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Abstract
A preclinical model of troponin I-induced myocarditis (AM) revealed a prominent role of the immunoproteasome (ip), the
main immune cell-resident proteasome isoform, in heart-directed autoimmunity. Viral infection of the heart is a known trigger
of cardiac autoimmunity, with the ip enhancing systemic inflammatory responses after infection with a cardiotropic coxsackievirusB3 (CV). Here, we used ip-deficient A/J-LMP7−/− mice to investigate the role of ip-mediated effects on adaptive
immunity in CV-triggered myocarditis and found no alteration of the inflammatory heart tissue damage or cardiac function
in comparison to wild-type controls. Aiming to define the impact of the systemic inflammatory storm under the control of ip
proteolysis during CV infection, we targeted the ip in A/J mice with the inhibitor ONX 0914 after the first cycle of infection,
when systemic inflammation has set in, well before cardiac inflammation. During established acute myocarditis, the ONX
0914 treatment group had the same reduction in cardiac output as the controls, with inflammatory responses in heart tissue
being unaffected by the compound. Based on these findings and with regard to the known anti-inflammatory role of ONX
0914 in CV infection, we conclude that the efficacy of ip inhibitors for CV-triggered myocarditis in A/J mice relies on their
immunomodulatory effects on the systemic inflammatory reaction.
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Introduction
Enteroviruses (EV), members of the Picornaviridae family, comprise a genus of positive-sense single-stranded
RNA viruses that are implicated in a broad range of clinical manifestations. For EV-associated health problems
such as pancreatic failure, cardiovascular collapse, hepatitis and encephalitis, neither vaccination nor effective antiviral drugs are available [50, 52]. The pressure to develop
safe and effective anti-EV drugs is acute, particularly for
newborn infants and young children, who, during periods
of high EV prevalence, are at risk for life-threatening septic syndromes. CoxsackievirusB3 (CV), belonging to the
genus EV, is a clinically relevant and well-studied human
pathogen that, in addition to an initial wave of systemic
inflammatory responses, can cause a second wave of viral
injury targeting the heart and leading to myocarditis with
a potentially severe outcome. CV is a pathogen known to
cause viral myocarditis in North America and Europe [18].
Infection of laboratory mouse strains with cardiotropic CV
reflects the disease in man, including its biphasic course,
to a remarkable extent, with evidence for a contribution
of specific viral proteins, such as the viral protease 2A,
in triggering cytoskeletal protein disruption and shutting
down Cap-dependent protein translation in cardiomyocytes
[4, 53]. CV exploits the cellular machinery to promote
its own replication and thereby disturbs the integrity of
infected cells in the heart.
In addition to direct virus-triggered pathology, cardiac
dysfunction in viral myocarditis involves inflammatory
processes, initially induced by virus replication intermediates activating intracellular pattern recognition receptors (PRR), which help the host prevent uncontrolled virus
replication and tissue damage [3, 45, 51]. Concomitant to
these innate immune responses, classical pro-inflammatory immune action follows, comprising the infiltration
of NK cells and monocytes/macrophages, as well as to a
minor extent B and T cells, all assumed to dampen and
control virus-triggered pathology [27]. Although there
is considerable evidence for a protective contribution of
such an immune reaction, there is also consensus that the
inflammatory process triggered by virus infection of heart
tissue actually drives cardiac damage responses, leading
to disarranged cardiac cells, fibrotic tissue repair and ventricular dilation [14]. It was once thought that the presence
or the persistence of virus genomes in the human heart
determines disease outcome in viral myocarditis, but that
idea has since been discarded [19]. In fact, the abundance
of infiltrating leukocytes is an independent risk factor for
the pathologic progression of acute myocarditis into longterm cardiac dysfunction [30]. The majority of the accumulated leukocytes in inflamed heart tissue of CV-infected
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mice are CD11b+ monocytes and macrophages [35, 40],
with infiltration of these immune cells being driven by
respective chemotactic cytokines [2]. Others and we demonstrated that particularly those infiltrating myeloid cells
contribute to acute and chronic functional impairment in
inflammatory heart disease [24, 35]. Another explanation for how virus-induced inflammation results in ongoing inflammatory responses in heart tissue is the fact that
acute viral myocarditis can trigger a loss of self-tolerance
against cardiac proteins, leading to heart-directed autoimmunity [41]. The underlying immune pathways can be
investigated in mouse models of experimental autoimmune
myocarditis (AM), where administration of cardiac myosin, troponin I or their pathogenic epitopes, in combination with an adjuvant, induces a cardiac damage response,
mimicking central aspects of inflammatory cardiomyopathy in humans [16, 20]. Interestingly, in AM mouse models, infiltrating CD11b+ monocytes and macrophages, or
the chemotactic molecules produced by these and other
immune cells, are also central for disease manifestation
[33, 35, 54]. Human monocytes, the main producers of
pro-inflammatory cytokines, not only govern inflammation
and pro-fibrotic tissue injury in AM, they can also guide
the expansion of autoreactive C
 D4+ T cells and their differentiation into Th17 cells, the later promoting cardiac
autoimmunity [5, 39].
We have previously demonstrated that the immunoproteasome (ip), the most abundant proteasome isoform in
immune cells, regulates the production of pro-inflammatory
and chemotactic cytokines by monocytes/macrophages, the
activation and differentiation of autoreactive C
 D4+ T cells,
as well as cardiac inflammatory responses, both in viral
myocarditis and in troponin I-induced AM [2, 12]. The ip is
a multi-subunit, barrel-shaped proteolytic complex, where
a gated pore within the two outer alpha rings of the complex controls the accessibility of degradation-prone protein
substrates to the catalytic center in the interior of the twofold symmetric chamber. The three β-subunits, β1i (LMP2),
β2i (Mecl-1) and β5i (LMP7) [1], in the inner cavity of the
complex execute peptide hydrolysis, with each subunit having a cleavage site preference for specific amino acids. Particularly the cleavage-site usage [36] and to a lesser extent
the qualitative cleavage site properties [29] demarcate this
proteasome isoform from its standard proteasome counterpart, the main isoform found in somatic cells. Both the
spatial heterogeneity of proteasome isoforms in distinct
cellular compartments and the pro-inflammatory function
of the ip in preclinical models of autoimmunity promoted
research activities aiming at precisely targeting of the proteasome isoform in immune cells [7, 22, 37, 47, 49]. ONX
0914, a well-studied irreversible epoxyketone inhibitor that
blocks virtually all ip subunits to a varying degree [8, 40],
and the LMP7-selective dipeptide inhibitor DPLG3 [47] are
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examples of such accomplishments and both ONX 0914 and
DPLG3 can suppress adverse inflammatory tissue damage
of the heart [2, 12, 49]. The portfolio of protective features,
accomplished by selective inhibition of the ip, encompasses
altered T cell activation/differentiation, promoting the survival of fewer Th17 and more regulatory T cells [12, 26, 49],
and elevated expression levels of inhibitory immune checkpoint molecules, such as PD-1 [12, 49]. Undisputedly, these
aspects are protective in instances like cardiac autoimmunity
or allograft rejection after heart transplantation.
However, the contribution of such processes of adaptive
immunity to cardiac inflammation, as rapidly evolving as
they are after invasion of cardiotropic CV to the heart, is
unclear. Our previous study investigated CV myocarditis in
A/J mice and we demonstrated that ONX 0914 exerted rapid
effects, yielding a profound suppression of the early systemic inflammatory cytokine response that we attributed to
impaired signaling processes in myeloid-derived monocytes/
macrophages [2]. Whether, however, the improved cardiac
output and attenuated myocardial injury that we found in the
ONX 0914 group reflects a systemic anti-inflammatory or
a more cardio-selective reaction is unclear. Here, we tackled the question of whether the ip can specifically influence
viral myocarditis in A/J mice. This would commence in a
period after the first wave of viral infection has damaged the
pancreas and liver, thereby establishing systemic inflammation and setting up replication of the virus in the heart. We
used A/J-LMP7−/− mice to discriminate processes of acute
systemic inflammatory responses, such as PRR-triggered
pro-inflammatory cytokine production in monocytes/macrophages, known to be unaffected by LMP7 ablation [11,
15, 37], from those of cardiodepressive adverse immune
responses present in L
 MP7−/− mice [7, 9, 12, 37]. In an
alternative approach, we selectively inhibited the ip with
ONX 0914 during the second wave of viral infection, targeting the heart.

