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Myocarditis, characterized by inflammatory cell infiltration, can have
multiple etiologies, including severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection or, rarely, mRNA-based coronavirus
disease 2019 (COVID-19) vaccination. The underlying cellular and molecular

mechanisms remain poorly understood. In this study, we performed
single-nucleus RNA sequencing on left ventricular endomyocardial biopsies
from patients with myocarditis unrelated to COVID-19 (Non-COVID-19),
after SARS-CoV-2 infection (Post-COVID-19) and after COVID-19 vaccination
(Post-Vaccination). We identified distinct cytokine expression patterns,
withinterferon-y playing a key role in Post-COVID-19, and upregulated

IL16 and IL18 expression serving as a hallmark of Post-Vaccination
myocarditis. Although myeloid responses were similar across all groups,
the Post-Vaccination group showed a higher proportion of CD4" T cells,
and the Post-COVID-19 group exhibited an expansion of cytotoxic CD8* T
and natural killer cells. Endothelial cells showed gene expression changes
indicative of vascular barrier dysfunction in the Post-COVID-19 group and
ongoing angiogenesis across all groups. These findings highlight shared
and distinct mechanisms driving myocarditis in patients with and without a
history of SARS-CoV-2 infection or vaccination.

Coronavirus disease 2019 (COVID-19) is primarily arespiratory disease,
but systemic and cardiovascular involvement can occur,and acute car-
diacinjury*with elevation of serum troponins is not uncommon after
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion. Strikingly, therisk and 1-year burden of cardiovascular diseasesin
survivors of acute COVID-19 are substantial, and the risk to specifically
develop myocarditis is approximately fivefold increased®. In children/
young adults, SARS-CoV-2 infection can lead to multisystem inflam-
matory syndrome (MIS-C), with myocarditis being the most preva-
lent clinical feature®. Cardiac injury can also rarely be induced after
receipt of vaccines against COVID-19, in particular those based on mRNA

technology*®. Although evidence for direct SARS-CoV-2-mediated
induction of myocardialinjury is limited, the infection canelicitintense
systemic release of cytokines, possibly leading to a secondary car-
diacinflammatory response. Likewise, vaccine-associated myocardial
inflammation and injury was shown to be characterized by systemic
‘cytokinopathy’, activated cytotoxic lymphocytes or induction of
IL1-RA in the blood’®. Using immunohistochemical staining of car-
diac tissue from patients with clinically suspected myocarditis after
SARS-CoV-2infection or after COVID-19 mRNA vaccination, in particu-
lar a macrophage-dominated infiltrate was consistently observed®’
that also was reported for SARS-CoV'™. Furthermore, in patients with
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post-vaccination myocarditis, primarily CD4" over CD8" lymphocytic
infiltrates were described”. However, the precise participatingimmune
cell subsets and molecular changes driving their activation in cardiac
tissue, as well as cardiac cell type resolved molecular responses, are
incompletely characterized. Also, short-term clinical outcomes of
cardiacinflammation are more favorable after vaccination, with most
cases being mild. This raised the question of how the underlying cellular
and molecular mechanisms compare in these different disease enti-
tiesand whether they differ from pre-pandemic forms of myocarditis.

Inthe present study, we performed single-nucleus RNA sequenc-
ing (snRNA-seq) on cardiac tissue from symptomatic patients who
clinically presented with pathological laboratory, electrocardiogram
(ECG) and/or non-invasive imaging results of acute myocarditis and
had undergone endomyocardial biopsies (EMBs) for diagnostic
purposes. We studied EMBs from patients after SARS-CoV-2 infec-
tion (including two SARS-CoV-2-related patients with MIS-C) or after
SARS-CoV-2 vaccination as well as from patients with histologically
confirmed lymphocytic myocarditis that were mostly taken before
the pandemic or had no signs of SARS-CoV-2 infection. Compari-
son of the different myocardial inflammatory modalities revealed
common and divergent compositional cellular changes as well as
pro-inflammatory and anti-inflammatory transcriptional signatures
in patients with Non-COVID-19 myocarditis and those with myocarditis
after SARS-CoV-2 infection or vaccination.

Results

Patient cohort and clinical presentation

Our clinical cohort consisted of (1) patients with ‘classical’ lympho-
cytic myocarditis (Non-COVID-19, n = 8); (2) patients with signs of
acute myocarditis after SARS-CoV-2infection (Post-COVID-19, n = 10);
(3) patients with signs of acute myocarditis after vaccination against
COVID-19 (Post-Vaccination, n = 4); (4) patients with MIS-C with signs
of acute myocarditis (n =2); and (5) control donor left ventricular
(LV) tissue that we analyzed previously'>*. All patients presented
with symptoms including chest pain, palpitations, fever, shortness
of breath, malaise and/or general weakness and fatigue and an over-
all increase of cardiac damage-indicating biomarkers (troponin T,
N-terminal prohormone of brain natriuretic peptide (NT-pro-BNP),
creatine kinase or creatine kinase MB) and C-reactive protein (CRP)
levels (Fig.1a). ECG, echocardiography or signs of recent or ongoing
myocardial damage in cardiac magnetic resonance imaging (MRI),
ranging fromnormal or non-specific toborderline low or abnormal,
are summarized in Extended Data Table 1. All patients underwent
LV EMBs and left heart catheterization after routine non-invasive
diagnostic workup, and angiography had failed to elucidate any
other specific cause of heart failure, such as coronary artery dis-
ease. Post-COVID-19 patients and patients with MIS-C were previ-
ously tested positive for SARS-CoV2 infection by nasopharyngeal
swab test polymerase chain reaction (PCR). Most Post-Vaccination
patients experienced symptom onset within days after the second
dose of the vaccine. Consistent with prior reports””, the cohort was
predominantly male (87.5%; Non-COVID-19: 87.5%, Post-COVID-19:
80%, Post-Vaccination: 100% and MIS-C: 100%) with an average age
of 37 + 16 years (range, 19-70 years). The age of the two patients with
MIS-C was 20 years and 21 years. Post-COVID-19 patients were slightly
older than the other patients (Fig. 1a and Extended Data Table 1).
Selection of Non-COVID-19 patients was based on positive EMB results
showing lymphocytic myocarditis and similarities in sex and age com-
pared to the other disease groups. In the MIS-C group, one patient
underwent an additional EMB, 6 months after combined immunosup-
pression with prednisolone and azathioprine.

Clinical histopathology and immunostaining on EMBs identified
substantial widespread increased interstitial macrophage infiltration
in all patients and, additionally, lymphocytic myocarditis in 30% of
Post-COVID-19 patients, in 25% of Post-Vaccination patients and in

100% of patients with MIS-C (Extended Data Table 1and Extended Data
Fig.1a,b). Our observations are in agreement with previous reports,
where most post-COVID-19 and mRNA-vaccinated patients with signs
of myocarditis showed predominantly macrophage infiltrates into the
myocardium?’. No SARS-CoV-2 genome was detected by PCR in EMBs
of Post-COVID-19 patients and patients with MIS-C. EMBs that were not
used for diagnostic workup were included for snRNA-seq analyses to
investigate the cellular and molecular changes of myocardial inflam-
matory responses across the different disease entities.

Myocarditis-associated changes in cardiac tissue composition
To generate snRNA-seq libraries, we isolated nuclei from EMBs using
our previous protocol with modifications (Fig. 1b and Methods). For
comparison to healthy hearts, we used reported full-thickness LV
snRNA-seq data from 18 healthy controls'>* (Extended Data Table 2).
Despite the small amount of input material, the resulting EMB sequenc-
ing data were of similar quality to those of the full-thickness healthy
heartsamples (Extended DataFig. 1c-f). After pre-processing and qual-
ity control filtering, nuclei were integrated using Harmony, followed
by constructing manifolds using uniform manifold approximation
and projections (UMAPs). In total, we analyzed 205,596 nuclei. Clus-
tering identified 10 major cell types (Fig. 1c, Extended Data Fig. 2a,b
and Supplementary Table 1) encompassing cardiomyocytes (CMs),
fibroblasts (FBs), mural cells containing pericytes (PCs) and smooth
muscle cells (SMCs), endothelial cells (ECs), PKHD1L1-expressing ECs
(EC_PKHDILI") comprising mostly endocardial cells and few lymphatic
ECs (Extended Data Fig. 2¢), adipocytes, neural cells, mast cells and
lymphoid and myeloid cells.

Using center log ratio (CLR)-transformed abundance of cell
types” (excluding EC_PKHDIL1*; see Methods), we compared the cellu-
lar composition of healthy versus patient hearts. Inline with EMBimmu-
nohistochemistry results, myeloid cell proportions wereincreased in
Post-COVID-19 and Post-Vaccination, whereas, in the Non-COVID-19
group, this increase did not reach statistical significance (Fig. 1d and
Extended Data Fig. 2d). Surprisingly, we observed increased propor-
tions of lymphoid cells for all patient groups (Fig. 1d) and, indeed, all
Post-COVID-19 and Post-Vaccination patients (Extended Data Fig. 2b,d).
Thiswasin contrast to the clinicalimmunohistochemistry results where
onlyafraction of Post-COVID-19 and Post-Vaccination patients showed
lymphocytic myocarditis, defined by the presence of CD3" T cells.
Similar to findingsinend-stage heart failure” and in hearts of deceased
patients with COVID-19 (ref. 15), ECs were significantly expanded in
Non-COVID-19 and Post-COVID-19. FB abundance remained unchanged,
whereas CM and mural cell proportions were modestly reduced across
patient groups.

Patients with MIS-C showed increased proportions ofimmune cells
(lymphoids and myeloids), similar to the other patient groups (Fig. 1d
and Extended DataFig. 2d). Strikingly and as expected, comparing the
cellular composition of the matching EMBs from one patient with MIS-C
showed amarked reduction of immune cells after treatment, indicating
normalization ofimmune cell numbers (Fig. 1e). Due to the low sample
size (n=2), throughout this paper we report MIS-C results only for dif-
ferencesin cell type and state abundances without statistical testing.

Distinct cytokine and inflammasome expression signatures

We determined differentially expressed genes (DEGs) in cardiac tissue
using apseudo-bulk approach that aggregated all nuclei fromthe same
individual (Supplementary Table 2) and detected increased expression
of the pro-inflammatory cytokine genes TNF and IFNG across patient
groups (Fig. 1f). IFNG was solely expressed in lymphocytes and espe-
cially elevated in the Post-COVID-19 and MIS-C groups (Fig. 1f and
Extended Data Fig. 3a). Additional interleukin and leukocyte recruit-
ing chemokine (C-X-Cand C-C motif) ligand family member encoding
genes were upregulated in the patient groups (Extended DataFig. 3b),
consistent with increased immune cell abundances.
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Fig. 1| Distinct cellular and molecular signatures in Non-COVID-19,
Post-COVID-19 and Post-Vaccination inflammatory cardiomyopathies.

a, Infographic depicting metadata for Non-COVID-19 (n = 8), Post-COVID-19
(n=10), Post-Vaccination (n = 4) and MIS-C (n = 2) patients. Left panel, patient
age; women and men, light and dark gray, respectively. Middle panels, box plots
showing serum levels of troponin T, NT-pro-BNP and CRP; dashed lines and blue
areas indicate normal ranges. Right panel, box plots showing left ventricular
ejection fraction (EF). b, snRNA-seq workflow schematic: EMBs were lysed

and nuclei purified using FACS. Nuclei were processed using 10x Chromium 3’
chemistry. Image shows EMB size before nucleiisolation. ¢, UMAP embedding
0f 205,596 nuclei delineated 10 cardiac cell types and unassigned populations
(gray).d, Upper panel, mean cell type abundances (%) in controls (n =18). Lower
panel, proportional changes of cell types in Non-COVID-19 (n = 8), Post-COVID-19
(n=10) and Post-Vaccination (n = 4) versus control. Color scale: red (increase)
andblue (decrease). Significant Pvalues (FDR < 0.05) are shown. Pvalues were
calculated with the two-sided ¢-test based on CLR-transformed values with
Benjamini-Hochberg correction. MIS-C significance was not calculated due to
low sample size (n = 2). e, Proportions of myeloid and lymphoid cells in control

logFC & % Abs logFC
30 3 o

(n=18) and MIS-C (n=2) groups as well asin a follow-up biopsy from one patient
with MIS-C.The patient with MIS-C with pre-treatment and post-treatment

EMBs is indicated by a dashed line. Significance was not calculated due to low
sample size (n = 2).f, Box plots as described in a showing snRNA-seq pseudo-bulk
expression levels of cytokines in cardiac tissue from patient and control groups
(control: n=18, Non-COVID-19: n = 8, Post-COVID-19: n =10, Post-Vaccination:
n=4).Significant Pvalues (FDR < 0.05) are shown. P values were calculated using
the quasi-likelihood F-test with Benjamini-Hochberg correction. g, Pie charts
comparing cell type resolved absolute mean expression levels of IL16 and IL18
between conditions. Pie size reflects absolute detection levels; colors indicate
relative cell type contribution. h, Dot plots showing differential expression of
IFNY response genes in patient groups relative to controls in major cardiac cell
types. Dot colors indicate log,-transformed FCs (log,FCs). Dot sizes indicate
absolute log,FC. Black circles indicate significance (FDR < 0.05). Pvalue
calculations are asin f. Box plotsin a, e and f: boxes show interquartile range
(IQR); vertical bars indicate the median; and whiskers extend from minimum

to maximum values. Dots show individual measurements per patient.

