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Combined Adaptive Immune Mechanisms Mediate
Cardiac Injury After COVID-19 Vaccination
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BACKGROUND: The COVID-19 pandemic, caused by SARS-CoV-2, has led to the first approval of mRNA vaccines in humans. By
producing the full-length SARS-CoV-2 Spike protein, they induce protective antiviral immunity. Acute myopericarditis (AMP)
development after vaccination has repeatedly been reported; however, the pathogenesis of this complication remains elusive.

METHODS: In-depth phenotyping of peripheral blood T cells was undertaken in cohorts of patients who developed AMP after
mRNA vaccination, patients hospitalized for severe COVID-19, and healthy subjects with no cardiac side effects after mMRNA
vaccine. Validation studies were carried out using an experimental model of cardiac inflammation, in which a shared epitope
elicits functional responses in patients and mice and induces AMP.

RESULTS: We show that T cells from patients with AMP recognize vaccine-encoded Spike epitopes homologous to those
of cardiac self-proteins. One of these epitopes, mimicking an amino acid sequence from a cardiomyocyte-expressed K*
channel, induced AMP in mice. When functional responses to the Kv2 were analyzed, patients with AMP after mRNA
vaccination, but not patients with COVID-19, displayed an expanded pattern of cytokine production similar to that observed
in AMP mice and in autoimmune myocarditis. Crucially, T-cell autoimmunity segregates to cardiotropic cMet (c-mesenchymal
epithelial transition factor)—expressing T cells and is prevented by cMet inhibition, suggesting that heart homing imprinting,
permitted by the unique mRNA vaccine biodistribution, is required for AMP development.

CONCLUSIONS: AMP development after mRNA vaccines is mediated by distinct immune components, including molecular
mimicry, T-cell receptor affinity, and, importantly, homing imprinting.
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RNA vaccines are a novel platform to effec-
mtively tackle both existing and emerging patho-
gens. Currently approved mRNA vaccines
include only those against SARS-CoV-2 and which have
shown robust immunogenicity and substantial protection
against mortality and severe disease. Numerous mRNA

vaccines against viral pathogens are currently being
developed and trialled.” Development of acute myoperi-
carditis (AMP) has been repeatedly reported after vac-
cination with mRNA COVID-19 vaccines,>® the Moderna
(mRNA-1273) and Pfizer/BioNTech (BNT162b2) vac-
cines, which encode for the full-length SARS-CoV-2
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Clinical Perspective

What Is New?

* T cells from patients who developed myopericardi-
tis after mMRNA COVID vaccine recognize vaccine-
encoded Spike epitopes homologous to those of
cardiac self-proteins.

* One of these, mimicking a peptide sequence from a
K* channel expressed by cardiomyocytes, induces
acute myopericarditis in susceptible mice.

* Development of T cell tropism for the heart (c-
mesenchymal epithelial transition factor expression)
is instrumental for disease development.

What Are the Clinical Implications?

* Post-mRNA vaccine myopericarditis is driven by
molecular mimicry in susceptible individuals.

» mRNA vaccine biodistribution determines the
occurrence of cardiac-selective autoimmunity by
favoring heart homing imprinting.

* These findings provide a platform for the innovation
of mMRNA vaccines.

Nonstandard Abbreviations and Acronyms

AMP acute myopericarditis
dLN draining lymph node
Treg regulatory T (cell)

Spike protein, responsible for viral attachment and cel-
lular infection® AMP has been reported after adenovi-
rus vector vaccines (ChAdOx1, AstraZeneca, and Ad26.
COV2.S, Janssen), also encoding the Spike protein, which
have been used in European countries.” "% In 2 large UK
studies, an increased risk of myocarditis associated with
the first dose of ChAdOx1 and BNT162b2 vaccines
and the first and second doses of the mRNA-1273 vac-
cine and after mRNA vaccines given after a first dose of
ChADOx1, over the 1-to 28-day post-vaccination period,
and after previous exposure to SARS-CoV-2.""12
Post-mRNA vaccine AMP is more frequent in men
between 12 and 39 years of age, similar to other forms
of myocarditis, with a mild clinical course and extremely
rare cases of left ventricular dysfunction, heart failure,
and arrhythmias.’™ Of note, the risk of myocarditis after
vaccination is lower than that of SARS-CoV-2 infec-
tion.'? Despite the estimated frequency at 106 cases per
million vaccines, it has been suggested that this compli-
cation might be underdiagnosed, as investigations such
as cardiac magnetic resonance imaging are not carried
out in asymptomatic and mildly symptomatic patients.'
The pathogenesis of post-mRNA vaccine AMP has
not been fully elucidated, but recent reports suggest
cytokine-driven mechanisms in the context of an auto-

1486 November 25, 2025

Cardiac Autoimmunity After COVID-19 Vaccine

immune response. Elevation of cytokines and metallo-
proteinases associated with an increase of circulating
T cells and natural killer cells with features of cytokine-
activated killers and accompanied by profibrotic mac-
rophages has been reported.' Similarly, neutralizing
autoantibodies targeting the endogenous IL-1 (interleukin-
1) receptor antagonist (which inhibits IL-1 signaling and
inflammation), were observed in a cohort of patients with
biopsy-proven post-vaccine myocarditis.'® The presence
of autoantibodies and the typical occurrence after the sec-
ond dose of vaccine indicate that “priming” of T-cell-medi-
ated autoimmunity is a fundamental step toward disease
development.'®'® The rare occurrence of this complication
likely reflects the requirement for a concurrent immune
context; this might include a genetically or hormonally
driven background that predisposes to developing myo-
carditis after this and other triggering antigenic exposures.
Various mechanisms have been proposed by which
COVID-19 mRNA vaccines induce antiheart autoim-
munity.'” Potential leakage of mRNA vaccine into the
circulation might result in vaccine-induced expression
of SARS-CoV-2 Spike protein on the surface of car-
diomyocytes and trigger an immunological response
resulting in cardiomyocyte death.'® Alternatively, or in
addition, molecular mimicry between the Spike protein
of SARS-CoV-2 and cardiac self-antigens might trigger
the activation of cross-reactive, autoreactive T cells in
susceptible individuals.'® Upon injection into the deltoid
muscle, mRNA-transfected cells produce Spike protein,
which is then released in large amounts to the circulation,
either as a whole protein or peptide fragments,® and can
therefore be delivered to tissues systemically. In addi-
tion, mMRNA vaccines are endowed with intrinsic adjuvant
activity,?’ and mRNA and Spike protein have both been
detected in the plasma and lymph nodes up to several
weeks after vaccination,?®?3 including in circulating exo-
somes.?* Thus, it is conceivable that, compared with tradi-
tional vaccines, which elicit adaptive immune responses
in the lymph nodes draining the inoculation site, mRNA
vaccines are capable of activating T cells systemically.
Despite many reports suggesting molecular mimicry
as a causal link between COVID-19 vaccination and new-
onset AMP, no cross-reactive T cells capable of inducing
autoimmune cardiac damage have been identified to date.
In this study, we investigated recall responses to
selected peptide sequences (epitopes) shared between
mRNA-encoded Spike protein and cardiac antigen,
which have previously been described to elicit immune
activation in humans and mice, in patients with AMP after
vaccine and healthy controls as well as in a cohort of
patients with severe COVID-19. We show that a Spike
epitope homologous to the cardiac Kv2 channel elicits
strong recall T-cell activation in AMP patients and, cru-
cially, is capable to induce the development of AMP in
mice. We further define the features of this autoimmune
response, which shares a unique cytokine signature
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and heart-homing properties with autoimmunity in
nonvaccine-related acute myocarditis.

METHODS

The full experimental details are presented in the Supplemental
Material.

Study Populations

A total of 29 vaccinated patients in Iceland who had a subse-
quent adverse cardiac reaction, sought medical assistance at
Landspitali University Hospital in Reykjavik or Akureyri Hospital
in Northern Iceland or were reported to the Icelandic Medicines
Agency.

After analysis of available clinical data, 11 patients fulfilled
diagnostic criteria for definitive or probable myocarditis/peri-
carditis/myopericarditis according to Brighton Collaboration
case definition criteria®® Except for 1 patient, who developed
this complication 2 weeks after the first dose of an mRNA vac-
cine, all patients in the cohort developed the complication within
a week after the second and third mRNA vaccination (Table
S1). Consistent with published reports, previous adenoviral vac-
cine was permitted in the latter 2 instances.'"'> The study was
approved by the National Bioethics Committee in Iceland (refer-
ence VSN b2021100016/03.01). As in previous studies,® cases
in which pericarditis was present were only included if definitive
or probable myocarditis was also present; the term AMP was
therefore used to refer to the wider diagnostic category.

Details regarding patients with COVID-19 and healthy con-
trols can be found in the Supplemental Methods.

Animals

All animal protocols used in this study were approved by the
animal use and care committee of Queen Mary University of
London, following home office guidance (Scientific Procedure
Act 1986) and the Guide for the Care and Use of Laboratory
Animals of the National Research Council (license No.
P71E91C8E to FMM.-B)). Experimental design and reporting
were conducted following the Animal Research: Reporting of In
Vivo Experiments guidelines.?”

Reagents
A full list of reagents is provided in Table S3.

Statistical Analysis

In the in vivo experiments, sample size was determined by
power calculations based on pilot studies. Power calculations
were conducted using the following G*Power software version
3.1.9.7 setting: a=0.05, power=0.80. In the murine model, 3
healthy controls and 10 diseased animals allowed detection of
a minimum effect size of 2.02 (SD units). In the human cohorts
(n=8 healthy controls and n=10 patients with post-mRNA vac-
cination AMP [Vacc-AMP]/COVID-19), we were able to detect
a minimum effect size of 1.42 (SD units).

