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Abstract

:

Influenza is a vaccine preventable disease and vaccination remains the most effective method of controlling the morbidity and mortality of seasonal influenza, especially with respect to risk groups. To date, three types of influenza vaccines have been licensed: inactivated, live-attenuated, and recombinant haemagglutinin vaccines. Effectiveness studies allow an assessment of the positive effects of influenza vaccines in the field. The effectiveness of current influenza is suboptimal, being estimated as 40% to 60% when the vaccines strains are antigenically well-matched with the circulating viruses. This review focuses on influenza viruses and vaccines and the role of vaccine effectiveness studies for evaluating the benefits of influenza vaccines. Overall, influenza vaccines are effective against morbidity and mortality in all age and risk groups, especially in young children and older adults. However, the effectiveness is dependent on several factors such as the age of vaccinees, the match between the strain included in the vaccine composition and the circulating virus, egg-adaptations occurring during the production process, and the subject’s history of previous vaccination.
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1. Introduction


Influenza disease, usually called “the flu”, is a contagious respiratory illness caused by influenza viruses. The common symptoms are fever, aches, chills, chest discomfort, cough, and headache [1]. The incubation period is very short, typically from 1 to 4 days [2]. While the majority of infected subjects recover, some develop complications, particularly at-risk groups such as pregnant women, young children, the elderly, and individuals with chronic medical conditions [1,3]. One of the most common influenza-related complications is a secondary bacterial infection by Streptococcus pneumoniae, which increases the morbidity and mortality of influenza infection [4,5].



The World Health Organization (WHO) estimates that influenza alone results in 290,000–650,000 deaths each year due to respiratory diseases without taking into account deaths from other potentially influenza-related diseases [6]. Before the COVID-19 pandemic, Italy was experiencing peaks in influenza-related death rates, especially among the elderly during some winter seasons. An Italian study conducted over the influenza seasons 2013–2014 to 2016–2017 reported a high proportion of deaths among the elderly (seasons 2014–2015 and 2016–2017) and also high rates in children between 0 and 4 years [7]. Vaccination is still the most effective way of preventing and controlling influenza morbidity and mortality and as a consequence the WHO recommends 75% vaccine coverage for the vulnerable risk group of elderly persons [8]. As reported by the Italian Ministry of Health, in the 2020–2021 influenza season, vaccination coverage among subjects aged 65 years and older was 65.3%, higher than the previous years but still not optimal [9].



Influenza viruses spread mainly from person to person through droplets generated by sneezing, coughing and talking [2]. While influenza viruses are globally detected all year round, in temperate climates influenza epidemics occur during winter: November–March in the Northern hemisphere and May–September in the Southern hemisphere [2,10,11,12]. By contrast, influenza seasonality is less defined in tropical regions [13]. Although the seasonality of influenza in temperate regions has been well characterized, the factors influencing seasonality are still under study. Crowding, cold weather, reduced solar radiation, and low indoor humidity are usually related to influenza epidemics. In addition, intrinsic host factors, which could impact the immune system such as melatonin linked to light/dark cycles and vitamin D, may play a role in influenza seasonality [12,13,14].



Influenza viruses are enveloped viruses belonging to the Orthomyxoviridae family. There are four genera (A, B, C, and D), which are classified on the basis of antigenic differences in the nucleoprotein and matrix protein [15]. Influenza A viruses (IAVs) infect avian and mammalian species with swine and poultry constituting the two key reservoirs. Influenza B viruses (IBVs) are exclusive to humans, apart from seals. Influenza C viruses (ICVs) are mainly human pathogens and are responsible for lower respiratory tract infections, especially during childhood. However, they have also been detected in pigs, dogs, and cattle. The most recent virus is the influenza D virus (IDV), which was first isolated in 2011 from a swine with respiratory disease. However, both epidemiological and serological studies support the hypothesis that cattle are the natural reservoir. To date there is no direct evidence of IDV disease in humans, but antibodies against IDV have been detected, underlining the potential ability of this virus to infect and elicit an immune response in humans and especially in people working with animals and/or exposed to cattle [15,16,17,18,19,20].



IAVs are further classified in subtypes on the basis of the combinations of the two main surface glycoproteins: haemagglutinin (HA) and neuraminidase (NA). To date, 18 HAs and 11 NAs have been identified. HA constitutes roughly 80% of the virus surface and plays a key role in the attachment and entry of the virus into the host cell. The antibody response to influenza virus glycoproteins is mostly directed against HA. On the basis of the HA expressed, influenza viruses are further classified into two phylogenetic groups: group 1 and group 2 [21]. NA is responsible for release of the viral progeny from an infected cell. NA antibodies are not able to prevent infection but may contribute to mitigating the severity and duration of the disease [15,22,23,24].