Adipo, adipocyte; Lymph, lymphoid; Myel, myeloid.
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Fig. 2| Myeloid compositional changes and gene expression alterations in
cardiac inflammation. a, UMAP embedding delineated 16 myeloid cell states.
b, Upper panel, mean abundance (%) of myeloid cell states in control left
ventricles (n =18). Lower panel, proportional changes of myeloid cell states in
the four patient groups (Non-COVID-19: n = 8, Post-COVID-19: n = 10, Post-
Vaccination: n=4). Color scale: red (increase) and blue (decrease). Pvalues
areindicated for significant proportional changes (FDR < 0.05). P values were
calculated using the two-sided t-test based on CLR-transformed values with
Benjamini-Hochberg correction. For MIS-C, significance was not calculated
due to low sample size (n = 2). ¢, Condition-split UMAP showing compositional
shiftsin myeloid cell states across patient groups and controls. d,e, Box plots
showing distribution of Lyvel"MHCII" and Lyvel°MHCII" (d) and CD16" and
VCAN" monocytes (e) across control and disease groups (control:n =18,

W Mis-C

LYVET" MHC-II'* LYVET® MHC-II"

Non-COVID-19: n = 8, Post-COVID-19: n = 10, Post-Vaccination: n = 4). Boxes
depict the interquartile range (IQR); horizontal bars indicate the median;
whiskers extend to 1.5x IQR; and dots show the value of each patient. Pvalues are
indicated for significant proportional changes, FDR < 0.05. Pvalue calculations
areasdescribedinb.f, Dot plots showing differential expression of selected
IFNy response and MHC-I genes in patient groups relative to control across
Lyvel"MHCII" and Lyvel°MHCII" (control: n =18, Non-COVID-19: n = 8, Post-
COVID-19: n=10, Post-Vaccination: n = 4). Dot colors indicate log,-transformed
FCs (log,FCs). Dot sizes indicate absolute log,FC. Black circles indicate
significance (FDR < 0.05). Pvalues were calculated using the quasi-likelihood
F-test and were adjusted for multiple testing (Benjamini-Hochberg). Genes are
ordered alphabetically.

We noted stronger upregulation of /L34, a macrophage growth
and survivalfactor, inthe Non-COVID-19 and Post-Vaccination groups
thaninthe Post-COVID-19 group (Fig. 1f). In aninflammatory context,
IL-34-derived macrophages suppress pro-inflammatory polarization of
Tcells™. Furthermore, TGFBI encodingimmunosuppressive TGF-B1was
upregulated in all patient groups but highest in the Post-Vaccination
group. /L16 and /L18 expression was uniquely increased in the
Post-Vaccination group, and expression of inflammasome components
such as pattern recognition receptors NLRP1and NLRP3 and caspases
CASPI and CASP4 necessary for IL18 activation” were highest in this
group (Fig.1fand Extended Data Fig. 3c). These genes were expressed
in multiple cell types, but contribution of myeloids to their overall
expression levels was greater in the Post-Vaccination group compared
toall other patient groups (Fig. 1g and Extended Data Fig. 3d), suggest-
ingadistinctive myeloid origin of this pathway in the Post-Vaccination
group, consistent with previous findings'®.

We thendetermined DEGs in pseudo-bulks of individual cell types
and performed gene set enrichment analyses (GSEAs) on DEGs to
identify disease-associated pathways. Strikingly, in the Post-COVID-19
group, upregulated gene sets related to interferon-y (IFNy) signaling
inmultiple cell types (Fig. 1h and Supplementary Table 3).

Myeloid expansion and compositional changes in myocardits

Characterization of myeloid cellsidentified nine previously described"
macrophage states, VCAN' and non-classical CD16* monocytes, two
conventional dendritic cell states and one decorin (DCN)-expressing
proliferative macrophage state (Fig.2a,b, Extended Data Fig.4a,band
Supplementary Table 4). Despite the varying extent of the overall mye-
loid expansion (Extended Data Fig. 2d), we observed similar striking
compositional alterations in the myeloid populationsin Non-Covid-19,
Post-COVID-19 and Post-Vaccination groups compared to control
(Fig. 2b and Extended Data Fig. 4a). Among pre-existing resident
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macrophages, LYVEI"MHCII"® with pivotal cardiac repair function® was
barely detectable, whereas proportions of LYVE1°MHCII" that effec-
tively stimulate T cell responses'**° were strongly increased in these
three patient groups (Fig. 2b-d). Furthermore, proportions of T cell-
stimulating cDC2 were increased, whereas FB-interacting MP_OSM
macrophages and MP_FOLR2 were decreased (Fig. 2b and Extended
Data Fig. 4a). Reduced proliferating macrophage and expanded
CD16* and VCAN" monocyte proportions (Fig. 2e and Extended Data
Fig. 4a), as well as CX3CRI expression (circulating monocyte marker)
(Extended DataFig. 4c), indicated recruited monocytes asasource for
the LYVEI®MHCII" MPincrease. Of note, VCAN*" monocytes expressed
CCR2and pro-inflammatory mediators (S100A12,S100A9 and SIO0AS)
(Extended Data Fig. 4d). In amyocarditis mouse model, silencing of
CCR2prevented cardiac monocyte accumulationand chronic decline
of LV function?. Patients with MIS-C showed different compositional
alterations of the myeloid cell population compared to the other patient
groups, with no change in pre-existing resident macrophage propor-
tions butanincrease in monocyte proportions exceeding, by far, those
observedin the other groups (Fig. 2e). Furthermore, DCN-expressing
proliferative macrophages were enriched only in patients with MIS-C.
Expression of FB genes in macrophages may indicate the acquisition
of afibrogenic phenotype??.

DEG analysis comparing myeloid states in patient groups versus
control revealed the highest number of upregulated genes in LYVE1"-
MHCII" macrophages (Supplementary Table 5), including CARMILI,
MAF, WWPI and CD83, indicating higher activation and interstitial
migration capacities®*” (Extended Data Fig. 4e). Contrary to reports
for macrophages from lung of patients with severe COVID-19 and from
blood of patients with perimyocarditis after vaccination”*, we did not
observe pro-fibrotic gene expression responses in cardiac myeloids.
However, GSEA on DEGs per cell state identified upregulated gene
sets related to IFNy signaling in LYVEI"MHCII'", LYVE1°MHCII" and
proliferating macrophages as well as in cDC2 from Post-COVID-19
patients (Fig. 2fand Supplementary Table 3). IFNyis known toincrease
pro-inflammatory activity in macrophages” and to induce major his-
tocompatibility complex class I1 (MHC-II) gene expression®, Indeed,
macrophages inthe Post-COVID-19 group showed upregulated class Il
MHC transactivator encoding C/ITA and MHC-Il genes (Fig. 2f).

Distinct lymphocyte responses in Post-COVID-19 and
Post-Vaccination

Subcluster analyses of lymphoid cellsrevealed 10 T cell and three natu-
ral killer (NK) cell states as well as plasma, B cells and a small popula-
tion of IFNy-producing NK cells (Fig. 3a-c, Extended Data Fig. 5a,b
and Supplementary Tables 6 and 7). Within the T cell population, we
observed higher CD4" to CD8" T cell ratios in Non-COVID-19, and this
effect was even more pronounced in Post-Vaccination, aligning with
previously reported predominance of cardiac CD4* lymphocytic
infiltrates in response to COVID-19 vaccination®. In contrast, CD8"
T cells dominated in the Post-COVID-19 and MIS-C groups (Fig. 3d).
Overall, CD8" T cells displayed higher expression of gene sets related
to cytotoxicity compared to CD4* T cells (Extended Data Fig. 5¢). The
differencesin T cell ratios between disease groups were attributable
especiallytoarelativeincrease inregulatory, Temland central memory
CD4" T cells in Non-COVID-19 and Post-Vaccination (Fig. 3b,e). Addi-
tionally, RORC'CD4" T cells were increased in these groups, albeit
not statistically significantly. Conversely, cytotoxic GNLY-expressing
effector cell proportions and mature NK cells (NK_CD16") increasedin
Non-COVID-19, Post-COVID-19 and MIS-C but not in Post-Vaccination
(Fig. 3b). Proliferating T cells were increased only in MIS-C (Extended
DataFig.5a). CD8"T cellsin Post-COVID-19 furthermore showed upreg-
ulated expression of activation markers such as CD38 and HLA-DR
(Fig. 3f) and higher PRFI expression levels encoding the cytotoxic
effector molecule perforin than Non-COVID-19 and Post-Vaccination
(Fig. 3g), suggesting an increased cytotoxic potential of CD8" T cells

in hearts of Post-COVID-19 patients. Interestingly, we identified highly
activated CD16'CD8" T cells (CD8T _act_effector) with strong cytotoxic
functions and high similarity to CD16°CD8" T cells previously iden-
tified in the blood of patients with severe COVID-19 (ref. 29). These
cells were significantly enriched in cardiac tissue of Post-COVID-19
patients (Fig. 3b). Nuclei within this cluster expressed TRAC, TRDC
and TRGC1/2, indicating amixed cluster of a3 and y§ T cells that could
not be separated further.

We explored our snRNA-seq data for transcriptional signatures
that may suggest animpact of cytotoxic lymphocytes on non-immune
cardiaccells. CD8" T cells recognize and kill cells presenting perceived
non-self-antigens via MHC-1 molecules. Among cardiac non-immune
cells, ECs showed the highest human leukocyte antigen (HLA) class |
gene expression, whereas control CMs displayed barely detectable lev-
els, consistent with previous findings***' (Extended Data Fig. 5d). Inter-
estingly, in myocarditis, it was reported that MHC-lis upregulated on
CMsand interstitial cells®. In our study, aggregated pseudo-bulk data
of non-immune cardiac cells showed elevated, albeit not significant,
HLA classIgene expressionin disease conditions with higher levelsin
Post-COVID-19 (Extended Data Fig. 5e).In CMs, HLA-F was specifically
upregulated across Non-COVID-19, Post-COVID-19 and Post-Vaccination
conditions (Fig. 3h and Extended Data Fig. 5d). Additionally,in CMs and
FBs, the MHC class I-like molecule RAETIE was particularly upregu-
lated in Post-Vaccination (Fig. 3i and Extended Data Fig. 5f). RAETIE
bindsand activates NKG2D-expressing NKand CD8" T cells, with RAET
family members typically absent on normal cells but overexpressed
under stress. This overexpression was reported to contribute to the
development of autoimmunity*? and may be linked to an exacerbated
inflammatory response.

Elevated HIF1A and VEGFA expression in CMs
Previousinvitrostudies reported specific gene expression signatures
afterinfectinginduced pluripotent stem cell (iPSC)-derived CMs with
SARS-CoV-2 (ref. 33). We did not observe a matching transcriptional
responseinour snRNA-seq CM data, neither in Post-COVID-19 patients
nor in any other of the patient groups. Subclustering of the CM popu-
lation identified previously reported cell states of the left ventricle™
(Fig.4a,b, Extended DataFig. 6a,b and Supplementary Tables 8 and 9)
and one additional CM state (vCM6) that showed enrichment of genes
related toregulation of heart rate by cardiac conduction (including, for
example, CAMK2D, KCND3, CACNA2D1, CTNNA3 and CACNAIC).vCMé6
proportions were more abundant in all patient groups, especially in
Non-COVID-19 and Post-Vaccination (Fig.4b and Extended Data Fig. 6a),
whereas vCMS proportions were increased only in Post-COVID-19.
vCMS5 was described to participate in the cardiac conduction system™.
Increased risks of cardiac arrhythmias were observed after a positive
SARS-CoV-2 test™**,

In CMs, we observed a significant upregulation of HIF1A in all
patient groups compared to controls (Fig. 4c). HIFIA encodes the
O,-regulated HIF1 subunit, and its expression can also be induced by
various cytokines®. Local oxygen concentration in inflamed areas
tends to decrease®. HIF1 functions as a master regulator of cellular
and systemic homeostatic response to hypoxia, such as angiogenesis
and vascular remodeling”. One notable HIF1A downstream target is
the vascular endothelial growth factor A (VEGFA). Its product, VEGFA,
is a powerful inducer of angiogenesis but can also induce vascular
inflammation and increase vascular permeability®®. VEGFA expression
was upregulated in the overall CM population and across CM statesin
all patient groups (Fig. 4d).

