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Association of Complement and MAPK Activation
With SARS-CoV-2–Associated Myocardial Inflammation
Ludwig T. Weckbach, MD; Lisa Schweizer, MSc; Angelina Kraechan, MD; Stephanie Bieber, MD;
Hellen Ishikawa-Ankerhold, PhD; Jörg Hausleiter, MD; Steffen Massberg, MD;
Tobias Straub, MD; Karin Klingel, MD; Ulrich Grabmaier, MD; Maximilian Zwiebel, BSc;
Matthias Mann, PhD; Christian Schulz, MD; for the EMB Study Group

IMPORTANCE Myocardial injury is a common feature of patients with SARS-CoV-2 infection.
However, the cardiac inflammatory processes associated with SARS-CoV-2 infection are not
completely understood.

OBJECTIVE To investigate the inflammatory cardiac phenotype associated with SARS-CoV-2
infection compared with viral myocarditis, immune-mediated myocarditis, and
noninflammatory cardiomyopathy by integrating histologic, transcriptomic,
and proteomic profiling.

DESIGN, SETTING, AND PARTICIPANTS This case series was a cooperative study between the
Ludwig Maximilian University Hospital Munich and the Cardiopathology Referral Center at the
University of Tübingen in Germany. A cohort of 19 patients with suspected myocarditis was
examined; of those, 5 patients were hospitalized with SARS-CoV-2 infection between March
and May 2020. Cardiac tissue specimens from those 5 patients were compared with
specimens from 5 patients with immune-mediated myocarditis, 4 patients with
non–SARS-CoV-2 viral myocarditis, and 5 patients with noninflammatory cardiomyopathy,
collected from January to August 2019.

EXPOSURES Endomyocardial biopsy.

MAIN OUTCOMES AND MEASURES The inflammatory cardiac phenotypes were measured by
immunohistologic analysis, RNA exome capture sequencing, and mass spectrometry–based
proteomic analysis of endomyocardial biopsy specimens.

RESULTS Among 19 participants, the median age was 58 years (range, 37-76 years),
and 15 individuals (79%) were male. Data on race and ethnicity were not collected.
The abundance of CD163+ macrophages was generally higher in the cardiac tissue of patients
with myocarditis, whereas lymphocyte counts were lower in the tissue of patients with
SARS-CoV-2 infection vs patients with non–SARS-CoV-2 virus-associated and
immune-mediated myocarditis. Among those with SARS-CoV-2 infection, components of the
complement cascade, including C1q subunits (transcriptomic analysis: 2.5-fold to 3.6-fold
increase; proteomic analysis: 2.0-fold to 3.4-fold increase) and serine/cysteine proteinase
inhibitor clade G member 1 (transcriptomic analysis: 1.7-fold increase; proteomic analysis:
2.6-fold increase), belonged to the most commonly upregulated transcripts and differentially
abundant proteins. In cardiac macrophages, the abundance of C1q was highest in SARS-CoV-2
infection. Assessment of important signaling cascades identified an upregulation of the
serine/threonine mitogen-activated protein kinase pathways.

CONCLUSIONS AND RELEVANCE This case series found that the cardiac immune signature
varied in inflammatory conditions with different etiologic characteristics. Future studies
are needed to examine the role of these immune pathways in myocardial inflammation.

JAMA Cardiol. 2022;7(3):286-297. doi:10.1001/jamacardio.2021.5133
Published online December 15, 2021.
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I nflammatory cardiomyopathy is a common condition char-
acterized by cardiac immune cell infiltration. It can be com-
plicated by heart failure and is associated with adverse

outcomes.1 Although the condition is predominantly caused
by viral infections, a broad variety of factors, including sys-
temic immune disorders and the toxic effects of medications,
can produce tissue inflammation and fibrosis leading to im-
paired cardiac function.2 Inflammatory cardiomyopathy has
recently been observed in autopsies of patients with SARS-
CoV-2 infection.3 Furthermore, high cardiac troponin levels
indicative of myocardial injury have been frequently re-
ported among hospitalized patients with SARS-CoV-2
infection,4 and myocardial inflammation may persist in indi-
viduals who recovered from this disease.5 Thus, SARS-CoV-2
infection may be associated with inflammatory cardiomyo-
pathy; however, the molecular signatures underlying this con-
dition have remained elusive.

