV
infection116

CVB3-myocarditis
141

aerosol treatment of
C57BL/6 mice with
OVA/Alum (Al3OH) of
C57BL/6 mice
house dust mite (HDM)
challenge (i.n.) of
C57BL/6 mice
LCMV infection (i.v.) of
rat insulin promotor
(RIP)-GP mice upon
adoptive transfer of
P14 (H-2Db-GP33specific TCR tg mice)
CD8+ T cells
infection (i.v.) of
C57BL/6 mice with
MCMV

infection (i.v.) of
C57BL/6 mice with
CVB3

n.i.

- reduced Th2
differentiation
- reduced lung infiltration
by Th2 cells, eosinophils,
and neutrophils
similar clinical outcome
compared to WT mice

- protected from signs of
diabetes (lower blood
glucose levels)

n.i.

reduced MCMV-specific CTL
response

n.i.

- no effect on CTL responses
in the heart
- no effect on CVB3
replication
- increased severity of
myocardial tissue damage
- increased polyubiquitin
conjugates and oxidantdamaged proteins in the
heart
- increased apoptosis in the
heart
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- reduced Th1 and Th17
differentiation
- higher fungal burden of
brain and kidney
- enhanced neutrophil
recruitment
- exacerbated renal
failure and sepsis
- increased weight loss
and mortality

similar clinical outcome
compared to WT mice

Systemic
candidiasis

infection (i.v.) of
C57BL/6 mice with
Candida albicans

Listeria monocytogenes119

infection (i.v.) of
C57BL/6 mice with L.
monocytogenes (Lm)
strain EGD

n.i.

- normal frequencies of Lmspecific CTLs
- impaired clearance of Lm
in liver (but not spleen)

LCMV
infection117,118,127

infection (i.v.) of
C57BL/6 and BALB/c
mice with LCMV-WE

- normal viral clearance
- epitope-selective
influence on CTL
response

- normal viral clearance
- epitope-selective influence
on CTL response

Toxoplasmosis120

infection (i.p.) of
C57BL/6 mice with
Toxoplasma gondii
tachyzoites

n.i.

- enhanced susceptibility
- reduced number of
functional CTLs

Table content shaded in blue: model investigated in this thesis; n.i.: not investigated; TSHR: thyroid stimulating hormone receptor.

Due to the broad influence of the proteasome on biological processes, it appears likely, that the observed
effects of LMP7 inhibition reflect a general consequence of interfering with proteasome activity in immune
cells and cells encountering inflammation. Still, the question why immunoproteasomes have evolved and are
constitutively expressed in cells of hematopoietic origin while they are only inducibly expressed in most other
tissues remains to be answered. It is possible that, due to their superior role in the degradation of
polyubiquitinated proteins, immunoproteasomes are induced by oxidative stress or by increasing energetic
demand in (activated) immune cells101,135-138,140,141. Furthermore, their important role in antigen presentation
and, consequently, in the generation of CTL responses might be the explanation for their induction during for
example viral infections17,75,105,111,894,1001. A third hypothesis, as initially made by Groettrup and colleagues, is
that tissue-specific immunoproteasome expression represents a strategy to prevent the development of CTLmediated autoimmune diseases75,76,79. Hence, CD8+ T cells are primed by DCs mainly containing
immunoproteasomes, and, therefore, accidently activated self-reactive CTLs will not find cognate selfpeptides and initiate autoimmune responses in uninflamed tissues which do mostly express standard
proteasomes75,77,78. Taken together, further research on the impact of immunoproteasomes on cellular
functions as well as on the underlying mechanism for the effect of LMP7 inhibition on immune responses is
highly warranted.
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3. Abbreviations
aa

amino acid

(AAA)-ATPases

ATPases associated with a variety of cellular activities

Als3

adhesin-like substance 3

APC

antigen presenting cell

APC

allophycocyanin

ATP

adenosine triphosphate

BBB

blood-brain barrier

BCSFB

blood-CSF barrier

BFA

brefeldin A

BDV

Borna disease virus

BMSCs

bone marrow stromal cells

BMSCs

basement membrane

CAIA

collagen antibody-induced arthritis

CANDLE

Chronic Atypical Neutrophilic Dermatosis with Lipodystrophy and Elevated temperature