IBVs are divided into two antigenic lineages (B/Victoria and B/Yamagata), which diverged in the 1970s and have co-circulated globally in humans since 1985 [25]. The other influenza viruses currently circulating in humans are type A, subtypes H1N1 and H3N2.



Influenza A and B viruses are subject to frequent mutations of their glycoprotein sequences—mainly those of HA and, at a slower rate, those of the NA—owing to the lack of proofreading polymerase activities [22,26]. “Antigenic drift” refers to minor antigenic changes that enable the virus to escape the host’s immune response and is responsible for annual influenza epidemics. Antigenic drift can sometimes involve changes in the glycosylation patterns of viral glycoproteins. The H3N2 viruses evolve particularly rapidly and more unpredictably than other seasonal influenza viruses. “Antigenic shift”, which occurs only in IAVs, consists of abrupt, major changes in HA or HA/NA, resulting in new influenza subtypes unknown to the human immune system resulting in the lack of immunological protection; the new subtype therefore may have pandemic potential. Antigenic shift may be the result of direct mutational changes of a zoonotic influenza enabling the virus to infect humans directly and to support efficient human-to-human transmission. Alternatively, it can occur through reassortment between zoonotic influenza viruses and seasonal human influenza viruses. The last one means that two influenza viruses infect a common host, such as a pig, resulting in a new influenza virus that has some antigenic determinants of one virus and the host tropism and pathogenicity of the other [15,24,27]. Influenza pandemics occur approximately every 10 to 40 years. However, as we have learned from the COVID-19 pandemic, it is still not possible to predict when, where, and how severely they will strike [15,28]. The first pandemic of the XXI century was caused by a new influenza A/H1N1 virus of swine origin, which appeared in Mexico in March and early April 2009 which substituted the former human seasonal influenza H1N1 virus. This pandemic was relatively mild and affected children and young and middle-aged adults more severely than other groups. This unusual pattern of age-related morbidity and mortality was due to pre-existing cross-protection against the new H1N1 virus in subjects older than 60 years. The most devastating pandemic in human history was the so-called “Spanish Flu” in 1918–1919, which caused almost 50 million deaths worldwide and was dubbed “the mother of all pandemics”. Since that time, all influenza A pandemics have been caused by descendants of the 1918 virus [29,30,31,32,33]. The other two great pandemics were the 1957 “Asian Flu”, caused by an H2N2 virus, and the 1968 “Hong Kong Flu”, caused by an H3N2 virus that replaced the H2N2 and which still circulates worldwide as seasonal IAV [34,35,36].



Pandemics are quite difficult to predict. A key step in pandemic preparedness is the prompt detection of novel influenza strains as they emerge and before being efficiently transmitted among humans. Some influenza viruses are of particular concern such as avian viruses, although they have not yet caused a pandemic. Since the first outbreak of avian influenza in Hong Kong in 1997, the WHO has reported a total of 239 cases of human infection with A/H5N1 virus, as of 3 February 2022, with 134 deaths (case fatality rate: 56%) [37]. In addition to H5N1, H7N9, and H10N8, other avian viruses, such as H10N3, are potential pandemic candidates. This highlights the importance of surveillance in both humans and animals, such as wild birds and poultry, which is still the key to controlling the emergence of novel avian influenza strains [38,39]. Notably, at the beginning of 2022, no new cases of human infection by the H7N9 avian influenza virus were reported in the Western Pacific Region. Since early 2013, laboratory-confirmed human infections have totaled 1568, with 616 deaths [40]. Of 1568 cases, mutations in the HA gene have been reported in 33 cases, providing evidence of a change to pathogenicity in poultry. As yet, however, there is no evidence of sustained human-to-human transmission, and human infections are unusual. Nevertheless, careful monitoring is crucial in order to promptly identify viral changes and transmission patterns that could make the virus a threat to humans [34,41,42,43,44].




