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Abstract
Coxsackievirus B3 (CVB3) is a major causative agent of viral myocarditis, 
a condition that can result in severe cardiac dysfunction and heart failure. 
Current research on CVB3 pathogenesis relies heavily on animal models 
or infectious virus systems, which are limited by biosafety requirements 
and translational challenges. To address these limitations, a novel human 
cell culture model based on induced pluripotent stem cells (hiPSCs) was 
developed, enabling controlled expression of viral genes without producing 
infectious particles. This system utilises a doxycycline-inducible Tet-
On mechanism to regulate the expression of a modified CVB3 genome 
(CVB3ΔVP0-UTR), which lacks capsid protein functionality as well as 
3´UTR and the 5´UTR, ensuring biosafety level 1 compliance. The results 
demonstrate that CVB3ΔVP0-UTR expression induces significant structural 
and functional changes in hiPSC-derived cardiomyocytes, including 
sarcomere disorganisation, reduced cell growth, impaired contractility, and 
extended contraction intervals. Furthermore, mitochondrial dysfunction 
was observed, characterised by fragmented mitochondrial networks, ROS 
accumulation, and decreased ATP production. These findings align with 
clinical features of CVB3-induced myocarditis and underscore mitochondrial 
dysregulation as a central pathological mechanism. This model provides a 
versatile platform for studying RNA virus pathogenesis and testing antiviral 
therapies. It offers significant advantages in terms of safety, controllability, 
and reproducibility while being adaptable to other RNA viruses. The present 
study underscores the potential of this model to further our understanding of 
viral myocarditis and to develop targeted therapeutic strategies.
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Introduction
RNA virus infections present a significant medical challenge, particularly 

due to limited therapeutic options and complex pathogenesis mechanisms 
[1]. Coxsackievirus B3 (CVB3) is a member of the family of enteroviruses 
and is one of the main viral causes of myocarditis, an inflammatory heart 
disease which can lead to dilated cardiomyopathy [2]. Furthermore, CVB3 
infections have been linked to meningoencephalitis, pancreatitis and insulin-
dependent diabetes mellitus type 1 [3,4].

The pathogenesis of CVB3-induced myocarditis involves direct 
cytopathic effects of the virus as well as a complex host immune response. 
Viral proteases such as 2A and 3C play a central role in this process by 
cleaving cellular structural proteins such as dystrophin, thereby impairing 
sarcomere structure and cell integrity [5,6]. Furthermore, CVB3 has been 
demonstrated to induce mitochondrial dysfunction, oxidative stress and 
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energy metabolism disorders, which in turn lead to decreased 
cell viability and cardiac dysfunction [7-10].

Research on CVB3 has primarily utilised three 
methodological approaches: (1) the analysis of human tissue 
samples from patients with viral myocarditis [11], (2) the use 
of mouse or other animal models to study the pathogenesis 
of infection [10]. and (3) the in vitro infection of human 
cell lines with infectious virus particles [12,13]. However, it 
should be noted that all of these approaches have significant 
limitations: human samples are limited in availability and 
mostly represent advanced stages of disease; animal models 
do not fully reflect human physiology; and experiments with 
infectious viruses require biosafety level 2 or higher, which 
excludes many research laboratories from working with 
these viruses. Finally, infection with viable virus results 
in punctuated virus expression with variable virus loads in 
individual cells.

In order to overcome these limitations, an innovative cell 
culture model based on human induced pluripotent stem cells 
(hiPSCs) has been developed.

Figure 1 illustrates an innovative cell culture model for 
investigating CVB3-induced effects in a safe laboratory 
setting. On the left, the generation of transgenic hiPSCs by 
co-transfection of three vectors is depicted: a CVB3ΔVP0-
UTR-IRES-Venus construct (KA0717-pPB-hCMV1-
CVB3DVP0-UTR-IRES-Venus), an rtTA transactivator 
plasmid and resistance plasmid (KA0637-pPgCAG-rtTAM2-
IN) [9]. Stable integration is achieved by co-transfection 
with the PiggyBac transposase vector (PB200PA-1). Stable 
integration of these components results in a controllable 
cell line in which viral gene expression can be induced by 
doxycycline application. The right figure (Figure 1, right) 
illustrates the functionality of the system. Transgenic hiPSC 
can be differentiated into several cell types e.g. hiPSC-
derived cardiomyocytes. In the absence of doxycycline, 
viral gene expression remains inactive. However, upon 
doxycycline addition, the rtTA transactivator binds to the 
Tet-On promoter element, inducing the expression of the 
modified viral genome. This results in the production of viral 
proteins without the formation of infectious particles [9]. 
The expression of Venus serves as a visual marker of system 
activation. This model facilitates the study of viral effects 
on cellular structures, such as ion channels, sarcomeres 
and mitochondria, under biosafety level [1] conditions. 
The controlled expression of viral genes and the potential 
for differentiation into cardiomyocytes render this system a 
versatile platform for research into RNA virus pathogenic 
mechanisms and for the development of new therapeutic 
approaches.

