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German Summary  
 

Proteolyse ist ein intrazellulärer Prozess, der durch die Aktivität des Proteasoms – 

eines multienzymatischen Komplexes – zur Aufrechterhaltung der intrazellulären 

Proteinhomöostase beiträgt und von dem zahlreiche Vorgänge abhängig sind. So 

werden Antigenpräsentation, intrazelluläre Kommunikationswege, 

Proteinqualitätskontrollen sowie Signale im Zellzyklus über die Funktionalität des 

Proteasoms reguliert.  

Die Bildung einer Proteasomisoform, die überwiegend in Immunzellen exprimiert wird, 

des Immunoproteasoms (IP), kann durch genetisches Knockout oder einen 

spezifischen Inhibitor wie ONX 0914 blockiert werden. Da die Expression des IP im 

Rahmen entzündlicher Herzmuskelerkrankungen im Mausmodell in infiltrierenden 

Immunzellen wie auch Kardiomyozyten stark hochreguliert ist, eignen sich diese 

Modelle, um den Einfluss des IPs auf die Entzündungsreaktion zu untersuchen. 

Obwohl das IP exprimiert wird, um die Proteinhomöostase einer Zelle in Phasen 

vermehrten zellulären Stresses intakt zu halten, kann diese Regulierung zu einer 

überschießenden Immunantwort mit chronischer Inflammation führen, woraus sich die 

Frage ergibt, ob die durch das IP mitverantwortete Entzündungsreaktion hilfreich oder 

vielmehr schädlich ist. 

Wir infizierten Mäuse in einem Modell mit Coxsackievirus B3 (CVB3), das für die 

Untersuchung der akuten viralen Myokarditis gut charakterisiert ist. Eine Behandlung 

mit ONX 0914 oder dem Vehikel ermöglicht einen genaueren Blick auf entzündliche 

Prozesse und ihre Abhängigkeit vom IP. 

Zuvor konnten wir zeigen, dass die akute CVB3-Myokarditis bei Mäusen, die ONX 

0914 erhalten, signifikant gemildert wird – sie weisen verbessertes Gesamtüberleben 

auf und das Niveau der Entzündungsreaktion war deutlich reduziert. 

Ziel dieses Projektes war, die präventiven und therapeutischen Möglichkeiten einer 

Hemmung der IP-Aktivität im Modell der CVB3-Myokarditis zu charakterisieren und 

eine schützende Wirkung sowohl im akuten als auch im chronischen Stadium der 

Krankheit zu untersuchen. Durchflusszytometrische und qPCR-Analysen von Herz- 

und Milzgewebe sowie Blutuntersuchungen ergaben, dass Mäuse eine höhere 

Viruslast, höhere virale Zytotoxizität und eine erhöhte Menge an Herzmuskel-

infiltrierenden Immunzellen aufwiesen, wenn ihre IP-Funktion vor der Infektion durch 

ONX 0914 gehemmt wurde. Dies deutete auf einen Vorteil einer aufrechterhaltenen im 
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Gegensatz zur beeinträchtigten IP-Funktion in diesem Modell hin und veranlasste 

Untersuchungen der Wirksamkeit von ONX 0914 auf die Proteinexpression. 

Interessanterweise konnten wir in Experimenten, in denen das IP gehemmt wurde, 

nachdem Mäuse bereits mit CVB3 infiziert worden waren, keine schädliche Wirkung 

der Behandlung mit ONX 0914 nachweisen, was darauf hindeutet, dass die 

Schlüsselrolle des IPs während der Entzündungsreaktion in Frühstadien der 

Immunantwort liegt und die Frage aufwirft, ob eine Blockade des IPs andere 

proinflammatorische Kompensationsmechanismen verstärken könnte.  

!  
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Abstract  
  

Proteolysis, facilitated through activity of the proteasome – a multi-enzymatic complex 

– has numerous important purposes within a cells' protein homeostasis. The proteolytic 

machinery regulates antigen presentation, the activity of intracellular pathways, protein 

quality control and cell cycle signaling.  

An isoform, predominantly expressed in immune cells and thus called the 

immunoproteasome can be targeted by genetic knockout or application of a specific 

inhibitor, such as ONX 0914, rendering it dysfunctional. 

The immunoproteasomes' role has long been investigated in mouse models for cardiac 

inflammatory disease, as it is abundantly expressed in infiltrating immune cells as well 

as strongly upregulated in inflamed cardiomyocytes. While this isoform is expressed in 

aid of keeping a cells' protein balance intact under conditions of increased cellular 

stress, mouse models with a genetically predisposed background who develop acute 

viral myocarditis are prone to overwhelming inflammation and subsequent cardiac 

tissue damage, calling into question whether the inflammatory response is helpful or 

rather detrimental. 

Here, mice are infected with Coxsackievirus B3 (CVB3) in a model that is well 

characterized for CVB3-induced acute and chronic viral myocarditis. Treatment with 

ONX 0914 or its vehicle only, allows a closer look at inflammatory processes and their 

dependence the immunoproteasome.  

Previously, we found that CVB3-myocarditis can be significantly mitigated in mice 

receiving ONX 0914, improving overall survival and dampening the height of 

inflammatory response to the infection.  

In this project, our objective was to follow up on the preventative and therapeutic 

capacity for ONX 0914, investigating a possible mitigating effect on viral cardiac 

inflammatory disease. We aimed to distinguish further the role of immunoproteasome-

specific inhibition during both acute and chronic stages of the disease. Flow cytometric 

and qPCR analysis of heart and spleen tissue as well as blood work for markers of 

cardiomyocyte death revealed that mice experienced higher viral burden, increased 

viral cytotoxicity and enhanced levels of infiltrating immune cells if their 

immunoproteasome function was inhibited before infection. This indicated a positive 

effect for sustained rather than impaired immunoproteasome function in this model for 

CVB3-myocarditis and prompted further inquiry into ONX 0914's inhibitory capacity 
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and efficacy on the level of protein expression of the immunoproteasomes subunits. 

Interestingly, in experiments where the immunoproteasome was inhibited after mice 

had already been infected with CVB3, we found no harmful effect of treatment with 

ONX 0914 compared to the vehicle in this mouse model, indicating that the 

immunoproteasomes key role during viral inflammation lies in the early stages of 

immune response and calling into question whether immunoproteasome-inhibition 

might enhance other pro-inflammatory compensating mechanisms. 

  

1. Introduction 

  

1.1 Myocarditis 

  

1.1.1 Aetiology and epidemiology 

  

(Peri)myocarditis, or inflammation of the heart muscle, is an inflammatory disease that 

may be caused by a number of different reasons. In its 2015 Global Burden of Disease 

study the Lancet reported a prevalence of 7,993,000 cases for cardiomyopathy and 

myocarditis worldwide (1). Additionally, there are mild, nearly asymptomatic as well as 

chronic courses of the disease, making an accurate overall estimate of occurrence 

nearly impossible. To aid in giving a more complete picture, it can be helpful to divide 

the causes of myocarditis into inflammation of infectious or non-infectious origin. About 

50% of infectious myocarditis is thought to be caused by or post infection with 

cardiotropic viruses. In general, viral myocarditis is the most common non-ischemic 

cause of heart failure in the Western world (2). However, bacteria, fungal infection and 

some parasites can also lead to heart muscle inflammation in immunocompromised 

patients.  

