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Aims Virus infection triggers inflammation and, may impose nutrient shortage to the heart. Supported by type I interferon (IFN) signalling, 
cardiomyocytes counteract infection by various effector processes, with the IFN-stimulated gene of 15 kDa (ISG15) system being 
intensively regulated and protein modification with ISG15 protecting mice Coxsackievirus B3 (CVB3) infection. The underlying mo-
lecular aspects how the ISG15 system affects the functional properties of respective protein substrates in the heart are unknown.

Methods 
and results

Based on the protective properties due to protein ISGylation, we set out a study investigating CVB3-infected mice in depth and found 
cardiac atrophy with lower cardiac output in ISG15−/− mice. By mass spectrometry, we identified the protein targets of the ISG15 
conjugation machinery in heart tissue and explored how ISGylation affects their function. The cardiac ISGylome showed a strong en-
richment of ISGylation substrates within glycolytic metabolic processes. Two control enzymes of the glycolytic pathway, hexokinase 2 
(HK2) and phosphofructokinase muscle form (PFK1), were identified as bona fide ISGylation targets during infection. In an integrative 
approach complemented with enzymatic functional testing and structural modelling, we demonstrate that protein ISGylation obstructs 
the activity of HK2 and PFK1. Seahorse-based investigation of glycolysis in cardiomyocytes revealed that, by conjugating proteins, the 
ISG15 system prevents the infection-/IFN-induced up-regulation of glycolysis. We complemented our analysis with proteomics-based 
advanced computational modelling of cardiac energy metabolism. Our calculations revealed an ISG15-dependent preservation of the 
metabolic capacity in cardiac tissue during CVB3 infection. Functional profiling of mitochondrial respiration in cardiomyocytes and 
mouse heart tissue by Seahorse technology showed an enhanced oxidative activity in cells with a competent ISG15 system.
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Conclusion Our study demonstrates that ISG15 controls critical nodes in cardiac metabolism. ISG15 reduces the glucose demand, supports 
higher ATP production capacity in the heart, despite nutrient shortage in infection, and counteracts cardiac atrophy and 
dysfunction.
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1. Introduction
Viruses are a common cause of infectious myocarditis, an inflammatory dis-
ease of the myocardium that is diagnosed on the basis of histologic, im-
munologic, and immunohistochemical criteria. Common examples for 
primary cardiotropic viruses are adenoviruses and enteroviruses. Murine 
studies with these viruses have identified temporal phases of myocarditis 
with viral infection of cardiomyocytes, activation of innate immunity and 
onset of (viral) cytotoxicity, followed by the activation of adaptive immun-
ity with T cell infiltration and potentially autoantibody formation. In most 
cases, many of these mechanisms support virus clearance and complete 
resolution of cardiac inflammation.1

As part of innate immunity aiming to combat infection, host cells, such 
as cardiomyocytes, possess pattern recognition receptors (PRR) that 
are activated by viral nucleic acids and promote interferon (IFN) 
production.2 There is compelling evidence for the protective function 
of IFN signalling during viral myocarditis, particularly in the well-established 
Coxsackievirus B3 (CVB3) infection mouse model.2–4 After an initial infec-
tion of the pancreas and liver, CVB3 infection shows a second wave in mice, 
which leads to mild and focal injury of the myocardium, with occasional 
manifestation of chronic heart failure.5–7 During acute CVB3 infection, 
IFNs stimulate the expression of ISG15, which is one of the most abundant 
IFN-stimulated genes (ISGs) in cardiomyocytes,5,6 imperative for broad- 
spectrum antimicrobial action.8 For CVB3 infection, ISG15 acts by covalent 
modification of lysine residues of target proteins in an E1/E2/E3 (Ube1L, 
Ube2L6, Herc5/6) enzyme cycle, in a process called ISGylation. During 
CVB3 infection, the biological activity of protein ISGylation is specifically re-
quired in cells of non-hematopoietic origin. Thereby, also cardiomyocytes 
acquire a protected state which translates into lower virus replication. A 
stabilization of the pool of ISGylated proteins, accomplished by inactivating 
the isopeptidase activity of the major de-ISGylating enzyme USP18, sup-
presses the viral load in heart tissue even further.5

Undoubtedly, the virus-suppressive activity of ISG15 represents a main 
aspect how ISG15/ISGylation mitigates inflammatory cardiac tissue damage 
in mice.5,6 Nevertheless, in recent work unrelated to the ISG15 field, we 
and others demonstrated that systemic pathology with haemodynamic 
compromise and weight loss during CVB3 infection is, if at all, only margin-
ally attributable to viral cytotoxicity and inflammatory damage responses in 

heart tissue.9,10 CVB3 infection of the heart induces small inflammatory
foci, while the vast majority of cardiomyocytes, as well as systolic function
of the ventricle, remain intact.9 Therefore, it remains unclear if and to what
extent the virus-suppressive activity of ISG15 attributes to maintained car-
diac performance during CVB3 infection of mice.

More recently, a biological role for IFN on energy metabolism came into
focus, with yet unknown impact for cardiac metabolism. Cardiomyocytes
need to adapt to physiological changes constantly and the heart possesses
the ability to use a wide range of different substrates as metabolic fuel.11

The majority of cardiac ATP originates from the oxidation of long-chain
FA (FAO), their supply being ensured by demand-controlled liberation
of FA from adipose tissue.12 Most of the remaining ATP is derived from
the oxidative metabolism of glucose.12 The cellular responses stimulated
by IFN signalling involve a higher glucose uptake13 and stimulated FAO
and oxidative phosphorylation (OXPHOS).14 Consequently, by PRR and
IFN signalling, virus infection can impose metabolic stress on the body
that is also found in mice upon CVB3 infection.5 Nevertheless, it is unclear
how cardiac metabolism responds to infection, and whether ISG15/
ISGylation influences the crosstalk between the ATP-generating pathways
in the heart. Recent data point toward an ISG15-dependent increase of
mitochondrial respiration in virus infection,5,15 and in CVB3 infection,
ISG15 shapes the liver proteome toward a temporally enhanced gluconeo-
genesis capacity.5 Nevertheless, both the molecular aspects and functional
consequences of ISG15/ISGylation on energy production in infection re-
main unresolved. Therefore, we set up a study to explore the underlying
aspects how the ISG15 system controls cardiac homeostasis during
CVB3 infection. Therefore, we focused on the protein targets of the
ISGylation machinery in heart tissue, questioning the functional implication 
of this protein modification.