The regulation of viral gene expression is facilitated by 
a tetracycline-inducible system (Tet-On) that is activated by 

doxycycline [14,16]. The Tet-On system has firmly established 
itself as a highly effective tool for the precise control of gene 
expression, offering temporal and dose-dependent regulation 
[16]. The model offers several advantages: (1) biosafety, 
as no infectious particles are formed; (2) precise control of 
viral gene expression through doxycycline induction; (3) 
easy visualisation through Venus reporter expression; and 
(4) broad applicability for various investigations, from basic
cellular mechanisms to drug testing. This approach provides
a versatile platform for the study of RNA virus infections that
overcomes the limitations of previous models and allows new
insights into viral pathogenesis.

Materials and Methods
hiPSC culture

Sendai Foreskin 1 (SFS.1) human induced pluripotent 
stem cells were cultivated at 37°C and 5% CO2, in accordance 
with the protocol established by Zhang et al. [17] and 
Peischard et al. [18]. The SFS.1 cells were cultivated in FTDA 
medium (DMEM/F12) (Invitrogen #21331020) containing 

Figure 1: Schematic representation of the innovative cell culture 
model for the controlled expression of viral genes. Left: co-
transfection of hiPSCs with three plasmids (CVB3ΔVP0- UTR-
IRES-Venus, rtTA transactivator and resistance plasmid, PiggyBac 
Transposase) for the stable integration of the modified CVB3 
genome. Right: Transgenic hiPSC can be differentiated into cell 
types of interest e.g. cardiomyocytes. Depiction of the system's 
functionality. In the absence of doxycycline, viral gene expression 
remains inactive. However, the addition of doxycycline results in 
the induction of CVB3ΔVP0-UTR genome expression, thereby 
preventing the formation of infectious particles, while fluorescent 
Venus expression serves as a marker for system activation. 
Physiological effects of viral gene expression, including modulation 
of ion channels, sarcomere degradation and mitochondrial 
dysfunction can be studied under controlled conditions.



Seebohm G, et al., Arch Clin Biomed Res 2025
DOI:10.26502/acbr.50170476

Citation:	Guiscard Seebohm, Nathalie Strutz-Seebohm, Jürgen Hescheler, Stefan Peischard. A Genetically Modified, Enterovirus-Based 
Expression	System	in	Human	Induced	Pluripotent	Stem	Cells	for	the	Safe	Study	of	Viral	Pathomechanisms.	Archives	of	Clinical	
and	Biomedical Research. 9 (2025): 364-375.

Volume 9 • Issue 5 366 

5 µg/ml ITS (Becton Dickinson #354350), 0.1% human 
serum albumin (Biological Industries #05-720- 1B), 1X CD 
Lipid Concentrate (Invitrogen #1905031), 1X Penicillin/
Streptomycin/Glutamine (Life Technologies #10378016), 
10 ng/ml FGF2 (PeproTech #100-18B), 5 ng/ml Activin A 
(eBioscience #34-8993-85), 0.4 µg/ml TGFβ1 (eBioscience 
#34-8348-82) and 50 nM Dorsomorphin (Santa Cruz #sc-
200689) [19,20]. The medium was changed on a daily basis. 
Once the cells had become fully confluent, they were washed 
with Phosphate Buffered Saline (PBS) and incubated with 
Accutase® (Sigma #A6964) that had been supplemented with 
10 µM Y-27632 (Abcam Biochemicals #ab120129) for 10 
minutes at 37°C.The enzymatic reaction was stopped by the 
addition of Fibroblast Growth Factor (FGF) Medium (FTDA) 
that had been supplemented with 10 µM Y-27632. The cells 
were then subjected to a centrifugation process at 200 x g for 
a duration of 2 minutes, after which they were resuspended 
in FTDA medium containing 10 µM Y- 27632. The seeding 
process was conducted at a cell density of 600,000 cells per 
well in a 6-well plate, which had been coated with a diluted 
Matrigel® solution (Becton Dickinson #354263) at a ratio of 
1:75. The following day, the medium was changed to FTDA 
without Y-27632.

The generation of a transgenic coxsackievirus-
inducible human iPS cell line

A three-vector system was used to generate the 
CVB3∆VP0-UTR-inducible hiPS cell line SFS.1-
CVB3∆VP0-IRES-Venus. The vectors (PB200PA-1, 
KA0637-pPgCAG- rtTAM2-IN and KAO717-pPB-hCMV1-
CVB3∆VP0-IRES-Venus) were introduced into SFS.1wt 
cells at a ratio of 1:3:15 using FuGene6 lipofection [9]. The 
selection of FuGene6 was based on comparative preliminary 
experiments that demonstrated twice the transfection 
efficiency of FuGeneHD [9].