Endomyocardial biopsy (EMB) is an important procedure
used to retrieve cardiac specimens and allow diagnostic
workup, which includes immunohistochemical and viral
genome analyses,6 to define the underlying etiologic fea-
tures of inflammatory cardiomyopathy. However, detailed
studies of the molecular mechanisms have been hampered
by EMB preservation through formalin fixation and paraffin
embedding. Recent advances in molecular biological analy-
sis have enabled researchers to assess coding transcripts
of formalin-fixed paraffin-embedded (FFPE) specimens
through RNA exome capture sequencing, which applies
sequence-specific capture independently of polyadenylated
transcripts.7,8 Similar progress has been made in the pro-
teomic field by improving the extraction and streamlining
the analysis of proteins from FFPE tissue, which is of par-
ticular interest because this storage technique allows protein
preservation for long periods.9 In this regard, mass
spectrometry–based proteomic analysis for quantitative pro-
filing of fixed tissue directly from histopathologic slides rep-
resents an ideal prerequisite to further process EMB samples
after standard diagnostic testing. Using these tools, we per-
formed deep phenotyping of cardiac tissue from patients
with SARS-CoV-2 infection and other inflammatory condi-
tions. By combining histologic features, gene expression
analysis, and mass spectrometry–based proteomic analysis,
we assessed molecular signatures in the hearts of patients
with SARS-CoV-2 infection as well as those with viral and
immune-mediated myocarditis. The workflow described in
this case series may aid in the development of a refined
analysis of the immunopathologic characteristics underlying
inflammatory cardiomyopathies.

Methods
This case series was approved by the ethics committee of Lud-
wig Maximilian University Munich and conducted in accor-
dance with the Declaration of Helsinki.10 Participants with
SARS-CoV-2 infection were part of the COVID-19 Registry of
the Ludwig Maximilian University Hospital Munich (COR-
KUM; World Health Organization trial identif ier:
DRKS00021225) and gave written informed consent. Data from
the SARS-CoV-2 group were pseudonymized, and data from

other groups were deidentified. This study followed the
Kempen11 reporting guideline for case series.

Study Population
The study population included 4 groups of patients who re-
ceived EMBs because of suspected myocarditis. Group 1 com-
prised 5 patients with SARS-CoV-2 infection, group 2 com-
prised 4 patients with virus-associated myocarditis (including
2 patients with human herpesvirus 6 infection, 1 patient with
Epstein-Barr viral infection, and 1 patient with parvovirus B19
infection), group 3 comprised 5 patients with immune-
mediated myocarditis, and group 4 comprised 5 patients with
cardiomyopathy without signs of inflammatory origin in the
histopathologic workup of their EMB specimens (including 4
patients with hypertensive heart disease and 1 patient with
nonischemic dilated cardiomyopathy). Group 4 was consid-
ered the noninflammatory control group.

The 5 patients hospitalized with SARS-CoV-2 infection
(group 1) were recruited between March and May 2020. Pa-
tients in this group had received positive results for SARS-
CoV-2 infection on a nasal swab quantitative polymerase chain
reaction test; SARS-CoV-2 RNA was not detected in their car-
diac tissue. Formalin-fixed paraffin-embedded EMB samples
of pseudonymized patients in groups 2 to 4 were collected from
the biobank of the University of Tübingen Cardiopathology De-
partment from January to August 2019. All data were then de-
identified. Histologic, immunohistologic, and molecular
pathologic analyses for the detection of cardiotropic viruses
in all samples were conducted during a routine workup at the
Institute for Cardiopathology of the University of Tübingen,
and further analysis was performed at Ludwig Maximilian Uni-
versity and the Max Planck Institute of Biochemistry. A de-
tailed description of the workflow is available in eFigure 1 in
Supplement 1.

Mass Spectrometry–Based Proteomic Analysis
Formalin-fixed paraffin-embedded material was collected from
EMB sections (3 replicates with 5-μm thickness) and pro-
cessed in a 96-well format using computer-generated random-

Key Points
Question What is the cardiac phenotype of patients with
SARS-CoV-2 infection compared with viral and immune-mediated
myocarditis and noninflammatory cardiomyopathy?

Findings In this case series of 19 patients undergoing
endomyocardial biopsies, cardiac specimens of patients with
SARS-CoV-2 infection had a higher abundance of
complement-associated factors and serine/threonine protein
kinases, with mitogen-activated protein kinase–associated
pathways having the highest abundance. Similarities in the cardiac
immune signature were found among those with SARS-CoV-2
infection and viral myocarditis.

