Cellular Physio|ogy Cell Physiol Biochem 2025;59(S3):1-21

DOI: 10.33594/000000811 © 2025 The Author(s)

and BIOChem |- Published online:7 September 2025 Published w Cell Physiol Biochem
Press GmbH&Co. KG, Duesseldorf
Accepted: 17 July 2025 www.cellphysiolbiochem.com

This article is licensed under the Creative Commons Attribution 4.0 International License (CC BY). This means
that any user shall be free to copy and redistribute the material in any medium or format, also for commercial
purposes, provided proper credit is given to the Authors as well as the original publisher.

Original Paper

Enhanced ISGylation via USP18
Isopeptidase Inactivation Fails to Mitigate
the Inflammatory or Functional Course of
Coxsackievirus B3-Induced Myocarditis

Nicolas Kelm® Meike Kespohl® Sophia Borowski® Sarah Ochs?
Klaus-Peter Knobeloch<®  Lisa Gerarda Maria Huis in 't Veld® Karin Klingel®
Antje Beling®®

2Charité — Universitatsmedizin Berlin, corporate member of Freie Universitat Berlin and Humboldt-
Universitat zu Berlin, Institute of Biochemistry, 10117 Berlin, Germany, "Deutsches Zentrum fiir Herz-
Kreislauf-Forschung, partner site Berlin, 10117 Berlin, Germany, <University of Freiburg, Institute

of Neuropathology, 79106 Freiburg, Germany, ¢CIBSS - Centre for Integrative Biological Signalling
Studies, University of Freiburg, 79106 Freiburg, Germany, *Cardiopathology, Institute for Pathology and
Neuropathology, University Hospital Tibingen, 72076 Tubingen, Germany

Key Words
Coxsackievirus B3 « Viral myocarditis « USP18 « ISGylation ¢ Innate immunity

Abstract

Background/Aims: The ubiquitin-like protein ISG15 and its covalent conjugation to
substrates (ISGylation) represent a critical interferon (IFN)-induced antiviral mechanism.
USP18 is an ISG15-specific isopeptidase and a key negative regulator of type | IFN signaling.
While inactivation of USP18's catalytic activity enhances ISGylation and promotes viral
resistance, its role in modulating inflammation and cardiac function during CVB3-induced
myocarditis remains unclear. This study aimed to determine whether selective inactivation
of USP18 isopeptidase activity influences the inflammatory and functional course of viral
myocarditis. Methods: Usp18“'~6'A knock-in mice, which lack USP18 isopeptidase activity
but retain IFN regulatory function, were used on both C57BL/6 and A/J backgrounds.
Mice were infected with the cardiotropic CVB3-Nancy strain, and disease progression was
assessed through virological, histological, immunological, and echocardiographic analyses.
Immune cell infiltration was quantified by flow cytometry, and ISGylation was assessed by
immunoblotting. Results: Despite enhanced ISGylation, Usp18%'%<64 mice did not exhibit
altered cardiac viral titers or inflammation compared to wild-type controls. Histological scores
and immune cell composition in the heart were similar between genotypes in both C57BL/6
and A/J backgrounds. Echocardiography confirmed functional impairment following CVB3
infection but revealed no significant genotype-dependent differences in cardiac performance.
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Inflammatory cytokine expression was largely unaffected by enhanced ISGylation, with only
minor differences observed. Conclusion: While ISGylation is critical for antiviral protection
in CVB3 infection, selective inactivation of USP18 isopeptidase activity does not mitigate
myocardial inflammation or dysfunction during established CVB3 myocarditis. These findings
suggest that therapeutic enhancement of ISGylation alone may be insufficient to control

H i -dri i i i © 2025 The Author(s). Published by
inflammation-driven cardiac damage in this model. Cull Prysios Blochar prass CmiHACo. KG

Introduction

Coxsackievirus B3 (CVB3), a member of the Enterovirus genus within the Picornaviridae
family, is a small, non-enveloped virus with a single-stranded, positive-sense RNA genome and
a prominent etiological agent of viral myocarditis [1, 2]. Following fecal-oral transmission,
CVB3 initially replicates in the gastrointestinal tract before disseminating via viremia to
secondary target organs such as pancreas, liver, and notably, the heart [3-5]. In a subset of
patients, especially children and young adults, CVB3 infection leads to acute myocarditis,
and approximately 10-20% of these cases may progress to chronic dilated cardiomyopathy
(DCM), a frequent indication for heart transplantation [2, 6, 7].

Due to the rarity of early-stage human biopsies, mechanistic insights into CVB3-induced
myocarditis primarily derive from murine models. In susceptible mouse strains, CVB3 shows
high tropism for cardiac tissue with peak viral replication around day 4-6 post-infection,
followed by immune-mediated tissue damage manifesting as acute myocarditis [8, 9]. Viral
cytopathogenicity is mediated by proteases such as 2A and 3C, which cleave host proteins
like elF4G and dystrophin, suppressing host translation and compromising cardiomyocyte
integrity [10-12]. In parallel, the host initiates a robust innate immune response. Recognition
of viral RNA by pattern recognition receptors (PRRs) such as RIG-I, MDA5, TLR3 and TLR7/8
leads to induction of type I interferons (IFNs) and inflammatory mediators [13-16]. CVB3
proteases can antagonize these pathways by targeting key PRR components [17, 18],
which underscores the essential role of intact type I IFN signaling for controlling early viral
replication and reducing disease severity [19-21].

One of the key effector pathways downstream of type I IFN signaling is the ISG15 system.
ISG15 is a ubiquitin-like protein induced by IFN signaling and expressed as a 17 kDa
precursor that is processed into a 15 kDa mature form [22, 23]. It can exist intracellularly
in unconjugated form, function in a cytokine-like manner extracellularly, or be covalently
attached to substrate proteins via ISGylation [24-26]. The ISGylation cascade is mediated
by the E1 enzyme UbelL, E2 enzyme Ube2L6, and E3 ligases such as Herc6 in mice [26-29].
This modification alters the function, stability, and interactions of target proteins-including
other key components of the interferon response, such as IRF3, IFITs and RIG-I [9, 30, 31].
In the context of CVB3-induced myocarditis, the ISG15 system plays a central antiviral and
immunoregulatory role. Mice deficient in ISG15 or its E1-conjugating enzyme UbelL exhibit
significantly elevated viral titers in the heart, enhanced inflammation, cardiac dysfunction,
and increased mortality, indicating that protein ISGylation is indispensable for antiviral
defense [9, 32]. One putative mechanism involves the ISGylation of the viral 2A protease,
which reduces its ability to cleave elF4G, thereby protecting host protein synthesis during
infection [32]. Recent data further highlight that ISGylation synergistically enhances the
antiviral function of other IFN-stimulated proteins, particularly IFIT1 and IFIT3, and is
essential to establish resistance in non-hematopoietic cells, such as cardiomyocytes. In
CVB3 infection, ISGylation not only restricts viral replication but also modulates liver energy
metabolism by promoting oxidative phosphorylation, thus supporting systemic adaptation
to infection-induced stress [9]. Complementary findings in cardiac tissue have shown that
[SGylation affects also cardiac metabolism [33]. In CVB3-infected mice, ISG15 deficiency
results in cardiac atrophy and reduced cardiac output. Proteomic analysis identified key
glycolyticenzymes - hexokinase 2 and phosphofructokinase 1 - as major ISGylation substrates
in the infected heart. Functional studies demonstrated that ISGylation suppresses their



Cellular Physiology Cell Physiol Biochem 2025;59(S3):1-21

. . DOI: 10.33594/000000811 © 2025 The Author(s). Published by
and Biochemi- Published online: 7 September 2025|Cell Physiol Biochem Press GmbH&Co. KG

Kelm et al.: USP18 Inactivation Does Not Alter Inflammation or Function in CVB3

Myocarditis

enzymatic activity, thereby preventing the IFN-induced glycolytic shift commonly observed
during infection. Instead, the ISG15 system preserves oxidative metabolism, supports higher
ATP production capacity, and protects against energy failure in cardiomyocytes [33]. These
findings underscore that ISG15 safeguards energy homeostasis under infectious stress,
contributing to functional preservation of the heart.

