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Summary
The individual susceptibility to the development of post-viral autoimmune inflammatory
cardiomyopathy upon viral myocardial injury depends on the genetic background. Previous research
of our group in acute viral myocarditis revealed that the ubiquitin-proteasome-system (UPS) and in
particular the immunoproteasome (IP) play a crucial role for the preservation of cellular vitality. The
incorporation of immunosubunits into the proteasome facilitates MHC class I restricted antigen
processing in the heart. However, enhanced CVB3 epitope liberation by cytokine-exposed
cardiomyocytes appeared to be a bystander phenomenon of a more general function of i-proteasomes
in viral myocarditis. New evidence for an involvement of IPs in other facets of the immune response
emerged. Investigation of experimental autoimmunity in mice with genetic IP dysfunction and the
analysis of IP-specific inhibitors in this context demonstrate a crucial function of IPs in autoinflammatory disease. Specific inhibition of the IP subunit LMP7 severely ameliorated autoimmune
inflammation as evidenced in experimental models of rheumatoid arthritis, colitis and myelitis. IP
activity is involved in the timely regulation of inflammatory signal transduction cascades in the disease
course beginning with the initial viral infection and leading to the onset of chronic autoimmune
responses. The major aim of this proposed project is to transfer previous findings on i-proteasome
function in myocarditis together with the current state of the art findings on UPS interrogation with
subunit-specific IP-inhibitors to an application-oriented approach in inflammatory cardiomyopathy. Our
data demonstrate no pro-viral effects of IP-specific inhibitors in CVB3-infection in vitro and in vivo, thus
qualifying this novel immunmodulatory approach for further studies in vivo.

