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Introduction

The development of anti-SARS-CoV-2 vaccines will stay as a landmark in the history of modern medicine, both as a major scientific achievement and an unprecedented public health success. The rapid deployment of vaccines was authorized after their overall efficacy and safety was established in randomized clinical trials. As expected, very rare adverse events were not apparent in these trials and could only be identified after the launch of large immunization programs. Indeed, since the beginning of the COVID-19 vaccination campaign, several case reports raised suspicion about rare but severe adverse events which were not identified in pre-authorization trials. While thrombotic thrombocytopenia and myocarditis were rapidly recognized as rare adverse events, there are still uncertainties about other allegations derived from case reports (1, 2). These uncertainties are important drivers of vaccine hesitancy. It is therefore important to consider how possible risk of severe adverse events suggested by case reports can best be addressed.



Limitations of current pharmacovigilance systems

During the COVID-19 vaccination campaign, some rare adverse events could only be identified after a careful in-depth analysis of a few clinical cases. Thus, vaccine-induced immune thrombotic thrombocytopenia, a very rare but severe adverse event of adenoviral vector-based vaccines, was primarily identified by two small groups of physicians and scientists who were not pharmacovigilance experts. Indeed, the European Medicines Agency (EMA) had to revise its initial statement denying any relationship between vaccination and thrombotic events after Greinacher et al. identified a small number of atypical cases characterized by unusual sites of thrombosis, thrombocytopenia, and circulating anti-PF4 antibodies (3, 4). Likewise, it is a careful analysis of 6 case reports that led EMA to advise against the use of these vaccines in people with history of capillary leak syndrome (https://bityl.co/LtPW).

These stories remind us that passive pharmacovigilance based on existing safety monitoring systems has intrinsic limitations preventing the early identification of certain rare events (5). First and foremost, the definition of adverse events is mostly based on clinical features and does not include biological parameters which might be key for their full characterization. Consequently, the disproportionality analyses comparing their incidence in vaccinated vs. unvaccinated populations might be flawed as illustrated above for thrombotic events following adenoviral vector-based vaccination. Furthermore, passive pharmacovigilance depends on voluntary reporting by healthcare providers or patients. During the COVID-19 vaccination campaign, several unexpected events were not reported because they were considered as coincidental. Initially, in-depth investigation of adverse events linked to the new technologies underlying COVID-19 was not prioritized by research funding agencies, since even if a causal relationship would be established it would not modify the clearly favorable benefit-risk balance in the context of a major public health need. Furthermore, the few scientists engaged in such research were often considered to fuel vaccine hesitancy or even to support anti-vaccine movements. Consequently, several side effects suggested by case reports were only investigated superficially using retrospective disproportionality analyses. There have been few exceptions such as the study from the Norwegian Institute of Public Health which documented that mRNA COVID-19 vaccination increases the risk of vaginal bleeding in non-menstruating women (6). The strength of this large study based on self-reports by patients is that it was initiated at the very beginning of the vaccination campaign. Unfortunately, other suspected side effects did not benefit from careful epidemiological studies although they can have a major impact on the quality of life of patients, tinnitus being one example among others (7).



The need for mechanistic studies

The myocardial and pericardial damages occasionally induced by COVID-19 mRNA vaccines incentivized several studies aiming at clarifying the respective roles of the Spike protein, vaccine-induced inflammation, and genetic predisposing factors on which the COVID-19 Human Genetic Effort consortium is focusing (8). Case reports of monozygotic twins who both developed myocarditis after receiving mRNA vaccine shots (9) provide a strong rationale for the latter study. As a matter of fact, there is a body of evidence that genetic variants contribute to interindividual differences in the propension to develop vaccine side effects. This previously led to propose adversomics as a new concept of vaccine safety based on the identification of individuals at genetic risk of adverse events (10). Besides germline gene variants, acquired somatic mutations should be considered as well, especially those occurring in the context of clonal hematopoiesis (11).

Although genetic factors are essential to consider, additional pathogenetic mechanisms are important to be studied simultaneously, taking advantage of system biology tools. Such a global approach will be implemented by the International Network of Special Immunization Services (INSIS), a large partnership which includes the Brighton Collaboration, a pioneer in vaccine safety science (https://insisvaccine.org).

Mechanistic studies should not be restricted to the study of myocarditis and thrombotic thrombocytopenia. Indeed, even though additional rare severe adverse events might not affect the overall risk-benefit balance of vaccines, it is important to identify individuals at risk and define the best way to manage them. Among the multiple allegations supported by case reports (1, 2), we suggest prioritizing the investigation of events of inflammatory nature. Inflammation mediated by cytokines is indeed the cornerstone of vaccine reactogenicity resulting in loco-regional or systemic symptoms. Regarding local reactions at the site of injection, they might occasionally be severe enough to mimic cellulitis caused by an infectious agent; a condition denominated the “COVID-19 arm” (12). Reactive lymphadenopathy affecting lymph nodes draining the injection site should also be mentioned as it might mimic metastasis in oncologic patients (13). It is initiated by a strong germinal center reaction involving B cells and follicular helper T cells (14). The adjuvant activity of the ionizable lipid component of lipid nanoparticles appears to play a key role in the induction of these lymphocyte responses (15). Although most of these responses are specific for the vaccine antigen, a strong inflammatory environment could also stimulate unrelated memory T cells in an antigen-independent manner (16). This possibility should be considered as a mechanism of adverse reactions involving quiescent malignant or autoreactive lymphocytes. Hemophagocytic lymphohistiocytosis which has been reported after COVID-19 vaccination (17) is an hyperinflammatory syndrome which deserves special attention as genetic factors predisposing to this condition have been identified (18). Unfortunately, search for genetic factors was only performed in very few cases of post-vaccine hemophagocytic lymphohistiocytosis. Interestingly, two predisposing genetic mutations were identified in one of those cases (17).

The rarity of severe adverse events of inflammatory nature is not surprising since interindividual differences in vaccine-induced inflammatory responses have been well-documented in a study comparing reactogenicity and muscle PET/CT imaging after injection of different adjuvanted vaccines in healthy volunteers (19).



Concluding remarks

While mRNA and adenoviral vector-based vaccines are currently considered for several indications in infectious diseases and oncology, and lipid nanoparticles are increasingly used as delivery vehicles for nucleic acid therapeutics (20), multidisciplinary research on the factors that might precipitate adverse events in rare individuals should be prioritized and targeted active surveillance programs should be planned accordingly. This might help to protect individuals at risk, optimize products formulation, and overall enhance public confidence in pharmaceutical innovation. Let's remember Marie Skłodowska-Curie' saying: “Nothing in life is to be feared, it is only to be understood. Now is the time to understand more so that we may fear less.”
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