In non-infectious myocarditis, inflammation can be triggered by autoimmune processes 

such as in rheumatoid arthritis, vasculitis or other diseases that affect the body's 

connective tissues (3, 4). Additionally, hypersensitivity drug reactions, 

immunosuppressive medication and radiation of the mediastinum can initiate 

myocardial inflammation. Interestingly, cases of fulminant autoimmune myocarditis 

have been reported as a serious adverse reaction to treatment with immune checkpoint 

inhibitors (ICI), that are increasingly being used as novel cancer treatments (5). 

Cardiac pathology has also emerged as a rare but devastating complication of 
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treatment with proteasome inhibitors (6). Taken together, both viral and autoimmune 

mechanisms, sometimes sequentially, can cause and sustain myocarditis – they do so 

under the influence of a common downstream key immune effector, the Ubiquitin-

Proteasome System. 

  

1.1.2 Cardiac inflammatory processes 

  

By whichever pathogen myocarditis is initiated, an acute and overwhelming 

inflammatory reaction including infiltration of immune cells into heart muscle tissue may 

result from all of the above-mentioned causes. Subsequently, experimental mouse 

models show not only disturbance of cardiac function and scarring of muscle tissue, 

termed cardiac remodeling, but also a systemic disequilibrium manifesting itself as a 

sepsis-like phenotype with high inflammatory markers, hypothermia, extensive weight 

loss and an appearance of generalized illness in affected animals (7). In humans, 

symptomatic patients may present with chest-pain, palpitations, arrhythmias and heart 

block, shortness of breath and pulmonary edema. Long-term damage of chronic 

myocarditis by smoldering myocardial inflammation includes dilated cardiomyopathy, 

heart failure and sudden cardiac death. The general notion is that both an immune 

cells' cross-reactivity to viral and myocardial structures as well as direct viral 

cytotoxicity result in a self-antigen immunoreaction, leading to and aggravating the 

inflammation in-situ. Fittingly, during the course of acute myocarditis, the development 

of anti-cardiac autoantibodies has been shown in mouse models (8).  

  

Viral myocarditis is often caused by Coxsackie- or Parvovirus, but can also occur in 

patients infected with Influenzavirus, Coronavirus, Human Herpesvirus 6, Epstein-

Barr-Virus and some other commonly recognized culprits. Here, research is mostly 

focused on extensively characterized experimental models, with the route and course 

of cardiac infection with cardiotropic Coxsackievirus B3 (CVB3) in mouse models 

among those especially well understood (9). CVB3 belongs to the Picornaviridae and 

is a single-stranded RNA virus. In experimental models using CVB3 susceptible strains 

such as A/J or NMRI mice, infection commonly leads to pancreatitis with destruction of 

exocrine function and to myocarditis (10). For myocarditis, direct viral cytotoxic effects 

are suggested by the detection of CVB3 RNA in murine heart muscle tissue during 

acute inflammation. Additionally, the induction of immune and autoimmune 
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mechanisms is responsible for cardiac inflammation in these animals and is seen as 

immune cell infiltration into the myocardium that can be characterized both 

histologically as well as by flow cytometric cell differentiation. Furthermore, a study 

using transgenic mice expressing CVB3-RNA at low-level to mimic persistent, non-

infectious CVB3-infection in the heart demonstrated heart muscle fibrosis and 

cardiomyocyte degeneration as well as negative impact on cardiac function, showing 

that chronic CVB3 infection can trigger cardiac remodeling processes (11). In addition, 

ongoing viral myocarditis has been shown to act as a trigger for the development of 

cardiac autoimmunity. Typically, however, acute inflammation causes an immune 

response, which results in clearance of the infection with removal of affected 

cardiomyocytes and in consecutive restitution over time. 

Regarding to the mouse models used, we and others have previously found that 

murine genetic background is of central relevance for development and outcome of 

CVB3-myocarditis (7, 12). Mice on an A/J and NMRI background are highly 

susceptible, but show vastly different phenotypes and reactions to treatment. C57BL/6 

mice on the other hand, are a strain with low susceptibility and develop myocarditis to 

a much lesser degree.  

  
1.2 Ubiquitin-Proteasome System and the Immunoproteasome 

  
1.2.1 Ubiquitin-Proteasome System - function and functional changes 

  

The Ubiquitin-Proteasome System (UPS) is well known for functioning as the cells 

"trash can", degrading misfolded and faulty as well as regulatory proteins to balance a 

cell"s proteostasis. On closer inspection, it has a number of other centrally important 

functions that are relevant to the above-described immune responses in myocarditis of 

any aetiology. It regulates cell-signaling, transcription, immune cell proliferation and, 

by processing intracellular pathogens and cleaving their peptides determines antigen 

presentation. Thus, the UPS plays a major role in modulation of the adaptive immune 

response (13).  

Part of this highly sophisticated system is a large protein complex with a cylindrically 

stacked appearance, called the proteasome. In concert with ubiquitin, the key molecule 

which serves as a degradation signal by covalent attachment to the targeted protein, 
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the proteasome itself consists of a 20S core complex with internally active enzymatic 

subunits ß1, ß2 and ß5 that are organised into multi-subunit rings. 

To mark a protein for degradation, it passes through multiple enzymatic steps, which 

are facilitated by numerous enzymes including ubiquitin-activating enzyme (E1), 

ubiquitin-conjugating enzyme (E2) and ubiquitin-protein ligase (E3)(14). Once 

successfully 'tagged', the protein is recognised by a 19S regulator associated with the 

20S proteasome. Through peptide hydrolysis, ubiquitin is detached and the target 

protein is dismantled into peptides (15, 16) which can be loaded onto presenting 

molecules, the major histocompatibility complexes (MHC) I or II. They are then 

transported to and presented at an antigen presenting cell"s (APC) surface, where 

interaction with CD4+ T helper cells (via MHC II) or CD8+ T cells (via MHC I) is needed 

to activate an immune response. Under certain conditions, such as inflammation or 

oxidative stress, cells may require a more rapid turnover of proteins, which otherwise 

collect into intracellular aggregates, disrupting cellular functions and have been shown 

to cause a number of different diseases (17-19). To manage this disruption and to exert 

its regulatory functions on the immune response, expression of the 20S proteasome is 

upregulated and additionally in some cells, a proteasome isoform – the 

immunoproteasome, as detailed below – is expressed (20).  

  

1.2.2 Immunoproteasome - induction and role in inflammation 

  

Pro-inflammatory cytokines and chemokines as well as some chemotoxins – simply 

put, anything that causes cellular stress – have been shown to induce the expression 

of a proteasome isoform called the immunoproteasome, harboured mainly in immune 

cells of hematopoetic origin. Subsequently, during inflammation, studies show a 

marked increase of this inducible isoform. In immune cells, the immunoproteasome 

represents the main proteolytic machinery with the standard version playing less of a 

role and here, baseline levels of immunoproteasome expression are high. In other 

cells, however, at baseline, the immunoproteasome is not typically expressed. In the 

inflamed heart, strong signals of immunoproteasome expression have been detected 

in conjunction with Interferon-signaling (21, 22). In other, more immunorelevant organs 

such as the spleen, high basal levels of this isoform are expressed even in the absence 

of pro-inflammatory triggers. Compared to the standard proteasome, the 
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immunoproteasome carries alternative enzymatic subunits that change its structural 

conformation and proteolytic activity. Corresponding to ß1, ß2 and ß5 in the standard 

proteasome, the isoform includes ß1i (LMP2), ß2i (MECL-1) and ß5i (LMP7) instead. 