CARD9

caspase recruitment domain-containing protein 9

CCL

CC ligand

CCR

CC receptor

CD

cluster of differentiation

CFA

Complete Freund’s Adjuvant

CLR

C-type lectin receptors

CNI

calcineurin inhibitor

CNS

central nervous system

CP

core particle

CR

complement receptor

CSF

cerebrospinal fluid

cTEC

cortical thymic epithelial cells

CTL

cytotoxic T lymphocyte

CTLA

cytotoxic T lymphocyte-associated protein

CVB

coxsackievirius B3

CXCL

CXC ligand

CXCLR

CXC receptor

DC

dendritic cell

DC-SIGN

DC-specific ICAM3-grabbing non-integrin

DMF

dimethylfumaric acid

DMSO

dimethylsulfoxid

DMT

disease modifying therapy

DNA

deoxyribonucleic acid

DRiP

defective ribosomal products

DTH

delayed type hypersensitivity

EAE

experimental autoimmune encephalitis

EBV

Epstein-Barr virus

ECM

extracellular matrix

EDTA

ethylenediamine-tetraacetic acid

ELISA

enzyme linked immunosorbent assay

EM

extracellular matrix

ER

endoplasmic reticulum

ERAP

ER aminopeptidase
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FACS

fluorescence-activated cell sorting

Fas L

Fas ligand

FBS

fetal bovine serum

FcRγ

Fc receptor-γ chain

FCS

fetal calf serum

FDA

U.S. Food and Drug Administration

Fig.

figure

FITC

fluorescein isothiocyanate

FOXP3

forkhead box P3

FSC

forward scatter

GAPDH

glyceraldehyde 3-phosphate dehydrogenase

G-CSF

granulocyte-colony stimulating factor

GFP

green fluorescent protein

GITR

glucocorticoid-induced TNFR family related gene

GM-CSF

granulocyte/monocyte-colony stimulating factor

GP

glycoprotein

GPCR

G-protein coupled receptor

GVHD

graft vs. host disease

HIV

human immunodeficiency virus

HLA

human leukocyte antigen

HMBG

high-mobility box group

HPRT

hypoxanthineguanine phosphoribosyl transferase

HSP

heat shock protein

HSV

herpes simplex virus

HTLV

human T lymphotropic virus

ICAM

intercellular adhesion molecule

IFN

interferon

IL

interleukin

i.m.

intramusclar

i.n.

intranasal

i.p.

intraperitoneal

i.v.

intravenous

IRF

interferon regulatory factor

ITAM

immunoreceptor tyrosine based activation motif

IMDM

Iscove’s modified dulbeccos´s medium

IκB

inhibitor of NF-κB

IP-10

IFN-γ-induced protein

JAK

Janus kinase

JASL

Japanese autoinflammatory syndrome with lipodystrophy

JC

kDA

John Cunningham
Joint contractures, Muscle atrophy, microcytic anemia, and Panniculitis-induced
childhood-onset lipodystrophy
kilo dalton