Following transfection and expression, a two-step 
selection process was initiated: (1) G418 selection for 
seven days to enrich cells containing KA0637-pPgCAG-
rtTAM2-IN and (2) doxycycline-induced activation of rtTA, 
which triggers the expression of KAO717-pPB-hCMV1-
CVB3∆VP0-IRES-Venus. To mitigate potential for cytotoxic 
effects arising from the expression of CVB3∆VP0-UTR, a 
protease inhibitor cocktail (Roche) was added to the culture 
medium. This strategy resulted in the emergence of Venus-
positive colonies within three days of doxycycline treatment.

PCR for CVB3∆VP0-UTR detection
PCR detection of CVB3∆VPO-UTR in SFS.1 was 

carried out with a total reaction volume of 25 µL, 
comprising the following components: 1 µL template 
cDNA, 1.5 µL MgSO4 (25 mM), 0.5 µL KOD polymerase 
(1 U/µL), and 0.75µL of primer P1491 (10 µM) 
(ATGCCCTCGGGATGTTCTGG), 0.75 μL of primer P1854 

(10 μM) (GTCCGACTGGGACGCTTCTA), 2.5 μL dNTPs, 
2.5 μL 10x KOD buffer and 15.5 μL nuclease-free water. 
Various colony-derived cDNAs from SFS.1-CVB3ΔVPO-
UTRs (±DOX), as well as positive and negative controls, 
were used as templates. The PCR programme commenced 
with an initial denaturation step at 95°C for two minutes, 
followed by 40 cycles of denaturation at 95°C for 20 seconds, 
annealing at 63°C for 10 seconds, and extension at 70°C for 
10 seconds. Subsequently, a final extension step at 70°C for 
one minute was performed, and the samples were stored at 
4°C. For the purpose of analysis, 10 µL of the PCR product 
was mixed with 2 µL of 6x Loading Dye and separated by 
agarose gel electrophoresis. The expected fragment size was 
472 bp.

qRT-PCR for virus load detection
The detection of CVB3∆VPO-UTR utilising quantitative 

RT-PCR involved the preparation of a primer working 
solution with a concentration of 2.5 µM, which was achieved 
by combining 950 µl H2O with 25 µl of each forward and 
reverse primer. Two primer pairs were employed in this study: 
P5 (consisting of P1855 (GTGAAGGTCGGAGTCAACGG) 
and P1856 (TGAAGGGGTCATTGATGGCA)) and P1 
(consisting of P1881 (ACGAATCCCAGTGTGTTTTGG) 
and P1882 (TGCTCAAAAACGGTATGGACAT)). The 
cDNA was used in a 1:10 dilution (20 µl cDNA + 80 µl 
H2O). CDNA samples from SFS.1 CVB3 VP0-UTR, treated 
with different DOX concentrations (no Dox, 0.25 ng/ml,  
0.5 ng/ml, 1 ng/ml, 5 ng/ml, 20 ng/ml, 50 ng/ml, 100 ng/
ml, 500 ng/ml, 1 µg/ml and 2 µg/ml), were analysed. For 
the purpose of quality assurance, a number of controls were 
incorporated: firstly, a negative control (NC-cDNA) was 
included to check the reagents of the reverse transcription 
kit for contamination, secondly, a PCR negative control 
(NC_PCR) with water instead of cDNA was used to control 
the SYBR Green reagents, and thirdly, an RT control that 
contained all reagents of the RT kit except the reverse 
transcriptase. The qPCR reaction mixture was prepared as a 
master mix with 10 µl SYBR Green, 3 µl primer pair and 
5 µl H2O, resulting in a volume of 18 µl, to which 2 µl of 
the respective cDNA sample was then added to yield a total 
volume of 20 µl per reaction.

Immunofluorescence staining and imaging
Cells were fixed with 4% PFA/PBS for 10 minutes and 

blocked for one hour in 2% BSA, 2% glycine and 0.2% 
Triton-X in PBS-T. Primary antibody against α-actinin 
(A7811, Sigma Aldrich) was incubated overnight at 4°C. 
Following this, the samples were washed with PBS-T and 
secondary antibody (SAB4600036, Sigma Aldrich) was 
applied at a ratio of 1:1000 for 1h at RT. The antibody 
solution was removed and cells were stained with WGA deep 
red (CF633 WGA, #29024-1, Biotium) in a 1:1000 ratio for 
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5 min. Staining solution was removed and cells were washed 
3x with PBS. In the second washing step DAPI was added 
to the PBS in a ratio of 1:1000 and the cells were incubated 
for 5 min. Imaging was performed using a Leica DMI4000 
confocal microscope.

MitoTracker™ CMXRos staining and analysis
Cardiomyocytes (4 weeks post-differentiation) were 

seeded at 100,000 cells per well on 12 mm cover slips and 
incubated overnight in KO-THAI medium with or without 
2 µg/ml doxycycline. The cells were stained with 100 nM 
MitoTracker™ CMXRos for 15 min, fixed in 4% PFA/PBS 
and mounted for imaging. Analysis of network structure was 
performed using the MiNa plugin for imageJ [21,22].