Materials and methods
Mice
Original mating pairs of the A/J wild-type mouse
strain were purchased from Harlan Winkelmann (A/J).
LMP7−/− mice, originally generated by Fehling et al. [17]
and provided to our group by the Steinhoff laboratory on
a C57BL/6 background, were backcrossed into an A/J
background for at least seven generations, using speed
congenics. The offspring of heterozygous A/J-LMP7−/+
breeding pairs generated L
 MP7−/− and L
 MP7+/+ wild-type
littermate controls (F8). For ONX 0914 treatment in A/J
mice, in the majority of experiments, larger cohorts of
male A/J mice were purchased from Envigo and mice were
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allowed to settle for at least 1 week prior to virus inoculation or ONX 0914 treatment. Male animals (− 8 weeks)
were injected intraperitoneally (i.p.) with 10 4 PFU of a
cardiotropic variant of CVB3 Nancy strain [31]. All mice
were kept at the animal facilities of the Charité University Medical Center. For the therapeutic ONX 0914 treatment, mice were injected subcutaneously with 10 mg/kg
body weight (BW) ONX 0914 or the vehicle Captisol daily
from days 3 to 7. On the final day of each infection study,
after echocardiography, organs were collected for further
analysis and immediately frozen in liquid nitrogen. Organs
were stored at − 80 °C. Heart tissue was fixed in HistoFix
(1xPBS, 4% ROTI®Histofix) overnight and embedded in
paraffin. To visualize cardiac infiltration, cross sections
were stained with hematoxylin and eosin and judged by a
pathologist as described elsewhere [45]. Whole blood was
centrifuged at 4 °C and 10,000 rcf for 15 min to separate
serum, which was then collected and stored at − 80 °C.
This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the German Animal Welfare Act, which is based
on the directive of the European Parliament and the Council
of Europe Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes
(ETS123). This study was approved by the local authorities
for animal welfare in Berlin (permit numbers: G0054/18,
G 0274/13, G103/18). All efforts were made to minimize
suffering.

Echocardiography
For echocardiography, mice were anesthetized with 1.5–2%
isoflurane and kept warm on a heated platform. Temperature
and ECG were monitored continuously. Cardiac function and
morphology were assessed with a VisualSonics Vevo 3100
High-Frequency Imaging System using a high-resolution
(44 MHz) transducer. Standard imaging planes, M-mode,
and functional calculations were obtained. For the parasternal long axis LV trace, the average systolic or diastolic volume in B-Mode is based on the rotational volume of the LV
trace at systole or diastole around the long axis of the spine.
The parasternal long-axis view of the left ventricle (LV)
was used to guide calculations of ventricular dimensions
(M-mode), volumes (B mode; LV vol; d = LV trace end-diastolic; LV vol; s = LV trace end-systolic; stroke volume using
the formula = v; − v;) and left ventricular ejection fraction
(B mode using the formula = 100 × ( v; − v; v; )). M-mode
echocardiographic images were recorded at the level of the
papillary muscles from the parasternal short-axis view. All
measurements were performed by the Animal Phenotyping
Platform of the Max-Delbrück-Center for Molecular Medicine in Berlin.
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Cell culture, isolation of immune cells from mouse
tissue
For the analysis of bone marrow cells, flushed bone marrow was passed through 40 μm cell strainers, centrifuged,
and resuspended with RPMI. Splenocytes were prepared by
passing spleen tissue trough a 70 μm cell strainer (BD Biosciences). After a wash step with 1 × PBS, RBC lysis was
performed 2–3 times by incubating in 0.83% ammonium
chloride (NH4Cl) for 3–5 min at room temperature. Cells
were recovered by centrifugation (10 min, 310g), re-suspended in FACS buffer, and chilled on ice until flow cytometry was carried out.
For heart tissue, after extraction of whole blood the heart
was flushed with 15 mL PBS, removed and washed again
in PBS. An amount of heart tissue defined by weight was
minced in RPMI 1640 medium (Biochrom) containing 10%
(v/v) fetal calf serum (FCS) (Biochrom), 1% (v/v) penicillin/streptomycin (Pan Biotech), 30 mM HEPES, 0.1% (w/v)
collagenase type 2 (Worthington) and 0.015% (w/v) DNase
I (Sigma-Aldrich). Tissue digestion was carried out by incubating at 37 °C for 30 min while shaking at 800 rpm. To
ensure the cells did not clump together, 10 mM EDTA was
added, the cells were washed with PBS, and were passed
through a 70 μm cell strainer (BD Biosciences). Cells were
recovered by centrifugation (10 min, 310g), re-suspended
in FACS buffer, and chilled on ice until flow cytometry was
performed.

Proteasome inhibitor ONX 0914
For subcutaneous administration in mice, ONX 0914 (Cayman Chemicals) was dissolved at a concentration of 1–2 mg/
mL in an aqueous solution of 1 mg/mL Captisol (Ligand
Pharmaceuticals) and sodium citrate at a pH of 3.5. Aliquots
of both ONX 0914 and Captisol were stored at − 20 °C.

Flow cytometry
Equal numbers of splenocytes or cells purified from 15 mg
heart tissue were incubated (20 min at 4 °C) in FACS buffer
(1xPBS, 2% FCS, 2 mM EDTA) containing an anti-mouse
Fc receptor blocking reagent (1:50; Miltenyi Biotec).
Afterwards, fluorochrome-conjugated antibodies against
various surface markers were added and incubated for at
least 20 min at 4 °C while protected from light. The following antibodies were purchased from BD Bioscience:
CD8α (FITC; clone 53-6.7), B220 (PE; clone RA3-6B2),
CD90.2/Thy-1.2 (PE; clone 53-2.1), TER-119 (PE; clone
TER-119), CD11b (PE-CF594; clone M1/70), CD4 (V500;
clone RM4-5), CD8α (Pacific Blue™; clone 53.6.7). CD49b
(PE; clone DX5), CD44 (PE; clone IM7) and CD3 (APC;
clone 2-C11) were purchased from eBioscience. CD45.2
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(Brilliant Violet 711™; clone 104), Ly6G (PerCP/Cy5.5;
clone 1A8), Ly6C (Pacific Blue™; clone HK1.4), CD11c
(Brilliant Violet 510™; clone N418), F4/80 (APC; clone
BM8), CD3 (PerCP/Cy5.5; clone 145-2C11), B220 (FITC;
clone RA3-6B2), CD19 (APC; clone 6D5) were purchased
from BioLegend. After several wash steps with FACS buffer
(centrifugation: 3 min at 300g), cells were re-suspended in
150 μL of the fixable viability dye eFluor 780 (eBioscience),
diluted 1:1.000 in PBS and incubated for 30 min on ice protected from light. After serial wash steps with PBS followed
by fixation in FACSFix (1x PBS, 2% RothTMHistofix), cells
were acquired on either a FACS Symphony flow cytometer
(BD Biosciences). Data were analyzed using FlowJo v10.0
software (Tree Star). To quantify total cell numbers in heart
tissue, 123 count eBeads (eBioscience) were used according to the manufacturer’s protocol. Reported numbers were
normalized for the weight of total hearts yielding the number
of cells per mg tissue. Monocytes were identified by positive
gating for CD45, CD11b and exclusion of Ly6G, CD11c and
F4/80-positive cells in addition to lineage negative staining
(B220, CD90.2, CD49b and Ter-119) as recently described
[23]. Expression of Ly6C was used to discriminate between
patrolling and inflammatory monocytes.

RNA isolation and quantitative real‑time PCR (qPCR)
RNA was isolated using T
 RIzol® (Ambion) method according to the manufacturer’s instructions. Remaining DNA was
removed by digestion with DNAse I (Invitrogen) at 37 °C
for 15 min followed by enzyme deactivation at 65 °C for
10 min. 250–1000 ng RNA were reverse transcribed with
MLV Reverse Transcriptase (Promega) in combination
with random hexamer primers (Roche). TaqMan® PCR
was performed using primers and probes of TaqMan® gene
expression assays (Life Technologies) as well as the following combinations of primers and probes: murine HPRT
fw: 5′-ATC ATT ATG CCG AGG ATT TGG AA-3´, rev:
5′-TTG AGC ACA CAG AGG GCC A-3′, probe: 5′FAMTGG ACA GGA CTG AAA GAC TTG CTC GAG ATG
-3′TAMRA; CV fw: 5′-CCC TGA ATG CGG CTA ATC
C-3′, rev: 5′-ATT GTC ACC ATA AGC AGC CA-3′ probe:
5′-FAM-TGC AGC GGA ACC G -MGB3′. qPCR was conducted on a StepOnePlus™ real-time PCR system. TaqMan®
assays for HPRT served as endogenous controls and were
used to calculate relative expression using the ΔC(t) or
ΔΔC(t) method.

Quantification of infectious viral particles
Plaque assays were performed on sub-confluent monolayers
of green monkey kidney cells incubated with serial tenfold
dilutions of cell culture supernatant or supernatant from
homogenized mouse tissue. After incubation at 37 °C for
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1 h, supernatants were removed and monolayers were overlaid with DMEM containing 1 mM pyruvate, 2.5% FCS,
3.75% NaHCO3 and 0.6% agar. 2 days later cells were fixed
with 75% methanol/25% acetic acid and stained with 0.25%
crystal violet solution to count virus plaques.

Western blot analysis
For SDS-PAGE, cells or tissue were lysed using 8 M urea
buffer containing 1% Triton, 0.1% SDS, 20 mM HEPES,
8 mM EDTA, 2 mM EGTA, 50 mM sodium fluoride, 5 mM
sodium pyrophosphate, 2 mM sodium orthovanadate, 1 mM
TCEP and complete protease inhibitor cocktail (Roche).
Western blot analysis was performed according to standard protocols. The following primary antibodies were used:
β-actin (C4, Merck), α4 (K378/1, lab stock), α6 (K379, lab
stock), β1(K43, lab stock), β5 (Abcam 3330), LMP2 (Abcam
3328) and LMP7 (K63, lab stock). Secondary IRD680CWor IRDye800CW-labeled antibodies were detected by the
Odyssey CLx infrared imaging system (Li‐Cor Biosciences).
Densitometric analysis was performed using Image Studio™
(Li‐Cor Biosciences) and values were normalized to internal
loading controls.

