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Abstract: Purpose: While COVID-19 vaccination offers significant public health benefits, it also has potential risks,
such as myocarditis. The mechanisms underlying myocarditis after COVID-19 vaccination remain poorly under-
stood. The purpose of this study was to identify potential pathogenic genes and molecular pathways related with
COVID-19 mRNA vaccine-associated myocarditis. Methods: Differentially expressed genes (DEGs) were analyzed
from a fulminant myocarditis (FM) cohort and a COVID-19 mRNA vaccination dataset. Shared DEGs were inter-
sected, followed by functional enrichment, protein-protein interaction (PPI) network construction, and hub gene
identification. Transcriptional and miRNA regulatory networks, as well as therapeutic drug predictions were also
performed. Results: Eighty shared DEGs were identified by interacting DEGs from the FM cohort and the vaccina-
tion cohort, we identified. Functional enrichment analysis revealed that DEGs are significantly involved in immune
cell-mediated responses, highlighting the critical role of immune dysregulation. PPI network analysis revealed three
hub genes (CXCR3, NKG7, and GZMH), which may be involved in the pathogenesis of vaccine-associated myocar-
ditis. Furthermore, transcriptional networks highlighted TBX21 and STAT4 as key regulators of all hub genes, while
hsa-mir-146a-5p targeted CXCR3 and NKG7. PhIP, a compound targeting CXCR3 and NKG7, emerged as a potential
therapeutic candidate. Conclusion: This study implicates immune dysregulation driven by CXCR3, NKG7, and GZMH
in post-vaccination myocarditis, supported by regulatory networks and therapeutic insights using a bioinformatics
analysis. These findings advance mechanistic understanding of this rare adverse event and propose potential treat-
ment strategy for further investigation.
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Introduction aged 5-39 years, the incidence of myocarditis
was approximately 1 per 200,000 doses after
the first dose, 1 per 30,000 doses after the
second dose of the primary series, and 1 per
50,000 doses following the first booster [2].
Notably, compared to the reference population
(data from the previous three years), the mor-
tality rate ratios for myocarditis were signifi-

cantly higher among those who received the

International efforts to promote vaccination are
crucial for restoring global health and facilitat-
ing social recovery as the COVID-19 pandemic
persists. Vaccination remains one of the most
effective strategies to combat COVID-19 [1].
As of December 2, 2024, more than 13.64 bil-
lion doses of COVID-19 vaccines have been

administered worldwide (https://covid19.who.
int/). While several vaccines have successfully
passed phase Il clinical trials, rare adverse
events often emerge only during post-market-
ing surveillance in real-world settings. Among
these, myocarditis has been identified as a rare
but significant adverse reaction associated
with the COVID-19 vaccination. In individuals

COVID-19 vaccine [3]. As reports of COVID-19
vaccine-associated myocarditis have gradually
increased, concerns over potential adverse
events have contributed to vaccine hesitancy
[41.

Given the rarity of myocarditis, sample collec-
tion poses a significant challenge. However,
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owing to the severity of this adverse effect,
investigating myocarditis following COVID-19
vaccination is of paramount importance. Cur-
rently, the available RNA-seq data on myocardi-
tis after COVID-19 vaccination are limited to a
single patient [5], which lacks statistical power
for robust conclusions. In the present study, we
aimed to determine potential genes related
with myocarditis by analyzing transcriptomic
changes induced by vaccination. Specifically,
we investigated the shared transcriptomic
alterations and potential mechanisms underly-
ing COVID-19 vaccine-associated myocarditis
by interacting differentially expressed genes
(DEGs) from a fulminant myocarditis (FM)
cohort and a COVID-19 mRNA vaccination
dataset.

Materials and methods
Collection of samples

MRNA sequencing data for myocarditis were
obtained from a previous study by our research
team [6], which included fulminant myocarditis
(FM) patients (N=3) and healthy controls (HCs,
N=3). Detailed clinical information of this cohort

was provided in Supplementary Table 1.