KDIGO

kidney disease: improving global outcomes

KC

keratinocyte-derived cytokine

KO

knockout

JMP

LCMV

lymphocytic choriomeningitis virus

LFA

lymphocyte function-associated antigen

LMP

low molecular mass polypeptide

LPS

lipopolysaccharide
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MAP

mitogen-activated protein kinase

mAb

monoclonal antibody

MAV

mouse adenovirus

MBP

myelin basic protein

MCMV

murine cytomegalovirus

MCP

monocyte chemotactic protein

MDa

mega dalton

mDC

myeloid dendritic cell

MDSC

myeloid-derived suppressor cell

MECL-1

multicatalytic endopeptidase complex-like

MEF

murine embryonic fibroblast

MHC

major histocompatibility complex

Mincle

macrophage-inducible C-type lectin

MIP

macrophage inflammatory protein

MM

multiple myeloma

MMPs

matrix metalloproteinases

MOG

myelin oligodendrocyte glycoprotein

MPA

mycophenolic acid

MPO

myeloperoxidase

MR

mannose receptor

MS

multiple sclerosis

MSC

mesenchymal stromal cell

mTEC

medullary thymic epithelial cell

mTOR

mammalian target of Rapamycin

NADPH

nicotinamide adenine dinucleotide phosphate

NET

neutrophil extracellular trap

NF-κB

nuclear factor-κB

NK

natural killer cell

NLRP3

NOD-like receptor family pyrin domain-containing 3

NMJs

neuromuscular junctions

NO

nitric oxide

NOD

nucleotide oligomerization domain

NP

nucleoprotein

Ntn

N-terminal nucleophile

PA

proteasome activator

PAMPs

pathogen-associated molecular patterns

PBMC

peripheral blood mononuclear cell

PBS

phosphate buffer saline

PE

phycoerythrin

PFA

paraformaldehyde

PGE2

prostaglandin E2

p.i.

postinfection

PLP

proteolipid protein

PMA

phorbol 12-myristate 13-acetate

PML

progressive multifocal leukoencephalopathy

POMP

proteasome maturation protein

PRR

pattern recognition receptors

P/S

penicillin/streptomycin

PSGL-1

P-selectin glyocoprotein ligand
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PSMA

proteasome subunit alpha

PSMB

proteasome subunit beta type

RABV

rabies virus

RORγT
ROS

reactive oxygen species

RNA

ribonucleic acid

RIP

rat insulin promotor

retinoic acid-related orphan receptor

RP

regulatory particle

RPMI

Roswell Park Memorial Institute

RT-PCR

reverse transcriptase-polymerase chain reaction

Sap2

secreted aspartic protease 2

s.c.

subcutaneous

SILAC

stable isotope labeling with amino acids in cell

SLE

systemic lupus erythematosus

SSC

sideward scatter

STAT

signal transducers and activators of transcription

TAILS

terminal amine isotopic labelling of substrates

TAP

transporter associated with antigen processing

TCR

T cell receptor

TGF

transforming growth factor

Tg

transgenic

Th cell

T helper cell

TJs

tight junctions

TLR

toll-like receptor

TMEV

Theiler's murine encephalomyelitis virus

TNF

tumor necrosis factor

Treg cell

regulatory T cell

UPR

unfolded protein response

UPS

ubiquitin-proteasome system

VCAM

vascular cell adhesion molecule

VLA

very late antigen

WBV

West Nile virus

WT

wild type

β2m

heavy chain-β2-microglobulin
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eigenen Willen durchzusetzen. Außerdem ist er immer da - als Berater, als OP-Schwester (Schwester
Micaela!) ☺, oder auch einfach um mal ein bisschen Blödsinn zu machen und Spaß im Laboralltag zu haben.
In einer gleichzeitig wissenschaftlich anspruchsvollen und trotzdem so netten und lockeren Atmosphäre
zu arbeiten kann einem einfach nur Spaß machen!

… Prof. Thomi Brunner dafür, dass er sowohl den Sitz in meinem Thesiskomitee in der Graduiertenschule
als auch das Gutachten meiner Doktorarbeit übernommen hat. Außerdem bin ich dankbar für seinen
fachlichen Input, die konstruktiven Ideen und die interessierte Diskussion über meine Projekte während
meines 18-month proposals.

…Prof. Salomé LeibundGut für die Übernahme des Gutachtens meiner Doktorarbeit und auch für die nette
und hilfreiche Korrespondenz, als ich versucht habe, mit den neuen, doch etwas unerwarteten
Erkenntnissen in meinem C. albicans Projekt umzugehen.