The Kolmogorov Smirnov test was used to check for normal
distribution of the mouse and human outcomes. To assess the
assumption of equal variances, we performed the F test, which
returned a nonsignificant result, indicating that variances were
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not significantly different among groups. All data are presented
as median and interquartile range or mediantinterquartile
range, as indicated in each figure and legend. The number of
experiments (N) and biological replicates/animals (n) is stated
in the figure legends. No samples or data points were omitted
from analysis.

Unless otherwise noted, statistical comparisons were per-
formed using paired and unpaired 2-tailed Student's ¢ test,
1-way or 2-way or 2-way mixed-effects ANOVA, followed by
Dunnett test for multiple comparisons or by Tukey's multiple
comparison test, as appropriate.

Cell proliferation was assessed using the cell “prolifera-
tion modelling” module in the FlowJo flow cytometry software
according to the manufacturer's instructions. The proportion of
dividing cells was determined after automatic identification of
the resting, peak O, T cells.

Statistical analysis was performed in Prism (version 8.3.0,
GraphPad Software, San Diego, CA), and 2-tailed A<0.05 was
considered statistically significant.

Data and Material Availability
All data associated with this study are presented in the article
or Supplemental Material and will be made available upon rea-

sonable request. Deidentified patient data are listed in Tables
S1and S2.

RESULTS

Intramuscular Vaccination With mRNA-1273
Induces Myopericarditis in Mice

Previous studies modelling cardiac side effects of mMRNA
vaccines have reported conflicting results. Li et al ob-
served induction of multifocal myopericarditis after high-
dose intravenous administrations of the Pfizer-BioNTech
mRNA vaccine (BNT162b2) in female Balb/CaN mice
but not after intramuscular delivery of the BNT162b2
mRNA vaccine in the hindlimbs.?® This was not repro-
duced in 12-week-old male Balb/cOlaHsd mice af-
ter intravenous administration of BNT162b2 using a
2-dose regimen with a 14-day interval between doses.?®
Zirkenbach et al did not detect heart inflammation in A/J
and C57BL/6 male or female mice after intramuscular
BNT162b2 vaccination,®® whereas increased cardiac in-
flammation and cytokine production could be observed
after intramuscular mRNA vaccination of CBH7BL/6
and Balb/C female mice only in the presence of
lipopolysaccharide-induced inflammation.®'

Based on these reports, we chose to use male Balb/
CANnN mice, which are susceptible to myocarditis (male
sex and susceptibility are also features of AMP in
humans) and used intramuscular administration of the
mRNA-1273 vaccine (Moderna) in the forelimb (like
in humans) in a 2-dose regimen with a 14-day interval
between doses. Five-week-old (youngster) Balb/cAnN
male mice received 0.25 ng per gram of body weight
mRNA-1273 vaccine in saline solution intramuscularly
in the forelimb and were boosted with the same dose

November 25, 2025 1487

(—]
=
o
—
==
—
=
m
ow
m
==
=
(]
==



https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.125.074644
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.125.074644
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.125.074644
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.125.074644
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.125.074644
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.125.074644
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.125.074644
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.125.074644
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.125.074644

=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

ARTICLE

9202 ‘ST Yyore |\ uo Aq Bio'sfeuno feye/:dny wouy papeojumoq

Fanti et al

14 days later. Control mice received an equal volume
of saline solution with the same schedule. Mice were
euthanized 28 days after the first vaccine inoculation. As
shown in Figure 1A and 1B, immunized mice developed
pathological lesions consistent with post-RNA vaccine
AMP?32 Specifically, pericardial and subepicardial patches
displayed intense and diffuse inflammatory infiltrate pre-
dominantly composed of lymphocytes and macrophages.
Diseased tissue presented signs of calcification, consis-
tent with localized intense cell death. Diffuse moderate
T-cell infiltration in the deep myocardial tissue, signs of
cardiomyocyte degeneration, and raised troponin levels
were also observed (Figure S1A through S1D). Impor-
tantly, like in human disease® lesions were primarily
localized in the right ventricle. Echocardiography also
revealed functional alterations consistent with AMP,
including signs of right ventricular dysfunction and con-
sequent effects on left ventricular function (Figure 1C).%

We have previously described a memory T-cell sub-
set that preferentially migrates to the heart in both mice
and humans.® These T cells arise upon exposure to the
cytokine HGF (hepatocyte growth factor) in inflamma-
tory conditions and upregulate the HGF receptor cMet
(c-mesenchymal epithelial transition factor). Cardiotropic
cMet* T cells are significantly increased in the blood and
the myocardium of patients with acute myocarditis as
well as in mice with experimental autoimmune myocar-
ditis.® The phenotype and function of cMet* T cells were
distinct from those of cMet™ T cells, including preferen-
tial proliferation to cardiac autoantigens (cardiac myosin
heavy chain [MHCa6 peptide]) and coproduction of mul-
tiple cytokines (IL-4, IL-17, and IL-22).

As shown in Figure S1E, expression of HGF was sig-
nificantly increased in the lungs and heart of vaccinated
animals, suggesting that the vaccine promotes systemic
inflammation and production of HGF, required for car-
diotropism imprinting.

We therefore monitored the proportion of circulating
memory CD44*cMet* T cells during disease onset and
progression by flow cytometry (see the gating strategy
in Figure S1F). Development of AMP was marked by
a progressive increase of circulating CD44+ CD4* and
CD8* cMet* but not cMet™ T cells in immunized mice
(Figure 1D; Figure S1G). Circulating cMet* regulatory
T (Treg) cells (CD4+ CD25* FoxP3*) also increased,
whereas total Treg cell proportions remained similar.
Immunofluorescence staining of cardiac tissue from vac-
cinated mice showed a substantial infiltration of cMet*
CD3* T cells in the myocardium (Figure 1E). This was
confirmed when T cells infiltrating the heart were ana-
lyzed by tissue digestion and flow cytometry, which
revealed increased proportions of both CD4* and CD8*
cMet" memory T cells expressing markers of recent
activation (CD69 and CD25; Figure 1F). Both total and
cMet-expressing Treg cells were increased in the cardiac
infiltrates. Similar cMet* T-cell populations were found
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in heart-draining lymph nodes (dLNs; Figure 1G) and
spleen but not in non-dLNs (Figure STH and S1l).

Despite limitations of the above model (dose 3 times
higher than that for humans and different time lapse
between dosing), the expansion of cardiotropic cMet* T
cells during disease development prompted us to inves-
tigate the specificity of cMet* and cMet™ T cells in dis-
eased animals.

To this aim, a search was conducted to identify
amino acid sequence homologies between Spike and
myocardium-expressed proteins. Sequences of inter-
est were selected based on previous reports of human
and murine T-cell responses to Spike-derived epitopes.
Three peptides were identified and used to stimulate
proliferation of CFSE (carboxyfluorescein succinimidyl
ester)-labeled splenocytes from immunized and control
animals. Specifically, the Spike peptide epitope P8736-38
is homologous to an amino acid sequence contained in
Myomesin that cross-links neighboring myosin filaments
and titin in the M-line of the sarcomeres.® This sequence
is also shared by Nat/Ca2* exchangers (KCNC2), which
play an essential role in maintaining cytosolic Ca2*
homeostasis.*® Peptide PS5%#' is homologous to an
amino acid sequence from the voltage-dependent K*
channel Kv2, which has been associated with inherited
and acquired forms of long-QT syndrome.*? Finally, pep-
tide P1773738 is homologous to a peptide mapping to the
protein Nebulette, which physically links desmin to sar-
comeric actin in the heart.** T cells were also challenged
with the cardiac autoantigen pMHCa6 and a scrambled
peptide as a control. Details of all sequences and homol-
ogy with Spike are provided in the Methods section.

As shown in Figure 2A and Figure S2A, cMet* but
not cMet~ memory T cells from mRNA-1273-vaccinated
animals proliferated to PS5 and P87 but not P177. Addi-
tionally, cMet* but not cMet™ T cells proliferated to the
MHCa6 peptide, confirming their autoreactive nature.®
We further analyzed cytokine production by peptide-
challenged T cells. In response to PSH, similar propor-
tions of cMet* and cMet™ CD4* T cells produced TNFa
(tumor necrosis factor o), whereas IL-13 and IL-17 were
selectively produced by the cMet* subset (Figure 2B;
Figure S2B). IL-13 was used as a surrogate for Th2
responses, as IL-4 could not be measured by intracel-
lular antibody staining. Rechallenge with P87 elicited
the production of IL-13, IL-17, and IL-22 selectively by
cMet* T cells (Figure 2C). Despite the lack of prolifera-
tion, stimulation with P177 (Figure 2D) induced a signif-
icantly high proportion of TNFa- and IFN-y (interferon
y)—producing cMet* T cells.

Human T-Cell Responses to SARS-CoV-2 Spike
Protein-Derived Epitopes

We next sought to determine whether patients with Vacc-
AMP had also developed an immune response against

Circulation. 2025;152:1485-1500. DOI: 10.1161/CIRCULATIONAHA.125.074644
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Figure 1. Immunization with the mRNA-1273 vaccine induces acute myopericarditis in susceptible mice.

