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Viral myocarditis (VMC) can evolve into dilated cardiomyopathy
(DCM), but the molecular features linking acute myocardial inflamma-
tion to chronic ventricular remodelling remain incompletely defined [1-
3]. Persistent antiviral signalling, maladaptive immune activation, and
fibrosis have been implicated [4, 5], yet biomarkers that are consistently
identified across human disease and experimental models are scarce.
We therefore integrated transcriptomic datasets from VMC and DCM,
applied complementary machine-learning methods, and performed ex-
ternal and experimental validation to identify shared immune-related
biomarkers and candidate therapeutic targets.

Methods. To identify molecular signals shared by VMC and DCM, we
analysed the human myocardial datasets GSE57338 (136 controls and
82 DCM samples) and GSE1145 (11 controls and 7 VMC samples). Dif-
ferentially expressed genes were identified using limma with a Benjami-
ni-Hochberg-adjusted p-value < 0.05 and |log2 fold change| > 0.5, fol-
lowed by functional and interaction analyses of genes dysregulated in
both diseases [6]. We then focused on the immune-related subset and
used GSE57338 as the training cohort to identify human DCM classifiers
through 10-fold cross-validated LASSO regression, support-vector-ma-
chine recursive feature elimination, and random forest. To distinguish
these classifiers from biologically conserved candidates, expression pat-
terns were independently examined in GSE35182, a longitudinal CVB3
mouse dataset sampled during acute and chronic disease [7]. Immune-cell
deconvolution and receiver operating characteristic analyses were used
as complementary assessments of immune context and discriminatory
performance [8]. The overall study design is summarized in Figure 1 A.

Experimental validation. Seven genes supported by the cross-spe-
cies analysis were evaluated in a separate CVB3-induced VMC mouse
model. Six-week-old male BALB/c mice received an intraperitoneal injec-
tion of CVB3 or phosphate-buffered saline. At day 30, cardiac structure
and systolic function were assessed by M-mode echocardiography, and
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myocardial expression was measured by RT-qPCR.
All procedures complied with the US National In-
stitutes of Health Guide for the Care and Use of
Laboratory Animals. Drug-gene interactions were
explored with DGIdb; this analysis was not used
to infer treatment efficacy. The mouse experiment
tested expression direction together with a cardi-
ac phenotype rather than reproducing the human
classification analysis.
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Results. We identified 465 differentially ex-
pressed genes in DCM and 2309 in VMC, includ-
ing 134 shared genes. The shared genes were
enriched for inflammatory, antiviral, and extra-
cellular-matrix processes and for JAK/STAT, PI3K/
Akt, and IL-17 signalling [9]. Gene-set enrichment
showed activation of interferon-a and interfer-
on-y responses in both datasets. IL-6/JAK/STAT3
signalling, however, was suppressed in VMC and
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Figure 1. Machine-learning analysis and experimental validation of shared immune-related genes in viral myocar-
ditis and dilated cardiomyopathy. A — Study design integrating the human DCM dataset GSE57338, human VMC
dataset GSE1145, machine-learning analysis, validation in the longitudinal CVB3 mouse dataset GSE35182, and
independent experimental validation. B — LASSO coefficient profiles and random-forest feature importance for
immune-related genes in GSE57338. Data are presented as mean * SD. Statistical significance is indicated as *p <
0.05, **p < 0.01, *p < 0.001, and ****p < 0.0001; ns, not significant
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Figure 1. Cont. C — Expression of Anos1, Ccl2, Jak2, Nrgl, Pi15, Ptn, and Rsad2 in the longitudinal CVB3 mouse
dataset GSE35182 during acute and chronic disease. D — Representative M-mode echocardiographic images of
control and CVB3-infected mice at day 30. Data are presented as mean + SD. Statistical significance is indicated as
*p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001; ns, not significant
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Figure 1. Cont. E — Echocardiographic assessment of cardiac function in control and CVB3-infected mice at day 30,
including ejection fraction, fractional shortening, and left ventricular internal dimension at end-systole. F — Myo-
cardial RT-gPCR validation of Anos1, Ccl2, Jak2, Nrg1, Pil15, Ptn, and Rsad2 in the independent CVB3-induced VMC
mouse model. Data are presented as mean + SD. Statistical significance is indicated as *p < 0.05, **p < 0.01, **p

< 0.001, and ****p < 0.0001; ns, not significant

activated in DCM. The protein-protein interaction
network contained 85 nodes and 163 edges, with
JAK2, STAT3, CCL2, and extracellular-matrix genes
among the hubs. Of 23 shared immune-related
genes, 10 were upregulated and 13 were down-
regulated in both diseases. ANOS1 correlated
positively with OGN and negatively with FURIN
in both datasets. Together, these findings placed
interferon and JAK/STAT signals within a broader
pattern of inflammation and matrix remodelling.
In DCM, 242 genes were upregulated and 223
were downregulated; the corresponding counts in
VMC were 1164 and 1145. Hierarchical clustering
of the leading differentially expressed genes sep-
arated disease from control samples in both co-
horts, indicating that the shared set was embed-
ded in a wider disease-associated transcriptional
pattern.