… den Mitarbeitern der TFA, insbesondere Andrea und Birgitt, für ihre tolle unkomplizierte und nette Art;
dafür, dass immer alles so toll geklappt hat und sie mir immer geholfen haben auch wenn es mal um „inder-letzten-Minute-es-ist-gaaaaanz-dringend-Bitten“ ging oder ich einfach nur ihre Hilfe oder ihren Rat
gebraucht habe.

… Dr. Mende und Dr. Schopper für die Hilfe bei Mausanträgen, für die Geduld und auch den Humor, durch
den es fast schon Spaß gemacht hat, mit so manchen etwas merk- (oder auch frag-) würdigen Auflagen
oder Anregungen umzugehen, diese zu besprechen, oder in die Tat umzusetzen. Außerdem möchte ich
mich für die fachliche Unterstützung bei Fragen zur Arbeit mit Mäusen bei meinen Projekten bedanken.
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…. Prof. Brigit Sawitzki und Christine Appelt aus Berlin und Prof. Britta Engelhardt, Therese Périnat und
Claudia Blatti aus Bern für die nette Zusammenarbeit.

…den „Lab members“, insbesondere den Mädels der Tussibox (Valerie, Stef, Franzi, und dazu zählt jetzt
einfach auch mal die Gretl und auch die Julia), Michi und Chris, und ach, irgendwie halt einfach alle ☺.
Vielen Dank für eure Hilfe und Unterstützung im Labor oder auch beim Korrekturlesen meiner Manuskripte
und Doktorarbeit (insbesondere Michi, Stef, Valerie und Chris). Das Lab ist für mich wie eine zweite Familie
geworden (kein Wunder nach so vielen Jahren und bin froh und dankbar für die tolle Zeit! Ich hatte viel
Spaß bei und mit euch und habe mich die letzten 6 Jahre pudelwohl auf P11 gefühlt.

..meinen Freunden für die unfassbar schöne Zeit, insbesondere der letzten drei Jahre. Ich hatte durch euch
nicht nur die Möglichkeit komplett abzuschalten und wieder runter zu kommen, den Doktorarbeits-Alltag
mal zu vergessen und einfach nur super viel Spaß zu haben, sondern konnte bei vielen von euch auch
immer über das was mich beschäftigt und bedrückt hat reden. Egal wie lange. Egal wie oft. Ihr
(insbesondere Tatjana, Anna, Dalia und Franzi) seid immer für mich da gewesen. Vielen Dank, ohne euch
hätte ich das nicht geschafft!

…Tatjana! Tja, alles aufzuzählen würde jetzt hier den Rahmen sprengen. Angefangen von der HardcoreLife Science-Lernclique mit Corni (danke auch Corni!) seit 2006, über seelischen Beistand bei Problemen
jeder Art und zu jeder Tages- und Nachtzeit, über „ich pack dir deine Tasche für Weihnachten und bring
sie zu deinen Eltern weil du zu doof zum Snowboarden bist und im Krankenhaus in Österreich liegst“ bis
hin zu der einfach unglaublichen Zeit die wir beim Lernen, Feiern, Quatschen, Autofahren, diversen
Ausflügen, und bei was hoffentlich noch so alles kommt hatten ☺

…meiner Familie! Auch hier kann ich nicht alles erwähnen, da es sonst eine 300 Seiten Doktorarbeit
werden würde (und Copyshop ist so teuer). Ihr Drei seid das Wichtigste in meinem Leben und ich bin so
dankbar dass ich euch habe. Nicht nur, dass ihr mir überhaupt ermöglicht habt soweit zu kommen nein, es
ist einfach unfassbar schön so eine tolle Familie zu haben auf die immer (oh ja.. wirklich IMMER!) Verlass
ist. Egal was mir auch passiert - ob selbstverschuldet oder nicht - ich weiß, dass ihr immer hinter mir steht
und ich immer auf eure Hilfe zählen kann. Das ist mehr wert als ich in Worte fassen kann. Danke. Für Alles!
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