2. Methods
2.1 Mice
Mice were housed at the Charité University Medical Center animal facil-
ities. C57BL/6 mice were obtained from in-house breeding. ISG15−/−, 
ISG15+/+, and USP18C61A/C61A. and Ube1L−/− mice have been described 
elsewhere.16–18 USP18C61A/C61A and wild-type littermates were bred 
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from USP18C61A/wt x USP18C61A/wt stocks, while ISG15−/− and their 
wild-type littermates were bred from ISG15−/+ x ISG15−/+ mice. 
USP18C61A/C61A and ISG15−/− mice were backcrossed to C57BL/6 for 
10 generations. For isolation of primary cardiomyocytes shown in 
Figure 5C and D, USP18C61A/C61A x ISG15−/− mice were bred accordingly 
to.5 For infection, 4–8 week old male mice received an intraperitoneal in-
jection of 1 × 105 plaque-forming units (pfu) of Coxsackievirus B3 (CVB3) 
(Nancy, with the exception for Figure 1C: H3). Three (T1) and eight (T2) 
days after infection, hearts were isolated and processed for experiments. 
To identify dropouts for the CVB3 infection model (e.g. non-infected 
mice where infection did not manifest despite injection of CVB3), we visua-
lized cellular injury and inflammation on cross sections of the pancreas that 
were stained with hematoxylin and eosin. CVB3 infection results in acute 
virus- and inflammatory tissue destruction of the pancreas. Animals of a 
lack of this respective injury were classified as non-responder to CVB3 in-
jection and considered as a dropout without further analysis in this study 
(<10%). Echocardiography is described in the Supplementary material 
online, Supplementary Material. Induction of anaesthesia was carried out 
with 5% isoflurane and maintained with 1.5–2.5% isoflurane via mask ven-
tilation. This study was carried out in compliance with the Guide for the Care 
and Use of Laboratory Animals of the German animal welfare act, based on 
the directive of the European parliament and the council for the protection 
of animals used for scientific purposes. It follows the Institutional Animal 
Care and Use Committee guidelines. Protocols were approved by the local 
authorities for animal welfare in Berlin (permit numbers: G0272/14, 
G0070/18, G0119/20, G0139/20). Mice were sacrificed in isoflurane anaes-
thesia by increasing the dosage of the anaesthetic. All efforts were made to 
minimize suffering.

2.2 Cell culture and adenoviral vectors
The isolation and culture of primary, day-14-embryonic cardiomyocytes, 
yielding >90% troponin-I-positive cells, has been described elsewhere.19

We obtained about 7–9 embryos for both WT and ISG15−/− condition 
from each mother and sacrificed 1–2 animals for each experiment. 
Cardiomyocytes were infected with CVB3 at an MOI of 1.0 for 6–8 h. 
Alternatively, cells were treated with 100 U/mL mouse IFN-β for 24 h. 
To distinguish ISG15 function between free and conjugated ISG15, 
USP18C61A/C61A x ISG15−/− cardiomyocytes were transduced with adeno-
viral vectors (AdV) expressing murine HA-ISG15-LRGG or unconjugatable 
murine HA-ISG15-LRAA at MOI 25 for 8 h, followed by a 16 h stimulation 
with IFN-β. AdV particles were generated by the Viral Core Facility of the 
Charité-Universitätsmedizin Berlin. Briefly, cDNAs from mISG15-LRGG 
(wild-type) and mISG15-LRAA (unconjugatable ISG15) were cloned 
into pShuttle-CMV (Addgene plasmid #16403) and used for recombin-
ation in pAdEasy1 cells (Addgene plasmid #16399) to generate 
pAdEasy-CMV-mISG15-LRGG and pAdEasy-CMV-mISG15-LRAA. AdV 
particles were produced by transfecting linearized, recombinant pAdEasy 
plasmids (PacI digest) into HEK293A cells. After purification by CsCl ultra-
centrifugation, viruses were titered in HEK293A cells by serial dilution and 
anti-hexon immunocytochemistry (ab2596 from Abcam).20 HeLa (ATCC) 
cells were cultured in DMEM supplemented with 10% (v/v) Fetal Calf 
Serum (FCS) and 1% (v/v) penicillin/streptomycin and ISGylation target 
gene expression was induced by transfection of expression vectors 
(Table 1) using polyethylenimine (Polyscience Inc., Warrington, PA, 
USA). Cells were grown to ∼80% confluence and ISG15 and the 
ISGylation machinery expression was induced by transfection of 
pcDNA3.1-HA-ISG15, pcDNA3.1-Ube1L, pcDNA3.1-UbcM8, and 
pTriEx2-HERC5 using polyethylenimine (Polyscience). The empty back-
bone vector (pcDNA3.1) or pEGFP-C3 were used as control.

2.3 Immunoprecipitation
HeLa cells were transfected as described above and lysed in 20 mM HEPES, 
8 mM EDTA, 2 mM EGTA, 1% CHAPS, 50 mM sodium fluoride, 5 mM 
sodium pyrophosphate, 2 mM sodium orthovanadate, 5 mM 

Figure 1 Cardiac output failure and atrophy during CVB3 infection. (A) CVB3-infected WT and ISG15−/− mice were subjected to echocardiographic ana-
lysis. (A) Cardiac output [mL/min] and end-diastolic volume [µL] calculated for hearts from WT and ISG15−/− mice at T0 (baseline) and T2 (8 days after in-
fection). Statistical analysis was performed with a two-way ANOVA and Sidak’s multiple comparisons test. Correlation of cardiac output (B) and (C ) calculated 
left ventricular (LV) mass with end-diastolic volume. Data generated from n = 24 WT mice at T0 and T1 (3 days after infection) of CVB3 infection. (D) Body and 
(E) heart weight of wild-type and ISG15-/- mice at T1 and T2 of CVB3 infection, normalized to uninfected controls. Significance was determined using two-way
ANOVA with Tukey’s multiple comparisons test.
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N-ethylmaleimide (NEM) and cOmplete Protease Inhibitor Cocktail
(Roche, Basel, Switzerland). Total protein content was determined by
Bradford assay and 1.5–2 mg of total protein were subjected to FLAG- 
and HA-immunoprecipitation using ANTI-FLAG ® M2 Affinity gel
(Merck, Darmstadt, Germany), µMACSTM HA Isolation Kit (Milteny
Biotec, Bergisch-Gladbach, Germany), PierceTM Anti-HA Magnetic Beads
(Thermo Fisher Scientific, Waltham, MA, USA), or Anti-GFP
mAB-Magnetic Beads (MBL Life Science, Tokyo, Japan). For elution, beads
were incubated with either Laemmli buffer or 3× FLAG peptide. Samples
were analysed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

2.4 Site-directed mutagenesis & enzyme 
activity assays
The identified ISGylation sites of HK2 and PFK1 were subjected to site- 
directed mutagenesis using the primers depicted in Table 2. Identified K re-
sidues were mutated to R, abolishing ISGylation at these sites. Expression 
and immunoprecipitation of FLAG-tagged hexokinase 2 (HK2) and phos-
phofructokinase1 (PFK1) in sgISG15 HeLa cells (ISG15-ko cells)5 was per-
formed as described above. HK2 and PFK were eluted from beads with 3× 
FLAG peptide prior to activity analysis with the HK Activity Assay Kit 
(MET-5087, Cell Biolabs Inc., San Diego, CA, USA), or the PFK Activity 
Assay Kit (PK-CA577-K776, PromoCell GmbH, Heidelberg, Germany), re-
spectively. Activity assays were performed according to the manufacturer’s 
instructions. Enzyme activities in mU/µg were normalized to expression le-
vels determined by Western Blot and calculated relative to the control 
condition.