2. Annual Update of Seasonal Influenza Vaccines


Owing to the evolving nature of influenza viruses, the composition of vaccines needs annual evaluation in order to include the seasonal viruses predicted to circulate during the next influenza season. Influenza vaccines may be trivalent, containing the A/H1N1 virus, A/H3N2 virus, and one lineage of the B virus, or quadrivalent, containing both B lineages. Since the 2013–2014 influenza season in the Northern Hemisphere, the WHO has recommended the inclusion of both B lineages, as this is deemed to provide broader protection against IBVs. Indeed, the inclusion of one B lineage confers limited protection against the other lineage. Moreover, in some influenza seasons (such as 2001–2002 and 2010–2011) the predominant circulating lineage was different from the one included in the vaccine, resulting in a limited vaccine effectiveness (VE) [41,45,46,47]. Since 1998, the WHO has held twice-yearly consultations with vaccine regulatory agencies, vaccine manufacturers, members of the WHO Global Influenza Surveillance and Response System (GISRS), global public health laboratories, and academia: one in February for the Northern hemisphere and one in September for the Southern hemisphere. The WHO recommendations provide a guide to which influenza viruses should be included in influenza vaccines for use in the next influenza season. However, it is the responsibility of each national regulatory authority to approve or modify the vaccine composition [48,49,50]. The GISRS network, a global system of public health institutions, is coordinated by the WHO, and currently consists of 148 National Influenza Centres (NICs), 7 WHO Collaborating Centres (CCs) for Influenza, 4 WHO Essential Regulatory Laboratories (ERLs), and 13 H5 Reference Laboratories. The GISRS plays a key role in global influenza risk assessment and performs year-round virological surveillance. It has been estimated that the GISRS processed an average of 3.4 million specimens every year from 2014 to 2019, a figure that increased to 6.7 million in 2020 and 2021. The WHO recommendations of viruses for inclusion in the annual seasonal vaccines are based on GISRS surveillance [48].



Vaccine production takes 6 to 8 months from the WHO recommendations. This is a tight schedule and a complex process with limited flexibility and requires compromises. Consequently, vaccine manufacturers sometimes prefer to start the production of at least one antigen before the official recommendation is issued, in order to be able to manage unexpected events. However, the current system does not allow manufacturers to anticipate the WHO recommendations; thus, in the event of mismatch in April/May, there is not enough time to thoroughly investigate the viral variant that has emerged and, if necessary, to prepare a well-matched vaccine. This could impact on the VE, as happened during the 2014–2015 season in the Northern hemisphere, when an antigenic variation of the H3N2 virus emerged and only little or no VE was observed [24,46,50,51].



However, other crucial factors contribute to the timely production, evaluation, and delivery of vaccines before the next influenza season. First, the preparation of the Candidate Vaccine Virus (CVV). The CVV is a virus prepared by the CCs for potential use in vaccine manufacturing and should be antigenically similar to the virus recommended in the next influenza season. Since the majority of vaccines are still produced in eggs, the CVV needs to replicate well in eggs. CVVs are crucial for the timely production of egg-based vaccines. In the case of cell-based manufacturing, a different CVV is prepared, while influenza vaccines based on recombinant DNA technology do not require CVVs as they are based on the genetic information of the recommended vaccine viruses [3,52].



Once the CVVs have been ascertained to be antigenically related to the recommended vaccine strains (defined as “-like”), they are supplied to manufacturers, who generate “seed viruses” for the production of inactivated vaccines. A key step of the production process is the availability of “high-yield” (hy) CVV. CVV wildtype viruses poorly grown in eggs will extend the time to produce a sufficient amount of vaccine antigen. The hy, or high-growth reassortant (hgr), was proposed by Kilbourne in 1969 and developed by co-infection of A/PR/8/34 (PR8), a hy donor virus, along with the recommended wild type “target” virus. The generation of hy reassortant vaccine seed viruses is the result of combining the HA and NA from the wild type “target” virus with 1–6 of the remaining genes from the hy donor virus PR8 [50,51].



Other factors which can impair, or delay vaccine production include the timely production of reagents for determination of the HA antigen content in the vaccine and ferret antisera for confirmation of antigenic identity [46,50].



The WHO GISRS, in collaboration with animal health partners, also performs surveillance for zoonotic events, and decisions are made at least twice a year regarding the need to develop CVVs for the purpose of pandemic preparedness [53]. Over the last 20 years, several zoonotic influenza events have been detected. The selection and development of zoonotic CVVs are aimed at maintaining a bank of viruses that can be promptly used for vaccine development and also at aiding manufacturers that want to develop pilot lots of vaccines [41,52].




3. Licensed Seasonal Influenza Vaccines


The degree of protection conferred by vaccination depends on a complex interplay between vaccine composition and circulating influenza viruses, the age of vaccinees and their history of previous exposure to influenza viruses, and/or influenza vaccinations, as well as product-specific factors such as the vaccine formulation.



To date, three types of influenza vaccines have been licensed: inactivated, live-attenuated, and recombinant HA vaccines. The advantages and disadvantages of licensed seasonal influenza vaccines are summarized in Table 1.



