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Abstract

:

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has induced the explosion of vaccine research. Currently, according to the data of the World Health Organization, there are several vaccines in clinical (145) and preclinical (195) stages, while at least 10 are already in clinical phase 4 (post-marketing). Vaccines have proven to be safe, effective, and able to reduce the spread of SARS-CoV-2 infection and its variants, as well as the clinical consequences of the development of coronavirus disease-19 (COVID-19). In the two-dose primary vaccination, different time intervals between the two doses have been used. Recently, special attention has been paid to assessing the immunogenicity following booster administration. The third dose of the vaccine against COVID-19 may be administered at least 8 weeks after the second dose. In Israel, a fourth dose has already been approved in immunocompromised groups. The main objective of this review is to describe the principal results of studies on the effectiveness of first-to-fourth dose vaccination to reduce reinfection by variants and the incidence of severe disease/death caused by COVID-19. Vaccines have shown a high level of protection from symptomatic infection and reinfection by variants after a third dose. Accelerating mass third-dose vaccination could potentially induce immunogenicity against variants.
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1. The State of the Art


In addition to traditional inactivated or live-attenuated vaccines, the context of COVID-19’s emergence has resulted in the need to find a safe vector for antigen and gene delivery and to design nucleic acid-based vaccines (vaccines mRNA and DNA) and subunit vaccines. Many of these new vaccines have been designed by encapsulating nucleic acids or peptides/proteins within polymer and lipid nanoparticles [1]. Regarding vaccines based on inactivated viruses, for safety reasons, the viruses used for vaccines need to be completely inactivated, while viral epitopes inducing protective immunity need to be preserved to allow for the production of high-quality antigens. The virus inactivation process requires a complex procedure, and, although it represents the most cost-effective interventions in medical history, validation of each batch is required to confirm complete inactivation of the recruited pathogens [1,2].



According to the World Health Organization data, there are currently 145 vaccines in clinical development and 195 in preclinical development, while there are RNA-based (N = 3), viral vector (N = 3), inactivated virus (N = 3), and protein subunit (N = 1) [3] vaccines in clinical phase 4 (post-marketing).



A recent meta-analysis [4] assessed the vaccine efficacy (from randomized clinical trials and from observed studies) of all vaccines that received or applied for WHO Emergency Use Listing as of 15 August 2021, with at least published data from completed phase 3 studies for the full vaccination course (one or two doses, depending on the vaccine brand). In this meta-analysis, results were only included if appropriate detection occurred 1 week after the final dose. These results demonstrated the high efficacy of COVID-19 vaccines in both clinical trials and real-world settings. The protection against serious disease or death in the general population was at least 80% and often 100%.



At the start of 2021, many countries faced numerous challenges during the early stages of mass vaccination. In March 2021, the European Center for Disease Prevention and Control (ECDC) published a report [5] providing a snapshot of the current situation on the basis of responses to vaccine questions posed to the Member States. In total, the vaccine questions were answered by 28 EU/EEA countries (except Bulgaria and Slovenia). Almost all countries responded that the timing of vaccine deliveries is unpredictable and is often changed by vaccine manufacturers, thus having a significant impact on planning efficiency. Almost half of the countries (N = 12) have adopted effective strategies to limit the waste of unused vaccines. In particular, seven countries are vaccinating people outside the target groups to avoid wasting doses. In Belgium, reserve lists were created that drew on other groups to be vaccinated to address the problem of some health workers’ reluctance to vaccination. Lists of reserve persons have also been developed in Italy and Croatia, while, in Austria, a list with subjects with priority for vaccination has been created for last-minute vaccinations. As mass vaccination required an increase in skilled staff to administer the vaccines, six countries (22%) reported staff shortages/lack of skilled labor, and four countries (15%) reported the need to train additional (unqualified) personnel. Against this background, the recruitment and training of more medical and nonmedical personnel were considered essential for the progression of vaccination campaigns. Ten countries (36%) highlighted a lack of equipment needed for vaccination, while 21% of countries reported disinformation, particularly regarding the vaccination priority of certain groups and the prioritization method. Vaccination hesitancy issues vary from country to country and are related to specific local social and cultural contexts.



In February and March 2021, most vaccines used a two-dose protocol with some variation in the time interval between the two doses. The BNT162b2 mRNA vaccine was authorized for the administration of two doses at an interval of 3 weeks, while the interval for the adenovirus-based ChAdOx1 (AZD1222 (AstraZeneca BioPharmaceuticals, Cambridge, UK)) vaccine was longer, as many studies showed a longer interval to increase its effectiveness. Although both the mRNA and the ChAdOx1 vaccines show high clinical efficacy, great attention has been paid to assessing their immunogenicity after a single administration. This is of particular interest concerning their use in elderly people, where immune senescence can potentially act by limiting their immune response. The BNT162b2 mRNA (Pfizer BioNTech, New York, NY, USA) and adenovirus-based ChAdOx1 (AstraZeneca) vaccines present antigens in different modalities, and this may be reflected in a different profile or extent of humoral immunity or adaptive response.



In July 2021, the first country in the world to administer three doses of BNT162b2 in the general population aged ≥60 years was Israel. A third dose was administered 5 months after the two doses, inducing a 5–7-fold increase in neutralization titers and an 11.3-fold reduction in infections [6]. In the UK, the booster was initially limited to immunocompromised subjects before the extension to the broader population aged 50 years [7].



In January 2022, international regulatory authorities [8] published a report summarizing the main global response strategies to the Omicron variant of SARS-CoV-2. By reviewing data on the impact of Omicron, international regulatory authorities concluded that current vaccines offer less protection against infections and mild illnesses caused by this variant; however, after a booster dose, vaccination continues to offer significant protection against the severe forms of COVID-19. Real-world evidence from studies conducted in Canada and the United Kingdom suggests that, despite the decline in vaccine efficacy against Omicron after the primary series, a booster dose (homologous or heterologous) is capable of restoring high levels of protection in the period immediately following vaccine administration. Protection from hospitalization is very high after a booster dose (up to 90% according to UK data), although it is still necessary to determine, with longer follow-up, if this level of protection is maintained.



In Israel [9], national data from the second week of December 2021 revealed a reduced vaccine efficacy against infections and hospitalizations in all age groups, attributable to a combination of declining immunity and cases due to the spread of Omicron. Israel has recently started administering a four-dose of vaccine to people ≥65 years of age and with comorbidities to overcome the new outbreak due to Omicron.



Currently, vaccine booster uptake in the total population in the EU/EEA is about 50% [10].



Despite the difficulties and differences encountered in the various countries of the world, we describe here the main results of research studies on the effectiveness of the first, second, and third doses of the vaccine, with the hope that more and more people can be vaccinated and, consequently, vaccination can put an end to this nightmare.