Meaning In this study, the exploratory data, which characterized
myocardial inflammation by deep phenotyping, have implications
for the development of treatment strategies to reduce
SARS-CoV-2–mediated tissue injury; these findings require
confirmation in a prospective and extended cohort of patients.
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ization (eMethods in Supplement 1). Liquid chromatography-
mass spectrometry analysis was performed using an ultrahigh-
pressure system (EASY-nLC 1200; ThermoFisher Scientific)
coupled to a hybrid trapped ion mobility quadrupole time-of-
flight mass spectrometer (timsTOF Pro; Bruker) using a total
gradient length of 120 minutes. Mass spectrometry data for
each sample were recorded in duplicates using the recently
introduced data-independent acquisition mode of the paral-
lel accumulation–serial fragmentation method.12 A prefrac-
tionated reference library was measured using a top 10
data-dependent mode of the acquisition parallel accumulation–
serial fragmentation method.13 Data were then processed using
Spectronaut software, version 14.9.201124.47784 (Biogno-
sys), using the human (software-integrated) and SARS-CoV-2
(Swiss-Prot; Uniprot Consortium) databases. A detailed de-
scription of the mass spectrometry data analysis is provided
in the eMethods in Supplement 1.

RNA Analysis
We conducted RNA isolation of the 19 FFPE EMB samples
using a DNA/RNA kit (AllPrep DNA/RNA Mini Kit [80284];
QIAGEN). RNA quality is indicated in eTable 1 in Supple-
ment 1. Sequencing libraries were generated using a library
preparation kit (TruSeq RNA Exome; Illumina), and RNA se-
quencing was performed using a next-generation sequencing
system (NovaSeq 6000; Illumina) with a 2 × 75 base pair paired-
end run. Sequencing reads were aligned to the human refer-
ence genome, version GRCH38.100 (Genome Reference Con-
sortium) using STAR open-source software, version 2.7.3.14

Further description of the RNA analysis is provided in the
eMethods in Supplement 1.

Immunohistochemical Analysis
Endomyocardial biopsy specimens were fixed in 4% phos-
phate-buffered formaldehyde and embedded in paraffin. Four-
micrometer–thick tissue sections were stained with hema-
toxylin-eosin and examined by light microscopy. The presence
of vascular thrombi was excluded. For immunohistologic de-
tection of T cells (CD315) and macrophages (CD6816), a mono-
clonal rabbit anti-CD3 antibody (clone SP7, 1:500; Novocastra
Laboratories) and a monoclonal mouse antihuman CD68 an-
tibody (clone PG-M1, 1:50; Dako, Agilent Technologies) were
used. Immunohistochemical analysis was performed using
an automated immunostaining system (BenchMark; Ventana
Medical Systems) following the manufacturer's protocol, with
a 3,3′-diaminobenzidine detection system (ultraView; Ven-
tana Medical Systems) as substrate. Additional details about
immunofluorescence staining and confocal imaging are de-
scribed in the eMethods in Supplement 1.

Immunofluorescence Staining and Confocal Imaging
The FFPE EMB samples were cut in serial cross-sections (5-μm
thickness), deparaffinized by immersion in xylene and rehy-
drated in decreasing concentrations of ethanol. Antigen re-
trieval was achieved using heat and an antigen retrieval buf-
fer (Tris-EDTA Buffer, pH 9.0; Sigma-Aldrich). Samples were
washed in phosphate-buffered saline with detergent (0.1%
Tween; Sigma-Aldrich) and blocked in phosphate-buffered

saline with 10% goat serum. Next, we incubated sections with
primary antibodies against CD68 (mouse antihuman CD68,
clone 514H12 [MCA1815]; Bio-Rad Laboratories), CD163 (rab-
bit antihuman CD163, clone EPR19518 [ab182422]; Abcam) or
C1q (polyclonal rabbit antihuman C1q [A013602-2]; Agilent
Technologies) for 1 hour at room temperature. Samples were
again washed in phosphate-buffered saline with detergent
(0.1% Tween; Sigma-Aldrich) and incubated with secondary
antibodies. For costaining of CD68 and CD163, we used goat
antimouse antibodies (Alexa Fluor 555 [A-21424]; Invitro-
gen) and goat antirabbit antibodies (Alexa Fluor 488 [A11034];
Invitrogen). For costaining of CD68 and C1q, we used goat an-
timouse antibodies (Alexa Fluor 647 [A21235]; Invitrogen) and
biotin goat antirabbit antibodies (biotin [ab207995]; Abcam)
with streptavidin (Alexa Fluor 488 [ab272187]; Abcam) as sec-
ondary antibodies. Nuclei were stained with nucleic acid stain
(Hoechst 33342 [H3570]; Invitrogen). C1q staining was not pos-
sible in two samples (1 immune-mediated myocarditis, and 1
noninflammatory control) due to limited sample amounts.
Samples were mounted using an antifade mounting medium
(S3023; Dako, Agilent Technologies). Images were acquired
with a confocal microscope (LSM 880; ZEISS).