Pro-angiogenic and inflammatory gene expressionin

vascular cells

Subclustering of vascular cells (ECs and mural cells) delineated previ-
ously characterized capillary (EC1), arterial (EC5) and venous (EC6)
ECs as well as two SMC states (SMC1.1 and SMC1.2) and three PC
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Fig. 3| Distinct lymphocyte responses in cardiac tissue of Post-COVID-19 and
Post-Vaccination patients. a, UMAP embedding of lymphoid cells delineated 19
lymphoid cell states. b, Upper panel, mean abundance (%) of lymphoid cell states
in control left ventricles (n =11). Lower panel, proportional changes of lymphoid
cell statesin Non-COVID-19 (n =7), Post-COVID-19 (n = 9) and Post-Vaccination
(n=4).Colorscale: red (increase) and blue (decrease). Pvalues are indicated for
significant proportional changes (FDR < 0.05). P values were calculated using
the two-sided t-test based on CLR-transformed values with Benjamini-Hochberg
correction. For MIS-C, significance was not calculated due to low sample size
(n=2).0nly samples with lymphoid counts greater than 30 were considered
(Methods). ¢, Heatmap showing the z-score standardized expression of select
marker genes (columns) per T cell cluster (rows). TF, transcription factor.

d, Stacked bar chart indicating CD8T/CD4T ratios across conditions. n numbers
areas described inb. e, Box plots showing distribution of CD4" effector memory
1(CD4T_eml), regulatory (CD4T_reg), RORC-expressing (CD4T_RORC") and
centralmemory (CD4T_cm) T cells. Significant Pvalues (FDR < 0.05) are shown.

nnumbers and Pvalue calculations are as described in b. f, Dot plot showing
differential expression of activation markers in pseudo-bulk CDS8T cells across
patient groups relative to control. Dot colors indicate log,-transformed FCs
(log,FCs). Dot sizes indicate absolute log,FC. Black circles indicate significance
(FDR < 0.05). Pvalues were calculated using the quasi-likelihood F-test with
Benjamini-Hochberg correction. g, Box plots showing PRF1 snRNA-seq
expression levels in pseudo-bulk CD8T cells from patient groups (Non-COVID-19:
n=7,Post-COVID-19: n =10, Post-Vaccination: n = 4; see Methods, DEG analysis).
Pvalue calculations are as described in f. Pvalues were FDR > 0.05. h,i, Box plots
showing snRNA-seq pseudo-bulk expression levels of HLA-Fin CMs (h) and of
RAETIE in CMs (i) (left) and FBs (right) from patient and control groups (control:
n=18,Non-COVID-19: n =8, Post-COVID-19: n =10, Post-Vaccination: n=4).
Significant Pvalues (FDR < 0.05) are shown. Pvalues were calculated as described
ing. Box plotsine, g and h: Boxes show interquartile range (IQR); vertical bars
indicate the median; and whiskers extend from minimum to maximum values.
Dots show individual measurements per patient.
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states (PC1-3)" (Fig. 4¢,f, Extended Data Fig. 6¢c-iand Supplementary
Tables 10 and 11). We identified one additional PC state (PC1.1) with
enriched expression of genes with anti-angiogenic capacity, including
ADAMTS9, ADAMTSI and HIPK2, and two additional EC states, EC9 and
EC10.EC9 was characterized by the expression of interferon-stimulated
genes (ISGs). EC10 showed enriched expression of pro-angiogenic stem
cellreceptor KIT, SMADI and tip cell marker genes (including ANGPT2,
PGF and PDGFB) (Extended Data Fig. 6e), similar to ECs previously
described to promote cardiac repair after myocardial infarction®.
We observed across all patient groups decreased canonical PC1 and
anti-angiogenic PC1.1 proportions. In contrast, ECS5 (arterial) propor-
tions were strongly increased, and EC1 (capillary) and EC6 (venous)
proportions were barely increased. Thisindicated altered vascular cell
ratiosin all patient groups. ISG-expressing EC9 cells wereincreased in
Post-COVID-19. These cells showed the highest HLA class I gene expres-
sionamongEC states (Extended DataFig. 6j), suggesting that they may
represent a preferential target for cytotoxic CD8" T cells within the EC
population. EC10 cells were almost exclusively found in the patient
groups except in MIS-C (Fig. 4f and Extended Data Fig. 6¢).

DEG analysis identified consistently decreased NFKBIA expres-
sion in ECs within all patient groups (Fig. 4g). NFKBIA encodes the
IkBa repressor that counteracts the pro-inflammatory transcription
factor NF-kB. We furthermore noted a consistent upregulation of
the junctional adhesion molecules encoding genes JAM2 and JAM3 in
ECs across all patient groups (Fig. 4g). JAM2 and JAM3 are known to
facilitate the migration and extravasation of immune cells through
the endothelium*’. We then performed GSEA on DEGs per vascular cell
state and observed upregulated gene sets related to IFNy signaling in
EC1, EC5 and EC6 as well as PC1 and PC3 from Post-COVID-19 patients
(Fig. 4h).

Elevated angiogenesis-associated intercellular
communication
By examining the expression of genes encoding for receptors and
ligands, we inferred cell-cell communication using CellChat and
detected increased VEGFA signaling from CMs to ECs in all patient
groups (Fig. 4i). VEGFA promotes angiogenesis and vascular perme-
ability primarily through its receptor VEGFR2 (KDR). Alternatively,
it can bind to its decoy receptor VEGFR1 (FLT1), thus fine-tuning the
angiogenic process and ensuring vascular quiescence and stability*..

Comparedtoother EC states, KDR showed highest and FLTI lower
expression in EC10 (Fig. 4j), suggesting increased responsiveness to
VEGFA. EC activation by VEGFA leads to formation of tip cell filopodia
and facilitates migration, proliferation and survival*>. Gene Ontology
(GO) term analysis on genes expressed in EC10 indeed resulted in the
identification of related terms (Extended Data Fig. 6k,1).

CellChat analyses furthermore identified increased angiogenesis-
related angiopoietin (ANGPT), ephrin B (EPHB) and NOTCH signaling

in all patient groups (Fig. 4i). Angiopoetin ligand ANGPT1 stabilizes
vessels, and ANGPT2 is a VEGFA-dependent modulator of capillary
structures and EC survival*. CellChat analyses predicted enhanced
signaling of ANGPT1from CMs and of ANGPT2 from mural cellsto ECs
(Extended DataFig.6m). ANGPTIand ANGPT2 expression wasincreased
in CMs and mural cells, respectively, across all patient groups (Fig. 4k).
Ephrin B ligands and their Eph receptors play important roles in ves-
sel growth and stabilization**. Expression of EFNB2, encoding a EPHB
signaling ligand, was upregulated in ECs (Fig. 41), and CellChat analy-
ses predicted induction of autocrine signaling in ECs and increased
signaling to CMs, where EFNB2 signaling was shown to play a protec-
tive role®. Furthermore, predicted EFNB2-EPHBI ligand-receptor
interactions identified in controls were shifted to EFNB2-EPHA4 in
the patient groups (Extended Data Fig. 6n). Activation of EPHA4 in ECs
was shown to increase monocyte adhesion*® and limit arteriogenesis
through attenuated ANGPT2/Tie2 signaling"’. NOTCH signaling plays
a crucial role in regulating smooth muscle differentiation and blood
vessel formation. In addition to increased NOTCH signaling between
ECsand mural cells, CellChat inference suggested enhanced autocrine
signaling in ECs that can be activated by disturbed blood flow*:. Fur-
thermore, signaling to myeloids was increased (Fig. 4i and Extended
DataFig.6m)inline with the recentimplication of NOTCH signalingin
macrophage activation and differentiation®.

Fibrosis-associated gene expression profiles

Previous studies reported histopathological findings of fibrosis for
post-COVID-19-associated as well as post-vaccination-associated
myocarditis’. In our patient groups, cardiac MRI showed an increase
in late gadolinium enhancement (LGE), which may be a sign of fibro-
sis development or represents an effect of the increased inflamma-
tory reaction (Extended Data Table 1). snRNA-seq analyses of EMBs
did not show a significant increase of total FB numbers (Fig. 1d) but
increased collagen gene expression in patient groups compared to
control (Fig. 5a). This implied the acquisition of a secretory rather
than a proliferative phenotype, as previously observed in dilated
cardiomyopathy®. Condition-split visualization of the FB latent space
supported a transcriptional shift in FB states across patient groups
(Extended Data Fig. 7a). Subclustering of FBs identified previously
described states (vFB1-4) and one additional state (vFB5) character-
ized by increased IFN response gene expression (Fig. 5b, Extended Data
Fig.7b,c and Supplementary Tables 12 and 13). vFB1.1 (lipofibroblast)
and vFB3 (interacting with MP_OSM") proportions were significantly
decreased, whereas vFB4 (extracellular matrix (ECM)-organizing) and
VvFBS5 abundances were increased in all patient groups compared to
controls. Interestingly, vFB2 (pro-fibrotic TGFB-activated) expanded
in Non-COVID-19 and Post-COVID-19 but not in Post-Vaccination
(Fig. 5c and Extended Data Fig. 7b). GSEA revealed upregulation of
IFNy-stimulated and IFNa-stimulated genes in vFB1.0 and vFBS in

Fig. 4| Vascular cells exhibit pro-angiogenic, inflammation and immune cell
recruitment signatures across disease groups. a, UMAP embedding delineated
nine CM states. b, Upper panel, mean CM state abundances (%) in controls
(n=18). Lower panel, proportional changes of CM statesin Non-COVID-19 (n =8),
Post-COVID-19 (n =10) and Post-Vaccination (n = 4) versus control. Color scale:
red (increase) and blue (decrease). Significant P values (FDR < 0.05) are shown.
Pvalues were calculated with the two-sided ¢-test based on CLR-transformed
values with Benjamini-Hochberg correction. MIS-C significance was not
calculated due to low sample size (n = 2). ¢, Upper panel, box plots showing HIFIA
snRNA-seq pseudo-bulk expression levelsin CMs. Boxes depict the interquartile
range (IQR); horizontal bars indicte the median; whiskers extend to 1.5x IQR; and
dots show the value of each patient. Significant Pvalues (FDR < 0.05) are shown.
Lower panel, dot plots showing differential expression of HIF1A in patient groups
relative to control across CM states. Dot colors indicate log,-transformed FCs
(log,FCs). Dot sizes indicate absolute log,FC. Black circles indicate significance
(FDR < 0.05). Upper and lower panel, control: n=18,Non-COVID-19:n =8,

Post-COVID-19: n =10, Post-Vaccination: n = 4. Pvalues were calculated using the
quasi-likelihood F-test with Benjamini-Hochberg correction. d, VEGFA expression
inCMs, shown as described in c. e, UMAP embedding delineated 11 vascular cell
states. f, Vascular cell state abundances shown as described inb. g, NFKBIA,
JAM2 and JAM3 expressionin ECs, shown as described in c. h, Dot plots showing
differential expression of IFNy response genes in patient groups relative to
control across vascular cell states. Dot plots, n numbers and Pvalue calculations
areasdescribedinc.i, Circle plots showing significant cell-cell communication
differences for the indicated pathways (P < 0.05) between patient groups and
controls. Pvalues were computed from the one-sided permutation test with
Bonferoni correction. Line thickness reflects interaction strength of sending and
receiving cells; color indicates changes (orange: increased; blue: decreased); and
arrows show signal directionality.j, Dot plot showing FLT1 and KDR expression
across EC states. Dot size corresponds to fraction (%) of expressing nuclei; color
indicates scaled mean expression levels. k,I, ANGPT1 and ANGPT2 (k) and EFNB2 (1)
expressionincell types as described inc. AD, adipocyte; NC, neural cell.
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Fig. 5| Fibroblast compositional and gene expression changes indicate altered
remodeling processes. a, Collagen scores across FBs in controls (n =18), Non-
COVID-19 (n = 8), Post-COVID-19 (n =10) and Post-Vaccination (n = 4). Scores
were calculated across all expressed collagens. Boxes depict the interquartile
range (IQR); horizontal bars indicate the median; whiskers extend to 1.5 IQR;
and dots show the value of each patient. Pvalues were calculated using the two-
sided Wilcoxon rank-sum test and were adjusted for multiple testing (Bonferoni
correction). b, UMAP embedding delineated seven FB states. ¢, Upper panel,
mean abundance (%) of FB states in control left ventricles (n = 18). Lower panel,
proportional changes of FB states in the four patient groups (Non-COVID-19:
n=28,Post-COVID-19: n =10, Post-Vaccination: n = 4). Proportional changes are
scaled by color: red (increase) and blue (decrease) in disease versus control.
Pvalues are indicated for significant proportional changes (FDR < 0.05). Pvalues