The ISG15-specific isopeptidase USP18 is a crucial negative regulator of this system. USP18
removes ISG15 from substrates and simultaneously attenuates type 1 IFN signaling by
interfering with JAK1 recruitment to the IFN receptor IFNAR2 [34, 35]. While Usp18-deficient
mice exhibit severe IFN hypersensitivity and developmental abnormalities due to loss of
non-catalytic functions [34, 36], selective inactivation of its isopeptidase activity in Usp18¢¢*#/
614 knock-in mice leads to increased ISGylation without affecting viability or baseline IFN
regulation [37]. Importantly, these mice show enhanced resistance to viral infections,
providing evidence that stabilizing ISGylation by inactivating USP18’s protease activity
can boost antiviral effector function without triggering deleterious immune overactivation
[37]. Strikingly, in cells with abrogated delSGylating enzymatic activity, increased ISGylation
renders cells more resistant to various CV strains, suggesting that pharmacological
stabilization of ISGylation by USP18 protease inhibition could be therapeutically exploited
[9, 38]. Beyond this receptor-level and enzymatic regulation, emerging evidence points to
additional layers of USP18 function that act independently of IFNAR interaction. USP18 also
modulates transcription more broadly: Arimoto et al. demonstrated that nuclear USP18, in
cooperation with NFkB, diminishes binding of IFN-regulated transcription factors to their
corresponding DNA [39]. This function allows USP18 to regulate both typical ISGs and non-
canonical ISGs that are important for processes such as cancer cell pyroptosis [39]. Moreover,
USP18 was shown to control cell polarization in tumor-associated macrophages. Specifically,
USP18 stabilizes the colony stimulating factor 1 receptor (CSF1R), thereby preventing its
degradation and skewing macrophages toward an anti-inflammatory phenotype, with
significant implications for the composition of the tumor microenvironment [40]. Together
with findings by Fan et al. (2020), who identified ISGylation as a key mechanism enabling
STAT1/2 clustering and chemokine gene activation in antitumor immunity [41], these
studies highlight USP18 as a multifaceted immune regulator - balancing enzymatic ISGylation
control, receptor-level IFN modulation, and nuclear transcriptional repression of immune
programs. These complex regulatory functions of USP18 raise the question to what extent
its enzymatic activity contributes to antiviral protection and immune regulation in the heart
during enteroviral infection.

Taken together, CVB3-induced myocarditis results from a complex interaction between viral
cytotoxicity and host immune defenses. The ISG15 system has emerged as a central player in
this context, acting downstream of type [ IFN signaling to provide direct antiviral protection
and to preserve cardiac metabolic homeostasis through protein ISGylation. Functional studies
in ISG15-deficient models have established the critical importance of this post-translational
modification in cardiomyocytes for viral containment and tissue integrity [9, 32, 33]. At the
same time, USP18 has been identified as a multifaceted regulator of inflammation, integrating
enzymatic control of ISGylation with broader roles in IFNAR signaling and transcriptional
repression of both canonical and non-canonical ISGs in various immune and non-immune
cells. Among these roles, its specific function as an ISG15 isopeptidase remains an attractive
therapeutic target, as selective inactivation of its enzymatic activity enhances ISGylation
and antiviral resistance without triggering IFN-related toxicity [37]. This study aims to
dissect the contribution of USP18'’s delSGylating activity to the course of CVB3 myocarditis.
By employing Usp18¢14/¢614 knock-in mice, we investigate whether increased ISGylation
alters the severity of myocardial inflammation and preserves cardiac function. This targeted
approach enables mechanistic insight into how enzymatic regulation of ISGylation by USP18
affects the inflammatory and functional outcome of viral heart disease and evaluates the
therapeutic potential of selectively modulating USP18 activity in a preclinical mammalian
model system.
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Materials and Methods

Animals

The generation and basic characterization of Uspl8%“'#/¢!A knock-in mice, which lack USP18
isopeptidase activity due to a cysteine-to-alanine substitution in the catalytic core, has been described
elsewhere [37]. These knock-in mice, originally generated on C57BL/6 background (entitled Usp18°'#/
612 B6), were backcrossed with A/J mice for five generations to generate Usp18©'4/¢1A mice on a mixed
A/] X C57BL/6 background (entitled Usp18¢14/¢61A- A/]). All mice were bred in the internal breeding
facility of Charité - Universitiatsmedizin Berlin. Four-week-old, male Usp18+/*-B6 and Usp18¢614/¢614 . B6
and seven-week-old, male Usp18*/*- A/] and Usp18%A/¢614- A /] mice, both originating from Usp18+/¢¢** X
Usp18+/¢¢'* breeding in the respective background, were infected intraperitoneally with a single injection
of Coxsackievirus B3 (CVB3) Nancy strain [42]. The infection dose was 1 x 10° plaque-forming units (PFU)
for Usp18°614/¢61A . B6 mice and 1 x 10* PFU for Usp18614/¢61A . A /] mice. Wild-type littermates of both
strains were infected following the same protocol and served as controls. Body weight was recorded daily.
Rectal body temperature and tail vein blood glucose levels (Accu-Chek glucometer, Roche Diabetes Care,
Indianapolis, IN, USA) were measured during echocardiography at baseline and on day 7 post infection in
Usp18°e14/c61A- A /T mice. The experiments were terminated eight days post-infection for Usp18¢14/¢614- B6
mice and seven days post-infection for Usp18©614/¢61A- A /] mice. Tissue collection in mice on A/J background
was performed on day 7 post-infection due to the pronounced systemic phenotype associated with CVB3-
Nancy infection in this model, including significant weight loss. To avoid exceeding humane endpoints and
ensure compliance with ethical guidelines, animals were sacrificed at this earlier time point. To examine
the kinetics of chemokine and cytokine gene expression, Usp1814/¢41A- B6 mice were also sacrificed at
day O (uninfected), day 1.5, day 3, and day 6 post-infection. Mice were euthanized by a lethal overdose
of isoflurane (CP-Pharma, Burgdorf, Germany). Hearts were perfused transmurally with cold PBS, and
subsequently heart, spleen, liver, and pancreas were collected. Tissue samples were snap-frozen in liquid
nitrogen and stored at —80°C for later analysis. Samples for histology were fixed in 4% formaldehyde (Carl
Roth, Karlsruhe, Germany) and embedded in paraffin.

All animal experiments were conducted in accordance with the “Guide for the Care and Use of
Laboratory Animals”, the German Animal Welfare Act, and European Directive 2010/63/EU on the
protection of animals used for scientific purposes. The study was approved by the local Animal Welfare
Authority in Berlin (“Landesamt fiir Gesundheit und Soziales”) and registered under the approval numbers
H0076/08,G0119/20,G0272/14,G0279/11. To minimize animal suffering, tramadol (Griinenthal, Stolberg,
Germany) was administered orally via drinking water to all Usp18¢#/¢61A- A /] mice, following a previously
published protocol [43]. Mice meeting the predefined termination criteria outlined in the score sheets were
euthanized prematurely.