2. Safety and Efficacy of Single Dose in Subjects with or without Previous SARS-CoV-2 Infection


Saadat et al. [11] investigated whether a single dose of an mRNA-based COVID-19 vaccine could elicit immune responses in healthcare workers with previous COVID-19 infection. This study enrolled healthcare workers who previously underwent a hospital-wide serological assessment at the University of Maryland Medical Center. Out of 59 healthcare workers enrolled voluntarily, 17 were anti-SARS-CoV-2 IgG-negative (mean age 38 years, 71% women), 16 were COVID-19 asymptomatic IgG-positive (average age 40 years, 75% women), and 26 were IgG-positive with a history of symptomatic COVID-19 (mean age 38 years, 88% women). Subjects were stratified into three groups: anti-SARS-CoV-2 IgG-negative and IgG-positive with or without a history of symptomatic COVID-19. BNT162b2 (Pfizer/BioNTech) or mRNA-1273 (Moderna) vaccines were administered on the basis of vaccine preference or availability. At 0, 7, and 14 days, the median antibody titers were higher in the asymptomatic (COVID-19 asymptomatic IgG-positive) and symptomatic group (IgG-positive with history of symptomatic COVID-19) compared to the anti-SARS-CoV-2 IgG-negative group. Krammer et al. [12] described the antibody responses in 109 individuals with and without prior SARS-CoV-2 infection (68 without prior SARS-CoV-2 infection or seronegative; 41 with prior SARS-CoV-2 infection or seropositive) who received the first dose of vaccine (BNT162b2/Pfizer; mRNA-1273/Moderna) in 2020. Seronegative individuals, within 9–12 days of the first dose, showed low immune responses of vaccination. In contrast, within 5–8 days of vaccination, individuals with pre-existing SARS-CoV-2 showed high antibody titers. The antibody titers of vaccinates with pre-existing (seropositive) immunity were 10–20 times higher than those in subjects without pre-existing immunity after the first dose, and they were 10 times higher in seropositive subjects compared with seronegative subjects after the second dose of vaccine. This study also compared the frequency of local and systemic reactions after the first vaccine dose in 231 individuals (148 seronegative and 83 seropositive). The most common symptoms were pain, swelling, and erythema at the injection site, which took place regardless of the serological status at the time of vaccination and resolved spontaneously a few days after vaccination. Systemic side-effects such as fatigue, headache, chills, fever, and muscle or joint pain were higher in seropositive than seronegative subjects. These results suggest that a single dose of mRNA vaccine induces very rapid immune responses in seropositive individuals. The post-vaccine antibody titers were comparable to or higher than the titers found in seronegative individuals who received two vaccine doses. Furthermore, in phase 3 vaccine studies, the reactogenicity after both the first and the second dose was substantially more marked in seropositive subjects, suggesting that a single dose may be sufficient in subjects with prior infection.



The study by Parry et al. [13] evaluated immune responses in an elderly population (≥80 years) who received a single dose of BNT162b2 mRNA vaccine (Pfizer) or adenovirus-based ChAdOx1 nCoV-19 vaccine (AZD1222) (AstraZeneca). Out of 165 subjects enrolled, 76 received the BNT162b2 (Pfizer) vaccine (mean age 84 years) and 89 received the ChAdOx1 (AstraZeneca) vaccine (median age 84). Antibody responses were observed in 93% of subjects after administration of the BNT162b2 (Pfizer) vaccine and 87% after administration of the ChAdOx1 (AstraZeneca) vaccine. Corresponding antibody titers measurements after 5–6 weeks were 19.3 and 19.6 U/mL (median), respectively. Responses were also assessed using the spike-specific quantitative ELISA test (Abbott) with responses not showing statistically significant differences between BNT162b2 and ChAdOx1. Of eight subjects who showed a previous natural infection based on N-specific positivity to serology, five subjects received BNT162b2 and three received ChAdOx1. Regarding the induction of specific T-cell responses, cell responses were detectable in 12.3% after 5 weeks from a single dose of the BNT162b2 vaccine and in 30.7% after 5 weeks from a single dose of ChAdOx1 vaccine. In addition, the extent of cellular responses was three times greater in the ChAdOx1 (AstraZeneca) subgroup than that induced by BNT162b2 (Pfizer), a difference that persisted even after the exclusion of subjects with natural infection. These results demonstrate that reassuring levels of humoral immunity against primary infection exist after the administration of both types of vaccines. However, the adenovirus-based vaccine (ChAdOx1 AstraZeneca) induced a stronger cellular immune response than vaccination with BNT162b2 mRNA vaccine (Pfizer).



In general, the side-effects of the two mRNA vaccines are more pronounced after the second dose, whereas, for AstraZeneca, stronger side-effects are observed after the first dose.



Sadoff et al. [14] evaluated the safety and efficacy of a single dose of Ad26.COV2.S (5 × 1010 viral particles) for COVID-19 prevention as part of an ongoing phase 3 study (ENSEMBLE) and SARS-CoV-2 infection in adult subjects, reporting the results of the preliminary analyses. This 2 year, multicenter, randomized, double-blind, placebo-controlled, phase 3 pilot study was conducted in Argentina, Brazil, Chile, Colombia, Mexico, Peru, South Africa, and the United States. Randomization (1:1) was performed with a web response system that assigned Ad26.COV2.S (Janssen Vaccines & Prevention BV, Leiden, The Netherlands) or saline placebo stratifying by research center, age groups, and the presence/absence of coexisting conditions associated with an increased risk of severe COVID-19. The vaccine (5 × 1010 viral particles) or placebo was administered via the intramuscular route (0.5 mL) on day 1 by a healthcare professional (blinded). Participants electronically reported any COVID-19 symptoms using the COVID-19 Symptoms Questionnaire. The primary endpoints were the evaluation of the efficacy and safety of the vaccine against COVID-19 with an onset at least 14 and 28 days after vaccine administration in the population that tested negative for SARS-CoV-2 infection. A total of 39,321 subjects were SARS-CoV-2-negative, of whom 19,630 were assigned to receive Ad26.COV2.S and 19,691 were assigned to receive a placebo. Subjects were followed for a median of 58 days (range: 1–124 days), and 55% of subjects were followed for at least 8 weeks. The results of the study showed that the subjects who received the Ad26.COV2.S vaccine were protected with an efficacy of 66.9% against moderate to severe–critical COVID-19 (116 cases in the vaccine group vs. 348 in the placebo group) at least 14 days after vaccine administration; an efficacy of 66.1% (66 cases in the vaccine group vs. 193 in the placebo group) was registered at least 28 days after administration. After at least 14 days and 28 days, efficacies of 76.7% and 85.4%, respectively, were recorded against severe-critical COVID-19. Although the 20H/501Y.V2 variant represented 94.5% of cases in South Africa, the vaccine efficacy was 52.0% and 64.0% against moderate to severe COVID-19 at least 14 days and 28 days after administration, respectively; the efficacy against severe-critical COVID-19 was 73.1% and 81.7%, respectively. In the Ad26.COV2.S vaccine group, adverse events (generally mild to moderate) were transient and occurred more frequently compared to the placebo group. In the group receiving the vaccine, three deaths were reported, none related to COVID-19, while there were 16 deaths in the placebo group, five related to COVID-19. The results of the study showed that a single dose of Ad26.COV2.S was sufficient to provide protection against symptomatic COVID-19, particularly against serious critical illnesses (hospitalization and death), even in countries where the variants were prevalent.