To obtain mRNA sequencing data related to
COVID-19 mRNA vaccination, Gene Expression
Omnibus (GEO) database was searched using
the term “COVID-19 mRNA vaccination/vac-
cine”. The selection of the dataset was guided
by the following criteria: 1) the dataset should
include samples collected before and after
COVID-19 mRNA vaccination; and 2) all sam-
ples must be from individuals without pre-
existing medical conditions prior to vaccina-
tion. Based on these inclusion criteria, only
GSE169159 [7], generated using GPL15520
llumina MiSeq met these criteria. Based on
previous reports, myocarditis has been ob-
served more frequently in younger individuals
(median age 21 years) and males, after a sec-
ond dose [8, 9]. Therefore, we selected ex-
pression data from this dataset on the follow-
ing conditions: 1) samples from males closest
to the median age of myocarditis cases; and
2) samples collected before and after the sec-
ond dose. Finally, three samples were selected,
and their specific information is provided in

Supplementary Table 1.
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Detection of DEGs and functional enrichment
analysis

The gene expression data for FM and HC were
normalized via the quantile method based on
the “limma” R package [10], and the differenc-
es between FM and HC were calculated using
a t-test. To identify DEGs before and after the
second BNT162b2 vaccination (SBV), the
“DEseq2” R package was used [11]. DEGs were
determined based on the following thresholds:
1) for FM, a p-value less than 0.05 and |log2
fold change (FC)| no less than 1; 2) for SBY, a
p-value less than 0.05 and |log2 FC| no less
than 0.5. Volcano plots were plotted to present
these DEGs. The “venneuler” R package was
used to identify the shared genes between
FM and SBV. Gene Ontology (GO) enrichment
analysis was performed to explore the bio-
logical processes associated with common
genes [12]. Additionally, pathway enrichment
analysis was performed using four pathway
databases (KEGG Pathway, Reactome, BioCyc,
and PANTHER) from KOBAS 3.0 [13]. The find-
ings were sorted by p-values and gene counts,
with a p-value less than 0.05 considered sta-
tistically significant. Top ten biological process-
es and pathways were presented as bar charts
using Graphpad Prism 8.0.

Protein-protein interaction (PPI) analysis and
hub gene screening

To analyze protein interactions and identify hub
genes, a PPl network of shared DEGs was built
using the STRING database (https://cn.string-
db.org/) and visualized with Cytoscape 3.7.2
[14]. Two Cytoscape plugins, MCODE and
CytoHubba, were used. MCODE was employed
to identify significant gene clusters, with param-
eters configured as follows: Degree Cutoff =2,
Node Score Cutoff =0.2, K-Core =2, and Max.
Depth =100. CytoHubba was employed to
detect core genes using five topological algo-
rithms (DMNC, MCC, MNC, EPC and Degree)
[15]. The top five genes from each algorithm
were selected, and hub genes were determined
by intersecting the results. An UpSet plot was
generated using the “upSetR” R package to
visualize the overlap [16]. Additionally, the
GeneMANIA platform was used to explore the
co-expression network of these hub genes
(http://www.genemania.org/), which provides
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insights into gene functions and inner connec-
tions [17].

Establishment of transcription factor (TF)/
miRNA-mRNA regulatory network

To further investigate the regulatory mecha-
nisms of these hub genes at both transcrip-
tional and post-transcriptional levels, TFs and
mMiRNAs associated with the hub genes were
predicted [18]. TFs, which regulate gene ex-
pression by binding to specific DNA sequences
upstream of 5-end of genes, were identified
using the ChIP-X Enrichment Analysis 3 (ChEA3)
database [19]. miRNAs, which regulate gene
expression post-transcriptionally via binding
to the 3’-untranslated region (UTR) of target
MRNAs, were predicted by the integrating data
of Tarbase (v8.0), miRTarBase (v8.0) and miRe-
cords databases through the OmincsNet2.0
platform [20] (http://www.omicsnet.ca). Then,
the TF-mRNA and miRNA-mRNA networks were
established and presented using Cytoscape
3.7.2.