Five-week-old male Balb/cAnN mice received 0.25 ng/g of body weight mMRNA-1273 vaccine in saline solution intramuscularly in the forelimb
(COVID vaccine intramuscular) and were boosted with the same dose 14 days later. Control mice (Con) received saline solution. The development
of inflammatory infiltrates and collagen deposition were assessed by hematoxylin-eosin (A) and Masson trichrome staining (B) of the heart 21
days after the first immunization. Column graphs show lymphocyte infiltration and disease scores (A) obtained as described in the Methods.
Representative images at 10x and 40x magnification are shown on the right (scale bars=2.5 mm and 50 pym) Statistical analysis was performed
with unpaired Student ttest. C, Right ventricle (RV) wall thickness, RV diameter, left ventricle ejection fraction (EF), fractional shortening (FS),

and diameter at systole and diastole were measured by echocardiography at baseline (day 0) and 21 days after the first immunization. Statistical
analysis was performed with 2-way mixed-effects ANOVA followed by Tukey multiple comparison test. D, Tail vein blood was sampled on the
same mouse at the indicated time points. The percentage of the indicated T-cell populations was determined by flow cytometry. Statistical analysis
was performed with 2-way mixed-effects ANOVA followed by Tukey multiple comparison test. E, Inmunofluorescence staining with the indicated
markers was performed on heart tissue harvested on day 21. The bar graph shows the mean percentage of cMet (c-mesenchymal epithelial
transition factor)* and cMet™ T cells measured by QuPath. Statistical analysis was performed with 2-way ANOVA followed by Tukey multiple
comparison test. F and G, percentage of cMet* T cells measured in single-cell suspensions from whole hearts and heart-draining lymph nodes.
Statistical analysis was performed with unpaired Student ¢ test. All data are shown as medianzinterquartile range. *A<0.05, *A<0.01, **~<0.005,
**R0.001 (N=3, control n=3, mRNA-1273 vaccine intramuscularly n=10).

the epitopes described above by analyzing their periph-
eral blood mononuclear cells by flow cytometry (see the
gating strategy in Figure S3). In addition, we assessed
a cohort of patients who had been admitted to inten-
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sive care units because of severe COVID-19 (defined
COVID-19) on the second day after admission.** Of note,
these patients did not present with cardiac symptoms or
displayed severe sign of cardiac damage, as measured
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intracellular staining and flow cytometry. Statistical analysis was performed with 2-way ANOVA, followed by Tukey multiple comparison test. All data
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T cells from mRNA-1273-immunized mice (day 21) were labeled with CFSE and rechallenged with the indicated peptides. Cells were harvested and
through E, Production of the indicated cytokines by cMet* and cMet™ T cells was measured 6 hours after restimulation with the indicated antigens by
are shown as mediantinterquartile range. *£<0.05, *A<0.01, **A<0.005, ***R<0.001 (N=3, control n=3, PS5 n=10, P87 n=10, P177 n=10).

analyzed 5 days later for CFSE dilution and cMet c-mesenchymal epithelial transition factor expression. The mean division index is shown in A. B

Figure 2. Response of T cells from mRNA-1273
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by BNP (B-type natriuretic peptide) and high-sensitivity
cardiac troponin T values (Table S1). It was not possible
to match these 2 cohorts for age and comorbidity for
obvious reasons. Finally, we analyzed peripheral blood
mononuclear cells from a group of individuals age and
sex matched to the AMP cohort who had received the
Moderna/Pfizer vaccine in their first and second vaccina-
tion but did not develop myocarditis (vaccinated healthy
controls [Vacc-HC]). The Vacc-HC cohort received the
RNA vaccine in the 12 months before blood sampling.
As shown in and Figure S4A and S4B (see gating
strategy in Figure S3), there were comparable propor-
tions of total memory CD4* T cells and memory CD8* T
cells in the Vacc-HC, Vacc-AMP, and COVID-19 cohorts.
Significantly increased levels of circulating cMet* memory
CD4* and CD8* T cells were detected in the COVID-19
and Vacc-AMP groups. Total and cMet* Treg cell (Figure
S4C) proportions were significantly higher in patients
with COVID-19 compared with Vacc-AMP and Vacc-HC.
To ensure epitope recognition in the context of most
human leukocyte antigen molecules, long-peptide epi-
topes (30-mer) were designed, containing the peptide
sequences used in mice and defined by the addition of

Cardiac Autoimmunity After COVID-19 Vaccine

an h (human). Peptide sequences are provided in Sup-
plemental Methods.

Proliferation of cMet™ and cMet" T cells to the Spike
peptides, MHCo6 partial protein, a control scrambled
peptide, and the recall antigen tetanus toxoid was ana-
lyzed by Tag-it Violet labeling and flow cytometry. As
shown in Figure 3A through 3C and Figure S4D, cMet*
but not cMet™ CD4* T cells from the COVID-19 and
Vacc-AMP cohorts proliferated against Spike peptides
P87h, PSbh, and P177h. Notably, we did not detect
proliferation against the MHCa6 partial protein (amino
acid 160-816) in any of the cohorts. CD4* T cells from
Vacc-HC individuals responded tetanus toxoid, and this
response segregated to the cMet™ memory T cell subset.

We then sought to define the cytokine signature
of peptide-responding CD4* T cells. As shown in Fig-
ure 3D through 3H, cytokine production segregated
to the cMet* T cell subset. Compared with the other
cohorts, the Vacc-AMP cohort displayed increased
proportions of TNFa* and IL-4* T cells in response to
PSbBh. Of note, peptide-specific cytokine production by
T cells from patients with COVID-19 could not be mea-
sured because of high responses to control scrambled
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Figure 3. Proliferation assays and cMet* and cMet~ T-cell cytokine profiles after peptide stimulation.
PBMCs isolated from human blood were labeled with Tag-it-Violet and stimulated with 20 ug/mL of scrambled peptide; MHCa6 partial protein;

P87h, PSbh, and P177h peptides; and tetanus toxoid (TT; 10 pg/mL) for 7 days. Proliferation assays show the proliferation index values of CD4*
cMet (c-mesenchymal epithelial transition factor)+, and cMet™ cells from peripheral blood mononuclear cells of vaccinated healthy controls (Vacc-
HCs; A, n=21), patients with post-mRNA vaccination AMP (Vacc-AMP; B, n=11), and patients with COVID-19 (C, n=14). Statistical analysis
was performed with Kruskal-Wallis test, followed by Dunn multiple comparisons test. The frequency of peripheral blood cMet* and cMet—T cells
producing TNFa (tumor necrosis factor )~ (D), IFN-y (interferon y)~ (E), IL-4 (interleukin-4; F), IL-17~ (G), and IL-22 (H) from the cohorts

were analyzed after stimulation with the indicated peptides by intracellular staining and flow cytometry. Statistical analysis was performed with
repeated-measures 1-way ANOVA with Dunnett multiple comparisons. All data are shown as medianzinterquartile range. *A<0.05, **A<0.01,
“*R<0.001, *A<0.0001.
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peptide, in line with nonspecific T cell hyperactivation
in severe COVID-19.%°

Unlike in mice, no cytokine production was induced by
P87h in any of the human cohorts.

Taken together, these data indicate that exposure
to cross-reactive spike epitopes induces the differen-
tiation of Th1/2 cardiotropic T cells, a signature par-
tially shared with mRNA-1273 vaccine-induced AMP
in mice (Figure 1) and viral/autoimmune myocarditis in
humans.?® In patients with Vacc-AMP, upon stimulation
with PSbh, these responses segregated in the cMet*
T-cell subset.

The Human/Murine Shared Spike T-Cell
Epitope PS5 Triggers Myopericarditis in Mice

We next sought to establish the ability of single Spike
epitopes identified in mice and patients to elicit an anti-
heart autoimmune T-cell response in mice.

In a series of pilot experiments, different immuni-
zation routes and adjuvants were tested. The ASO3
plus monophosphoryl lipid A adjuvant was chosen
because of these pilot data. Intranasal immunization
with a pool of the peptides and adjuvant resulted in
the induction of T-cell recall responses ex vivo and
the development of cardiac inflammatory infiltrates
(not shown). In contrast, intramuscular or subcutane-
ous (footpad) immunization elicited recall prolifera-
tive responses but did not lead to the development
of AMP. These data will be presented and discussed
later (Figure S9).

Based on these observations, 5-week-old Balb/cAnN
male mice were immunized with each peptide (0.6 mg/
kg) intranasally and boosted with the same dose 14 days
later. The dose was calculated based on pilot experi-
ments. Control mice received adjuvant alone with the
same schedule. Mice were euthanized 21 days after the
first immunization.

Immunization of mice with peptides PS5 (Figure 4)
and P87 (Figure Sb), but not P177 (Figure S6), led
to the development of cardiac inflammatory injuries in
the pericardium and myocardium (Figure 4A through
4C; Figure S7A through S7C) and raised cardiac
troponin | levels in PS5-immunized animals (Fig-
ure S7D), similar to those we observed after mRNA
vaccination. Immunofluorescence analysis identified
numerous cMet® T cells in these inflammatory infil-
trates. Echocardiography detected functional altera-
tions, including in the right ventricle, consistent with
AMP (Figure 4D).

Immunization with PSb was accompanied by a pro-
gressive increase in circulating CD44+* cMet* CD4* and
CD8* T cells and Treg cells (Figure 4E). Increased per-
centages of both CD44+* cMet* CD4*, and CD8* T cells
and Treg cells were detected in the heart, heart dLNs,
and the spleen but not non-dLNs of immunized mice

1492 November 25, 2025
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euthanized on day 21 (Figure 4F through 4l). Prolifera-
tive responses were detected upon rechallenge with
PSB, and MHCa6, suggesting that self-reactive antimyo-
cardial T cells can be triggered by immune responses to
SARS-Cov-2 antigens, but not with a scrambled peptide
(Figure 4J).