Statistics
Statistical analysis of the data was performed in GraphPad
Prism v7.00 and v8.00 for Windows (GraphPad Software).
All data is plotted as individual points. If not indicated otherwise, data summary are given as mean ± standard error
of the mean (SEM). Data was first tested for normal distribution using the D’Agostino-Pearson test. For non-normal
distributed data a Mann–Whitney-test was used. Unpaired
t-tests were used for two group comparisons of normal distributed data. If samples had unequal variances (determined
by an F test), an unpaired t test with the Welch correction
was used. For multiple group comparison, unequal variance
versions of ANOVA (two-way ANOVA) were used. Survival was test for using a Gehan–reslow–Wilcoxon test. The
significance threshold for all tests was set at the 0.05 level.

Results
Altered proteasome isoform composition
in ip‑deficient LMP7−/− mice mediates inflammatory
perturbation of cardiac function in CV infection
A comparison of ip-deficient A/J-LMP7−/− mice with their
wild-type controls revealed the pro-inflammatory role of the
ip for the onset and manifestation of cardiac autoimmunity,
with both processes being reversible in wild-type mice by
treatment with ONX 0914 [12]. LMP7−/− mice resemble
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WT mice after ONX 0914 treatment with regard to the relative expression levels of the different ip subunits. They not
only show a complete lack of LMP7, but also a profound
reduction of Mecl-1 and lower LMP2 expression levels [40,
42]. This defect of intact ip formation in LMP7−/− mice can
be attributed to the cooperative assembly of ip complexes
[21]. Other than shown for PRR-activated immune cells
after ip inhibition by ONX 0914, PRR-triggered cytokine
responses, however, are not affected in L
 MP7−/− immune
cells [12, 43]. Based on the coherent phenotype found in
both LMP7−/− mice and in wild-type mice after ip inhibition
in troponin I AM, we first asked whether the immunosuppressive effects seen in ONX 0914-treated A/J mice during
CV infection can be phenocopied in A/J-LMP7−/− mice. If
so, it would indicate that ip-dependent control of CV infection might be attributed to an altered adaptive immune
response.
LMP7 −/− mice and their age- and gender-matched
LMP7+/+ littermate controls were followed after infection
with cardiotropic CV Nancy for 8 days, revealing no relevant effect of LMP7 ablation on global health parameters,
such as survival or body weight (Fig. 1b, c). Histological
scoring of HE-stained heart tissue sections to evaluate
myocardial necrosis and inflammation revealed profound
myocarditis with similar scores in LMP7−/− mice and their
littermate wild-type controls (Fig. 1d, e). Correspondingly,
a quantification of infiltrated immune cells in heart tissue
by flow cytometry demonstrated an equivalent distribution
of CD11bhigh myeloid cells, with a slightly higher number
of neutrophils in LMP7−/− mice. The overall abundance of
myeloid and lymphoid immune cells, however, was similar in
both groups (Fig. 1f), confirming that the inflammatory heart
tissue injury is not influenced by the impaired ip expression
in LMP7−/− mice. In addition to immune response-related
effects, myocardial tissue injury observed 8 days after CV
infection reflects the extent of viral cytotoxicity. To address
the question of whether ablation of LMP7 in A/J mice
affects the virus concentration during acute myocarditis,
we quantified the virus titer in heart tissue by plaque assay
and found an equivalent virus load of 5.4 × 105 ± 0.4 × 105
pfu/g in LMP7+/+ mice and 5.1 × 105 ± 0.2 × 105 pfu/g in
LMP7−/− mice (Fig. 1g).
To investigate whether ablation of LMP7 influences
inflammation-triggered perturbation of cardiac function,
as shown previously for ONX 0914-treated mice in viral
myocarditis [2], we performed echocardiography prior to
infection and during the acute phase of myocarditis. In line
with our previous data [2, 40], the ejection fraction of the
left ventricle was within the range of the values measured
in naive mice prior to infection, regardless of LMP7 expression (Table 1). We found a reduced cardiac output, attributed
to lower heart rate and an impaired stroke volume due to
reduced left ventricular filling, both in L
 MP7−/− and control
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Fig. 1  Phenotype of CV infection in ip-deficient L
 MP7−/− A/J mice.
+/+
a LMP7 (wild-type littermate controls, n = 9) and age and gender
matched LMP7−/− mice (n = 12) were infected with 104 pfu of CV
Nancy and were analysed on day 8 postinfection (p.i.). b Survival and
c body weight was monitored daily. d Formalin fixated and paraffin
embedded heart tissue sections were stained using hematoxylin and

eosin and myocarditis severity was assessed. e Representative micrographs of haematoxylin and eosin stains are depicted for each group.
f For further quantification of immune cell infiltration into the heart
tissue, infiltrating immune cells per total heart were quantified by
flow cytometry. g Virus concentration in heart tissue was assessed by
plaque assay

mice infected with CV (Table 1). Together, these data reflect
that the inflammation-induced perturbation of the cardiac
output, known to be mediated by the catalytic activity of the
ip [2], can be similarly affected by the compensatory proteasome activity present in ip-incompetent LMP7−/− mice.
Since the modified proteasome activity, inherent in
LMP7−/− mice with ip dysfunction [10, 12], apparently neutralizes the immunomodulatory potential of the ip that can be
targeted in wild-type mice by inhibitors of this proteasome
isoform, we questioned how other immune-related aspects
with a specific functional requirement for intact ip proteolysis are influenced in LMP7−/− mice during CV infection. The

peripheral blood count in CV infected mice showed a significantly elevated level of leukocytes, and may be showing
a trend towards higher neutrophil counts in LMP7−/− mice
(Fig. 2a), similar to findings in ONX 0914-treated A/J mice
[2]. Spleen tissue, known to feature elevated levels of myeloid cells during CV infection, had a similar distribution
of CD11bhigh immune cells (Fig. 2b). Of note, the abundance of inflammatory monocytes, which can be captured in
spleen tissue of CV-infected mice by ip inhibition [2], was
similar in both LMP7−/− mice and their littermate controls
(Fig. 2b), corresponding to the equal CD11bhigh cell count
in the heart during myocarditis in these groups (Fig. 1f). A
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Table 1  Analysis of cardiac function in L
 MP7−/− mice during acute
CV myocarditis

Heart rate (bpm)
Trace EF (%)
Cardiac output
(mL/min)
Stroke volume (µL)
Vol d (µL)
Vol s (µL)
LVID-d (mm)
LVID-s (mm)

LMP7+/+ (WT)

LMP7−/−

Baseline

Baseline

Day 8

402 ± 23 363 ± 33
57.8 ± 2.9 60.6 ± 1.1
8.4 ± 0.6 6.3 ± 1.2

Day 8

429 ± 17 368 ± 20
57.0 ± 2.3 62.9 ± 2.4
9.8 ± 0.6 6.0 ± 0.7*

20.9 ± 1.0 16.5 ± 2.0 22.9 ± 0.8 16.1 ± 1.3*
36.2 ± 1.0 27.2 ± 3.2* 40.3 ± 1.0 25.8 ± 2.2*
15.3 ± 1.2 10.7 ± 1.2* 17.4 ± 1.2 9.7 ± 1.2*,§
3.6 ± 0.1 3.0 ± 0.2* 3.7 ± 0.1 3.0 ± 0.1*
2.5 ± 0.1 2.1 ± 0.1* 2.5 ± 0.1 2.0 ± 0.1*

Echocardiography was performed in LMP7−/− mice and age- and
gender-matched littermate controls prior to infection (baseline, day 0)
and on day 8 post-infection (n = 9 per group). Data shown are mean
values ± SEM and were analyzed using repeated measurements twoway ANOVA, followed by Sidak’s multiple comparison test
EF: ejection fraction; bpm: beats per minute; Vol d/s: end-diastolic/systolic left ventricular volume; LVID-d/s: left ventricular inner
dimension at diastole/systole
*Indicates significant differences in the respective treatment group at
day 8 compared to this groups’ baseline measurement. There were no
differences regarding to gene deficiency for LMP7

quantification of the lymphoid cells in spleen tissue showed
a higher CD4+ T cell count and elevated numbers for NK
cells in infected LMP7−/− mice, with no effect on B cells or
CD8+ T cells (Fig. 2c). Together, aside from neutrophils, the
overall distribution of the immune cells and specifically that
of CD11b+ myeloid cells in infected mice differs between ipdeficient LMP7−/− mice (Fig. 2) and WT mice with inhibited
ip activity [2].

Altered proteasome isoform composition
in ip‑deficient LMP7−/− mice allows ip‑mediated
effects on myeloid immune cells
To differentiate the effects of ip-deficiency in
LMP7−/− mice from those of ONX 0914-treated WT mice
in terms of the cellular composition of the main immune
tissue compartments, we compared C D11b high leucocytes in bone marrow, spleen tissue and blood from naive
L MP7 −/− mice with those of ONX 0914-treated mice.
First, we asked how short term treatment with ONX 0914
affects the proteasome composition in immune cell compartments. Figure 3 shows the Western blot-based analysis
of proteasome subunits in bone marrow cells (BMC) and
spleen, exemplarily performed for the LMP7/β5i, LMP2/
β1i, β1, β5, α4 and α6 subunit of ONX 0914-treated A/J
WT mice 3 and 24 h after subcutaneous injection of the
compound and in comparison to vehicle (Captisol) treatment. A complete upward shift of the LMP7/β5i subunit,

Fig. 2  Peripheral immune cell composition in 
LMP7−/− A/J mice
during CV infection. a At day 8 p.i., blood was drawn for a peripheral
blood count. b, c At the same time point, spleen tissue was homogenized and single cell suspensions were subjected to immune cell
quantification by flow cytometry (n = 6 LMP7+/+ and n = 9 LMP7−/−
mice)

reflecting the irreversibly bound ONX 0914 in complex
with this subunit, demonstrates that the accessibility
of substrates to the active site of LMP7/β5i is blocked.
LMP2/β1i is partially affected by ONX 0914 and after
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myeloid immune cell counts resemble those of WT mice,
whereas ONX 0914 exerts distinct effects.