Statistical Analysis
For the RNA analysis, expression values (in transcripts per mil-
lion) were calculated using RSEM open-source software, ver-
sion 1.3.3.17 An adjusted P value (false discovery rate) of less
than .10 was set to classify significantly changed expression.

Differential gene expression analysis was performed using
DEseq2 software, version 1.28.1 (Bioconductor). Bioinformat-
ics analyses of all mass spectrometry data were performed
using the R statistical computing environment, version 4.0.2
(R Foundation for Statistical Computing). In preparation for the
analysis, data were filtered stringently for 60% valid inten-
sity values present in each group. For the pairwise compari-
sons between groups, a 2-sided unpaired t test was per-
formed, with q values less than 0.01 and a minimal fold change
of 2 considered statistically significant. Biological pathway en-
richment analyses (overrepresentation analyses) were con-
ducted in reference to the Reactome database18 using the
WebGestalt gene set analysis toolkit, version 0.4.4 (Zhang
Lab),19 and the Benjamini-Hochberg false discovery rate
(<0.05).

Results
Among 19 total participants, the median age was 58 years
(range, 37-76 years); 15 participants (79%) were male and 4
(21%) were female (Table). Data on participant race and eth-
nicity were not collected. The SARS-CoV-2 group comprised
5 individuals (median age, 64 years [range, 41-76 years]; 4 men
[80%]) hospitalized with SARS-CoV-2 infection who received
EMB because of suspected myocarditis. In general, patients
with SARS-CoV-2 infection were moderately ill (3 individuals
[60%] admitted to the normal care station) to critically ill (2
individuals [40%] admitted to the intensive care unit), pre-
sented with fever (3 individuals [60%]), and had elevated car-
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diac troponin levels (median, 0.07 ng/mL [IQR, 0.07-0.14 ng/
mL]) and signs of nonischemic myocardial tissue injury on
magnetic resonance imaging (5 individuals [100%]) (eTable 2
in Supplement 1). We compared this data set to the EMB tis-
sue of 14 patients with other conditions, including 4 patients
with non–SARS-CoV-2 viral myocarditis (median age, 62 years
[range, 48-75 years]; 4 men [100%]), 5 patients with immune-
mediated myocarditis (median age, 53 years [range, 36-58
years]; 3 men [60%]), and 5 patients with noninflammatory
cardiomyopathy (median age, 62 years [range, 37-70 years];
4 men [80%]) (Table). Patients with SARS-CoV-2 infection had
preserved left ventricular ejection fraction (median, 53% [IQR,
36%-60%]) compared with patients in other groups (virus-
associated myocarditis: median, 30% [IQR, 28%-33%];
immune-mediated myocarditis: median, 25% [IQR, 10%-

30%]; noninflammatory control: median, 30% [IQR, 22%-
37%]), and 2 patients (40%) with SARS-CoV-2 infection were
receiving treatment with immunosuppressant medications
(1 was receiving corticoids, and 1 was receiving hydroxychlo-
roquine) at the time of EMB (eTable 3 in Supplement 1).

Immunohistochemical analysis of cardiac tissue re-
vealed inflammatory infiltrates consisting of both T cells (CD3)
and macrophages (CD68) in patients with immune-mediated
and viral myocarditis (Figure 1A and B). Among patients in the
noninflammatory control group, T cells were absent, and the
abundance of macrophages was low (median, 20 cells per mm2

[IQR, 16-22 cells per mm2]). Among patients with SARS-
CoV-2 infection, the cardiac infiltrate was dominated by mac-
rophages (median, 54 cells per mm2 [IQR, 52-57 cells per mm2]),
and the number of T cells was moderately increased (median,

Table. Participant Demographic and Clinical Characteristics

Characteristic

No. (%)

All SARS-CoV-2 group
Noninflammatory
control group

Myocarditis
Virus-associated
group

Immune-mediated
group

Total participants, No. 19 5 5 4 5

Age, median (range), y 58 (37-76) 64 (41-76) 62 (37-70) 62 (48-75) 53 (36-58)