A higher proportion of CD4* T cells from immunized
mice but not controls produced TNFa, IFN-vy, IL-17,
IL-13, and IL-22 in response to a rechallenge with PS5
and MHCa6, and this response segregated to the cMet*
T-cell subset (Figure 4K through 4M).

Immunization with P87 led to pathology and T-cell
functional responses similar to those observed in PS5-
immunized mice, with the exception that IL-22 was not
produced in response to a rechallenge with the immuniz-
ing peptide (Figure Sb).

T-Cell Responses to the Kv2.1 Autologous
Peptide in Patients with Vacc-AMP and
COVID-19 and in PS5-Immunized Mice

Given that PSb elicited a strong proliferative response
and cytokine production in patients with Vacc-AMP, and
that this peptide could induce AMP in mice, we focused
our subsequent investigations on this epitope. To estab-
lish the occurrence of molecular mimicry in the context
of exposure to spike immunization, we sought to test the
proliferation and functional phenotype of T cells from
mice previously immunized intranasally with PSb and
from the patient cohorts upon challenge with the autolo-
gous, Kv2-derived peptide.

CD4* cMet* T cells from patients with Vacc-AMP
and COVID-19 displayed a significant proliferative
response to the Kv2.1 peptide (Figure bA; Figure S8A).
A high proportion of Vacc-AMP cMet* but not cMet™ T
cells produced TNFa and IL-4 upon PSbh challenge
but also IFN-y, IL-17, and IL-22 in response to the
Kv2.1 human peptide (Figure 5B; Figure S8B), similar
to what we observed in mMRNA-1273-immunized mice.
Despite similar levels of proliferation, the cytokine
response by T cells from the COVID-19 cohort was
significantly blunted compared with that of Vacc-AMP
T cells (Figure 5C).

To validate these finding in the murine AMP model,
male Balb/cAnN mice were immunized intranasally with
the PSH peptide (0.6 mg/kg) in adjuvant and boosted
with the same dose 14 days later. Control mice received
adjuvant alone with the same schedule. As shown in Fig-
ure bD and BE, T cells from immunized mice, which also
developed myocarditis, proliferated against the murine
Kv2 epitope and produced a cytokine response very sim-
ilar to the one observed in patients. Control mice did not
display T-cell activation, suggesting that the response
was instigated by previous immunization with PSB; ie,
mediated by memory T cells rather than arising from a
distinct naive T-cell response.

Circulation. 2025;152:1485-1500. DOI: 10.1161/CIRCULATIONAHA.125.074644
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Figure 4. Immunization with the spike peptide PS5 induces acute myopericarditis in susceptible mice.

Five-week-old male Balb/cAnN male mice were immunized with PS5 (0.6 mg/kg) in ASO3 plus MPLA adjuvant intranasally and boosted

with the same dose 14 days later. Control mice received adjuvant alone. The development of inflammatory infiltrates and collagen deposition
were assessed by hematoxylin-eosin (A) and Masson trichrome staining (B) of the heart 21 days after the first immunization. Column graphs
show lymphocyte infiltration and disease scores (A) obtained as described in Methods. Representative images at 10x and 40x magnification
are shown on the right (scale bar=2.6 mm and 50 pum, respectively). Statistical analysis was performed with unpaired Student ¢ test. C,
Immunofluorescence staining with the indicated markers was performed on heart tissue harvested on day 21. The bar graph shows the mean
percentage of cMet (c-mesenchymal epithelial transition factor)* and cMet™ T cells measured by QuPath. Statistical analysis was performed with
2-way ANOVA, followed by Tukey multiple comparisons test. D, Right ventricle (RV) wall thickness, RV diameter, left ventricle ejection fraction
(EF), fractional shortening (FS), and diameter at systole and diastole were measured by echocardiography at baseline (day 0) and 21 days after
the first immunization. Statistical analysis was performed with 2-way mixed-effects ANOVA, followed by Tukey multiple comparisons test. E, Tail
vein blood was sampled on the same mouse at the indicated time points. The percentage of the indicated T-cell populations was determined by
flow cytometry. Statistical analysis was performed with 2-way mixed-effects ANOVA, followed by Tukey multiple comparison test. F through I,
Percentage of cMet* T cells measured in single-cell suspensions from whole hearts and heart-draining and nondraining lymph nodes. Statistical
analysis was performed with unpaired Student ttest. J, T cells from PS5-immunized mice (day 21) were labeled with CFSE and rechallenged
with the indicated peptides. Cells were harvested and analyzed 5 days later for CFSE dilution and cMet expression. The mean division index

is shown. Statistical analysis was performed with 2-way ANOVA, followed by Tukey multiple comparisons test. K through M, Production of the
indicated cytokines by cMet* and cMet™ T-cells was measured 6 hours after restimulation with the indicated antigens by intracellular staining and
flow cytometry. Statistical analysis was performed with 2-way ANOVA, followed by Tukey multiple comparison test. All data are represented as
medianinterquartile range. *FA<0.05, *A<0.01, **A<0.005, ***F<0.001 (N=3, control n=3, PS5 n=10, P87 n=10, P177 n=10).

acquisition of cardiac homing is necessary to elicit a
cardiac inflammatory response. Systemic antigen dis-
tribution occurs after RNA vaccination, and RNA vac-
cines have inherent adjuvanticity, enabling them to also
elicit a systemic inflammatory response.?’ Although

Acquisition of Cardiotropism (cMet Expression)
Is Necessary for the Development of
Myocarditis Upon Immunization With Spike
Epitopes

The evidence that most of the measured immune re-
sponses to Spike epitopes were segregated to the
cardiotropic cMet* T-cell subset suggests that the

Circulation. 2025;152:1485-1500. DOI: 10.1161/CIRCULATIONAHA.125.074644

administered peptides can also disseminate systemi-
cally, their ability to induce immunization is dependent
on adjuvant-induced local inflammation. As previously
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Figure 5. Patients with VACC-AMP and PS5-immunized mice display functional T-cell responses to the homologous Kv2

peptide.

PBMCs isolated from human blood were labeled with Tag-it-Violet and stimulated with 200 ng/mL scrambled and autologous Kv2.1h (human)
peptides for 7 days. A, Mean proliferation index of CD4* cMet (c-mesenchymal epithelial transition factor)* T cells from peripheral blood
mononuclear cells (PBMCs) of vaccinated healthy controls (Vacc-HC; n=8), patients with post-mRNA vaccination AMP (Vacc-AMP; n=9),

and patients with COVID-19 (n=10) patients measured by flow cytometry. Statistical analysis was performed with paired Student ¢ test. B, The
frequency of cytokine-producing peripheral blood cMet* T cells among peripheral blood cMet* T cells from the cohorts were analyzed after
stimulation with the indicated peptides, using intracellular staining and flow cytometry. Statistical analysis was performed with paired Student ¢ test.
B, Frequencies of cytokine-producing cMet* T cells in response to the scrambled peptide were subtracted from those of cMet* T cells stimulated
with Kv2.1 peptide in a paired manner. Statistical analysis was performed with paired Student t test. C, To compare the size of cytokine-producing
T cell subsets in patients with Vacc-AMP (n=9) and COVID-19 (n=10), frequencies of cytokine producers in response to scrambled peptide were
subtracted in a paired manner from those in response to the Kv2.1h peptide. Statistical analysis was performed with unpaired Student ¢ test. D,
Five-week-old Balb/cAnN male mice were immunized with PS5 (0.6 mg/kg) in ASO3 plus MPLA adjuvant intranasally and boosted with the same
dose 14 days later. Control mice received adjuvant alone. T cells from PS5-immunized mice (day 21) were labeled with CFSE and rechallenged
with the homologous Kv2.1m (murine) peptide. Cells were harvested and analyzed 5 days later for CFSE dilution and cMet expression by flow
cytometry. The mean division index of cMet™ and cMet* T cells from controls and immunized mice is shown. Statistical analysis was performed with
2-way ANOVA, followed by Tukey multiple comparison test. E, Production of the indicated cytokines by cMet* and cMet™ T-cells was measured

6 hours after restimulation with the Kv2.1m peptide by intracellular staining and flow cytometry. Statistical analysis was performed with 2-way
ANOVA, followed by Tukey multiple comparison test. Data are shown as mediantinterquartile range (A through C) or mediantinterquartile range
(D). *P<0.05, *A<0.01, **A<0.005, “***F<0.001 (N=3, control n=5, PS5 n=b).
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mentioned, only intranasal immunization with PSH led
to the development of AMP in mice, whereas intramus-
cular immunization in the forelimb (as in the mRNA
vaccine) or subcutaneous immunization in the footpad
(a site not sharing lymph nodes with the heart) elicited
recall proliferative responses selectively by cMet™ cells
but did not lead to the development of AMP (Figure
S9). Further, there was no increase of cMet* T cells
in these mice, and the recall responses in the cMet™
subset were associated with TNFa and IFN-y produc-
tion. Crucially, the heart and lungs share mediastinal
dLNs,*47 which are sites of priming permissive of the
acquisition of cardiotropism.

We have previously shown that pharmacological
inhibition of cMet at the time of homing imprinting can

1494  November 25, 2025

prevent the development of cardiotropic T cells and
myosin-induced autoimmune myocarditis.34*

Male Balb/cAnN mice were immunized intranasally
with the PS5 peptide (0.6 mg/kg) and boosted with the
same dose 14 days later. Control mice received adju-
vant alone with the same schedule. A third group of mice
received the cMet-selective small molecule inhibitor PHA-
665752 (INH, 9.6 mg/kg per day) for 10 days starting on
day 7 after the initial immunization, a time frame when
topographical memory is thought to occur* Mice were
euthanized 21 days after the first immunization.