Histology

Paraffin-embedded heart and pancreas samples were stained with hematoxylin and eosin (H&E) and
evaluated by a blinded pathologist. Cardiac inflammation was assessed using an established scoring system
(0: no inflammatory infiltrates, 1: small foci of inflammatory cells between myocytes, 2: larger foci with
>100 inflammatory cells, 3: <10% of the cross-section involved, 4: 10%-30% of the cross-section involved)
[44]. Pancreatic injury was quantified as the percentage of tissue destruction, ranging from 0% to 100%.

Echocardiography

Echocardiography was performed on Usp18%1#/¢614- A /T mice 1 or 2 days before infection (baseline)
and before euthanasia on day 7 post-infection. The echocardiographic setup included a Vevo3100 ultrasound
system (FUJIFILM VisualSonics, Toronto, ON, Canada), an MX400 high-resolution ultrasound probe, a heated
examination table with built-in electrocardiogram (ECG) recording, a pre-warmed ultrasound gel (Parker
Laboratories, Fairfield, NJ, USA) and a heat lamp. Anesthesia of the mice was induced with approximately
3% isoflurane (CP-Pharma) and maintained at a concentration of 2% throughout the procedure. Heart rate,
respiratory rate and body temperature were continuously monitored and maintained within physiological
ranges. After the mice were shaved on the left lateral thorax, echocardiographic images were acquired
from standard views according to published guidelines [45]. Briefly, B-mode images were obtained from
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the parasternal long-axis view, parasternal mid-papillary short-axis view and 4-chamber view. Additionally,
M-mode images were recorded in the mid-papillary short-axis view, while mitral valve pulsed-wave (PW)
Doppler and septal mitral anulus tissue Doppler measurements were performed in the 4-chamber view.
The acquired images were stored and later analyzed using VevoLAB 3.2.1 software (FUJIFILM VisualSonics).

Each echocardiographic parameter was derived from the average of at least three recorded images.
The endomyocardial border in long-axis view images was traced using the AutoLV tool and Simpson
method was applied to measure left ventricular end-diastolic volume, end-systolic volume, stroke volume,
cardiac output and ejection fraction. AutoLV analysis of mid-papillary short-axis M-mode images provided
measurements of left ventricular anterior and posterior wall thickness as well as left ventricular internal
diameter in diastole. Left ventricular mass was calculated. Mitral valve early (MV E) and atrial (MV A)
diastolic waves, isovolumetric relaxation (IVRT) and contraction (IVCT) time, aortic ejection time (AET),
mitral valve E deceleration time and mitral anulus early diastolic (MV E’), atrial (MV A’) and systolic (MV
S") waves were measured in the mitral valve PW Doppler and septal mitral anulus tissue doppler images,
respectively. The myocardial performance index (Tei-index) and the ratios MV E/A, E’/A" and E/E’ were
calculated.

Immune cell isolation from heart tissue

Excised heart tissue was first weighed and then finely minced in cold RPMI medium (Life Technologies,
Waltham, MA, USA), which was supplemented with 2% fetal calf serum (FCS; Sigma-Aldrich, St. Louis, MO,
USA), 30 mM HEPES (Life Technologies), and 1% penicillin/streptomycin (Life Technologies). To facilitate
enzymatic digestion, collagenase Type Il (Worthington, Lakewood, NJ, USA) and DNase I (Sigma-Aldrich)
were added at final concentrations of 1 mg/ml and 0.15 mg/ml, respectively. The tissue suspension was
then incubated at 37°C for 30 minutes with continuous stirring. 10 mM EDTA (VWR) was added to stop
enzymatic activity and subsequently the digested tissue was passed through a 70 um cell strainer (Corning,
Corning, NJ, USA) to remove undigested fragments. The filtrate was then centrifuged at 310 x g for 10 minutes
at 4 °C, after which the supernatant was discarded. To lyse red blood cells, the pellet was resuspended in
an erythrocyte lysis buffer (ACK buffer) consisting of 10 mM KHCO; (Carl Roth), 155 mM NH,CI (Thermo
Fisher Scientific, Waltham, MA, USA), and 0.1 mM EDTA (VWR), and incubated at room temperature for 3
minutes. Following an additional centrifugation step, the remaining leukocyte pellet was resuspended in
FACS buffer supplemented with 2% FCS (Sigma-Aldrich) and 2 mM EDTA for downstream analysis.

Flow cytometry

Immune cells extracted from a defined amount of heart tissue (15 or 20 mg) were processed for
further flow cytometry staining. To minimize nonspecific antibody binding, cells were first incubated with
an Fc blocking reagent (Miltenyi) at a 1:50 dilution for 20 minutes at 4 °C. This was followed by staining
with a pre-mixed antibody-fluorochrome cocktail for another 20 minutes at 4 °C in the dark. The antibody-
fluorochrome conjugates were purchased from BD Bioscience (Heidelberg, Germany), BioLegend (San
Diego, CA, USA), and Life Technologies, with further details available in Supplemental Table S1. After
staining, cells were washed with PBS, centrifuged and subjected to cell viability staining using fixable
viability dye eFluor 780 (eBioscience, San Diego, CA, USA) at a 1:1000 dilution in PBS for 30 minutes in the
dark. The samples were then washed, fixed in 2% formaldehyde (Carl Roth), washed again and resuspended
in FACS buffer. To determine the absolute number of immune cells, 123 count eBeads (Life Technologies)
were added to the samples. Flow cytometry was performed using either a FACSymphony (BD Bioscience)
or LSRII (BD Bioscience) flow cytometer. Data analysis was carried out using FlowJo V10.6.2 software. The
spectral overlap of the fluorochromes was compensated using single stains. Representative gating strategies
are shown in Supplementary Figures S1-S4. Fluorescence minus one (FMO) controls were used to assist in
the selection of accurate gates.

Quantification of viral titer

To determine viral titers in tissue homogenates from infected C57BL/6 mice, plaque assays were
performed using confluent GMK cell monolayers. Serial ten-fold dilutions of virus-containing samples were
prepared in serum-free DMEM and applied to the cell layers. Plates were incubated for 1 hour at 37°C with
5% CO,, with gentle agitation every 10-15 minutes. The inoculum was then removed, and cells were overlaid
with DMEM containing 0.6% agarose, 2.5% fetal calf serum (FCS), 1% penicillin/streptomycin, 1 mM
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sodium pyruvate, and 3.75% sodium bicarbonate (pH 7.4). After 48 hours of incubation at 37°C, cells were
fixed with a methanol/acetic acid solution and stained with 0.25% crystal violet to visualize plaques. For
infected A/] mouse tissues, viral titers were quantified by plaque assays on confluent HeLa cell monolayers.
Serial ten-fold dilutions of virus-containing samples were prepared in PBS and added to the cell layers.
After a 30-minute incubation at 37°C with 5% CO,, the inoculum was removed, and cells were overlaid with
Eagle’s agar composed of MEM, 0.68% penicillin/streptomycin, 1.6 g/L sodium bicarbonate (Carl Roth), 9%
FCS, and 0.7% Difco Agar Noble (BD Bioscience). Plates were incubated at 37°C for 48 hours. Plaques were
visualized by staining with MTT (3-(4, 5-dimethylthiazol-2-y1)-2, 5-diphenyltetrazolium bromide; Sigma-
Aldrich) for 1 hour at room temperature. Plaques were counted, and viral titers were calculated as plaque-
forming units (PFU) per gram of tissue.