During 12 months of follow-up, Hall et al. [15] studied the association between the presence of SARS-CoV-2 antibodies and a reduction in the risk of symptomatic and asymptomatic reinfection. The SIREN study (SARS-CoV-2 Immunity and Reinfection Evaluation) was a prospective cohort study conducted across the UK among staff working in publicly funded National Health Service (NHS) hospitals. The study enrolled all healthcare professionals, as well as support and administrative staff, working in the participating hospitals, capable of providing written informed consent and being able to be followed up for 12 months. At baseline and every 2 weeks, questionnaires were sent electronically, collecting information on symptoms and exposure to SARS-CoV-2. SARS-CoV-2 antibody testing (every 4 weeks), and real-time PCR nucleic acid amplification testing (NAAT) (RT-PCR) (every 2 weeks) was performed at enrollment and at regular intervals. Reinfections were classified as confirmed, probable, or possible on the basis of serological, genetic, and virological tests. Subjects with two positive PCR samples 90 days or more apart or seropositive subjects with a new positive PCR test at least 4 weeks after the first antibody positivity were defined as possible cases of reinfection. From 18 June 2020 to 31 December 2020, out of 30,625 subjects, 51 withdrew, 4913 were excluded, and 25,661 participants were enrolled. In the positive cohort (positivity at enrollment or positive antibodies from previous clinical laboratory samples, with or without a previous positive PCR test; negative antibodies at enrollment with a positive PCR result before enrollment), consisting of 8278 participants, 155 infections were detected. In the negative cohort (negative antibody test and no previous and documented positive PCR or antibody test) consisting of 17,383 participants, 1704 new infections were found with a positive PCR. Regarding primary infections, 1369 (80.3%) of these cases were symptomatic of the infection, 1126 (66.1%) had typical symptoms of COVID-19, 243 (14.3%) had other symptoms, 293 (17.2%) were asymptomatic, and 42 (2.5%) did not complete the questionnaire by the time symptoms were present. Regarding reinfections, 78 (50.3%) were symptomatic and 50 (32.3%) had typical symptoms of COVID-19. Data analysis showed that a previous SARS-CoV-2 infection had a protective effect (84% lower risk of infection) for the subsequent 7 months.



These findings suggest that a single-dose vaccination strategy could be adopted for individuals with prior COVID-19 or they could be placed further down the vaccination priority list on the basis of the antibody titer.



Table 1 shows the main studies on vaccine efficacy.




3. Immune Response after the Second Dose


In all countries, health workers, being at the greatest risk of contracting the infection, were vaccinated first. Fabiani et al. [16] evaluated, through the COVID-19 surveillance database, the real-life efficacy of the BNT162b2 mRNA (Comirnaty) vaccine in a cohort of health workers from the province of Treviso and the Veneto region (Italy). Of 6423 healthcare workers (mean age = 47.1 years ± 10.8, F = 56.6%) included in the analysis, there were 56.5% nurses, 22.9% medical doctors, and 20.6% social healthcare workers. Screening for healthcare professionals was conducted every 8 days and additionally at any time for symptoms compatible with COVID-19. The vaccination campaign started on 27 December 2020, and, by 24 March 2021, 147 (2.3%) subjects had received one dose and 5186 (80.7%) had received two doses of the BNT162b2 mRNA vaccine (median time between the two doses was 22 days). The vaccination completion rate (both doses) was higher in physicians (85.7%) and overall in health personnel working in hospitals (82.1%). Compared to unvaccinated healthcare workers, the cumulative probability of developing SARS-CoV-2 infection in healthcare workers was constantly reduced in subjects who had received at least one dose of the BNT162b2 mRNA (Comirnaty) vaccine. The vaccine efficacy for the prevention of symptomatic and asymptomatic SARS-CoV-2 infection from 14–21 days after the first dose was estimated at 84% and at 83% for the prevention of the symptomatic form; 7 days after the administration of the second dose, the vaccine efficacy was instead 95% and 94% for the two groups, respectively. Furthermore, despite an increased risk of exposure for healthcare workers due to increased hospital admissions for COVID-19, new COVID-19 cases remained stable at a long-term immunization rate of approximately 70%.



SARS-CoV-2, like other viruses, mutates over time. Some of these mutations may have little or no impact on the properties of the virus, while some changes may affect the properties of the virus, such as the ease of spread, the severity of the disease, or the performance of vaccines, drugs, diagnostic tools, or other measures, thus affecting public and social health.



The WHO [17] has been monitoring since January 2020 the emergence of variants that pose a greater risk to global public health, urging the characterization of specific variants of interest (VOIs) and variants of concern (VOCs). VOCs are characterized by an increase in transmissibility or a detrimental change in the epidemiology of COVID-19, increased virulence or a change in the clinical presentation of the disease, or a decrease in the effectiveness of public health and social measures or the availability of diagnostic, vaccine, and therapeutic tools. The first VOC (B.1.1.7), designated by WHO as Alpha, was earliest documented in late 2020 in the UK and displayed increased transmissibility [18]. It is, therefore, probable that the selection of this variant occurred to improve the binding capacity of the virus to the ACE2 receptor and its transmissibility. Considering the viral dynamics and viral evolution in response to different selection pressures in an immunocompromised individual, one hypothesis of the emergence of the Alpha variant was that it accumulated many mutations within a chronically infected immunocompromised patient [19].