Immunization of mice with PS5 peptide led to AMP
development on the basis of the presence and size of
mononuclear cell infiltrates and collagen deposition in
the myocardium (Figure 6A and 6B). A large proportion

Circulation. 2025;152:1485-1500. DOI: 10.1161/CIRCULATIONAHA.125.074644
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Figure 6. Pharmacological cMet inhibition substantially reduces the severity of PS5-induced myopericarditis in mice.
Five-week-old Balb/cAnN mice were immunized with PS5 (0.6 mg/kg) in ASO3 plus MPLA adjuvant intranasally and boosted with the same dose
14 days later. Control mice received adjuvant alone. Some mice received intraperitoneal injections of the cMet (c-mesenchymal epithelial transition
factor) inhibitor PHA-665752 (9.6 mg/kg, PS5+INH) from day 8 to day 17 after immunization. The development of inflammatory infiltrates and
collagen deposition were assessed by hematoxylin-eosin (A) and Masson trichrome staining (B) of the heart 21 days after the first immunization.
Column graphs show lymphocyte infiltration and disease scores (A) obtained as described in Methods. Representative images at 10x and 40x
magnification are shown on the right (scale bar=2.5 mm). Statistical analysis was performed with 1-way ANOVA, followed by Dunnett multiple
comparison. €, Immunofluorescence staining with the indicated markers was performed on heart tissue harvested on day 21. The bar graph
shows the mean percentage of cMet* and cMet™ T cells measured by QuPath. Statistical analysis was performed with 2-way ANOVA, followed

by Tukey's multiple comparisons test. D, Right ventricle (RV) wall thickness, RV diameter, left ventricle ejection fraction (EF), fractional shortening
(FS), and diameter at systole and diastole were measured by echocardiography at baseline (day O) and 21 days after the first immunization.
Statistical analysis was performed with 2-way mixed-effects ANOVA, followed by Tukey multiple comparison test. E, Tail vein blood was sampled
on the same mouse at the indicated time points. The percentage of the indicated T cell populations was determined by flow cytometry. Statistical
analysis was performed with 2-way mixed-effects ANOVA, followed by Tukey multiple comparison test. F through I, Percentage of cMet* T cells
measured in single-cell suspensions from whole hearts, heart-draining lymph nodes, spleen, and nondraining lymph nodes. Statistical analysis was
performed with 1-way ANOVA, followed by Dunnett multiple comparison. All data are shown as medianzinterquartile range. *£<0.05, *A<0.01,
“*P<0.005, ***A<0.001 (N=3, control n=6, PS5 n=5, PS5+INH n=10).

of infiltrating CD3* T cells were cMet* (Figure 6C).
Echocardiography revealed functional alterations con-
sistent with AMP (Figure 6D). Importantly, pharmacologi-

cal inhibition of cMet (PS5+INH) significantly reduced
experimental autoimmune myocarditis incidence, mono-
nuclear cell infiltrates, collagen deposition, and cMet* T
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cell infiltration as well as the echocardiographic corre-
lates of AMP.

The proportion of circulating memory CD44*cMet* T
cells was monitored by flow cytometry for the duration
of the experiment. Development of disease was marked
by a progressive increase of circulating CD44* cMet*
T cells in immunized mice (Figure 6E). Conversely, in
mice treated with the cMet inhibitor, reduction of dis-
ease severity was mirrored by a decrease in circulating
cMet* T cells.

We further analyzed the distribution of cMet* T-cells
ex vivo on day 21. Increased proportions of both CD4*
and CD8* cMet" memory T cells were found in heart
tissue, heart dLNs, and the spleen but not in non-dLN
(Figure 6F through 61). In addition, we detected a signifi-
cant increase in cMet*CD4+*CD25"s"FoxP3* Treg cells in
the heart, dLNs, and spleen but not in non-dLNs. Treat-
ment with PHA-665752 blunted the expansion of cMet*
T cells in the heart, dLNs, and spleen and reduced the
proportion of Treg cells.

Proliferation of T cells from immunized mice to car-
diac myosin, PS5, and the homologous peptide Kv2.1
was blunted upon treatment with the cMet inhibitor (Fig-
ure 7A). Similarly, pharmacological blockade of cMet
significantly reduced the proportion of cMet* T cells pro-
ducing TNFa, IFN-vy, IL-17, 1L-13, and IL-22 (Figure 7B
through 7E).

Taken together, these data suggest that the acquisi-
tion of cardiotropism is essential for the development of
AMP in mice.

DISCUSSION

In this study, we identified an RNA vaccine—encoded
Spike epitope with homology to a cardiac self-peptide
mapping to the voltage-dependent K+ channel Kv2
(PSB), which elicits strong functional T-cell responses in
patients with post-RNA vaccine AMP and induces AMP
in susceptible mice upon intranasal immunization, with
striking similarities to human disease.®

Three peptide epitopes were selected and tested
on the basis of their homology with peptide sequences
in cardiac proteins and a known ability to induce T-cell
responses against SARS-Cov-2 in mice. Of these, we
propose that mimicry with PSb is the most likely or fre-
quent inducer of cardiac autoimmunity for the following
reasons. First, PSb induced recall responses in both vac-
cinated patients and mice. Second, the cytokine response
against the autologous Kv2 epitope in the AMP-Vacc
cohort expands to include IL-17, IFN-vy, and IL-22, similar
to that of autoimmune T cell responses in human and
experimental myocarditis.3*484° Finally, immunization with
PS5 led to the development of AMP in mice. Homo-
log epitopes capable of reproducing the corresponding
human disease in mice have been identified for several
autoimmune diseases,”®*? including myocarditis.>®
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Molecular mimicry is an antigen-specific mechanism
of autoimmunity that occurs when similarities between
pathogen and self-peptides induce activation of auto-
reactive T cells in a susceptible individual. T cells from
patients with Vacc-AMP and COVID-19 proliferated
to the autologous Kv2-derived peptide at similar lev-
els. However, the proportion of cytokine-producing T
cells was significantly higher in Vacc-AMP, suggesting
uncoupled proliferation and cytokine production in T lym-
phocytes from patients with COVID-19. The ability of T
cells to proliferate without necessarily producing large
amounts of cytokines can be influenced by the affinity
of the T-cell receptor (TCR) for its antigen, with weaker
TCR affinities often leading to greater infidelity between
proliferation and robust cytokine production.®* Moreover,
a recent clinical trial showed that T cells engineered to
express an affinity-enhanced TCR directed to an epitope
of the melanoma MAGE-AS3 are also able to effectively
recognize a similar peptide epitope derived from the
entirely unrelated cardiac protein titin, resulting in severe
cardiac toxicity.%®

Therefore, molecular mimicry per se is unlikely to be
the only underlying mechanism for the initiation of auto-
immune responses; other factors, such as host genet-
ics and the affinity of the TCR repertoire, determine
the occurrence of autoimmunity. This is reflected by
the absence of immune-mediated cardiac injury in our
COVID-19 cohort despite these patients having severe
systemic inflammation and displaying raised circulating
cardiotropic T cells that proliferated in response to some
of the Spike epitopes.

Of note, the proportions of circulating Treg cells from
patients with COVID-19 were significantly higher when
compared with those measured in the Vacc-AMP cohort,
suggesting potential differences in regulatory mecha-
nisms.

T cells from individuals who received the mRNA vac-
cines without developing cardiac side effects, including
AMP, did not display immune responses to the same
epitopes, indicating an abortive T-cell response, pos-
sibly because of the progressive loss of T-cell memory
towards Spike after vaccination.

We show that the ability of T cells to migrate to the
heart is instrumental for the development of cardiac
autoimmunity. The acquisition of tissue-specific homing
requires the delivery, during T-cell priming, of additional
signals by dendritic cells, which pick up tissue-specific
cues and transport them to the tissue dLNs. These addi-
tional signals promote the expression of a specialized set
of homing receptors by primed T cells, which facilitate
their migration to target tissue. The HGF/cMet axis plays
a major role in imprinting T-cell cardiotropism, and the
localization of antigen to lymph nodes draining the heart
is crucial for this effect.®®

The systemic biodistribution of RNA vaccines and of
their products in human tissues?®??~?* and their intrinsic
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Figure 7. Pharmacological cMet inhibition reduces functional responses by cMet* T cells in PS5-immunized mice.

T cells from PS5-immunized mice (day 21) were labeled with CFSE and rechallenged with the indicated peptides. Cells were harvested and
analyzed 5 days later for CFSE dilution and cMet (c-mesenchymal epithelial transition factor) expression. A, Mean division index of cMet™ and
cMet* T cells from controls and immunized mice with and without cMet inhibitor. Statistical analysis was performed with 2-way ANOVA, followed
by Tukey multiple comparison test. B through E, Production of the indicated cytokines by cMet* and cMet™ T cells was measured 6 hours after
restimulation with the indicated antigens by intracellular staining and flow cytometry. Statistical analysis was performed with 2-way ANOVA,
followed by Tukey multiple comparison test. All data are shown as mediantinterquartile range. *£<0.05, **F<0.01, ***F<0.005, ***A<0.001 (N=3,
control n=6, PS5 n=5, PS5+INH n=10).

adjuvant activity?" are crucial for this event. Because of ~ LPS derivative monophosphoryl lipid A, a component of
their systemic availability, mMRNA vaccines are more likely ~ the adjuvant we used in this study and that promotes
to reach lymph nodes draining multiple tissues and induce inflammasome activation and IL-1 production®® selec-
systemic inflammation via IL-1.2" In contrast, the nontoxic ~ tively induced T-cell cardiotropism when administered
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in sites that share lymph nodes with the heart and a
source of HGF (lungs, intranasal route)®® but not in
other sites not meeting these conditions (footpad subcu-
taneous tissue and forepaw muscle).