Sex

Female 4 (21) 1 (20) 1 (20) 0 2 (40)

Male 15 (79) 4 (80) 4 (80) 4 (100) 3 (60)

Cardiovascular risk factors

≤1 15 (79) 4 (80) 3 (60) 4 (100) 4 (80)

>1 4 (21) 1 (20) 2 (40) 0 1 (20)

Coronary artery disease

Yes 1 (5) 0 0 0 1 (20)

No 16 (84) 5 (100) 4 (80) 3 (75) 4 (80)

NYHA classification of heart failurea

I 0 0 0 0 0

II 4 (21) 0 3 (60) 0 1 (20)

III 10 (53) 3 (60) 2 (40) 3 (75) 2 (40)

IV 4 (21) 2 (40) 0 1 (25) 1 (20)

Arrhythmiab

Yes 2 (11) 0 1 (20) 0 1 (20)

No 17 (89) 5 (100) 4 (80) 4 (100) 4 (80)

Left ventricular ejection fraction, %

<30 7 (37) 0 2 (40) 2 (50) 3 (60)

30-39 4 (21) 1 (20) 1 (20) 1 (25) 1 (20)

40-55 3 (16) 1 (20) 1 (20) 0 1 (20)

>55 4 (21) 3 (60) 0 1 (25) 0

Intensive care unitc

Yes 4 (21) 2 (40) 0 1 (25) 1 (20)

No 13 (68) 3 (60) 4 (80) 3 (75) 3 (60)

Immunosuppressant medication

Yes 2 (11) 2 (40) 0 0 0

No 17 (89) 3 (60) 5 (100) 4 (100) 5 (100)

Abbreviation: NYHA, New York Heart Association.
a Class I indicates that ordinary physical activity does not cause the person

undue fatigue, dyspnea, or palpitations; class II indicates that ordinary physical
activity causes the person fatigue, dyspnea, palpitations, or angina; class III
indicates the person is comfortable at rest, and ordinary physical activity

causes fatigue, dyspnea, palpitations, or angina; and class IV indicates that
symptoms occur at rest.

b Includes sustained and nonsustained ventricular tachycardia.
c At time of biopsy.
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Figure 1. Histologic Characterization of Cardiac Specimens
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immunofluorescence expression in cardiac macrophages. Nuclei were stained with DAPI. D, Quantification of CD163 expression (median fluorescence intensity
[MFI]) in macrophages for all 4 groups. Error bars represent IQRs. Analysis of variance and Dunn multiple comparison tests were used to determine P values;
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5 cells per mm2 [IQR, 5-6 cell per mm2]) (Figure 1B). The abun-
dance of T cells was higher in patients with non–SARS-CoV-
2–associated myocarditis (virus-associated myocarditis:
median, 23 cells per mm2 [IQR, 18-28 cells per mm2]; immune-
mediated myocarditis: median, 22 cells per mm2 [IQR, 21-28
cells per mm2]). We next assessed macrophage coexpression
of the scavenger receptor CD163, which has recently been found
to characterize pulmonary macrophages in patients with SARS-
CoV-2 infection.20 Although the expression of CD163 in-
creased in patients with all inflammatory conditions com-
pared with those in the noninflammatory control group
(Figure 1C), macrophages in the SARS-CoV-2 group had the
highest median fluorescence intensity (MFI) values (MFI, 2040
[IQR, 1617-2302]) compared with those in the other groups
(virus-associated myocarditis: MFI, 1525 [IQR, 1134-2007]; im-
mune-mediated myocarditis: MFI, 950 [IQR, 706-1836]; non-
inflammatory control: MFI, 264 [IQR, 214-514]) (Figure 1D). To-
gether, these findings suggest differences in the immune
response between the inflammatory conditions examined.

To explore the molecular signatures of diseased human
hearts in an unbiased and comprehensive manner, we char-
acterized the EMB transcriptomes and proteomes (eFigure 1
in Supplement 1). Applying mass spectrometry–based pro-
teomic analysis to the small amount of EMB tissue, we iden-
tified more than 3000 proteins in most of the individual car-
diac tissue specimens (eFigure 2A in Supplement 1). Overall,
the proteomes of EMB tissue from patients with SARS-CoV-2
infection had the highest correlation (r = 0.937) with virus-
associated myocarditis, whereas proteins of patients in the
noninflammatory control group had lower correlation
(r = 0.928) (Figure 2A). In a principal component analysis, the
proteomes of cardiac tissue from patients with SARS-CoV-2 in-
fection substantially differed from those of patients with im-
mune-mediated and viral myocarditis as well as noninflam-
matory cardiomyopathy, suggesting group-specific alterations
in protein abundance (eFigure 2B in Supplement 1).