RNA Isolation and Quantitative Real-Time PCR (qPCR)

RNA extraction from organ samples was performed using the TRIzol reagent (Thermo Fisher Scientific)
according to the manufacturer’s protocol. Following tissue homogenization in TRIzol, RNA was isolated
via phase separation with chloroform, precipitated with isopropanol, washed with 75% ethanol, and
subsequently dissolved in DEPC-treated water. RNA quantity was assessed by NanoDrop spectrophotometer
(VWR, Radnor, PA/USA). An RNA amount ranging from 250 to 1000 ng was converted into cDNA using
MLV Reverse Transcriptase (Promega, Madison, WI, USA) in combination with random hexamer primers
(Roche). For the relative quantification of II-1f (interleukin-18), 1I-6 (interleukin-6), Tnf-a (tumor necrosis
factor-a), Ccl2 and Cxcl2 mRNA expression, primers and probes of TagMan gene expression assays (Thermo
Fisher Scientific) were used. Cvb3 genome and Hprt (hypoxanthinguanin-phosphoribosyltransferase) gene
expression were quantified using the following combinations of primers and probes: Hprt forward: 5'-ATC
ATT ATG CCG AGG ATT TGG AA-3', reverse: 5'-TTG AGC ACA CAG AGG GCC A-3', probe: 5'FAM- TGG ACA GGA
CTG AAA GAC TTG CTC GAG ATG-3'TAMRA; Cvb3 forward: 5'-CCC TGA ATG CGG CTA ATC C-3, reverse: 5'-ATT
GTC ACC ATA AGC AGC CA-3’, probe: 5'-FAM-TGC AGC GGA ACC G-MGB3. The reactions were performed on
the StepOnePlus real-time PCR system (Thermo Fisher Scientific), with gene expression normalized to the
housekeeping gene Hprt and calculated as ACt values.

Protein Quantification and Immunoblotting

Snap-frozen heart tissue was added to Lysis Matrix D tubes with RIPA-buffer with 1, 25X Protease
Inhibitor Cocktail (Roche) and tissue was homogenized 3 times for 30 seconds using the MP Biomedical
FastPrep, centrifuged and the supernatant was used for further analysis. Protein concentration was
determined using the Bradford assay (Thermo Fisher Scientific) following the manufacturer’s instructions.
Tissue lysates were denatured, and the same protein amount was loaded onto an 8%-SDS-PAGE gel for
protein separation followed by transfer to nitrocellulose membranes (Odyssey Nitrocellulose Membranes,
LI-COR Biotechnology, Lincoln, NE, USA). The membranes were blocked for 1h at room temperature in
Rotiblock and incubated with the primary antibody against mISG15 (lab stock provided by KP Knobeloch,
Freiburg, Germany, dilution 1:1, 000 in Rotiblock) at 4°C overnight, washed with PBS-T, and incubated with
goat anti-rabbit immunoglobulin IRDyeTM 800CW (LI-COR, dilution 1:10, 000 in PBS-T) for 1h at room
temperature, washed, imaged and then incubated with the primary antibody against mTubulin (Merck,
Sigma Aldrich, dilution 1:5, 000 in Rotiblock, clone DM1A), washed, and incubated with goat anti-mouse
immunoglobulin IRDyeTM 680LT (LI-COR, dilution 1:20, 000 in PBS-T) and imaged. Protein detection was
performed using the Odyssey CLx infrared imaging system (LI-COR Biotechnology) and the analysis was
carried out using Image Studio Lite software version 5.2 (LI-COR Biotechnology). Western blot results
were quantified using densitometry. After correcting for background values, ISGylation smear signal was
measured and normalized to Tubulin as loading control.

Statistics

Statistical analyses were conducted using GraphPad Prism v10.00 for Windows (La Jolla, CA, USA).
Outliers in the primary data were detected using the ROUT method (Q = 1%) and removed from further
analysis. If not otherwise indicated, data are presented as individual data points, with results expressed
as mean * SEM. Viral titer data were logarithmically transformed prior to graphical representation and
statistical analysis. As part of the statistical tests, the normality of the data distribution was first assessed
using the D’Agostino-Pearson test. For comparisons between two groups with equal variance, unpaired
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t-tests were performed (Figures 1D, 2A-E, 2G, 3B, 3H, 4A-B, 4D-F, 4H). If the variance between two groups
was unequal, an unpaired Welch’s t-test was performed (1E, 3E, 3G). Datasets containing the two factors
“time after infection” and “genotype” were statistically analyzed with 2-way ANOVA analysis (2H, 5A-F) or
repeated measures mixed-effect models (Figures 1B, 3C-D). Subsequently, post-hoc tests were applied for
multiple comparisons. The specific statistical tests used are detailed in the figure legends for each graph.
The significance threshold was set to p < 0.05 in all used tests. Significant results (p < 0.05) are marked with
asterisks (*), non-significant results are not indicated as such.

Results

Inactivation of USP18 isopeptidase activity is associated with unchanged levels of CVB3-

induced myocardial inflammation in C57BL/6 mice

In Usp18%14/¢61A mice, a catalytically inactive variant of USP18 is expressed that lacks
delSGylating activity, but retains its negative regulatory function on IFN signaling. As a
result, ISGylation induced by CVB3 infection is selectively stabilized, which has recently been
shown to suppress viral replication in both CVB3 infected cardiomyocytes and mouse hearts
[9]. To investigate the effects attributed to preserved ISGylation during the acute phase of
myocarditis, we utilized the same experimental setup as recently and analyzed mice on day
8 post-infection, which is consistent with the peak inflammatory response in murine heart
tissue [32, 46]. Wild-type (Usp18*/*- B6) and Usp18¢°14/¢1A mice (Usp18¢614/¢61A- B6), both on
a C57BL/6 background, were infected intraperitoneally with 1x10° PFU Coxsackievirus B3
(CVB3), monitored throughout the infection, and sacrificed on day 8 post-infection (p.i.) for
analysis of key parameters (Fig. 1A). Body weight declined significantly over the course of
infection, with no significant differences observed between Usp18*/* and Usp18°14/¢614 - B6
mice (Fig. 1B). The pancreas, a highly susceptible organ during CVB3 infection, exhibited
extensive tissue destruction in all animals, irrespective of genotype (Fig. 1C). Previous
studies demonstrated that protein ISGylation exerts antiviral effects in the hearts at day 6
post-infection, as evidenced by reduced viral titers and lower CVB3 RNA levels in Usp184/
61A- B6 mice [9]. To determine whether this protective effect is sustained during the peak of
myocardial inflammation, we analyzed viral loads and CVB3 RNA expression in cardiac tissue
at day 8 post-infection. All mice exhibited successful infection, as indicated by consistent
pancreatic tissue injury across experimental groups (Fig. 1C). In line with previous findings
showing limited antiviral activity of protein ISGylation at later stages of infection [9], neither
viral titers nor CVB3 RNA levels significantly differed between Usp18*/* and Usp18¢614/¢61A
B6 mice (Fig. 1D-E). Likewise, the antiviral effect observed at day 6 was no longer evident
at day 8, with no significant differences in viral titers, or CVB3 RNA levels between hearts of
Usp18*/+ and Usp18©e1#/C61A- B6 mice.

