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Myocarditis and myopericarditis may occur after COVID-19 vaccination with an incidence
of two to twenty cases per 100,000 individuals, but underlying mechanisms related to
disease onset and progression remain unclear. Here, we report a case of myopericarditis
following the first dose of the mRNA-1273 COVID-19 vaccine in a young man who had a
history of mild COVID-19 three months before vaccination. The patient presented with
chest pain, elevated troponin I level, and electrocardiogram abnormality. His
endomyocardial biopsy revealed diffuse CD68+ cell infiltration. We characterized the
immune profile of the patient using multiplex cytokine assay and flow cytometry
analysis. Sex-matched vaccinated individuals and healthy individuals were used as
controls. IL-18 and IL-27, Th1-type cytokines, were highly increased in the patient with
COVID-19 vaccine-related myopericarditis compared with vaccinated controls who
experienced no cardiac complications. In the patient, circulating NK cells and T cells
showed an activated phenotype and mRNA profile, and monocytes expressed increased
levels of IL-18 and its upstream NLRP3 inflammasome. We found that recombinant IL-18
administration into mice caused mild cardiac dysfunction and activation of NK cells and
T cells in the hearts, similar to the findings in the patient with myopericarditis after COVID-
19 mRNA vaccination. Collectively, myopericarditis following COVID-19 mRNA
vaccination may be associated with increased IL-18-mediated immune responses
and cardiotoxicity.
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INTRODUCTION

Recently, myocarditis and myopericarditis cases following
COVID-19 vaccination were reported in the United States and
other countries (1–3). The incidence was two to twenty cases per
100,000 persons who have received at least one dose of any
COVID-19 vaccines, with the potential risk increased in
individuals who received 2nd dose of mRNA-based vaccine (3,
4). Males between the ages of 16 and 29 years showed a higher
incidence than other sex or age groups (3). In some case reports,
a considerable proportion of patients had a history of COVID-19
before they received the vaccine (2, 5, 6). Most of the patients
reported presented with chest pain, elevated cardiac troponin
level, abnormal electrocardiogram (ECG) with diffuse ST-
segment elevations, and slightly decreased left ventricular
ejection fraction (2, 5–8). The diagnosis of myocarditis or
myopericarditis was usually confirmed by cardiac magnetic
resonance imaging (CMR) rather than an endomyocardial
biopsy (9). Similar to myocarditis cases, acute pericarditis is
suspected once patients have chest pain and abnormalities on
ECG, echocardiogram, or CMR after COVID-19 vaccination (9).
Pericarditis following COVID-19 vaccine developed in older
patients later after vaccination compared with myocarditis or
myopericarditis cases (4). The majority of implicated cases of
COVID-19 vaccine-related myocarditis have been mild and self-
limiting. Few rare deaths have been reported in more fulminant
presentations (10–12).

Viral infection is the most common cause of myocarditis. Other
infections, autoimmunity, toxins, medications, and drugs can also
induce myocarditis (13, 14). Vaccine-related myopericarditis has
been rarely reported in the past, primarily after live-attenuated
smallpox vaccine in the military population (15). Rarely, the
vaccination for influenza or hepatitis B has also been associated
with myocarditis or myopericarditis (16). The pathogenic process of
community-acquired myocarditis, commonly caused by a viral
infection, is driven by activated immune cells, cytokines, and
chemokines (17). Massive infiltration of T cells, myeloid cells, and
eosinophils are histologically observed in the lymphocytic, giant cell,
and eosinophilic myocarditis, respectively (18). In COVID-19
mRNA vaccine-related myocarditis, endomyocardial biopsy
findings have varied. Some studies showed myocardial infiltration
of lymphocytes, myeloid cells, or mixed immune cell populations,
whereas others did not find significant myocardial inflammation (2,
5, 10–12). Meanwhile, autoantibodies against cardiac antigens have
been detected in patients with community-acquired myocarditis,
suggesting that activated B cells may play an important role in the
initiation or progress of myocarditis (19). However, in a case study
of myocarditis after the COVID-19 vaccine, no circulating
autoantibodies related to myocarditis were detected (20).

IL-18 is an IL-1 superfamily cytokine that is primarily
produced by monocytes and macrophages (21). For IL-18
production, its upstream signaling molecules such as NLRP3
inflammasome and caspase-1 are activated to cleave pro-IL-18
into its active form (22). As a Th1-type immune response inducer,
IL-18 can activate NK cells, Th1 cells, and cytotoxic T lymphocytes
to produce cytokines and effector molecules including IFN-g,
Frontiers in Immunology | www.frontiersin.org 2
perforin, granzymes, or FasL (21). IL-18 is also known to play a
pathogenic role in cardiovascular diseases. Circulating IL-18 levels
are a prognostic marker associated with congestive heart failure,
myocardial infarction, and cardiovascular death in patients with
coronary heart disease (23–25). Supportively, IL-18 in vivo
administration caused cardiac damage in mice by inducing
myocardial hypertrophy, diastolic dysfunction, and extracellular
matrix remodeling (26, 27).

Despite well-described clinical presentations, immune
mechanisms driving myocarditis or myopericarditis after the
COVID-19 mRNA vaccine are not fully understood. Here, we
report a clinical case and comprehensive immune profile of a young
male patient who had acute myopericarditis following the first dose
of the mRNA-1273 COVID-19 vaccine (Moderna). We included
controls who were vaccinated but did not have myocarditis to
highlight how the immune responses in the patient with COVID-19
vaccine-related myopericarditis differ. We propose IL-18-mediated
immune responses and cardiotoxicity as a possible mechanism of
myopericarditis following COVID-19 mRNA vaccination.
MATERIALS AND METHODS

Human Samples
We obtained plasma, PBMC, and endomyocardial biopsy from a
patient with myopericarditis following COVID-19 mRNA
vaccination (Table 1). The plasma and PBMC were collected
on days 3 and 4 after vaccination, and the biopsy specimen was
collected on day 3. As a control, the plasma and PBMC were
obtained from five healthy controls and five individuals who
received COVID-19 vaccine in the past 2 to 3 days (Table 1).

Mice
Male A/J mice (000646) were purchased from the Jackson
Laboratory. Mice were housed in specific pathogen-free animal
facilities at the Johns Hopkins University School of Medicine.
Experiments were conducted with 8- to 12-week-old age-matched
mice. Mice were intraperitoneally injected with 1 mg of
recombinant mouse IL-18 (BioLegend) in 100 mL PBS every
other day for 8 days. On day 10, cardiac function was monitored
using M-mode transthoracic echocardiography, and then mice
were sacrificed. To isolate single cells, hearts were perfused with
PBS for 3 minutes, minced using razor blades, and incubated in 5
mL tissue digestion enzyme solution for 30 minutes at 37°C with
agitation. The digestion enzyme solution was prepared with
600 U/ml Collagenase (Worthington), 100 U/ml DNase I
(Worthington), and 100 U/ml Hyaluronidase (Sigma). Cells were
washed and filtered through 40 mm cell strainers (Falcon).

Immunohistochemistry Staining
The biopsy tissue slides were deparaffinized, rehydrated, and
blocked with Duel Endogenous Enzyme Block (Dako). Tissue
sections were probed with primary antibody against CD68 (KP1,
Abcam) or CD3 (SP7, Abcam) and then treated with HRP-
conjugated secondary goat antibody against rabbit or mouse IgG
(Leica). Mouse heart sections were stained with anti-NCR1
February 2022 | Volume 13 | Article 851620
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antibody (EPR23097-35, Abcam). The slides were counterstained
with 50% hematoxylin in water.

Multiplex Cytokine Assay
We used Milliplex Map Kit (EMD Millipore) to measure soluble
factors in the plasma samples according to the manufacturer’s
instructions. Briefly, after prewashing the plate, we added assay
buffer, samples, and beads into wells and then incubated
overnight at 4°C. After washing, detection antibodies were
added, followed by streptavidin-phycoerythrin treatment.
Plates were washed, filled with sheath fluid, and read on
Luminex 200 (Luminex).

Flow Cytometry
Human PBMCwas stained with Live/Dead Fixable Aqua (Thermo
Fisher) followed by blocking with TruStain FcX (BioLegend) and
normal mouse serum (Thermo Fisher). Cells were surface-stained
with fluorochrome-conjugated antibodies against CD45 (HI30),
Frontiers in Immunology | www.frontiersin.org 3
CD3 (UCHT1), CD19 (HIB19), CD4 (SK4), CD8 (RPA-T8),
CD45RA (HI100), CCR7 (2-L1-A), CD38 (HB-7), CD27
(O323), IgD (IA6-2), CD56 (5.1H11), HLA-DR (G46-6), CD16
(3G8), CD14 (MFP9), CD95 (eBioH4A3), CD107a (DX2), and
PD-1 (EH12.2H7) (BD Biosciences, BioLegend, or Thermo
Fisher). Cells were fixed, permeabilized with Cyto-Fast Fix/Perm
Buffer (BioLegend), and stained with antibodies against
intracellular antigens Ki-67 (Ki-67), IL-18 (74801), and NLRP3
(768319) (BioLegend or R&D Systems). For intracellular IL-18
and NLRP3 detection in monocytes, human PBMC was
stimulated with lipopolysaccharides from E. coli O111:B4
(Sigma-Aldrich) in the presence of GolgiStop (BD Biosciences)
for 4 hours at 37°C before staining. Single cells from mouse hearts
were stained with Live/Dead Fixable Aqua, Fc-blocked with anti-
CD16/CD32 monoclonal antibody (Thermo Fisher), and surface-
stained with antibodies against CD45 (30-F11), NKp46 (29A1.4),
CD11b (M1/70), CD3 (17A2), CD19 (1D3), CD4 (GK1.5), CD8
(53-6.7), Ly6G (1A8), F4/80 (BM8), CD64 (X54-5/7.1), Ly6C
TABLE 1 | Demographic and clinical information of the patient with myopericarditis after COVID-19 vaccine and controls.