Prediction of candidate drugs

Candidate drug-protein pairs were predicted
using the Drug Signatures Database (DSigDB)
via the Enrichr platform [21]. A p-value less
than 0.05 was considered statistically signifi-
cant. The detailed candidate drug-proteins
information was also displayed.

Statistical analysis

DEGs were identified based on the predefined
criteria. All analyses were performed using the
established statistical thresholds, and results
were visualized using R 4.0.5, GraphPad Prism
(v.8.0.2), and Cytoscape (v.3.7.2) as described
above.

Results

Identification of 80 shared DEGs between
myocarditis and vaccination

The workflow of this study is illustrated in Figure
1. As mentioned above, the clinical information
of the samples in the FM group, and the sam-
ples before and after SBV is summarized in
Supplementary Table 1. DEGs in the FM and
SBV groups were identified using the t-test and
the “limma” R package, respectively. As illus-
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trated in Figure 2, 1890 DEGs were detected in
the FM group, with 1279 down-regulated genes
and 611 up-regulated (Figure 2A). A total of
775 DEGs were observed in the SBV group,
including 331 down-regulated genes and 444
up-regulated (Figure 2B). To identify myocardi-
tis-related genes within the transcriptional
changes induced by SBV, DEGs were inter-
sected between these two groups (Figure 2C,
2D). This analysis revealed 80 shared DEGs,
including 42 down-regulated genes and 38
up-regulated.

Functional and pathway enrichment of 80
shared DEGs

To further explore the biological significance of
these DEGs, GO biological process analysis
was performed using the Metascape database,
while the KORBAS 3.0 database was used to
conduct pathway enrichment analyses. GO
analysis demonstrated that common DEGs
were predominantly enriched in immune cell
activation processes, including T cells, leuko-
cytes and lymphocytes (Figure 2E). Pathway
enrichment analysis revealed that the most sig-
nificantly enriched pathway was related with
the “immune system” (Figure 2F).

Identification of hub genes (CXCR3, NKG7,
GZMH)

To establish a PPl network, all common DEGs
were incorporated into the STRING database,
which was also visualized using Cytoscape
(Figure 3A). To identify the significant cluster
(score =5) within the PPI network, module anal-
ysis was performed using the MCODE plugin in
Cytoscape. This cluster consisted of 5 nodes
(NKG7, CXCR3, GNLY, GZMH, and CD3D) and
10 edges (Figure 3B). Additionally, the hub
genes were predicted using five topological
algorithms (DMNC, MCC, MNC, EPC and
Degree). Then, we intersected the results of
the five above-mentioned algorithms, and ev-
entually identified three hub genes (CXCR3,
GZMH, and NKG7) that appeared in all five anal-
yses (Figure 3C). These hub genes were cen-
trally located within the MCODE-identified clus-
ter (Figure 3B). Furthermore, the network of
three hub genes and their co-expression ge-
nes were built and analyzed by GeneMANIA
(Supplementary Figure 1). The three hub genes
displayed a complex PPl network. The biologi-
cal functions of hub genes and their associated
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Figure 1. The flowchart of this study.

genes are consistent with the critical roles of
cytokine and chemokine functions in myocardi-
tis [22] and post-SBV responses [7].

Transcriptional regulatory network analysis of
hub genes

A TF-gene interaction network was further es-
tablished based on the ChEA3 database, which
included 153 nodes and 196 edges (Figure 4).
Among the hub genes, NKG7 was regulated by
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PPI network
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Drug SIGnatures DataBase

Name of drugs

PhIP CTD 00002156
CYPROTERONE ACETATE CTD 00007179
taurine CTD 00006829
ionomycin CTD 00007090
Pyrrolidine dithiocarbamate CTD 00001021
CALCIUM CTD 00005559
17-Ethynyl estradiol CTD 00005932