To characterize the groups in more detail, we examined
the differential expression of proteins (eFigure 3 in Supple-
ment 1) and specified the intersection of significantly dysregu-
lated proteins (ie, proteins with q <0.01 and fold change >2)
compared with EMB samples from patients with SARS-CoV-2
infection (Figure 2B). Most of the 476 proteins were dis-
tinctly differentially regulated compared with those from the
noninflammatory control group. In contrast, 53 proteins were
commonly dysregulated between the SARS-CoV-2 group and
the other groups combined. Among those single molecules, we
identified the stromal interaction molecule 1 (STIM1) precur-
sor, which increased in abundance by 5.4-fold among pa-
tients with SARS-CoV-2 infection compared with patients with
noninflammatory cardiomyopathy (log2 fold change, 2.43;
−log10 [P value] = 10.05) (eFigure 3A in Supplement 1). A 5.8-
fold and 7.4-fold upregulation was observed in patients with
SARS-CoV-2 infection compared with patients with immune-
mediated myocarditis (log2 fold change, 2.54; −log10

[P value] = 8.66) (eFigure 3C in Supplement 1, right panel) and
viral myocarditis (log2 fold change, 2.89; −log10 [P value] = 4.97)
(eFigure 3B in Supplement 1, right panel), respectively. In ad-
dition to information on single protein significance, our data

set also reached molecular depth to identify the SARS-CoV-2
entry receptor, angiotensin-converting enzyme 2,21 in EMB
specimens on both the RNA and protein levels (eFigure 4 in
Supplement 1). Focusing on shared characteristics between car-
diac inflammatory conditions, we next identified 103 pro-
teins that were differentially regulated in patients with SARS-
CoV-2 infection, viral myocarditis, and immune-mediated
myocarditis compared with patients with noninflammatory
cardiomyopathy (eFigure 5A in Supplement 1). Respective up-
regulated proteins, among other pathways, were associated
with immune functions, such as toll-like receptor signaling
(eFigure 5B in Supplement 1). These proteins included kinase
RPS6KA3 (2.1-fold to 2.7-fold overexpression) and phospha-
tase subunit PPP2CB (5.3-fold to 7.2-fold overexpression).

To characterize the SARS-CoV-2–associated disease phe-
notype in biological depth, we performed a pathway enrich-
ment analysis on the proteomic and transcriptomic levels in
reference to the noninflammatory control group (Figure 2C).
Overall, we identified 2 major themes: (1) serine/threonine ki-
nase signaling, specifically mitogen-activated protein kinase
(MAPK) and B-Raf pathways, and (2) complement cascade. No-
tably, both pathways were also prominent in the distinct pro-
tein significance between specimens from the SARS-CoV-2
group and the noninflammatory control group (eFigure 6 in
Supplement 1). To specifically address the differences in
complement and MAPK pathways between SARS-CoV-2 infec-
tion and the other conditions, we quantified the differen-
tially abundant proteins underlying the respective pathways.
Although the highest number of significant proteins was found
in the comparison between the SARS-CoV-2 group and the
noninflammatory control group (20 for MAPK and 18 for
complement), complement and MAPK pathway–associated dif-
ferences were also present in comparison with both immune-
mediated myocarditis (8 for MAPK and 6 for complement) and
virus-associated myocarditis (3 for MAPK and 1 for comple-
ment), albeit to a small extent (Figure 2D).

We next investigated the major dysregulated themes
(MAPK and B-Raf pathways and complement cascade) in more
detail. The components of the MAPK pathway, such as MAP2K1
through MAPK3, as well as the Ras-related proteins, RAP1A,
RAP1B, and M-Ras, had a median 2.6-fold (IQR, 2.0-fold to 15.5-
fold) upregulation among patients with SARS-CoV-2 infec-
tion compared with patients with noninflammatory cardio-
myopathy (Figure 3). The subchain expansions for Figure 3
are given in the eAppendix in Supplement 1. The EMB speci-
mens of patients with virus-associated myocarditis dis-
played a similar proteomic profile for a subset of these com-
ponents (eg, range of fold changes, 2.0-9.5) (Figure 3A).
Notably, differential regulation of the MAPK pathways was de-
tected only on the protein level, whereas changes in the tran-
scriptome were minimal (ie, no significant [q <0.01 and fold
change >2] differential regulation) (Figure 3B, lower panel;
eFigure 7 in Supplement 1, upper panel).