Immunoproteasome inhibition by ONX 0914
during the second wave of CV infection fails
to improve the cardiac output

Fig. 3  Proteasome inhibition and effects on the expression levels of
proteasome subunits by short time ONX 0914 treatment. A/J mice
were treated with the vehicle Captisol® or 10 mg/kg BW of the ip
inhibitor ONX 0914. After 3 and 24 h, bone marrow cells (BMC)
and spleen tissue were removed and protein lysates were subjected
to Western blot analysis (n = 1 per time point and treatment). Proteasome composition in each sample was analysed using primary antibodies against the α4 and α6 subunits expressed in all proteasome
isoforms and the proteolytically active immunoproteasome subunits
LMP7 and LMP2 and their respective standard proteasome counterparts β5 and β1. The additional upwards shifted bands indicate a
binding and inactivation by ONX 0914 of the respective proteasomal
subunits. Actin was used to indicate protein loading

3 h β5 is slightly inhibited, but recovers full activity by
24 h. Importantly, other than what has been reported for
LMP7−/− mice [40, 43], using this set-up, ONX 0914 had
no effect on the overall proteasome levels or on catalytic
subunits of the standard proteasome, as indicated by similar expression levels for α4 and α6, as well as β1 and β5,
respectively.
We then analyzed CD11bhigh immune cells from age- and
gender matched naive LMP7−/− and LMP7+/+ A/J mice, as
well as ONX 0914 and Captisol-treated A/J WT mice, by
flow cytometry. The results depicted in Fig. 4a show that
the myeloid immune cell composition is unaffected in naive
LMP7−/− mice, with equivalent counts of monocytes, macrophages and dendritic cells in bone marrow, spleen and
blood when compared to their WT controls. In contrast, inhibition of the ip by ONX 0914 in naive A/J WT mice reduced
the abundance of inflammatory monocytes, showing the
most prominent reduction in bone marrow (Fig. 4b). From
these experiments, we conclude that the pathophysiological
effects controlled by inflammatory monocytes, which are
crucial in CV myocarditis [35], might differ a great deal in
ip-deficient LMP7−/− and WT mice in which ip proteolysis
has been inhibited by ONX 0914. In LMP7−/− mice, the
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Others and we have demonstrated the critical role of inflammatory monocytes as a source of pro-inflammatory and
pro-fibrotic cytokines in the pathogenesis of myocarditis
and its sequela, inflammatory cardiomyopathy [33, 35].
However, based on the different influences of ip depletion
in LMP7−/− mice and ip inhibition by ONX 0914 on CV
myocarditis, it is unclear whether inhibitors of the ip, such
as ONX 0914, would be effective in a clinically relevant
setting to dampen adverse inflammatory responses during
acute viral myocarditis. The established pro-inflammatory
role of the ip leading to cardiac dysfunction in CV-infected
A/J mice [2] prompted us to ask how ONX 0914 treatment,
initiated after the first inflammatory wave seen 2–3 days
after viral infection, can influence cardiac performance and
the severity of viral myocarditis.
To set up an appropriate experimental ONX 0914 treatment protocol for the second inflammatory wave with acute
myocarditis in CV infected A/J mice, we considered the following aspects. We wished to initiate ONX 0914 treatment
as soon as the primary inflammatory response due to affection of pancreas and liver tissue has been established, based
on our previous experience with this model. As indicated
recently for other laboratory mouse strains, CV infection of
A/J WT mice triggers a hypoglycemic state with a prominent
dip in serum glucose levels early after infection (Fig. 5a), in
parallel with the peak systemic cytokine response around
day three/four in A/J mice [2]. From this stage onward, the
virus titer in the liver tissue drops, reaching a complete
lack of infectious viral particles by 6 days after infection
(Fig. 5b). The virus titer in heart tissue, however, increases
at this point in time (Fig. 5c), reflecting active viral replication in cardiac tissue. Serum glucose levels serve as a
surrogate parameter of the systemic inflammatory condition
during infection and they rise again after 6 days (Fig. 5a).
Based on these temporal aspects of established systemic
inflammatory responses, 3 days after infection prior to
virus replication in cardiac tissue, we initiated ONX 0914
in CV-infected A/J mice on day 3 and followed mice up
to 8 days (Fig. 6a), where inflammatory responses peak in
the heart. The overall weight loss that we observed during
CV infection was not influenced by ONX 0914 treatment
(Fig. 6b), with no CV-induced mortality, regardless of the
treatment group (data not shown). Histological staining of
cardiac sections revealed middle-grade necrosis/inflammation in both the ONX 0914 and Captisol-treated groups, with
no indication of an anti-inflammatory response under the
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Fig. 4  Immune cell phenotyping in naive ip-deficient LMP7−/− A/J
mice and ONX 0914 treated A/J mice. a Immune cell composition of
LMP7+/+ and age and gender matched L
 MP7−/− littermates (n = 6 per
group) was analysed in the bone marrow, spleen and peripheral blood
by flow cytometry. Bone marrow was taken from 2 femurs and 2 tibias of each mouse and total cells were quantified. b Similarly, in A/J
mice treated with vehicle (n = 4) or 10 mg/kg BW ONX 0914 (n = 4),
immune cell compartments were harvested 18 h later. Immune cells

were quantified by flow cytometry in the bone marrow of 2 femurs
and 2 tibias, spleen and peripheral blood. The variability between the
absolute immune cell abundancies, e.g., for L
 y6Chigh monocytes in
bone marrow from WT mice in a and sham-treated WT mice in b,
may be attributed due to heterogenous experimental conditions and
slightly diverse counting approaches of the two experimenters for a
and b. A direct comparison between the absolute cell counts in (a)
and (b) is not valid

influence of ONX 0914 (Fig. 6c, d). This result was corroborated by quantitative analysis of immune cells in heart tissue by flow cytometry. The total number of C
 D45+ immune
cells was equivalent in both treatment groups (Fig. 6e), with
CD11bhigh myeloid cells being the most abundant immune

cells in the inflamed heart. Infiltration of inflammatory
monocytes and neutrophils, but also that of T and B cells
was not influenced by ONX 0914 (Fig. 6f). Similarly, the
production of chemotactic cytokines as well as the production of pro-inflammatory cytokines, such as IFN-γ, IL-1β,
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Fig. 5  Biphasic course of CV infection in A/J mice. A/J mice were
infected with CV Nancy. Mice were analysed on day 3/4 and day 6
after infection for a blood glucose levels using a clinically approved
glucose meter and virus concentration in b liver and c heart tissue by
plaque assay

IL-6 and TNF-α, was not affected by ONX 0914 treatment
(Fig. 6h). The virus concentration as reflected by the viral
genome count and viral particle load in heart tissue after
8 days, revealed a higher CV content in the ONX 0914 group
(Fig. 6i, j).
Based on previous reports on re-shaped T cell differentiation with altered expression levels of inhibitory immune
checkpoint molecules [12, 49], we then asked whether ONX
0914 treatment might influence the T cell response in viral
myocarditis. We quantified the mRNA expression levels of
the early activation antigen CD69, together with IL-2 and
IFN-γ, for both CD8+ and CD4+ T cell activation, granzyme
A and perforin 1 as effector molecules of a CD8+ T cell
response, as well as IL17, CD25 and FoxP3 levels for C
 D4+
T cell differentiation, in addition to the immune checkpoint
molecule PD-1. In infected heart tissue, IL-2 and IFN-γ
levels, produced by both C
 D8+ and C
 D4+ T cells, were
increased regardless of ONX 0914 treatment, a finding corresponding to equally elevated expression of CD69 and PD-1
(Fig. 7a). IL-17 production was not upregulated in infected
heart tissue, which argues against a substantial infiltration
of Th17 cells during viral myocarditis of A/J mice. The elevated expression levels of CD25 and FoxP3 in heart tissue
indicated an infiltration of regulatory T cells, with no effect
of ONX 0914 treatment. The quantification of granzyme
A and perforin 1, both effector molecules of CD8+ T cells,
revealed lower expression levels in ONX 0914-treated mice
(Fig. 7a). This, in line with our previous study [2], indicates
fewer active CD8+ T cells, a population making only a minor
contribution to the pool of invading immune cells. Overall,
our data show that ONX 0914 exerts no major effects on T
cell responses in the infected heart. Since the heart tissue,
as an effector organ of the adaptive immune response, might
not reflect all systemic effects potentially exercised by ONX
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0914, we also profiled CD8+ and CD4+ T cell activation in
spleen, a secondary lymphoid organ (Fig. 7b). Splenic T
cells had a lower activation status in comparison to the cells
in heart tissue, as reflected by unaltered expression of CD69,
IL-2, IFN-γ and granzyme A in infected mice, regardless of
ONX 0914 treatment. Importantly, in the ONX 0914-treated
group, mRNA expression profiling revealed a marked
increase of FoxP3 and higher CD25 levels, indicative of an
elevated presence of regulatory C
 D4+ T cells in comparison
to the vehicle group. Together with elevated PD-1 levels, an
inhibitory immune checkpoint molecule, these data indicate
that ONX 0914 steers the adaptive C
 D4+ T cell response
towards an immune suppressive activity, which leads to less
effective control of the virus in heart tissue upon treatment
with ONX-0914.
Nevertheless, despite the adverse effects of ONX 0914
on virus control, the inflammatory heart tissue damage during acute myocarditis was not substantially affected whenever blockade of ip activity was postponed to a time point
after systemic inflammation was established. Importantly,
the anti-inflammatory influence of ONX 0914 treatment
observed when treatment was initiated prior to infection [2]
vanished completely. Similar to our analysis of viral myocarditis in LMP7−/− mice, echocardiography was performed
to determine whether ONX 0914 treatment, applied during
the second wave of infection, influences cardiac function.
CV infection in A/J mice resulted in a significant drop of the
cardiac output, mainly attributed to impaired left ventricular filling (Vol d), which was not influenced by ONX 0914
treatment (Table 2). The elevation of the LVEF in vehicletreated mice during viral myocarditis, which was absent in
the infected ONX 0914 group and had not been observed in
any of our previous studies [2, 40], had virtually no effect on
the cardiac output. We conclude that ONX 0914-mediated ip
inhibition, initiated after the primary inflammatory response
in CV infection has been established, cannot counteract the
inflammation-triggered impairment of the cardiac output.