A_A
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107 TFs, CXCR3 by 69 TFs, and GZMH by 20
TFs, respectively. The top ten TFs ranked by the
ChEA3 database are listed in Table 1, with
TBX21 and STAT4 identified as the top two TFs
capable of interacting with all three hub genes.

miRNA regulatory networks of hub genes

miRNA-mRNA regulatory networks were pre-
dicted using experimentally validated data from
three databases (Tarbase, miRTarBase, and
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Figure 2. Identification and functional enrichment analysis of common DEGs between FM and SBV. A. Volcano plot
of FM vs HC. B. Volcano plot of before and after SBV. C. The 38 up-regulated overlapped DEGs between FM and SBV.
D. The 42 down-regulated overlapped DEGs between FM and SBV. E. Biological process enrichment analysis of the
common DEGs. F. Pathway enrichment analysis of the common DEGs. FM: fulminant myocarditis, SBV: the second
BNT162b2 vaccination, HC: healthy control, DEGs: differentially expressed genes.

miRecords) through OmincsNet2.0 platform.
The analytical miRNA-mRNA network, com-
prising 11 nodes and nine edges, is shown in
Figure 5 and Table 2. Notably, hsa-mir-146a-
5p was found to interact with two of the three
hub genes (CXCR3 and NKG7).

Candidate therapeutic drug (PhIP) targeting
hub genes

Potential therapeutic drugs targeting the hub
genes were identified using the DSigDB data-
base on the Enrichr platform. The most signifi-
cant drug interactions are showed in Table 3.
PhIP (CTD 00002156) was identified as a
potential drug that interacted both CXCR3 and
NKG7, with the highest statistical significance.
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No statistically significant drug interactions
were predicted for GZMH.

Discussion

The link between COVID-19 mRNA vaccines
and acute myocarditis has attracted worldwide
concern, with emerging evidence highlighting
its potential pathophysiological link [4, 23-27].
Although cardiac recovery rates are generally
high in vaccine-related myocarditis, the psy-
chosocial impact of myocarditis remains sub-
stantial and frequently overlooked [28]. To
address the limited understanding of trans-
criptomic alterations in vaccine-associated
myocarditis, we conducted a systematic bioin-
formatic analysis integrating datasets from ful-
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Figure 3. Integrated Network Analysis Reveals Hub Genes in COVID-19 mRNA
Vaccine-Associated Myocarditis. A. Protein-protein interaction (PPI) network
of common DEGs between FM and SBV cohorts (37 nodes, 51 edges). B.
Key functional cluster identified by MCODE analysis (5 nodes, 10 edges).
Different colors and sizes of nodes represent different scores calculated
by MCODE. Larger and darker node represent greater degree. C. UpSet plot
demonstrating the common and specific hub genes in the five algorithms of
CytoHubba (DMNC, MCC, MNC, EPC and Degree). FM: fulminant myocardi-
tis, SBV: the second BNT162b2 vaccination, DEGs: differentially expressed

genes, PPI: Protein-protein interaction.

minant myocarditis and post-vaccination.
These findings reveal novel molecular insights
and propose potential therapeutic targets,
advancing the mechanistic understanding of
this rare adverse event associated with COVID-
19 mRNA vaccination.

The current literature on transcriptomic altera-
tions in COVID-19 mRNA vaccination-associat-
ed myocarditis is limited. A PubMed search (up
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to November 8", 2024) iden-
tified only two relevant stud-
ies: a longitudinal analysis
of peripheral blood mononu-
clear cells (PBMCs) in a sin-
gle myocarditis patient post-
BNT162b2 vaccination [5],
and a system-level study de-
monstrating cytokine-driven
lymphocyte activation and
profibrotic monocyte respons-
es in 23 patients [29]. No-
tably, the latter study report-
ed elevated levels of CD16+
NK cells and CXCR3+ cytotox-
ic T cells, consistent with our
identification of NKG7 and
CXCR3 as central hub genes.
Based on these findings, our
study uniquely combined FM
transcriptomics with post-vac-
cination datasets to identify
shared pathogenic pathways,
bridging critical gaps in cur-
rent knowledge. Regarding
the pathogenic genes of myo-
carditis, the mRNA-seq of FM
published by our own resear-
I ch team was used. The over-
lapping DEGs in these two
groups were defined as myo-
carditis-related genes after
SBV.