Within it"s built, the allocation of both ß1i and ß2i, and thereby its functionality, is 

dependent on the correct placement of ß5i. The immunoproteasome's adaptations 

under conditions of stress aid in maintaining a cells' protein homeostasis. They also 

significantly alter antigen generation by disparate cleaving of proteins for MHC-

presentation, compared to the epitopes generated by its standard counterpart under 

baseline conditions. For example, studies comparing MHC I-related epitope generation 

in triple knock-out (ko) mice (meaning devoid of any immunoproteasome expression) 

and wildtype mice revealed that immunoproteasome function is necessary for this 

process, leaving ko mice with a strongly impaired and diminished repertoire of 

presented peptides (23). 

  

1.2.3 Immunoproteasome inhibition 

We and others have shown previously that while this multi-catalytic protein complex 

plays an important role in mounting a sufficient immune response, an overactive 

immunoproteasome can also have detrimental effects on an organism in regard to 

induction of an overwhelming inflammatory response, inducing a sepsis-like phenotype 

in affected mouse strains. Immunoproteasome inhibition has subsequently been 

shown to have a protective effect on the development of viral and autoimmune 

inflammatory diseases (7)(24-26). Yet, in the project presented here, we have also 

established that pharmaceutical inhibition of the immunoproteasome in NMRI mice 

during CVB3-myocarditis can lead to increase of virus-mediated tissue damage (12). 

In accordance, Mundt et al. have described that immunoproteasome inhibition does 

not aid in survival of allogenic skin-grafts and the pathogenic course of Candida 

albicans infection is another condition that cannot be ameliorated in this way, thus 

supporting the notion that not all immunoproteasome inhibition has a beneficial 

immunoregulatory effect (27, 28). Essentially, specific inhibition of the 

immunoproteasome has emerged as a double-edged sword.  

Proteasome inhibition, affecting all isoforms, is a known treatment option for multiple 

myeloma. Cancer cells, with their rapid turnover rates rely on the UPS' function more 

heavily than most other tissues, making the proteasome a sensible target for stunting 
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their growth and ability to divide. Naturally, side effects most often affect organ systems 

that depend on regular turnover as well, with some of the most common adverse 

events to treatment with proteasome inhibitors being neutropenia and anemia as well 

as diarrhea and peripheral neuropathy (29). Both to mitigate these often dose-limiting 

toxic effects as well as to research a more specific blockade of the proteasomes' 

processes and role in driving and sustaining inflammation and cellular homeostasis, 

immunoproteasome inhibitors have been a focus of experimental work for many years. 

This is mainly connected to the discovery that at baseline, immune cells and 

immunorelevant organs express high levels of the immunoproteasome and low levels 

of standard proteasome while for most other cells, the opposite is true.  

Experimental setups to this effect are designed to disrupt immunoproteasome function 

more selectively, and thereby mitigate overwhelming inflammation by uncontrolled 

immune cell activity as well as smoldering inflammatory processes such as in chronic 

disease and malignancy. In order to understand the ramifications of 

immunoproteasome inhibition in vitro and in vivo, different models have been 

developed. Since successful incorporation of the immunoproteasomes active subunits 

ß1i/LMP2 and ß2i/MECL-1 is dependent on ß5i/LMP7 placement, targeting this subunit 

with specific inhibitors is a logical place to start. Apart from knock-out mice that may 

either be devoid of LMP7, LMP7 and LMP2 or all three subunits (triple knock-out), 

immunoproteasome inhibitors, of which ONX 0914 is best characterized, are widely 

used to that effect. 

 

1.3 Relevance 

  
1.3.1 Questions raised in this project 

  

In work previously done by our group, we were able to demonstrate that acute viral 

myocarditis in A/J mice, who are highly susceptible to CVB3-induced cardiac pathology 

and experience significant viral burden, can be mitigated to a considerable degree by 

inhibition of the immunoproteasome either by genetic knock-out or by pharmaceutical 

targeting (7). Mice that were treated with the epoxyketone compound ONX 0914 before 

infection with CVB3 had better overall outcome, including survival when compared to 

their placebo-treated controls. This led us to believe that disrupting 

immunoproteasome function could potentially even have a protective effect on long-
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term sequelae of ongoing enterovirus myocarditis. Since A/J mice became so severely 

ill when exposed to the virus, we aimed to transfer our experimental protocol to a 

different mouse strain, outbred NMRI mice, that have previously been shown to 

develop CVB3-induced chronic myocarditis while experiencing relatively few 

concerning symptoms such as excessive weight loss, hypothermia and lethargy. 

Additionally, treating mice with the compound before inoculation with the virus raised 

the question of whether immunoproteasome inhibition could also have a therapeutic 

effect on development of CVB3-myocarditis if initiated after induction of the 

inflammatory response. Our question was if by successfully treating the acute 

inflammation at a symptomatic state, could we then prevent, to some extent, cardiac 

remodeling and heart failure over time? 

  

As severe side effects of proteasome inhibitors were already known and events of 

autoimmune-myocarditis in patients receiving ICI therapy started to emerge, we, 

together with our cooperation partners at the University of Heidelberg decided to then 

broaden our scope to another project (30, 31). Parallel to our work with the virus but 

nevertheless intertwined by the role of UPS in inflammation, we sought to elucidate the 

immunological effects of immunoproteasome ablation and blockade in a model for 

autoimmune-related myocarditis. Additionally, virus-mediated heart disease can serve 

as a trigger for cardio-directed autoimmunity, as shown by the appearance of TnI-

autoantibodies in chronic viral myocarditis, which further affirmed our scientific interest 

in this possible connection.  

Since the UPS in all its isoform variants has demonstrated such wide-ranging and 

significant functions for modulating immune responses, uncovering more about the 

underlying mechanisms as well as further detailing its role in both an infectious and 

non-infectious context will be crucial to finding new targets that will enable us and 

others to take our research from bench to bedside. As this project, however, was not 

the initial focus of the dissertation and all experiments were carried out in cooperation, 

its results and implications will not be discussed as results of this work. 

  

  

2. Methods  
  

Mouse model 
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ONX 0914 is an epoxyketone-based compound and irreversible inhibitor of the 

immunoproteasome. It binds to the functionally important immunoproteasome subunit 

ß5i/LMP7, thereby preventing its binding to a polypeptide for hydrolytic purposes, 

essentially rendering the immunoproteasome void of its function.  

We purchased the compound from Cayman Chemicals. For experimental purposes, it 

was dissolved to a concentration of 1mg/ml of Captisol and sodium citrate at a pH of 

3.5. A solution of Captisol at 1mg/ml with sodium citrate at pH 3.5 without the addition 

of ONX 0914 was used as the vehicle. Aliquots of both ONX 0914 and the vehicle were 

stored at -20°C. It was injected subcutaneously as per the manufacturer's instructions. 