Emary et al. [20] conducted an in vitro analysis of vaccine-induced neutralizing antibodies against variant B.1.1.7 and a clinical analysis of the ChAdOx1 nCoV-19 (AstraZeneca) efficacy against the disease caused by this variant, which has caused much concern in the UK. This single-blind, multicenter, randomized (1:1 ratio receiving the standard dose ChAdOx1 nCoV-19 vaccine or a meningococcal group A, C, W, and Y conjugate (MenACWY) control vaccine), phase 2/3 study enrolled only subjects ≥18 years with a high risk of exposure to SARS-CoV-2, such as those operating in health and social care settings. The study was conducted in 19 research centers in England, Wales, and Scotland between 31 May and 13 November 2020. The booster doses were given between 3 August and 30 December 2020. A total of 2773 subjects received the first low-dose vaccine (2.2 × 1010 viral particles). They provided weekly self-collected nose and throat swabs for a nucleic acid amplification test (NAAT) by kits provided by the Department of Health and Social Care 1 week after the first dose, using home testing. Participants were invited weekly by email or SMS to contact the study team in the event of the onset of COVID-19 symptoms (cough, fever above 37.8 °C, shortness of breath, anosmia, or ageusia). Neutralizing antibody responses were measured using a live virus microneutralization test against the B.1.1.7 line and a non-B.1.1.7 canonical variant (BetaCoV/Australia/VIC01/2020). Of 8534 participants in the primary efficacy cohort, 59% were women and 78% were aged between 18 and 55. A total of 520 cases of SARS-CoV-2 infection were observed between 1 October 2020 and 14 January 2021, from NAAT-positive nasal and pharyngeal swabs collected from 1466 subjects. A total of 401 swabs, collected from 311 participants, were successfully sequenced. The clinical efficacy of the vaccine against symptomatic, positive NAAT infection was 70.4% for B.1.1.7 and 81.5% for the non-B.1.1.7 variant. For asymptomatic cases or cases of unknown infection, detected through weekly swabs, vaccine efficacy was greater for non-B.1.1.7 infections (69.7%) than for variant B.1.1.7 (28, 9%), although few cases were available for analysis. Overall efficacy against asymptomatic cases or cases of unknown infection was 61.7% (36.7 to 76.9) against variant B.1.1.7 and 77.3% (65.4 to 85) against the other variants. Vaccine efficacy against variant B.1.1.7 was 66.7% in the standard-dose group compared to 77.9% in the low-dose group, while, for cases in the non-B.1.1.7 variant group, efficacy was 78.0% in the standard-dose group compared to 87.2% in the low-dose group. When cases were stratified by standard-dose and low-dose vaccine, few asymptomatic cases or cases of unknown infection were found, which did not allow for robust comparisons. The in vitro experiments showed that the ChAdOx1 nCoV-19 vaccine has reduced neutralization activity against variant B.1.1.7 compared to a non-B.1.1.7 variant.



Vaccination with ChAdOx1 nCoV-19 could also induce a reduction in viral load with a probable reduction in the transmission of the infection.



Suburraro et al. [21] evaluated antibody responses approximately 3 weeks after the first or second dose of BNT162b2 mRNA (Pfizer/BioNTech, Mainz, Germany) in the first 185 adults aged 70 to 90 years, recruited from the end of January 2021 through primary care networks in north London, as part of the national program. The antibody responses of the vaccinated subjects were also compared to those from 100 samples collected approximately 3–6 weeks after symptom onset in subjects affected by mild to moderate COVID-19, PCR-confirmed. Collected samples were tested for two antibodies to nucleoprotein (N), identifying a previous SARS-CoV-2 infection, and for three antibodies to the spike protein (S) evaluating the vaccine response. In the cohort of 185 subjects, 15 were positive for nucleoprotein antibodies, 99 were enrolled after the first dose of BNT162b2 mRNA (Pfizer/BioNTech) vaccine, and 86 subjects were enrolled after receiving two doses 3 weeks apart. In subjects receiving their first dose of vaccine (n = 99), sera were collected on days 0 and 18 and 33 days after; in subjects receiving two doses (n = 86), sera were collected only between the 21st and 25th days after the second dose. All 86 subjects were positive for antibodies against the spike protein in all three tests. Antibody levels after a single dose of vaccine in previously uninfected individuals were lower than in convalescent sera. After two doses of the vaccine, antibody titers were significantly higher in subjects without previous SARS-CoV-2 infection than those found in convalescent sera. Indeed, there was no evidence of an increased antibody response following the second dose of the vaccine in those previously infected with SARS-CoV-2. On quantitative antibody tests, titers were slightly lower among subjects ≥80 years of age compared to those aged 70 to 79 years, but the difference was not statistically significant.



In the UK, the interval between COVID-19 vaccine doses from the authorized 3–4 weeks up to 12 weeks was extended by the Joint Committee on Vaccination and Immunization, to maximize the number of subjects with a single dose of vaccine. This was based on the real-world efficacy results of COVID-19 vaccines demonstrating high protection, after a single dose, against SARS-CoV2 infection, COVID-19, hospitalization, and deaths in the UK elderly population [22], and this was confirmed in the population of Israel achieving mass vaccination [23].



Edara et al. [24] evaluated the antibody response against four variants of SARS-CoV-2 and determined whether the mutations within the spike protein are associated with the neutralization of the virus after infection or vaccination. Samples from three groups of subjects were examined: 20 patients with COVID-19 (5–19 days after the onset of symptoms); 20 convalescent subjects (32–94 days after the onset of COVID-19 symptoms); 14 healthy subjects (aged 18–55 years) who received two doses of the mRNA-1273 vaccine (Moderna). Adults (mean age = 57 years, range: 26–85) admitted for COVID-19 were randomly selected. Samples were collected in the first 9 days (range: 2–9) of their hospital stay (range: 3–33 days) and mostly 1–2 weeks after symptom onset (range 5–19 days). Most of these patients (N = 16) had comorbidities, 19/20 patients had severe disease, and one patient had a moderate disease. Four variants were examined, including some very similar to the parent SARS-CoV-2 strain (A.1) and emerging variants with mutations in the spike protein (B.1, identified in Georgia; B.1.1.7, identified in the United Kingdom; N501Y SARS-CoV-2, generated from an infectious clone). Despite the small sample size and possible selection bias, this study demonstrated that, against SARS-CoV-2 variants, including B.1, B.1.1.7, and N501Y, antibody neutralizing activity induced by both vaccine and infection is present. In the event of other additional variants, neutralizing antibody responses should be monitored both after infection and after vaccination.



Hung et al. [25] reported the results of trials and clinical studies conducted to evaluate the effectiveness of the ChAdOx1 nCoV-19 vaccine (AZD1222) (Oxford–AstraZeneca) after two standard doses administered at intervals of 12 weeks or more. The authors pointed out that a report based on an interim analysis of four randomized controlled trials (conducted in Brazil, South Africa and the United Kingdom) found an overall efficacy of the vaccine of 70.4%. The efficacy was greater than 90% in subjects receiving a low dose (2 × 1010 viral particles per dose) followed by a standard dose (5 × 1010 viral particles); on the contrary, vaccine efficacy was 62.1% in subjects receiving two standard doses (4 weeks apart). Out of 17,178 participants (56.4% women), vaccine effectiveness of 76.0% was found from day 22 (59.3–85.9) after a single standard dose, and antibody levels were conserved through day 90, with a minimal decline during this period. The efficacy of the vaccine was significantly higher (81.3%) after two standard doses administered at intervals of 12 weeks or more, compared to 55.1% for administration at less than 6 weeks. The authors highlighted important limitations of these studies, including a lack of prospective design of the study or randomization. Moreover, only one of the four studies was double-blind; baseline characteristics between the cohorts receiving a single dose and the cohorts receiving two doses were substantially different (older mean age, different distribution of gender and ethnicity, and a lower percentage of health or social workers in the cohorts using two doses than in cohorts using the single dose). Despite these limitations, a single dose of the ChAdOx1 nCoV-19 vaccine was found to be highly effective 90 days after the first dose, and a longer interval of administration between the first and second dose induced higher efficacy and vaccine protection against symptomatic COVID-19.