M Non-COVID-19 M Post-Vaccination

were calculated using the two-sided ¢-test based on CLR-transformed values with
Benjamini-Hochberg correction. For MIS-C, significance was not calculated

due tolow samplessize (n = 2).d, Pie charts comparing cell type resolved mean
absolute expression levels of TGFBI and TGFB2. The pie size reflects absolute
detection levels; the colors indicate the relative contribution per cell type.
Colorsindicate cell types; color legend is asing. e, Circle plot representations of
significantly differential interactions of cell-cell communication for the TGFB
pathway (adjusted P < 0.05) in patient groups compared to control. Pvalues were
computed with the one-sided permutation test. The line thickness represents
the interaction strength of signals from sending and receiving cells. Color is
scaled from zero to maximum in disease versus controls (orange, increased; blue,
decreased). The directionality of the signal is indicated with arrows. f, Collagen
scoresacross CMs and ECs are as described ina. AD, adipocyte; NC, neural cell.

Post-COVID-19 (Extended Data Fig. 7d and Supplementary Table 3).
Of note, in MIS-C, vFB2 was not only expanded the most (Extended
DataFig. 7b) but was additionally activated by TGFf (Extended Data
Fig. 7e), suggesting a more pronounced fibrotic response compared
to the other patient groups.

In cardiac tissue, we detected increased expression of TGFB1
(Fig. 1f) and TGFB2 (Extended Data Fig. 7f) encoding TGFB signaling
ligands and alterationsin their cellular sources of expression acrossall
patient groups compared to controls (Fig. 5d). Myeloid and lymphoid

cells contributed greater to the overall TGFBI expression levels, par-
ticularly myeloid cells in Post-Vaccination and MIS-C and FBs and ECs
to the overall TGFB2 expression levels (Fig. 5d). CellChat analysis sug-
gested upregulated TGFB signaling in all patient groups toward FBs and
myeloid and lymphoid cells and additionally to CMsin Non-COVID-19 or
to ECsin Post-Vaccination (Fig. 5e). Signaling toward immune cells was
especially enhancedin Post-Vaccination. Because of the observed TGFB
signaling toward CMs in Non-COVID-19 and ECs in Post-Vaccination,
we investigated collagen gene expression in these cell types (Fig. Sh).
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Although FBs showed the highest expression (Fig. 5a), collagen gene
expression was indeed upregulated in CMs (Fig. 5h), suggesting that,
besides FBs, there are additional cellular sources for fibrotic gene
expression responses.

Discussion

Our current understanding of the cellular and molecular response
mechanisms in cardiac inflammation is mainly based on immuno-
histochemistry findings in EMBs and studies of autopsy heart tissue
samples”®". Here we provided single-cell resolved analyses in human
EMBs taken during the acute phase of disease from patients with
non-COVID-19 lymphocytic myocarditis, myocarditis after SARS-CoV-2
infection and myocarditis after COVID-19 vaccination.

Ourresults highlighted animportantrole of IFNG expressed inlym-
phoid cells of post-COVID-19 heart tissue, reflected in ISG expression
patterns in multiple cell types and states, and identified upregulated
IL16 and IL18 expression as hallmarks of post-vaccination myocardial
inflammation. This was consistent with previous studies in other organs
demonstrating pathogenic IFNy secretion by recruited T cells and NK
cells during SARS-CoV-2 infection® and increased IL16 and 18 serum/
plasma levels in anti-COVID-19 mRNA-vaccine-related myocarditis/
pericarditis™®. We found these cytokines also expressed during the
inflammatory processes within the cardiac microenvironment and,
furthermore, noticed differencesin the expression ofimmunosuppres-
sive cytokines, suchas TGFB1and IL34, between groups. These findings
suggest a stronger immune response in post-COVID-19 and a more
dampened response in post-vaccination myocardial inflammation,
further supported by downstream analyses of individual cell types.

Previous studies showed high amounts of CD68* macrophages
in cardiac tissue of patients who died or developed myocarditis after
SARS-CoV-2infection or vaccination® In our cohort, bothimmunobhis-
tochemistry and snRNA-seq consistently showed significant expansion
ofthe myeloid cell population. Additionally, snRNA-seq revealed pro-
found compositional changes, including aloss of resident macrophages
and an increase in monocytes and monocyte-derived macrophages.
These alterations mirrored observationsin mice where cardiacinjury,
myocarditis and stress-induced cardiomyopathy resulted in replace-
ment of resident macrophages by inflammatory monocyte-derived
macrophages®**. Notably, the myeloid compositional changes were
similar across Non-COVID-19, Post-COVID-19 and Post-Vaccination
groups, suggesting that these responses are non-specific.

Among cardiac myeloid states, we did not detect pro-fibrotic tran-
scriptomic signatures as reported for the lungs of patients with COVID-
19 or the blood of patients with perimyocarditis after vaccination’.
However, Post-COVID-19 patients showed pronounced ISG expres-
sion in multiple cardiac myeloid states, which suggested augmented
inflammatory activity®* and was linked to increased stimulation of T cell
responses®. Additionally, we noted aloss of tissue repair macrophages,
such as Lyvel"MHCII" macrophages, which are critical for repair pro-
cesses. This shift toward pro-inflammatory macrophages, potentially
leading to excessive activation of the adaptive immune system at the
expense of repair functions, may contribute to cardiac damage.

Although our observation of macrophage expansion was consist-
entamong snRNA-seq,immunohistochemistry and previous reports,
T cell abundances, as determined by the detection of CD3" cells in
immunohistochemistry, differed from snRNA-seq. snRNA-seq analyses
identified transcriptional profiles corresponding toindividual T cells,
with abundances in post-COVID-19 and post-vaccination myocarditis
similar to those observed in non-COVID-19 lymphocytic myocarditis.
Notably, Non-COVID-19 patients were specifically selected based on
prior confirmed lymphocytic infiltrations usingimmunohistochemical
detection of CD3" T cells. The sensitivity to detect specific lymphocytic
infiltrates by immunohistochemistry is estimated to be only up to
40%’°. Our dataraise the question of whether snRNA-seq may be more
sensitive than traditional approaches.

The analysis of snRNA-seq-identified lymphocytes showed
increased CD4" to CD8" T cell ratios, fewer activated NK cells and
a weaker cytotoxic profile of CD8 T cells post-vaccination compared
to post-COVID-19. Although a dominance of cardiac CD4* lymphocytic
infiltrates in response to the vaccination was described previously*",
we here show that this aligns with the elevated expression of IL16, a
cytokine that governs trafficking and biological properties of CD4*
Tcells”. In Post-COVID-19 patients, we identified significantly enriched
highly activated CD16*CD8" T cells (CD8T _act_effector), not previously
reported for cardiacinflammatory responses. Similar T cells in blood
from patients with severe COVID-19 were described to be capable of
immune-complex-mediated, T cell receptor-independent degranu-
lation and cytotoxicity promoting microvascular EC injury®. These
findings suggest an over-aggressive cytotoxic lymphocyte response
in Post-COVID-19 cardiac tissue in contrast with the more attenuated
inflammatory processes in Post-Vaccination patients.

Across patient groups, we found evidence for aninflammatory sta-
tus of the vasculature, such as heightened expression of JAM2 and JAM3,
encodingleukocyte adhesion molecules, and reduced NF-kB inhibitor
NFKBIA expression, suggesting heightened pro-inflammatory NF-kB
signaling. Post-COVID-19 patients additionally exhibited a distinct
IFNy response gene signature in ECs. In hamsters, lung ECs respond
to SARS-CoV-2infection with strong transcriptional pro-inflammatory
chemokine responses without evidence for their direct infection®®.
Human cardiac Post-COVID-19 ECs displayed ISG expression patterns
similar to those observed in hamster lungs. Vascular permeabiliza-
tion, endothelial injury and chronic vascular inflammation are central
aspects in COVID-19 (ref. 59). The known role of IFNy in regulating
endothelial monolayer permeability further supports the presence of
endothelial barrier dysfunctionin the hearts of these patients.

Increased overall ECabundances, identification of pro-angiogenic
tip cells and predicted elevated pro-angiogenic signaling indicated
ongoing angiogenesis across patient groups. Similarly, angiogenesis
was reported for parvovirus B19-associated myocarditis®®, potentially
aiding in restoring blood supply to affected areas. However, altera-
tions in EC state ratios with a particular shift toward arterial ECs and
adecrease in overall mural cell abundances as observed in our cohort
may affect vascular network function and maturation. Our findings
highlight the need for further investigation of the intricate equilibrium
between angiogenesis and inflammation and its implications for car-
diacinflammatory pathology.

Overall FB populations were not expanded, but FB states were
shifted toward activated vFB2, indicating an acquired secretory phe-
notype in all patient groups except Post-Vaccination. Interestingly,
signs of vVFB2 hyperactivation, as identified in end-stage failing human
hearts”, were observed only in patients with MIS-C, who also exhibited
the highest ECM gene expression activity despite their young age. The
responses within the FB population were generally less pronouncedin
Non-COVID-19, Post-COVID19 and Post-Vaccination compared to those
in end-stage dilated cardiomyopathy failing hearts”.

Limitations of our study
We would like to emphasise that the EMBs analyzed in this study are
extremely difficult to obtain, leading to limited group sizes. However,
we employed advanced, state-of-the-art statistical methods suited to
effectively manage small sample sizes. Additionally, the patientsin this
study representaclinically heterogeneous group, varying inthe onset,
degree of clinical symptoms and diagnostic evidence. Non-COVID-19
lymphocytic myocarditis cases were selected to clinically match the
other disease groups, excluding fulminant myocarditis cases to align
with the mild symptoms typical of COVID-19 myocarditis. However,
this selection may influence the comparison.

We also cannot determine whether our findings are influenced
by differencesin the timespan between infection/vaccination and the
patient’s hospital admission. On a technical note, we compared EMBs
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to transmural donor heart controls, as obtaining EMBs from healthy,
age-matched controls is impossible, which may affect the sampling
of specific cell types. Furthermore, CLR transformation of snRNA-seq
data was used to analyze relative compositional changes in cardiac
cell types. This method cannot capture absolute values. In contexts
like tissue inflammation, where shifts in cell counts are of additional
relevance, relative abundance may not fully capture all aspects of
the pathology.

Future studies are needed to trace long-term consequences of
the here-described changes observed during the acute phase of car-
diacinflammation. We expect that our data will advance mechanistic
studies to improve treatment and enable preventive strategies and
better diagnosis of post-COVID-19 and post-vaccinationinflammatory
cardiomyopathies.

Methods

Patients and ethics statement

This study complies with all ethical regulations associated with human
tissue research. Acquisition and use of samples was approved by the
Ethics Committee of Berlin and the Ethics Committee of the Charité -
Universitatsmedizin Berlin (institutional review board approval num-
bers EA2/140/16 and EA2/066/20) and conducted in accordance with
the Declaration of Helsinki. All subjects gave their written informed
consent for their tissues to be collected for research purposes and the
data obtained from that research to be published. All patients under-
went LVEMB and left heart catheterization after routine non-invasive
diagnostic workup and angiography had excluded any specific cause
of heart-failure-like symptoms. AllEMBs were evaluated histologically
and by immunohistochemical stains as well as performing molecular
analysis (RT-PCR) for cardiotropic viral genome detection (adenovirus,
enteroviruses, human herpes virus 6 (HHV6), parvovirus B19, Epstein—
Barr virus and SARS-CoV2) by the Department of Cardiopathology,
Institute for Pathology and Neuropathology, University of Tiibingen,
Germany. Clinical information for the cardiac tissue is available in
Extended Data Table 1.