Discussion
In a recent study, we demonstrated that, in contrast to the
effects seen in CV-infected C57BL/6 and NMRI mice [2,
40], the ip inhibitor ONX 0914 protects A/J mice from
developing CV myocarditis. In A/J mice, where the severe
CV-triggered pathology is primarily attributed to a sepsislike cytokine storm and distributive shock condition, ip
activity is on the whole detrimental [2]. Unlike C57BL/6
mice [28], A/J mice can also be used as a model organism to investigate troponin I-directed cardiac autoimmunity
[20]. AM is known to be triggered by viral infection [46] or
by therapy with immune checkpoint inhibitors (ICI) targeting, e.g., the PD-1/PD-1L pathway [25], with ICI-related
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Fig. 6  Impact of ONX 0914 treatment on viral myocarditis after systemic inflammation has been established. a Age and gender matched
A/J mice were infected with CV Nancy. Starting on day 3, CV
infected mice were either treated with the vehicle Captisol® or with
10 mg/kg BW ONX 0914 daily (n = 10 per group) and mice were analysed on day 8. b Body weight was monitored daily. c, d Formalin
fixated and paraffin embedded heart tissue sections were stained with
hematoxylin and eosin and myocarditis severity was assessed. Representative micrographs of the hematoxylin and eosin stained heart
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tissue sections are depicted d. e, f Immune cell infiltration into the
heart was quantified by flow cytometry. Chemotactic g and h proinflammatory cytokine mRNA expression in cardiac tissue on day 8
after infection, as determined by qPCR in both groups (n = 10) and
normalized to vehicle (n = 5) or ONX 0914-treated control groups
(n = 6). Virus concentration was quantified by plaque assay (I)
and viral genome was analyzed by qPCR j. Data is summarized as
mean ± SEM
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Fig. 7  Impact of ONX 0914 treatment on T cell responses. Age
and gender matched A/J mice were infected with CV Nancy. Starting on day 3, CV infected mice were either treated with the vehicle Captisol® or with 10 mg/kg BW ONX 0914 daily (n = 10 per
group) and mice were analysed on day 8. The data reflect cardiac a and splenic b mRNA expression levels, as determined by
qPCR in each group (n = 10) and normalized to vehicle ( = 5) and
nONX 0914-treated control groups (n = 6). Data is summarized as
mean ± SEM

myocarditis being a severe, if rare, side effect in cancer
immunotherapy [12]. Similar to viral myocarditis, in AM
of A/J mice, the ip stimulates the production of chemotactic and pro-inflammatory cytokines, the later governing CD4+ T cell differentiation into Th17 and Th1 cells in
autoimmune heart disease [39] and cumulating in cardiac
tissue damage and dysfunction [12]. Based on these findings, we set up this study, aiming to obtain a deeper insight
into the immune pathways that contribute to the adverse
effects achieved by ip-mediated proteolysis in CV-infected
A/J mice and simultaneously question the therapeutic utility of ip inhibitors for severe viral myocarditis. Altogether,
our findings demonstrate that the therapeutic efficacy of ip
inhibitors for CV-triggered myocarditis in A/J mice relies on
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their immunomodulatory effects on the systemic inflammatory response reaction.
Several aspects initially prompted us to investigate CV myocarditis in A/J-LMP7 −/− mice. From
the mouse model of TnI-induced AM, we knew that
the phenotype found in ip-deficient mice, seen for
LMP2−/− and LMP2−/−/LMP7−/−/Mecl-1−/− mice in addition to LMP7−/− mice, has the same mitigated inflammation during AM, and this was also observed in mice treated
with the ip inhibitor ONX 0914 [12]. Contrary to the effects
attributed to ip inhibition in this model, PRR-triggered proinflammatory cytokine responses, however, are not substantially affected by genetic ablation of ip subunits [11, 15, 37].
These divergent results, obtained with TLR-activated macrophages or monocytes from L
 MP7−/− mice in comparison
to ONX 0914-treated cells from WT mice, indicate that the
elevated expression of the standard proteasome, seen, e.g.,
in spleen tissue of L
 MP7−/− mice [12], triggers similar proinflammatory cytokine responses, as the ones mediated by ip
proteolysis in WT mice. Other than that, a short-term ONX
0914 treatment, as shown here, has no relevant influence on
the level of the standard proteasome after 24 h in cells from
spleen or bone marrow. The reduction of the cardiac output
in CV-infected LMP7−/− mice, which is mainly attributed to
lower ventricular filling and does not involve a deterioration
of the systolic function of the left ventricle, is not altered in
comparison to WT controls. Diastolic filling in CV-infected
mice reflects the systemic pro-inflammatory reaction, leading to lower peripheral resistance of the vasculature [2, 13,
32]. The reduced cardiac output that we found in both CVinfected LMP7−/− mice and littermate WT controls implies
similar cytokine responses triggered by CV infection in
both hosts. Moreover, this finding also implicates that the
improved cardiac filling, which we reported earlier for CVinfected A/J mice under the influence of ONX 0914 [2], is
at least partially attributed to a suppression of the systemic
cytokine response early upon infection, found in infected
animals with blocked ip activity and lack of compensatory
standard proteasome formation [40].
Supportive data for the differential myeloid-cell derived
inflammatory immune response in WT mice with ONX
0914-blocked ip activity in comparison to genetic ablation
of ip subunits in LMP7−/− mice comes from our finding that
myeloid immune cell counts are heterogeneously affected.
The prominent ONX 0914-mediated neutrophilia [2, 38],
which is due to promoted egress of this cell population
from the bone marrow niche [2], is less well developed, if
it is present at all, in LMP7−/− mice. Other than by ONX
0914 treatment, where consistent with findings of this study,
reduced human monocyte counts emerge [6], monocyte
counts in infected, but also in naive L
 MP7−/− mice, show
no differences relative to those measured in WT mice. From
these experiments, we conclude that the pathophysiological
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Table 2  Analysis of cardiac
function in A/J mice after ONX
0914 treatment during acute CV
myocarditis
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Vehicle

Heart rate (bpm)
Trace EF (%)
Cardiac output (mL/min)
Stroke volume (µL)
Vol d (µL)
Vol s (µL)
LVID-d (mm)
LVID-s (mm)

7

ONX 0914

Baseline

Day 8

Baseline

Day 8

401 ± 11
48.6 ± 1.6
8.9 ± 0.4
22.2 ± 1.0
45.6 ± 1.2
23.4 ± 0.8
3.7 ± 0.1
2.8 ± 0.1

354 ± 15
57.2 ± 3.3
6.2 ± 0.3*
17.4 ± 0.7*
31.4 ± 2.1*
14.0 ± 1.8*
3.3 ± 0.1*
2.4 ± 0.1*

410 ± 10
47.6 ± 1.0
8.2 ± 0.3
20.0 ± 0.6
42.1 ± 0.8
22.1 ± 0.6
3.7 ± 0.1
2.8 ± 0.1

379 ± 14
46.1 ± 3.1§
5.9 ± 0.5*
15.5 ± 1.3*
33.5 ± 1.6*
18.1 ± 1.3*,§
3.2 ± 0.1*
2.4 ± 0.1*