Voysey et al. [26] reported the results of clinical trials conducted to evaluate the efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) (Oxford–AstraZeneca) vaccine after two standard doses administered at intervals of 12 weeks or more. In particular, the authors pointed out that an interim analysis of four randomized controlled trials carried out in Brazil, South Africa, and the United Kingdom found an overall efficacy of the vaccine of 70.4%, with a superior efficacy of 90% in those who received a low dose (2 × 1010 viral particles per dose) followed by a standard dose (5 × 1010 viral particles) and a vaccine efficacy of 62.1% (95% CI 41, 0–75.7) in those who received two standard doses (4 weeks apart). To achieve maximum public health benefit, the UK government decided to give the first doses to as many people as possible, with an interval between the first and second dose of up to 12 weeks. The studies showed that, out of a total of 17,178 participants (56.4% women), the efficacy of the vaccine after a single standard dose was 76.0% (59.3–85.9) starting from day 22. Antibody levels were maintained through day 90, with a minimal decline during this period. Vaccine efficacy was higher (81.3%) after two standard doses administered at intervals of 12 weeks or more, compared with 55.1% of the dose administered at less than 6 weeks.



A study by Kuodi et al. [27] investigated the association between vaccination status and the long-term reporting of COVID-19 symptoms. Subjects of age ≥18 tested for SARS-CoV-2 infection by RT-PCR between 15 March 2020 and 15 November 2021, in three major hospitals in northern Israel (Ziv Medical Center, Padeh-Poriya Medical Center, and Galilee Medical Center), were invited, between 16 July and 18 November 2021, with a link to a questionnaire available online in the most common languages in Israel (Hebrew, Arabic, Russian, and English). Of the 79,482 subjects invited to participate in the study, 3562 (4.5%) subjects aged ≥18 agreed to participate: 2437 had no previous SARS-CoV-2 infection, while 1125 had a prior infection; 174 infected individuals were excluded because they did not report their vaccination status. Among 951 infected subjects included in the study, 67% had at least one symptom at diagnosis of COVID-19, 36% received one dose, and 31% received at least two doses. Among the unvaccinated, 69% reported at least one symptom at diagnosis of COVID-19, compared with 57% of those who received two doses and 74% of those who received only one dose. Compared to individuals vaccinated with one/two doses, unvaccinated subjects were younger, reflecting COVID-19 vaccination patterns in the general population. The median time between acute illness and symptoms was 8 months in the unvaccinated group and 4 months in subjects receiving two doses. Regarding post-COVID-19 symptom reporting, 337 (35%) of the 951 infected subjects (vaccinated and unvaccinated) reported not fully recovering from initial COVID-19 symptoms at follow-up. The most commonly encountered symptoms were fatigue (22%), headache (20%) weakness in the arms or legs (13%), and persistent muscle pain (10%). Subjects receiving two doses were 36–73% less likely to report eight of the 10 most commonly reported symptoms. Symptoms were mainly present in the older age groups, particularly in those aged >60. This study demonstrates the vaccine efficacy against COVID-19 also against the long-term effects of SARS-CoV-2 infection.



Table 1 shows the main studies on vaccine efficacy.




4. From the Third Dose to the Fourth Dose


In November 2021, Juno and Wheatley [28] addressed the issues concerning the need to maintain protection against emerging variants and to increase the efficacy of the vaccine in vulnerable populations including subjects with primary immunodeficiencies, subjects undergoing immunosuppressive therapies, and the elderly. The study by Choi et al. [29] evaluated the immune response after two doses of mRNA-1273 (Moderna) and, 6 months later, after a third (booster) dose of the same vaccine, but reformulated against the Beta variant (B.1.351) or a multivalent vaccine containing both spike sequences. The decrease in neutralization activity of the initial two-dose vaccination was restored by boosters that were found to safely and effectively increase protection against variants. In subjects receiving the booster, the Beta variant, known to escape vaccine-induced antibody responses, was only slightly present.



A study by Shroff et al. [30] investigated the vaccination of cancer patients, noting that a reduced immune response in these patients could be related to the time elapsed since the last cytotoxic treatment. In these subjects, the administration of a third dose of the vaccine improved the neutralizing antibody responses in the majority of patients (16 out of 20).



In July 2021, Israel became the first country in the world to have three doses of BNT162b2 administered in the general population aged ≥60 years. For people vaccinated 5 months earlier, a third dose induced a 5–7-fold increase in neutralization titers and an 11.3-fold reduction in infections. In the UK, the booster dose was initially limited to immunocompromised individuals before being extended to the broader population over 50 years old. In Israel, Patalon et al. [31] evaluated the short-term efficacy of a two-dose vaccine schedule with an mRNA vaccine BNT162b2 (Pfizer/BioNTech) compared to the three-dose schedule in subjects ≥40 years. This case-control study was conducted using data from Maccabi Healthcare Services (MHS). The analyses covered the period from 1 August 2021 (when the booster dose was widely administered among eligible individuals) to 4 October 2021. Subjects were only eligible for a booster dose at least 150 days after the second dose. This study, therefore, estimated the decrease in the likelihood of finding a positive test result at different time intervals after administration of the third dose (0–6, 7–13, 14–20, 21–27 and 28–65 days) compared with those who had only received two doses. During the study period, 232,500 PCR tests for SARS-CoV-2 were performed among 306,710 subjects 40 years of age or older (55% female) who had no documented prior SARS-CoV-2 infection. In the group that received two doses, out of 227,380 total tests performed, 14,989 were positive (6.6%), while, in the group that received three doses, out of 272,852 total tests performed, 4941 were positive (1.8%). The marginal benefit of the efficacy of the third dose compared to the second dose gradually increased over time, with a moderate marginal benefit found from day 7 to day 13 (58%) and a high marginal benefit from day 14 to day 20 and beyond (85%). The marginal benefit was similar in all age groups after the first 2 weeks; moreover, the benefit was similar regardless of the presence of the comorbidities. Similarly, the case-control analysis estimated that the marginal measure of the efficacy of the booster dose compared to the second dose increased from 50% after 6 days after the booster to 71% between 7 and 13 days after the booster, 87% between day 14 and day 20, 85% between day 21 and day 27, and 83% between day 28 and day 65 after the booster. The odds of hospitalization among subjects receiving a booster dose were 92% to 97% lower than subjects receiving only two doses. Therefore, the BNT162b2 vaccine was associated with a lower likelihood of SARS-CoV-2 infection and hospitalization. Further data are needed to determine the length of immunity after the booster dose.