The inactivated influenza vaccines (IIVs) are the most widely used ones and can be whole virus, split virus, or subunit vaccines; they are administered by intramuscular or subcutaneous injection. Split and subunit IIVs can be administered to all age groups from six months onwards. Whole virus vaccines have been extensively used in humans but are no longer in use in most parts of the world owing to their relatively high reactogenicity. Subunit or split virus vaccines are the most widespread [15,23,46,54]. The latter are prepared by disrupting the viral membrane chemically. Subunit vaccines contain only the HA and NA glycoproteins of the virus. Currently, none of the licensed vaccines are adjuvanted, with the exception of an MF-59 adjuvanted subunit vaccine licensed for persons of 65 years of age and older to overcome the weakened immune response in this age group, also known as immunosenescence [55]. Another vaccine licensed for people of 60 (Europe) or 65 (USA) years of age and older is high-dose IIV, which contain a four times higher amount of the HA antigen than the standard dose [56,57].



IIVs are mainly produced in embryonated hens’ eggs, harvested from the allantoic cavity and manufactured according to the type of vaccine. Egg-based production is a long- and well-established traditional system. Its main advantages are the availability of extensive safety data, cost-effectiveness, and high yields of influenza virus antigens. On the other hand, it has several limitations, which have prompted the development and implementation of other platforms. One major issue is the need for a huge number of embryonated hens’ eggs; one or two eggs are usually required for one dose of vaccine. Moreover, subjects with an egg allergy are not recommended to receive this kind of vaccine, owing to the theoretical risk of an anaphylactic reaction, since small amounts of egg proteins may be present in the vaccine. Finally, some viruses, such as H3N2, grow poorly in eggs and could undergo some egg-adaptive changes that could reduce the VE [46,54]. The current alternative for vaccine production is the cell-culture platform. The main advantage of this platform is its independence from the supply of eggs, a crucial aspect in the event of an avian pandemic, as the cells can be cryo-conserved and used at any time when needed, in contrast to the supply of eggs which needs a diligent advance planning for at least 6 months. Another advantage is the freedom of the vaccine from any egg component. Another important advantage of the cell culture platform is in overcoming the risk of egg-adapted mutations which can affect the antigenicity of vaccine viruses. A cell-based quadrivalent IIV produced by Seqirus has been approved and is now widely available [57,58]. However, this production system also has some disadvantages such as shorter experience, the need to qualify production facilities, an extended quality control program including testing for adventitious agents, and higher production costs [15,46]. All current IIVs are standardized with regard to HA content, but not to NA content [59].



Live influenza vaccines (LAIVs) are administered intranasally, thereby miming natural infection and inducing broader humoral and cellular immune responses than IIVs, including additional mucosal IgA responses in the upper respiratory tract. These attenuated viruses are cold-adapted and are able to replicate at 25 °C, the temperature of the nasal passage, but not at a temperature higher than 35 °C, that of the respiratory tract. LAIVs can provide protection against both well-matched and non-matching influenza strains. These vaccines are administered to healthy subjects, aged 2–49 years, according to the country-specific regulations; however, the use of live viruses makes these vaccines unsuitable for immunocompromised subjects [15,46].



The first vaccine produced by a modern recombinant DNA technology was Flublok®, which was developed by Protein Science, Meriden, CT, and acquired by Sanofi Pasteur. Initially approved by the Food and Drug Administration in 2013 for use in adults aged 18–49 years, the quadrivalent version replaced the previous one in 2017 for use in adults aged 18 years and older. The quadrivalent vaccine, named Supemtek®, was also authorized by the European Medicines Agency in 2020 [60,61,62]. This technology offers several important advantages; indeed, it does not require eggs or CVVs, and the manufacture of the HA of the target virus starts from the viral RNA sequence by in vitro synthesis of the corresponding DNA. This DNA is cloned in a baculovirus, preferably Autographa californica multiple-capsid nuclear polyhedrosis virus [63,64,65]. This approach may be particularly important, allowing a prompt response in the event of a pandemic, based on sequence information rather than the availability of an infectious virus isolate. Clinical studies performed with such vaccines produced by recombinant DNA technology have shown a good immunogenicity and tolerability in younger and elderly adults, the latter being important as these vaccines contain three times more HA antigens than IIVs [65,66,67,68,69,70,71,72,73].