A previous descriptive study
reported that the median age
of myocarditis patients was
21 years, with males com-
prising 82% of cases [8]. To
minimize confounding fac-
tors, males in GSE169159
closest to the median age
were selected for subsequent
analyses. In addition, it has
been reported that most
COVID-19 vaccine associated myocarditis oc-
curs after the second BNT162b2 vaccination
[2]. Therefore, in our case, we focused on tran-
scriptional alterations before and after the
second dose of the vaccine. By intersecting
DEGs from the FM and post-vaccination groups,
we identified 80 common genes enriched in
immune activation process including T cells
activation, leukocyte and lymphocyte activa-
tion process, negative regulation of leukocyte

Am J Transl Res 2025;17(3):2339-2351
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Figure 4. The network of hub gene-TF interaction. The network consists of 153 nodes and 196 edges. Brown round
nodes represent hub genes; yellow diamond nodes represent TFs, and brown green diamond nodes represent the
top two TFs with the highest ranks. TF: transcription factor.

Table 1. Top ten TFs according to the Rank in
ChEA3

Rank TF Overlapping_Genes Score
1 TBX21 CXCR3, NKG7, GZMH 5.5
2 STAT4  CXCR3, NKG7, GZMH 8.5
3 ZNF80 NKG7, GZMH 12.33
4 IKZF3 CXCR3, NKG7 13
5 FOXP3 CXCR3, NKG7 32
6 BATF CXCR3, NKG7 34.6
7 CSRNP1 NKG7, GZMH 38
8 SP140 CXCR3, NKG7 39.67
9 EOMES CXCR3, NKG7, GZMH 59
10 GFI1 CXCR3, NKG7,GZMH  61.67
2345

and lymphocyte apoptotic process, adaptive
immune response, aB T cells activation pro-
cess and somatic diversification of immune
receptors via germline process. Among them,
infiltration of T cells [30, 31] and eosinophils
[32] has been detected in the endomyocardial
biopsy (EMB) in mRNA COVID-19 vaccination-
associated myocarditis. Furthermore, emerg-
ing evidence indicates that monocytes may
be critical to the development of myocarditis
associated with BNT162b2 vaccination [5, 33].

Among the top ten enriched pathways, immune
system pathways had the highest confiden-
ce level. Among them, it could be noted that

Am J Transl Res 2025;17(3):2339-2351



COVID-19 mRNA vaccine-associated myocarditis

hsa- 35-5p ;‘4 -3p

NKG7 CXCR3

hsa- n%ip Mp h%&: -3p hsa-r&aép

Figure 5. The hub genes-miRNA co-regulatory network. The network consists
of 11 nodes and 9 edges. Brown round nodes represent hub genes; triangle
nodes represent miRNAs, of which green triangle can bind with most mRNAs.

ILARN (IL-1RA) and NOD2 are involved. In accor-
dance with our results, a study showed that
elevated IL-1 receptor antagonist (IL-1RA) lev-
els were observed in patients with myocarditis
following COVID-19 mRNA vaccination [34].
Additionally, IL-1RA and IL-1RA antibodies have
been reported to be associated with the course
of myocarditis after COVID-19 mRNA vaccina-
tion [35]. In addition, NOD2 plays a key role in
mediating the inflammatory response during
myocarditis pathogenesis [36]. These findings
align with prior studies, further underscoring
the reliability of our bioinformatics analysis
results.