2.5 Western blot
SDS-PAGE and Western Blot analysis were performed according to stand-
ard protocols. The following primary antibodies were used for protein de-
tection: FLAG (F1804; Sigma-Aldrich, St. Louis, MO, USA), HA (ab9110; 
Abcam, Cambridge, UK), α-tubulin (GT114; GeneTex, Irvine, CA, USA), 
GAPDH (sc-25778; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), 
GFP (PA1-980A; Thermo Fisher Scientific). Secondary IRD680CW- or 
IRDye800CW-labeled antibodies were detected by an Odyssey CLx infra-
red imaging system (LI-COR Biosciences, Lincoln, NE, USA). Complete 

unedited gels for each representative cropped gel within the manuscript
and Supplementary material online, Supplementary Material are presented
in Supplementary material online, Figures S6–S8.

2.6 Seahorse metabolic measurement
To determine mitochondrial oxidative metabolism and glycolytic capacity,
primary cardiomyocytes and heart biopsies (1 mm punches) were analysed
with a Seahorse XFe 96well Extracellular Flux Analyzer (Agilent
Technologies, Santa Clara, CA, USA). Further information is provided in
the Supplementary material online, Supplementary information.

2.7 Mitochondrial staining with 
MitoTrackerTM Deep Red
Primary cardiomyocytes were stained with 2 nM MitoTrackerTM Deep
Red (Cell Signaling Technology, Danvers, MA, USA) in growth medium
for 30 min at 37°C and subsequently trypsinized and spun down at
200 rcf for 3 min. Further information is provided in the Supplementary
material online, Supplemental Material.

2.8 Proteomic sample preparation & 
di-glycine (GG)-enrichment
Three mice per genotype and condition (USP18C61A/C61A, wild-type, and
ISG15−/−) were infected as described, monitored, and weighed daily. At
the indicated time points, animals were sacrificed and whole hearts were
collected and flash-frozen in liquid nitrogen. Tissue work-up was per-
formed according to21 and is described in the Supplementary material 
online, Supplementary Material.

2.9 Computational modelling of cardiac 
metabolic capacities
for computational metabolic modelling, the CARDIOKIN1 platform22 was 
employed. CARDIOKIN1 comprises all pathways involved in catabolism of 
the energy-delivering substrates glucose, lactate, fatty acids, ketone bodies 
(KBs) and branched-chain amino acids (BCAAs) as well as the synthesis of 
endogenous energy stores (glycogen, triacylglycerol), taking into account 
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Table 1 List of plasmid sources for ISGylation targets

Gene Protein name NCBI ref seq Vector Tag Source

Aldoa Aldolase A (ALDO) NM_007438.4 pCMV3 C-terminal FLAG Sinobiological, Beijing, China

Gapdh Glyceraldehyde–3–phosphate dehydrogenase (GAPDH) NM_008084.1 pCMV6 C-terminal FLAG OriGene, Rockville, MD, USA
Hk2 Hexokinase 2 (HK2) NM_013820.3 pCMV6 C-terminal FLAG OriGene, Rockville, MD, USA

Ldha Lactate dehydrogenase A (LDH) NM_010699.2 pCMV3 C-terminal FLAG Sinobiological, Beijing, China

Pfkm Phosphofructokinase muscle form (PFK1) NM_001163487.1 pCMV3 C-terminal FLAG Sinobiological, Beijing, China

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Primer list for K to R mutagenesis of HK2 K419 and PFK1 K373 and K727

Gene ISGylation site Mutagenesis primer Orientation

Hk2 K419 GCTCTGTCTACAAGAGACATCCCCATTTTGC Forward
GCAAAATGGGGATGTCTCTTGTAGACAGAGC Reverse

Pfk1 K372 GATGAAGCCATTAGGCTGAGAGGCCGGAGC Forward

GCTCCGGCCTCTCAGCCTAATGGCTTCATC Reverse
K727 CAGTAACTGAGCTGAGGGACCAGACAGAC Forward

GTCTGTCTGGTCCCTCAGCTCAGTTACTG Reverse
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regulation of metabolic enzymes and transporters by substrate affinities, 
allosteric regulations as well as short-term regulation by the hormones in-
sulin and catecholamines. Model instantiations are based on protein abun-
dances, obtained from individual cardiac proteomic profiles. Cardiac 
proteomes were generated from the protein discs made available by the 
Bligh & Dyer extraction for metabolomics, described above. Further infor-
mation is provided in the described in the Supplementary material online, 
Supplementary Material. The protein disks were dissolved in 200 µL lysis 
buffer containing 7 M urea and 0.1 M.

2.10 Statistics
Statistical analysis was performed in GraphPad Prism v7.00/8.00/9.00 for 
Windows (GraphPad Software, San Diego, CA, USA) or Perseus software 
(version 1.6.2.1, MaxQuant, Martinsried, Germany). Data in GraphPad was 
plotted as individual points and summaries are given as mean ± SEM unless 
indicated otherwise. Two group comparisons were analysed with unpaired 
t-tests. If an F-test determined unequal variances, an unpaired t-test with
the Welch correction was performed. One-sample t-tests were used
when values were normalized to an internal control. Multiple group com-
parisons were conducted with unequal variance versions of ANOVA (one- 
way or two-way) with subsequent multiple comparisons test. Significance
threshold was set at 0.05 unless indicated otherwise. MS proteomics data
were deposited to the ProteomeXchange Consortium via PRIDE23 part-
ner repository, receiving the dataset identifier PXD032078.

3. Results
3.1 ISG15 preserves cardiac function and 
reduces wasting
We endeavored to elucidate the molecular aspects how ISG15 affects the 
cardiac phenotype during CVB3 infection. We infected ISG15−/− mice and 
wild-type (WT) controls with CVB3, and after 8 days, measured a reduc-
tion of the cardiac output due to ISG15 deletion. The cardiac output was 
significantly lower in ISG15−/− mice in comparison to infected WT controls 
(Figure 1A). The systolic function, as exemplified by left ventricular ejection 
fraction (LVEF), was not substantially altered in infected ISG15−/− mice, in-
dicating that other parameters contribute to cardiac output failure. In fact, 
we identified lower heart rates and a reduced filling capacity, the latter co-
inciding with loss of ventricular mass during infection. Infected ISG15−/− 

mice had reduced left ventricular dimensions and cardiac mass with lower 
end-diastolic volume (see Supplementary material online, Table S1, 
Figure 1A). Notably, during CVB3 infection, we observed a correlation be-
tween a drop in cardiac mass with output failure (Figure 1B), suggesting car-
diac atrophy as a main parameter for the observed phenotype. Therefore, 
we investigated how the ISG15 system, which is highly activated as early as 
at day 3 after CVB3 infection (T1),5 might affect wasting events. We mon-
itored body and heart muscle mass after 3 (T1) and 8 days (T2). In com-
parison to WT controls, ISG15−/− mice showed an enhanced reduction 
in body mass (Figure 1D). More strikingly, a substantial loss of heart mass 
became evident in infected mice, which was also more pronounced in 
ISG15−/− mice (Figure 1E). In conclusion, the ISG15 system apparently con-
trols processes that preserve heart muscle integrity and this appears to be 
a critical aspect for maintenance of cardiac function during infection.