Several different types of vaccines based on new technologies and platforms (e.g., plant-based, vector-based, VLP/NP technologies, nucleotide-based technologies, recombinant replication-deficient LAIVs) are now under development with a view to producing next-generation vaccines, in order to complement for or to overcome the drawbacks of the current technologies [46,74]. One of the most appealing approaches for next-generation vaccines is the development of a universal influenza vaccine aimed at providing robust and long-lasting protection against multiple subtypes of influenza viruses. As reported by the National Institute of Allergy and Infectious Diseases, a universal vaccine should protect against group 1 and 2 influenza viruses, should be at least 75% effective, the protection should last at least one year and should be suitable for all age groups. Ideally, the administration of a universal vaccine would avoid the need for annual reformulation and re-administration of seasonal vaccines. So far, the stem of the HA has been identified as the ideal target for antibodies induced by a universal vaccine since it remains unchanged. However, other conserved parts have been explored such as the NA, the ectodomain of the ion channel M2, and the internal viral proteins [75,76]. Another innovative approach is represented by the respiratory vaccine program launched by Moderna. The aim is to develop a combination respiratory vaccine candidate (mRNA-1230) targeting SARS-CoV-2, influenza viruses, and respiratory syncytial virus. This vaccine is designed as an annual booster in order to protect older adults against all three viruses at once and maintain immunogenicity over the years [77].




4. Influenza Vaccine Effectiveness


Two criteria are used to assess the performance of influenza vaccines: efficacy and effectiveness. Vaccine efficacy refers to the reduced risk of infections and subsequent disease by vaccination in ideal circumstances such as randomized placebo-controlled clinical trials. By contrast, VE refers to the reduced risk of clinical outcomes (e.g., disease incidence, hospital admission) among subjects vaccinated under “real-word” conditions and it is usually evaluated through observational studies. Although randomized placebo-controlled clinical trials are considered the “the gold standard” for measuring vaccine efficacy, they are expensive, and often pose ethical challenges. In addition, efficacy studies with influenza vaccines have a high risk of failure based on differences in attack rates and vaccine matches, resp. mismatches in different seasons. Therefore, the evaluation of VE by performing observational studies is increasingly considered to be a more appropriate approach than efficacy studies. Since 2004–2005, the most widely used method of estimating the VE of seasonal influenza vaccines has been the test-negative design (TND). In this case, patients with signs and symptoms that meet predefined clinical definitions are tested for the presence of influenza viruses; they are classified as cases if they test positive and controls if negative [78,79,80,81,82,83].



The VE of current influenza vaccines is suboptimal, having been estimated as 40% to 60% when the vaccines strains are antigenically well-matched with the circulating viruses [3,84].



VE is dependent on several factors such as the age of vaccinees, the match between the strain included in the vaccine composition and the circulating virus, egg-adaptations occurring during the production process, and the subject’s history of previous vaccination as recently supposed [3,79,82,83].



Vaccine impact is referred to as the reduction in disease incidence where some subjects have received vaccination [79,80].



4.1. Effectiveness in Children


Children younger than 5 years old, and especially those younger than 2 years, are at higher risk of developing serious influenza-related complications. The Centers for Disease Control and Prevention (CDC) estimates that from the 2010–2011 to the 2019–2020 influenza seasons, influenza-related hospitalizations among children younger than 5 years ranged from 7000 to 26,000 in the United States, while influenza-related deaths in children ranged from 37 to 199 from the 2004–2005 to the 2019–2020 influenza seasons [85].



Children may also play a key role in the spread of influenza infection, shedding the virus in greater quantities and for longer duration than adults. Specifically, IBVs are more likely to affect children and to cause their hospitalization or death [24,86,87].



Influenza vaccination is recommended for children aged 6 months and older; two doses at least 4 weeks apart are recommended for children aged 6–59 months at initial vaccination, while children aged 6–35 months receiving a pediatric dose [88].



Overall, it has been estimated that IIVs are able to reduce the risk of influenza in children aged 2–16 years from 30% to 11%, and LAIVs from 18% to 4% in children aged 3–16 years [89].



An overview on studies on VE conducted in children is shown in Table 2.