Cohortsamples

Disease samples were collected via LV EMBs from patients with ‘clas-
sical’ lymphocytic myocarditis (Non-COVID-19, n = 8), patients who
clinically recovered from COVID-19 but showed persisting cardiac
symptoms indicative of cardiac inflammation (Post-COVID-19, n =10)
and patients with cardiac symptoms indicative of cardiac inflamma-
tion after vaccination against SARS-CoV-2 (Post-Vaccination, n =4).
Inaddition, we investigated EMBs from patients diagnosed with MIS-C
and indicative of cardiac inflammation as well as a follow-up EMB for
one of the patients with MIS-C after treatment (MIS-C follow-up). All
patients presented with symptomsincluding chest pain, palpitations,
fever, shortness of breath, malaise and/or general weakness and fatigue
and an overall increase of cardiac damage-indicating biomarkers
(troponin T, NT-pro-BNP, creatine kinase or creatine kinase MB) and
CRP levels (Fig. 1a). ECG, echocardiography or signs of recent or
ongoing myocardial damage on cardiac MRI ranged from normal or
non-specific to borderline low or abnormal and are summarized in
Extended Data Table 1. All patients underwent LV EMBs and left heart
catheterization after routine non-invasive diagnostic workup and
angiography had failed to elucidate any other specific cause of heart
failure, such as coronary artery disease.

Patients in the Post-COVID-19 and MIS-C groups were previously
tested positive for SARS-CoV-2 infection by nasopharyngeal swap
test PCR but tested negative at the timepoint of the actual study.
Healthy heart snRNA-seq data were recently generated by us using
LV free wall and apical samples from 18 unused donor hearts'>*. Cell
composition, states and transcript counts across the free wall and
apex showed high similarities” and, therefore, are reported grouped
togetherasLV.

EMB immunhistochemistry

EMBs were fixed in 4% phosphate-buffered formaldehyde and embed-
ded in paraffin. Four-micrometer-thick tissue sections were stained
with hematoxylin and eosin and examined by light microscopy. For
immunohistological detection of cardiacimmune cells, amonoclonal
rabbit-anti-CD3 antibody (Novocastra Laboratories, clone SP7,1:500),
amonoclonal mouse anti-human CD68 antibody (DAKO, clone PG-M1,
1:50), a monoclonal rabbit anti-CD4 (Zytomed, clone SP35, 1:50) and
a monoclonal mouse anti-CD8 (DAKO, clone C8/144B 1:300) were
used. Immunohistochemical analysis was performed onan automated
immunostainer following the manufacturer’s protocol (Ventana Medi-
cal Systems, Benchmark) and using the ultraView detection system
(VentanaMedical Systems) and diaminobenzidine as substrate. Tissue
sections were counterstained with hematoxylin. Positive cells were
counted using an Axioskop 40 (Zeiss) microscope, and results are given
per mm? Representative pictures are shown at X200 magnification.

Isolation of cardiac single nuclei from EMBs and processing on
the 10x Genomics platform

The isolation of cardiac nuclei and the 10x library preparation were
performed at the Max Delbriick Center for Molecular Medicine fol-
lowing our published protocol® with adaptations to low-sized tis-
sue pieces. Next, 1-4-mg-sized flash-frozen cardiac biopsies were
placed in a pre-cooled dish and an equally sized droplet of homog-
enization buffer (250 mM sucrose, 25 mM KClI, 5 mM MgCl,, 10 mM
Tris-HCI, 1uM DTT, 1x protease inhibitor, 0.4 U pl RNaseln, 0.2 U pl™
SUPERaselnand 0.1% Triton X-100 in nuclease-free water) was added.
Buffer-encapsulated tissue pieces were sliced with a scalpel. The
tissue pieces were then transferred to a 7-ml glass Dounce tissue
grinder (Merck), and nuclei were isolated and stained with NucBlue
Live ReadyProbes Reagent (Thermo Fisher Scientific). Hoechst" sin-
gle nuclei were sorted via fluorescence-activated cell sorting (FACS)
(BD Biosciences, FACSAria Fusion). The forward scatter (FSC)/side
scatter (SSC) gating strategy is shownin Supplementary Fig. 1. Purity
and integrity of nuclei were confirmed microscopically, and nuclei
numbers were counted using a Countess Il (Life Technologies) before
processing with the Chromium Controller (10x Genomics) per the
manufacturer’s protocol. Single-nucleus 3’ gene expression libraries
were created using version 3.1 Chromium Single Cell Reagent Kits (10x
Genomics) following the manufacturer’sinstructions. cDNA library
quality control was performed using Bioanalyzer High Sensitivity
DNA Analysis (Agilent Technologies) and a KAPA Library Quantifi-
cation Kit. cDNA libraries were sequenced on an Illlumina NovaSeq
with a targeted read number of 30,000-50,000 reads per nucleus
(Supplementary Fig.1b-d).

Sequencing data pre-processing and transcriptome mapping
The binary base call (BCL) sequence files were converted to FASTQ
format using bcl2fastq (version 2.20). Mapping of sequencing reads
fromeachsample toamodified pre-mRNA version of the human refer-
ence genome (version GRCh38, .gtf file from Ensembl release 84) was
performed using the Cell Ranger suite (version 3.0.2). The Cell Ranger
reference file was created following the instructions from the 10x
Genomics website (https:/www.10xgenomics.com/support/single-
cell-gene-expression) and the specifications provided in the DCMheart
GitHub repository (https://github.com/heiniglab/DCM_heart_cell_
atlas/)™. Reads mapping to exonic and intronic regions were counted.
Sequencing mapping quality was assessed using Cell Ranger summary
statistics. Reads mapping multiple genome features were discarded.

Count data and data matrix annotation

The identification of empty droplets was performed using empty-
Drops, implemented in the Cell Ranger workflow. The filtered_
feature_bc_matrix.hS files and the metadata information were
integrated into an annotated data object (AnnData).
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Annotated data quality control, batch correctionand
clustering

Quality control and downstream analyses of the concatenated anno-
tated matrices were performed using the Single-Cell Analysis in Python
toolkit Scanpy (version 1.5.1)°>%*, Doublet identification and removal
was performed using Solo (version 0.3)**. Scrublet scores with prior log
transformation were used as an independent doublet detection and
filtering method (version 0.2.1)®. Nuclei with n_counts (<300), genes
(300 <n_genes < 5,000), mitochondrial genes (<1%), ribosomal genes
(percent_ribo <1%) and softmax Solo scores (<0.5) were excluded from
downstream analyses.

Normalized and log-transformed read counts were used to iden-
tify highly variable genes. The data were corrected and scaled to unit
variance toaccount for the effects of the percentage of mitochondrial
genes expressed. To select the principal axes of variation, denoise the
dataand compute the neighborhood relations of cells, adimensional-
ity reduction using principal component analysis (PCA) and the elbow
methods were used. To remove potential batch effects within our data,
before the dimensionality reduction using the UMAP method, principal
components were adjusted using Harmony® with ‘Patient’ as batch_key.
Clustering of nuclei using the community detection based on optimiz-
ing the modularity algorithm Leiden®*® was performed. Next, differ-
ential gene expression analyses were performed using the two-sided
Wilcoxon rank-sum test, and clusters displaying low differences in
their gene expression profiles were merged. Nuclei were assigned to
cell types and posteriorly subclustered to identify cell states. The cell
state annotation step revealed nuclei, denoted as unassigned in Fig.1c
(n=11,832 ‘Nuclei’; 5.8%), that correspond to droplets with chimeric
transcriptional profiles. Whether these droplets represent true data,
background noise or multiplets is unclear.

Differential gene expression analysis

DEGs per cell type and state were calculated using the two-sided Wil-
coxon rank-sum test as implemented in Scanpy®. Testing for DEGs
was done using log-transformed and normalized to library size count
values. Only genes with mean expression greater than 0.0125 were
considered. Genes with afalse discovery rate (FDR) < 0.05 and absolute
log, fold change (FC) > 0.5 were considered differentially expressed.
For rare cell states (<3 samples with <5 nuclei), DEG differences were
not calculated.

To identify disease-specific expression profiles, DEG analyses
were performed between control and myocarditis groups. For this,
transcript counts per gene of all nuclei for a given sample (tissue
level), cluster (cell type level) or subcluster (state level) from the same
individual were aggregated to create ‘pseudo-bulk’ samples. Testing
for DEGs in pseudo-bulks was performed using the empirical Bayes
quasi-likelihood F-test function (glmQLFtest) availablein the R package
edgeR (version 3.28.1)%7°,

Compositional analysis

Toidentify disease-specific changesin the proportion of cells between
control and disease groups, a CLR-based approach excluding unas-
signed nuclei was used” to account for the compositional nature of the
data. For this, count data were transformed using CLR transformation.
Zerosinthe data, assumed toresult frominsufficient sampling depth,
were imputed using the multiplicative replacement method”. Statisti-
cal differences between disease groups and controls were assessed by
fitting a linear model to the CLR-transformed values, with the group
encoded as an indicator variable. Significance was determined using
atwo-sided t-test on the regression coefficient. Differential abun-
danceofall celltypes or states was analyzed separately for each disease
group compared to controls. For cell state analyses within each cell
type, only the counts assigned to that specific cell type were consid-
ered, effectively normalizing cell states within each type to 100%.
Samples with fewer than 10 cells per cell type were excluded from

the cell state analysis. For analysis of lymphoid state abundances,
samples with fewer than 30 total lymphoid cells were excluded.

Inadditionto CLR values, abundance differences were expressed
as the mean percentage differences between groups, and statistical
significance was determined from the CLR-transformed values. Positive
values indicate higher abundance in the disease group. P values were
adjusted for multiple testing using the Benjamini-Hochberg method,
and only significant results are reported.

EC_PKHDIL1" comprised mostly endocardial (EC7) and few lym-
phatic (EC8) ECs (Supplementary Fig. 2b). We noticed that controls
barely, and EMB samples to a variable extent, contributed to this clus-
ter, likely due to a sampling bias when collecting EMBs compared to
transmural sections (Supplementary Fig. 2b). We, therefore, decided
to exclude EC_PKHDILI' from analyses where amounts may influence
results.

Atthis point, samples with fewer than 10 nuclei per cell type were
excluded from the analyses. To calculate compositional differences
of lymphocyte states, only samples with aminimum of 30 nuclei were
included to account for the high cellular heterogeneity within the
lymphoid cell population. Differences in mean percentages between
groups were reported using the statistical significance obtained in
the CLR step. For interpretation, disease groups with positive values
suggest an increase in abundance. Benjamini-Hochberg correction
for multiple testing was applied (only significant results are shown).

GO enrichment analysis and GSEA

GO and GSEA analyses’>”® were performed using GSEApy ver-
sion 0.10.5—a Python implementation for Enrichr with default
settings’. GO analyses were performed with the gene set libraries
‘GO _Biological_Process_2021’and ‘KEGG_2021_Human’,and DEGs iden-
tified per cell type or state were used as input. GSEAs were performed
with the collections of gene setsin the Molecular Signatures Database
‘MSigDB_Hallmark_2020’, and DEGs identified per condition on the tis-
sue, cell type or cell state level, respectively, were used as input. Gene
background was defined using all genes that were expressed in the
given cell type or cell state (mean expression > 0.0125).

Gene set score enrichment

The score_genes functionality implemented in Scanpy was used on
log-transformed and scaled transcript counts to compute enrich-
ment of individual gene sets®. The MHC-I score was based on the
expression of MHC-I genes in aggregated non-immune cardiac cells
(excluding lymphoids, myeloids and mast cells as well as unassigned,
EC_PKHDIL1", adipocytes and neural cells). The collagen score was
based on all expressed collagens per cell type. TGFB activation score
was based on a list of genes curated from ref. 75 with logFC > 0.7 and
FDR < 0.05. The cytotoxic™ and cytotoxic cytokine’” scores were cal-
culated using Seurat’s (version 5.1) AddModuleScore function® on
the log-transformed and normalized counts from aggregated CD4"
or CD8' T cells. Patients with fewer than five CD4" or CD8" T cells were
excluded from the analysis.