3.2 Protein ISGylation targets rate-limiting 
enzymes of cardiac glycolysis
The overall protective effects mediated by ISG15 rely on the protein modi-
fier function of ISG15, with a strong physiological significance of protein 
ISGylation during CVB3 infection.5,6 Therefore, we sought to identify the 
protein targets of ISG15 in heart tissue and their respective modification 
sites to explore the molecular aspects of ISG15 function in vivo. 
We analysed the cardiac ISGylome using an experimental set-up compar-
ing WT and ISG15−/− mouse hearts at T1 and T2 with uninfected 
control mice (Figure 2A).21 Cardiac peptides were enriched by their 

Gly-Gly(GG)-modified sites, representing either ISGylation or ubiquitina-
tion, and identified by mass spectrometry. As a positive control, we inves-
tigated USP18C61A/C61A mice, where the deISGylation activity of the major 
ISG15 protease USP18 has been selectively inactivated.16 Statistical analysis 
and subsequent non-supervised hierarchical clustering of the identified 
modification sites revealed distinct clusters of sites (Figure 2B and C, 
Supplementary material online, Table S2). The GG-modification sites pre-
sent in WT and USP18C61A/C61A mice, but absent in ISG15−/− mice, were 
assumed to be bona fide ISGylation sites. We identified 51 such sites on 
37 proteins at T1 (Figure 2B, Supplementary material online, Table S2) 
and 70 ISGylation sites on 41 proteins at T2 (Figure 2C, Supplementary 
material online, Table S2). In line with previous findings,21 based on the 
amino acids surrounding the identified sites, we did not detect any specific 
motif (Figure 2D). Some proteins, such as aldolase A, myosin-6/7, and trans-
ketolase, were found to be both targets of ISG15 and ubiquitin. Out of all 
the GG-modification sites at T1 and T2, 30 were identified at both time 
points of infection. Of these overlapping sites, eight were found in a differ-
ent cluster at T2, with the majority changing from ISGylation to ubiquitina-
tion (see Supplementary material online, Table S3). The ubiquitylome 
contained mainly cardiac structural proteins, such as titin and myosin 
(see Supplementary material online, Table S2). Comparing previously iden-
tified ISG15 targets from cells or other tissues21,24–27 to those found in our 
study, we found 12 novel ISG15 targets, among them the metabolic 
enzymes phosphofructokinase muscle form (PFK1) and glycogen phos-
phorylase muscle form (PYGM), and reported 62 novel ISGylation sites 
(see Supplementary material online, Table S4).

We next performed a systematic Gene Ontology (GO) search for the 
cardiac ISGylome. At T1 we found an enrichment for ISGs, such as 
IFIT1/3 and STAT1, known to be important in regulating the host defence 
response against CVB3 (Figure 2E, Supplementary material online, 
Table S5). Notably, we uncovered a strong enrichment of ISGylation sub-
strates within metabolic GO terms, namely glycolytic and ATP metabolic 
processes, both at T1 and T2 (Figure 2E and F, Supplementary material 
online, Tables S5 and S6). In fact, several enzymes of the glycolytic pathway 
were identified as bona fide ISGylation targets during infection, including 
hexokinase 2 (HK2), glucose-6-phosphate isomerase (GPI), PFK1, 
fructose-bisphosphate aldolase A (ALDO), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), β-enolase (ENO), L-lactate dehydrogenase A 
(LDH), with their respective ISGylation sites being depicted in Figure 3A. 
We verified the ISGylation of these targets in HeLa cells, where the 
ISGylation machinery (HA-tagged ISG15, the E1 (Ube1L), E2 (Ube2L6), 
and E3 (Herc5) enzymes) was overexpressed together with the 
FLAG-tagged glycolysis enzymes which were subsequently immunopre-
cipitated. First, the experimental set-up was validated with GFP serving 
as a negative control,28 as GFP is not modified by ISG15 (see 
Supplementary material online, Figures S3 and S28. Pulldown of 
FLAG-tagged proteins revealed higher molecular weight versions for all 
of the GG-IP/MS-defined ISGylation targets, confirming ISGylation of the 
glycolysis enzymes HK2 and PFK1 (Figure 3B and C ), as well as ALDO, 
GAPDH and LDH (see Supplementary material online, Figure S2). 
ISGylation of the proteins was independently confirmed by HA-pulldowns 
of ISGylated proteins (see Supplementary material online, Figures S1 
and S2).

3.3 The ISG15 system is a negative regulator 
of glycolysis
The high proportion of ISGylation targets among glycolytic enzymes in car-
diac tissue at T1/T2 prompted us to investigate the functional properties of 
the ISG15 system on glycolysis. In this catabolic carbohydrate pathway, the 
reactions catalyzed by HK2 and PFK1 serve as the primary control nodes of 
the pathway, and based on this, we focused on these two substrates for 
ISGylation. First, we tested whether the ISGylation sites we identified in 
heart tissue at T1/T2, namely K419 for HK2 and K372 and K727 for PFK1, 
are unique or whether there might be alternative ISGylation sites. We gen-
erated HK2-K419R and PFK1-K327R/K727R mutants and conducted the 
ISGylation experiments outlined above in HeLa cells. Figure 3 demonstrates 
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a similar ISGylation pattern for both HK2-K419R (Figure 3D) and PFK1- 
K327R/K727R mutants (Figure 3E), without qualitative differences relative 
to the wt construct, demonstrating that ISGylation is indeed not restricted 
to the specific lysine residues that we identified by MS analysis (Figure 3A, 
Supplementary material online, Table S2).

We further questioned whether ISGylation of HK2 and PFK1 has an im-
pact on their substrate turnover rates. Therefore, we explored the effect 
of this protein modification on the catalytic activity of these rate-limiting 
glycolytic enzymes. We co-transfected FLAG-tagged HK2 or PFK1 plasmid 
constructs together with the E1/E2/E3 components into ISG15-ko cells5

and either restored ISG15 expression or transfected GFP as a control. 
We then performed immunoprecipitations using FLAG-beads and subjected 
the enriched enzymes to functional assays (Figure 4A–C). We normalized the 

catalytic activity of either HK2 or PFK1 to a condition without ISG15 (and
ISGylation) as negative control. We found that ISGylation significantly
reduced the catalytic activity of both HK2 and PFK1, in comparison to 
enzymes enriched from cells lacking ISG15. Notably, the HK2-K419R 
mutant fully restored HK2 activity (Figure 4B), demonstrating that 
ISGylation of HK2 at K419 indeed reduces Glc6P production. For the 
PFK1-K327R/K727R mutant, we found, however, a similar reduction in 
activity by ISGylation as for the wt PFK1 (Figure 4C), indicating that other 
ISGylation sites are responsible for the observed decrease of PFK1 en-
zymatic activity in ISGylation-competent cells.

To evaluate a potential impact of identified residues on ISG15 binding 
at HK2 and PFK1 from a structural perspective, we analysed known 
enzyme and ISG15 structures or designed structural models (Figure 4D–H). 