Patient with myopericarditis after COVID-19 vaccine

Sex Male

Age (year) 24

COVID-19 vaccination 1st dose of mRNA-1273

Days after vaccination 2

Body temperature (°C) 36.1

Blood pressure (mmHg) 125/94

Heart rate (beats per minute) 126

Oxygen saturation (%) 98

Laboratory values On admission 3-month follow-up Reference range
White blood cell count
(K/mm3)

14.3 6.57 4.5-11.0

Absolute lymphocyte count (K/mm3) 0.8 1.19 1.1-4.8
Hemoglobin (g/dL) 13.8 15.7 13.9-16.3
Platelets (K/mm3) 178 212 150-350
Sodium (mmol/L) 139 – 135-148
Potassium (mmol/L) 4.3 – 3.5-5.1
Creatinine (mg/dL) 0.8 – 0.6-1.3
Urea nitrogen (mg/dL) 13 – 7-22
Aspartate aminotransferase (U/L) 116 – 0-37
Alanine aminotransferase (U/L) 35 – 0-40
Alkaline phosphatase (U/L) 35 – 30-120
Total bilirubin (mg/dL) 0.3 – 0.0-1.2
Troponin I (ng/mL) 0.47 (peak 46.0) <0.04 <0.04
Pro-B-type natriuretic peptide (pg/mL) 390 – 0-125
Erythrocyte sedimentation rate (mm/h) 21 – 1-15
C-reactive protein (mg/dL) 8.4 0.9 <0.5
Lactate (mmol/L) 2.3 – 0.5-2.0
Healthy controls (n=5)
Sex Male

Age (year) 31.2 ± 3.6

COVID-19 vaccination 2nd dose of BNT162b2

Days after vaccination >180

Vaccine controls (n=5)
Sex Male

Age (year) 41.1 ± 9.4

COVID-19 vaccination 1st dose of BNT162b2

Days after vaccination 2 ± 1.7
February 2022 | Volume 1
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(HK1.4), CCR2 (SA203G11), CD44 (IM7), CD62L (MEL-14), and
MHCII (M5/114.15.2) (BD Biosciences, BioLegend, or Thermo
Fisher). Sample acquisition was performed on a BD
FACSymphony flow cytometer (BD) running FACSDiva (BD).
Results were analyzed using FlowJo software (BD).

Real-Time RT-PCR
CD14+ monocytes or NK cells were enriched from PBMC by
using CD14 Microbeads or NK Cell Isolation Kit (Miltenyi).
Total RNA was extracted using RNeasy Plus Mini Kit (Qiagen).
Single‐stranded cDNA was synthesized with iScript Reverse
Transcription Supermix (Bio-Rad). Target genes were
amplified using PowerUp SYBR Green PCR Master Mix
(Thermo Fisher), and real-time cycle thresholds were detected
via MyiQ2 thermal cycler (Bio-Rad). Data were analyzed by the
2−DDCt method and were normalized to GAPDH expression and
then to biological controls. For SARS-CoV-2 RNA detection,
total RNA was extracted from endomyocardial biopsy specimen
using RNeasy Plus Mini Kit (Qiagen). Single-stranded cDNA
was synthesized, and then SARS-CoV-2 S or N gene was
amplified. Primers for SARS-CoV-2 N1, SARS-CoV-2 N2, and
internal control RNase P were obtained from the Integrated
DNA Technologies. According to the Centers for Disease
Control and Prevention (CDC) guideline, a test is considered
positive for SARS-CoV-2 if both SARS-CoV-2 N1 and N2
markers show Ct value < 40.

Indirect Immunofluorescence
Antibody Assay
We used Cardiac Muscle Antibody Test Kit (Scimedx) to detect
autoantibodies against heart antigens in patient plasma. Monkey
heart slides were covered with patient samples (1:10) or positive
control antibody and then incubated for 30 minutes at room
temperature in a humid chamber. After washing, slides were
covered with FITC-conjugated human IgG antibody for 30
minutes and then read with a fluorescent microscope.

ELISA
For anti-myosin S2-16 and S2-28 IgG ELISA, plates were coated
with 0.5 µg/ml human cardiac myosin peptide S2-16
(KRKLEGDLKLTQES IMDLENDKQQL) o r S 2 - 2 8
(EKSEFKLELDDVTSNMEQIIKAKAN) overnight at 4°C,
washed, and incubated with patient plasma for 2 hours at
room temperature (28). Plates were washed, incubated with
secondary anti-mouse IgG antibody (Abcam), and developed
with alkaline phosphatase (Bio-Rad). Optical density was read at
405 nm (Molecular Devices). For determining anti-SARS-CoV-2
S1 protein IgA and IgG levels in patient plasma, we used ELISA
kits according to the manufacturer’s instruction (Euroimmune).

Statistics
GraphPad Prism 8 software was used for statistical analysis.
Mouse experiment data were analyzed using Student t-test.
Statistically significant comparisons were represented by
asterisks in figures: *P < 0.05; **P < 0.005; ***P < 0.001. Actual
P-values were reported in figure legends.
Frontiers in Immunology | www.frontiersin.org 4
Study Approval
Written informed consent was obtained from subjects, and the
study protocol was approved by the Committee for the Protection
of Human Subjects. This study was conducted in accordance with
the guidelines in the Declaration of Helsinki. For mouse studies, all
methods and protocols were approved by the Animal Care and
Use Committee of the Johns Hopkins University.
RESULTS

Case Presentation
A 24-year-old man with active tobacco use and asthma developed
acute-onset substernal chest pain approximately 24 hours after
receiving his first dose of the mRNA-1273 COVID-19 vaccine
prompting presentation to the hospital (Table 1). Approximately
three months before the vaccination, he had a mild infection with
SARS-CoV-2 not requiring hospitalization. He had no history of
drug abuse, inflammatory comorbidities, or recent vaccination. His
ECG was notable for sinus rhythm with dynamic inferolateral ST
elevations and anterior ST depressions. The initial serum cardiac
troponin I level was 0.47 ng/ml (day 2 after vaccination), peaking
at 46.0 ng/mL the day after admission (day 3 after vaccination).
His nasopharyngeal SARS-CoV-2 NAT PCR was negative. He also
tested negative for HIV and other respiratory viruses such as
adenovirus, chlamydia pneumoniae, influenza A/B,
metapneumovirus, mycoplasma pneumoniae, parainfluenzae 1-4,
rhino/enterovirus, and RSV. He underwent emergent coronary
angiography that showed no significant coronary artery disease or
evidence of coronary vasospasm. Chest CT angiography was also
negative for pulmonary embolism. Transthoracic echocardiogram
showed mildly decreased left ventricular systolic function with
ejection fraction 45-50%, mild to moderate mitral regurgitation,
and moderate tricuspid regurgitation. Endomyocardial biopsy was
performed on day 3 after the vaccination and revealed diffuse mild
CD68+ cell infiltration with neither substantial inflammatory cell
infiltration nor acute cardiomyocyte necrosis (Figures 1A–C).
CMR showed mildly reduced left ventricular systolic function
without late gadolinium enhancement. The nuclear antibody
screen was negative. His clinical presentation was consistent with
myopericarditis, and he was initiated on colchicine treatment with
improvement and resolution of chest pain symptoms over the next
two days. On discharge, he was prescribed metoprolol succinate
and losartan and advised on exercise restrictions. Follow-up
echocardiography at approximately three months demonstrated
recovery of left ventricular systolic function (60-65%) and no other
abnormalities (Table 1).