The differentiation of SFS.1-CVB3∆VP0-IRES-
Venus into cardiomyocytes

SFS.1-CVB3∆VP0-IRES-Venus were detached 
using Accutase® for a period of 8–10 min and treated 
in accordance with the aforementioned methodology. 
Following centrifugation, D0 differentiation medium 
was added, consisting of KO-DMEM (Life Technologies 
#10829018), 1X Penicillin/Streptomycin/Glutamine, 5 µg/ml 
ITS, 10 µM Y-27632, 20 ng/ ml FGF2, 1 nM CHIR-99021 
(Axon Medchem #Axon1386), and 0.25 to 2.0 nM BMP-4 
(R&D #314-BP-010) was used to resuspend the cells [23]. 
It is imperative to test the concentration of BMP-4 regularly 
in order to ensure optimal differentiation. The resuspended 
cells were seeded at 550,000 cells/24-well on Matrigel-
coated wells. After 24 hours, the medium was changed, 
with the D0 medium being replaced with TS-ASC medium 
(KO-DMEM, 5.5 mg/l transferrin (Sigma #T8158- 100MG), 
6.75 µg/l selenium). (Sigma #S5261-10G), 1X penicillin/
streptomycin/glutamine, 250 µM ascorbate (Sigma #49,752-
10G). The cells were then incubated in TS-ASC for a period 
of 24 hours, after which the medium was changed to TS-ASC 
Medium with 0.5 mM C59 (Tocris #5148). Thereafter, the 
cells were incubated in TS-ASC + C59 for 48 hours, with the 
medium being exchanged after 24 hours. Subsequently, the 
cells were maintained in TS-ASC medium for an additional 
5 days until autonomous beating of the cells was observed 
[9,23]. The beating cells were then washed with phosphate-
buffered saline (PBS) and incubated with TrypLE Select (1X) 
(Life Technologies #12563011) supplemented with 10 µM 
Y-27632 for 10 minutes at 37°C. Following this, the cells
were isolated and subjected to a centrifugation process at 200
x g for a duration of 3 minutes. Thereafter, the cells were
transferred into KO-THAI medium, comprising KO-DMEM,
1X penicillin/streptomycin/glutamine, 0.2 % human serum
albumin, 250 µM ascorbate, 5 µg/ml ITS and 0.04 % (v/v)
thioglycerol + 10 µM Y-27632 and seeded at a ratio of 1:5
onto 24-well plates that had been coated with 1:75 diluted
Matrigel and 0.2 % gelatin in a 1:1 ratio. The following day,

the medium was replaced with KO-THAI medium devoid of 
Y-27632.

Cardioexcyte CE96
HiPSC-derived cardiomyocytes, CVB3-induced and 

control cells, were seeded on 0.1% gelatin-coated NSP-96 
Type Standard Stim plates (Nanion Technologies) at 30,000 
cells/well in appropriate medium (KO-THAI) supplemented 
with 10 µM Y- 27632. After 24-hour incubation at 37°C and 
5% CO2, medium was replaced without Y-27632. Cells were 
cultured until spontaneous contraction occurred (5 days post- 
seeding), then transferred to the CardioExcyte 96 system for 
baseline measurement of contraction via impedance for 2 
hours.

Luciferase ATP-Assay
For the assessment of CVB3ΔVP0-UTR induced 

metabolic disruption in hiPSC cardiomyocytes, 96-well 
plates were prepared with a sequential coating procedure 
using 0.2% gelatin solution (1 hour, room temperature) 
followed by FBS (15 minutes, 37°C). Cardiomyocytes 
were thawed according to established protocols and seeded 
onto the pre-coated plates in a density of 30,000 cells/well. 
CVB3VP0-UTR expression was started the following day 
by DOX application at 2 mg/ml over-night. Subsequent 
luciferase reporter assays were performed using the Thermo 
Fisher A22066 kit following manufacturer's specifications.

Results
In order to investigate the effects of Coxsackievirus B3 

(CVB3) gene expression in human cells, a doxycycline-
inducible system was developed. This system was based on 
human induced pluripotent stem cells (hiPSCs) and allowed 
the controlled expression of a modified, non-infectious CVB3 
genome (CVB3ΔVP0-UTR). The impact of this expression 
on cell morphology, growth, and function was then studied. 
The ensuing results furnish insights into the molecular and 
functional consequences of CVB3ΔVP0-UTR expression in 
hiPSCs and their differentiated cardiomyocytes.

The PCR analysis (Figure 2A) confirms the successful 
integration of the CVB3ΔVP0- UTR construct into the 
hiPSCs, with specific bands (472 bp) visible in samples 2, 
5, 7 and 10, indicating successful integration. In contrast, the 
negative control (Neg.) shows no amplification. These results 
confirm the stable transfection of the CVB3ΔVP0-UTR 
construct into the SFS.1WT cells, which forms the basis for 
an inducible expression system.