  

  

The model used for viral myocarditis by CVB3 infection of mice is well established in 

our group. For this project, however, we purchased male outbred NMRI mice in place 

of the A/J strain or C57BL/6 strain utilized before. After an adaptation period of 1 week 

at the animal housing facility at Charité University Medical Center in Berlin, mice were 

injected with a cardiotropic CVB3 strain (31-1-93) that has been used before and is 

well established inducing viral myocarditis specifically in this mouse strain (14, 45). 

Virus inoculation was performed intraperitoneally on day 0 of each experiment and 

mice were closely monitored throughout all experiments. 

There were two main experimental schedules, one requiring injection with the 

immunoproteasome inhibitor ONX 0914 or the vehicle from one day prior to viral 

infection, which was defined as day 0 in all experiments and one where mice were 

treated from day 3. In either case, ONX 0914 or the vehicle were administered daily 

until day 8. To allow for the extended time it takes to develop chronic myocarditis in 

sequence to the acute infection, mice in that group continued treatment with the 

inhibitor or placebo three times per week until day 28. Additionally, on day 0 and the 

final day of each experiment, transthoracic echocardiography was performed to assess 

cardiac function before and after infection and treatment. Mice were put to sleep using 

isoflurane in an O2/gas mixture and closely monitored for both body temperature and 

changes in ECG. Echocardiography measurements were then performed by an 

experienced technician from the animal research facility at Max-Delbrück Centre in 

Berlin who was blinded to all treatment allocations on a VisualSonics Vevo770 or 
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Vevo3100 High-Frequency imaging system using scan head CRMV-707B at 15-45Hz. 

We received their raw datasets, which were then statistically analyzed. 

On the final day of all experiments, organs were collected and frozen for the following 

analyses. Blood was centrifuged to collect serum for profiling of cytokines/chemokines 

as well as levels of Troponin T (another highly cardiospecific protein). 

  

Flow cytometry 
  

We aimed to quantify immune cell infiltration into heart muscle tissue as well as T cell 

distribution and activation at different time points during etiologically different courses 

of myocarditis.  

Murine hearts were washed with PBS and a piece was cut, weighed and stored in a 

buffer containing RPMI 1640 with 2% FBS, 1% Pen/Strep and 30mM HEPES. 

Digestion of tissue to extract cells was accomplished with Collagenase by Worthington 

Biochemical Corporation and DNAse I. 10mM of EDTA was added and cells were 

strained through 70µm of mesh to generate a single-cell suspension. Erythrocyte lysis 

was performed with a lysis buffer. Fc-receptor blocking agent was added to a volume 

corresponding to 20mg of tissue. For exact antibodies used for staining as well as 

gating strategies, please refer to the methods and supplemental sections of our 

publications (14, 22). After several more washing steps, stained cells were incubated 

with Fixable Viability Dye and then fixed in 2% formaldehyde in PBS. 123count eBeads 

were added to later be able to quantify cell numbers. We used a BD FACSymphony 

flow cytometer, analyzing data with FlowJoV10 software. 

  

Western blot and protein expression 
  

In order to understand the impact of ONX 0914 on expression of the 

immunoproteasome and standard proteasome subunits during myocarditis, 

visualization and quantification of protein expression was another essential step in our 

experiments. This was achieved by standard western blotting for all catalytic subunits. 

Prior to application onto the gel, tissue samples from both heart and spleen were 

homogenized in lysis buffer. To determine protein concentrations and volumes to be 

added, Bradford assay was performed. After dilution, samples were applied, run and 

tank blotting was performed. Primary and secondary antibodies used for staining are 
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available upon request. Blots were detected on an Odyssey CLx imager by Li-Cor 

Bioscience. In spleen tissue especially, high total number of proteins accounted for 

poor comparability due to high background signals, distorting both densitometric 

analysis as well as control for equal loading. To combat this issue, a total protein stain 

was used for normalization and protein bands were quantified by ImageStudio Light 

5.2 software (Li-Cor Bioscience). Heart tissue samples were normalized to ß-actin.  

  

Quantitative PCR (qPCR) 
  

For detection of viral RNA at different time points, we performed RNA isolation, cDNA 

synthesis and qPCR using CVB3 probes normalized to mHPRT as a housekeeping 

control. RNA was first isolated from heart and spleen tissue separately using Trizol 

Reagent and samples were then treated with DnaseI. For cDNA synthesis we used 

random hexamer primers and MLV-reverse transcriptase. qPCR was performed on a 

StepOnePlus real time PCR system with TaqMan Fast Universal PCR Master Mix and 

primers/probes from TaqMan gene expression assays.  

  

Histology and quantification of infectious particles 
  

To look for immune cell infiltration and markers of acute and chronic inflammatory 

processes, heart sections were fixed in 4% formaldehyde and sliced 5µm thick before 

staining with hematoxylin/eosin and Masson's trichrome. This part of the analysis was 

done by Prof. Klingel's team at the University of Tuebingen's Institute of 

Cardiopathology. Essentially, thirty visual fields at a magnification of x160 are analyzed 

manually for myocardial damage including cardiomyocyte necrosis, infiltration with 

immune cells and scarring. The area of damaged myocardium in relation to the total 

area is then calculated to a myocarditis score ranging from 1 (very mild) to 4 (severe) 

(45).  

Titers of infectious virus in plaque forming units (pfu) was calculated with the help of 

standard plaque assay on HeLa cells, cultivated in monolayer and were performed in 

duplicates. 10-fold titrations of homogenized heart sections from infected animals were 

incubated on the cells and supernatant was then discarded before agar overlays were 

applied. After incubation (48h), MTT-stain revealed number of plaques which were 
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counted to determine concentration of active infectious particles at different time 

points.  

  

Statistical analysis 
  

For statistical analysis, GraphPad Prism 7.0 Software was used. Some data was 

transformed logarithmically before plotting and analyzing and this is indicated in that 

data. Normal distribution was determined using D'Agostino Pearsons normality test. 

Normally distributed data was analyzed by unpaired or paired t-test while non-normally 

distributed data was analyzed using Wilcoxon-signed rank test or Mann-Whitney test. 

Repeated measurements such as time points or treatment group comparisons were 

done using two-way ANOVA with Sidak's multiple comparison where indicated. Data 

is displayed as mean !#SEM unless indicated otherwise. 

 

3. Results  
  
NMRI mice develop CVB3-myocarditis 

The aim of this project was to gain further insight into the effects of specific 

immunoproteasome inhibition in models of CVB3-induced cardiac inflammatory 

disease. Specifically, the therapeutic capacity of immunoproteasome inhibition and 

modulation of immune response during the acute and chronic phase of inflammation 
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were of interest. Experimental schedules were developed for both acute and chronic 

phase mouse models and are shown in figure 1 A-C. 

In establishing the mouse model and before proceeding with our experiments, we 

inoculated NMRI mice with CVB3 on day 0, confirming histologically on day 28 post-

infection that we could experimentally establish myocardial inflammation to a 

significant degree in this breed (figure 1D). 

As expected for this mouse strain, NMRI mice proved clinically more robust in their 

phenotype and in contrast to our previously reported results in A/J mice, no comparable 

decline of general health by virus inoculation was noted in this breed. Accordingly, in 

the following experiments, NMRI mice largely maintained their weights and cardiac 

function as measured by echocardiography throughout the course of CVB3-

myocarditis, the presence of which was confirmed histologically. 