Elevated Plasma IL-18 and Other Th1-Type
Soluble Factors in Myopericarditis After
COVID-19 Vaccine
To explore the involvement of immune system activation in
myopericarditis after COVID-19 mRNA vaccination, we
simultaneously measured 48 cytokines, chemokines, and
growth factors in the patient plasma collected on days 3 and 4
after vaccination, depicted as D3 and D4 in the figures, using
February 2022 | Volume 13 | Article 851620
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multiplex cytokine assay (Milliplex Map, EMD Millipore). As a
control, we used two groups: five healthy males and five males
who received the first dose of another mRNA vaccine, BNT162b2
(Pfizer-BioNTech), in the past 2 to 3 days, experiencing no
cardiac complications or other side effects. In multiplex assay
analysis, a biologically relevant change was considered if the
patient sample showed an increase or decrease of more than two
Frontiers in Immunology | www.frontiersin.org 5
folds compared to a median value of either control group. We
found that Th1-type cytokines IL-18 and IL-27 were increased in
the patient with COVID-19 vaccine-related myopericarditis
compared to both healthy and vaccine control groups
(Figure 1D and Supplementary Table 1). Recently vaccinated
controls also showed increased IL-18 and IL-27 levels compared
with healthy controls, but they were lower than those of the
FIGURE 1 | Elevation of Th1-type cytokines and chemokine in patient with myopericarditis after COVID-19 vaccination. (A) Representative image of H&E staining on
endomyocardial biopsy from the patient with COVID-19 vaccine-related myopericarditis. Biopsy was collected on day 3 after COVID-19 mRNA vaccine. Scale bar:
12.5 µm. (B, C) Representative images of immunohistochemistry staining for CD68 (B) and CD3 (C) on endomyocardial biopsy of the patient. Scale bars: 12.5 µm.
(D–F) Plasma cytokine and chemokine levels measured by multiplex cytokine assay in the patient with myopericarditis on days 3 (D3) and 4 (D4) after COVID-19
mRNA vaccination. As controls, five healthy controls (Healthy) and five individuals who had been vaccinated in the past 2 to 3 days (Vaccine) were tested.
February 2022 | Volume 13 | Article 851620
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patient sample collected on day 3 after the vaccination. Similarly,
Th1-type chemokines, CXCL9 and CXCL10, were elevated in the
patient with COVID-19 vaccine-related myopericarditis
compared to healthy and vaccine controls (Figure 1D and
Supplementary Table 1). The vaccine controls exhibited a
comparable level of CXCL9 and CXCL10 to healthy controls.
The patient with COVID-19 mRNA vaccine-associated
myopericarditis presented increased levels of other Th1-type
cytokines and chemokines (IFN-g, IL-7, IL-15, and CCL4),
pro-inflammatory cytokines (IL-6, IL-12p40, and TNF-a), and
anti-inflammatory cytokines (IL-1Ra and IL-10) compared with
healthy controls (Figures 1E, F and Supplementary Table 1).
However, those cytokine levels in the patient were comparable to
recently vaccinated controls. Thus, these data indicate that the
patient with myopericarditis following COVID-19 vaccination
had excessive Th1-type immune responses over vaccine-induced
immune activation.

No Contribution of Th2 and Th17 Immune
Responses to Myopericarditis Following
COVID-19 Vaccine
In the multiplex cytokine assays, plasma levels of Th2-related
soluble factors such as IL-4, IL-5, IL-13, and CCL22 were
comparable between the patient with COVID-19 mRNA vaccine-
related myopericarditis and healthy controls (Supplementary
Table 1). Unlike the patient, recently vaccinated controls showed
an elevated level of Th2-type cytokines compared to the healthy
control group (Supplementary Table 1). Eotaxin levels, a potent
chemokine for eosinophil recruitment, were decreased in the
patient with myopericarditis and vaccine controls compared with
the healthy group (Supplementary Table 1). Meanwhile, the
patient with myopericarditis after COVID-19 vaccination showed
a slightly increased level of Th17-type cytokines including IL-17A,
IL-17F, and IL-22 compared to healthy controls, but they were
lower than those of recently vaccinated controls (Supplementary
Table 1). These findings indicate that Th2- or Th17-dependent
immune activation unlikely contributed to myopericarditis after
COVID-19 vaccination.

Activated Circulating NK Cells
and T Cells in Myopericarditis After
COVID-19 Vaccination
To further investigate changes in the immune profile of the
patient with COVID-19 vaccine-related myopericarditis, we
characterized his PBMC collected on days 3 and 4 after the
vaccination using flow cytometry and RT-PCR (Supplementary
Figure 1). We used PBMC from healthy or recently vaccinated
individuals as controls. In flow cytometry and RT-PCR analysis,
a biologically important change was considered if the value of the
patient sample was higher or lower compared to all individuals of
either control group. Regardless of myopericarditis development,
the COVID-19 mRNA vaccine caused an increase of NK cell
number and gene expression associated with effector function
such as IFN-g (IFNG), granzyme A (GZMA), and granzyme B
(GZMB) compared with healthy controls (Figures 2A, B).
Notably, NK cell expression of degranulation marker CD107a
Frontiers in Immunology | www.frontiersin.org 6
(LAMP-1; lysosomal-associated membrane protein 1) in the
patient with myopericarditis after COVID-19 mRNA vaccine
was higher than that of recently vaccinated controls (Figure 2C
and Supplementary Figure 2A). In circulating T cells, both
CD4+ and CD8+ T cells in the patient with myopericarditis after
COVID-19 vaccine exhibited an activated phenotype defined by
CD38+HLA-DR+ and PD-1+Ki-67+ compared to healthy and
vaccine control groups (Figures 2D–G). The number of CD4+

and CD8+ T cells was comparable between the patient and
control groups (Supplementary Figure 2B). However, the
patient with myopericarditis after COVID-19 vaccine exhibited
an increase of terminally differentiated effector memory CD4+ T
cells expressing CD45RA (TEMRA; CCR7

-CD45RA+) compared
with both healthy and vaccinated controls (Figures 2H, I). The
composition of other CD4+ T cell subsets such as naïve T cells
(TN; CCR7+CD45RA+), central memory T cells (TCM;
CCR7+CD45RA-), and effector memory T cells (TEM; CCR7

-

CD45RA-) was comparable between groups (Figures 2H, I). In
CD8+ T cells, the patient with myopericarditis following
COVID-19 vaccine showed a trend of increased TEMRA subset
and a decrease of TCM and TEM subsets compared to healthy and
vaccinated controls (Supplementary Figure 2C, D). Thus,
circulating NK cells and T cells might be activated directly by
elevated IL-18 and IL-27 in the patient with COVID-19 vaccine-
related myopericarditis.

Monocyte NLRP3 Inflammasome
Activation and IL-18 Production in
COVID-19 Vaccine-Related
Myopericarditis
Next, we tested whether monocytes in the patient with
myopericarditis after COVID-19 vaccination are activated to
produce IL-18. We found that the number of CD14+ classical
monocytes was increased in the patient with myopericarditis after
COVID-19 vaccination, while CD16+ non-classical monocytes
were increased in the recently vaccinated controls (Figure 3A).
CD14+ monocytes from the patient with myopericarditis on day 3
after the vaccination expressed a higher level of IL-18 (IL18) and
NLRP3 inflammasome (NLRP3) genes than those of control
groups (Figure 3B). Flow cytometry analysis confirmed
increased intracellular IL-18 and NLRP3 inflammasome
expression in CD14+ monocytes of the patient with COVID-19
vaccine-related myopericarditis (Figures 3C, D). Collectively,
these findings suggest that blood monocytes in the patient with
COVID-19 vaccine-related myopericarditis are activated to
produce IL-18 priming NK cells and T cells.

Mild Cardiac Dysfunction and NK Cell
Activation in the Heart by IL-18 Treatment
In the endomyocardial biopsy of the patient with myopericarditis
after COVID-19 vaccination, we observed diffuse mild infiltration
of macrophages and monocytes, which can be a potent IL-18
producer in the heart (Figure 1B). Indeed, circulating monocytes
in the patient with COVID-19 vaccine-related myopericarditis
exhibited upregulated NLRP3 inflammasome expression and
IL-18 production (Figures 3B, D). To investigate whether IL-18
February 2022 | Volume 13 | Article 851620
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can induce cardiac damage and inflammation, we injected
recombinant IL-18 into mice and examined their cardiac function
and immune profile (Figure 4A). In IL-18-injected mice, cardiac
functionmonitoredbyejection fractionand fractionshorteningwas
Frontiers in Immunology | www.frontiersin.org 7
slightly but significantly reduced compared to PBS-injected
controls (Figure 4B). In cardiac infiltrating immune cell profiles,
CD45+ cell number was increased in the IL-18-treated group
compared with controls, although it was not statistically
A B

D E

F G

H I

C

FIGURE 2 | Activation of NK and T cells in patient with myopericarditis following COVID-19 vaccination. PMBC was isolated from the patient with myopericarditis on
days 3 (D3) and 4 (D4) after COVID-19 mRNA vaccination. For flow cytometry analysis, four healthy controls (Healthy) and three individuals who had been vaccinated in
the past 2 to 3 days (Vaccine) were used as control. For RT-PCR, three healthy and three vaccinated individuals were used as control. (A) NK cell frequency among
PBMC CD45+ cells in the patient with COVID-19 vaccine-related myopericarditis. NK cells were gated on CD45+CD3-CD19-CD56+ (Supplementary Figure 1). (B)
IFNG, GZMA, and GZMB gene expression in NK cells from the patient with COVID-19 vaccine-related myopericarditis and controls determined by RT-PCR. NK cells
were enriched from the PBMC using magnetic beads. (C) Mean fluorescence intensity (MFI) of CD107a expression in PBMC NK cells of the patient with COVID-19
mRNA vaccine-related myopericarditis. (D, E) Flow cytometry plots (D) and frequencies (E) of CD38+HLA-DR+ and PD-1+Ki-67+ cells in PBMC CD4+ T cells. CD4+ T
cells were gated on CD45+CD3+CD4+ (Supplementary Figure 1). (F, G) Flow cytometry plots (F) and frequencies (G) of CD38+HLA-DR+ and PD-1+Ki-67+ cells in
PBMC CD8+ T cells. CD8+ T cells were gated on CD45+CD3+CD8+ (Supplementary Figure 1). (H, I) Flow cytometry plots (H) and frequencies
(I) of CD4+ T cell subsets in the patient PBMC defined by CCR7+CD45RA+ (TN; naïve), CCR7

