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More than 10 billion doses of COVID-19 vaccines have been 
administered worldwide in the span of 18 months, provid-
ing an unprecedented opportunity to study and understand 
immunological responses and clinical reactions to vaccines. 

While severe adverse reactions to live-attenuated viral or 
bacterial vaccines have been successfully deciphered since 
the 1950s, with the discovery of a wide range of underly-
ing inborn errors of immunity [1, 2], there is currently no 
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molecular, cellular, and immunological explanation for life-
threatening reactions to any other type of vaccine. COVID-
19 mRNA vaccines are very effective at preventing hypox-
emic COVID-19 pneumonia. For example, their efficacy for 
preventing invasive mechanical ventilation and in-hospital 
death has been estimated at 90% (95% CI = 88–91%) [3]. 
COVID-19 mRNA vaccines are also well tolerated by most 
people, with either no side effects or mild local/systemic 
reactions, such as pain at the injection site, fever, or chills in 
the days following vaccination [4]. However, rare but serious 
adverse events have been observed, including anaphylaxis, 
myocarditis, Guillain-Barré syndrome, transverse myeli-
tis, Bell’s palsy, and multisystem inflammatory syndrome 
[4–7]. These adverse events have a combined prevalence of 
about 90 per million doses administered [4]. It is unknown 
whether they are triggered by the adjuvant (lipid nanopar-
ticles for the mRNA vaccines), the vaccine antigen (the 
perfusion-stabilized spike protein translated by the human 
cells), the core components of the vaccine (the nucleoside-
modified mRNA), or a combination thereof. Some possible 
mechanisms have been suggested [8–10], but the underlying 
immunopathology and, hence, the risk factors predisposing 
a minority of vaccinees to experience any of these severe 
reactions remain unknown.

Myocarditis (with or without pericarditis) following 
vaccination with COVID-19 mRNA vaccines is the serious 
adverse event most closely monitored by national agencies 
and vaccine producers [11]. Myocarditis is an inflamma-
tion of the heart muscle. Before the emergence of COVID-
19, the estimated global incidence of acute myocarditis, 
regardless of its etiology, was 1–10 cases per 100,000 indi-
viduals per year [8]. Vaccine-induced myocarditis typically 
presents as chest pain within 10 days of vaccination. The 
diagnosis is confirmed by an abnormal electrocardiogram 
and echocardiogram and/or magnetic resonance imag-
ing results and the presence of high troponin levels in the 
blood. Vaccine-induced myocarditis is usually milder than 
acute myocarditis following viral infection, with only a few 
deaths reported (overall survival rate of > 99%), versus an 
estimated 4–5% risk of death or need for heart transplan-
tation in the first year after viral-induced myocarditis [8]. 
In most cases, vaccine-induced myocarditis is treated with 
nonsteroidal anti-inflammatory drugs and resolves within 
a few days [11]. Studies around the world have shown that 
the frequency of myocarditis is approximately 1 per 100,000 
doses of COVID-19 mRNA vaccines [12–14]. The risk is 
higher after the second dose, when the second dose is given 
less than six weeks after the first dose [15]. It is more fre-
quent in male subjects between the ages of 12 and 30 years 
[12–14]. Another potential reported risk factor is intense 
physical activity just before or after vaccination, although it 
is harder to assess the risk of vaccine-induced myocarditis 
posed by exercise quantitatively. However, these risk factors 

alone cannot account for the rarity of these cases or shed 
light on the mechanism involved.

In this article of JoCI, Nishibayashi et al. report the first 
case of vaccine-induced myocarditis in monochorionic 
diamniotic twins [5]. The 13-year-old male twins devel-
oped myocarditis one day after receiving their second dose 
of the Pfizer-BioNTech BNT162b2 vaccine. The authors 
also noted that only one other vaccine-induced case was 
diagnosed at their hospital, which showed that the overall 
frequency of vaccine-induced myocarditis diagnosed at 
their hospital was similar to what has been observed around 
the world [5]. This case report suggests the hypothesis 
that only a very small fraction of vaccinated individuals 
develop post-vaccine myocarditis because these individuals 
carry rare germline genetic variants predisposing to myo-
carditis. Three additional arguments support the formula-
tion of this hypothesis: (i) Rare inborn errors of immunity 
have been associated with rare adverse events following 
vaccination with live-attenuated vaccines [1]. Such inborn 
errors are the most frequent etiology of adverse events 
following administration of the bacille Calmette-Guérin 
(BCG) or oral poliovirus vaccines [1]. (ii) Rare variants of 
genes encoding sarcomeric proteins and associated with 
cardiomyopathy have been reported to increase the risk of 
acute myocarditis after viral infection [16, 17]. (iii) Human 
leukocyte antigen (HLA) alleles have been associated with 
adverse events following the oral administration or injec-
tion of drugs or vaccines (including inactivated or recom-
binant vaccines) [18–21]. For example, HLA-C*07:01 has 
been shown to be associated with clozapine-induced myo-
carditis in patients with schizophrenia [22]. Another HLA 
class I allele, HLA-A*03:01, has been associated with a 
higher frequency of side effects, such as fever and chills, 
following the administration of COVID-19 mRNA vac-
cines [23].