The microscopic images (Figure 2B) illustrate the effects 
of doxycycline-induced expression of CVB3ΔVP0-UTR on 
cell morphology and growth. SFS.1WT cells in the absence 
of doxycycline (DOX) and WT cells in the presence of 
DOX exhibit normal morphology, thereby confirming that 
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doxycycline alone does not induce morphological changes. 
CVB3-transgenic cells without DOX also retain their normal 
morphology, demonstrating the strict regulation of the Tet-
On system. In contrast, CVB3-transgenic cells with DOX 
manifest distinct morphological changes, including cell 
shrinkage and loss of integrity, indicative of the cytotoxic 
effects of viral protein expression.

FACS analysis (Figure 2C) demonstrates the percentage 
of Venus-positive cells as a function of DOX concentration, 
with a robust increase in the number of Venus-positive 
cells observed at concentrations higher than 50 µg/µL Dox  
(p < 0.01), thereby confirming a clear dose-dependence of the 
inducible system. These results are consistent with previous 
studies on the functionality of the Tet-On system.

The cell growth analysis over a period of 16 hours 
(Figure 2D) demonstrates that control cells SFS.1WT (green 
line) exhibit continuous growth, while DMSO-treated cells 

(red line) demonstrate significant growth inhibition. DOX 
treatment with up to 2000 ng/µL Dox had no effect in cell 
growth in SFS.1WT. A similar observation is evident in 
the long-term growth analysis (Figure 2E), where control 
cells show no DOX induced effect after 16h of treatment. 
Application of DOX exhibits no significant effect at low 
concentrations (<5 ng/µL) exhibit no significant effect on cell 
growth, while higher concentrations (>20 ng/µL) significantly 
inhibit cell growth (p < 0.01) in SFS.1- CVB3ΔVP0-UTR 
(Figure 2F). This is corroborated by the dose-dependent 
growth inhibition in SFS.1-CVB3ΔVP0-UTR observed after 
16 hours of DOX application (Figure 2G). These findings 
demonstrate a direct correlation between doxycycline dose, 
viral gene expression and cytotoxic effects. Furthermore, 
quantitative RT-PCR (Figure 2H) of the CVB3ΔVP0-
UTR genome in SFS.1-CVB3ΔVP0-UTR demonstrates an 
exponential increase in gene expression with increasing DOX 
concentration (p < 0.01), thus confirming the effectiveness 

Figure 2: Characterisation of the CVB3ΔVP0-UTR-inducible hiPSC system. A: Polymerase chain reaction (PCR) analysis to confirm the 
integration of the CVB3ΔVP0-UTR construct into the hiPSCs. The specific bands (472 base pairs (bp)) in samples 2, 5, 7 and 10 show 
successful integration. B: Microscopic images of cell morphology under different conditions. WT cells in the absence of doxycycline (DOX) 
and WT cells in the presence of DOX demonstrate normal morphology, while CVB3-transgenic cells in the absence of DOX remain unchanged 
and CVB3-transgenic cells in the presence of DOX show reduced cell count and density. C: FACS analysis of Venus-positive cells in relation 
to the DOX concentration, demonstrating that with increasing concentration, the number of Venus-positive cells increases significantly (p < 
0.01). D: Cell growth analysis of SFS.1WT cells after 16 hours of DOX application. E: Effect of varying DOX concentrations on cell growth 
of SFS.1WT cells after 16 hours. F: Effect of varying DOX concentrations on cell growth of SFS.1 CVB3ΔVP0-UTR cells after 16 hours. G: 
Dose-dependent cell death of SFS.1 CVB3ΔVP0-UTR cells after 16 hours of DOX application. H: Quantitative RT-PCR for expression of the 
CVB3ΔVP0-UTR genome in dependence on the DOX concentration.
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of the inducible system and the tight control of viral gene 
expression.

The differentiation of these cells into cardiomyocytes, 
along with the subsequent functional analyses, is a subject of 
considerable interest to study viral infection.

The timeline protocol (Figure 3A) illustrates the 
differentiation process from hiPSCs to cardiomyocytes. On 
day 0, the differentiation process is initiated with the addition of 
WNT and BMP-4 signalling pathway activators, which result 
in mesodermal induction. Subsequently, on days 2 and 3, the 
WNT signalling pathway is inhibited by the WNT inhibitor 
C59 to promote cardiac specification. Thereafter, from day 
4, the cells mature in KO-THAI medium into functional 
cardiomyocytes that show spontaneous contractions on day 
8. This method follows established protocols for cardiac
differentiation of hiPSCs and usually achieves differentiation
efficiencies of about 90% [18,24].