+CD45RA- (TCM; central memory), CCR7-CD45RA- (TEM; effector memory),
and CCR7-CD45RA+ (TEMRA; effector memory expressing CD45RA).
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significant (Supplementary Figures 3, 4A). No inflammatory cell
fociwerehistologically observed in themyocardiumorpericardium
in IL-18-injected mice (data not shown). However, the number of
cardiac NK cells was significantly increased in the IL-18-treated
mice compared to controls (Figure 4C).MostNKcells in the IL-18-
injected mouse hearts were located in the myocardium adjacent to
the pericardium but not to the endocardium, suggesting a
contribution of NK cells to myopericardial inflammation and
damage (Figure 4D). Cardiac NK cells in the IL-18 treatment
group exhibited increased CD44 expression, an activation marker,
compared to controls (Figures 4E, F). The number of other
immune cells in the heart such as T cells, B cells, macrophages,
and monocytes was comparable between groups (Supplementary
Figure 4B). Neutrophil counts were decreased in the hearts of IL-
18-treatedmice compared to controls (Supplementary Figure 4B).
Despite no increase of cell numbers, cardiac CD4+ T cells in the IL-
18-injectedmice revealed an activated phenotype with significantly
increased effector T cells (CD62L-CD44+) and decreased naïve T
cells (CD62+CD44-) compared to controls (Figures 4G, H).
Memory CD4+ T cells (CD62+CD44+) were also increased by IL-
18 administration, although it was not significant (Figures 4G, H).
CD8+ T cells in the hearts from IL-18-injected mice showed an
activated phenotype as well as CD4+ T cells (Supplementary
Figure 4C, D). Macrophages in the IL-18-treated mouse hearts
were also activated, exhibiting increased MHCII expression
(Supplementary Figure 4E, F). These data suggest that IL-18 can
contribute to cardiac dysfunction directly or indirectly through the
Frontiers in Immunology | www.frontiersin.org 8
activation of NK cells and T cells, which were shown in the PBMC
from the patient with myopericarditis after COVID-19
mRNA vaccine.

No Involvement of Cardiac Autoantibodies
or SARS-CoV-2 Infection in COVID-19
Vaccine-Associated Myopericarditis
To test if anti-cardiac autoantibodies are associated with
myopericarditis following COVID-19 vaccine, we performed an
indirect immunofluorescence assay using the patient plasma
collected on days 3 and 4 after vaccination. We detected no
significant antibody binding to the non-human primate heart
tissue in the patient plasma, while positive control antibodies
showed a strong binding (Supplementary Figure 5A). In addition,
we tested if this patient had anti-cardiac myosin autoantibodies,
which were present in patients with community-acquired
myocarditis and inflammatory cardiomyopathy, by using ELISA
(28). The patient had a negligible level of antibodies against cardiac
myosinS2-16andS2-28, comparable tonormalhealthy controlswith
no cardiac inflammation (Supplementary Figure 5B). In the PBMC
of the patientwithmyopericarditis after vaccination, the number of B
cellswas reduced compared to healthy and vaccinated controls, while
plasma cells were comparable between groups (Figure 4I and
Supplementary Figure 5C). In the B cell subset analysis, naïve B
cells (BN; IgD

+CD27-), non-class-switched memory B cells (BNSM;
IgD+CD27+), and class-switched memory B cells (BSM; IgD

-CD27+)
showed no proportional changes between the patient and control
C D

A B

FIGURE 3 | NLRP3 inflammasome activation and IL-18 production of monocytes in patient with COVID-19 vaccine-related myopericarditis. PMBC was isolated from the
patient with myopericarditis on days 3 (D3) and 4 (D4) after COVID-19 mRNA vaccination. For flow cytometry analysis, four healthy controls (Healthy) and three individuals
who had been vaccinated in the past 2 to 3 days (Vaccine) were used as control. For RT-PCR, three healthy and three vaccinated individuals were used as control.
(A) CD14+, CD14+CD16+, and CD16+ monocyte frequency among PBMC CD45+ cells in the patient with myopericarditis following COVID-19 vaccine. Monocytes were
gated on CD45+CD3-CD19-CD56- (Supplementary Figure 1). (B) IL18 and NLRP3 gene expression in CD14+ monocytes from the patient with COVID-19 vaccine-
related myopericarditis and controls determined by RT-PCR. CD14+ monocytes were enriched from the PBMC using magnetic beads. (C, D) Histograms (C) and mean
fluorescence intensity (MFI) (D) of IL-18 and NLRP3 inflammasome expression in CD14+ monocytes of the patient with myopericarditis after COVID-19 mRNA vaccine.
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groups (Supplementary Figure 5D). The reduction of total B cell
count in the patient with COVID-19 vaccine-related myocarditis
could be temporarily causedby enhancedTcell immunity, not due to
genetically defective humoral immunity. We found the presence of
anti-SARS-CoV-2spike (S)protein IgAandIgGin thepatientplasma
by ELISA (Euroimmun), while they were not detected in controls
who received the vaccine at the same time point (Supplementary
Figure 5E). In this patient, a history of COVID-19 three months
before the vaccination likely induced anti-SARS-CoV-2 antibody
production. Next, to investigate whether residual SARS-CoV-2 from
the history of COVID-19 or cardiac S protein expression due to the
mRNA vaccine is involved in myopericarditis in this patient, we
Frontiers in Immunology | www.frontiersin.org 9
tested the presence of SARS-CoV-2 S and nucleocapsid (N) genes in
the endomyocardial biopsy by using RT-PCR.Neither viral genewas
detected in the patient biopsy sample, suggesting no involvement of
SARS-CoV-2 infection or cardiac S protein expression due to the
vaccination in myopericarditis pathogenesis (data not shown).
DISCUSSION

We present a case of myopericarditis after the mRNA-1273
COVID-19 vaccine. Immune profiling of the patient plasma
and PBMC revealed Th1-biased immune activation, especially
A B C

G H I

D

E F

FIGURE 4 | Mild cardiac dysfunction and NK cell activation in IL-18-treated mice. (A) Scheme of experimental timeline for IL-18 in vivo injection into A/J mice. Recombinant
IL-18 was intraperitoneally injected into mice every other day for eight days. Mice underwent echocardiogram and then were sacrificed on day 10. (B) Ejection fraction and
fraction shortening of IL-18-injected mice (n = 3) and controls (n = 3) monitored by M-mode echocardiogram. P-values: 0.0395 (left); 0.0255 (right). (C) Number of NK cells in
hearts of IL-18-injected mice (n = 5) and controls (n=5) analyzed by flow cytometry. NK cells were gated on CD45+NKp46+ (Supplementary Figure 3). P-value: 0.0024.
(D) Representative images of immunohistochemistry staining for NKp46 on the myocardium adjacent to the pericardium or endocardium from IL-18-injected mice. Arrows
indicate NK cells. Scale bar: 25 µm. (E, F) Flow cytometry plots (E) and frequencies (F) of CD44 expression in cardiac NK cells of IL-18-injected mice. P-value: 0.0016.
(G, H) Flow cytometry plots (G) and frequencies (H) of CD4+ T cell subsets defined by CD62L+CD44- (naïve), CD62L-CD44+ (effector), and CD62L+CD44+ (memory) in IL-
18-injected mouse hearts. CD4+ T cells were gated on CD45+NKp46-CD11b-CD3+CD4+ (Supplementary Figure 3). P-values: 0.0006 (left); 0.0104 (middle); 0.1089 (right).
(I) Frequencies of B cells among PBMC CD45+ cells from the patient with COVID-19 vaccine-related myopericarditis. B cells were gated on CD45+CD19+ (Supplementary
Figure 1). Student t-test was used for statistical analysis. *P < 0.05; **P < 0.005; ***P < 0.001.
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highly elevated IL-18 levels and activated NK cells and T cells. In
the endomyocardial biopsy, we found diffuse mild monocyte and
macrophage infiltration. The patient presented with elevated
cardiac troponin levels and mildly reduced cardiac function. In
mice, IL-18 in vivo administration caused NK cell and T cell
activation in the heart and mild cardiac dysfunction, replicating
our findings in the patient with COVID-19 vaccine-related
myopericarditis. Thus, a possible mechanistic explanation for
myopericarditis after COVID-19 mRNA vaccine could be
cardiac injury mediated by vaccination-triggered excessive IL-
18 production and Th1 immunity activation as a consequence.