A clinical trial entitled “A Study to Evaluate the Immunogenicity and Safety of mRNA-1273.211 Vaccine for COVID-19 Variants” (ClinicalTrials.gov Identifier: NCT04927065) [32] was conducted by the biotech company Moderna. This trial, designed to anticipate and contrast some mutations such as those that later emerged in the Omicron variant, involves the evaluation of both the prototype vaccine (mRNA-1273) and the multivalent vaccine candidates (mRNA-1273.211, mRNA-1273.213), incorporating variants of previous variants of concern (VOC). The mRNA-1273.211 vaccine includes several mutations of the Omicron variant already present in the Beta variant. For this type of vaccine, Moderna completed the safety and immunogenicity study for the doses of 50 µg (N = 300) and 100 µg (N = 584). On 20 December 2021, Moderna published the preliminary results [33] of the 50 µg mRNA-1273 booster dose trial against the Omicron variant, which showed an approximately 37-fold increase in neutralizing antibody levels after 29 days of the booster dose against Omicron compared to the pre-boost levels, while a 100 µg dose of mRNA-1273 increased neutralizing antibody levels approximately 83-fold compared to pre-boost levels. The mRNA-1273.213 vaccine includes many mutations that are present in the Omicron variant, as well as in the Beta and Delta variants; it has already been tested for the 100 µg dose (N = 584) and is being studied for the 50 µg dose in 584 other subjects.



Multivalent vaccines have the potential to induce high levels of specific neutralizing antibodies against the Omicron variant at both 50 µg and 100 µg doses. Given the rapid spread of the Omicron variant and the greater complexity of implementing a new vaccine, the company is focusing most short-term efforts on countering the Omicron variant with the booster dose of mRNA-1273; at the same time, in the coming months it will seek to evaluate the levels and duration of neutralizing antibodies induced by multivalent candidates, including a specific vaccine (mRNA-1273.529) for Omicron. Doria-Rose [34] evaluated the potential impact of the Omicron variant on vaccines using serum samples from subjects administered the mRNA-1273 vaccine. In particular, when the neutralizing activity of the antibodies induced by vaccination was tested on serum samples obtained 4 weeks after the administration of two doses of vaccine (100 µg of mRNA-1273), the Omicron variant was 41–84 times less sensitive to neutralizing activity of antibodies compared to the English variant (D614G) and 5.3–7.4 times less sensitive than the Beta variant. A booster dose of 50 µg increased the neutralization activity of antibodies (by about 12 times) against the Omicron variant and was able to significantly reduce the risk of symptomatic infections.



On 2 January 2022, Israel recommended a fourth dose for immunocompromised groups, and the country also offered a fourth dose to healthcare workers and people older than 60 years.



Gruell et al. [35] evaluated the neutralizing activity of antibodies against the Omicron variant in vaccinated and convalescent subjects. The vaccine-induced neutralizing activity was tested against Wu01 (parent virus), Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2), and Omicron. All the samples showed high titers of neutralizing activity, at an inhibitory dilution of 50%; specifically, a titer of 546 was recorded against the Wu01 strain, while it was reduced to 331 against Alpha, 172 against Delta, and 40 against Beta. In particular, only eight of the 30 vaccinated individuals (27%) showed a detectable neutralizing serum activity against Omicron, but it was significantly lower than the Beta variant (p < 0.0001). After two doses of BNT162b2, the neutralizing activity against Wu01 decreased fourfold in the 5 month period (from 546 to 139), but it was strongly increased after the booster dose (to 6241). Neutralizing activity against the Omicron variant after two doses of vaccine remained low but increased more than 100-fold following administration of the booster dose of BNT162b2 (1195), and it was higher than that recorded against Wu01 after the second dose of BNT162b2. Similarly, the neutralizing activity in the convalescent subjects of COVID-19 was determined. Immediately after infection, the neutralizing activity against Wu01 was variable (37 to 11,008). Lastly, Gruell et al. [35] studied the relationship between the high number of mutations in the Omicron variant and the activity of neutralizing SARS-CoV-2 monoclonal antibodies shown to effectively reduce COVID-19 associated morbidity and mortality. Nine monoclonal antibodies were tested against the Wu01 strain and variants Alpha, Beta, Delta, and Omicron, including antibodies authorized for clinical use (bamlanvimab, etesevimab), REGN10933 (casirivimab), REGN10987 (imdevimab), and S309 (sotrovimab), an antibody in clinical study phase (DZIF-10c), and additional antibodies representative of different classes of antibodies (P2B-2F6, C102, and Fab2-36) that target the SARS-CoV-2 receptor-binding domain (RDB), i.e., the protein necessary for the first binding of SARS-CoV-2 protein S to the human ACE2 cell receptor to occur. All antibodies showed neutralizing activity against Wu01 and Alpha, but only 7/9 showed neutralizing activity against Delta variant, while 5/9 showed neutralizing activity against Beta; neutralizing activity against the Omicron variant was abolished in 7/9 monoclonal antibodies. In conclusion, strong neutralizing activity against the Omicron variant can be induced by a booster dose of BNT162b2. However, follow-up studies will be required to determine the durability of the antibody neutralization activity against Omicron after the booster dose. Accordingly, Cameroni et al. [36] found that, on a panel of 44 neutralizing monoclonal antibodies, only six maintained potent neutralizing activity against Omicron. The monoclonal antibodies that retain neutralization recognize RBD antigenic sites that are conserved in Omicron.



Table 1 shows the main studies on vaccine efficacy.
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	Studies
	Study Design
	Vaccine Name
	Vaccine Type
	Main Inclusion/

Exclusion Criteria
	No. of Subjects in Vaccine Group/No. of Subjects in Placebo Group
	Outcome

Type
	Findings or Efficacy (%)





	Saadat et al. [11]
	Clinical research study
	BNT162b2;

mRNA-1273
	mRNA vaccines
	Healthcare workers previously enrolled in a hospital-wide serosurvey study and vaccinated with either the Pfizer/BioNTech or Moderna vaccine
	N = 17 SARS-CoV-2 IgG antibody-negative (Ab-negative);

N = 16 IgG-positive asymptomatic COVID-19 (asymptomatic);

N = 26 IgG-positive with history of symptomatic COVID-19 (symptomatic)
	Antibody responses
	Healthcare workers with previous COVID-19 infection had higher antibody titer responses to a single dose of mRNA vaccine than those previously infected. Antibody titers started peaking at 7 days and achieved higher titers and neutralization in 14 days compared with Ab-negative volunteers.



	Krammer et al. [12]
	Short report
	BNT162b2;

mRNA-1273
	mRNA vaccines
	Subjects with and without documented pre- preexisting SARS-CoV-2, receiving their first vaccine dose in 2020
	109 with/without documented preexisting SARS-CoV-2 (seronegative: 68, seropositive: 41)
	Antibody responses
	In seropositive subjects, the presence of post-vaccine antibody titers was comparable to or exceeded that in naïve subjects receiving two doses.