Figure 2 Identification of the cardiac ISGylome during CVB3 infection. (A) The ISGylome and ubiquitylome in heart tissue of CVB3-infected wild-type (WT), 
USP18C61A/C61A, and ISG15−/− mice were analyzed by LC-MS/MS at T0, T1, and T2 (n = 3 each). (B, C ) Heatmap showing non-supervised hierarchical cluster-
ing of significantly regulated di-Gly(K) sites at T1 vs. T0 (B) and T2 vs. T0 (C). The number of sites per cluster is indicated in brackets. On the right of each panel, 
the same heatmap is shown with missing values depicted in grey. (D) Sequence logos of ISGylated K residues and their five surrounding amino acids at T1 and T2 
were drawn with iceLogo. (E and F) Gene Ontology enrichment analyses of ISGylated proteins at T1 (E) and T2 (F) was performed. Selected terms are dis-
played according to their fold enrichment, red meaning high and yellow low enrichment.
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They imply that indeed K419 in HK2 at the 3-dimensional level is closely 
located to the substrate binding site (Figure 4D and E), indicating that 
ISGylation at K419 in a specific mode should prevent substrate binding or 
enzymatic action, which is in agreement to the experimentally confirmed 
blocking of Glc6P production by ISGylated HK2 (Figure 4B). In contrast, 
K327 and K727 in PFK1 are more distant to substrate binding sites 
(Figure 4G and H ), and consequently, ISGylation at these residues would 
not impede enzymatic activity of the protein as reflected by our experimen-
tal data (Figure 4C). However, PFK1 activity is significantly reduced under 
ISGylation conditions (Figure 5C) and several other positively charged lysine 
residues are located close to the substrate binding sites (Figure 5G and H ). 

This favours that potential conjugation of ISG15 to one of these alternative 
Lys-positions would hamper substrate binding or protein activity.

Since we identified ISGylation as a protein modifier of rate control gly-
colysis enzymes HK2 and PFK1, we next investigated the biological effect of 
ISG15 on glycolysis in cardiomyocytes, using a specialized Seahorse proto-
col that tested the glycolytic capacity of WT and ISG15−/− cardiomyocytes 
during CVB3 infection. While the majority of heart muscle cells during in-
fection in vivo represent IFN-activated bystander and not infected cells,2 we 
also tested how IFN altered the glycolytic activity in cardiomyocytes. 
Sequential exposure of cells to glucose, rotenone/myxothiazol, and 
FCCP/monensin (Figure 5A), allowed for the detection of alterations in 

Figure 3 Glycolytic control enzymes are targets of ISGylation. (A) Schematic representation of glycolysis depicting identified ISGylated enzymes and modi-
fication sites within CVB3-infected mouse hearts. (B + C) Validation of ISG15–modification of hexokinase-2 (HK2) and phosphofructokinase (PFK). HeLa cells 
were transfected with a four-plasmid combination (HA-ISG15, Ube1L, Ube2L6, Herc5) and FLAG-tagged HK2 (B) or PFK (C ). FLAG-immunoprecipitation was 
performed prior to Western blot analysis. Arrows point toward enriched target and modification sites, as indicated. (D + E) R mutants of HK2 ISGylation site 
K419 (D) and PFK ISGylation sites K372/K727 (E) were generated. Transfection and immunoprecipitation were performed as described in (B + C). ISGylation 
patterns of HK2 K419R (D) and PFK K372R/K727R (E) were compared by Western blotting. Targets and modification bands are indicated by arrows and 
brackets.
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Figure 4 Impact of ISG15/ISGylation on HK2 and PFK1 activity. (A–C) ISG15-deficient HeLa cells were transfected with a four-plasmid combination (HA–ISG15 
or GFP, together with Ube1L, Ube2L6, and Herc5) and FLAG-tagged HK2 (B) or PFK1 (C) or their respective K to R site mutants. HK2 and PFK1 were enriched by 
FLAG-immunoprecipitation prior to enzyme activity measurement of HK2 (n = 4) and PFK1 (n = 3). Measurements [mU/µg] were normalized to baseline activity. 
Statistical comparisons were achieved by one-tailed and two-tailed t-tests. (D–E) Lysine 419 is located close to the substrate (Glc) binding site in HK2 (surface 
representation), as revealed by an already determined enzyme structure (PDB ID 5hg129. Consequently, ISG15 (cartoon representation, PDB 1z2m30 bound 
to K419 with its C-terminal domain would cover this substrate binding site. The provided visualization is not a complex model between HK2 and ISG15, rather 
a putative orientation is implied. Computational docking of ISG15 to K419 is not feasible using known template structures, since HK2 is always in a substrate bound 
conformation, while ISG15 would likely bind to an unbound (apo-) HK2 conformation, which can be drastically different. Such structural template is not available; 
therefore, this scheme is an approximation. However, specific ISG15-bound protease structures (PDB: 5w8u31. (F) shows that ISG15 can be bound into a cleft-like 
structure arrangement of the target protein, as would be the case supposed here for the HK2-ISG15 assembling at K419. (G) A similar observation can be made at a 
structural PFK1 model (surface representation, two subunits (orange, beige)) with bound ligands (e.g. Frc6P) where several lysine residues are located close to the 
ligand-binding sites (red). ISG15 fused with the C-terminal domain to one of these lysine residues would hamper substrate binding, whereby two ISG15 molecules 
should be bound into cleft-like structural arrangements in a spatial fit-in manner. The visualization again does not show a computational fully fused and modelled 
ISG15-PFK1 complex, but is a by-hand oriented approximation due to a missing enzyme template structure in a non-substrated state. Therefore, the structural 
PFK1 conformation accessible for ISG15 is unknown (as for HK2) and cannot be simulated without further information. (H ) The lysine residues K372 and K727 
identified in this study as ISGylation sites were experimentally excluded to have a functional impact on PFK1 activity and are indeed more distantly located to the 
substrate binding regions. Note: The visualized PFK1 protein model is derived from a phosphofructokinase structure of Staphylococcus aureus (PDB 5xz832. The 
sequence of the protein was substituted by mouse PFK1 amino acid sequence for homology (sequence similarity ∼83%, BLOSUM 62 matrix). Model representa-
tions were created using the PyMol Molecular Graphics System Version 1.3 (Schrödinger, LLC, New York, NY).
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glycolytic parameters, such as the basal and maximal glycolytic rate as well 
as the glycolytic rate limited by cellular ATP demand using the Seahorse 
extracellular flux analyzer.33 Untreated ISG15−/− cells displayed a slightly 
higher basal glycolytic level, as reflected by higher proton efflux rate 
(PER), in comparison to wild-type controls (Figure 5B). This difference be-
came more pronounced once cells were infected or stimulated with IFN. 
Both the basal and maximal glycolytic activity remained at baseline levels in 
wild-type cells, whereas the glycolytic rate and thereby produced ATP was 
elevated in ISG15−/− cells, both during infection and after IFN treatment 
(Figure 5B). To verify a role of protein ISGylation relating to altered glyco-
lytic activity in IFN-stimulated cardiomyocytes, we transduced cardiomyo-
cytes from USP18C61A/C61A X ISG15−/− mice with AdV expressing either 
mISG15-LRGG (wild-type) or an unconjugatable mISG15-LRAA mutant 
(Figure 5C). AdV transduction of mISG15-LRGG triggered ISGylation and 
this was increased further upon IFN-β treatment. In contrast, AdV 
mISG15-LRAA transduced USP18C61A/C61A X ISG15−/− cardiomyocytes 

lacked ISGylation, but showed robust ISG15 expression. The basal and 
maximal glycolytic activity in these ISGylation-incompetent, but 
ISG15-expressing cells was higher in comparison to cells with intact pro-
tein ISGylation, both prior to and upon stimulation with IFN-β 
(Figure 5D). Altogether, our results show suppression of glycolysis by the 
ISG15 system due to protein ISGylation in IFN-stimulated cardiomyocytes.