Immunofluorescence images (Figure 3B) show an 
α -actinin staining in control cardiomyocytes (Ctrl) and 
CVB3-expressing cardiomyocytes (CVB3). A well-visible 

α- actinin staining is detectable in the control cells (red 
staining), whereas in CVB3- expressing cells, a clearly 
reduced α-actinin signal is evident. Quantification of this 
observation in control and CVB3-expressing cardiomyocytes 
show significant differences, which is illustrated by a 
boxplot (Figure 3C), whereas CVB3-expressing cells are 
significantly less intensely stained (p < 0.05), confirming a 
CVB3-induced reduction of sarcomeric structures. These 
observations are consistent with reports of structural damage 
in CVB3-induced myocarditis, in which viral proteases such 
as 2A cleave cellular structural proteins, thereby disrupting 
sarcomere organisation in mice and human [2,10].

The histograms (Figure 3D, E) and the contraction traces 
demonstrate the frequency of contraction behaviour in 
control and CVB3-expressing cardiomyocytes. While control 
cells exhibit regular contractions with a mean frequency of 
approximately 2 seconds per cycle, CVB3-expressing cells 
demonstrate a broader distribution of peak- to-peak time 
intervals, indicating impaired pace making and contraction. 
A comparison of the contraction intervals (Figure 3F) reveals 
significantly longer intervals in CVB3- expressing cells  

Figure 3: Functional analysis of CVB3ΔVP0-UTR-expressing cardiomyocytes. A: Schematic representation of the hiPSC-to-cardiomyocyte 
differentiation protocol utilising WNT and BMP-4 signalling modulators. B: Immunofluorescence images illustrating well-visible α-actinin 
staining in control cells (Ctrl) in comparison to a weak staining in CVB3ΔVP0-UTR -expressing cells. C: α -actinin staining intensity in a 
boxplot representation, demonstrating a significant reduction in CVB3-expressing cardiomyocytes (p < 0.05). D: Histogram of peak-to-peak 
time intervals in control cells, indicates regular contractions with a stable frequency. Regular activity is also depicted in the exemplary trace. 
E: Histogram for CVB3ΔVP0-UTR-expressing cardiomyocytes. Irregular contractions with a broader distribution of intervals. This can also 
be seen in the exemplary trace. F: Presents a boxplot that compares the peak-to-peak time intervals between control and CVB3-expressing 
cardiomyocytes.
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(p < 0.01), indicating a reduced contraction frequency and 
reduced pace maker activity, which is line with impaired 
pacemaker channel HCN4 activity observed in Peischard  
et al. [20].

Mitochondrial networks (red) and cell nuclei (blue) in 
control and CVB3-expressing cardiomyocytes are revealed 
by MitoTracker™ and DAPI staining (Figure 4A). In control 
cells, well-organised, branched mitochondrial networks are 
visible, whereas in CVB3-expressing cells, fragmentation 
and disorganisation of mitochondria is evident. Overlay with 
membrane marker WGA deep red (magenta) shows that the 
mitochondrial structure in CVB3-expressing cells is severely 
affected. These observations are consistent with previous 
studies that have described mitochondrial disturbances in 
viral infections [10,25].

Figure 4B illustrates the workflow for the quantitative 
analysis of mitochondrial structure with MiNa, encompassing 
the identification, definition, application, and analysis of 
structural parameters such as size and branching. Quantitative 
analyses of mitochondrial structures (Figure 4C) reveals a 
significant reduction in network size (p < 0.001) and branch 

length (p < 0.05) and an increase in isolated mitochondria 
(p < 0.001) in CVB3-expressing cells. The results of 
fluorescence intensity analysis demonstrate a significant 
increase in the fluorescence intensity of MitoTracker™ 
CMXRos (Figure 4D) in CVB3-expressing cells (p < 0.001), 
supporting a disruption of mitochondrial membrane integrity 
and membrane cluster accumulation [9]. The ATP content 
is significantly reduced in CVB3-expressing cells compared 
to control cells (p < 0.05), indicating an impaired energy 
metabolism (Figure 4E). This observation is consistent with 
previous studies that have described a reduction in ATP 
production in mitochondrial dysfunction and viral infections.

Discussion
The results of this study demonstrate that doxycycline-

inducible expression of the modified non-infectious 
coxsackievirus B3 (CVB3ΔVP0-UTR) in human induced 
pluripotent stem cells and their derived cardiomyocytes 
induces key pathophysiological features of viral 
cardiomyopathies. This enables a precise investigation of 
the effects of viral proteins on human cells under highly 
controlled conditions.