State-of-the-art and report on previous funding periods
Comprehensive transcriptomic profiling studies of human DCM tissue samples contributed to recent
progress in the understanding of molecular pathways and revealed the impact of intrinsic inflammatory
pathways to prevent post-viral cardiomyopathy. Once CVB3 interacts with the receptor on
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cardiomyocytes, the host immune system begins to counteract infection. A major initial response of
mammalian cells to virus infection is the production of type I IFNs, which in turn induce the synthesis
of a variety of antiviral effector systems 1, 2. Our previous research highlighted the impact of intact type
I IFN pathways 3, 4 for the up-regulation of inducible compounds of the ubiquitin-proteasome-system in
viral myocarditis 5, 6. Moreover, type I IFNs were defined to exert antiviral 7-9 and immunmodulatory
capacity both improving cardiac function 8, 10 and long-term survival 11.
The ubiquitin-proteasome-system (UPS)
The ubiquitin proteasome system (UPS) plays a central role in cellular protein-quality control, and
MHC class I antigen presentation. By degrading short-lived poly-ubiquitin-tagged proteins it
determines the availability of regulatory proteins and controls a large number of cellular processes.
This system relies on a cascade of three enzymes termed E1, E2 and E3 that conjugate poly-ubiquitin
chains to specific target proteins 12, 13. The 26S proteasome represents the essential catalytic part of
the UPS that regulates the degradation of such ubiquitin-tagged protein substrates.
Although the principle molecular architecture of the proteasome is conserved, mammalian
proteasomes comprise a heterogeneous population of enzyme complexes, formed by multiple
subpopulations, with different subunit compositions, regulator affinities and hence distinct functional
properties. The standard-20S catalytic core complex is built up from 28 subunits that are arranged as
four heteroheptameric rings in a α1-7(β1-7)2α1-7 structure. Within the β-rings, three standard β-subunits
(β1, β2, β5) exert the catalytic activity 14. The catalytic activity of the proteasome is modulated at the
level of subunit expression. In addition to s-proteasomes, mammalian cells contain a specific
proteasome isoform, the so-called immuno-proteasome (i-proteasome). I-proteasomes harbor
alternative catalytically active -subunits, i.e. 1i/LMP2, 2i/MECL1 and 5i/LMP7. Due to the fact that
1i/LMP2 and 5i/LMP7 are encoded within the MHC class II region and “co-precipitate” with MHC
class I molecules 15 the terms immunosubunits and immunoproteasome have been introduced for this
respective isoform 16. Whereas s-proteasomes are constitutively expressed in almost all nonhematopoietic cells, i-proteasomes are constitutively expressed in immune relevant cells or tissues
only and are induced in target cells of a cytokine response in almost all cell types.
The role of the UPS in innate and adaptive immunity in viral myocarditis
A central objective of our previous work focused on the role of the UPS, and more specifically, that of
i-proteasomes in acute viral myocarditis. The murine model of CoxsackievirusB3 (CVB3)-myocarditis
properly mimics human disease onset and course 4, 17, 18. In clear contrast to resistant strain like
C57BL/6 mice, immunocompetent strains like A/J and A.BY/SnJ develop chronic myocarditis at day 28
p.i. that resembles post-viral DCM in humans 4, 17. I-proteasome expression is induced in CVB3myocarditis in both resistant and susceptible mice 4, 18. Moreover, i-proteasome formation in the heart
coincided with enhanced peptide hydrolysis capacity of the isolated cardiac proteasome complex in
acute myocarditis 4.
A major objective of our previous research was to assess the function of the heart proteasome in MHC
class I antigen processing in CVB3-myocarditis. A direct experimental assessment of this task was
hampered due to the fact that no specific CVB3-MHC class I epitopes were known at that time. Thus,
we initially concentrated on epitope identification making use of a combined in silico MHC class I /
transporter associated with antigen processing (TAP)-binding and proteasome cleavage prediction
approach. In silico predicted epitopes were screened for proteasome-dependent generation and
several CVB3 MHC class I ligands were identified this way 19, 20. For two of these epitopes we could
demonstrate a specific CD8+ T cell response in CVB3-myocarditis indicating their potential in vivo
relevance. The here identified CVB3-epitopes elicit weak, presumably immune-subdominant CD8+ T
cell responses 4. Adoptive CD8+ T cell transfer experiments in i-proteasome-deficient mice enabled us
to address i-proteasome function on other, here not yet identified T cell epitopes of CVB3 in vivo.
Albeit some potential experimental limitation, we could demonstrate that CD8+ T cell frequencies are
not affected by i-proteasome expression in CVB3-myocarditis 6. Given that absolute CVB3 CD8+ T cell
frequencies are low, one might speculate that i-proteasome formation in CVB3-infected
cardiomyocytes facilitates efficient antigen presentation and thus the detection of infected
cardiomyocytes by T cells.
Meanwhile, different reports supported a function of i-proteasomes in the timely processing of
regulatory proteins. With respect to i-proteasome formation in the disease course of acute myocarditis,
our results support a role of type I IFNs in the induction of cardiac i-proteasomes. Despite our finding
that CVB3 epitope liberation was most effective by cardiac i-proteasomes isolated from resistant mice
at early stages of myocarditis 4, the physiological impact of this early i-proteasome formation
particularly for T cell responses remains elusive. Initial and a most recent report support the basic
prerequisite of i-proteasomes in MHC class I antigen processing 21. However, others and we failed to
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detect a substantial impact of i-proteasome expression on T cell responses at least in some viral
infection models including CVB3-infection 6, 22. Thus, the role of i-proteasome formation in CVB3myocarditis most likely lies elsewhere.
For a long time, the molecular consequences of proteasome adaptation to inflammatory processes
remained obscure. The main results of the investigation of i-proteasome function during inflammation
have recently been published by us 5, 6, 23 and are shortly summarized here. Our data revealed that a
primary physiological function of the i-proteasome resides in the protection of cells against IFNinduced oxidative stress and in the maintenance of cellular protein homeostasis upon inflammatory
stress conditions. Exposure of cells to IFNs induces reactive oxygen species (ROS). Whenever the