Three hub genes, CXCR3, NKG7, and GZMH,
emerged from integrative network analyses,
and were all downregulated in both the FM
and SBV groups. CXCR3 is primarily expressed
on CD4+, CD8+ T cells and NK cells, and has
three ligands: CXCL9, CXCL10 and CXCL11.
We found that CXCL9 was upregulated after
SBV, whereas CXCL10 and CXCL11 remained
unchanged (Supplementary Figure 2). CXCL9
has been demonstrated to promote inflamma-
tion by driving the polarization of Th1l and Th17
cells [37-39]. In contrast, CXCL11, which binds
to CXCR3 [40], exhibits anti-inflammatory prop-
erties through inducing the polarization of Treg
cells [38, 39]. An elevated Th17/Treg ratio by
promoting the maturation of Thi17 cells, is a
critical factor in the initiation of experimental
autoimmune myocarditis (EAM) in mice [22].
NKG7, downregulated in both the FM and SBV
groups, is a member of the NK cell granule pro-
tein family that facilitates the cytotoxic activity
of both T and NK cells [41]. Dynamic changes in
NKG7 during T cell activation and differentia-
tion have been well characterized. In less dif-
ferentiated or stem-like T cells, downregulation
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of NKG7 during early activa-
tion may prolong immune
synapse formation with anti-
gen-presenting cells (APCs),
GZMH boosting T cell activation whi-
le preventing APC lysis. Con-
versely, terminally differenti-
ated CD8+ T cells upregulate
NKG7 to enhance cytotoxicity
and limit widespread inflam-
mation [42-44]. Additionally,
reduced NKG7 expression is
associated with increased cy-
tokine secretion, further im-
plicating its role in modulating immune res-
ponses [42]. A few studies have shown that
another hub gene, GZMH, can induce cell death
and inactivate viral proteins, further underscor-
ing dysregulated immune effector mechanisms
[45].

hsa-miR=23b-3p

From the TF-gene interaction network, TBX21,
STAT4, EOMES, GFI1, RUNX3, NFATC2, ZNF831
and ZNF683 could regulate all three hub gen-
es. Among them, TBX21 (T-bet) and STAT4 had
the lowest scores, suggesting a higher confi-
dence in regulating hub genes. TBX21, a Thi-
specific T box TF, participates in inflamma-
tion by regulating CXCR3 [46] and NKG7 [47].
TBX21 (T-bet) deficiency exacerbates myo-
carditis in mouse models [48], along with ele-
vated IL-17 production in heart-infiltrating T
cells, which is associated with myocarditis
pathogenesis [49]. Additionally, studies report-
ed that the reduced TBX21 level decreases
NK cell proportion and impairs CD8+ T cell
exhaustion, which could in turn reprogram a
sustained inflammatory environment, inducing
multisystem inflammatory syndrome in children
(MIS-C) [50]. However, whether TBX21 func-
tions in the development of COVID-19 mRNA
vaccine-associated myocarditis warrants fur-
ther investigation.

STAT4 is involved in signal transduction and
activation of transcription proteins. Research
has demonstrated that impairment of the
IL-12/STAT4/IFN-y pathway can exacerbate
chronic Coxsackievirus B3 myocarditis [51].
Conversely, another study found that STAT4
silencing mitigates experimental autoimmune
myocarditis (EAM) via modulating the Th1/Th2
cell immune response [52]. However, the spe-
cific role of STAT4 in vaccine-associated myo-

Am J Transl Res 2025;17(3):2339-2351
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Table 2. miRNA-gene interaction

Hub genes miRNAs

CXCR3 hsa-miR-146a-5p, hsa-miR-520c¢c-3p

NKG7 hsa-miR-126-3p, hsa-miR-146a-5p, hsa-miR-200b-3p, hsa-miR-214-3p, hsa-miR-335-5p
GZMH hsa-miR-23b-3p, hsa-miR-27a-3p