Figure 4: Mitochondrial dysfunction in CVB3ΔVP0-UTR-expressing cardiomyocytes. A: Immunofluorescence images showing mitochondrial 
structures (MitoTracker™ CMXRos, red) and cell nuclei (DAPI, blue) in control (left) and CVB3-expressing cardiomyocytes (right). B: 
Workflow for quantitative analysis of mitochondrial morphology. Networks are identified and analysed by MiNa7ImageJ as described in the 
methods section. C: The results of the network analysis are presented as boxplots demonstrating a significant reduction in network size (p < 
0.001) and branch length (p < 0.05), alongside an increase in isolated mitochondria (p < 0.001) in CVB3-expressing cells. D: The fluorescence 
intensity of MitoTracker™ CMXRos (p < 0.001) is significantly reduced in CVB3-expressing cells. E: The analysis of an ATP-luciferase assay 
demonstrates a statistically significant decrease in ATP content in CVB3-expressing cells compared to control cells (p < 0.05).
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The establishment of a controllable CVB3 expression 
system

The model presented is based on the stable integration of 
a modified CVB3 genome into the genome of human induced 
pluripotent stem cells. The CVB3ΔVP0-UTR genome has 
been integrated into the genome of SFS.1 cells (Figure 
2A). Tet-On system has been established as an effective 
tool for controlled gene expression [26,27]. The results 
obtained demonstrate a dose-dependent induction of Venus 
fluorescence and expression of the CVB3ΔVP0-UTR genome 
subsequent to doxycycline application (Figure 2B, C, H). 
The observed exponential increase in Venus fluorescence and 
gene expression with increasing doxycycline concentration 
confirms the precision and efficiency of the system, as 
described in other studies.

In comparison with previous studies, the present model 
has the advantage that no infectious particles can be produced, 
thus allowing it to be operated under low biosafety level 1. 
This represents a substantial advancement, given that earlier 
studies on viral infections frequently necessitate stringent 
safety measures. Furthermore, the controlled and uniform 
expression of viral genes facilitates a precise temporal and 
dose-dependent analysis of viral effects, which is often 
challenging in conventional infection models [28].

The cytotoxic effects of CVB3ΔVP0-UTR expression, 
as demonstrated in the growth analyses (Figure 2D-G), 
are consistent with those reported in previous studies that 
described analogous effects during CVB3 infections [29,30]. 
The occurrence of these effects in the absence of infectious 
particles strongly suggests viral protein synthesis alone 
is sufficient to cause some severe cellular dysfunctions. 
This finding corroborates earlier hypotheses that viral non-
structural proteins, such as proteases, can directly induce 
cellular damage [31,32]. The effects of these proteins on 
cardiomyocyte structure and function are clearly observable 
and can now be studied systematically in this very controlled, 
uniform, human model.

Analysis of cardiomyocyte physiology
The successful differentiation of the transgenic hiPSCs 

into functional cardiomyocytes (Figure 3A) enabled the 
investigation of the effects of viral gene expression on cardiac 
structure and function. The results obtained demonstrate a 
disorganisation of sarcomere structures in CVB3-expressing 
cardiomyocytes (Figure 3B), which is in line with previous 
reports of structural damage in viral myocarditis [5,33,34]. 
The observed reduction in α-actinin staining in CVB3-
expressing cardiomyocytes (Figure 3C) could be due to 
impaired protein synthesis or increased protein degradation 
by viral proteases [35,36]. Previous studies have shown 
that the CVB3 protease 2A cleaves cellular proteins such as 
dystrophin, which leads to the impairment of the cell structure 

[32,37]. Furthermore, the activation of caspase signalling 
pathways by viral infection can lead to cell shrinkage and 
apoptosis [12].

The impaired contractility and prolonged repolarisation 
intervals observed in CVB3- expressing cardiomyocytes 
(Figure 3D-F) indicate an impairment of electromechanical 
coupling. These observations are consistent with clinical 
findings in patients with viral myocarditis, in whom reduced 
contractility and impaired electrical activity of the heart 
are observed. The molecular mechanisms may involve a 
disruption of calcium homeostasis by viral proteins, as 
previously described [10,30,34].

Mitochondrial dysfunction has been identified as a 
central pathogenic mechanism

Network analysis of mitochondrial structure (see Figure 
4) demonstrates significant fragmentation of mitochondrial
networks. Consistent with impaired structures a dysregulation
of the membrane potential and reduced ATP production is
detected in CVB3-expressing cardiomyocytes. These findings
are consistent with a growing body of evidence identifying
mitochondrial dysfunction as a central mechanism in viral
infections and particularly in viral myocarditis [7,38,39].

The observed and quantified fragmentation of 
mitochondrial networks (Figure 4 A, B and C) indicates 
disrupted mitochondrial dynamics. Mitochondrial fusion and 
fission are essential processes for maintaining mitochondrial 
function and cell homeostasis [40,41]. Dysregulation of 
these processes, as observed in viral infections, can lead to 
mitochondrial fragmentation, dysfunction and ultimately cell 
damage [38].