Intersection with the ImmPort database iden-
tified 23 immune-related genes that were con-
cordantly dysregulated in VMC and DCM. LASSO

retained eight genes. FURIN, SEMA4B, and SERPI-
NA3 were selected by all three machine-learning
methods (Figure 1 B). These three genes were re-
garded as classifiers of human DCM but were not
significantly differentially expressed in the mouse
dataset GSE35182. Separately, human-to-mouse
expression validation supported seven genes —
ANOS1, CCL2, JAK2, NRG1, PI15, PTN, and RSAD2
— whose expression changes in GSE35182 were
concordant with those in the human datasets. The
same directional changes were subsequently ex-
amined in the independent CVB3-induced mouse
model. In GSE57338, the exploratory areas un-
der the curve for these seven genes ranged from
0.741 to 0.909, with PTN showing the highest val-
ue. Because these estimates were obtained from
the training dataset, they were not considered ev-
idence of external diagnostic validation.

Immune deconvolution suggested changes in
both innate and adaptive cell populations in DCM,
whereas the main differences in VMC involved
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macrophages, natural killer cells, and dendritic
cells. These estimates represent relative cell pro-
portions rather than direct measurements of cell
abundance. In the GSE35182 time course, Jak2,
Anos1, and Rsad2 increased mainly during acute
VMC, whereas Pil5 decreased. Ptn remained in-
creased during both the acute and chronic stages,
whereas Nrgl increased during the chronic stage.
Ccl2 increased acutely but decreased at the chron-
ic time point (Figure 1 C). Ccl2 expression cor-
related positively with Nppb, 116, and Tnf, where-
as Nrgl correlated inversely with Col3al. These
exploratory findings indicated that the candidate
genes were regulated differently during the acute-
to-chronic transition.

In the independent mouse model, CVB3 in-
fection produced ventricular dilation and systolic
dysfunction, with reduced ejection fraction and
fractional shortening and increased left ventricular
dimensions (Figures 1 D, E). Myocardial expression
of Nppb, Col3al, Il6, Il1b, and Tnf was also in-
creased, indicating inflammatory and fibrotic myo-
cardial injury. Anosl, Jak2, Nrgl, Ptn, and Rsad2
were upregulated, whereas Ccl2 and Pil5 were
downregulated (Figure 1 F). These changes repro-
duced the expression directions observed in the
human datasets and provided experimental sup-
port for the human-to-mouse validation findings.

The drug-gene network contained 18 report-
ed interactions involving the seven candidate
genes. JAK2 had the highest degree and between-
ness centrality and was linked to five inhibitors,
including baricitinib, fedratinib, and ruxolitinib.
CCL2 and NRG1 each had three reported inter-
actions, whereas the remaining genes had one
or two. These database-derived associations do
not demonstrate treatment efficacy or support
immediate drug repurposing. Nevertheless, JAK2
warrants further mechanistic investigation be-
cause JAK/STAT signalling contributes to antiviral
defence but may also aggravate myocardial injury
when it is excessive or prolonged [7, 8, 10]. CCL2
and PTN have previously been associated with
inflammatory-cell recruitment and fibrotic remod-
elling, whereas NRG1 may have a compensatory
cardioprotective role [11-13] (Supplementary Files
S1, S2).

Discussion. The machine-learning analysis and
the human-to-mouse validation addressed dif-
ferent questions. FURIN, SEMA4B, and SERPINA3
were selected as classifiers of human DCM but
were not reproduced in GSE35182. The seven
genes examined in the experimental model were
instead selected because their expression direc-
tions were consistent in the human and mouse
datasets. The two groups should therefore not be
interpreted interchangeably. JAK/STAT signalling
contributes to antiviral defence, but excessive or

prolonged activation may also aggravate myo-
cardial injury [9, 13]. The CCL2 and PTN findings
are consistent with reports linking monocyte re-
cruitment and fibroblast-derived PTN to myocar-
ditis-related fibrosis and pathological remodelling
[14, 15], whereas NRG1 may have a compensatory
cardioprotective role [10]. JAK2 therefore warrants
mechanistic investigation, but neither its network
centrality nor its expression pattern establishes it
as a therapeutic target.

Several limitations should be considered.
GSE1145 was small and did not specify the caus-
ative virus. The human datasets were cross-sec-
tional and therefore cannot demonstrate progres-
sion from VMC to DCM. Differences in microarray
platform, species, sampling time, and clinical char-
acteristics may also have affected the compar-
isons. Feature selection and diagnostic perfor-
mance were assessed using retrospective public
data, while the drug-gene network represents
reported associations rather than treatment ef-
fects. The findings therefore extend the existing
VMC-DCM transcriptomic framework through
machine learning and independent in vivo valida-
tion, but they do not establish a diagnostic panel
or support JAK2-directed treatment. Prospective
longitudinal studies, protein-level confirmation,
and cell-specific experiments are required to de-
termine whether these genes contribute directly
to disease progression.
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