Consequentially, we showed that NMRI mice inoculated with the dose of CVB3 virus 

given in these experiments did develop myocardial inflammation, giving way to further 

investigation using this mouse model. 

figure 1. experimental schedules for viral myocarditis mouse models 
(A) experimental schedule for acute viral myocarditis using a prophylactic (application of ONX 0914 or 
the vehicle from day -1) or (B) therapeutic approach (application of ONX 0914 or the vehicle from day 
3). (C) experimental schedule for chronic viral myocarditis, starting treatment with ONX 0914 or the 
vehicle from day 3. (D) histological myocarditis score comprising both inflammation and fibrosis in 
heart tissue of NMRI mice 28 days after inoculation with CVB3, scoring from (1) very mild to (4) severe 
myocarditis. 
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Treatment with ONX 0914 has no protective effect on development of chronic 
myocarditis in NMRI mice 

  
In a first investigative approach, NMRI mice were randomized to two groups, receiving 

either the vehicle or ONX 0914 as a treatment. The question posed in this experiment 

was if ONX 0914, given to NMRI mice, could alter the course of the infection and have 

a protective effect on cardiac tissue. Echocardiographic measurements were analyzed 

to compare a possible effect on cardiac function in both treatment groups (table 1). 

However, no significant effect by ONX 0914 treatment was detected in these studies. 

We found that cardiac function as indicated by left ventricular ejection fraction and 

stroke volume were comparable to baseline measurements. Additionally, tissue 

samples from the heart of mice in both treatment groups were analyzed for residual 

CVB3-genome using qPCR to determine any persistent viral activity at this point in 

infection. In both groups, no such viral persistence could be detected with both groups 

showing histological signs of inflammatory tissue damage in the heart but lacking any 

table 1. effect of ONX 0914 treatment on cardiac function in NMRI mice with chronic CVB3-
myocarditis 
Echocardiography was performed at baseline (day 0) and on day 28 in mice inoculated with CVB3 
and treated with either ONX 0914 or the vehicle for 28 days. Heart rate (bpm), Trace ejection fraction 
(EF, in %), Cardiac output (mL/min) and Stroke volume (µL) are among the key parameters to 
determine changes in cardiac function. 
table 1 was adapted from Neumaier et al., Cells 2020 DOI:10.3390/cells9051093 
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indication of ongoing viral replication (figure 2). While this experiment clearly 

demonstrated that there is no significant protective effect of ONX 0914 treatment on 

the hearts of NMRI mice during chronic CVB3 infection, if treatment is initiated on day 

3 post-infection, we did notice a tendency towards higher histological myocarditis 

scores in ONX 0914 treated animals. 

  
A dysfunctional immunoproteasome during acute CVB3-myocarditis has 
potentially harmful effect on NMRI mice 

  

figure 2. Effect of ONX 0914 treatment on the development of chronic viral myocarditis in 
NMRI mice. 
(A) mRNA expression of CVB3 genome for NMRI mice treated with either ONX 0914 or the vehicle 
on day 28 post-infection. Treatment was initiated on day 3 and mice received injections daily until 
day 8. Thereafter, treatment continued every other day. (B) histological myocarditis score comprised 
of both inflammation and fibrosis in heart sections from CVB3-infected NMRI mice in either the 
vehicle or ONX 0914 group. (C) microscopic images of heart sections from mice in both groups, 
showing immune cell infiltration on day 28, magnified at 50µm and 200µm per cm.  
figure 2 was adapted from Neumaier et al., Cells 2020 DOI:10.3390/cells9051093 
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Leading on from the previous section, in a next step, we wondered whether effects of 

ONX 0914 treatment could be measured at an earlier stage during the inflammatory 

process, such as had been shown for other mouse strains in experiments published 

by our group previously (7, 32). We therefore aimed to test our therapeutic approach 

during the acute phase of myocarditis. Both treatment groups received daily injections 

of either ONX 0914 or the vehicle from day 3 until day 8 after virus inoculation on day 

0. After analysis, no effects were noted for histological changes in heart tissue between 

treatment groups with both treatment groups showing inflammatory tissue changes to 

figure 3. Effect of ONX 0914 treatment on acute viral myocarditis in NMRI mice.  
Mice in both treatment groups were inoculated with CVB3 on day 0. From day 3 to day 8, they were 
treated with ONX 0914 or the placebo daily. Tissue was analyzed thereafter.  
(A) myocarditis score as determined by histological scoring of heart sections from NMRI mice in both 
treatment groups for inflammation and fibrosis on day 8. (B) mRNA expression of CVB3 in both 
groups on day 8. (C) FACS analysis of numbers of infiltrating immune cells into heart tissue of mice 
from both treatment groups (in %) (D) histological heart sections from both treatment groups stained 
for immune cell infiltration (tissue samples collected on day 8). 
figure 3 was adapted from Neumaier et al., Cells 2020 DOI:10.3390/cells9051093 
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a comparable degree (figure 3A+D). Surprisingly, we did see a non-significant 

tendency towards higher numbers of plaque-forming CVB3 units per gram of heart 

tissue, indicating higher viral load, in the animals treated with ONX 0914 (figure 3B) in 

these experiments as well. As these results were reminiscent of the protective effect 

of keeping the immunoproteasome intact during infection that has been shown for a 

different mouse strain, C57BL/6 mice, we wondered whether NMRIs!"immune system 

might also benefit from undisturbed immunoproteasome function when fighting CVB3-

myocarditis (7, 32). Additionally, we identified heart infiltrating immune cells via flow 

cytometric analysis in both groups, revealing that mice receiving ONX 0914 had higher 

numbers of infiltrating monocytes, of which a significantly higher number were classed 

as inflammatory monocytes compared to vehicle-treated animals (figure 3C). Other cell 

types of the same myeloid origin such as neutrophils and macrophages, in turn were 

balanced in their numbers between treatment groups. However, as these effects were 

not yet entirely clear, we aimed to define and characterize further, how inhibition of the 

immunoproteasome influences the course of Coxsackievirus myocarditis in this strain. 

  
preemptive ONX 0914 treatment causes enhanced inflammatory response in 
NMRI mice 

  
To answer the questions posed after our experiments using ONX 0914 in a therapeutic 

approach, we diverted back to an original experimental schedule previously used for 

experiments of acute myocarditis in A/J mice. NMRI mice were randomized to a 

vehicle-receiving and an ONX 0914-receiving group and treatment was started on day 