3.4 The ISG15 system increases the 
metabolic capacity of the heart
Other than shown for the strong enrichment of glycolysis enzymes among 
ISGylation targets, there was no indication that ISGylation targets other 
metabolic pathways. To investigate how the metabolic capacity in the heart 
as such was affected during CVB3 infection and how ISG15 might regulate 
it, we considered another possibility for reprogramming of cardiac metab-
olism beyond the effects documented for ISGylation. Changes in protein 

Figure 5 Impact of ISG15/ISGylation on glycolysis during CVB3 infection. (A) Measurement of glycolytic rate in primary cardiomyocytes. Wild-type (WT) 
and ISG15−/− cells were cultured in low glucose medium and infected with CVB3 or treated with IFN-β prior to Seahorse glycolytic measurement. Injection of 
glucose induced an increase in glycolysis. Inhibition of the respiratory chain complex I (rotenone) and III (myxothiazol) turns glycolysis into the sole ATP pro-
duction pathway. FCCP injection breaks down the mitochondrial proton gradient and monensin increases ATP hydrolysis by activating Na+/K+ ATPases, re-
sulting in maximal glycolytic rates. (B) Proton efflux rates were set relative to WT control and basal, maximal and ATP demand-limited rate were calculated. 
(C ) USP18C61A/C61A x ISG15−/− cells were cultured in low glucose medium and ISG15 expression was rescued by AdV transduction of ISG15-LRGG (wt) or
HA-ISG15-LRAA (both MOI 25, 8 h). ISG15 and ISGylation was visualized upon IFN-β stimulation via western blot using antibodies against HA and tubulin as 
loading control. (D) Measurement of glycolytic rate by Seahorse measurement as shown in (A) upon injection of glucose. Proton efflux rates reflecting basal and 
maximal glycolytic activity were calculated. Data from a representative experiment out of n = 3 independent experiments, with 7–9 technical replicates each. 
(B)/(D) Statistical significance was computed by two-way ANOVA, followed by Sidak’s multiple comparisons test.
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abundance of key metabolic proteins could be an additional mechanism 
for the control of the cardiac metabolic capacity during infection. 
Therefore, we quantified the cardiac proteome in WT, USP18C61A/C61A 

and ISG15−/− mice during infection by mass spectrometry (see 
Supplementary material online, Table S7). A principal component analysis 
(see Supplementary material online, Figure S4) showed that the infected 
samples clustered distinctly separate from uninfected ones, irrespective 
of their genotype and infection time point. To explore whether alterations 
in protein abundances of metabolic enzymes might alter the ATP produc-
tion capacity of the heart during infection, we integrated proteomics-based 
protein levels into a mathematical modelling platform that enables in silico 
calculation of the ATP-generating capacity of the heart, namely the 
Cardiokin1 platform22 (Figure 6A). First, based on the cardiac proteome, 
we calculated the maximal uptake capacity for all plasma nutrients. We 
found that ISG15 ensured the uptake of free fatty acids (FAs) during infec-
tion, while hearts from ISG15−/− mice displayed a reduced FA uptake cap-
acity at T1 (Figure 6B). With the exception of a higher uptake capacity for 
lactate in ISG15−/− heart tissue at T2, neither ISG15 nor infection influ-
enced the uptake capacity for glucose, ketone bodies or branched chain 
amino acids (BCAA).

As a next step, we computed the relative contribution of these energy- 
delivering substrates to total energy expenditure in the heart. We based 
our simulations on the individual plasma profiles for glucose, FA, and lactate 
in WT and ISG15−/− mice at T1/T2 and calculated their proportional con-
tribution to ATP production at baseline and for a high metabolic workload. 

Our calculation show that FA are the dominant fuel, irrespective of infec-
tion status and the ATP demand. With a drop in plasma FAs that was docu-
mented at T1/T2,5 we calculated a relative increase of glucose-fuelled and,
with increasing ATP demand, some elevation of lactate-fuelled energy pro-
duction (Figure 6C). In comparison to ISG15−/− mice, hearts from WT mice
showed a relatively, but non-significant lower glycolytic activity at T2 under
maximal load conditions (Figure 6C). Altogether, by integrating individual
cardiac proteomes, the Cardiokin1 platform indicated FAs as the dominant
energy source for the heart, with ISG15 controlling the uptake of this pri-
mary fuel at T1. Furthermore, the computational simulation of cardiac ATP
production (Figure 6D) shows that the deletion of ISG15 reduces the over-
all oxidative capacity in the heart. We computed a lower ATP production
rate in mouse hearts from ISG15−/− mice, particularly at T1.

3.5 The ISG15 system increases 
mitochondrial respiration in cardiomyocytes
Our study demonstrated two aspects how ISG15 affects cardiac metabol-
ism. ISG15, most likely by modifying control enzymes, reduces glycolysis 
rates in cardiomyocytes (Figures 3–5), and alters the cardiac proteome in 
a way that preserved the metabolic capacity (Figure 6), despite shortage 
of plasma nutrients during infection. Based on this, we endeavoured to elu-
cidate the impact of CVB3 infection on cardiac energy expenditure, as well 
as a possible influence of ISG15 on metabolic adaptation with functional 
assays. We infected cardiomyocytes and measured oxygen consumption 

Figure 6 Computational modelling of cardiac metabolism. (A) Cardiac proteomes of CVB3-infected wild-type (WT) and ISG15−/− mice were used for com-
putational analysis using the metabolic model Cardiokin1.22 (B) Maximal uptake capacities for fatty acids, glucose, lactate, ketone bodies (bd), and branched 
chain amino acids (BCAA) were defined by the magnitude of flux changes in response to changes in the concentration of corresponding plasma metabolite. 
(C ) Computed contribution of the energy-delivering substrates to total energy expenditure at resting and maximal energy demand for T0/T1/T2 conditions,
calculated for the experimentally obtained plasma levels for fatty acids, glucose and lactate5 ($ mean value baseline; § mean value during CVB3 infection). 
(D) Maximal total ATP production capacity was calculated and normalized to heart mass [µmol/h]. Significance was determined with two-way ANOVA fol-
lowed by Sidak‘s multiple comparisons test.
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rates (OCR), a surrogate for the cellular demand for ATP, with a Seahorse 
XF analyzer (Figure 7A). We used experimental conditions that show no 
effect of the ISG15 system on viral replication, translating into similar cyto-
toxicity and ATP demand in both, WT and ISG15−/− cells. Based on the 
OCR following sequential application of oligomycin, FCCP, and rote-
none/antimycin A, we calculated basal and maximal respiration, as well as 
ATP production (Figure 7B). In comparison to uninfected control samples, 
infected cells from WT mice displayed a significant increase in basal OCR. 
Consistently, CVB3 infection elevated the ATP turnover as well as the 
maximal mitochondrial respiratory capacity, indicating an increased ATP 
production rate and higher metabolic capacity (Figure 7C). To investigate 
the role of the ISG15 system in this metabolic adaptation, we compared 
our findings to cells that we isolated from ISG15−/− mice. A direct compari-
son of mitochondrial respiration in these cells at baseline conditions re-
vealed an overall non-significant reduction of OCR and ATP turnover. 
Moreover, in comparison to uninfected ISG15−/− control samples, infected 
cells lacking ISG15 failed to increase both their basal and maximal OCR 
(Figure 7C). These data strongly suggest a biological function of the 
ISG15 system in reprogramming mitochondrial ATP-generating pathways.