Intercellular signaling cross-talk and differential cell-cell
interaction network analysis

Toinfer, visualize and analyze intercellular communication among all
assigned cell types and cell states, we used CellChat, an open-source
R package (version 1.6.1, http://www.cellchat.org/cellchatdb/)”. We
first excluded genes expressed in less than 1% of the nuclei per cell
state before running CellChat. We then used the CellChat database
(http://www.cellchat.org/cellchatdb/) and log-transformed normal-
ized gene countstoidentify and select overexpressed signaling genes
(default parameters). Due to the differencesin abundances across cell
states, we computed the communication probabilities considering the
cell state’s population size. We excluded cell-cell communicationifa
cell state had fewer than 10 nuclei. The communication probabilities
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on signaling pathways were filtered using P < 0.05. We used network
centrality measuresin all inferred pathway communication networks
(default parameters) toidentify cell states that act as dominant senders,
receivers, mediators and influencers. We compared the differencesin
theresults obtained for cell-cellinteractions from control and medical
conditions to highlight significant changes.

Pathway-specific differences in interaction strength between
controland diseases across cell types were calculated using the com-
munication probabilities per cell state and CellChat’s aggregateNet()
function. We then aggregated the communication probabilities per
cell state from the same cell type using the mergelnteractions()
and plotted these data using netVisual_diffInteraction() CellChat
functions.

Statistics and reproducibility

Replicates and statistical tests are described in the figure legends. Sam-
ple sizes were not predetermined using statistical methods. Nosample
size calculations were performed. Sample size was governed by tissue
availability, and input tissue mass was on the basis of endomyocardial
biopsy size. No samples were excluded. AllsnRNA-seq analyses includ-
ing clustering were done using unbiased techniques. Investigators were
blinded to the groups when performing initial analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldatagenerated and analyzed in this study have been deposited at the
European Genome-phenome Archive (EGA) (https://ega-archive.org),
whichis hosted by the European Bioinformatics Institute and the Centre
for Genomic Regulation, underaccession number EGAS50000000769.
Raw data can be downloaded from the EGA after completing the data
access agreement (DAA) of the Max Delbriick Center. The DAA is in
place to ensure that all users who request data adhere to the General
Data Protection Regulation of the European Union and to protect
the confidentiality of the research participants. Instructions on how
to register with the EGA and how to access the data are available at
https://ega-archive.org/access/request-data/how-to-request-data/.
Processed single-nucleus transcriptomic data will be available through
the CELLXGENE platformin the h5ad format (https://cellxgene.czisci-
ence.com/collections/328d71f0-0ed7-4518-966f-be6bd0797324) and
on Zenodo (https://zenodo.org/records/14258362). Metadata sheets
and patientinformation are available in Extended Data Table 1.

Code availability

All code used to generate the figures in this publication are available
on GitHub (https://github.com/Norbert-Hubner-Lab/Heart_Biopsy_
Covid). AllscriptsrunonJupyter notebooks are available as..ipynb files,
and scripts executed in the command line are available as .txts or .sh
files.Rscriptsareavailable as.R. Anaconda environments are available
as.yml files containing information on package versions.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Immunohistochemistry and snRNAseq library quality
metrics. a) Images of Hematoxylin eosin- (HE), CD3-, and CD68-stained and

b) of CD4-and CD8- stained EMB sections. Representative images from each
group are shown. Stainings on EMB sections were performed for all patients
(Non-COVID-19: n =8, Post-COVID-19: n =10, Post-Vaccination: n = 4, MISC:
n=2).Cell counts are presented in Extended Data Table 1. ¢) Size of human left
ventricular endomyocardial cardiac biopsies (EMBs) for snRNA-seq. The image
shows different EMB tissue sizes and their weight before nucleiisolationina
Scmdishonice. d) Violin plots showing number of detected genes (n_genes),
detected UMIs (n_counts), fraction of UMIs mapping to mitochondrial-encoded
genes and ribosomal genes and doublet probabilities according to scrublet and
solo per nucleus within a cell-type. Distributions have been computed for all

samples and subsetted for explants and EMB samples only. ) Barcode rank plots
across allEMB (n = 25) and explant samples (controls n =18). Clear distinction
between nuclei containing droplets and empty droplets (background ambient
RNA) indicated a low overall background. f) Box plots showing snRNA-seq
library quality metrics. Boxes depict the interquartile range (IQR), horizontal
barsrepresent the median, whiskers extend to 1.5 x IQR. Data points outside the
whiskers show measurements beyond Q1 or Q3 + 1.5*IQR. Estimated numbers
of nuclei pre-QC filtering, mean reads per nucleus in the fastq files, median UMI
counts per cell and the cDNA concentration per sample were depicted between
EMB (Non-COVID-19, Post-COVID-19, Post-Vaccination, PIMS; n = 25) and explant
tissue material (controlsn =18).
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Extended DataFig. 2 | Cell-type composition of EMBs and control transmural
cardiac tissues. a) Dot plot shows expression of the top five selected marker
genes for each cardiac cell type. Dot size corresponds to fraction (%) of
expressing nuclei; colour indicates scaled mean expression level. b) Stacked bar
plots showing the cell type composition of each sample. The numbers above
each bar show the total number of recovered nuclei. ¢) Upper left panel: Box plot

showing PKHDIL1 + EC frequency in LV for patients and control groups (Control:
n =18, Non-COVID-19: n = 8, Post-COVID-19: n = 10, Post-Vaccination: n = 4, MISC:

n=2).Boxes depict the interquartile range (IQR), horizontal bars represent
the median, whiskers extend to 1.5 % IQR, dots show the value of each patient.
Upper right panel: UMAPs highlighting endocardial EC (EC7) or lymphatic EC

(EC8) cell states within the EC_PKHDI1LI1+ cell population. All other cell types are
shownin grey; Lower left panel: Stacked barplot showing EC state distribution
(%) within the EC_PKHDIL1+ population (top) and splitted by condition (bottom);
Lower right panel: Dot plot shows marker genes of EC7 and EC8 cell states. Dot
size corresponds to fraction (%) of expressing nuclei; colour indicates mean
expression level. d) Box plots showing cell type frequencies in LV per patient

and control groups (Control: n =18, Non-COVID-19: n = 8, Post-COVID-19:n =10,
Post-Vaccination: n =4, MISC: n = 2). Boxes depict the interquartile range (IQR),
horizontal bars represent the median, whiskers extend to 1.5 x IQR, dots show the
value of each patient. P-values are shown in Fig. 1d.
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Extended DataFig. 3 | Elevated gene expression of pro-inflammatory markers. horizontal bars represent the median, whiskers extend to 1.5 x IQR, dots show

a) Matrix plot showing IFNG expression levels per cell-type. The Colour scale the value of each patient. P-values were calculated using the quasi-likelihood
corresponds to the average expression level per cardiac cell-type. b,c) Box plots F-test and were adjusted for multiple testing (Benjamini Hochberg). d) Pie charts
showing snRNA-seq expression levels (pseudo-bulk) in cardiac tissue from comparing mean absolute expression levels of inflammatory marker genes

control (n=18), Non-COVID-19 (n = 8), Post-COVID-19 (=10) and Post-Vaccination  thatare upregulated particularly in the Post-Vaccination group (NLRP1, NLRP3,
(n=4)of (b) differentially expressed cytokines, chemokines and (c) components CASP1, CASP4). The pie size reflects absolute detection levels, coloursindicate the
of the inflammasome complex. Boxes depict the interquartile range (IQR), relative contribution per cell type.
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Extended Data Fig. 4 | The cellular and molecular signatures of myeloid cells
in cardiacinflammation. a) Box plots showing myeloid state frequenciesin LV
per patientin Non-COVID-19 (n = 8), Post-COVID-19 (n = 10), Post-Vaccination
(n=4),MIS-C (n=2),and control (n =18) groups. Boxes depict theinterquartile
range (IQR), horizontal bars represent the median, whiskers extend to 1.5 x IQR,
dots show the value of each patient. P-values are shown in Fig. 2b. b) Dot plot
showing the expression of the top five marker genes for each myeloid cell state.
Dot size corresponds to fraction (%) of expressing nuclei; colour indicates scaled
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Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| The cellular and molecular signatures of lymphoid cells
in cardiacinflammation. a) Box plots showing lymphoid state frequencies in

LV per patient in Non-COVID-19 (= 8), Post-COVID-19 (n = 10), Post-Vaccination
(n=4),MIS-C (n=2),and control (n =18) groups. Boxes depict theinterquartile
range (IQR), horizontal bars represent the median, whiskers extend to 1.5 x IQR,
dots show the value of each patient. P-values are shown in Fig. 4b. b) Dot plot

showing the expression of the top five marker genes for each lymphoid cell state.

Dot size corresponds to fraction (%) of expressing nuclei; colour indicates scaled
mean expression levels. ¢) Cytotoxicity (right) or cytotoxic cytokines cores (left)
across aggregated CD4+or CD8 + T cells (control: n =11; Non-COVID-19:n=7;
Post-COVID-19: n = 9; Post-Vaccination: n =4). Scores were calculated across

‘cytotoxicity’” and ‘cytotoxic cytokine™ gene sets, respectively. Boxes depict the
interquartile range (IQR), horizontal bars represent the median, whiskers extend
to1.5xIQR, dots show the value of each patient. P-values were calculated using
the two-sided Wilcoxen rank-sum test and were adjusted for multiple testing
(Bonferoni correction). d) Dot plots showing expression of MHC-1genes across
conditionsin CM, EC, FB and mural cells. €) MHC-1 gene expression score across
aggregated non-immune cardiac cells shown as described in ¢); control: n =18,
Non-COVID-19: n = 8, Post-COVID-19: n = 10, Post-Vaccination: n = 4. Scores were
calculated across all MHC-1 genes. P-value calculations as described in c). f) Dot
plots as described in b) showing differential expression of RAETIE in CM, EC, FB
and murals cells in patient groups relative to control.
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Extended DataFig. 6 | The cellular and molecular signaturesin
cardiomyocytes and vascular cells in cardiac inflammation. a) Box plots
showing CM state frequenciesin LV per patientin Non-COVID-19 (= 8), Post-
COVID-19 (n =10), Post-Vaccination (n = 4), MIS-C (n =2), and control (n =18)
groups. Boxes depict the interquartile range (IQR), horizontal bars represent
the median, whiskers extend to 1.5 % IQR, dots show the value of each patient.
P-values are shown in Fig. 5b. b) Dot plot showing the expression of the top
five marker genes for each CM state. Dot size corresponds to fraction (%) of
expressing nuclei; colour indicates scaled mean expression levels. ¢) Box plots
showing EC state frequencies as described in a). P-values are shown in Fig. 5f.
d) Dot plot as described in b) showing the expression of the top five marker
genes for each EC and mural cell state. e-g) Dot plots as described in a) showing
the expression of e) selected EC10-enriched genes f) MHC-1/-ll genes and g)
INF response genes across EC states. h, i) UMAP showing expression levels

of selected genes per vascular cell nuclei across control and patient groups.

j) Dot plots as described in a) showing the expression of MHC-I1 genes across

EC states. k, I) Bar plots showing significant gene sets for EC10 from the k)

GO Biological Process 2021 and I) KEGG 2021 Human gene lists. -log10 of

the FDRis shown on the x-axis. P-values were calculated using GSEAs Fisher
exact test. P-values were adjusted for multiple-testing using the Benjamini-
Hochberg correction. m) Circle plot representations of significantly differential
interactions of cell-cell communication for the ANGPT1and ANGPT2 pathways
(adjusted P-value < 0.05) in patient groups compared to control. The line
thickness represents the interaction strength of signals from sending and
receiving cells. Colour is scaled from zero to maximum in disease versus controls
(orange, increased; blue, decreased). The directionality of the signal is indicated
witharrows. P-values were computed from the one-sided permutation test.

n) Stacked bar plots showing the relative contribution of ephrin signalling
ligand-receptor (L-R) pairs to the EPHB net signalling related to Fig. 4iin patient
and control groups.
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Extended Data Fig. 7| The cellular and molecular signatures in fibroblasts in
cardiac inflammation. a) Condition-split UMAP showing transcriptional shifts
in FB states across patient groups and controls. b) Box plots showing FB state
frequenciesin LV per patientin Non-COVID-19 (= 8), Post-COVID-19 (n =10),
Post-Vaccination (n =4), MIS-C (n=2), and control (n = 18) groups. Boxes depict
theinterquartile range (IQR), horizontal bars represent the median, whiskers
extend to 1.5 xIQR, dots show the value of each patient. P-values are shown in
Fig. 5c. Dots show proportions per patient. ¢) Dot plot showing the top five
marker genes of each FB state. Dot size corresponds to fraction (%) of expressing
nuclei; colour indicates scaled mean expression level. d) Dot plots showing
differential expression of selected interferon-y response genes in patient groups
relative to controls across FB states. Dot colours indicate log2-transformed

fold changes (log2FC). Dot sizes indicate absolute log2FC. Black circles indicate
significance (FDR < 0.05). Cell types and genes are ordered alphabetically.