demand to detoxify ROS is exhausted within a cell, oxidative stress occurs with potential harm to the
cell. Oxidant damaged proteins need to be quickly and efficiently eliminated before they intoxicate the
intracellular environment. In this situation, the unfolded protein response is activated, which is
designed to adjust the cellular machinery to enhance protein folding and/or to degrade misfolded
proteins by the UPS. However, insufficiency of the UPS either due to ubiquitylation-deficits and/or
impaired proteasome activity results in proteotoxic stress or protein toxicity, a process that may
contribute to heart failure 24. Our previous studies addressed the physiological adaptation of the
proteolytic activity of the 26S proteasome in inflammatory injuries in the brain, liver and heart 6, 23. In
fact, enhanced intracellular accumulation of oxidant-damaged proteins in inflammation can be
compensated by the increased proteolytic activity of the proteasome system, which is exerted by IFNinduced formation of i-proteasomes. I-proteasomes in comparison to their s-proteasome counterpart
are equipped with increased peptide-hydrolyzing activity 19, 25, 26 and more efficient degradation
capacity of ubiquitylated proteins. The effective removal of oxidant-damaged toxic proteins as a
consequence of i-proteasome formation not only guarantees a steady state in protein metabolism, but
also ensures cell viability in cellular stress. Thereby, i-proteasomes are perfectly suited to handle
extreme stress conditions such as those occurring in connection with oxidative stress as part of the
innate immune response 23. Likewise, i-proteasome function and formation prevents the
consequences of aggravated inflammatory injury of the myocardium in acute enteroviral myocarditis.
Here, the acute cytokine response and the viral infection itself challenge the cellular unfolded protein
response due to increased levels of misfolded, oxidant-damaged proteins. As a consequence of its
superior proteolytic capacity, i-proteasomes eliminate toxic protein aggregates in the heart and this
way preserve cell viability and tissue integrity in acute viral myocarditis 6. Altogether, i-proteasomes
serve a general role by preserving cell viability through the maintenance of cellular protein
homeostasis in inflammation 5, 27.
Inactivation of immunoproteasome activity attenuates autoimmune injury
Taking into account that i-proteasome-expressing cells reveal a strongly accelerated activation of
NFκB-signaling and this way modulate the timely processing of regulatory proteins 6, 23, 28, disease
modifying effects of functional deficits in this protease may contribute to the pathogenesis of
inflammatory disorders. The vast majority of previously published reports clearly demonstrates that iproteasome dysfunction either as a result of genetic deletion of immunosubunits of the proteasome or
upon inhibition of i-proteasome activity by specific small molecular compounds like the LMP7/β5ispecific inhibitor ONX 0914 severely ameliorates inflammation in auto-destructive disorders.
Attenuation of inflammatory tissue damage was attributed to a role of i-proteasomes in the expression
of pro-inflammatory cytokines. The detrimental effect of i-proteasome function in the mouse model of
experimental colitis was confirmed in i-proteasome-deficient mice (Basler 2010). Inhibition of iproteasome activity by ONX 0914 significantly reduced the release of pro-inflammatory cytokines like
IL-6, IL-1β and TGF-β in humans PBMCs that were obtained from patients with rheumatoid arthritis 29.
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Figure 1: Prior to CVB3-infection of the myocardium, type I interferons bind to their cognate receptor on
cardiomyocytes. Activation of transcription and translation fosters the generation of misfolded proteins that formed
transient aggregates as part of the unfolded protein response. With the increased peptide-hydrolyis capacity of de
novo assembled i-proteasomes these aggreagtes are removed and cellular integrity is maintained. Whenever
cardiomyocytes are infected by CVB3, the host cell transcription and translation are shut-off and viral RNA
synthesis takes over. The vast majority of viral epitopes are generated from misfolded viral proteins (defective
ribosomal products) 30 that are then degraded by the i-proteasome in a highly efficient manner. MHC class I
restricted CVB3 epitopes are presented on the cell surface to mark infected cardiomyocytes for detection by
epitope-specific CD8+ Tcells. In CVB3-infection, various mechanisms of T cell function contribute to death of
infected cardiomyocytes.
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Results
Specificity of immunoproteasome inhibitor ONX-0914 in stable immunoproteasome
transfectants (Hela cells) and in primary embryonic cardiomyocytes
In our research proposal we hypothesized that immunoproteasome inhibition attenuates both disease
onset and progression during post-viral autoimmune cardiomyopathy. Initial research aimed to verify
the specificity of i-proteasome inhibition by small molecular compound ONX-0914 that was provided
by Onyx Pharmaceuticals. To provide evidence for the specificity of our findings on LMP7-inhibition,
we also tested the inhibitor PR-825 that directly interacts with the standard-proteasome subunit beta 5,
which is the catalytic counterpart of LMP7 within standard-proteasomes. To monitor the specificity to
inhibit a distinct subunit of the proteasome upon administration of these compounds, we applied
activity-based probes, which are small molecular compounds conjugated to a fluorescent dye. Probes
bind irreversibly to the active sites of proteasome subunits. Loss of a signal reflects specific inhibition
of this particular subunit as the active site is occupied by the specific inhibitor. Hela cells, in which
standard-proteasomes are expressed, were studied in comparison to Hela33-2 cells, in which
immunoproteasome are overexpressed. As shown in Figure 1A, ONX-0914 is a perfectly specific
inhibitor of the LMP7 subunit. PR-825 is able to block the active site of beta5 within the standardproteasome.
Next, we studied the potential of ONX-0914 to specifically block LMP7 in cardiomyocytes. We used a
dose of 75nM that ensures both specific inhibition of LMP7 over a time course of up to 24h and does
not result in any impairment of cellular integrity (Figure 1B). ONX-0914 specifically blocks the active
site of LMP7 in IFN-γ stimulated primary embryonic cardiomyocytes. Inhibitor specificity was also
demonstrated in CVB3-infected cardiomyocytes for a time course of up to 20h postinfection (p.i.).
Moreover, we did not observe any significant effect of CVB3-infection on proteasome composition or
on proteasome activity (Figure 1C).