The increased MitoTracker™ fluorescence intensity 
in CVB3-expressing cells (Figure 4D) indicates an altered 
mitochondrial membrane potential, which may be due to 
mitochondrial membrane hyperpolarisation, as observed 
in various forms of cell stress and viral infections [42,43]. 
Mitochondrial membrane hyperpolarisation can lead to 
impaired ATP synthesis and increased production of reactive 
oxygen species (ROS), which in turn contributes to oxidative 
stress and cell damage which is pathophysiologically 
relevant [44-46]. The reduced ATP production, verified by 
Luciferase ATP-Assay in CVB3-expressing cells (Figure 4E) 
confirms a functional impairment of the mitochondria. ATP 
is essential for contractile processes and cellular homeostasis 
in cardiomyocytes, and an energy deficiency can therefore 
lead to an impairment of cardiac function, as observed in viral 
myocarditis [16,47].

A comparison with other models and clinical 
relevance

In comparison with previous models, our approach offers 
several advantages: (1) the controlled expression of viral 
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genes without the production of infectious particles, (2) the 
possibility to study specific viral proteins and their effects, 
and (3) the use of human cells that better represent human 
physiology than animal models.

Previous studies have described similar structural and 
functional changes in cardiomyocytes after CVB3 infection, 
such as sarcomere disorganisation, impaired contractility and 
mitochondrial dysfunction. The present model corroborates 
these findings and demonstrates that these effects can also 
occur in the absence of the production of infectious particles, 
thereby suggesting a direct effect of viral proteins [30,48,49]. 
The observed changes in CVB3-expressing cardiomyocytes 
reflect pathological features described in patients with viral 
myocarditis, such as sarcomere disorganisation, impaired 
contractility and mitochondrial dysfunction. This underscores 
the clinical significance of the model and its aptitude for 
investigating the pathogenesis of viral cardiomyopathies 
[30,50,51]. As this model is well-controllable in regard of 
virus expression level and duration it would be perfectly suited 
for antiviral drug testing approaches and drug development.

Therapeutic implications
The identification of mitochondrial dysfunction as a central 

pathomechanism in CVB3- induced cardiomyopathy opens 
up new therapeutic possibilities, with mitochondria- targeted 
antioxidants such as MitoQ or MitoTempo showing promise 
in reducing oxidative stress and improving mitochondrial 
function [38,52]. Indeed, a recent study demonstrated that 
treatment with MitoTempo can reduce viral load in chronic 
infections [52].

Modulators of mitochondrial dynamics may also 
have therapeutic potential, with compounds that promote 
mitochondrial fusion or inhibit fission having the capacity 
to reduce mitochondrial fragmentation and improve cellular 
energy production [38,53].

Furthermore, the inhibition of viral proteases such as 
2A and 3C has been shown to reduce direct cellular damage 
[38,54]. Combination therapies that address both viral 
replication and mitochondrial dysfunction may prove to be 
particularly effective, as has recently been proposed for other 
RNA viruses [38,55].

More recent approaches, such as CRISPR/Cas13-based 
systems, hold considerable promise as well. These systems 
are capable of directly attacking and degrading viral RNA 
without having to target the tertiary structure of proteins [55]. 
The modular and customisable nature of such approaches 
could enable the faster development of tailored therapeutic 
interventions.

Outlook and future research
The model provides a versatile platform for studying viral 

pathogenesis and identifying potential therapeutic targets, 

and future studies could investigate the specific molecular 
mechanisms by which viral proteins cause mitochondrial 
dysfunction, e.g. by direct interaction with mitochondrial 
proteins or indirectly by modulating cellular signalling 
pathways.

Furthermore, the system could be used to study the role 
of specific viral proteins by generating targeted deletions 
or modifications of viral genes, which could lead to the 
identification of viral determinants responsible for particular 
pathological effects.

The integration of medium- to high-throughput screening 
methodologies with this model offers the potential to identify 
compounds that either inhibit viral protein function or 
enhance mitochondrial dysfunction. Consequently, this could 
result in the formulation of novel therapeutic strategies for 
viral diseases including viral myocarditis.

Finally, the system could be adapted to other RNA viruses 
to study their specific effects on human cells, which could 
lead to a better understanding of common and virus- specific 
pathomechanisms and enable broader therapeutic approaches.

Conclusion
The present study successfully establishes an inducible 

CVB3 expression system in human induced pluripotent 
stem cells and their derived cardiomyocytes. This system 
enables the controlled expression of viral genes without the 
production of infectious particles, thus providing a safe and 
versatile platform for studying viral pathogenesis.

The results demonstrate that the expression of CVB3ΔVP0-
UTR genes causes significant structural and functional 
changes in human iPSC-cardiomyocytes, including sarcomere 
disorganisation, impaired contractility and mitochondrial 
dysfunction. These changes reflect pathological features 
observed in patients with viral myocarditis, underlining the 
clinical relevance of the model.

The identification of mitochondrial dysfunction as a 
central pathomechanism offers new therapeutic opportunities, 
particularly in the area of mitochondria-targeted antioxidants 
and modulators of mitochondrial dynamics. The model 
provides a versatile platform for future studies on molecular 
mechanisms of viral pathogenesis and for identifying 
potential therapeutic targets.
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