-1, one day before CVB3-inoculation. Treatment was continued daily until day 8. Here, 

a much clearer picture emerged. While both treatment groups developed viral 

myocarditis, mice treated with ONX 0914 showed significantly enhanced inflammatory 

response (figure 4). These animals had a tendency towards higher histological 

myocarditis scores, showed significantly higher numbers of TroponinT, used as a 

marker for cardiac tissue damage, and correspondingly exhibited higher myocardial 

viral load, when compared to the animals receiving the vehicle. Flow cytometric 

analysis revealed a significantly larger burst in infiltrating inflammatory monocytes for 

the ONX 0914-group as well. As all of these results are mere downstream 

characteristics for effects of upstream proinflammatory cytokines and chemokines, we 
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analyzed heart tissue from both treatment groups for mRNA expression of different 

figure 4. Effect of preemptive immunoproteasome blockade on acute viral myocarditis in NMRI 
mice.  
Mice in both treatment groups were inoculated with CVB3 on day 0. Treatment began on day -1 and 
the vehicle or ONX 0914 were applied daily until day 8. 
(A) myocarditis score as determined by histological scoring of heart sections from NMRI mice in both 
treatment groups for inflammation and fibrosis on day 8. (B) mRNA expression of CVB3 genome in 
heart tissue of CVB3-infected NMRI mice on day 8 treated with ONX 0914 or the vehicle from day -1 
(C) high-sensitive TroponinT levels in heart tissue of CVB3-infected NMRI mice on day 8 treated with 
ONX 0914 or the vehicle from day -1 (D) histological heart sections from NMRI mice with acute viral 
myocarditis, treated with the vehicle or ONX 0914. (E) FACS analysis of numbers of infiltrating 
immune cells into heart tissue of mice from both treatment groups (in %) (F) mRNA expression of 
different proinflammatory cytokines and chemokines on day 8 in CVB3-infected NMRI mice treated 
with ONX 0914 or the vehicle from day -1. 
figure 4 was adapted from Neumaier et al., Cells 2020 DOI:10.3390/cells9051093 
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common cytokine/chemokine triggers that aid in facilitating an inflammatory response. 

Interestingly, we found that while IFNβ was expressed significantly more in ONX 0914-

treated mice, the thereby inducible proteins IFIT1 and 3 were not. Other cytokines and 

chemokines such as TNFα, IL-1β, IL-6 and IFNγ as well as CCL2 and CCL4 were 

similarly upregulated in both treatment groups. CXCL10, however, a chemoattractant 

induced by IFNγ and secreted by monocytes among others, was expressed 

significantly more in the group receiving ONX 0914. On a functional level, 

echocardiography revealed reduced left ventricular ejection fraction in the ONX 0914 

group (table 2). However, both groups had reduced cardiac output on day 8 when 

compared to their respective baseline measurements. 

  
ONX 0914 unselectively inhibits standard proteasome subunit β5 in NMRI mice 
 

After the unexpected results obtained in regard to an enhanced inflammatory response 

in the hearts of ONX 0914-treated NMRI mice, we started looking at the effects that 

inhibition of the immunoproteasome had on the enzymatically-active subunits within 

this proteolytic complex (figure 5 adapted from (12) figures 4 and 5). mRNA expression 

levels of both the standard and immunoproteasome subunits were measured, followed 

by westerns blotting for the same subunits. This allowed a look at how gene expression 

table 2. Effect of preemptive immunoproteasome blockade on cardiac function in NMRI mice 
with acute CVB3-myocarditis 
Echocardiography was performed at baseline (day 0) and on day 8 in mice inoculated with CVB3 
and treated with either ONX 0914 or the vehicle from day -1. Heart rate (bpm), Trace ejection 
fraction (EF, in %), Cardiac output (mL/min) and Stroke volume (µL) are among the key parameters 
to determine changes in cardiac function. §: significant difference between treatment groups at 
baseline or day 8; *: significant difference comparing baseline to day 8 within a treatment group. 
table 2 was adapted from Neumaier et al., Cells 2020 DOI:10.3390/cells9051093 
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might translate to protein expression in the context of immunoproteasome inhibition by 

ONX 0914. Here, our hypothesis was that ONX 0914 might show different inhibitory 

capacity for tissues with low baseline-levels of immunoproteasome such as the heart 

when compared to immunoproteasome-abundant organs like the spleen. Accordingly, 

figure 5. mRNA and protein expression of standard and immunoproteasome subunits during 
CVB3-myocarditis in NMRI mice. 
(A) mRNA expression of standard proteasome subunits in heart tissue of NMRI mice on days 0, 2, 8 
and 28 during CVB3-myocarditis for animals treated with either ONX 0914 or the vehicle. (B) mRNA 
expression of immunoproteasome subunits in heart tissue of NMRI mice receiving either ONX 0914 
or the vehicle on days 0, 2, 8 and 28 post infection. (C) western blots of both standard and 
immunoproteasome subunits with actin as a loading control for heart tissue of NMRI mice receiving 
ONX 0914 or the vehicle on days 0, 2, 8 and 28 post infection. Binding of ONX 0914 is signified by 
band shift towards a higher molecular mass. (D) western blots of both standard and 
immunoproteasome subunits with total protein stain (TPS) as a loading control for spleen tissue of 
NMRI mice receiving ONX 0914 or the vehicle on days 0, 2, 8 and 28 post infection. (E) mRNA 
expression of standard proteasome subunits in spleen tissue of NMRI mice on days 0, 2, 8 and 28 
during CVB3-myocarditis for animals treated with either ONX 0914 or the vehicle. (F) mRNA 
expression of immunoproteasome subunits in spleen tissue of NMRI mice receiving either ONX 0914 
or the vehicle on days 0, 2, 8 and 28 post infection. 
figure 5 was adapted from Neumaier et al., Cells 2020 DOI:10.3390/cells9051093 
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representative samples of both heart and spleen tissue were analyzed for standard 

proteasome subunits β5, β1 and β2 as well as immunoproteasome subunits LMP7, 

LMP2 and MECL-1, respectively. To give a more complete picture of the course of 

infection, we performed temporal subunit profiling using samples from day 0, day 2, 

day 8 and day 28 to compare treatment groups. mRNA expression results were 

randomized to standard housekeeping control mHPRT and western blot results were 

quantified by normalization to a total protein stain. 

In splenic tissue, mice treated with the vehicle exhibited increased expression of 

immunoproteasome subunits on days 2 and 8 during acute infection, while levels 

returned to baseline on day 28. In mice with a dysfunctional immunoproteasome due 

to ONX 0914 treatment, subunit mRNA expression in the spleen did also generally 

increase during acute inflammation, albeit to a much lesser degree.  

In the heart, mRNA expression of the immunoproteasome subunits LMP7, LMP2 and 

MECL-1 was markedly increased in both groups, which supports the observation of 

enhanced cardiac inflammatory response during acute myocarditis.  

We found that, for all catalytic standard proteasome subunits, regardless of treatment 

group and throughout the course of infection, expression profiles remained largely the 

same in both the heart and spleen. However, when regarding to their respective protein 

expression levels, as determined by western blot, we found indications of a loss of 

efficacy for ONX 0914 over time. Binding of ONX 0914 to a subunit is indicated by a 

band shift on the western blot, corresponding to its higher molecular weight as opposed 

to when it migrates the gel without the addition of ONX 0914. Interestingly, in the hearts 

of NMRI mice treated with ONX 0914, the standard proteasome subunit β5 also 

appeared shifted by binding of the inhibitor on day 8, while the protein signal for subunit 

binding of LMP7 and LMP2 decreased proportionally. 