ONX 0914 (10 mg/kg BW) was initiated in A/J mice 3 days after to infection (n = 10). Echocardiography
was performed prior to infection (baseline, day 0) and on day 8 post-infection. Age- and gender-matched
vehicle-treated mice served as controls (n = 10 vehicle). Data shown are mean values ± SEM and were analyzed using repeated measurements two-way ANOVA, followed by Sidak’s multiple comparison test
EF: ejection fraction; bpm: beats per minute; Vol d/s: end-diastolic/-systolic left ventricular volume; LVIDd/s: left ventricular inner dimension at diastole/systole
*Indicates significant differences in the respective treatment group at day 8 compared to this groups’ baseline measurement. § indicates significant differences regarding to ONX 0914 treatment after infection

effects controlled by inflammatory monocytes, which are
crucial in CV myocarditis [35], might differ a great deal
between ip-deficient LMP7−/− mice and WT mice, where ip
proteolysis is inhibited by ONX 0914 only for a short time.
In LMP7−/− mice, the myeloid immune cell counts resemble those of WT mice, whereas ONX 0914 exerts specific
effects, indicating that the ip controls cellular processes,
such as survival and/or proliferation of inflammatory monocytes [6]. In ip-deficient mice with inborne defects of LMP7,
these effects are not observed, suggesting other genes are
compensating for the missing gene products. Such biological
compensation, attributed to increased standard proteasome
expression in L
 MP7−/− mice, apparently camouflages the
contribution of ip activity to the pathology observed early in
CV infection. Nevertheless, cells after long-term treatment
with ONX 0914, such as for a 4 week period in AM, exert
changes of the proteasome subunit expression profile similar to those seen in L
 MP7−/− mice [12]. Such adaption by
the standard proteasome counterpart of the ip explains why
ONX 0914-mediated effects, such as on myeloid cell abundance, can vanish after such a prolonged treatment protocol.
Other than has been shown for the systemic inflammatory response, the impact of ip proteolysis on CD4+ T
cell activation and differentiation towards Th17 lymphocytes with less regulatory T cells, as well as suppression
of inhibitory immune checkpoint molecules, such as PD-1,
appears to be the same for LMP7−/− mice and ip-inhibitor
treated animals [7, 9, 12, 37]. In fact, this study confirmed
the role of ip inhibitors for steering C
 D4+ T cell differentiation towards a suppressive phenotype with more regulatory T cells and higher expression of PD-1 in spleen tissue,
also during viral myocarditis. The finding that myocardial
inflammation remains unaffected in both LMP7−/− and ONX

0914-treated mice (days 3–8) indicates that those adaptive immune responses operative in troponin I AM, most
likely do not substantially contribute to the manifestation of
acute CV myocarditis in A/J mice. On the other hand, the
immunosuppressive activity of ONX 0914 on pro-inflammatory CD4+ T cell immunity might partially explain why
the virus concentration was increased in heart tissue under
the influence of ONX 0914 (days 3–8). In troponin I AM,
heart-directed autoimmunity in A/J mice results in reduced
systolic function of the left ventricle, with mitigated inflammation in L
 MP7−/− mice leading to improved cardiac function [12]. However, in viral myocarditis, others and we found
no decrease in the contractile performance of the heart, as
would be reflected by reduced LVEF, irrespective of the
genetic background of the laboratory mouse strains tested
[2, 34, 35, 40]. Therefore, even if a beneficial effect, such as
ablation of LMP7, were to be expected, a biologically relevant improvement of the LVEF in CV-infected mice would
be unlikely. Altogether, our experiments with CV infected
LMP7−/− (A/J) mice indicate that the pro-inflammatory
action achieved by ip proteolysis is compensated for by an
altered proteasome isoform pattern [12, 48] that virtually
balances the biological effects seen in infected WT mice.
The anti-inflammatory capacity of ip inhibitors is
remarkable in troponin I AM [12] and, similar to observations in experimental autoimmune encephalomyelitis (EAM) [9], also the progression of the disease can
be ameliorated by ONX 0914, even after autoimmunity
has been established in these models. In contrast to these
reports on autoimmunity, where ONX 0914 is protective
following both prophylactic and therapeutic approaches,
in this study, we demonstrate that delay of the initiation
of ONX 0914 treatment to a time point when systemic
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inflammatory responses in CV infected A/J mice emerge
prior to cardiac injury, has no beneficial effect on viral
myocarditis. In fact, reminiscent of previous reports in
NMRI [40] and C57BL/6 mice [2], we found that ONX
0914 treatment apparently interfered with host response
pathways, which limit the virus concentration in heart
tissue. In addition to altered CD4+ T cell immunity, this
might be attributed to a lack of ip selectivity for ONX
0914 in inflamed heart tissue, with the compound leading
to substantial inhibition of the standard cardiac proteasome
subunit β5 at this stage. Regarding the anti-inflammatory
role of ONX 0914, we confirmed earlier that ONX 0914
efficiently blocked ip function also at advanced stages of
CV infection, such as in spleen tissue [40], arguing against
any loss of inhibitory capacity by ONX 0914 in immune
cells with constitutive ip expression. Thus, the anti-inflammatory action of ip inhibitors must take place prior to the
manifestation of the first inflammatory wave in A/J mice
to exert a biologically relevant effect on CV infection.
During CV myocarditis, the cardiac output, together with
the diastolic filling, were not influenced by ONX 0914
applied between 3 and 7 days after infection. In contrast,
ONX 0914-mediated inhibition of systemic inflammation
in CV infection, whenever the compound was administered prior to infection, resulted in higher ventricular filling and improved cardiac output [2]. Based on this, we
hypothesize that, in general, mainly the systemic inflammatory condition and the thereby altered vascular tonus
contribute to the reduced cardiac output, seen after CV
infection, whereas cardiac injury, if it has any influence at
all, it is a minor one. Further support for the fact that the
systemic inflammatory response is the main determinant
for the reduced cardiac output in infected mice comes from
another study. Infection of mice with a genetically engineered CV, exerting a comparatively mild first inflammatory wave, yet targeting the heart, develop no functional
deterioration of the heart despite the emergence of viral
cytotoxicity and inflammatory responses in the heart [44].
In conclusion, this study demonstrates that the beneficial
effects to mitigate CV-triggered myocarditis in A/J mice
due to inhibition of the ip rely on their immunomodulatory
effects on the systemic inflammatory response reaction. To
mitigate cardiac inflammation in viral myocarditis, blockade
of the ip needs to be accomplished by the inhibitory compound, prior to when the cytokine-triggered global inflammatory response promotes cardiac inflammatory injury.
Data from other laboratory strains, such as C57BL/6 and
NMRI mice, obtained while undergoing CV myocarditis,
showed that treatment with ONX 0914 either had no effect
or it resulted in exacerbated myocardial inflammation [2,
40]. Together with these results, the need for targeting the
systemic inflammatory response prior to the onset of myocardial injury to achieve mitigated viral myocarditis in A/J
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mice hampers the utility of ip inhibitors for acute viral heart
disease.
Acknowledgements We acknowledge K. Voss and M. Taube for excellent technical assistance. We acknowledge T. Kaiser and the support
provided by the flow cytometry core facility of the German Rheumatism Research Center, Berlin, Germany. We also thank E. Wade for
critical reading of the manuscript and helpful comments.
Authors’ contributions Conceptualization: AB; Supervision: AB;
Methodology: AB, CCG, MK, NA, AH, KK; Data acquisition: CCG,
HLN, NA, AH, MK, KK, ZK; Data analysis: CCG, AB, HLN, NA,
AH, KK; Data visualization: AB, CCG, KK; Funding acquisition: AB,
ZK; Writing ± original draft: AB, CCG. All authors read and approved
the final manuscript.
Funding Open Access funding enabled and organized by Projekt
DEAL. This project was funded by the German Research Foundation
(DFG) SFB1292, TP02 and DFG VO 1602/4, BE 6335/4 to AB and
KA1797/7 to ZK. AB is supported by the Foundation for Experimental
Biomedicine Zurich, Switzerland. CCG and HLN were supported by
a MD scholarship provided by the Berlin Institute of Health (BIH).
CCG is participant in the BIH-Charité Junior Clinician Scientist Program funded by Charité –Universitätsmedizin Berlin and the Berlin Institute of Health. MK was supported by the International Max
Planck Research School for Infection Biology and by the International
Research Training Group of the University Medical Center Mainz.

Compliance with ethical standards
Conflicts of interest The authors declare they have no conflicts of interest.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References
1. Aki M, Shimbara N, Takashina M, Akiyama K, Kagawa S,
Tamura T, Tanahashi N, Yoshimura T, Tanaka K, Ichihara A
(1994) Interferon-gamma induces different subunit organizations
and functional diversity of proteasomes. J Biochem 115:257–269.
https://doi.org/10.1093/oxfordjournals.jbchem.a124327
2. Althof N, Goetzke CC, Kespohl M, Voss K, Heuser A, Pinkert
S, Kaya Z, Klingel K, Beling A (2018) The immunoproteasomespecific inhibitor ONX 0914 reverses susceptibility to acute
viral myocarditis. EMBO Mol Med 10:200–218. https://doi.
org/10.15252/emmm.201708089
3. Althof N, Harkins S, Kemball CC, Flynn CT, Alirezaei M,
Whitton JL (2014) In vivo ablation of type I interferon receptor from cardiomyocytes delays coxsackieviral clearance and

Basic Research in Cardiology

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.
15.

16.

17.