In the multiplex cytokine assay, the patient with myopericarditis
after COVID-19 vaccination revealed a marked increase of four
cytokines and chemokines, IL-18, IL-27, CXCL9, and CXCL10,
over vaccinated controls who experienced no cardiac
complications, suggesting that cardiac injury could be mediated
by those soluble factors. This is supported by the finding of no
significant inflammatory cell infiltration in the endomyocardial
biopsy from the patient, where showed only diffuse macrophages
and monocytes. In cardiovascular disease patients, high IL-18 levels
were associated with a risk of heart damage and death, supported by
animal studies (23–27). In vitro studies showed that IL-18 can
directly induce cardiomyocyte hypertrophy and contractility
reduction (27, 29). In addition, it was reported that NLRP3
inflammasome expression, an upstream signal for IL-18
activation, was upregulated in patients with myocarditis or
pericarditis (30, 31). IL-27 is one of the cytokines elevated in
patients with coronary artery disease, although it is unclear if IL-
27 plays a pathogenic or protective role in the cardiovascular system
(32–34). In the immune system, IL-27 plays a dual role by
activating NK cells and Th1 cells and simultaneously promoting
anti-inflammatory cytokine production in other types of T cells
(35). CXCR3 ligands such as CXCL9 and CXCL10 are considered
as biomarkers for heart failure and other cardiovascular diseases
(36). CXCL9 treatment has disrupted electrophysiology in
cardiomyocyte in vitro culture, while no studies have reported if
CXCL10 can directly damage cardiomyocytes (37).

Th2-type cytokines and eotaxin play an essential role in
eosinophilic myocarditis in humans and mice, and Th17-type
immune responses are important for the pathogenesis of
autoimmune myocarditis and its sequela dilated cardiomyopathy
(38–43). In our study, we found that a level of Th2- or Th17-type
cytokines in the patient with COVID-19 vaccine-related
myopericarditis was comparable to healthy controls or lower
than that of recently vaccinated controls. Thus, we concluded
that Th2 cells, eosinophils, and Th17 cells are not involved in
COVID-19 mRNA vaccine-related myopericarditis and that
excessive Th1 immune activation might suppress Th2- and
Th17-type immune responses in the patient with myopericarditis
following the COVID-19 vaccine. In a case report by others,
eosinophils within mixed inflammatory infiltration were observed
in endomyocardial biopsy and autopsy specimens of patients with
myocarditis after COVID-19 mRNA vaccination (12). However,
those patients developed myocarditis at least 10 days after the
vaccination, which is less typical than most cases reported and
could suggest a different mechanism than the case in our report.
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The patient with myopericarditis after COVID-19 mRNA
vaccine revealed activated NK cells and T cells in the periphery,
indicating a robust Th1-type immune response. Among elevated
cytokines in the patients, IL-18 is a pro-inflammatory cytokine
that can stimulate NK cells together with IL-12, and IL-27 is also
known to augment NK cell effector function (44). In a similar
way, IL-18 and IL-27 can activate T cells and differentiate them
into Th1 cells (45). In the patient with myopericarditis following
COVID-19 vaccination, we found an increase of monocyte
number and IL-18 production. Monocytes are a primary
source of IL-18 in the blood, constitutively expressing IL-18
mRNA and its membrane-bound form protein to release upon
stimulation (46, 47). IL-27 can also be produced primarily by
activated monocytes (48). In addition, we found diffuse
myocardial CD68+ cell infiltration in the patient biopsy
sample, suggesting an increased level of IL-18 produced by
monocytes and macrophages in the heart with COVID-19
vaccine-related myopericarditis.

In our mouse experiment, IL-18 in vivo injection caused mild
cardiac dysfunction. Previous clinical studies have suggested a
detrimental role of IL-18 in various cardiovascular diseases (23–
25). Supportively, other studies have shown that IL-18 can
directly damage cardiomyocytes by inducing hypertrophy and
reducing contractility (26, 27). Thus, elevated IL-18 production
by circulating or heart-infiltrating monocytes and macrophages
could directly cause cardiomyocyte injury in the patient with
myopericarditis after COVID-19 vaccination, which was proven
by high cardiac troponin levels and decreased left ventricular
systolic function. Meanwhile, we found that IL-18 in vivo
administration led to NK cell infiltration and activation in the
myopericardium but not in the endomyocardium of mice,
suggesting a contribution of NK cells to myopericardial
inflammation. In myopericarditis after COVID-19 mRNA
vaccine, a contribution of NK cells is unknown thus far.
However, since NK cells are primarily and rapidly stimulated
by IL-18, activated NK cells and their effector molecule
production such as IFN-g, perforin, granzymes, and FasL may
contribute to myopericarditis onset and progress. A case report
of myocarditis after the mRNA-1273 vaccine showed increased
NK cell count in the patient blood as well as our finding (20).
Due to well-known anti-viral function and Th1-type activity, NK
cells have been considered to protect the heart from viral
infection-induced myocarditis and eosinophil-associated
autoimmune myocarditis in mice, but they are clinically
different from COVID-19 vaccine-related myopericarditis (49,
50). Our mouse experiment showed that neutrophils were a
minor population in the naïve heart, and their number was
reduced after IL-18 treatment, suggesting no contribution of
neutrophils to IL-18-driven cardiotoxicity. Supportively, in case
reports by others, patients with myocarditis after COVID-19
vaccine presented no increase of blood neutrophil count (8).

A case study reported that the BNT162b2 mRNA vaccine
caused cytokine release syndrome including IL-18 level elevation
in a colorectal cancer patient (51). However, it is unclear which
component of the mRNA vaccine is related to NLRP3
inflammasome-IL-18 pathway activation leading to cardiac
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damage. Since SARS-CoV-2-infected patients showed activated
monocyte NLRP3 inflammasome pathway and increased plasma
IL-18 levels, S protein expression due to mRNA vaccination
could cause IL-18 production in monocytes (52, 53). Like the
patient in our study, individuals who recovered from COVID-19
showed robust activation of CD8+ T cells after the first dose of
mRNA vaccine than persons with no history of COVID-19 (54).
Meanwhile, an immune enhancement by lipid nanoparticles has
been studied in vaccine-injected mice (55). In addition, other
researchers reported that the lipid nanoparticles could stimulate
the NLRP3 inflammasome pathway through toll-like receptors,
suggesting a possible monocyte activation and IL-18 production
caused by the lipid nanoparticle vehicle of mRNA vaccine
(56, 57).

Given the fact that 16- to 29-year-old males showed a higher
incidence of COVID-19 vaccine-related myocarditis than other
groups, we speculate that young men could have a stronger IL-18
production and Th1 immune response compared to females,
although this requires further investigation (3). In clinical studies
of community-acquired pericarditis and myocarditis cases, 66% to
84% of patients were males, and they were significantly younger
than their female counterparts (58–61). Male patients with acute
pericarditis experienced more myocardial involvement
(myopericarditis) than females (58). Additionally, males
presented more frequent ST elevation and higher troponin levels
than females (58, 59). Similarly, in the mouse model for
myocarditis induced by coxsackievirus B3 infection, male mice
showed higher mortality and greater myocardial inflammation
than females (62, 63). Cardiac IL-18 and IL-1b levels, the
outcome of NLRP3 inflammasome activation, in male mice with
myocarditis were significantly higher compared with females (63).
A predominance of Th1-type immune response over Th2-type
response was shown in the heart and periphery of male mice with
myocarditis, suggesting a contribution of IL-18 and Th1 immune
activation to sex-dependent cardiac inflammation (62–64).

Since COVID-19 mRNA vaccine-related myocarditis develops
rapidly in 3 to 4 days after vaccination, innate immunity more
likely contributes to the pathogenesis of vaccine-related
myopericarditis than adaptive immunity (4). The pathogenic role
of IL-1 family members such as IL-1a, IL-1b, and IL-33 in
pericarditis has been studied clinically and preclinically. The
therapeutic use of IL-1a and IL-1b inhibitors in patients with
pericarditis has improved pain and inflammation in clinical trials
(65). IL-1b treatment alone was able to cause cardiac dysfunction
in mice, and IL-18 blockade by genetic mutation or inhibitor
treatment prevented IL-1b-induced systolic dysfunction (66). This
indicates that IL-18 is a potent mediator of cardiovascular diseases.
In addition, we and others have shown that in vivo administration
of IL-33 alone can induce acute pericarditis by activating only
innate immunity in mice (67, 68). Thus, excessive activation of
innate immune responses mediated by IL-18, an IL-1 family
member, may contribute to myopericarditis development after
COVID-19 mRNA vaccination. In IL-18-injected mice, we found
NK cell infiltration in the myocardium near the pericardium,
where inflammation or cardiomyocyte damage likely occurred in
the patient with myopericarditis after COVID-19 mRNA vaccine.
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Future studies should explore whether IL-18 can damage the heart
directly or indirectly through NK cell activation.