Overall, we found that in the heart, where the immunoproteasome is induced and 

baseline levels are low, ONX 0914 shows modified inhibitory selectivity, targeting also 

the standard proteasome subunit β5, affecting the formation of this proteolytic core 

complex. In tissue where the immunoproteasome is naturally abundant, like the 

secondary lymphatic splenic tissue, ONX 0914 selectively inhibits the 

immunoproteasome but loses its efficacy over time.
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4. Discussion  
 

4.1 summary of results 

  
This project served as a direct continuation of work previously done by our group 

involving CVB3-induced viral myocarditis in A/J mice that was successfully shown to 

be mitigated by application of an immunoproteasome inhibitor (ONX 0914) before 

inoculation with the virus. Additionally, in that publication, we also presented data 

showing that immunoproteasome ablation by LMP7 knock-out led to improved survival 

rates and protected A/J mice from severe viral myocarditis by Coxsackievirus B3 

infection (7). Here, we asked whether a different mouse strain, NMRI mice, would also 

be protected from myocardial infection by application of ONX 0914. Additionally, we 

aimed to use ONX 0914 as a treatment after inoculation with CVB3, investigating if 

immunoproteasome inhibition in the context of an established immune reaction to 

CVB3 would result in a milder or even subdued immune response and alter the course 

of myocarditis. Leading on from our experimental approaches to better characterize 

acute CVB3-myocarditis, we also asked if pharmaceutical immunoproteasome 

inhibition in NMRI mice would impact the development of chronic myocarditis as a 

sequel to acute viral infection.  

Unexpectedly, our results showed that while NMRI mice did develop acute viral 

myocarditis, subsequent application of the immunoproteasome inhibitor ONX 0914 did 

not lead to mitigated inflammatory response after 28 days nor did it serve to positively 

impact cardiac function over time as demonstrated by echocardiographic 

measurements. Instead, we observed a slight, non-significant tendency towards higher 

histological myocarditis scores. This observation did alter our original experimental 

plan regarding to a more thorough investigation into the effects of ONX 0914 on NMRI 

mice in this viral inflammatory context. 

Subsequently, we decided to measure the effects of ONX 0914 on cardiac 

inflammatory disease during a more acute viral stage, after 8 days. Here, results 

showed that mice with a dysfunctional immunoproteasome had a tendency toward 

higher viral load in heart tissue as demonstrated by higher numbers of plaque-forming 

units of CVB3 per gram heart tissue. These animals also showed an increased number 

of infiltrating monocytes, differentiated by FACS analysis of heart tissue, however 

those numbers were not significant. 
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To further accentuate the effects of immunoproteasome inhibition in this context, mice 

received ONX 0914 before inoculation with CVB3. As a result, we found significantly 

heightened inflammatory response with higher viral load in the heart but sustained virus 

control in other tissues (spleen, pancreas), as well as higher levels of Troponin T, 

higher histological myocarditis scorings and reduced left ventricular ejection fraction in 

mice receiving ONX 0914.  

Because of these results, we then asked which upstream pro-inflammatory cytokines 

and chemokines might be upregulated to explain our observed downstream effects. 

Results from mRNA expression analysis by qPCR from heart muscle tissue revealed 

a higher expression of IFNβ and CXCL10 in ONX 0914-treated animals. Western blot 

analysis of protein expression and qPCR for mRNA expression of immunoproteasome 

subunits as well as enzymatically active subunits of the ONX 0914-effect exempt 

standard proteasome subsequently revealed reduced selectivity for 

immunoproteasome subunit LMP7 and showed that ONX 0914 loses its efficacy over 

time, inhibiting standard proteasome subunit β5 as well. Accordingly, the use of ONX 

0914 in NMRI mice for CVB3-induced myocarditis in both an acute and chronic 

inflammatory context, did not show any protective effect and rather led to an enhanced 

immune response, while animals with an intact immunoproteasome function showed 

sustained virus control, making a functional immunoproteasome the favorable state in 

this particular inflammatory context. 

  

4.2 interpretation of results 
 

Immunoproteasome inhibition by use of ONX 0914 has been a topic of investigation in 

our group as well as some other well published research groups for several years. 

Previously, in a study published in 2018, we shared data showing that for C57BL/6 

(B6) mice, application of ONX 0914 before virus inoculation led to higher histological 

inflammation scores and increased viral load when compared to vehicle-treated 

littermate controls (7). A similar ONX 0914-mediated inflammatory exacerbation in B6 

mice was shown for fungal infection with Candida albicans (27). Both studies suggest 

an effect on innate immunity through application of ONX 0914 that could be mediated 

by IFN response. However, as reported above, we did not find impaired, but rather 

enhanced IFN levels in NMRI mice who demonstrated higher viral load. However, it is 

possible that direct virus-host cell interaction plays a role in this observation, as 
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inhibition of the immunoproteasome could influence intracellular degradation of viral 

proteins and thereby stabilize virus replication to reflect higher pathogen burden. A 

similar effect has been extensively reviewed in work published by Kumar et al. only 

last year (33).  

Even though generally results shown here for NMRI mice are partly reminiscent of 

findings for B6 mice, in the above-mentioned publication, for A/J mice, a mouse strain 

with high susceptibility to virus-induced myocarditis, an entirely different picture 

emerged. This breed could be protected from severe illness and survival dramatically 

improved in mice receiving ONX 0914, which was reflected in significantly reduced 

numbers of immune cell infiltrates found in heart muscle tissue 8 days after virus 

inoculation (7). Conclusively, in that study, we suggested that the severe pathology 

observed in mice with an intact immunoproteasome function could be attributed to an 

overpowering cytokine release and inflammatory reaction, which leads to a sepsis-like 

phenotype in A/J mice with CVB3-myocarditis. As NMRI mice, in contrast to B6 mice, 

are also known to be a susceptible breed in regards to CVB3-myocarditis (34, 35), and 

have in past studies shown development of significant chronic myocardial injury but 

represent a much more robust phenotype compared to A/J mice, we did hypothesize 

that immunoproteasome inhibition might also mitigate acute myocarditis in this breed 

and thereby subsequently lead to decreased incidence of cardiac tissue scarring, as is 

typical for ongoing chronic myocarditis. Because of their resilience to enterovirus 

infection when compared to A/J mice, who succumb to the infection in large numbers 

if not treated, NMRI mice appeared more suited to investigate a therapeutic approach 

over a longer period of time - however, leading on from our discovery of a possible 

positive effect for this breed when keeping immunoproteasome function intact, our 

research plan adapted accordingly.  

Generally, in our experiments NMRI mice did not show the same clear-cut picture 

between ONX 0914 and vehicle-treated groups as was previously observed in the A/J 

breed regarding to their inflammatory phenotype induced by CVB3-myocarditis. 

Thereby their overall moderate inflammatory response may have contributed 

significantly as disease outcome for myocarditis has been shown to depend greatly on 

the scale of immune response activation in heart muscle tissue (36). 

Compared to A/J mice, we did not find a nearly as impressive activation of pro-

inflammatory cytokines and chemokines in NMRI mice, and histopathological 

comparison as well as analysis of immune cell infiltration showed less-pronounced 
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pathology in NMRI mice with unhindered immunoproteasome expression. This is in 

line with other published results showing that severe pathology is found mostly in 

accordance with high levels of cytokines and chemokines (2). 