e) TGFB Activation score within the vFB2 state across patient and control groups
(Control:n=18,Non-COVID-19: n = 8, Post-COVID-19: n = 10, Post-Vaccination:
n=4).Boxes depict theinterquartile range (IQR), horizontal bars represent

the median, whiskers extend to 1.5 xIQR, dots show the value of each patient.
P-values were calculated using a two-sided wilcoxon rank-sum test. Dots show
scores per patient. f) Box plot showing snRNA-seq pseudo-bulk expression

levels of TGFB2in cardiac tissue from patient and control groups (Control: n =18,
Non-COVID-19: n = 8, Post-COVID-19: n = 10, Post-Vaccination: n = 4). Boxes depict
the interquartile range (IQR), horizontal bars represent the median, whiskers
extend to 1.5 x IQR, dots show the value of each patient. P-values are indicated for
significant changes compared to control, FDR < 0.05. P-values were calculated
using the quasi-likelihood F-test and were adjusted for multiple testing
(Benjamini Hochberg).
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Extended Data Table 1| Clinical metadata of patients

-~ eal Virus Diagnostic Heart parameters (echo, EKG)
Patient iptoms/Reason for admission to hospital spected EMB-diagnosi
G| 20 Sym fCnacasson o heen differential diagnosis agnosis | cn3| coes| cpa | cos | Apv | HHve| B1sv | EBV Entero- | SARS- Cov-2| EF (%) | LVEDD (mm) | pericardialfuid |~ Changes in EKG
Non-COVID-191 | m | 26 | Cardiogenic shock, ventricular fitrilation Acute Myocarditis LymphocyticMC_ | 16 | 35 [na | na | 0 | o | 0 | o ) ND. 15 4 ves VT
9 Dyspnea and tachycardia, " .
NonCOVID-192 | w | 29 | DYSPeR I e, ptom onset Myocarditis LymphocytieMC | 14| 16 [ 3 [ 3 [ o [ 1 [ 1 |0 0 ND. 0 5 no no
. Chest pain and troponinaemia, }
NonCOVID-193 | m | 30 | hestpain nd opaninaele  stom onset Acute myocarditis LymphocyticMc | 38 | 44 [ 16 [ 15 [ o [ o [ o | o ) ND. 0 43 no no
Chest pain and troponinaemisa,
194 .
NonCOVID-194 | m | 49 | oS Ra g Kopon e om onset Acute myocarditis LymphocytieMC | 22| 42 [ 3 [ 15[ o | o [ o [ o 0 ND. 62 a7 no no
Non-COVID-195 | m | 52 | Hospitalization 4 months after symptom onset Myocarditis LymphocyticMC | 15| 28 | 3 | 1 | 0 | 0 | o | o 0 ND. 50 61 no no
Non-COVID-196 | m | 26 | Chestpain, hospitalzation & days after symptom onset Myocarditis LymphocyticMC | 15| 38 [35 | 1 [ o [ o [ o [ o [ ND. 55 2 no no
Non-COVID-197 | m | 27 |Chestpain, hospitalization 1 week after symptom onset | Decompensation myocarditis|  LymphocytcMC | 31| 27 | 10 | 4 | o | o | 1 [ o [ ND. 57 50 no no
" Preterminal
§ Malaise, headache, hospitalization 2 months . . ;
NonCOVID-198 | m | 25 |Maiase readache 1 Subacute myocarditis LymphocyticMC | 18 | 65 155 [ 35 [ o [ o [ o | o 0 ND. 50 ] ves negative Twave in
L COVID-191 31 | Dyspnea andtachycardia, suspected myocarditis, Post-COVID acute Increased alslas| 2] o] mw]| oo o o e o \achycard
P v 9weeks after COVID-19 heart failure symptoms macrophages m sius tachycardia
V funcion, Post-COVID acute Increased left bundle branch
1-COVID-192 52 ] 6|20 |5 750 |m | oo ) 0 2 65
post-CO v 4weeks after COVID-19 heart failure symptoms. macrophages. § no block
R Lymphocytic MC with
. Fever, general weakness, troponinaemia, suspected "
postOOVID-193 | m | 70 |Fover ganersl woskness, toporingemia, suspe Pedin 52| 93 [1875| 10 | 0 | o | o |0 0 0 £ 54 ves TR
’ Suspected myocardits, 8 weeks after COVID-19 Post-COVID acute Increased ] )
posLCOVID-194 | m | 64 | Suspecled myocars e o e e a|w|a|a|lo| o] 0|0 ) 0 4 3 no sinus tachycardia
‘Suspected myocardits 6 weeks after COVID-19 Posi-COVID acute Increased
POstCOVIDASS | m | 61 | monia and ARDS heart failure symptoms. macrophages. 6| 1605|075 0 | O oo o o “ s o L
) Palpiations, suspected myocardits, Post-COVID acute Increased
posCOVID-196 | m | 31 |Paiiations suspertecs et e il a1 1510 o 0|0 0 0 60 53 no sinus tachycardia
- ‘Suspected myocarditis, 6 weeks after COVID-19 Post-COVID acute Lymphocytic MC with
pSLCOVID-197 | m | 27 |Suspected myocar hear failre symploms | dominant macrophages | 14| 31 | 5 |45 [ o | o [ o |0 0 0 35 55 ves sinus tachycardia
Cardiogenic shock following Increased
Cardiogenic shock and ARDS by atypical pneumonia, Increa:
+-COVID-198 61 typical SARS-CoV-2 6|xm|5|s|[oflof oo ) 0 3 59
pos m 13weeks after COVID-19 P eamonis macrophages e e
Chest pain, dyspnea, suspected myocardis, Post-COVID acute Increased
-1 1 A 4
POSLCOVIDA99 | m | 85 | (5 ks after COVID-19 peunomia heart failure symptoms. macrophages. sl 3| r]oje o0 0 0 s “ no e
Malaise, headache, fever, suspected myocardits, Post-COVID myocarditis | Lymphocytic MC with ’
$COVID-19 10 2 " 17la |5 |3|0o| 0| oo 0 0 65 4 levations V2.6
postc0 " 12weeks after COVID-19 Natigue syndrome | dominant macrophages no elevations
Chest pain, fever and dissiness with suspected
PostVaccination1 | m | 28 ditis 3 months afte Acuts post-vacdination s 4|2 |26|03| 0| 0| 0|0 o ND. 8 a no no
BionTech/Pfizer® (BTN16202/Comirnaty) uced my Icrophage:
ditis 5 days after
| second 2® 1273/ Acute pos Increased
Postvaccnation2 | m |32 |8 e eaton wih AsLasaneca® | o Eostvaccinator e 3| |8 35| 0| o 0|0 0 ND. 67 ® no Teg
(AZD1222/ChAdOX1-SVaxzevria)
Chestpain, fever and malaise, troponinaemia and
PostVaccination 3 | m | 21 |suspected myocardits, 4 days after second vaccination | A%ute Postvaccination m"“’“:’d 5|24 |35|15| 0| w | oo 0 ND. 60 4 no no
with BionTech/Pfizer® (BTN162b2/Comirnaty) uced my¢ acrophages
‘Actite myocardits forwarded by other dlinc, 2 weeks Lymphooytic MC with Preterminal
Post-Vaccination4 | m | 38 |after vaccination with BionTech/Pfizer® Acute post-vacanation | (HTERRINEACTIEN | 35 | s0 |1425| 675 0 0 o 0 o ND. 65 45 no negative T wave in
(BTN16262/Comirnaty) induced myocardits inflammation I, 1l aVF.
. fever, malaise, ger 3 L i th . .
MISC 1 M| 21 | grorted myocardits 4 woeks shor GOVIDLTD oyis | moro with | 48 | 150 (1115|685 o | o | o | 0 0 0 20 53 no sinus tachycardia
Fever, ocular, cutaneous, intestinal, polyserositic and borderiine LV incomplex right
MIS-C2 m | 19 |paracinical involvement, inflammatory cardiogenic wd;‘;':r";maxms ,"“g‘"mp :;”o':hz";'s 120 380 [5833| 43 | o | o o | o 0 o 38 | extension, yes bundie branch
shock, 6 weeks after COVID-19 biatrial block, changes in ST|
dilatation
Lymphocylic MC,
y Resolving myocarditis
MIS-C 1folow-up | m | 21 :"”:“”‘ ”'Lfra‘r: ms after raatment with under combined less immune cell 7|25 |20 0 o | o 0 o 62 55 no no
rednisolone ioprene e pesson | ifitrates compared to
pre-treatment
Cardiac MRT Laboratory parameters HF Risk factors
Cardiac MRI Relevant ongoing
- Scanner| EF | LVEDD [LVEDV| Natve | Native | ECV | |5 M. | Edoma | Pericardial | Pericardial | - Acute Other T'°(°";,|“)°"‘ m’?ﬂ: c(ﬁ,‘l‘)“k C"('ml‘: R therapy a the time of
(Tesia) [ (%) | (mm) [(mL) | T1(ms) [T2(ms)| (%) | (Lakelouise |'SEE™ Edema | Fibrosi abnormalities 9/ 2 EMB collection
a) <14 <97 <190 <24 <5 Goin2)
Catecholamine /
Non-COVID-191 [ NA | NA| NA | NA | NA NA | NA no ves | no no ves no no 257 214 | 222 | st 21 208 | no yes | no |atecholamine)
since
Non-COVID-19 2 3 56 53 155 1261 46 25 no yes no no no no no 3 42 84 31 19 247 yes no no BB, ACEI
Non-COVID-193 | NA | NA| NA | NA NA NA NA N | NA | N NA NA NA 0 175 o4 NA 278 | 4 | yes no | no [BB ACEI
Non-cOVID-194 | 15 |53 | Na |167 | 1088 | 8 | NA yes ves | yes | no no o no 728 195 181 | 263 19 23| no | no  [none
Non-COVID-195 | NA | NA| NA | NA NA N | NA NA N | NA [ N NA NA NA o 400 74 156 05 2 no no | no [none
Non-COVID-196 | 15 | 52 | NA | 188 |10s5-1088 | 4862 | NA ves ves | yes | no no no no 28 3 e | 167 1599 | 2315 no no | no [BB,ACELMRA
8B, ACEI,
Non-COVID-197 | 1.5 | 49 | NA | 170 | 10051086 [ 3950 | 32 ves ves | yes | no no no no NA B o1 187 17 272 | o ro | o |Amysalcyicscd
BB, ACEI, Minoxidil,
Non-COVID-198 | NA | NA| NA | NA | NA NA | NA NA N | NA [ N NA NA no 1871 504 B 132 13 2 ves ves | no |Dietics, CA Channel
c
postCOVID-191| 3 |51 | 51 |19 | 125 | 43 |28 o o | no o no o pcing slovat 7 % 13 257 07 199 | no o | no [none
times septal apical
postCOVID-192 | 1.5 | 25 | NA | 277 |1087-1095| 4952 | 20 no ves | no no no no Reduced LVEF | 87 25 | 138 | 154 279 | 214 | o m | no  [Diuetis
postCOVID-193 | 1.5 |33 | 57 | 142 |10041113| do51 | 205 ves ves | yes | Na ves ves no 276 1asa0 | 383 | 321 4578 | 356 | yes o | o (6B
Terminated none (but 2 months
postCOVID-194 | 3 |58 | 47 |13 | 1287 | 40 |24 no o | no no ves no Ferminated 8 r 1 186 301 23| n no | no  |noe o Zmonts i
Ritonavir for 4d)
PostCOVID-195 | 3 |44 | 55 |84 | 1322 | 45 |27 no o | no no no no | Reduced LVEF 6 65 75 207 94 28 | no o | no (8B
post-COVID-196 | 3 58 | 57 | 158 1214 % |2 no no | yes no no no Poiike aate 56 62 118 204 91 257 no no no  [none
post-COVID-197 | 3 42| % | 161 1300 57 | 24 no no yes no no no R'“RLE\;EF 2 997 338 195 94 30 no no no |none
a
postCOVID-198 | 3 | 51| 58 [ 165 | 1231 a9 |24 no ves | no no no no no NA | 25 Na 1074 | 272 | yes no | no [BB, Diuretis,
LThyroxin
PostCOVID-199 | 3 | 51| 57 |18 | 1285 | 50 |25 ves ves | yes | no no no no 5 145 146 | 153 12 2 yes no | no [AphaBlocker
postCOVID-1910| 15 |65 | NA |12 | 1148 | 5358 | NA ves ves | yes | no no no no 383 ss0 | 21t a 204 | 246 | no no | no [none
PostVaccination| 15 |59 | 51 |160 | 1014 | a1 |28 ves ves | yes | yes ves ves yes 501 a3 140 NA 89 28 | no no | no  [ARB, IfChannel
locker
P 3 || 4 (15| 12 | @ |2 no ves | no no no no no 513 7 20 | 25 5 %63 | o no | no  [none
P 15 |se| s |72 | 10a ® |2 no o | no no ves ves no 2 2 3 148 204 | 245 | no ves | o [none
P al Na [ NA[ NA | N NA NA | NA NA N | NA | N NA NA NA o 4 104 | 137 34 %3 | no ves | no [BB, Acetyisalicylic
acid (100mg)
MISC 1 NA | NA[ NA | NA NA NA | NA no no no no no no R!ﬂ;::lVLEVFEF 32 4173 6 81 2663 24,1 no no no |none
a
Ms-Cc2 15 |21 | sa | 177 [105a1078 | 5765 | NA ves ves | yes | NA NA ves no 123 | e | 76 18 185 2 no ves | o [none
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Patient information, clinical metadata and laboratory values.
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Extended Data Table 2 | Clinical metadata of controls