We found no autoantibodies against cardiac antigens
associated with myocarditis in the patient with myopericarditis
following COVID-19 vaccine. We also found neither SARS-
CoV-2 S nor N gene expression in the endomyocardial biopsy
of the patient. Molecular mimicry was also speculated, but we
observed no significant T cell infiltration in the myocardium of
the patient. The main limitation of this study is the small sample
size and the higher age of the vaccinated control group.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Committee for the Protection of Human Subjects at
the Johns Hopkins University. The patients/participants
provided their written informed consent to participate in this
study. The animal study was reviewed and approved by Animal
Care and Use Committee of the Johns Hopkins University.
AUTHOR CONTRIBUTIONS

TW, NG, and DC designed the study and wrote the manuscript.
NG, JL, and AM collected biological and clinical data. CS was a
cardiac pathologist in this case. TW, MW, DH, and MT
performed experiments and analyzed data. All authors
reviewed and approved the manuscript.
FUNDING

This study was supported by the Matthew Vernon Poyner
Memorial Foundation to DC and NG, the Bentivoglio Family
Fund to NG, and the Post-Acute COVID-19 Syndrome Discovery
Fund of the Johns Hopkins University to NG. NG is supported by
the American Heart Association (AHA) 20SFRN35380046 and
National Institutes of Health/National Heart, Lung, and Blood
Institute (NIH/NHLBI) R01HL118183. DC is supported by NIH/
NHLBI R01HL118183 and R01HL136586 and AHA COVID-19
Rapid Response Grant 814664, 20TPA35490421, and
19TPA34910007. TW is supported by the 2018 Rhett Lundy
Memorial Research Fellowship from the Myocarditis Foundation.
MW is funded by the NIH/National Institute of Arthritis and
Musculoskeletal and Skin Diseases (NIAMS) F31AR077406. DH is
supported by the NIH/NHLBI F31HL149328.
February 2022 | Volume 13 | Article 851620

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Won et al. IL-18 in COVID-19 Vaccine-Related Myopericarditis
ACKNOWLEDGMENTS

We thank the patient and all controls for participating in this study,
Yavette Goldsborough for collecting biological specimens, and
Emily Egbert and Shaoming Xiao for organizing sample inventory.
Frontiers in Immunology | www.frontiersin.org 12
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
851620/full#supplementary-material
REFERENCES
1. Luk A, Clarke B, Dahdah N, Ducharme A, Krahn A, McCrindle B, et al.

Myocarditis and Pericarditis After COVID-19 mRNA Vaccination: Practical
Considerations for Care Providers. Can J Cardiol (2021) 37(10):1629–34.
doi: 10.1016/j.cjca.2021.08.001

2. Larson KF, Ammirati E, Adler ED, Cooper LTJr., Hong KN, Saponara G, et al.
Myocarditis After BNT162b2 and mRNA-1273 Vaccination. Circulation
(2021) 144(6):506–8. doi: 10.1161/CIRCULATIONAHA.121.055913

3. Witberg G, Barda N, Hoss S, Richter I, Wiessman M, Aviv Y, et al.
Myocarditis After Covid-19 Vaccination in a Large Health Care
Organization. N Engl J Med (2021) 385(23):2132–9. doi: 10.1056/
NEJMoa2110737

4. Diaz GA, Parsons GT, Gering SK, Meier AR, Hutchinson IV, Robicsek A.
Myocarditis and Pericarditis After Vaccination for COVID-19. JAMA (2021)
326(12):1210–2. doi: 10.1001/jama.2021.13443

5. Rosner CM, Genovese L, Tehrani BN, Atkins M, Bakhshi H, Chaudhri S, et al.
Myocarditis Temporally Associated With COVID-19 Vaccination.
Circulation (2021) 144(6):502–5. doi: 10.1161/CIRCULATIONAHA.
121.055891

6. Montgomery J, Ryan M, Engler R, Hoffman D, McClenathan B, Collins L,
et al. Myocarditis Following ImmunizationWith mRNA COVID-19 Vaccines
in Members of the US Military. JAMA Cardiol (2021) 6(10):1202–6.
doi: 10.1001/jamacardio.2021.2833

7. Dionne A, Sperotto F, Chamberlain S, Baker AL, Powell AJ, Prakash A, et al.
Association of Myocarditis With BNT162b2 Messenger RNA COVID-19
Vaccine in a Case Series of Children. JAMA Cardiol (2021) 6(12):1446–50.
doi: 10.1001/jamacardio.2021.3471

8. Marshall M, Ferguson ID, Lewis P, Jaggi P, Gagliardo C, Collins JS, et al.
Symptomatic Acute Myocarditis in 7 Adolescents After Pfizer-BioNTech
COVID-19 Vaccination. Pediatrics (2021) 148(3):e2021052478. doi: 10.1542/
peds.2021-052478

9. Bozkurt B, Kamat I, Hotez PJ. Myocarditis With COVID-19 mRNA Vaccines.
Circulation (2021) 144(6):471–84. doi: 10.1161/CIRCULATIONAHA.
121.056135

10. Schneider J, Sottmann L, Greinacher A, Hagen M, Kasper HU, Kuhnen C,
et al. Postmortem Investigation of Fatalities Following Vaccination With
COVID-19 Vaccines. Int J Legal Med (2021) 135(6):2335–45. doi: 10.1007/
s00414-021-02706-9

11. Choi S, Lee S, Seo JW, Kim MJ, Jeon YH, Park JH, et al. Myocarditis-Induced
Sudden Death After BNT162b2 mRNA COVID-19 Vaccination in Korea:
Case Report Focusing on Histopathological Findings. J Korean Med Sci (2021)
36(40):e286. doi: 10.3346/jkms.2021.36.e286

12. Verma AK, Lavine KJ, Lin CY. Myocarditis After Covid-19 mRNA
Vaccination. N Engl J Med (2021) 385(14):1332–4. doi: 10.1056/
NEJMc2109975

13. Tschope C, Ammirati E, Bozkurt B, Caforio ALP, Cooper LT, Felix SB, et al.
Myocarditis and Inflammatory Cardiomyopathy: Current Evidence and
Future Directions. Nat Rev Cardiol (2021) 18(3):169–93. doi: 10.1038/
s41569-020-00435-x

14. Tschope C, Cooper LT, Torre-Amione G, Van Linthout S. Management of
Myocarditis-Related Cardiomyopathy in Adults. Circ Res (2019) 124
(11):1568–83. doi: 10.1161/CIRCRESAHA.118.313578

15. Halsell JS, Riddle JR, Atwood JE, Gardner P, Shope R, Poland GA, et al.
Department of Defense Smallpox Vaccination Clinical Evaluation T.
Myopericarditis Following Smallpox Vaccination Among Vaccinia-Naive
US Military Personnel. JAMA (2003) 289(24):3283–9. doi: 10.1001/
jama.289.24.3283

16. Su JR, McNeil MM, Welsh KJ, Marquez PL, Ng C, Yan M, et al.
Myopericarditis After Vaccination, Vaccine Adverse Event Reporting
System (VAERS), 1990-2018. Vaccine (2021) 39(5):839–45. doi: 10.1016/
j.vaccine.2020.12.046

17. Bracamonte-Baran W, Cihakova D. Cardiac Autoimmunity: Myocarditis. Adv
Exp Med Biol (2017) 1003:187–221. doi: 10.1007/978-3-319-57613-8_10

18. Ammirati E, Frigerio M, Adler ED, Basso C, Birnie DH, Brambatti M, et al.
Management of Acute Myocarditis and Chronic Inflammatory
Cardiomyopathy: An Expert Consensus Document. Circ Heart Fail (2020)
13(11):e007405. doi: 10.1161/CIRCHEARTFAILURE.120.007405

19. Kaya Z, Leib C, Katus HA. Autoantibodies in Heart Failure and Cardiac
Dysfunction. Circ Res (2012) 110(1):145–58. doi: 10.1161/CIRCRESAHA.
111.243360

20. Muthukumar A, Narasimhan M, Li QZ, Mahimainathan L, Hitto I, Fuda F,
et al. In-Depth Evaluation of a Case of Presumed Myocarditis After the
Second Dose of COVID-19 mRNA Vaccine. Circulation (2021) 144(6):487–
98. doi: 10.1161/CIRCULATIONAHA.121.056038

21. Kaplanski G. Interleukin-18: Biological Properties and Role in Disease
Pathogenesis. Immunol Rev (2018) 281(1):138–53. doi: 10.1111/imr.12616

22. Sharma BR, Kanneganti TD. NLRP3 Inflammasome in Cancer and Metabolic
Diseases. Nat Immunol (2021) 22(5):550–9. doi: 10.1038/s41590-021-00886-5

23. Blankenberg S, Tiret L, Bickel C, Peetz D, Cambien F, Meyer J, et al.
Interleukin-18 is a Strong Predictor of Cardiovascular Death in Stable and
Unstable Angina. Circulation (2002) 106(1):24–30. doi: 10.1161/
01.cir.0000020546.30940.92

24. Hartford M, Wiklund O, Hulten LM, Persson A, Karlsson T, Herlitz J, et al.
Interleukin-18 as a Predictor of Future Events in Patients With Acute
Coronary Syndromes. Arterioscler Thromb Vasc Biol (2010) 30(10):2039–46.
doi: 10.1161/ATVBAHA.109.202697

25. Blankenberg S, Luc G, Ducimetiere P, Arveiler D, Ferrieres J, Amouyel P, et al.
Interleukin-18 and the Risk of Coronary Heart Disease in European Men: The
Prospective Epidemiological Study of Myocardial Infarction (PRIME).
Circulation (2003) 108(20):2453–9. doi: 10.1161/01.CIR.0000099509.
76044.A2

26. Platis A, Yu Q, Moore D, Khojeini E, Tsau P, Larson D. The Effect of Daily
Administration of IL-18 on Cardiac Structure and Function. Perfusion (2008)
23(4):237–42. doi: 10.1177/0267659108101511

27. Woldbaek PR, Sande JB, Stromme TA, Lunde PK, Djurovic S, Lyberg T, et al.
Daily Administration of Interleukin-18 Causes Myocardial Dysfunction in
Healthy Mice. Am J Physiol Heart Circ Physiol (2005) 289(2):H708–14.
doi: 10.1152/ajpheart.01179.2004