	Parry et al. [13]
	Clinical research study
	BNT162b2 vaccine;

ChAdOx1 nCoV-19 vaccine
	mRNA vaccine and adenoviral vector vaccine
	Subjects aged 80+ years who received a single dose of either

BNT162b2 mRNA or ChAdOx1 adenovirus vaccine
	165 participants

N = 76 BNT162b2 mRNA

N = 89 ChAdOx1 adenovirus vaccine
	Immunogenicity (adaptive immune responses after 5 weeks)
	Antibody responses against spike protein were detectable in 93% and 87% of mRNA or ChAdOx1 recipients, respectively, with median antibody titers of 19.3 and 19.6 U/mL (p = 0.41).



	Sadoff et al. [14]
	Randomized, double-blind, placebo-controlled, phase 3 trial
	Ad26.COV2.S
	Recombinant,

adenoviral vector
	SARS-CoV-2-negative adult subjects/RT-PCR-positive between days 1 and 14 or between days 1 and 28 were excluded from the analysis of cases with an onset at least 14 days after administration and at least 28 days after administration
	per-protocol population:

39,321 SARS-CoV-2–negative participants

N = 19,630 Ad26.COV2.S

N = 19,691 placebo
	Efficacy (against moderate to severe–critical coronavirus disease 2019 (COVID-19) with an onset at least 14 days and at least 28 days after administration)
	Efficacy 66.9%.



	Hall et al. [15]
	Prospective cohort study
	ChAdOx1 nCoV-19 (AZD1222)

BNT162b2 mRNA
	adenoviral vector vaccine and mRNA vaccine
	Staff (aged ≥ 18 years) working in UK hospitals, assigned into either the positive cohort (antibody-positive or history of infection) or the negative cohort at the beginning of the follow-up period
	23,324 participants

N = 8203 assigned to the positive cohort

N = 15,121 assigned to the negative cohort
	Effectiveness
	A single dose of BNT162b2 vaccine showed vaccine effectiveness of 70% (95% CI 55–85) 21 days after first dose and 85% (74–96) 7 days after two doses in the study population.



	Fabiani et al. [16]
	Retrospective cohort study
	BNT162b2
	mRNA vaccine
	Adult healthcare workers (HCW) not infected/HCW infected with SARS-CoV-2 before the vaccination campaign, and HCW working outside hospitals
	N = 6423 participants

N = 1090 unvaccinated

N = 147 vaccinated one dose

N = 5186 vaccinated two doses
	Effectiveness

of one and two dose administration
	84% in preventing asymptomatic and symptomatic SARS-CoV-2 infection (14–21 days from the first dose);

95% (7 days from the second dose).



	Emary et al. [20]
	Single-blind, multicenter, randomized phase 2/3 trial assessing the safety and efficacy of the ChAdOx1 nCoV-19 vaccine
	ChAdOx1 nCoV-19 (AZD1222)
	Adenoviral vector vaccine
	Only participants in efficacy cohorts (n = 8534) were included; adults (≥18 years), with potentially high SARS-CoV-2 exposure, such as those in health and social care settings, enrolled at 19 study sites
	8534 subjects randomly (1:1) assigned to receive standard-dose ChAdOx1 nCoV-19 vaccine (5 × 1010 viral particles) or a meningococcal group A, C, W, and Y conjugate vaccine (MenACWY) as control; 2773 subjects received a low-dose vaccine (2.2 × 1010 viral particles) as their first dose or control
	The primary outcome: post hoc analysis of the efficacy of the adenoviral vector vaccine, ChAdOx1 nCoV-19 (AZD1222), against symptomatic COVID-19 disease for B.1.1.7
	70.4% (95% CI 43.6–84.5%) efficacy against symptomatic NAAT positive infection for B.1.1.7 and 81.5% (67.9–89.4%) for non-B.1.1.7 lineage.



	Voysey et al. [26]
	Three single-blind randomized controlled trials—one phase 1/2 study in the UK (COV001), one phase 2/3 study in the UK (COV002), and one phase 3 study in Brazil (COV003)—and one double-blind phase 1/2 study in South Africa (COV005)
	ChAdOx1 nCoV-19
	Adenoviral vector vaccine
	Participants in three single-blind randomized controlled trials
	24,422 participants were recruited and vaccinated across the four studies, of whom 17,178 were included in the primary analysis (8597 receiving ChAdOx1 nCoV-19 and 8581 receiving control vaccine)
	Virologically confirmed symptomatic COVID-19 disease, defined as a nucleic acid amplification test (NAAT)-positive swab combined with at least one qualifying symptom
	Efficacy after a single standard dose of vaccine from day 22 to day 90 after vaccination was 76.0% (59.3–85.9%). Protection did not wane during this initial 3 month period.



	Kuodi et al. [27]
	A cross-sectional study nested in a prospective longitudinal cohort study
	Mainly the BNT162b2
	mRNA vaccine
	All subjects (age ≥ 18 year) tested for SARS-CoV-2 infection by RT-PCR between 15 March 2020 and 15 November 2021 in the three major government hospitals in northern Israel were eligible
	951 infected and 2437 uninfected subjects
	Health outcomes according to vaccination and infection status
	Fatigue (22%), headache (20%), weakness (13%), and persistent muscle pain (10%) were the most common symptoms. Subjects receiving two doses are less likely than unvaccinated individuals to report any of these symptoms by 64%, 54%, 57%, and 68%, respectively (Risk ratios: 0.36, 0.46, 0.43, 0.32, p < 0.04 in the listed sequence).



	Choi et al. [29]
	(1) mRNA-1273 booster open-label phase: booster dose of 50 µg mRNA-1273

(2) mRNA-1273 variant booster open-label phase: booster dose of mRNA-1273.351 20 or 50 µg or mRNA-1273.211 50 µg
	mRNA-1273

mRNA-1273.351

mRNA-1273.211
	mRNA vaccines
	(1) Inclusion in the mRNA-1273 booster phase: only participants receiving 100 µg doses of mRNA-1273 in the P201 study were included in this analysis

(2) Inclusion in the mRNA-1273 variant booster phase: participants must have been enrolled in the mRNA-1273-P301 COVE (NCT04470427) study and received two doses of mRNA-1273, with their second dose ≥6 months before enrollment in P201
	(1) N = 600 randomized 1:1:1 to placebo or 50 or 100 µg mRNA-1273 in phase 2 study; n = 587 received 2 injections in the blinded phase; n = 558 proceeded to mRNA-1273 booster phase and offered option of unblinding at participant decision visit

(2) N = ~30,400 randomized 1:1 to placebo or 100 µg mRNA-1273 in phase 3 COVE study; n = ~29,300 completed blinded phase; n = ~28,600 proceeded to open-label phase and offered option of unblinding at participant decision visit
	Exploratory interim analysis of the preliminary safety and immunogenicity of single booster doses of mRNA-1273 (50 µg), modified mRNA-1273.351 and multivalent mRNA-1273.211
	Boosters increased neutralization titers against VOCs and VOIs (B.1.351, P.1., and B.1.617.2), equivalent to peak titers measured after the primary vaccine series against wildtype D614G virus, and superior against some VOIs.