With regard to IIVs and children aged up to 59 months, VE varies from moderate to effective depending on the influenza season considered and, in some cases, on diagnostic sensitivity. A study performed to assess VE in preventing laboratory-confirmed influenza infection during the 2011–2012 influenza season in China, a season characterized by a considerable mismatch of H3N2 and B viruses [98], estimated a VE of 67% (95% CI: 41; 82), indicating that vaccinated children were considerably protected from developing influenza that would have required medical attention [90]. Moreover, according to the authors, no significant differences were found between children aged 6–35 months (72%, 95% CI: 43; 86) and those aged 36–59 months (50%, 95% CI: −46.3; 82.9). However, a study performed in the Republic of Korea in the influenza season 2017–2018 showed that the VE in the older age group (36–59 months) was higher than that in the younger age group (6–35 months), with 59.3% (95% CI: 8.8; 81.9) versus 44.1% (95% CI: −0.2; 67.8), respectively [91]. These numbers emphasize that it can be difficult to draw valid conclusion when comparing VE data of different seasons, resp. different regions. In addition, VE may also vary according to the diagnostic tools, such as a rapid influenza diagnostic test and the reverse transcription polymerase chain reaction (RT-PCR), the latter being considered as the gold standard for molecular detection of influenza viruses [99]. In the Republic of Korea study the adjusted VE was 53.4% (95% CI: 25.3; 70.5) according to RT-PCR and 14.8% (95% CI: −4.4; 30.0) according to the rapid influenza diagnostic test (RIDT). When the different virus subtypes were considered, the VE based on RT-PCR gave 68.8% (95% CI: 38.7; 84.1) against IAVs and 29.7% (95% CI: −35.1; 61.8) against IBV. This study was performed in the 2017–2018 season, which was characterized by a mismatch between the circulating IBV (B/Yamagata-lineage) and the vaccine strain (B/Victoria-lineage); this probably explained the low VE against IBV. This is also supported by the VE data based on the RIDT of 24.2% (95% CI: 3.1; 40.2) against influenza A and a negative VE value of −5.1% (95% CI: −42.6; 21.4) against influenza B. Another study in the US using the Department of Defense’s Data Base DoDGRS evaluated the VE against medically-attended, laboratory-confirmed influenza infections in children aged 6 months to 17 years (6–11 months; 12–23 months; 2–4 years; 5–8 years; 9–12 years and 13–17 years) over four influenza seasons (from 2016–2017 to 2019–2020) [92]. The VE against any type of influenza was low and non-significant in the youngest children (aged 6–12 months) and high in the 12–23- month age-group; it then declined linearly with increasing age with an overall VE of 42% (95% CI: 37; 47). The study also showed that the VE was also very type/subtype- and strain-specific, with the highest value of 55% (95% CI: 47; 61) against influenza A/H1N1pdm09, followed by 49% (95% CI: 41; 55) against influenza B, and being the lowest against A/H3N2 with only 37% (95% CI: 28; 45) [92]. Another study evaluating the VE among children aged 6 to 72 months during two influenza seasons (2016–2017 and 2017–2018) reported an overall VE of 58% (95% CI: 31; 74). When analyzed by age groups, 6–35 months and 36–72 months, the lowest VE (28%, 95% CI: −80; 71) was found in the youngest group [93].



Recently, it was considered that repeated vaccinations can impair the antibody response, especially in the elderly; however, this consideration is still a topic of controversial discussions [100,101,102,103,104,105,106]. The mechanism behind this phenomenon is poorly understood, however different explanations have been proposed. One is the “negative interference” or “the antigenic distance hypothesis” based on the match between the virus strains present in the prior and current vaccine and the antigenic difference with the drifted circulating virus. In this circumstance, the immune system could be too focused on the viruses contained in the vaccines and less effective against the drifted one. Another explanation may be the antibody sequestration meaning that antibodies developed following the prior vaccination bind to subsequent vaccine antigens and prevent the exposure to the immune system. Other studies have reported that repeat vaccination with the same influenza vaccines reduces antibody-affinity maturation and decreases the B-cell response [107,108,109,110,111,112,113,114]. This has been at least partially addressed in two studies [94,95]. A meta-analysis of 28 suitable published studies in children between 6 months and 17 years of age showed that influenza vaccination offered higher protection in children who were fully vaccinated (VE of 61.79%; 95% CI: 54.45; 69.13), compared to those who were partially vaccinated (33.91%; 95% CI: 21.12; 46.69) against any influenza type [94] and of 53% (95% CI: 45; 60) in 2016–2017 and 2017–2018 influenza seasons [95]. Overall, both studies [94,95] concluded that influenza vaccination provided substantial protection in children, even in seasons characterized by a high disease burden and the predominant circulation of mismatched viruses, such as H3N2 [95]. However, another study found an overall VE of 63% (95% CI: 38; 78) against critical illness due to any influenza virus, with no difference in protection between age-groups or between fully and partially vaccinated children [96]. Interestingly, this VE estimate was made during the 2019–2020 influenza season, which was characterized by a mismatch between the predominant influenza viruses and the vaccine strain; it therefore underlined the benefit of vaccination in reducing the risk of life-threatening influenza in children.



VE in subjects <17–18 years ranged from 42% (95% CI: 37; 47) [92] to 33% (95% CI: 24.3; 40.7) [97] over four consecutive influenza seasons, from 2016–2017 to 2019–2020 [92] and from 2012–2013 to 2015–2016 [97]. The consensus is that vaccination is protective in children, though age-related differences were found in some cases and the lowest protection was observed against H3N2 [92,94,95,96,97].