PROJECT B3 (E)

KLOETZEL, KUCKELKORN, VOIGT

PAGE 55

Figure 1: Specificity of immunoproteasome-inhibition by ONX-0914 was tested in Hela cells that are stably
transfected with immunosubunits LMP7, LMP2 and MECL-1 (lane 4-6). Therefore, Hela cells were treated with
ONX-0914 (75 nM) and PR-825 (75 nM) 3h. Non-transfected Hela cells express standard proteasome subunits
(lane 1-3). LMP7-specific inhibition is shown in Hela cells that are stably transfected with LMP7, LMP2 and
MECL-1. Total protein was „stained“ with a pan-reactive activity based probes that binds to all active proteasome
subunits. (B) Primary cardiomyocytes were stimulated with mu IFN-γ (40h 100 U/ml) to induce i-proteasomes.
After 24 h of IFN-γ stimulation cells were additionally treated with ß5i-specific inhibitor at the indicated
concentration. 16 h after inhibitor treatment cell viability was assed regarding the induction of apoptotic processes
(Apo-ONE Caspase-3/7 assay). (C) Primary cardiomyocytes were treated with IFN-γ (40h 100 U/ml) to induce
immunoproteasomes (lane 4-6). Then, cardiomyocytes were treated with different non-toxic concentrations of ß5specific inhibitor (PR-825) or ß5i-specific inhibitor (ONX-0914). 1 h after inhibitor treatment cell pellets were lysed
and total protein was isolated. 20 µg of total protein were „stained“ with different activity based probes for 1 h
@37 °C (MV151 = pan-reactive). SDS-PAGE was performed and detection of the probe followed with VersaDoc.
50nM of the different inhibitors induced a specific reduction of ß5i activity (left) and ß5 activity (right), all other
catalytic sites remained active. In the lowere panel cardiomyocytes that express immunoproteasomes were
infected with CVB3. Proteasome activity was monitored upon ONX-0914 treatment in CVB3-infection with activitybased probes. The panel illustrates both specific and stable inhibition of the immunoproteasome subunit LMP7
over the time course of CVB3-infection.