	Patalon et al. [31]
	Case–control study
	BNT162b2
	mRNA vaccine
	306,710 members of Maccabi Healthcare Services (age ≥40 years; 55% female), receiving either 2 or 3 doses of BNT162b2 vaccine and without a positive PCR test result for SARS-CoV-2 before the follow-up period
	500,232 PCR tests performed, 227,380 in subjects receiving 2 doses and 272,852 in those receiving 3 doses, with 14.989 (6.6%) and 4941 (1.8%) positive test results in each group, respectively
	Retrospective study evaluating additional protection of a third booster dose of the BNT162b2 vaccine compared with a 2-dose regimen over the short term
	Estimated odds ratio of 0.14 (95% CI, 0.13–0.15) 28 to 65 days following receipt of the booster (86% reduction in the odds of testing positive for SARS-CoV-2).



	Doria-Rose et al. [34]
	Laboratory study
	mRNA-1273
	mRNA vaccines
	Participants receiving two doses of mRNA-1273
	Serum samples from 30 vaccine recipients 4 weeks after second dose of mRNA-1273 in the phase 3 COVE study (NCT04470427) were assayed against D614G, Beta, or Omicron spike of SARS-CoV-2 in two independent laboratories;

in a separate analysis, sequential serum samples from the 7 participants vaccinated and boosted under EUA were tested against D614G, Beta, and Omicron
	To assess potential risk of Omicron variant to existing vaccines, serum samples from mRNA-1273 vaccine recipients were tested for neutralizing activity against Omicron and compared to neutralization titers against D614G and Beta
	Neutralizing titers to Omicron were 49–84 times lower than neutralization titers to D614G after 2 doses of mRNA-1273, leading to an increased risk of symptomatic breakthrough infections. A booster dose of mRNA-1273 increases Omicron neutralization titers and may substantially reduce this risk.









5. Adverse Events


Greinacher et al. [37] described the cases of thrombocytopenia after the ChAdOx1 nCov-19 vaccination. Specifically, the clinical and laboratory characteristics of 11 patients in Germany and Austria who developed thrombosis or thrombocytopenia after vaccination were evaluated.



The first case was a 49 year old health worker, previously in good health, who had received the first dose of ChAdOx1 nCov-19 (AstraZeneca) in mid-February 2021. In the following days, she reported minor symptoms (fatigue, myalgia, and headache), while from the fifth day, her symptoms were chills, fever, nausea, and epigastric disorders. Ten days later, she was admitted to a local hospital. Computed axial tomography revealed thrombosis of the splanchnic vein. Despite transfusions of red blood cells, platelets, and coagulation factors, the patient died on day 11, and the autopsy also revealed a cerebral venous thrombosis. As of 15 March 2021, in addition to the first case, 10 other patients, for which clinical data were available, had thrombotic complications that started from day 5 to day 16 after vaccination with ChAdOx1 nCov-19. Thrombotic events included nine patients with venous thrombosis, three patients with splanchnic vein thrombosis, three patients with pulmonary embolism, and four patients with other types of thrombosis; five out of 10 patients had more than one thrombotic event. Signs of disseminated intravascular coagulation were also found in five patients. Hypofibrinogenemia was found in four out of six patients with available fibrinogen levels. Venous or arterial thrombosis was described about 5–20 days after vaccination and may represent an adverse effect of vaccination when accompanied by thrombocytopenia. Evaluation of the presence of anti-heparin antibodies (PF4), which are normally found in people who develop thrombocytopenia as a reaction to heparin, could help confirm the diagnosis of thrombotic thrombocytopenia induced by the vaccine in subjects not receiving heparin therapy.



Recently, after more than 6.8 million doses have been administered in the United States of the Ad26.COV2.S vaccine (Janssen, Johnson & Johnson), the FDA [38] is reviewing data regarding six reported cases of a rare and severe type of thrombosis in women between the ages of 18 and 48 between days 6 and 13 after vaccination. At this time, these adverse events appear to be extremely rare.



The etiopathogenetic mechanism of thrombosis hypothesized by Kadkhoda [39] based on some experimental studies could be the formation of immune glycoproteins complexes constituted from antibodies (IgG) against the SARS-CoV-2 spike protein. These immune complexes could activate platelets through a receptor present on their surface, inducing their activation and their adhesion to endothelial cells, which in turn would trigger the production of a coagulation factor (Willebrand factor). Platelet adhesion to endothelial cells could itself be one of the causes of severe thrombocytopenia (amount of circulating platelets less than 150,000/mm3) observed in these cases.



Kadkhoda [39] speculates that if the vaccine is accidentally injected into blood vessels, adenoviruses are able to infect cells such as epithelial, endothelial, and fibroblast cells, which can release copious amounts of soluble spike glycoproteins, resulting in a relatively high level of “antigenemia” spike SARS-CoV-2. Considering these mechanisms, Kadkhoda suggests a possible reduction in the vaccine dose and avoiding the administration of such vaccines in patients with coagulopathies or thrombocytopenia.



Kowarz et al. [40] described a mechanism that could underlie thromboembolic events triggered by DNA-based vaccines but not by RNA vaccines. According to the authors, DNA-encoded mRNA could more easily encode spike protein variants with unknown fate and function. The soluble spike variant secreted could then bind to ACE2 at the endothelial cell surface, being recognized by the anti-spikes generated during immunization. Inflammatory reactions could occur locally through several mechanisms including antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC).




6. Conclusions


Surely, previous SARS-CoV-2 infection induces effective immunity to future infections in most individuals, with levels of protection from symptomatic infection similar to those of newly licensed vaccines for working-age adults. Such immunity is also protective against reinfection from some variants. Further studies are underway on the longevity of antibody responses, as well as the efficacy of third vaccines against COVID-19 on reinfection rates as part of the challenge against new variants.



To achieve maximum public health benefit against the Omicron variant, many countries decided to give the third dose to as many individuals as possible.



Despite the limitations of the studies conducted so far, results seem to confirm the efficacy of third dose administration, resulting in high efficacy and protection against COVID-19 symptoms, but new variants may require the administration of a fourth dose.



The spike of SARS-CoV-2 evolves faster than other genomic regions via both point mutations [41,42] and recombination [43]. Therefore, several evolutionary scenarios for the future trajectory of SARS-CoV-2 [44] show that this pandemic may not yet be over. Serious efforts should probably be made to develop new vaccines that also target other more stable genomic regions. Currently, some vaccines under development target the capsid nucleus, which is evolutionarily more stable [45]. The emergence of the Omicron variant with strong mutations in its spike highlights this need to develop a new generation of vaccines that target more stable regions, rather than having to vaccinate every few months for a new variant.
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