28. Mascaro-Blanco A, Alvarez K, Yu X, Lindenfeld J, Olansky L, Lyons T, et al.
Consequences of Unlocking the Cardiac Myosin Molecule in Human
Myocarditis and Cardiomyopathies. Autoimmunity (2008) 41(6):442–53.
doi: 10.1080/08916930802031579

29. Chandrasekar B, Mummidi S, Claycomb WC, Mestril R, Nemer M.
Interleukin-18 is a Pro-Hypertrophic Cytokine That Acts Through a
Phosphatidylinositol 3-Kinase-Phosphoinositide-Dependent Kinase-1-Akt-
GATA4 Signaling Pathway in Cardiomyocytes. J Biol Chem (2005) 280
(6):4553–67. doi: 10.1074/jbc.M411787200

30. Toldo S, Kannan H, Bussani R, Anzini M, Sonnino C, Sinagra G, et al.
Formation of the Inflammasome in Acute Myocarditis. Int J Cardiol (2014)
171(3):e119–21. doi: 10.1016/j.ijcard.2013.12.137

31. Mauro AG, Bonaventura A, Vecchie A, Mezzaroma E, Carbone S, Narayan P,
et al. The Role of NLRP3 Inflammasome in Pericarditis: Potential for
Therapeutic Approaches. JACC Basic Transl Sci (2021) 6(2):137–50.
doi: 10.1016/j.jacbts.2020.11.016

32. Jafarzadeh A, Nemati M, Rezayati MT. Serum Levels of Interleukin (IL)-27 in
Patients With Ischemic Heart Disease. Cytokine (2011) 56(2):153–6.
doi: 10.1016/j.cyto.2011.06.014

33. Jin W, Zhao Y, Yan W, Cao L, Zhang W, Wang M, et al. Elevated Circulating
Interleukin-27 in Patients With Coronary Artery Disease is Associated With
February 2022 | Volume 13 | Article 851620

https://www.frontiersin.org/articles/10.3389/fimmu.2022.851620/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.851620/full#supplementary-material
https://doi.org/10.1016/j.cjca.2021.08.001
https://doi.org/10.1161/CIRCULATIONAHA.121.055913
https://doi.org/10.1056/NEJMoa2110737
https://doi.org/10.1056/NEJMoa2110737
https://doi.org/10.1001/jama.2021.13443
https://doi.org/10.1161/CIRCULATIONAHA.121.055891
https://doi.org/10.1161/CIRCULATIONAHA.121.055891
https://doi.org/10.1001/jamacardio.2021.2833
https://doi.org/10.1001/jamacardio.2021.3471
https://doi.org/10.1542/peds.2021-052478
https://doi.org/10.1542/peds.2021-052478
https://doi.org/10.1161/CIRCULATIONAHA.121.056135
https://doi.org/10.1161/CIRCULATIONAHA.121.056135
https://doi.org/10.1007/s00414-021-02706-9
https://doi.org/10.1007/s00414-021-02706-9
https://doi.org/10.3346/jkms.2021.36.e286
https://doi.org/10.1056/NEJMc2109975
https://doi.org/10.1056/NEJMc2109975
https://doi.org/10.1038/s41569-020-00435-x
https://doi.org/10.1038/s41569-020-00435-x
https://doi.org/10.1161/CIRCRESAHA.118.313578
https://doi.org/10.1001/jama.289.24.3283
https://doi.org/10.1001/jama.289.24.3283
https://doi.org/10.1016/j.vaccine.2020.12.046
https://doi.org/10.1016/j.vaccine.2020.12.046
https://doi.org/10.1007/978-3-319-57613-8_10
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007405
https://doi.org/10.1161/CIRCRESAHA.111.243360
https://doi.org/10.1161/CIRCRESAHA.111.243360
https://doi.org/10.1161/CIRCULATIONAHA.121.056038
https://doi.org/10.1111/imr.12616
https://doi.org/10.1038/s41590-021-00886-5
https://doi.org/10.1161/01.cir.0000020546.30940.92
https://doi.org/10.1161/01.cir.0000020546.30940.92
https://doi.org/10.1161/ATVBAHA.109.202697
https://doi.org/10.1161/01.CIR.0000099509.76044.A2
https://doi.org/10.1161/01.CIR.0000099509.76044.A2
https://doi.org/10.1177/0267659108101511
https://doi.org/10.1152/ajpheart.01179.2004
https://doi.org/10.1080/08916930802031579
https://doi.org/10.1074/jbc.M411787200
https://doi.org/10.1016/j.ijcard.2013.12.137
https://doi.org/10.1016/j.jacbts.2020.11.016
https://doi.org/10.1016/j.cyto.2011.06.014
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Won et al. IL-18 in COVID-19 Vaccine-Related Myopericarditis
Dendritic Cells, Oxidized Low-Density Lipoprotein, and Severity of Coronary
Artery Stenosis. Mediators Inflammation (2012) 2012:506283. doi: 10.1155/
2012/506283

34. Grufman H, Yndigegn T, Goncalves I, Nilsson J, Schiopu A. Elevated IL-27 in
Patients With Acute Coronary Syndrome is Associated With Adverse
Ventricular Remodeling and Increased Risk of Recurrent Myocardial
Infarction and Cardiovascular Death. Cytokine (2019) 122:154208.
doi: 10.1016/j.cyto.2017.11.002

35. Yoshida H, Hunter CA. The Immunobiology of Interleukin-27. Annu Rev
Immunol (2015) 33:417–43. doi: 10.1146/annurev-immunol-032414-112134

36. Altara R, Manca M, Brandao RD, Zeidan A, Booz GW, Zouein FA. Emerging
Importance of Chemokine Receptor CXCR3 and its Ligands in Cardiovascular
Diseases. Clin Sci (Lond) (2016) 130(7):463–78. doi: 10.1042/CS20150666

37. Scicluna BP, Remme CA, Rivaud M, Wilde AA, Bezzina CR, Verkerk AO.
Chemokine Ligand 9 Modulates Cardiac Repolarization via Cxcr3 Receptor
Binding. Int J Cardiol (2015) 201:49–52. doi: 10.1016/j.ijcard.2015.07.096

38. Baldeviano GC, Barin JG, Talor MV, Srinivasan S, Bedja D, Zheng D, et al.
Interleukin-17A is Dispensable for Myocarditis But Essential for the
Progression to Dilated Cardiomyopathy. Circ Res (2010) 106(10):1646–55.
doi: 10.1161/CIRCRESAHA.109.213157

39. Wu L, Ong S, Talor MV, Barin JG, Baldeviano GC, Kass DA, et al. Cardiac
Fibroblasts Mediate IL-17A-Driven Inflammatory Dilated Cardiomyopathy.
J Exp Med (2014) 211(7):1449–64. doi: 10.1084/jem.20132126

40. Myers JM, Cooper LT, Kem DC, Stavrakis S, Kosanke SD, Shevach EM, et al.
Cardiac Myosin-Th17 Responses Promote Heart Failure in Human
Myocarditis. JCI Insight (2016) 1(9):e85851. doi: 10.1172/jci.insight.85851

41. Song T, Jones DM, Homsi Y. Therapeutic Effect of Anti-IL-5 on Eosinophilic
Myocarditis With Large Pericardial Effusion. BMJ Case Rep (2017)
bcr2016218992. doi: 10.1136/bcr-2016-218992

42. Diny NL, Baldeviano GC, Talor MV, Barin JG, Ong S, Bedja D, et al.
Eosinophil-Derived IL-4 Drives Progression of Myocarditis to Inflammatory
Dilated Cardiomyopathy. J Exp Med (2017) 214(4):943–57. doi: 10.1084/
jem.20161702

43. Diny NL, Hou X, Barin JG, Chen G, Talor MV, Schaub J, et al. Macrophages
and Cardiac Fibroblasts are the Main Producers of Eotaxins and Regulate
Eosinophil Trafficking to the Heart. Eur J Immunol (2016) 46(12):2749–60.
doi: 10.1002/eji.201646557

44. Abel AM, Yang C, Thakar MS, Malarkannan S. Natural Killer Cells:
Development, Maturation, and Clinical Utilization. Front Immunol (2018)
9:1869. doi: 10.3389/fimmu.2018.01869

45. Robinson DS, O’Garra A. Further Checkpoints in Th1 Development.
Immunity (2002) 16(6):755–8. doi: 10.1016/s1074-7613(02)00331-x

46. Marshall JD, Aste-Amezaga M, Chehimi SS, Murphy M, Olsen H, Trinchieri
G. Regulation of Human IL-18 mRNA Expression. Clin Immunol (1999) 90
(1):15–21. doi: 10.1006/clim.1998.4633

47. Dinarello CA, Novick D, Kim S, Kaplanski G. Interleukin-18 and IL-18
Binding Protein. Front Immunol (2013) 4:289. doi : 10.3389/
fimmu.2013.00289

48. Pflanz S, Timans JC, Cheung J, Rosales R, Kanzler H, Gilbert J, et al. IL-27, a
Heterodimeric Cytokine Composed of EBI3 and P28 Protein, Induces
Proliferation of Naive CD4+ T Cells. Immunity (2002) 16(6):779–90.
doi: 10.1016/s1074-7613(02)00324-2