(2021) 116:7

accelerates myocardial disease. J Virol 88:5087–5099. https://
doi.org/10.1128/jvi.00184-14
Badorff C, Lee GH, Lamphear BJ, Martone ME, Campbell KP,
Rhoads RE, Knowlton KU (1999) Enteroviral protease 2A cleaves
dystrophin: evidence of cytoskeletal disruption in an acquired cardiomyopathy. Nat Med 5:320–326. https://doi.org/10.1038/6543
Baldeviano GC, Barin JG, Talor MV, Srinivasan S, Bedja D,
Zheng D, Gabrielson K, Iwakura Y, Rose NR, Cihakova D (2010)
Interleukin-17A is dispensable for myocarditis but essential for the
progression to dilated cardiomyopathy. Circ Res 106:1646–1655
Basler M, Claus M, Klawitter M, Goebel H, Groettrup M (2019)
Immunoproteasome inhibition selectively kills human CD14(+)
monocytes and as a result dampens IL-23 secretion. J Immunol
203:1776–1785. https://doi.org/10.4049/jimmunol.1900182
Basler M, Dajee M, Moll C, Groettrup M, Kirk CJ (2010) Prevention of experimental colitis by a selective inhibitor of the immunoproteasome. J Immunol 185:634–641. https://doi.org/10.4049/
jimmunol.0903182
Basler M, Lindstrom MM, LaStant JJ, Bradshaw JM, Owens TD,
Schmidt C, Maurits E, Tsu C, Overkleeft HS, Kirk CJ, Langrish
CL, Groettrup M (2018) Co-inhibition of immunoproteasome
subunits LMP2 and LMP7 is required to block autoimmunity. E
EMBO Rep 19:e46512. https: //doi.org/10.15252/ embr.201846 512
Basler M, Mundt S, Muchamuel T, Moll C, Jiang J, Groettrup M,
Kirk CJ (2014) Inhibition of the immunoproteasome ameliorates
experimental autoimmune encephalomyelitis. EMBO Mol Med
6:226–238
Beling A, Kespohl M (2018) Proteasomal protein degradation: adaptation of cellular proteolysis with impact on virus—
and cytokine-mediated damage of heart tissue during myocarditis. Front Immunol 9:2620. https://doi.org/10.3389/fimmu
.2018.02620
Bitzer A, Basler M, Krappmann D, Groettrup M (2017) Immunoproteasome subunit deficiency has no influence on the canonical
pathway of NF-kappaB activation. Mol Immunol 83:147–153.
https://doi.org/10.1016/j.molimm.2017.01.019
Bockstahler M, Fischer A, Goetzke CC, Neumaier HL, Sauter M, Kespohl M, Müller AM, Meckes C, Salbach C, Schenk
M, Heuser A, Landmesser U, Weiner J, Meder B, Lehmann L,
Kratzer A, Klingel K, Katus HA, Kaya Z, Beling A (2020) Heartspecific immune responses in an animal model of autoimmunerelated myocarditis mitigated by an immunoproteasome inhibitor
and genetic ablation. Circulation 141:1885–1902. https://doi.
org/10.1161/circulationaha.119.043171
Cain BS, Meldrum DR, Dinarello CA, Meng X, Joo KS, Banerjee
A, Harken AH (1999) Tumor necrosis factor-alpha and interleukin-1beta synergistically depress human myocardial function.
Crit Care Med 27:1309–1318. https://doi.org/10.1097/00003
246-199907000-00018
Corsten MF, Schroen B, Heymans S (2012) Inflammation in viral
myocarditis: friend or foe? Trends Mol Med 18:426–437. https://
doi.org/10.1016/j.molmed.2012.05.005
de Verteuil DA, Rouette A, Hardy MP, Lavallee S, Trofimov A,
Gaucher E, Perreault C (2014) Immunoproteasomes shape the
transcriptome and regulate the function of dendritic cells. J Immunol 193:1121–1132. https://doi.org/10.4049/jimmunol.1400871
Eriksson U, Ricci R, Hunziker L, Kurrer MO, Oudit GY, Watts
TH, Sonderegger I, Bachmaier K, Kopf M, Penninger JM (2003)
Dendritic cell-induced autoimmune heart failure requires cooperation between adaptive and innate immunity. Nat Med 9:1484–
1490. https://doi.org/10.1038/nm960
Fehling HJ, Swat W, Laplace C, Kuhn R, Rajewsky K, Muller U,
Vonboehmer H (1994) Mhc Class-I expression in mice lacking
the proteasome subunit Lmp-7. Science 265:1234–1237. https://
doi.org/10.1126/science.8066463

Page 15 of 16

7

18. Feldman AM, McNamara D (2000) Myocarditis. New Engl J Med
343:1388–1398. https: //doi.org/10.1056/NEJM20 00110 93431 908
19. Flynn CT, Kimura T, Frimpong-Boateng K, Harkins S, Whitton
JL (2017) Immunological and pathological consequences of coxsackievirus RNA persistence in the heart. Virology 512:104–112.
https://doi.org/10.1016/j.virol.2017.09.017
20. Goser S, Andrassy M, Buss SJ, Leuschner F, Volz CH, Ottl R,
Zittrich S, Blaudeck N, Hardt SE, Pfitzer G, Rose NR, Katus
HA, Kaya Z (2006) Cardiac troponin I but not cardiac troponin T
induces severe autoimmune inflammation in the myocardium. Circulation 114:1693–1702. https://doi.org/10.1161/CIRCULATIO
NAHA.106.635664
21. Groettrup M, Standera S, Stohwasser R, Kloetzel PM (1997) The
subunits MECL-1 and LMP2 are mutually required for incorporation into the 20S proteasome. Proc Natl Acad Sci USA. 94:8970–
8975. https://doi.org/10.1073/pnas.94.17.8970
22. Huber EM, Basler M, Schwab R, Heinemeyer W, Kirk CJ,
Groettrup M, Groll M (2012) Immuno- and constitutive proteasome crystal structures reveal differences in substrate and
inhibitor specificity. Cell 148:727–738. https://doi.org/10.1016/j.
cell.2011.12.030
23. Hulsmans M, Sager HB, Roh JD, Valero-Muñoz M, Houstis NE,
Iwamoto Y, Sun Y, Wilson RM, Wojtkiewicz G, Tricot B, Osborne
MT, Hung J, Vinegoni C, Naxerova K, Sosnovik DE, Zile MR,
Bradshaw AD, Liao R, Tawakol A, Weissleder R, Rosenzweig A,
Swirski FK, Sam F, Nahrendorf M (2018) Cardiac macrophages
promote diastolic dysfunction. J Exp Med 215:423–440. https://
doi.org/10.1084/jem.20171274
24. Jaquenod De Giusti C, Ure AE, Rivadeneyra L, Schattner M,
Gomez RM (2015) Macrophages and galectin 3 play critical roles
in CVB3-induced murine acute myocarditis and chronic fibrosis. J Mol Cell Cardiol 85:58–70. https://doi.org/10.1016/j.yjmcc
.2015.05.010
25. Johnson DB, Balko JM, Compton ML, Chalkias S, Gorham J, Xu
Y, Hicks M, Puzanov I, Alexander MR, Bloomer TL, Becker JR,
Slosky DA, Phillips EJ, Pilkinton MA, Craig-Owens L, Kola N,
Plautz G, Reshef DS, Deutsch JS, Deering RP, Olenchock BA,
Lichtman AH, Roden DM, Seidman CE, Koralnik IJ, Seidman
JG, Hoffman RD, Taube JM, Diaz LA Jr, Anders RA, Sosman
JA, Moslehi JJ (2016) Fulminant myocarditis with combination
immune checkpoint blockade. New Engl J Med 375:1749–1755.
https://doi.org/10.1056/NEJMoa1609214
26. Kalim KW, Basler M, Kirk CJ, Groettrup M (2012) Immunoproteasome subunit LMP7 deficiency and inhibition suppresses Th1
and Th17 but enhances regulatory T cell differentiation. J Immunol 189:4182–4193. https://doi.org/10.4049/jimmunol.1201183
27. Kemball CC, Alirezaei M, Whitton JL (2010) Type B coxsackieviruses and their interactions with the innate and adaptive immune
systems. Future Microbiol 5:1329–1347. https://doi.org/10.2217/
fmb.10.101
28. Kespohl M, Bredow C, Klingel K, Voss M, Paeschke A, Zickler
M, Poller W, Kaya Z, Eckstein J, Fechner H, Spranger J, Fahling M, Wirth EK, Radoshevich L, Thery F, Impens F, Berndt N,
Knobeloch KP, Beling A (2020) Protein modification with ISG15
blocks coxsackievirus pathology by antiviral and metabolic reprogramming. Sci Adv. 6:eaay1109. https://doi.org/10.1126/sciad
v.aay1109
29. Kincaid EZ, Che JW, York I, Escobar H, Reyes-Vargas E, Delgado
JC, Welsh RM, Karow ML, Murphy AJ, Valenzuela DM, Yancopoulos GD, Rock KL (2012) Mice completely lacking immunoproteasomes show major changes in antigen presentation. Nat
Immunol 13:129–135. https://doi.org/10.1038/ni.2203
30. Kindermann I, Kindermann M, Kandolf R, Klingel K, Bultmann
B, Muller T, Lindinger A, Bohm M (2008) Predictors of outcome
in patients with suspected myocarditis. Circulation 118:639–648.
https://doi.org/10.1161/CIRCULATIONAHA.108.769489