To determine whether enhanced ISGylation in Usp18°!4/¢¢14 — B6 mice [9] influence
inflammation and immune cell infiltration in the heart, myocarditis severity was assessed
by standardized histological scoring 8 days after infection, when immune cell infiltration
peaks. Upon CVB3 infection, all animals exhibited cardiac inflammation and immune cell
infiltration. Of note, some mice developed large foci containing >100 inflammatory cells,
further validating the robustness of this myocarditis model (Fig. 2A). However, no significant
differences in myocarditis scores were observed between Usp18*/* and Usp18%4/¢614 - B6
mice at this stage. To further characterize and quantify immune cell infiltration in the
heart, flow cytometry was performed (gating strategy shown in Supplementary Figures
S1, S2 and S4). Profound CD45" immune cell infiltration was evident post-infection, but no
significant differences were detected between Usp18*/* and Usp18°14/¢614- B6 mice (Fig. 2B).
Within the myeloid compartment, no significant differences were found in the frequencies
of CD11b*Ly6G* neutrophils, CD11b*F4/80~ monocytes or CD11b*F4/80* macrophages
between Usp18*/+ and Usp18°14/¢41A- B6 animals (Fig. 2C). Usp18©614/¢614- B6 mice exhibited
a significantly higher abundance of CD11b*CD11c* dendritic cells in the heart following
CVB3 infection (Fig. 2C). Within the lymphoid compartment, no significant differences were
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Fig. 1. Inactivation of USP18 isopeptidase activity in Usp18¢!4/61A . B6 mice does not alter systemic
responses in CVB3 infection. A: Schematic of the experimental setup used to study the effects of enhanced
[SGylation on cardiac inflammation during CVB3 infection. Four-week-old male Usp18¢614/¢61A - B6 mice
and their Usp18*/* controls were intraperitoneally infected with 1x 10° PFU CVB3. In addition to the main
analysis time point at day 8 (ncélA/C61A= 22,n,, = 20; large triangle) post-infection, which focuses on key
markers of cardiac inflammation, mice were sacrificed at day 0 (uninfected; Negincora = 3, n = 3), day 1.5
(ncsm/cem =4,n, = 4),day 3 (ncﬁwoSlA =4n, = 4),and day 6 (ncm/c(SlA =4,n = 4) postinfection to examine
the kinetics of chemokine and cytokine gene expression (small triangle). B: Body weight was measured daily
during infection and was normalised to baseline body weight. The data was statistically analysed using 2-way
repeated measures ANOVA (mixed effects model). All time points were compared to baseline regardless of
genotype using Dunnett post-hoc test. For clarity, only the results for the comparison baseline - day 8 are
indicated in the graphs. Sidak post-hoc tests revealed no significant differences between genotypes at any
time point. C: The degree of pancreatic destruction in haematoxylin and eosin (H&E)-stained sections was
graded (ncm/CGIA =7,n_, =10)and representative images are shown for both genotypes. The corresponding
scale bar (200 pum) is indicated. D-E: Viral load in heart tissue was determined by (D) plaque assay (ncsw
cein = 13; 1, =14) and (E) TagMan qPCR (ncélA/cm =9%n, = 8). The plaque assay data were logarithmically
transformed before plotting. Statistical testing was performed using an unpaired t-test and Welch's t-test,

+/+

+/+

respectively. Significant results (p<0.05) are marked with an asterisk (*), non-significant results are not
indicated as such.

observed in CD19*B220" B cells, CD3*CD4" T cells or CD3*CD8* T cells between Usp18*/*
and Usp18°e1#/ce14 . B6 mice (Fig. 2D). Within the monocyte compartment, we analyzed the
percentage of Ly6CM" inflammatory monocytes, well-known regulators of CVB3-induced
myocardial inflammation [46-49], and observed no differences between genotypes (Fig. 2E-
F). Also, a subset of dendritic cells expressed Ly6C, suggesting they are monocyte-derived
dendritic cells, a population known to expand under inflammatory conditions [50, 51] (Fig.
2G). To further assess the inflammatory response over time, we measured mRNA expression
levels of key inflammatory cytokines and chemokines in heart tissue at baseline and 1.5, 3,
6 and 8 days post-infection. Tnf-a, 1I-1f, 1I-6, Ccl2, and Cxcl2 expression peaked at day 3 p.i.
and gradually declined thereafter (Fig. 2H). Notably, enhanced ISGylation in Usp18¢614/¢61A
- B6 mice did not enhance cytokine or chemokine expression. In contrast, Cxcl2 expression
was reduced in Usp18©14/¢61a . B6 mice 3 days p.i., while Tnf-a, II-1f, II-6 and Ccl2 levels
remained unaltered. Together, these data indicate that enhanced ISGylation resulting from
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selective inactivation of USP18 isopeptidase activity in C57BL/6 mice does not markedly
alter cardiac inflammation, immune cell composition, or cytokine responses during CVB3-
induced myocarditis.

Fig.2.Despiteenhanced ISGylation, A
Usp18¢614/¢61A - B6 mice exhibit 4
sustained cardiac inflammation | @ usp1s+-86
during CVB3 infection. Four-week- @ uUsprscecon
old male Usp18¢14/C61A . B6 mice -B6
(N¢g1p/ce04 = 22) and their Usp18*/
- B6 control mice (n,,, = 20) were
intraperitoneally infected with 1 x
10° PFU CVB3 and analyzed at day
8 post infection. Additionally, mice
weresacrificedatday 0 (uninfected;
Negiajcoin = 3 n, = 3), day 1.5
4n, = 4), day 3 (ncm/
=4,n, , =4) and day 6 (n,,, U
cin = 4 1, = 4) post-infection to & S oo;q,é" & o
examine the kinetics of chemokine | E G
and cytokine gene expression. Uepte-B6 . UsptaFAta-Be e
A: Heart tissue samples were ‘
stained with haematoxylin and
eosin (H&E) and the myocarditis
score was assessed (ncém/C61A =
7, n,, = 11). An unpaired t-test
showed no statistically significant
differences. Representative images
are shown for both genotypes. The
corresponding scale bar (200 pm)
is indicated. B: CD45* leukocyte
count per milligram cardiac tissue
was measured by flow cytometry
(ncm/cm =17,n, = 16). C: The
cell count per milligram cardiac
tissue was determined by flow
cytometry for the following myeloid subpopulations: CD11b* Ly6G* neutrophils, CD11b* CD11c* dendritic
cells (DCs), CD11b* F4/80" monocytes and CD11b* F4/80* macrophages (ncm/C61A =10,n,, = 12). D: The
cell count per milligram cardiac tissue was determined by flow cytometry for the following lymphoid
subpopulations: CD19* B220* cells, CD3* CD4" T cells and CD3* CD8"* T cells (ny,, 1, = 17, 1, , = 17). E:
The percentage of CD11b* F4/80- monocytes highly expressing Ly6C (Ly6C"¢") is shown (Negra/61a = 10,1,
=12). F: Representative gating plots of CD11b* F4/80 Ly6C"¢" monocytes are depicted for both genotypes.
G: The percentage of CD11b* CD11c* DCs highly expressing Ly6C (Ly6Chie") is shown (Negra/c01a = 10,1, =
12). Data shown in graph 2B - 2G were statistically analyzed by unpaired t-tests, in which each immune
cell population was tested separately without correction for multiple comparison. H: Chemokine and
cytokine gene expression was analyzed in cardiac tissue from mice sacrificed on day 0 (uninfected), day
1.5, day 3, day 6 and day 8 (ncelA/cmA =9%n, = 10), using the following target genes: tumor necrosis factor
a (Tnf-a), interleukin-1b (Il-1B), interleukin-6 (I11-6) and the chemokines Ccl2 and Cxcl2. Hypoxanthine-
guanine phosphoribosyltransferase (Hprt) was used as a housekeeping gene. Results are presented as
2-ACt{arget-Hpr) Data was statistically analysed with a 2-way ANOVA. Sidak multiple comparison of each time
points against all other time points regardless of the genotype resulted in statistically significant results,
which are indicated by asterisks and black lines. In addition, differences between genotypes were analyzed
using Sidak multiple comparisons. Significant results (p<0.05) are indicated by single asterisks above the
corresponding time point. Non-significant results are not indicated as such.
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Viral load and cardiac inflammation remain unaffected in Usp18°¢14/¢514 - A /] mice