In addition to pharmaceutical inhibition by ONX 0914, genetic ablation of the 

immunoproteasome by ß5i/LMP7 knock-out can also be achieved. In A/J mice, this 

knock-out is well characterized and generally compensated for by an increased 

formation of standard proteasome, as shown by Opitz et al (37). On the contrary, for 

LMP7-deficient B6 mice, several studies show that intact immunoproteasome function 

is centrally important in regard to maintenance of protein homeostasis by degradation 

of damaged intracellular proteins in an inflammatory context (13, 38). For NMRI mice, 

to date, no LMP7 knock-out has been created, limiting our understanding of this breeds 

innate and adaptive immune response to enterovirus myocarditis in the context of 

immunoproteasome function to the use of inhibitors like ONX 0914. It has however 

been suggested that the different mouse breeds used to investigate the 

immunopathology of acute and chronic viral myocarditis, represent a diversity found in 

humans who display varying susceptibility to the disease as well.  

  
4.3 Embedding the results into the current state of research   
  
Leading on from the results described here and previously published by our group, 

some questions remain unanswered as new questions are raised.  

Firstly, as our experiments presented in this study signify more of a characterisation of 

the NMRIs breed inflammatory reaction to the application of ONX 0914 during CVB3-

myocarditis, and although we believe that our results show important new information 

regarding to an unexpected exacerbation of immunopathology by immunoproteasome 

dysfunction in a susceptible host during viral inflammatory heart disease, the question 

remains of how immunoproteasome function influences immune reaction and alters 

the course of infection in NMRI mice. While we have shown CVB3-triggered and 

significantly higher immune cell infiltration in immunoproteasome-disabled NMRI 

hearts, our upstream findings regarding to cytokine and chemokine levels do not serve 

to explain these findings molecularly. In A/J mice, we did previously find that application 

of ONX 0914 dampened the cytokine and chemokine release with significantly reduced 

levels for nearly all pro-inflammatory markers investigated and explaining why these 

animals benefitted from immunoproteasome blockade. Conclusively a much closer 
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look into NMRIs immunological make-up with and without the influence of ONX 0914 

as well as release of cytokines and chemokines that govern immune cell differentiation 

is needed to explain the findings described in this study.  

Additionally, looking at what is known about immune response during viral myocarditis 

for different mouse strains, as previously described, B6 mice that were re-challenged 

with CVB3 post primary infection exhibited no signs of re-infection and thereby no 

negative effect of ONX 0914 treatment on the development and maintenance of an 

intact immune response including memory status even though in this breed, a positive 

effect for intact immunoproteasome function was reported (7). We did not re-challenge 

NMRI mice to investigate whether they, like B6 mice, mount an intact immune response 

regarding memory function, unhindered by application of ONX 0914. Our results do 

however show that in FACS analysis of immune cell markers in heart tissue of NMRI 

mice treated with ONX 0914, inflammatory monocytes are found at significantly higher 

levels compared to vehicle-treated animals. In 2015 Leuschner et al (39) found that 

high peripheral cell counts of macrophages and monocytes contribute to more severe 

pathology in the cardiac inflammatory context, and this was attributed at least in part 

to ONX 0914 mobilisation of these cells from bone marrow.  

Leading on from this and encompassing our results in NMRI mice, their phenotype of 

acute as well as chronic myocarditis in these experiments was not nearly as 

accentuated as in A/J mice. Although NMRI mice might experimentally represent a part 

of the population not primarily susceptible to a severe course of infection, in the end 

and regarding to a future bench-to-bedside approach with immunoproteasome 

inhibitors, A/J mice could be more suited to investigate viral cardiac inflammatory 

disease by CVB3 infection. Additionally, as the immunological make-up of NMRI mice 

is still not well characterized, further research into immunoproteasome and standard 

proteasome function in an inflammatory context is needed in future. 

  

4.4 Strengths and weaknesses of the study 

  
As with any experimental approach, conclusions drawn from a handful of experiments 

can never hope to finitely answer all questions pertaining to a research question. 

However, herein we provide compelling evidence that, contrary to previously published 

studies using different mouse breeds, pharmaceutical immunoproteasome inhibition 

does not protect NMRI mice from development of viral myocarditis, nor does it serve 
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to mitigate the course of disease. Rather, we have shown that keeping 

immunoproteasome function intact leads to decreased viral burden, lessens myocyte 

destruction and reduces the numbers of infiltrating immune cells into heart muscle 

tissue. This may be explained in part by a loss of efficacy for ONX 0914 in heart tissue 

during the course of infection. As with other mouse studies done by our group, we have 

kept the study designs and overall experimental plans the same, allowing us to 

compare our results using different breeds in the past. The methods used here for 

infection of mice with CVB3, virus dosage and treatment with ONX 0914, as well as 

the handling and storage of the inhibitor have been well established and thereby 

repeatedly internally validated in our group. While a total of three in vivo experiments 

provided the main data generated and presented here, the in vitro analysis of this data 

was meticulously planned and executed as well as repeated at least three times. This 

of course does not pertain to FACS analysis and echocardiography studies, as these 

would require more animals. In line with the 3R-guidelines issued by the Charité, great 

care was taken not to carelessly repeat in vivo experiments where unnecessary. 

However, this of course does lend itself to the fact that the phenotype described and 

observed in this study is much less pronounced, simply because the breed itself is 

more robust. Would larger groups of animals have been used, one could hypothesize 

that the effects seen would be more significant and that there might be effects not seen 

in our set-up. Seeing as most of our results do align with observations made by others 

as well and can be discussed in reference to well-published studies, we deem our 

group size as large enough to observe the most pronounced effects.  

Additionally, a number of experiments regarding to the upstream effects of ONX 0914 

in NMRI mice would have been very interesting, seeing as this phenotype as yet is not 

well-described. In future studies, in-depth system biology-based approaches would be 

needed to further our understanding of the immunoproteasomes role in this 

inflammatory context.  

  

5. Conclusions 

  

In summary, the data presented in this study shows that while NMRI mice do develop 

both acute and as previously described, chronic viral myocarditis, blockade of the 

immunoproteasome leads to aggravated inflammatory response, including higher 

numbers of infiltrating immune cells in the heart, increased cardiomyocyte death and 
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impaired virus control. This may be attributed to direct viral cytotoxicity, as secondary 

lymphatic tissues with high baseline immunoproteasome expression such as the 

spleen did not show signs of higher viral load in ONX 0914-treated animals. 

Additionally, we found that application of ONX 0914 showed a loss of efficacy for 

inhibition of the immunoproteasome subunit LMP7 and did bind a significant 

proportion of standard subunit ß5 as well, representative of diminished isoform 

selectivity over time – for treatment over longer periods of time, this could well result 

in disturbed protein homeostasis and subsequent proteotoxic stress in tissues with 

high abundance of standard proteasome and low baseline immunoproteasome 

expression, giving way to cardiotoxic side effects. Our results herein are reminiscent 

of data obtained for viral myocarditis in B6 mice, who also experience inhibition of the 

innate antiviral immune response resulting in increased immunopathology upon 

application of ONX 0914. 

Overall, we would argue in favor of keeping immunoproteasome function intact in this 

model of viral myocarditis. However, in studies published by our group in recent 

years, data for A/J mice show a significant protective effect for ONX 0914, given prior 

to virus inoculation, mitigating an overwhelming, sepsis-like phenotype in this breed. 

Finally, we conclude that while immunoproteasome inhibition significantly influences 

immunopathology in mouse models of viral myocarditis, future utilisation of 

immunoproteasome inhibitors such as ONX 0914 would be hindered by the need for 

application prior to the onset of the systemic inflammatory response.  
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