In this context, we also found increased numbers of
cMett T cells in the COVID-19 cohort, which did not
develop myocarditis, likely because of HGF production
by inflamed lung tissue. Because this group of patients
is epidemiologically very different from the AMP cohort,
we suggest that additional important information can
be drawn from this comparison. Despite similar immu-
noreactivity and the presence of high levels of cMet*
T cells in the patients with COVID-19, these did not
develop AMP. This indicates that genetic susceptibility
is a key determinant of AMP development,®*®° like in the
murine model. Although sex and age bias in myocarditis
has been ascribed to the immune-enhancing effect of
testosterone’' the emerging association of this condi-
tion with gene variants encoding for cardiac structural
proteins®® and specific human leukocyte antigen haplo-
types®® might also explain susceptibility to post-vaccine
AMP.

Potential side effects of future mRNA vaccines, or
any vaccine with systemic distribution, might therefore
be related to their ability to generate cohorts of T cells
endowed with a range of organ-specific tropisms.

Accordingly, we speculate that molecular mimicry
coincident with the acquisition of variable or multiple-
organ homing potential as a result of systemic biodistri-
bution (viremia or mMRNA vaccination) might contribute to
the pathogenesis of these conditions. Although we did
not analyze antibodies to Spike protein in our patients
or mRNA in cardiac tissue samples, others have found
mRNA in the human heart and non-neutralizing anti-
bodies and circulating Spike protein in individuals with
vaccine-related myocarditis.>®6*

We recognize that the limited information available
from our small human cohorts does not permit further
interrogation of this hypothesis. In addition, only male mice
were used to reflect epidemiology, hence information on
the immunoreactivity and disease susceptibility in female
mice is not included. However, the evaluation of RNA vac-
cines for their potential to induce T cells with tropism for
multiple organs may help avoid side effects or guide more
appropriately targeted immunization strategies.

Undoubtedly, although the potency of mRNA vaccina-
tion has unleashed the potential to swiftly overcome global
lethal infections and saved countless lives in the SARS-
Cov-2 pandemic, we propose the paradigm “mimicry, TCR
affinity and, importantly, homing imprinting,” which should
help refine this invaluable strategy for immune protection
against existing and emerging pathogens.

ARTICLE INFORMATION
Received March 11, 2025; accepted August 28, 2025.

1498 November 25, 2025

Cardiac Autoimmunity After COVID-19 Vaccine

Affiliations

William Harvey Research Institute, Barts and The London Faculty of Medicine
and Dentistry, Queen Mary University of London, UK (S.F, C.D, D.H., G.W,
ES, SK, ES, SB, JMK, SAM, MPL, EMM.-B.). Departments of Cardiology
(LJ.1) and Immunology (SFB. BRL.), Landspitali = The National University
Hospital of Iceland, Reykjavik, Iceland. Department of Health Sciences, Faculty
of Medicine, University of Iceland, Reykjavik, Iceland (I.J.l,, AY.S, H.T, 0BG,
S.FB, B.RL.). Barts Heart Centre, Barts Health NHS Trust, St Bartholomew's
Hospital, West Smithfield, London, UK (D.H., PW, S.AM.). Department of Trans-
lational Biomedicine and Neuroscience, University of Bari Medical School, Bari,
ltaly (A.D.). Anatomic Pathology Unit, Fondazione Policlinico Universitario “A.
Gemelli” IRCCS, Universita Cattolica S. Cuore, Roma, Italy (A.D.). The Salt Hill
Charity, London, UK (J.M,, J.C,, ZH.). Division of Medicine, University College
London, UK (J.M.).

Acknowledgments

The authors would like to thank all patients and healthy blood donors whose
generosity allowed us to conduct this study. This work forms part of the research
areas contributing to the translational research portfolio of the Cardiovascular
Biomedical Research Unit at Barts, which is supported and funded by the Na-
tional Institute for Health Research.

Author Contributions

Dr Fanti, formal analysis and investigation; Dr Dyer, formal analysis and investiga-
tion; Dr Ingimarsdéttir, conceptualization, formal analysis, and funding acquisition;
Dr Harding, funding acquisition and resources; Dr Wang, investigation; Dr DAmati,
formal analysis; Dr Shahaj, conceptualization; Dr Sigurbergsdéttir, resources; Dr
Thérsdéttir, resources; Dr Gunnarsdéttir, resources; Dr Kanoni, formal analysis; Dr
Wright, resources; Dr Martin, resources; Dr Chorlton, resources; Dr Hollowood,
resources; Dr Brynjélfsson, resources; Dr Ludviksson, resources; Dr Bert, re-
sources; Dr Keane, resources; Dr Mohiddin, conceptualization and resources; Dr
Longhi, conceptualization, funding acquisition, and supervision; Dr Marelli-Berg,
conceptualization, funding acquisition, and supervision.

Sources of Funding

This work was supported by the British Heart Foundation (FS/CRTF/20/24058
to Drs Marelli-Berg, Harding, and Mohiddin; RG/20/8/34995 to Drs Morelli-
Berg and Longhi; CH/15/2/32064 and AA/18/5/34222 to Dr Morelli-Berg;
and FS/4yPhD/F/22/34174B to Drs Keane and Longhi), the Barts Charity
(MGUO4 13 to Dr Longhi), and the Landspitali Science Fund, Iceland (A-2022-21
and A-2024-27 to Dr Ingimarsdéttir) and donations from the Thompson, Hughes,
and Parsons Foundations (to Dr Marelli-Berg).

Disclosures
Dr Marelli-Berg is a consultant for AstraZeneca.

Supplemental Material
Supplemental Methods
Tables S1-S3

Figure S1-S9

References 51-64

REFERENCES

1. Park JK Lee EB, Winthrop KL. What rheumatologists need to know about
mRNA vaccines: current status and future of mRNA vaccines in autoim-
mune inflammatory rheumatic diseases. Ann Rheum Dis. 2024,83:687—
695. doi: 10.1136/ard-2024-225492

2. Witberg G, Magen O, Hoss S, Talmor-Barkan Y, Richter |, Wiessman M,
Aviv Y, Grinberg T, Shiyovich A, Schamroth-Pravda N, et al. Myocardi-
tis after BNT162b2 vaccination in Israeli adolescents. N Engl J Med.
2022;387:1816-1817. doi: 10.1056/NEJMc2207270

3. Oster ME, Shay DK, Su JR, Gee J, Creech CB, Broder KR, Edwards K,
Soslow JH, Dendy JM, Schlaudecker E, et al. Myocarditis cases reported af-
ter mMRNA-based COVID-19 vaccination in the US from December 2020 to
August 2021. JAMA. 2022;327:331-340. doi: 10.1001/jama.2021.24110

4. Montgomery J, Ryan M, Engler R, Hoffman D, McClenathan B, Collins L,
Loran D, Hrncir D, Herring K, Platzer M, et al. Myocarditis following immuni-
zation with mMRNA COVID-19 vaccines in members of the US military. JAMA
Cardiol. 2021,6:1202-1206. doi: 10.1001/jamacardio.2021.2833

5. Larson KF, Ammirati E, Adler ED, Cooper LT Jr, Hong KN, Saponara
G, Couri D, Cereda A, Procopio A, Cavalotti C, et al. Myocarditis after
BNT162b2 and mRNA-1273 vaccination. Circulation. 2021;144:506-508.
doi: 10.1161/CIRCULATIONAHA.121.055913

Circulation. 2025;152:1485-1500. DOI: 10.1161/CIRCULATIONAHA.125.074644



9202 ‘ST Yyore |\ uo Aq Bio'sfeuno feye/:dny wouy papeojumoq

Fanti et al

6.

20.

21.

22.

23.

Circulation. 2025;152:1485-1500. DOI: 10.1161/CIRCULATIONAHA.125.074644

. Bozkurt B,

Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O,
Graham BS, McLellan JS. Cryo-EM structure of the 2019-nCoV spike
in the prefusion conformation. Science. 2020;367:1260-1263. doi:
10.1126/science.abb2507

. Sulemankhil I, Abdelrahman M, Negi SI. Temporal association between

the COVID-19 Ad26.COV2.S vaccine and acute myocarditis: a case re-
port and literature review. Cardiovasc Revasc Med. 2022;38:117-123. doi:
10.1016/j.carrev.2021.08.012

. Chamling B, Vehof V, Drakos S, Weil M, Stalling F, Vahlhaus C, Mueller P,

Bietenbeck M, Reinecke H, Meier C, et al. Occurrence of acute infarct-
like myocarditis following COVID-19 vaccination: just an accidental co-
incidence or rather vaccination-associated autoimmune myocarditis? Clin
Res Cardiol. 2021;110:1850—-1854. doi: 10.1007/s00392-021-01916-w

. Rosner CM, Genovese L, Tehrani BN, Atkins M, Bakhshi H, Chaudhri S,

Damluji AA, de Lemos JA, Desai SS, Emaminia A, et al. Myocarditis tem-
porally associated with COVID-19 vaccination. Circulation. 2021;144:502—
505. doi: 10.1161/CIRCULATIONAHA.121.055891