Table 3. Prediction of candidate drugs for hub genes

Name of drugs p-value Genes
PhIP CTD 00002156 2.40E-04 CXCR3, NKG7
CYPROTERONE ACETATE CTD 00007179 0.004642964 CXCR3
taurine CTD 00006829 0.008675133 CXCR3
ionomycin CTD 00007090 0.016855113 NKG7
Pyrrolidine dithiocarbamate CTD 00001021 0.023809528 NKG7
CALCIUM CTD 00005559 0.026611554 CXCR3
17-Ethynyl estradiol CTD 00005932 0.045057855 CXCR3

carditis remains to be elucidated. Additionally,
MiRNAs regulate target gene expression post-
transcriptionally. Identifying miRNAs targeting
hub genes could improve our understanding
of myocarditis pathogenesis. In the present
study, we analyzed mRNA-associated miRNAs.
Among these, miR-146a-5p regulates the
expression of most hub genes and has been
extensively reported to play a role in the inflam-
matory process [53, 54].

Except for the role of COVID-19 mRNA vaccina-
tion in myocarditis [55], treatment options
remain unclear [56]. In this analysis, we also
predicted several chemical compounds that
target the hub genes. Drug prediction using
DSigDB identified PhIP (CTD 00002156) as
a candidate inhibitor of CXCR3/NKG7, with
known dose-dependent immunosuppressive
effects [57, 58]. PhIP, also called 2-Amino-1-
methyl-6-phenylimidazo[4,5-b] pyridine, a het-
erocyclic amine generated during high-temper-
ature cooking, is a known carcinogen but also
exhibits dose-dependent immunomodulatory
effects. Although preliminary, these findings
provide a rationale for experimental validation
in preclinical models. Of course, its genotoxic
risks necessitate further validation of thera-
peutic potential versus toxicity in myocarditis
models.

Certainly, this study has several limitations that
need to be noted. First, the small sample size
(n=3 per group) and demographic disparities
between the FM and post-vaccination cohorts
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necessitate cautious interpretation. The ages
and ethnicity of patients in FM group and SBV
group was not comparable. However, intra-
group paired analyses (pre-/post-vaccination)
diminished age-related confounding factors.
Second, the reported RNA-seq data on myocar-
ditis after COVID-19 vaccination was obtained
from only one patient. The lack of pre-vaccina-
tion controls in the existing datasets under-
scores the need for longitudinal studies.
Nonetheless, this is the first study to explore
the underlying mechanism of myocarditis after
COVID-19 vaccination via bioinformatic analy-
sis. Future research should prioritize multi-
omics profiling in larger cohorts to verify these
results.

Our integrative bioinformatics analysis pro-
posed a potential molecular framework for
COVID-19 mRNA vaccine-associated myocardi-
tis, centering on CXCR3, NKG7, and GZMH as
key mediators of immune dysregulation during
disease development. The identified TF/miRNA
networks and candidate drugs offer valuable
insights for mechanistic validation and thera-
peutic development. As global vaccination
efforts continue, these findings underscore the
urgency of vaccine safety monitoring with
robust translational research to address this
rare adverse event.
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Supplementary Table 1. The basic clinical information of samples with FM vs HC and before vs after
SBV in GSE169159

FM Group SBV Group

FM HC Day 22 Day 21
Dataset ID Published by our team GSE169159
Tissue PBMC Blood
GPLID Agilent eArray GPL15520
References Liu et al. Prabhu et al.
No. of samples 3 3 3 3
Age, meanxSD 8.67+1.53 8.33+1.53 24.67+5.51 24.67+5.51
Male sex, No. (%) 2 (66.7) 2 (66.7) 3(100) 3(100)
Analysis of DEGs t test DEseq2

FM: fulminant myocarditis, SBV: the second BNT162b2 vaccination.
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Supplementary Figure 1. The network of three hub genes and their co-expression genes were built and analyzed by
GeneMANIA. The hub genes are in the inner circle, and predicted genes are in the outer circle.
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Supplementary Figure 2. Genes expression level of CXCR3 ligand in SBV-group mentioned in the discussion. B-SBV:

before secondary BNT162b2 vaccination; A-SBV: after secondary BNT162b2 vaccination. Blue represents before
SBV, and pink represents after SBV. *p-value < 0.05, NA: not applicable.