Components of the complement cascade were distinctly
upregulated in SARS-CoV-2–associated myocardial inflamma-
tion on both the proteomic and transcriptomic levels
(Figure 2C). Although RNA transcripts were substantially up-
regulated in the cohort of patients with SARS-CoV-2 vs non-
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inflammatory cardiomyopathy (range of fold changes, 1.5-
4.5), intermediately upregulated abundance stages of
complement proteins were also observed in comparison with

virus-associated myocarditis (range of fold changes, 1.0-3.2)
and immune-mediated myocarditis (range of fold changes,
1.1-5.4) (eFigure 8 in Supplement 1). Among all dysregulated

Figure 2. Distinct Molecular Signature in SARS-CoV-2–Associated Inflammatory Cardiomyopathy
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Figure 3. Upregulation of MAPK Pathways in SARS-CoV-2 Infection
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proteins of the complement system, C1qB, C1qC, C3 and C7, in
addition to the regulatory proteins, serine/cysteine protein-
ase inhibitor clade G member 1 (SERPING1) and CD55, were
jointly elevated on the proteomic (range of fold changes, 2.0-
3.4) and transcriptomic (range of fold changes, 1/5-3.6) levels
compared with the noninflammatory stages. Normalized rela-
tive abundances revealed upregulation of the complement
system in the cardiac tissue of patients with SARS-CoV-2 in-
fection in direct comparison with patients with the other con-
ditions (Figure 4A; eFigure 8 in Supplement 1).

Because C1q can be produced by macrophages,22 we spe-
cifically addressed the abundance of this complement pro-
tein in cardiac macrophages. We identified the presence of
C1q in CD68+ macrophages in the immunofluorescence
analysis of EMB sections (Figure 4B). Increased expression
of this protein was further supported by standardized quan-
tification of C1q median fluorescence intensity values. Mac-
rophage C1q median fluorescence intensity values increased
in patients with inflammatory conditions and were highest
in patients with SARS-CoV-2 infection (MFI, 1255 [IQR,
1123-1423]) compared with patients with noninflammatory
cardiomyopathy (MFI, 225 [IQR, 183-302]), virus-associated
myocarditis (MFI, 610 [IQR, 534-669]), and immune-
mediated myocarditis (MFI, 504 [IQR, 335-631]). Thus, car-
diac macrophages were associated with the increased abun-
dance of complement protein C1q in response to SARS-CoV-
2–associated myocardial inflammation.

Discussion
This case series used RNA exome capture sequencing and
mass spectrometry–based proteomic analysis of FFPE car-
diac specimens to extend the depth of EMB specimen analy-
sis and assess the biological pathways of cardiac inflamma-
tion associated with SARS-CoV-2 infection compared with
viral and immune-mediated myocarditis as well as nonin-
flammatory cardiomyopathy. In cardiac tissues of patients
with SARS-CoV-2 infection who had suspected myocarditis,
the serine/threonine protein kinase pathways associated
with MAPK and B-Raf signaling were substantially upregu-
lated on the protein level. The MAPK pathway plays an
important role in stress response and immunity.23 Signals
from pathogen-associated molecular patterns (including
viral infections) and other extracellular cues are transmitted
into the cell and amplified by MAPK and have been impli-
cated in the pathophysiologic mechanisms of various
inflammatory diseases, including cardiac injury. Inhibition
of MAPK-associated pathways has been associated with
reductions in fibrosis and improvements in heart function in
animal models of myocardial injury, offering therapeutic
approaches to cardiac inflammation.24,25

In addition to distinct dysregulated pathways in SARS-
CoV-2 infection, we also identified single molecules that could
be of potential interest in cardiac inflammation. For example,
we found increased abundance of the STIM1 protein, which
has been associated with aberrant Ca2+ handling and
cardiomyopathy.26

Our deep molecular profiling suggested that the comple-
ment cascade had an important role in SARS-CoV-2–
associated myocardial inflammation. Complement-
mediated hyperinflammation is associated with organ injury
and could provide targets for new therapeutic strategies.27

As a consequence, several clinical trials examining antibod-
ies directed against complement factors (eg, the anti-C5
antibody, eculizumab) are ongoing.28 The data provided in
this case series add to the findings of a recent study of lung
epithelial cells in patients with SARS-CoV-2 infection, in
which the complement system was the most highly induced
pathway.29 In the blood of patients with SARS-CoV-2
infection, increases in SERPING1 and complement compo-
nent C4A were associated with RNAemia and mortality.30