. Ujueta F, Azimi R, Lozier MR, Poppiti R, Ciment A. Lymphohistocytic myo-

carditis after Ad26.COV2.S viral vector COVID-19 vaccination. Int J Cardiol
Heart Vasc. 2021;36:100869. doi: 10.1016/j.ijcha.2021.100869

. Patone M, Mei XW, Handunnetthi L, Dixon S, Zaccardi F, Shankar-Hari M,

Watkinson P, Khunti K; Harnden A, Coupland CAC, et al. Risks of myo-
carditis, pericarditis, and cardiac arrhythmias associated with COVID-19
vaccination or SARS-CoV-2 infection. Nat Med. 2022;28:410-422. doi:
10.1038/541591-021-01630-0

. Patone M, Mei XW, Handunnetthi L, Dixon S, Zaccardi F, Shankar-Hari

M, Watkinson P, Khunti K, Harnden A, Coupland CAC, et al. Risk of
myocarditis after sequential doses of COVID-19 vaccine and SARS-
CoV-2 infection by age and sex. Circulation. 2022;146:743-754. doi:
10.1161/CIRCULATIONAHA.122.059970

. Heidecker B, Dagan N, Balicer R, Eriksson U, Rosano G, Coats A, Tschope

C, Kelle S, Poland GA, Frustaci A, et al. Myocarditis following COVID-19
vaccine: incidence, presentation, diagnosis, pathophysiology, therapy, and
outcomes put into perspective. A clinical consensus document supported
by the Heart Failure Association of the European Society of Cardiology
(ESC) and the ESC Working Group on Myocardial and Pericardial Diseases.
Eur J Heart Fail. 2022;24:2000-2018. doi: 10.1002/ejhf.2669

. Barmada A, Klein J, Ramaswamy A, Brodsky NN, Jaycox JR, Sheikha H,

Jones KM, Habet V, Campbell M, Sumida TS, et al. Cytokinopathy with aber-
rant cytotoxic lymphocytes and profibrotic myeloid response in SARS-CoV-2
mRNA vaccine-associated myocarditis. Sci Immunol. 2023;8:eadh3455. doi:
10.1126/sciimmunol.adh3455

. Thurner L, Kessel C, Fadle N, Regitz E, Seidel F, Kindermann |, Lohse S,

Kos |, Tschope C, Kheiroddin P, et al. IL-1RA antibodies in myocarditis af-
ter SARS-CoV-2 vaccination. N Engl J Med. 2022;387:1524-1527. doi:
10.1056/NEJMc2205667

. Fairweather D, Beetler DJ, Florio DN, Musigk N, Heidecker B, Cooper LT Jr.

COVID-19, myocarditis and pericarditis. Circ Res. 2023;132:1302-1319.
doi: 10.1161/CIRCRESAHA.123.321878

. Trougakos IP, Terpos E, Alexopoulos H, Politou M, Paraskevis D,

Scorilas A, Kastritis E, Andreakos E, Dimopoulos MA. Adverse effects
of COVID-19 mRNA vaccines: the spike hypothesis. Trends Mol Med.
2022;28:542-554. doi: 10.1016/j.molmed.2022.04.007

Kamat |, Hotez RJ. Myocarditis with COVID-
19 mRNA  vaccines. Circulation.  2021;144:471-484.  doi:
10.1161/CIRCULATIONAHA.121.056135

. Pepe S, Gregory AT, Denniss AR. Myocarditis, pericarditis and cardiomy-

opathy after COVID-19 vaccination. Heart Lung Circ. 2021;30:1425-1429.
doi: 10.1016/}.hlc.2021.07.011

Chaudhary N, Weissman D, Whitehead KA. mRNA vaccines for infectious
diseases: principles, delivery and clinical translation. Nat Rev Drug Discov.
2021;20:817-838. doi: 10.1038/541573-021-00283-5

Tahtinen S, Tong AJ, Himmels P, Oh J, Paler-Martinez A, Kim L, Wichner S,
Oei Y, McCarron MJ, Freund EC, et al. IL-1 and IL-1ra are key regulators of
the inflammatory response to RNA vaccines. Nat Immunol. 2022;23:532-
542. doi: 10.1038/541590-022-01160-y

Ogata AF, Cheng CA, Desjardins M, Senussi Y, Sherman AC, Powell M,
Novack L, Von S, Li X, Baden LR, et al. Circulating severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) vaccine antigen detected in the
plasma of mRNA-1273 vaccine recipients. Clin Infect Dis. 2022;74:715—
718. doi: 10.1093/cid/ciab465

Fertig TE, Chitoiu L, Marta DS, lonescu VS, Cismasiu VB, Radu E, Angheluta
G, Dobre M, Serbanescu A, Hinescu ME, et al. Vaccine mRNA can be de-
tected in blood at 15 days post-vaccination. Biomedicines. 2022;10:1538.
doi: 10.3390/biomedicines 10071538

24,

26.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cardiac Autoimmunity After COVID-19 Vaccine

Bansal S, Perincheri S, Fleming T, Poulson C, Tiffany B, Bremner RM,
Mohanakumar T. Cutting edge: circulating exosomes with COVID spike
protein are induced by BNT162b2 (Pfizer-BioNTech) vaccination pri-
or to development of antibodies: a novel mechanism for immune ac-
tivation by mRNA vaccines. J Immunol. 2021;207:2405-2410. doi:
10.4049/jimmunol.2100637

Sexson Tejtel SK, Munoz FM, Al-Ammouri |, Savorgnan F Guggilla RK|
Khuri-Bulos N, Phillips L, Engler RIM. Myocarditis and pericarditis: case
definition and guidelines for data collection, analysis, and presenta-
tion of immunization safety data. Vaccine. 2022;40:1499-1511. doi:
10.1016/jvaccine.2021.11.074

Mevorach D, Anis E, Cedar N, Bromberg M, Haas EJ, Nadir E, Olsha-Castell
S, Arad D, Hasin T, Levi N, et al. Myocarditis after BNT162b2 mRNA vac-
cine against COVID-19 in Israel. N Engl J Med. 2021;385:2140-2149. doi:
10.1056/NEJM0a2109730

Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, Browne
WJ, Clark A, Cuthill IC, Dirnagl U, et al. The ARRIVE guidelines 2.0: updated
guidelines for reporting animal research. PLoS Biol. 2020;18:e3000410.
doi: 10.1371/journal.pbio.3000410

Li C, Chen Y, Zhao Y, Lung DC, Ye Z, Song W, Liu FF, Cai JP, Wong WM, Yip
CC, et al. Intravenous injection of coronavirus disease 2019 (COVID-19)
mRNA vaccine can induce acute myopericarditis in mouse model. Clin Infect
Dis. 2022;74:1933-1950. doi: 10.1093/cid/ciab707

Eens S, Van Hecke M, Van den Bogaert S, Favere K, Cools N, Fransen E,
Roskams T, Heidbuchel H, Guns RJ. A murine model of mMRNA COVID-19
vaccine-induced myocarditis: a shot in the dark? JACC Basic Transl Sci.
2024;9:1026-1028. doi: 10.1016/}jacbts.2024.05.005

Zirkenbach VA, Ignatz RM, Ottl R, Cehreli Z, Stroikova V, Kaya M, Lehmann
LH, Preusch MR, Frey N, Kaya Z. Effect of SARS-CoV-2 mRNA-vaccine on
the induction of myocarditis in different murine animal models. Int J Mol Sci.
2023;24:5011. doi: 10.3390/ijms24055011

Lee S, Lee J, Cho SH, Roh G, Park HJ, Lee YJ, Jeon HE, Lee YS, Bae
SH, Youn SB, et al. Assessing the impact of mRNA vaccination in
chronic inflammatory murine model. NPJ Vaccines. 2024;9:34. doi:
10.1038/541541-024-00825-z

Schwab C, Domke LM, Hartmann L, Stenzinger A, Longerich T, Schirmacher
P. Autopsy-based histopathological characterization of myocarditis after
anti-SARS-CoV-2-vaccination. Clin Res Cardiol. 2023;112:431-440. doi:
10.1007/s00392-022-02129-5

Shahrbaf MA, Tabary M, Khaheshi |. The right ventricle in COVID-19 pa-
tients. Eur Heart J. 2021;42:5659-560. doi: 10.1093/eurheartj/ehaa832
Komarowska |, Coe D, Wang G, Haas R, Mauro C, Kishore M, Cooper D,
Nadkarni S, Fu H, Steinbruchel DA, et al. Hepatocyte growth factor receptor
c-met instructs T cell cardiotropism and promotes T cell migration to the
heart via autocrine chemokine release. Immunity. 2015;42:1087-1099. doi:
10.1016/}immuni.2015.06.014

Fanti S, Stephenson E, Rocha-Vieira E, Protonotarios A, Kanoni S,
Shahaj E, Longhi MP, Vyas VS, Dyer C, Pontarini E, et al. Circulating c-
met-expressing memory T cells define cardiac autoimmunity. Circulation.
2022;146:1930-1945. doi: 10.1161/CIRCULATIONAHA.121.0565610
Can H, Késeoglu AE, Alak SE, Guvendi M, Déskaya M, Karakavuk M, Girliz
AY, Un C. In silico discovery of antigenic proteins and epitopes of SARS-
CoV-2 for the development of a vaccine or a diagnostic approach for COVID-
19. Sci Rep. 2020;10:22387. doi: 10.1038/541598-020-79645-9