ponar | sex [ age [ A3e [ Ennic T primery | conesofdenn | oot weiont o [ cm [ swr [0 oot cancer | Pimonars | iver TEchocwogrot
D1 Female NA 50-60 | Caucasian Stroke DBD 155-160 50-55 80-85 20-25 Y N N N N >60%
D2 Male NA 60-70 | Caucasian Trauma DCD 170-175 80-85 90-95 25-30 N N N N N >60%
D4 |Female NA 70-80 | Caucasian Stroke DCD 160-165 70-75 90-95 25-30 Y Y N N N N/A
D5 |Female NA 60-70 | Caucasian Stroke DCD 150-155 80-85 100-105 30-35 N N N N N N/A
D6 Male NA 70-80 | Caucasian Stroke DCD 175-180 70-75 105-110 20-25 N N N N N N/A
D7 Male NA 60-70 | Caucasian Stroke DCD 180-185 70-75 95-100 20-25 N N N N N N/A
H2 Male NA 50-59 | Caucasian Stroke DBD 175-180 70-75 NA 20-25 N N N N N >60%
H3 Male NA 50-59 Asian Suicide DBD 170-175 70-75 90-95 25-30 N N N N N 60%.
H4 Male NA 50-59 | Caucasian Stroke DBD 175-180 85-90 NA 25-30 N N N N N 60%.
H5 (Female| NA 50-59 | Caucasian Trauma DBD 170-175 70-75 90-95 20-25 N N N Y N 55-60%
H6 |[Female| NA 40-49 | Caucasian Suicide DBD 170-175 70-75 100-105 20-25 N N N N N 50-55%
H7 ([Female| NA 40-49 | Caucasian Stroke DBD 170-175 85-90 NA 25-30 N N N N N >60%
H46 Male 28 20-29 NA Stroke DBD NA NA NA NA NA NA NA NA NA NA
H49 | Female 40 40-49 NA Stroke DBD 160 60 NA NA NA NA NA NA NA NA
H51 Male 50 50-59 NA Stroke DBD 180 70 NA NA NA NA NA NA NA NA
H53 Male 61 60-69 NA Stroke DBD 180 80 NA NA NA NA NA NA NA NA
H55 Male 44 40-49 NA Stroke DBD NA NA NA NA NA NA NA NA NA NA
H67 Male 45 40-49 NA Stroke DBD NA NA NA NA NA NA NA NA NA NA

Control group information and clinical metadata.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection  Cellranger (v3.0.2); bcl2fastq (v2.20); Single-Cell Analysis in Python toolkit Scanpy (version 1.5.1); Solo (v0.3); Scrublet (v0.2.1)

Data analysis All code used to generate the figures in this publication are available on GitHub (https://github.com/Norbert-Hubner-Lab/
Heart_Biopsy_Covid). All scripts run on jupyter notebooks are available as “.ipynb” files, and scripts executed in command line are available
as .txts or .sh files. R scripts are available as “.R”. Anaconda environments are available as yml files containing information on package
versions.
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Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated and analyzed in this study have been deposited at the European Genome-phenome Archive (https://ega-archive.org), which is hosted by the EBI
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and the CRG, under accession number (EGAS50000000769). Processed single-nucleus transcriptomic data will be available through the cellxgene platform in the
h5ad format (https://cellxgene.cziscience.com/collections/328d71f0-0ed7-4518-966f-be6bd0797324) and on Zenodo (https://zenodo.org/records/14258362).
Metadata sheets and patient information are available in Extended Data Table 1.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex and gender based analyses have not been performed due to limited numbers of individuals investigated.

Reporting on race, ethnicity, or  Not reported due to limited number of individuals investigated

other socially relevant

groupings

Population characteristics Our clinical cohort consisted of i) “classical” lymphocytic myocarditis patients (Non-COVID-19, n=8), ii) patients with signs of
acute myocarditis following SARS-CoV-2 infection (Post-COVID-19, n=10), iii) patients with signs of acute myocarditis
following vaccination against COVID-19 (Post-Vaccination, n=4), iv) MIS-C patients with signs of acute myocarditis (n=2), and
v) control donor left ventricular tissue that we have analysed previously. All patients presented with symptoms including
chest pain, palpitations, fever, shortness of breath, malaise, and/or general weakness and fatigue, and an overall increase of
cardiac damage indicating biomarkers (troponin T, NT-pro-BNP, creatine kinase, or creatine kinase-MB) and CRP levels. ECG,
echocardiography, or signs of recent or ongoing myocardial damage in cardiac magnetic resonance imaging ranging from
normal or nonspecific to borderline low or abnormal are summarised in Extended Data Table 1. All patients underwent left
ventricular EMBs and left heart catheterization after routine non-invasive diagnostic work-up and angiography had failed to
elucidate any other specific cause of heart failure such as coronary artery disease. Post-COVID-19 and MIS-C patients were
previously tested positive for SARS-CoV2 infection by nasopharyngeal swab test PCR. Most Post-Vaccination patients
experienced symptom onset within days after the second dose of the vaccine. Consistent with prior reports, the cohort was
predominantly male (87.5%; Non-COVID-19: 87.5%, Post-COVID-19: 80%, Post-Vaccination: 100%, and MIS-C: 100%) with an
average age of 37 + 16 years (ranging from 19 to 70 years). The age of the two MIS-C patients was 20 and 21 years. Post-
COVID-19 patients were slightly older than the other patients (Fig. 1a; Extended Data Table 1). Selection of Non-COVID-19
patients was based on positive EMB results showing lymphocytic myocarditis and similarities in sex and age compared to the
other disease groups. In the MIS-C group, one patient underwent an additional EMB, 6 months following combined
immunosuppression with prednisolone and azathioprine.
Clinical histopathology and immunostaining on EMB identified significant widespread increased interstitial macrophage
infiltration in all patients and additionally lymphocytic myocarditis in 30% of Post-COVID-19, 25% of Post-Vaccination and
100% of MIS-C patients (Extended Data Table 1, Extended Data Fig. 1a,b). Our observations are in agreement with previous
reports, where the majority of Post-COVID-19 and mRNA vaccinated patients with signs of myocarditis showed
predominantly macrophage infiltrates into the myocardium. No SARS-CoV-2 genome was detected by PCR in EMBs of Post-
COVID-19 and MIS-C patients. EMBs that were not used for diagnostic workup were included for snRNA-seq analyses to
investigate the cellular and molecular changes of myocardial inflammatory responses across the different disease entities.

Recruitment We have addressed this in detail in the limitations section.
The endomyocardial biopsies (EMBs) analyzed in this study are extremely difficult to obtain, leading to limited group sizes.
Additionally, the patients in this study represent a clinically heterogeneous group, varying in the onset, degree of clinical
symptoms, and diagnostic evidence. Non-COVID-19 lymphocytic myocarditis cases were selected to clinically match the other
disease groups, excluding fulminant myocarditis cases to align with the mild symptoms typical of COVID-19 myocarditis.

Ethics oversight This study complies with all ethical regulations associated with human tissue research. Acquisition of samples was approved
by the Ethics Committee of Berlin and the Ethics Committee of the Charité — Universitatsmedizin Berlin (IRB approval
number: EA2/140/16 and EA2/066/20) and conducted in accordance with the Declaration of Helsinki. All subjects gave their
informed consent for inclusion before they participated in the study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Limited availability of cardiac biopsies; Group size estimations based on previous studies (Reichart, Lindberg, Maatz et al, Science 2022).
Data exclusions  No data has been excluded from analyses

Replication Several patients for each group were included in this study, yielding robust statistically significant findings. No further patients and specimens
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Replication are available.

Randomization | Cardiac biopsies were obtained in the hospital from patients with clinical signs of myocarditis. Biopsies were sent to pathology and stored in a
biobank. All myocarditis samples in this study were randomized and blinded before biopsies were further processed and snRNAseq analyses
were carried out. Data from healthy donor controls were taken from previously published data (Reichart et al, Science 2022). Harmonization
of data was carried out at the patient level. After the first AnnData objects were generated, the study was unblinded to carry out group
comparisons.

Blinding At the time cardiac biopsies were taken, blinding was not possible since a strict clinical indication for such an invasive procedure is necessary
based on the symptoms of the patient. Subsequently and before further sample processing of all myocarditis samples investigators were
blinded. After the first AnnData object was generated, the study was unblinded to carry out group comparisons.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| |Z Antibodies |Z |:| ChIP-seq

|:| Eukaryotic cell lines |:| Flow cytometry

X |:| Palaeontology and archaeology |:| MRI-based neuroimaging
|:| Animals and other organisms

XI|[ ] clinical data

X |:| Dual use research of concern

XI|[] Plants

Antibodies

Antibodies used For immunohistological detection of cardiac immune cells, a monoclonal rabbit-anti-CD3 antibody (Clone SP7, 1:500, Novocastra
Laboratories, Newcastle upon Tyne, GB), a monoclonal mouse anti-human CD68 antibody (Clone PG-M1, 1:50, DAKO), a monoclonal
rabbit anti-CD4 (clone SP35, 1:50, Zytomed) and a monoclonal mouse anti-CD8 (clone C8/144B 1:300, DAKO) were used.

Validation Monoclonal mouse anti-human CD68 antibody (Clone PG-M1, DAKO): "Labels human monocytes and macrophages. The antibody is
of value for demonstration of monocytes and macrophages in normal and pathological specimens".
Monoclonal rabbit anti-CD4 (clone SP35, Zytomed):"The antibody is used for the specific localization of CD4 in tissue sections of
formalin-fixed, paraffin-embedded tissue and in frozen sections. For use as an in vitro diagnostic tool."https://www.zytomed-
systems.de/assets/datasheets/GA_BRB042_DE_V01_Gef.pdf
Monoclonal mouse anti-CD8 (clone C8/144B, DAKO): "Monoclonal Mouse Anti-Human, Ready-to-use antibody, Unconjugated,
Immunohistochemistry. Synthetic peptide corresponding to the 13 C-terminal amino acids of cytoplasmic domain of human CD8a
coupled to thyroglobulin. CD8 is a 68 kDa transmembrane glycoprotein expressed as a heterodimer by a majority of thymocytes, and
by class | major histocompatibility complex restricted, mature, suppressor/cytotoxic T cells".

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

Authentication Bgsbc?/ﬁk);lé/lg;;y atthentication-procedures for-each seed stock-tised-or-novel-genotype-generated.—Describe-any-experiments-tused-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Hoechst-positive single nuclei were sorted via FACS (BD Biosciences: Influx, XDP, or FACSAria, for gating strategy see
Supplementary Figure 1). Purity and integrity of nuclei were confirmed microscopically and nuclei numbers were counted
using a Countess Il (Life | Technologies) before processing with the Chromium Controller (10X Genomics) per the
manufacturer’s protocol.

Instrument BD FACSAria Fusion

Software BD FACSDiva 9.01

Cell population abundance 26% of total nuclei per samples was recovered. Purity and integrity of nuclei were confirmed microscopically and nuclei
numbers were counted using a Countess Il (Life | Technologies) before processing with the Chromium Controller (10X
Genomics) per the manufacturer’s protocol.

Gating strategy Size gating to remove doublets and aggregates was applied (FSC-A, SSC-A, FSC-H, FSC-W, SSC-W, SSC-H), followed by sorts for

Hoechst-positive nuclei (population P4).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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