Overall, the question on the need of influenza vaccination in children is still open. On the one side, there is evidence of moderate IIV VE in children against medically, laboratory-confirmed influenza infection, to prevent substantial influenza associated life-threatening illness requiring invasive mechanical ventilation, a strong predictor of death, to reduce the overall risk of influenza-associated hospitalizations, and finally of a possible indirect benefit to reduce the transmission to (high-) risk groups such as elderly adults. On the other hand, VE seems to be variable and suboptimal, with differences being related to the season, child’s age, antigenic match/mismatch, and the manufacturing process. In addition, since vaccination is recommended for children aged 6 months and older, a promising strategy may be maternal immunization [86,92,95,96,97,115,116].




4.2. Effectiveness in Adults and the Elderly


While influenza may be serious and can affect anyone, adults aged 65 years and older have a higher risk of developing serious influenza-related complications than young and healthy adults. The CDC estimates that, in recent years, between 70% and 85% of seasonal influenza-related deaths and 50–70% of hospitalizations have occurred in subjects aged ≥65 years, defined as older adults/elderly [117,118]. Vaccination is therefore strongly recommended for the elderly, in order to prevent the disease and its related complications.



An overview on studies on VE conducted in adults and the elderly is shown in Table 3.



VE in the elderly has been evaluated in several influenza seasons from 2010–2011 to 2019–2020, and several studies have suggested that it exerts an overall protective effect even in elderly people with cardiovascular and/or respiratory diseases and those over 75 years old [119,120,124,125,130]. For instance, one study evaluated VE over eight seasons, and found that, in every season, vaccination reduced the risk of severe influenza disease in vaccinated subjects aged ≥65 years by 16% (95% CI: 12; 19) to 48% (95% CI: 41; 54) [119]. A study performed in China (Beijing) during the 2013–2014 influenza season reported that VE was favourable (59%, 95% CI: −79; 90) against H1N1, suboptimal against H3N2 (22%, 95% CI: −253; 83) and not present against B viruses (−20%, 95% CI: −239; 58); this last finding was attributed to genetic-lineage mismatch with the vaccine reference component for the B/Yamagata-lineage strain [120]. The same was observed during the 2015–2016 season and was explained by a mismatch between the circulating B-Victoria lineage and the B-Yamagata lineage viruses included in the vaccine [121].



Differences have also been observed according to the type of vaccine administered to the elderly. Adjuvanted IIVs seem to yield higher VE values than non-adjuvated IIVs, more effectively reducing the risk of hospitalization for influenza or pneumonia and significantly reducing influenza-related medical consultations [122,131]. In addition, adjuvanted IIVs are reported to significantly reduce influenza-related medical consultations in adults aged ≥65 years with at least one medical condition, in comparison with subjects receiving conventional non-adjuvanted IIVs [123]. Notably, these findings were observed during the 2017–2018 and 2018–2019 influenza seasons, which were characterized by “high” and “moderate” disease severity, respectively. The overall VE in subjects aged ≥65 years was 17% (95% CI: −14; 39) in 2017–2018 and 12% (95% CI: −31; 40) in 2018–2019 [132,133]. Moreover, the high-dose IIV also showed the potential to reduce hospitalizations and emergency room visits for influenza and pneumonia in the elderly over six influenza seasons (from 2012–2013 to 2017–2018) [134].