Pilot study – immunoproteasome inhibitor ONX-0914 reduced pro-inflammatory cytokines in
CVB3-infected A/J mice that are susceptible to post-viral cardiomyopathy
We performed a small pilot-study that aimed to study the effect of i-proteasome on disease
progression in a mouse model of post-viral autoimmune cardiomyopathy. To mimic inflammatory
cardiomyopathy in humans, we used a susceptible strain that a) suffers from severe acute disease
and b) develops chronic myocarditis. Strains like A.BY/SnJ and A/J mice up-regulate i-proteasome
both cardiomyocytes and macrophages during myocarditis 18. ONX-0914 was administered daily and
mice were followed up to day 8 p.i. One mouse in the vehicle group succumbed to infection at day 5
p.i. Both the loss of body weight and lung weights were equal in both vehicle- and ONX-0914 treated
mice. We studied the expression of pro-inflammatory cytokines and chemokines in cardiac
homogenates by quantitative PCR. As exemplarily shown in Figure 2C for IL-6, IP-10, TNF-α and IL1β, ONX-0914 treatment resulted in significant reduction of cytokine mRNA expression. This could be
a first hint for a potential anti-inflammatory effect upon specific inhibition of the i-proteasome in
susceptible hosts. These preliminary studies are currently ongoing.
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Figure 2: A/J mice were treated with ONX-0914 10mg/kg body weight or vehicle (captisol) s.c. daily beginning at
day -1 prior to CVB3-infection. Mice were infected with 1x10e5 PFU CVB3 and sacrificed at day 8 p.i. (A) % loss
of body weight of n=4-6 A/J mice per group was determined. Lung weight (wet/dry and wet/body weight) revealed
no difference in this small cohort. (C) Cytokine mRNA expression was determined in cardiac homogenates by
quantitative real-time PCR.

Safety profile of specific immunoproteasome inhibition: ONX-0914 exerts no pro-viral effect
during CVB3-infection
To address the question whether the immunoproteasome-specific inhibitor ONX0914 could be safely
administered during the phase of acute viral replication, we studied the role of the immunoproteasome
on the viral load both in primary cell and in vivo. Hela cells that stably overexpress
immunoproteasome subunits LMP7, LMP2 and MECL-1 (Hela33-2) are susceptible to CVB3-infection.
One-step growth curves were performed in the presence of ONX-0914, which specifically blocks the
active site of LMP7 (Figure 1A). CVB3 titers were not affected by ONX-0914 (Figure 3A). Next, we
studied primary cardiomyocytes obtained from wt and LMP7-/- mice. Although slide differences
between these two cell lines were observed between 8-20h p.i., the overall picture clearly argues
against a pro-viral effect of i-proteasomes. Upon induction of i-proteasome in cardiomyocytes isolated
from wt mice we did not observe any significant effects of the i-proteasome on CVB3 replication
(Figure 3B). In fact, there was a tendency towards reduced CVB3 titers in cardiomyocytes from LMP7/mice. To test whether these observation are attributed to catalytic activity of LMP7 or may rather
present a structural effect of LMP7 incorporation, we tested CVB3 replication in cardiomyocytes
with/without IFN-γ prestimulation in the presence of ONX-0914 or DMSO. As shown in Figure 3C, the
catalytic activity of LMP7 is dispensable for CVB3-replication. We also tested whether i-proteasomes
affect viral replication. Despite the finding that CVB3 actually replicates in IFN-γ pre-stimulated cells,
LMP7 function did not affect viral copy numbers in infected cardiomyocytes. From these data we
conclude that i-proteasomes do not affect the replication cycle of CVB3. Inhibition of the i-proteasome
by ONX-0914 is safe in terms of viral replication.
Given that i-proteasomes facilitate antigen processing in viral infection in general 21 and in CVB3myocarditis in particular 4, we studied the function of i-proteasomes on viral titers in vivo. CVB3 copy
numbers were not altered at the acute stage of myocarditis in LMP7-/- mice at day 8 p.i. 6. In an
independent experiment we compared the yield of infectious virus during acute myocarditis in mice
that lack LMP7 and in triple-deficient mice that lack LMP2, LMP7 and MECL-1. In agreement to our
published results, we observed equal viral titers in these two host in comparison to wt mice (Figure
3E). Therefore, i-proteasome function is neither involved in CVB3-replication nor does it affect viral
titers at this time point, which argues against a significant impact of the i-proteasome on antigen
processing in this model. To provide further evidence that administration of a specific inhibitor of the iproteasome is safe and does not induce a pro-viral state in vivo, A/J mice that are susceptible to
CVB3-infection were monitored upon daily application of ONX-0914. In perfect agreement with prior
studies in genetically modified mice, we found the yield of infectious virus to be within the range of
sham-treated controls (Figure 3F). In conclusion, administration of ONX-0914 is safe prior to viral
infection and disease onset and viral titers are not increased in vivo upon LMP7-inhibition.
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Figure 3: All cells were infected with CVB3 MOI5. (A) Hela33-2 cells were treated with ONX-0914 prior to CVB3infection and viral titers were determined by TCID50. (B) Primary cardiomyocytes were isolated from wt and LMP7/mice. Half of the cells were stimulated with IFN-γ (40h 100 U/ml) to induce i-proteasomes. Upon CVB3-infection
the generation of infectious virus was determined by TCID50. (C) Primary cardiomyocytes were isolated from wt
mice. Half of the cells were stimulated with IFN-γ to induce i-proteasomes. Cells were treated with ONX-0914 or
DMSO. Upon CVB3-infection the generation of infectious virus was determined by TCID50. (D) Cardiomyocytes
were stimulated with IFN-γ to induce i-proteasomes. Cells were treated with ONX-0914 or DMSO. Upon CVB3infection, viral copy numbers were determined by quantitative real-time PCR. (E) C57BL/6, LMP7-/- and triple-/mice were infected with CVB3 and sacrificed at day 8 p.i. Infectious virus was determined in cardiac homogenates
by plaque assay. (F) A/J mice were treated with ONX-0914 10mg/kg body weight or vehicle (captisol) s.c. daily
beginning at day -1 prior to CVB3-infection. Mice were infected with 1x10e5 PFU CVB3 and sacrificed at day 8
p.i. Virus titers in cardiac homogenates were determined by plaque assay.
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3.3