These previous studies provide a strong rationale for a 
genetic study. Importantly, testing this hypothesis requires 
access to hundreds of vaccine-induced myocarditis patients 
and COVID-19-induced myocarditis patients of diverse 
ethnicities, together with healthy controls matched for eth-
nicity, age, and sex. Because of the rarity of these serious 
adverse events following mRNA vaccination, we think that 
the problem is best tackled by an international consortium. 
We initially launched the COVID Human Genetic Effort to 
decipher the genetic and immunological basis of the vari-
ous clinical manifestations of SARS-CoV-2 infection, start-
ing with critical COVID-19 pneumonia (www. covid hge. 
com). We have deciphered the pathogenesis of this condi-
tion in a significant proportion of unvaccinated and vacci-
nated individuals carrying inborn errors of type I interferon 
(IFN) immunity or autoantibodies against type I IFNs [24, 
25]. We present here our efforts to leverage and expand 
our existing COVID HGE infrastructure to investigate the 
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genetic and immunological determinants of myocarditis 
following COVID-19 vaccination.

We will test this hypothesis by enrolling patients from 
around the world via our network of clinicians. We will focus 
on myocarditis cases that occurred within 10 days of the first, 
second, or booster dose of the Pfizer-BioNTech BNT162b2 
or Moderna mRNA-1273 vaccines. Given the strong enrich-
ment of vaccine-induced myocarditis relative to viral-induced 
myocarditis in the population of individuals under the age of 
40 years, we will prioritize the recruitment of patients in this 
age group. The healthy age- and sex-matched controls will be 
individuals who have received at least two doses of COVID-19 
mRNA vaccines who experienced no adverse event or serious 
side effect. We will sequence the exome or full genome of cases 
and controls, making it possible to perform two types of genetic 
analyses (Fig. 1). We will first perform unbiased rare-variant 
gene-collapsing analyses. For each gene, we will compare the 
number of cases carrying one or more qualifying variants with 
the number of controls carrying these variants. We will use a 
range of variant filters based on the predicted functional impact 
of the variants, and the allele frequency of the variants in the 

population, and we will test dominant, co-dominant, and reces-
sive models. Candidate genetic variants will be functionally 
tested and validated in relevant cell line systems and in cells 
from the patients (such as leukocytes, or human induced pluri-
potent stem cell-derived cardiomyocytes) where possible [16]. 
We will also perform an HLA-wide association study. For each 
HLA allele, we will test for significant enrichment in cases rela-
tive to controls. To decipher the underlying mechanism at the 
molecular and cellular level, we will begin by searching for the 
immunological basis of HLA allele associations. For exam-
ple, HLA class I molecules can interact with many receptors, 
including T cell receptors on  CD8+ T cells, inhibitory and acti-
vating killer immunoglobulin-like receptors (KIRs) on natural 
killer cells and some T cells, and leukocyte immunoglobulin-
like receptors on myeloid cells.

With this approach, we intend to identify genes and 
alleles predisposing individuals to vaccine-induced myo-
carditis. Even if our hypothesis is validated in only a few 
individuals, it may point to mechanistically related causes 
in other patients, such as auto-antibodies, as exemplified by 
our study of critical COVID-19 pneumonia [24]. It may also 

Fig. 1  Decoding the human genetic and immunological basis of 
COVID-19 mRNA vaccine-induced myocarditis. Left panel: exam-
ples of germline genetic variants conferring a predisposition to 
adverse events following a spectrum of immunological triggers. Right 

panel: schematic diagram of the two main genetic analyses that will 
be performed. Cases are patients with COVID-19 mRNA vaccine-
induced myocarditis. Created with BioRender.com
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help increase our understanding of the pathogenesis of acute 
myocarditis in general. One advantage of studying vaccine-
induced myocarditis rather than acute myocarditis gener-
ally is that the immunological trigger (antigen and expo-
sure timeline) is known with certainty and is the same for 
all cases. This increases the likelihood of detecting genetic 
homogeneity. It is also the first time that mRNA vaccines 
have been administered so widely, providing the first oppor-
tunity to study their rare adverse events, the pathogenesis of 
which may be common to other yet-to-be-developed mRNA 
vaccines.

The success of a genetic study to understand the cause of 
mRNA vaccine-induced myocarditis or other rare adverse 
events is dependent on the patients and families who con-
sent to participate. The article by Nishibayashi et al. in JoCI 
highlights the importance of reporting cases of rare and 
atypical responses to mRNA vaccines, particularly famil-
ial cases such as monochorionic diamniotic twins [5]. The 
authors also discussed the necessity to create an interna-
tional registry of patients with vaccine-induced myocarditis 
[5]. We hope that the article from Nishibayashi et al. and 
this commentary will inspire other teams of clinicians and 
scientists around the world to publish case reports of mRNA 
vaccine-induced myocarditis and refer their patients to an 
international consortium such as the COVID Human Genetic 
Effort to disentangle this mystery.
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