OCR, as determined by the Seahorse XF analyzer, primarily reflects the 
proton motive force at the inner mitochondrial membrane and thus is dir-
ectly linked to the mitochondrial membrane potential. We tracked the lat-
ter by staining primary cardiomyocytes with MitoTracker Deep Red 
(MTDR) and visualized its accumulation, attributed to alterations of the 
mitochondrial membrane potential. A direct comparison of WT and 
ISG15−/− cardiomyocytes revealed an increased MTDR signal in WT cells 
(Figure 7D and E). The protective effect of ISG15 on the membrane poten-
tial was already apparent in steady state conditions, yet more pronounced 
during infection. We discovered that the infection-triggered increase of the 
MTDR accumulation required an operative ISG15 system (Figure 7D and E), 
complementing the results observed by the Seahorse analysis. The lack of 
an increase of the mitochondrial potential in ISG15−/− cells, as shown by 
unaltered MTDR signals upon infection, cannot be attributed to morpho-
logic alterations of the organelles, as an autocorrelation-based image 
correlation spectroscopy of the MTDR signal revealed no change in mito-
chondrial sizes for any condition (see Supplementary material online, 
Figure S5).

These facts prompted us to profile the relevance of ISG15 for control of 
the metabolic capacity in heart tissue with a functional assay. We collected 
heart tissue biopsies from left ventricles of WT and ISG15−/− mice at T1/ 
T2 and compared the basal and maximal OCR to biopsies obtained from 
T0 mice, using the Seahorse XF analyzer platform. As summarized in 
Figure 7F and G, we found an increase for both basal and maximal OCR be-
ginning at T1 and maintaining at T2 in WT heart tissue, whereas the oxida-
tive metabolism in ISG15−/− heart tissue showed no alteration in infection. 
We confirmed that this metabolic reprogramming requires protein 
ISGylation, since heart tissue from Ube1L−/− mice with depletion of pro-
tein ISGylation in infection, showed similar results to ISG15−/− heart tissue 
and lacked the up-regulation of the metabolic capacity found in infected 
WT mice (Figure 7H). Taken together, this in vivo profiling of metabolic 
function demonstrates, consistent with findings in cardiomyocytes, a bio-
logical function of ISG15 in reprograming cardiac metabolism toward in-
creased ATP production capacity during infection. This result supports a 
higher ATP production rate in infected WT mouse hearts in the absence 
of concordant regulation of glycolysis.

4. Discussion
Viral infection imposes a catabolic state on mice with a potentially lethal 
outcome, as shown for pathogens, such as CVB3,5 SARS-CoV234 and influ-
enza B virus.35 In this study, we identified a novel role for the ISG15 system 
in the preservation of cardiac energy homeostasis during CVB3 infection. 
We uncovered that ISG15 helps the heart muscle to meet its energetic de-
mand under conditions of infection-triggered nutrient shortage, supporting 
the continuous supply of the body with oxygenated blood. ISG15 controls 
critical nodes of the interconnected metabolic network in cardiac muscle 

cells and beyond, thereby equipping the heart with an enhanced mitochon-
drial metabolic capacity, increasing ATP production. Protein ISGylation 
blocked cardiac glycolysis and thereby, it reversed the virus-dictated en-
hancement of glucose utilization.

CVB3 infection triggers a vast increase in the protein synthesis of anti-
viral effectors, which imposes a high demand for energy on heart cells.36

We found this high demand is met by an elevated ATP production rate 
in heart tissue from WT mice. The enhanced metabolic capacity during in-
fection, despite lower supply of heart tissue’s main fuels, FA and glucose,5

was directly dependent on ISG15. Higher oxidative ATP production in in-
fected cardiomyocytes and, more importantly, in cardiac tissue was only 
observed in the presence of ISG15. An increased ATP production in in-
fected cells might, at least in part, stem from the need for the production 
of protein building blocks by the virus itself.37 However, the high mitochon-
drial respiration rate observed in heart tissue biopsies appears to be more 
than the small viral foci with a generally low cardiac CVB3 concentration at 
the T1 phase would impose on the cells for their own needs.5 Moreover, 
the upiregulation of mitochondrial ATP production in an ISG15-dependent 
manner occurred despite equal cardiac viral concentrations in WT and 
ISG15−/− mice,5,6 thus making it implausible that the increased ATP de-
mand, seen in WT heart tissue, is directly coupled to more virus produc-
tion. Of note, the augmented metabolic capacity of heart tissue during 
infection can, at least in part, be attributed to the altered abundances of 
metabolic proteins, as demonstrated by our calculation of the metabolic 
capacity using the Cardiokin1-platform.22 This proteomics-based simula-
tion showed a higher ATP generation capacity by heart muscle tissue dur-
ing infection, again dependent on the ISG15 system. We determined that 
this effect is accomplished by conjugation of ISG15 to its target proteins. 
These data strengthen our conclusion that the virus does not itself impose 
the demand for protein synthesis leading to the increase of the cardiac 
metabolic capacity during infection, but instead reflects the demands of 
the innate immune system.