13

7

Page 16 of 16

31. Klingel K, Hohenadl C, Canu A, Albrecht M, Seemann M, Mall
G, Kandolf R (1992) Ongoing enterovirus-induced myocarditis
is associated with persistent heart-muscle infection-quantitativeanalysis of virus-replication, tissue-damage, and inflammation.
Proc Natl Acad Sci USA 89:314–318. https://doi.org/10.1073/
pnas.89.1.314
32. Kumar A, Thota V, Dee L, Olson J, Uretz E, Parrillo JE (1996)
Tumor necrosis factor alpha and interleukin 1beta are responsible
for in vitro myocardial cell depression induced by human septic
shock serum. J Exp Med 183:949–958. https://doi.org/10.1084/
jem.183.3.949
33. Leuschner F, Courties G, Dutta P, Mortensen LJ, Gorbatov R,
Sena B, Novobrantseva TI, Borodovsky A, Fitzgerald K, Koteliansky V, Iwamoto Y, Bohlender M, Meyer S, Lasitschka F, Meder B,
Katus HA, Lin C, Libby P, Swirski FK, Anderson DG, Weissleder
R, Nahrendorf M (2015) Silencing of CCR2 in myocarditis. Eur
Heart J 36:1478–1488. https://doi.org/10.1093/eurheartj/ehu225
34. Loebel M, Holzhauser L, Hartwig JA, Shukla PC, Savvatis K,
Jenke A, Gast M, Escher F, Becker SC, Bauer S, Stroux A, Beling
A, Kespohl M, Pinkert S, Fechner H, Kuehl U, Lassner D, Poller
W, Schultheiss HP, Zeller T, Blankenberg S, Papageorgiou AP,
Heymans S, Landmesser U, Scheibenbogen C, Skurk C (2018)
The forkhead transcription factor Foxo3 negatively regulates
natural killer cell function and viral clearance in myocarditis. Eur
Heart J 39:876–887. https://doi.org/10.1093/eurheartj/ehx624
35. Meyer IS, Goetzke CC, Kespohl M, Sauter M, Heuser A, Eckstein
V, Vornlocher H-P, Anderson DG, Haas J, Meder B, Katus HA,
Klingel K, Beling A, Leuschner F (2018) Silencing the CSF-1
axis using nanoparticle encapsulated siRNA mitigates viral and
autoimmune myocarditis. Front Immunol. https: //doi.org/10.3389/
fimmu.2018.02303
36. Mishto M, Liepe J, Textoris-Taube K, Keller C, Henklein P,
Weberruss M, Dahlmann B, Enenkel C, Voigt A, Kuckelkorn U,
Stumpf MP, Kloetzel PM (2014) Proteasome isoforms exhibit
only quantitative differences in cleavage and epitope generation.
Eur J Immunol 44:3508–3521. https://doi.org/10.1002/eji.20144
4902
37. Muchamuel T, Basler M, Aujay MA, Suzuki E, Kalim KW, Lauer
C, Sylvain C, Ring ER, Shields J, Jiang J, Shwonek P, Parlati F,
Demo SD, Bennett MK, Kirk CJ, Groettrup M (2009) A selective inhibitor of the immunoproteasome subunit LMP7 blocks
cytokine production and attenuates progression of experimental
arthritis. Nat Med 15:781–787. https://doi.org/10.1038/nm.1978
38. Mundt S, Basler M, Buerger S, Engler H, Groettrup M (2016)
Inhibiting the immunoproteasome exacerbates the pathogenesis
of systemic Candida albicans infection in mice. Sci Rep 6:19434.
https://doi.org/10.1038/srep19434
39. Myers JM, Cooper LT, Kem DC, Stavrakis S, Kosanke SD,
Shevach EM, Fairweather D, Stoner JA, Cox CJ, Cunningham
MW (2016) Cardiac myosin-Th17 responses promote heart failure in human myocarditis. JCI Insight. 1:e85851. https://doi.
org/10.1172/jci.insight.85851
40. Neumaier HL, Harel S, Klingel K, Kaya Z, Heuser A, Kespohl
M, Beling A (2020) ONX 0914 lacks selectivity for the cardiac
immunoproteasome in coxsackievirusB3 myocarditis of NMRI
mice and promotes virus-mediated tissue damage. Cells 9:1093.
https://doi.org/10.3390/cells9051093
41. Neumann DA, Rose NR, Ansari AA, Herskowitz A (1994) Induction of multiple heart autoantibodies in mice with coxsackievirus B3- and cardiac myosin-induced autoimmune myocarditis. J
Immunol 152:343–350 PMID: 8254202
42. Opitz E, Koch A, Klingel K, Schmidt F, Prokop S, Rahnefeld
A, Sauter M, Heppner FL, Volker U, Kandolf R, Kuckelkorn U,
Stangl K, Kruger E, Kloetzel PM, Voigt A (2011) Impairment of
immunoproteasome function by beta5i/LMP7 subunit deficiency

13

Basic Research in Cardiology

43.

44.

45.

46.
47.

48.

49.

50.
51.

52.
53.

54.

(2021) 116:7

results in severe enterovirus myocarditis. PLoS Path. 7:1–13. https
://doi.org/10.1371/journal.ppat.1002233
Paeschke A, Possehl A, Klingel K, Voss M, Voss K, Kespohl M,
Sauter M, Overkleeft HS, Althof N, Garlanda C, Voigt A (2016)
The immunoproteasome controls the availability of the cardioprotective pattern recognition molecule Pentraxin3. Eur J Immunol
46:619–633. https://doi.org/10.1002/eji.201545892
Pinkert S, Dieringer B, Klopfleisch R, Savvatis K, Van Linthout S, Pryshliak M, Tschope C, Klingel K, Kurreck J, Beling A,
Fechner H (2019) Early treatment of coxsackievirus B3-infected
animals with soluble coxsackievirus-adenovirus receptor inhibits
development of chronic coxsackievirus B3 cardiomyopathy. Circ
Heart Fail 12:e005250. https://doi.org/10.1161/circheartfailur
e.119.005250
Rahnefeld A, Klingel K, Schuermann A, Diny NL, Althof N,
Lindner A, Bleienheuft P, Savvatis K, Respondek D, Opitz E,
Ketscher L, Sauter M, Seifert U, Tschope C, Poller W, Knobeloch KP, Voigt A (2014) Ubiquitin-like protein ISG15 (interferonstimulated gene of 15 kDa) in host defense against heart failure
in a mouse model of virus-induced cardiomyopathy. Circulation
130:1589–1600. https: //doi.org/10.1161/circul ation aha.114.00984
7
Rose NR (2008) Autoimmunity in coxsackievirus infection. Curr Top Microbiol Immunol 323:293–314. https://doi.
org/10.1007/978-3-540-75546-3_14
Singh PK, Fan H, Jiang X, Shi L, Nathan CF, Lin G (2016)
Immunoproteasome beta5i-selective dipeptidomimetic inhibitors. ChemMedChem 11:2127–2131. https://doi.org/10.1002/
cmdc.201600384
Spur EM, Althof N, Respondek D, Klingel K, Heuser A, Overkleeft HS, Voigt A (2016) Inhibition of chymotryptic-like standard
proteasome activity exacerbates doxorubicin-induced cytotoxicity
in primary cardiomyocytes. Toxicology 353–354:34–47. https://
doi.org/10.1016/j.tox.2016.04.010
Sula Karreci E, Fan H, Uehara M, Mihali AB, Singh PK, Kurdi
AT, Solhjou Z, Riella LV, Ghobrial I, Laragione T, Routray S,
Assaker JP, Wang R, Sukenick G, Shi L, Barrat FJ, Nathan CF,
Lin G, Azzi J (2016) Brief treatment with a highly selective
immunoproteasome inhibitor promotes long-term cardiac allograft
acceptance in mice. Proc Natl Acad Sci USA 113:E8425–E8432.
https://doi.org/10.1073/pnas.1618548114
Thibaut HJ, De Palma AM, Neyts J (2012) Combating enterovirus
replication: state-of-the-art on antiviral research. Biochem Pharmaco 83:185–192. https://doi.org/10.1016/j.bcp.2011.08.016
Wessely R, Klingel K, Knowlton KU, Kandolf R (2001) Cardioselective infection with coxsackievirus B3 requires intact type
I interferon signaling-Implications for mortality and early viral
replication. Circulation 103:756–761. https://doi.org/10.1161/01.
cir.103.5.756
Whitton JL, Cornell CT, Feuer R (2005) Host and virus determinants of picornavirus pathogenesis and tropism. Nat Rev Microbiol 3:765–776. https://doi.org/10.1038/nrmicro1284
Xiong D, Yajima T, Lim BK, Stenbit A, Dublin A, Dalton ND,
Summers-Torres D, Molkentin JD, Duplain H, Wessely R, Chen
J, Knowlton KU (2007) Inducible cardiac-restricted expression of
enteroviral protease 2A is sufficient to induce dilated cardiomyopathy. Circulation 115:94–102
Zimmermann O, Homann JM, Bangert A, Muller AM, Hristov G,
Goeser S, Wiehe JM, Zittrich S, Rottbauer W, Torzewski J, Pfitzer
G, Katus HA, Kaya Z (2012) Successful use of mRNA-nucleofection for overexpression of interleukin-10 in murine monocytes/
macrophages for anti-inflammatory therapy in a murine model of
autoimmune myocarditis. J Am Heart Assoc 1:e003293. https://
doi.org/10.1161/jaha.112.003293