49. Ong S, Rose NR, Cihakova D. Natural Killer Cells in Inflammatory Heart
Disease. Clin Immunol (2017) 175:26–33. doi: 10.1016/j.clim.2016.11.010

50. Ong S, Ligons DL, Barin JG, Wu L, Talor MV, Diny N, et al. Natural Killer
Cells Limit Cardiac Inflammation and Fibrosis by Halting Eosinophil
Infi l tration. Am J Pathol (2015) 185(3):847–61. doi : 10.1016/
j.ajpath.2014.11.023

51. Au L, Fendler A, Shepherd STC, Rzeniewicz K, Cerrone M, Byrne F, et al.
Cytokine Release Syndrome in a Patient With Colorectal Cancer After
Vaccination With BNT162b2. Nat Med (2021) 27(8):1362–6. doi: 10.1038/
s41591-021-01387-6

52. Tan Y, Tang F. SARS-CoV-2-Mediated Immune System Activation and
Potential Application in Immunotherapy. Med Res Rev (2021) 41(2):1167–
94. doi: 10.1002/med.21756

53. Rodrigues TS, de Sa KSG, Ishimoto AY, Becerra A, Oliveira S, Almeida L, et al.
Inflammasomes are Activated in Response to SARS-CoV-2 Infection and are
Frontiers in Immunology | www.frontiersin.org 13
Associated With COVID-19 Severity in Patients. J Exp Med (2021) 218(3):
e20201707. doi: 10.1084/jem.20201707

54. Samanovic MI, Cornelius AR, Gray-Gaillard SL, Allen JR, Karmacharya T,
Wilson JP, et al. Robust Immune Responses are Observed After One Dose of
BNT162b2 mRNA Vaccine Dose in SARS-CoV-2 Experienced Individuals. Sci
Transl Med (2021) 14(631):eabi8961. doi: 10.1126/scitranslmed.abi8961

55. AlamehMG,Tombacz I, Bettini E, LedererK, SittplangkoonC,Wilmore JR, et al.
LipidNanoparticles Enhance theEfficacy ofmRNAandProtein SubunitVaccines
by Inducing Robust T Follicular Helper Cell and Humoral Responses. Immunity
(2021) 54(12):2877–92.e7. doi: 10.1016/j.immuni.2021.11.001

56. Ndeupen S, Qin Z, Jacobsen S, Estanbouli H, Bouteau A, Estanbouli H, Igyarto
BZ. The mRNA-LNP Platform’s Lipid Nanoparticle Component Used in
Preclinical Vaccine Studies is Highly Inflammatory iScience (2021) 24
(12):103479. doi: 10.1101/2021.03.04.430128

57. Lonez C, Irvine KL, Pizzuto M, Schmidt BI, Gay NJ, Ruysschaert JM, et al.
Critical Residues Involved in Toll-Like Receptor 4 Activation by Cationic
Lipid Nanocarriers are Not Located at the Lipopolysaccharide-Binding
Interface. Cell Mol Life Sci (2015) 72(20):3971–82. doi: 10.1007/s00018-015-
1915-1

58. Laufer-Perl M, Havakuk O, Shacham Y, Steinvil A, Letourneau-Shesaf S,
Chorin E, et al. Sex-Based Differences in Prevalence and Clinical Presentation
Among Pericarditis and Myopericarditis Patients. Am J Emerg Med (2017) 35
(2):201–5. doi: 10.1016/j.ajem.2016.10.039

59. Younis A, Mulla W, Matetzky S, Masalha E, Afel Y, Fardman A, et al. Sex-
Based Differences in Characteristics and In-Hospital Outcomes Among
Patients With Diagnosed Acute Myocarditis. Am J Cardiol (2020) 125
(11):1694–9. doi: 10.1016/j.amjcard.2020.02.040

60. Patriki D, Kottwitz J, Berg J, Landmesser U, Luscher TF, Heidecker B. Clinical
Presentation and Laboratory Findings in Men Versus Women With
Myocarditis. J Womens Health (Larchmt) (2020) 29(2):193–9. doi: 10.1089/
jwh.2018.7618

61. Shah Z, Mohammed M, Vuddanda V, Ansari MW, Masoomi R, Gupta K.
National Trends, Gender, Management, and Outcomes of Patients
Hospitalized for Myocarditis. Am J Cardiol (2019) 124(1):131–6.
doi: 10.1016/j.amjcard.2019.03.036

62. Huber SA, Pfaeffle B. Differential Th1 and Th2 Cell Responses in Male and
Female BALB/c Mice Infected With Coxsackievirus Group B Type 3. J Virol
(1994) 68(8):5126–32. doi: 10.1128/JVI.68.8.5126-5132.1994

63. Frisancho-Kiss S, Nyland JF, Davis SE, Frisancho JA, Barrett MA, Rose NR, et al.
Sex Differences in Coxsackievirus B3-Induced Myocarditis: IL-12Rbeta1
Signaling and IFN-Gamma Increase Inflammation in Males Independent From
STAT4. Brain Res (2006) 1126(1):139–47. doi: 10.1016/j.brainres.2006.08.003

64. Huber SA. Increased Susceptibility of Male BALB/c Mice to Coxsackievirus
B3-Induced Myocarditis: Role for CD1d. Med Microbiol Immunol (2005) 194
(3):121–7. doi: 10.1007/s00430-004-0221-6

65. Imazio M, Lazaros G, Gattorno M, LeWinter M, Abbate A, Brucato A, et al.
Anti-Interleukin-1 Agents for Pericarditis: A Primer for Cardiologists. Eur
Heart J (2021) ehab452. doi: 10.1093/eurheartj/ehab452

66. Toldo S, Mezzaroma E, O’Brien L, Marchetti C, Seropian IM, Voelkel NF,
et al. Interleukin-18 Mediates Interleukin-1-Induced Cardiac Dysfunction.
Am J Physiol Heart Circ Physiol (2014) 306(7):H1025–31. doi: 10.1152/
ajpheart.00795.2013

67. Choi HS, Won T, Hou X, Chen G, Bracamonte-Baran W, Talor MV, et al.
Innate Lymphoid Cells Play a Pathogenic Role in Pericarditis. Cell Rep (2020)
30(9):2989–3003 e6. doi: 10.1016/j.celrep.2020.02.040

68. Abston ED, Barin JG, Cihakova D, Bucek A, Coronado MJ, Brandt JE, et al.
IL-33 Independently Induces Eosinophilic Pericarditis and Cardiac Dilation:
ST2 Improves Cardiac Function. Circ Heart Fail (2012) 5(3):366–75.
doi: 10.1161/CIRCHEARTFAILURE.111.963769

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
February 2022 | Volume 13 | Article 851620

https://doi.org/10.1155/2012/506283
https://doi.org/10.1155/2012/506283
https://doi.org/10.1016/j.cyto.2017.11.002
https://doi.org/10.1146/annurev-immunol-032414-112134
https://doi.org/10.1042/CS20150666
https://doi.org/10.1016/j.ijcard.2015.07.096
https://doi.org/10.1161/CIRCRESAHA.109.213157
https://doi.org/10.1084/jem.20132126
https://doi.org/10.1172/jci.insight.85851
https://doi.org/10.1136/bcr-2016-218992
https://doi.org/10.1084/jem.20161702
https://doi.org/10.1084/jem.20161702
https://doi.org/10.1002/eji.201646557
https://doi.org/10.3389/fimmu.2018.01869
https://doi.org/10.1016/s1074-7613(02)00331-x
https://doi.org/10.1006/clim.1998.4633
https://doi.org/10.3389/fimmu.2013.00289
https://doi.org/10.3389/fimmu.2013.00289
https://doi.org/10.1016/s1074-7613(02)00324-2
https://doi.org/10.1016/j.clim.2016.11.010
https://doi.org/10.1016/j.ajpath.2014.11.023
https://doi.org/10.1016/j.ajpath.2014.11.023
https://doi.org/10.1038/s41591-021-01387-6
https://doi.org/10.1038/s41591-021-01387-6
https://doi.org/10.1002/med.21756
https://doi.org/10.1084/jem.20201707
https://doi.org/10.1126/scitranslmed.abi8961
https://doi.org/10.1016/j.immuni.2021.11.001
https://doi.org/10.1101/2021.03.04.430128
https://doi.org/10.1007/s00018-015-1915-1
https://doi.org/10.1007/s00018-015-1915-1
https://doi.org/10.1016/j.ajem.2016.10.039
https://doi.org/10.1016/j.amjcard.2020.02.040
https://doi.org/10.1089/jwh.2018.7618
https://doi.org/10.1089/jwh.2018.7618
https://doi.org/10.1016/j.amjcard.2019.03.036
https://doi.org/10.1128/JVI.68.8.5126-5132.1994
https://doi.org/10.1016/j.brainres.2006.08.003
https://doi.org/10.1007/s00430-004-0221-6
https://doi.org/10.1093/eurheartj/ehab452
https://doi.org/10.1152/ajpheart.00795.2013
https://doi.org/10.1152/ajpheart.00795.2013
https://doi.org/10.1016/j.celrep.2020.02.040
https://doi.org/10.1161/CIRCHEARTFAILURE.111.963769
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Won et al. IL-18 in COVID-19 Vaccine-Related Myopericarditis
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Won, Gilotra, Wood, Hughes, Talor, Lovell, Milstone, Steenbergen
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