Funding

Funding of the project within the Collaborative Research Centre started July 2004. Funding of the
project ended December 2013.
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university or nonuniversity
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Dr.
Biochemie,
Charité-Berlin
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2

Charité
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Charité
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3

Voigt, A., PD
Dr.

Cardiology& Institut für
Immunology Biochemie,
Charité-Berlin

8

1

Anna
Rahnefeld, Dr.
med., Postdoc
Nadine Althof,
Dr. rer. nat.,
Postdoc
Schächterle,
Carolin
Doctoral
student

Cardiology/ Institut für
Immunology Biochemie,
Charité-Berlin
Virology/
Institut für
Immunology Biochemie,
Charité-Berlin
Biochemistry Institut für
Biochemie,
Charité-Berlin

40

Postdoc

40

Postdoc

20

Doctoral
student

2
3

Charité

Job description of staff (available):
The project in competitive field was coordinated by 3 PIs with different expertise to obtain synergistic
effects.
1. Peter-M. Kloetzel coordinated the project in cooperation with the other two PIs. The project
benefited from his unique expertise in the analysis of UPS-function in the immune system. PMK was
reviewer of PhD thesis projects of Carolin Schächterle and Elisa Opitz.
2. The second principal investigator Ulrike Kuckelkorn provided her experimental and theoretical
expertise in protein biochemistry of UPS components and in proteasome inhibitor research. She was
responsible for the PhD thesis of Carolin Schächterle.
3. The principal investigator Antje Voigt coordinated the project together with the other two PIs. She
was responsible for the research strategy, plan the experiments by providing her experimental and
theoretical expertise in CVB3-myocarditis in different animal models. Also, she implemented her
specific knowledge on the UPS in the cardiovascular context. Moreover, she will be responsible for the
publication of the scientific results. She supervised critical experiments directly. AV was the direct
supervisor for the PhD thesis of Elisa Opitz.
Job description of staff for the new funding period (requested):
Financial support for the last year of the CRCTR19 was supported for two PhD student (E13 65%).
Due to the fact that we could not guarantee financial support for these PhD projects beyond this oneyear funding, Postdocs were supported in this project.
1. Anna Rahnefeld (TVÄ Ä1): AR supported this project with her expertise in innate and adaptive
immunity in CoxsackievirusB3-myocarditis. She guided an MD student (Anna Possehl), who
investigates the function of immuneproteasomes in the regulation of Pentraxin3-expression. AR
performed CVB3-myocarditis studies in all mice on a C57BL/6 background.
2. Nadine Althof (E13): NA supported this project with her expertise in the CoxsackievirusB3 field
(more than 10 years of basic research knowledge at the Department of Virology in Jena and at the
Scripps Institute in La Jolla, USA). She studied the effects of immunoproteasome function on viral
replication and tested proteasome inhibitors in vivo.
2. Caroline Schächterle (E13): CS performed her PhD thesis entitled “The structural and functional
impact of the cytokine IFN-γ on proteasome complex formation“.
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