Peng Y, Mentzer AJ, Liu G, Yao X, Yin Z, Dong D, Dejnirattisai W, Rostron
T, Supasa P, Liu C, et al; Oxford Immunology Network Covid-19 Re-
sponse T cell Consortium. Broad and strong memory CD4(+) and
CD8(+) T cells induced by SARS-CoV-2 in UK convalescent indi-
viduals following COVID-19. Nat Immunol. 2020;21:1336-1345. doi:
10.1038/541590-020-0782-6

Smith TRF, Patel A, Ramos S, Elwood D, Zhu X, Yan J, Gary EN, Walker
SN, Schultheis K, Purwar M, et al. Immunogenicity of a DNA vac-
cine candidate for COVID-19. Nat Commun. 2020;11:2601. doi:
10.1038/s41467-020-16505-0

Siegert R, Perrot A, Keller S, Behlke J, Michalewska-Wludarczyk A,
Wycisk A, Tendera M, Morano |, Ozcelik C. A myomesin mutation as-
sociated with hypertrophic cardiomyopathy deteriorates dimerisation
properties. Biochem Biophys Res Commun. 2011;405:473-479. doi:
10.1016/j.bbrc.2011.01.066

Xue J, Zeng W, Han Y, John S, Ottolia M, Jiang Y. Structural mechanisms
of the human cardiac sodium-calcium exchanger NCX1. Nat Commun.
2023;14:6181. doi: 10.1038/s41467-023-41885-4

Jain S, Dhall A, Patiyal S, Raghava GPS. IL13Pred: a method for predict-
ing immunoregulatory cytokine IL-13 inducing peptides. Comput Biol Med.
2022;143:105297. doi: 10.1016/j.compbiomed.2022.105297

November 25, 2025 1499

(—]
=
o
—
==
—
=
m
ow
m
==
=
(]
==




=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

9202 ‘ST Yyore |\ uo Aq Bio'sfeuno feye/:dny wouy papeojumoq

Fanti et al

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

1500 November 25, 2025

McCrossan ZA, Roepke TK, Lewis A, Panaghie G, Abbott GW. Regula-
tion of the Kv2.1 potassium channel by MinK and MiRP1. J Membr Biol.
2009;228:1-14. doi: 10.1007/500232-009-9154-8

Hernandez DA, Bennett CM, Dunina-Barkovskaya L, Wedig T, Capetanaki
Y, Herrmann H, Conover GM. Nebulette is a powerful cytolinker organizing
desmin and actin in mouse hearts. Mol Biol Cell. 2016;27:3869-3882. doi:
10.1091/mbc.E16-04-0237

Chorlton J, Hollowood Z, Dyer C, Lockhart D, Boekman P, McCafferty
K, Coffey P, Marelli-Berg F, Martin J. A randomised, double-blind,
placebo-controlled, multicentre clinical trial of AZD1656 in diabetic pa-
tients hospitalised with COVID-19: the ARCADIA Trial - implications for
therapeutic immune modulation. EClinicalMedicine. 2022;61:101604. doi:
10.1016/j.eclinm.2022.101604

Portig I, Sandmoeller A, Kreilinger S, Maisch B. HLA-DQB1* polymor-
phism and associations with dilated cardiomyopathy, inflammatory dilated
cardiomyopathy and myocarditis. Autoimmunity. 2009;42:33-40. doi:
10.1080/0891693080225865 1

Ngom A, Dumont P, Diot B, Lemarie E. Benign mediastinal lymphade-
nopathy in congestive heart failure. Chest 2001;119:6563-656. doi:
10.1378/chest.119.2.653

Drent M, Gelissen JP, Ascoop CA, Wagenaar SS, van den Bosch JM. Medi-
astinal lymph node enlargement as a result of mitral valve stenosis. Chest
1992;102:1269-1271. doi: 10.1378/chest.102.4.1269

Tschope C, Ammirati E, Bozkurt B, Caforio ALP, Cooper LT, Felix SB, Hare
JM, Heidecker B, Heymans S, Hubner N, et al. Myocarditis and inflamma-
tory cardiomyopathy: current evidence and future directions. Nat Rev Cardiol.
2021;18:169-193. doi: 10.1038/s41569-020-00435-x

Myers JM, Cooper LT, Kem DC, Stavrakis S, Kosanke SD, Shevach EM,
Fairweather D, Stoner JA, Cox CJ, Cunningham MW. Cardiac myosin-
Th17 responses promote heart failure in human myocarditis. JCI Insight.
2016;1:e858561. doi: 10.1172/jciinsight.85851

Yang J, Chow IT, Sosinowski T, Torres-Chinn N, Greenbaum CJ, James EA,
Kappler JW, Davidson HW, Kwok WW. Autoreactive T cells specific for insu-
lin B:11-23 recognize a low-affinity peptide register in human subjects with
autoimmune diabetes. Proc Natl Acad Sci U S A 2014;111:14840-14845.
doi: 10.1073/pnas. 1416864111

Kubiniok P, Marcu A, Bichmann L, Kuchenbecker L, Schuster H,
Hamelin DJ, Duquette JD, Kovalchik KA, Wessling L, Kohlbacher O,
et al. Understanding the constitutive presentation of MHC class | im-
munopeptidomes in primary tissues. iScience. 2022;25:103768. doi:
10.1016/j.isci.2022.103768

Oliver AR, Lyon GM, Ruddle NH. Rat and human myelin oligodendrocyte
glycoproteins induce experimental autoimmune encephalomyelitis by dif-
ferent mechanisms in C57BL/6 mice. J Immunol. 2003;171:462—-468. doi:
10.4049/jimmunol.171.1.462

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Cardiac Autoimmunity After COVID-19 Vaccine

Pummerer CL, Luze K, Grassl G, Bachmaier K, Offner F, Burrell SK, Lenz
DM, Zamborelli TJ, Penninger JM, Neu N. Identification of cardiac myosin
peptides capable of inducing autoimmune myocarditis in BALB/c mice. J
Clin Invest. 1996;97:2057-2062. doi: 10.1172/JCI118642

Guy CS, Vignali KM, Temirov J, Bettini ML, Overacre AE, Smeltzer M, Zhang
H, Huppa JB, Tsai YH, Lobry C, et al. Distinct TCR signaling pathways drive
proliferation and cytokine production in T cells. Nat Immunol. 2013;14:262—
270. doi: 10.1038/ni.2538

Linette GP, Stadtmauer EA, Maus MV, Rapoport AP, Levine BL, Emery L,
Litzky L, Bagg A, Carreno BM, Cimino PJ, et al. Cardiovascular toxicity and
titin cross-reactivity of affinity-enhanced T cells in myeloma and melanoma.
Blood. 2013;122:863-871. doi: 10.1182/blood-2013-03-490565
Zimmermann J, Goretzki A, Meier C, Wolfheimer S, Lin YJ, Rainer H, Krause
M, Wedel S, Spies G, Fuhrer F, et al. Modulation of dendritic cell metabolism
by an MPLA-adjuvanted allergen product for specific immunotherapy. Front
Immunol. 2022;13:916491. doi: 10.3389/fimmu.2022.916491

Lee GM, Stowell JT, Pope K, Carter BW, Walker CM. Lymphatic path-
ways of the thorax: predictable patterns of spread. AUJR Am J Roentgenol.
2021;216:649-658. doi: 10.2214/AJR20.23523

Kanaji N, Yokohira M, Nakano-Narusawa Y, Watanabe N, Imaida K
Kadowaki N, Bandoh S. Hepatocyte growth factor produced in lung fibro-
blasts enhances non-small cell lung cancer cell survival and tumor progres-
sion. Respir Res. 2017;18:118. doi: 10.1186/512931-017-0604-z
Krauson AJ, Casimero FVC, Siddiquee Z, Stone JR. Duration of SARS-
CoV-2 mRNA vaccine persistence and factors associated with cardiac in-
volvement in recently vaccinated patients. NPJ Vaccines. 2023;8:141. doi:
10.1038/s41541-023-00742-7

Esmel-Vilomara R, Riaza L, Dolader P, Rodriguez-Santiago B,
Lasa-Aranzasti A, Munoz-Cabello B, Fernandez-Alvarez P, Figueras-Coll M,
Bianco L, Bueno-Gomez A, et al. Infarct-like myocarditis in adolescents:
exploring genetic insights from diagnosis through follow-up. Int J Cardiol.
2025;432:133255. doi: 10.1016/jijcard.2025.133255

Diaconu R, Donoiu |, Mirea O, Balseanu TA. Testosterone, cardiomyopathies,
and heart failure: a narrative review. Asian J Androl. 2021,23:348-356. doi:
10.4103/aja.aja_80_20

Lota AS, Hazebroek MR, Theotokis P, Wassall R, Salmi S, Halliday BF, Tayal
U, Verdonschot J, Meena D, Owen R, et al. Genetic architecture of acute
myocarditis and the overlap with inherited cardiomyopathy. Circulation.
2022;146:1123-1134. doi: 10.1161/CIRCULATIONAHA.121.058457
Bracamonte-Baran W, Cihakova D. Cardiac autoimmunity: myocarditis. Adv
Exp Med Biol.2017;1003:187-221. doi: 10.1007/978-3-319-567613-8_10
Yonker LM, Swank Z, Bartsch YC, Burns MD, Kane A, Boribong BP, Davis
JP, Loiselle M, Novak T, Senussi Y, et al. Circulating spike protein detected
in post-COVID-19 mRNA vaccine myocarditis. Circulation. 2023;147:867—
876. doi: 10.1161/CIRCULATIONAHA.122.061025

Circulation. 2025;152:1485-1500. DOI: 10.1161/CIRCULATIONAHA.125.074644