despite elevated ISGylation

To further investigate the potential anti-inflammatory effects of enhanced ISGylation
in a setting of more pronounced myocardial pathology, we transitioned from the relatively
resistant C57BL/6 background to the more susceptible A/] mouse strain. While C57BL/6
mice infected with the cardiotropic CVB3-Nancy strain develop mild acute myocarditis, A/]
mice exhibit significantly greater susceptibility to infection [46, 52]. To evaluate whether
stabilization of protein ISGylation through USP18 isopeptidase inactivation modulates the
extent of myocardial inflammation in this susceptible host, Usp18*/* and Usp18¢614/¢614- A /]
mice were intraperitoneally infected with 1x10* PFU of CVB3 and sacrificed on day 7 after
infection. Echocardiography was conducted at baseline and prior to sacrifice on day 7 after
infection (Fig. 3A).

Enhanced ISGylation was observed in part ofthe Usp18°14/¢61Amjce on the A /] background
by immunoblotting of protein lysates from cardiac tissues (Fig. 3B). To quantify the degree of
[SGylation, densitometric analysis of the ISG15 smear signal was performed and normalized
to tubulin as loading control. This analysis confirmed a statistically significant increase in
protein ISGylation in Usp18%'4/€¢1A mice compared to wild-type controls, consistent with
the expected stabilization of ISGylated proteins due to selective inactivation of the USP18
isopeptidase function. CVB3 infection resulted in significant weight loss and a reduction in
body temperature in A/] mice. No significant differences were detected between Usp18*/*
and Usp18¢e1A/¢e1A- A /T animals (Fig. 3C-D). Likewise, blood glucose levels were low at day
7 post-infection, but no significant differences were observed between genotypes (Fig. 3E).
Histological analysis showed pancreatic destruction in all infected animals, regardless of
genotype, supporting successful infection (Fig. 3F). Furthermore, viral titers and CVB3 RNA
levels in the heart did not significantly differ between Usp18*/* and Usp18°61A/¢61A- A /T mice
(Fig. 3G-H).

All infected animals exhibited cardiac inflammation and immune cell infiltration, as
assessed by the myocarditis score (Fig. 4A). Compared to our results obtained for C57BL/6
mice in this study, myocarditis, as determined by HE-based scoring of cardiac tissue sections,
was not elevated in A/] mice under the experimental conditions applied here. Consistent
with previous reports [46] and despite higher viral load in infected A/] mice at day 7 post-
infection in comparison to C57BL/6 mice at day 8 (Fig. 1E vs. 3H), histological myocarditis
scores averaged around 1.5 in both strains (Fig. 2A vs. 4A). Importantly, like C57BL/6 mice,
no significant differences were detected between Usp18*/* and Usp18°¢1#/¢614- A /] mice (Fig.
4A). To further characterize immune cell infiltration, flow cytometry analysis was performed
7 days post-infection in A/] mice (gating strategy provided in Supplementary Figure S3 and
S4). CD45" immune cell infiltration was detected in all infected animals, with no significant
differences between Usp18*/*and Usp18%'4/14- A /] mice (Fig. 4B-C). The extent of overall
immune cell infiltration in A/] mice was reduced in comparison to that observed in C57BL/6
mice (Fig. 4B-E vs. 2B-D). This is consistent with previous studies that also reported that
CVB3 infection in A/] mice does not lead to an increase in immune cell infiltration, despite
their higher susceptibility to CVB3 infection, even when assessed at day 8 post-infection [46,
53, 54]. Importantly, shortening the observation period to day 7, as done in this study, did
not appear to impact the detection or overall degree of inflammation in A/] mice, further
supporting the robustness of this model.

We next analyzed the composition of infiltrating immune cells in A/] mice in more detail.
Within the myeloid compartment, no significant differences were found in the frequencies
of CD11b*Ly6G™* neutrophils, CD11b*CD11c* dendritic cells, CD11b*F4/80~ monocytes or
CD11b*F4/80* macrophages between Usp18*/* and Usp18%1A/¢61A - A /] animals (Fig. 4D).
Within the lymphoid immune cell compartment, no significant differences were observed
in the frequencies of B220* B cells, CD3*CD4* T cells or CD3*CD8" T cells between Usp18*/*
and Usp18¢14/¢614 gnimals (Fig. 4E). Within the monocytes, a large percentage of Ly6Che
inflammatory monocytes was observed, higher compared to C57BL/6 animals, but no
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Fig. 3. Systemic conditions and cardiac viral load in Usp18%4/¢1A- A /] mice remain comparable to wild-type controls
during CVB3 infection. A: Schematic illustration of the experimental set-up: 7-week-old male Usp18¢14/¢61A- A /] mice
(ncawc&1A =12) and Usp18*/* control mice (n% =15) were intraperitoneally infected with 1x 10* PFU CVB3. Animals were
analyzed on day 7 post infection to study the effect of enhanced [SGylation on cardiac inflammation. Echocardiographic
measurements were carried out at baseline and on day 7 post-infection. B: Detection of ISG15 by Western blot analysis

was performed on cardiac tissue homogenates from CVB3 infected mice (n, =7,n,, =7 n=3are shown from

C61A/C61A
each genotype) sacrificed on day 7 post infection. Each lane originates from/a single animal. Three representative
lanes are shown for each genotype. The right panel shows densitometric quantification of ISG15 signal normalized to
tubulin. Individual values are presented and expressed as a ratio relative to the mean in Usp18+/* control mice. Bars
represent mean + SEM. Statistical significance was determined by unpaired t-test; p<0.05. C: Body weight was measured
daily during infection and was normalised to baseline body weight. D: Rectal body temperature was measured during
echocardiography at baseline and on day 7 post-infection. Data shown in 4C-D were analyzed using 2-way repeated
measures ANOVA (mixed effects model). All time points were compared to baseline regardless of genotype using Dunnett
post-hoc test. For clarity, only the results for the comparison baseline - day 7 are depicted in the graphs. Differences
between genotypes were tested using Sidak post-hoc tests. E: Serum blood glucose was measured on day 7 post-
=11). An unpaired Welch's t-test revealed no significant results. F: The degree of pancreatic

infection (ncéwCﬁlA =6,n

destruction in haematoxylin and eosin (H&E) stained sections was graded by a blinded pathologist (n,

+/+
C61A/C61A =11, n+/+ =
14). Representative images are shown for both genotypes. The corresponding scale bar (200 um) is indicated. G-H: Viral
co1a/C61A =13) and (H) TagMan qPCR (ncéwC61A =7,

n .= 6). The plaque assay data were logarithmically transformed before plotting. Statistical testing was performed using

load in cardiac tissue was determined by (G) plaque assay (n =8,n

+/+
an unpaired Welch's t-test and an unpaired t-test, respectively. Significant results (p<0.05) are marked with an asterisk