Supporting evidence for control of ATP production by ISG15 comes 
from prior cell culture studies that investigated mitochondrial activity in 
macrophages15 and pancreatic cancer stem cells.38 Similar to the results 
presented here for cardiomyocytes and in heart tissue, ISG15 enhances 
the oxidative capacity of these other cell types. There is conflicting data 
for adipocytes, however, where ISG15 appears to suppress the mitochon-
drial respiratory capacity. These contrasting results are most likely due to 
the respective experimental conditions, which precluded adipocytes from 
fuelling their oxidative metabolism by FA. Oxygen consumption, therefore, 
reflected alterations in aerobic glycolysis,27 which we show to be con-
trolled by ISGylation. In other words, it is unclear how mitochondrial res-
piration, as such, is controlled by ISG15, particularly under conditions in 
which acetyl-CoA mainly stems from FAO, as shown here and by others 
is the case for heart muscle.22,39 Further support for the biological require-
ment of the activated ISG15 system for proper mitochondrial ATP produc-
tion during viral infection comes from the higher FA uptake and ATP 
production rate that we calculated for WT heart tissue at T1, in compari-
son to the ISG15−/− condition. Although not studied in detail, there is some 
indication that ISGylation might have a direct effect on lipid metabolism. A 
previous study defined acetyl-CoA carboxylase (ACoAC), the key regula-
tory enzyme of lipid synthesis, as well as carnitine palmitoyltransferases 
(CPT), needed for FA transfer across the mitochondrial membrane, as tar-
gets of ISG15 in liver tissue21 and in adipocytes.27 If and how ISGylation in-
fluences either the enzymatic activity of ACoAC and CPT, e.g. as proposed 
for ISGylation of lactate dehydrogenase,27 or might alter their protein 
abundance, e.g. as shown for IRF340 and IFIT1/3,5 is unknown. We also con-
sidered control of ATP consumption by the ATPase-inhibitory factor 1 
(ATPIF1), which blocks the F0F1-ATPase. We and others failed to detect 
ATPIF1 as a target of the ISGylation cascade21,27 and the protein was 
not detected by shot-gun proteomics in heart tissue, we modelled the 
energetic stability depending on the activity of F0F1-ATPase and the cal-
culated changes of the mitochondrial membrane potential were inde-
pendent of viral infection and ISG15 expression. Therefore, the 
F0F1-ATPase does not provide the basis for an alternative explanation 
for our findings.
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Figure 7 Mitochondrial function of cardiomyocytes during CVB3 infection. (A–C) Primary cardiomyocytes from WT and ISG15−/− mice were infected with 
CVB3 at an MOI 1.0 for 6–8 h. (B–C) Seahorse analysis of mitochondrial oxygen consumption rate (representative of n = 5 independent experiments). 
(B) Oligomycin inhibits the respiratory chain ATP synthase thus reducing oxygen usage, while FCCP decouples the other complexes, resulting in maximal ac-
tivity and, hence oxygen consumption. Rotenone and antimycin A inhibit complex I and III of the respiratory chain, respectively, thereby halting cellular oxygen 
consumption by oxidative phosphorylation. (C ) Basal respiration, ATP production, and maximal respiration are depicted and were calculated relative to wild- 
type untreated control cells. Significances were determined using two-way ANOVA with Sidak’s multiple comparisons test. (D–E) MitoTracker Deep RedTM 

(MTDR) live cell staining in cardiomyocytes to analyze mitochondrial integrity. FCCP pre-treatment for 4 h served as a control. Cells were analyzed by confocal 
microscopy. Maximum intensity Z-projection is displayed with staining of MTDR in red and DAPI in blue. Scale bar: 10 µm. Quantitative comparison of intensity 
distributions of MTDR fluorescence (n = 24) (D). Flow cytometry analysis of MTDR mean fluorescence intensity, set relative to WT control (E). Statistical 
analysis was performed by two-way ANOVA followed by Sidak’s multiple comparisons test. (F, G) Mitochondrial function of heart tissue during CVB3 infection. 
Heart tissue biopsies obtained from wild-type (WT), and ISG15−/− mice at T0, T1, and T2 were analyzed by Seahorse measurement, determining oxygen 
consumption rates that were normalized to uninfected controls. (F ) Basal and (G) maximal respiration are displayed. P-values were determined by 
Student’s t-test. (H ) To distinguish between effects of free ISG15 and ISGylation, Ube1L−/− mice were infected and cardiac biopsies were analyzed as described 
above.
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In fact, for the first time, we demonstrate an ISGylation-dependent in-
crease in metabolic capacity in heart tissue during CVB3 infection. In the 
context of an increased FA uptake capacity and low carbohydrate avail-
ability, this clearly supports an ISG15-mediated improvement of energy 
production by enhanced FA metabolism in the heart during the acute 
phase of CVB3 infection in mice. Another remarkable finding of our in-
fection study is the neutralizing capacity of the ISG15 system on the 
virus-dictated enhancement of glucose turnover. In the absence of 
ISG15, the infection-induced up-regulation of glycolysis is linked to de-
creased mitochondrial respiration, indicative of a Warburg effect-like un-
coupling of glucose catabolism from its oxidative metabolism. Under 
conditions of systemic hypoglycaemia, such as during CVB3 infection,5

non-oxidative metabolism of glucose might contribute to both less effi-
cient ATP production, as potentially also to higher glucose demand. 
We propose that protein ISGylation of two key glycolysis control en-
zymes, HK2 and PFK1, is responsible for a major share of the 
ISG15-mediated reduction of glycolytic flux. ISGylation of both HK2 
and PFK1 effectively reduces their catalytic activity. Our structural mod-
els of HK2 and PFK1 suggest ISGylation interferes with the accessibility of 
the substrates glucose and Frc6P, respectively, to their binding sites. Since 
these two enzymes are rate limiting in glycolytic fluxes, we propose that 
ISGylation of these enzymes is key for promoting the metabolic shift to-
ward lower glycolytic rates. This adaptation is potentially augmented by 
ISGylation of other glycolytic enzymes, as shown here and reported by 
others.21,27 Nonetheless, in the absence of a recognizable, distinct 

ISGylation motif, the molecular principles that define ISGylation remain 
unknown.

Overall, the responses attributed to protein ISGylation stimulate higher 
oxidative metabolism, while reducing the overall turnover of glucose dur-
ing infection. Together, these data point toward an ISG15-mediated meta-
bolic shift, reducing glucose utilization by heart tissue, while maintaining or 
increasing FAO-fuelled mitochondrial ATP production. Another aspect of 
lower glucose utilization, accomplished by ISG15-mediated metabolic 
adaptation, might be less need for endogenous glucose production, an 
energy-demanding process fuelled mainly by amino acids that originate 
from muscle protein breakdown. Particularly in mice lacking ISG15, we 
documented signs of enhanced muscle wasting, affecting not only the 
whole body, but also heart mass loss. Cardiac atrophy, e.g. due to muscle 
protein breakdown by the ubiquitin proteasome system or autophagy,39

correlates with cardiac output failure in ISG15−/− mice, a surrogate for 
the high mortality in this group.6 Altogether, this supports the notion 
that the metabolic shift triggered by the ISG15 system not only reduces 
the demand for glucose, but might also lower the need for gluconeogen-
esis, thus preserving muscle protein integrity.

Taken together, our study demonstrates a novel function for protein 
ISGylation in the heart. ISG15 reprograms cardiac metabolism under the 
harsh condition of acute infection-triggered hypoglycaemia in mice. With 
this control of critical nodes in cardiac metabolism, ISG15 reduces the glu-
cose demand in cardiomyocytes and, at the same time, it supports in-
creased ATP production capacity, despite systemic nutrient shortage.

Translational perspective
Viral infection imposes a catabolic state with systemic shortage of plasma nutrients, thereby imposing metabolic stress to the heart muscle, which is 
highly dependent on adequate energy supply. Here, we explored molecular aspects of ISGylation, an endogenous stress-induced protein modification 
machinery induced by interferons in cardiac tissue during viral infection. We uncovered that the ISG15 system supports the heart muscle to meet its 
energetic demand. By conjugating ISG15 to control enzymes of glycolysis, ISG15 lowers the glucose flux under conditions of infection-triggered hypo-
glycaemia. At the same time, ISG15 enhances the respiratory activity in mitochondria, all ensuring the metabolic capacity of the heart during viral 
infection.
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