In our study, the components C1q, C3, and C7 of the comple-
ment cascade had similar increases in abundance in patients
with SARS-CoV-2 infection. We also observed upregulation
of the C1 inhibitor, SERPING1, and CD55 (also known as
complement decay-accelerating factor), which are con-
sidered negative regulators of the complement system.31,32

Single-nucleotide variants producing decreased expres-
sion of CD55 were associated with an increased risk of
adverse clinical outcomes associated with SARS-CoV-2
infection.33

Complement activation has also recently been identified
in other nonpulmonary organs, such as the liver and
kidneys.29,34 Innate immune cells are important producers of
complement factors.35 Notably, increased abundance of
complement factors in tissue macrophages may shape their
polarization and functions and may be associated with al-
tered immune responses to cardiac injury.36 In addition to C1q,
cardiac macrophages upregulate CD163, which is generally
known as a scavenger receptor and innate immune sensor.37

Expression of CD163 in CD68+ cardiac macrophages supports
the notion that these are resident immune cells.38 Upregula-
tion of CD163 is considered a marker of macrophage activa-
tion, and increased expression has been identified in lung mac-
rophages of individuals with SARS-CoV-2 infection.20

Consistent with this increased expression, the macrophage in-
flammatory response to SARS-CoV-2 infection has been asso-
ciated with increased plasma levels of soluble CD163.39,40

Nonetheless, the differential changes in macrophage pheno-
type and functions in response to SARS-CoV-2 infection re-
quire further investigation. Recent data suggest that SARS-
CoV-2 could directly modulate macrophage signaling
pathways41 and that such alterations could be long-lasting
and might have implications for post–SARS-CoV-2 infection in-
flammatory syndromes.42

Limitations
This study has several limitations. The study recruited only 5
patients with SARS-CoV-2 infection. The recruitment of a small
cohort mainly occurred because EMB is not a routine proce-
dure for all patients with SARS-CoV-2 infection and, conse-
quently, previous studies examined cardiac specimens that
were mostly obtained from autopsies. Furthermore, the small
cohort does not allow us to assess the potential conse-
quences of immunosuppressant drugs.
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Figure 4. Upregulation of the Complement Cascade in SARS-CoV-2 Infection
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Second, the differential regulation of MAPK and B-Raf
pathways was identified on the protein level but not in the tran-
scriptome, which might be owing to a methodological limita-
tion. When using challenging tissues, such as FFPE biopsy
samples, RNA decay may compromise the analysis, whereas
proteins are more stable, and their degradation is substan-
tially less pronounced.43 This issue highlights the impor-
tance of mass spectrometry–based proteomic approaches when
conducting FFPE analysis. Nonetheless, our analysis of the
complement cascade revealed differential regulation on both
the RNA and protein levels, supporting the feasibility of RNA
sequencing in this setting.

Third, we did not detect SARS-CoV-2 RNA in our EMB speci-
mens, suggesting an absence or only small amounts of virus-
infected cardiac cells, whereas SARS-CoV-2 RNA was identi-
fied in cardiac autopsies of patients with infection.3,44 For
instance, Bearse et al45 detected SARS-CoV-2–positive cells
in the cardiac tissue of most patients with fatal SARS-CoV-2 in-
fection. However, the density of infected cells, as analyzed by
in situ hybridization, was very low. Thus, SARS-CoV-2 RNA may
be missed in small tissue samples, such as those obtained from

EMB. Other studies addressing SARS-CoV-2 tropism found that
viral loads in tissues outside the respiratory system were low
and highly variable, and that mean cardiac RNA values were
within the range of the blood and the nervous systems.46,47

Conclusions
In this case series, myocardial inflammation associated with
SARS-CoV-2 infection was characterized by a cellular im-
mune infiltrate that was dominated by macrophages express-
ing C1q and CD163. Deep phenotyping revealed substantial up-
regulation of MAPK-associated pathways as well as
upregulation of the complement system. Although the re-
sults of this case series require confirmation in prospective
studies with larger numbers of patients, the findings may open
new avenues of research into the treatment of inflammatory
cardiomyopathies. The present study provides proof of con-
cept for multimodal analysis of cardiac FFPE biopsy material,
which may improve the diagnosis and treatment of heart dis-
eases in the future.48
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