(*), non-significant results are not indicated as such.

differences were observed between the genotypes (Fig. 4F-G). Additionally, the expression
levels of key inflammatory cytokines and chemokines, Tnf-a, II-6, 1I-1f, Ccl2, and Cxcl2, in the
heart did not significantly differ between Usp18+/* and Usp18°14/¢1A- A /] animals 7 days post-
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cardiac tissue was determined by flow cytometry for the following lymphoid subpopulations: B220* B cells,
CD3* CD4* T cells and CD3* CD8* T cells (ncéwC61A =10,n, = 12) F: The percentage of CD11b* F4/80
monocytes highly expressing Ly6C (Ly6C"&") is shown (ncém/C61A =9n,, = 12). Data shown in graph 4B - 4F
were statistically analyzed by unpaired t-tests, in which each immune cell population was tested separately
without correction for multiple comparison. G: Representative gating plots of CD11b* F4/80" Ly6Chi
monocytes are depicted for both genotypes. H: Cardiac gene expression of chemokines and cytokines
have been analyzed with TagMan qPCR on day 7 post infection (ncm/%1A =7n, = 7). The following target
genes have been measured: tumor necrosis factor a (Tnf-a), interleukin-1b (II-18), interleukin-6 (11-6) and
the chemokines Ccl2 and Cxcl2. Hypoxanthine-guanine phosphoribosyltransferase (Hprt) was used as a
housekeeping gene. Results are presented as 24¢t(tarset-Hpr) Apy unpaired t-test has been performed for each
target gene. Significant results (p<0.05) are marked with an asterisk (*), non-significant results are not
indicated as such.

cytometry (n

infection (Fig. 4H). Overall, immune cell infiltration and cytokine and chemokine expression
in the heart following CVB3 infection did not show large differences between Usp18*/* and
Usp1814/¢614 - A /T animals, suggesting a minor role of USP18 isopeptidase activity on the
inflammatory and immune response in this model system.
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To assess the functional impact of CVB3-induced myocarditis, transthoracic
echocardiography was performed at baseline and on day 7 post-infection. This non-invasive
imaging modality enables sensitive, quantitative assessment of cardiac performance in vivo,
and is particularly valuable for capturing early or subtle changes in cardiac function that may
not be reflected by immune cell infiltration alone. The echocardiographic data confirmed the
functional impact of CVB3 infection, with clear signs of cardiac impairment across multiple
parameters. While heart rate remained stable and comparable between measurements
(Fig. 5A), end-diastolic and stroke volumes as well as cardiac output declined significantly
following infection (Fig. 5B-D). No significant differences were observed between Usp18*/*
and Usp18ce1#/ceia - A /T mice (Fig. 5A-D). Ejection fraction showed a reduction in Usp18°614/
celA- A /] mice by day 7, though no significant differences between genotypes were detected
(Fig. 5E). S-wave velocity tended to decrease with infection, but remained non-significant.
Again, no significant differences between wild-type and Usp18%'/¢14 - A/] mice were
detectable (Fig. 5F). A full overview of echocardiographic measurements is provided in Table
1. These findings highlight that echocardiography captures the physiological consequences
of inflammation in the beating heart, which may not be apparent through histological or
immunological parameters alone. Importantly, while CVB3 infection clearly compromised
cardiac function, increased ISGylation through USP18 isopeptidase inactivation did not
improve cardiac function in this model.

Fig. 5. Cardiac impairment

%
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in graphs: (A) heart rate, (B)
enddiastolic volume, (C) stroke volume, (D) cardiac output, (E) ejection and (F) S wave velocity . Data shown
in 5A-F were analyzed using 2-way ANOVA. Effects of genotype and time after infection were analyzed using
post-hoc Tukey test. Significant results (p<0.05) are marked with asterisks (*), non-significant results are
not indicated as such.
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Table 1. Cardiac impairment following CVB3 infection in A/] mice. 7-week-old male Usp18¢c1#/c614- A /]
mice and Usp18*/* control mice were intraperitoneally infected with 1 x 10* PFU CVB3. Echocardiography
examinations were carried out at baseline (ncm/cm =7,n,, = 11) and on day 7 (ncéwC61A =5, n = 11) post
infection to evaluate cardiac function. The number of Usp18¢614/¢61A - A /T mice analyzed by echocardiography
on day 7 post infection was reduced due to poor echocardiographic image quality. Echocardiographic
parameters are presented as mean + SEM. Statistical analysis was conducted using a 2-way ANOVA followed
by Tukey’s test. Statistically significant results (p < 0.05) are indicated by * for comparisons between

baseline and day 7 measurements within each genotype group. Statistical tests comparing Usp18*/* and

Usp18¢614/¢61A mice on day 7 post infection have yielded no significant results

Usp18+/+ Usp18(:61A/061A
Baseline Day 7 Baseline Day 7
Heart rate [bpm] 470.7+89 4699+9.7 4941 +11.0 439.2+27.9
LVEDV [ul] 426+1.3 257+3.0* 39.5%3.1 23814~
LVESV [ul] 19.2+08 119+x16* 175+22 125+1.0
Stroke volume [pl] 233+08 138+x16* 220+12 11.3+06"*
Cardiac output [ml/min] 11.0£0.5 6.5+0.8* 109+0.7 49+02~
EF [%] 547+1.2 545%+19 56.7+25 47.7x17*
FS length [%] 591+049 6.53+0.69 556+043 7.13+0.92
LVAWd [mm] 0.83+0.02 0.93+0.05 0.85+0.07 1.03+0.11
LVPWd [mm] 0.71+£0.03 0.84 +0.04 0.76 £0.05 0.74 +0.08
LVIDd [mm] 3.53+0.04 289+012* 343+011 267+0.08*
LV Mass [mg/g] 73227 64729 754+84 59.2+9.2
MV E [mm/s] 774.7£16.4 561.8 +18.3* 830.3+49.0 549.7+25.2*
MV A [mm/s] 411.2+15.8 332.7+£224* 445.7+22.2 283.4+334~
MV E/A 1.91+0.09 1.78+0.17 1.89+0.14 2.09+0.33
IVRT [ms] 8.52+0.69 14.65+1.05* 10.52+0.92 14.80+0.87 *
IVCT [ms] 7.04+0.54 10.50+0.80* 7.69+0.74 9.94+0.40
AET [ms] 512+25 414x09* 477+x18 41109
MV E Decel Time [ms] 209+1.7 221+1.1 229+13 224124
Tei-Index 0.31+0.03 061+x0.03* 0.39+0.04 0.60+0.03*
MV E' [mm/s] -26.8+1.3 -134+07* -252+12 -154+15"*
MV A' [mm/s] -27.8+17 -176+07* -260+23 -16.7+14~
MV E'/A’ 1.00 £ 0.08 0.84 +0.07 1.02+0.10 0.95+0.15
MV E/E' 295+14 402+26* 331+x16 365+22
S' [mm/s] 271+06 239%+1.0 27107 23.0+1.38
Discussion

The present study investigated whether selective inactivation of USP18’s isopeptidase

activity - resulting in enhanced ISGylation - modulates the inflammatory or functional
course of CVB3-induced myocarditis. While previous studies have established ISGylation as
an essential antiviral effector downstream of type I interferon (IFN) signaling, particularly
in non-hematopoietic cells such as cardiomyocytes [9, 32], our data show that stabilized
[SGylation alone does not confer measurable benefit during the inflammatory peak of CVB3
myocarditis. In both the moderately affected C57BL/6 background and the more susceptible
A/] background, genetic inactivation of USP18’s enzymatic function did not alter immune
cell infiltration following infection. The key findings of this study are summarized in the
graphical abstract (Fig. 6).

Previous studies have demonstrated the critical physiological relevance of ISGylation
for antiviral defense in the early stages of CVB3 infection. Mice deficient in ISG15 or its
E1l-activating enzyme UbelL exhibit higher viral titers and worsened myocardial injury,
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Fig. 6. Graphical abstract. The experimental design and results of the present study investigating enhanced
[SGylation in murine CVB3-induced myocarditis are presented: The cysteine-to-alanine substitution in
the catalytic core of Usp18 (Usp18¢¢14/¢14) aholishes its isopeptidase activity, which is crucial for cleaving
ISG15 from substrates, thereby stabilising ISGylation. We used Usp18¢614/¢61A transgenic mice to study the
effects of stabilised ISGylation in the context of Coxsackievirus B3 (CVB3)-induced myocarditis. In both
C57BL/6 and A/] background, cardiac inflammation persisted in Usp18¢14/¢1A mjce compared to Usp18+/*
controls despite increased ISGylation. Furthermore, cardiac impairment assessed by echocardiographic
measurements remained unchanged in Usp18¢14/¢61A mice compared to wild-type controls.

underscoring the necessity of an intact ISGylation system. Moreover, Usp18¢¢14/¢¢1A C57BL/6-
mice infected using the same protocol demonstrated increased viral resistance and reduced
cardiac viral load at day 6 post-infection, particularly at the level of cardiomyocytes [9].
These findings show that ISGylation plays a central role in establishing early antiviral
resistance. However, it remained unclear whether further enhancing this pathway-beyond
its endogenous activity-could amplify its protective effects. Our current data show that such
enhancement does not translate into improved outcomes during the peak inflammatory
phase of CVB3 myocarditis. Instead, our findings support a more nuanced view: although
viral cytotoxicity contributes significantly to the inflammatory burden observed around day
7-8 post-infection, and although ISGylation—by limiting viral replication—has a protective
effect, further stabilization of this pathway through inactivation of USP18 isopeptidase
activity does not confer additional benefit during this peak inflammatory phase. Thus, while
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[SGylation-mediated viral clearance mitigates early tissue damage and likely influences the
extent of subsequent inflammation, immune-mediated injury becomes the predominant
pathological driver at later stages. This interpretation is supported by multiple lines of
evidence from our data as well as previous studies [55, 56], and reflects a characteristic
transition from viral cytotoxicity to immunopathology in enteroviral myocarditis. This
decoupling of viral presence and tissue injury highlights the transition from viral damage to
immunopathology - a key feature of enteroviral myocarditis models.

Importantly, by using Usp18°¢1#/614 knock-in mice in this study, we selectively analyzed
the disabled enzymatic function of USP18 while preserving its ability to negatively regulate
IFNAR signaling [37]. The Usp18°'#/614 mutation selectively abolishes the enzyme’s
isopeptidase activity while leaving its negative regulatory function on type I interferon
signaling via IFNAR2-STAT2 interaction intact. In this way, the model enabled specific
assessment of the consequences of sustained ISGylation without the confounding effects
of amplified IFN responses that are observed in Usp187/- mice. This design is supported by
previous work showing that Usp18%'4/14 knock-in mice exhibit elevated ISGylation and
increased resistance to certain viral infections (e.g. influenza B, vaccinia virus), but do not
suffer from the deleterious inflammatory phenotypes seen in full USP18 knockouts [37].
Our findings now extend this model to CVB3 myocarditis and suggest that therapeutic
targeting of USP18’s isopeptidase function alone may not be sufficient to mitigate cardiac
inflammation or dysfunction.

One possible explanation lies in the tissue-specific context of ISGylation. While 1SG15
has been shown to shape antiviral responses in various cell types, its role in the heart
appears particularly reliant on early, cell-intrinsic antiviral programs within cardiomyocytes.
[SGylation stabilizes IFIT1/3 and may act synergistically with these proteins to inhibit
viral replication and translation, as shown in vitro [9]. While the current study selectively
targets USP18’s isopeptidase function, it does not assess combined modulation of other IFN-
stimulated pathways that may act synergistically with [SGylation. The isolated analysis may
therefore underestimate the complexity of antiviral defense and inflammatory regulation.
Nevertheless, during later stages of myocarditis, when tissue damage is increasingly driven
by immune-mediated mechanisms rather than viral cytotoxicity [55, 56], stabilization of
[SGylation may have limited impact. This is further supported by our data showing unaltered
immune cell profiles and inflammatory cytokine expression in Usp18°1A/¢61A mjce at this
stage. Of note, we observed a moderate increase in cardiac CD11b*CD11c* dendritic cells
in Usp18C614/¢61A mice following CVB3 infection. While this subset included Ly6C* monocyte-
derived dendritic cells, which typically expand during inflammation [50, 51], the effect was
insufficient to affect the overall immune cell composition or inflammation severity. Whether
this reflects a subtle ISGylation-dependent modulation of myeloid cell differentiation or
tissue infiltration warrants further mechanistic study.

A central strength of this study lies in the dual-model approach, employing both
C57BL/6 and A/] mice. The latter allowed us to test the hypothesis under conditions of more
pronounced disease severity. Despite the increased systemic pathology and susceptibility
to cardiac autoimmunity in A/J mice [46, 55], the absence of USP18’s isopeptidase activity
still did not affect myocarditis progression, suggesting that the limited impact of enhanced
[SGylation is not restricted to milder disease contexts. Functionally, echocardiographic
analysis confirmed that CVB3 infection in A/] mice impaired cardiac output and stroke
volume, primarily due to reduced left ventricular filling. However, these impairments were
independent of genotype, indicating that inactivation of USP18 isopeptidase activity does
not significantly alter cardiac function during the peak disease phase. This lack of functional
difference is consistent with histological and flow cytometry data, further supporting the
conclusion that enhanced ISGylation via USP18 inactivation does not provide additional
protection in this model of CVB3-induced myocarditis. Even though Usp18°!4/¢¢14 mice
exhibited improved viral control mechanisms earlier in infection [9], these were not sufficient
to maintain cardiac function once inflammatory responses were established. On the other
hand, our analysis was focused on the acute inflammatory phase of myocarditis (day 7-8
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post-infection), and longer-term consequences such as myocardial fibrosis, ventricular
remodeling, or chronic dysfunction were not assessed. Although less likely, these later
processes may still be influenced by ISGylation, particularly through effects on inflammation
resolution or tissue repair. Extended follow-up using longitudinal echocardiographic or
histological analyses could help uncover delayed genotype-dependent effects that remain
undetectable during the peak of acute inflammation.

Taken together, while ISGylation has been shown to be indispensable for early antiviral
defense in CVB3 infection, our data demonstrate that sustained ISGylation via USP18
inactivation does not further attenuate myocardial inflammation or dysfunction during
CVB3-induced myocarditis. These findings underscore the complexity of IFN-regulated
antiviral programs and suggest that targeting USP18’s enzymatic activity with novel
inhibitors may be most effective when timed to early infection phases or combined with
additional anti-inflammatory strategies. Further research is needed to define context-
specific roles of ISGylation in viral heart disease and to evaluate whether USP18 inhibition
could be leveraged therapeutically in other viral or inflammatory conditions.
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