Further studies have compared VE between adults and the elderly, with different conclusions [124,125,126,127]. One comparison of VE over five influenza seasons (from 2011–2012 to 2015–2016) between a reference group of adults aged 18–49 years and elderly (65–74 years, ≥75 years, and ≥65 years) found an overall VE of 48% (95% CI: 41; 54) against H1N1 in the adults and of 49% (95% CI: 22; 66) in the elderly, of 55% (95% CI: 45; 63) and 62% (95% CI: 44; 74) against B viruses, and of 21% (95% CI: 9; 32) and 14% (95% CI: −14; 36) against H3N2, respectively. Excluding the 2014–2015 season, during which the circulating virus was antigenically different from the seasonal vaccine strain, the VE increased to 35% (95% CI: 22; 46) in adults and 17% (95% CI: −26; 45) in elderly. Overall, no consistent pattern of lower VE in any of the elderly subgroups compared to among adults was found, suggesting that influenza vaccination provided similar levels of protection in both the elderly and adults [125]. A further study reported a moderate VE (42.8%, 95% CI: 23.8; 57.0) against influenza-related hospitalization in subjects aged ≥16 years with a lower trend in adults aged 16–64 years (33.2%, 95% CI: −6.7; 58.2) [126]. Conversely, another two studies concluded that the protection provided by influenza vaccines was moderate against influenza-associated hospitalizations and medically-attended laboratory-confirmed infection among adults, while the VE against H3N2 was low in the elderly, especially in mismatched seasons [92,124]. The overall VE was 51% (95% CI: 44, 58) among adults, 48% (95% CI: 37; 89) against H1N1, 37% (95% CI: 24; 50) against H3N2, and 38% (95% CI: 23; 53) against B viruses, while it was significantly lower (37%) (95% CI: 30; 44) in the elderly. The biggest differences between matched and mis-matched strains were seen in persons from 65 years onwards when the VE against A(H3N2) was 43% (95% CI: 33; 53) in seasons when circulating and vaccine strains were antigenically similar and 14% (95% CI: −3; 30) when A(H3N2) variant viruses predominated which results in a negligible protection against hospitalization during seasons with mismatched H3N2 viruses [124]. A lower VE against H3N2, in addition to H1N1, in adults aged ≥65 years old was also reported in another study [127], clearly demonstrating the lower VE of IIV in this specific age-group. The reduced VE could be explained by immunosenescence, an age-related decline in the normal function of the immune system [135]. However, other factors and mechanisms may also influence the immune response to influenza vaccines and need further investigation. Moreover, influenza vaccination has been associated with a 41% reduction in the risk of hospitalization for influenza illness, with an overall VE of 41% (95% CI: 27; 52) against all influenza viruses among adults (median age 63 years) in 2019–2020 [128]. In the same season, a significant VE (53%, 95% CI: 30; 69) among working adults in Japan was reported; this contrasted with a low VE of 28% (95% CI: −5; 50) in season 2017–2018 and an even negative VE of −11% (95% CI: −42; 14) in season 2018–2019, which testifies to the fact that effectiveness of influenza vaccines may substantially vary from season to season according to the circulating influenza viruses, antigenic matches and mismatches, pre-existing immunity, and different age-groups [129].





5. Conclusions


It is commonly accepted in the scientific and medical communities that vaccination remains the most effective method of controlling the morbidity and mortality of seasonal influenza, especially with respect to (high-) risk groups such as young children, elderly adults, persons with chronic medical conditions, and immunocompromised persons. However, it is very difficult to evaluate the efficacy of influenza vaccines in these risk groups as placebo-controlled efficacy studies are for ethical reasons not accepted by most of the Regulatory Authorities and Ethic Committees.



So-called effectiveness studies which investigate the positive effects of influenza vaccines in the field are an excellent alternative. However, the results of such effectiveness studies are very divergent, and results are sometimes even contradictive. Nevertheless, the selection of single studies or meta-analyses of a variety of studies confirm that in general influenza vaccines are effective against morbidity and mortality in all age and risk groups, especially in young children and elderly adults. However, the outcome of such effectiveness studies is very dependent on influenza virus-specific parameters, mainly the antigenic drift, especially of the A-strains or the differently circulating B-strains of the two divergent lineages B-Victoria and B-Yamagata. The negative impact of the latter was overcome by the introduction of the quadrivalent vaccines with representative vaccine strains of both lineages. A more challenging issue is the antigenic drift of the A strains, especially for H3N2 viruses, which can result in a complete lack of protection in specific seasons. This issue can be exacerbated by the conventional influenza vaccine production technology of embryonated hens’ eggs which carries the risk of antigenically mis-matched vaccine virus by the introduction of egg-adapted mutations. This issue can be overcome by new technologies such as cell culture or the use of recombinant vaccines which ensure the antigenic similarity of the vaccine strains with the wildtype viruses circulating in nature. Nevertheless, even these vaccines may face the limitations of potential mismatches between the circulating strains and the WHO-recommended vaccine strains caused by antigenic drift, especially during an influenza season. However, novel technologies, namely recombinant RNA/DNA-platforms, may offer a higher flexibility in addressing antigenic changes during an influenza season potentially allowing the adaptation of the vaccine during the season. This, of course, would also require higher flexibility and accelerated responses of Regulatory Authorities.



Finally, the experience based on a variety of effectiveness studies would strongly raise the bar for so-called “universal influenza vaccines” or, more precise, “influenza vaccines with a broadened and longer-lasting immunity” would require studies over several seasons without any prediction of the importance of the antigenic drift over these seasons carrying a high risk of failure within one specific season. Therefore, such studies most likely cannot be performed by individual vaccine producers but may need the intensive support of all stakeholders involved in the timely production of seasonal influenza vaccines, i.e., the WHO, International Institutions, the scientific community, and, last, but not least, Regulatory Authorities worldwide.







Author Contributions


Conceptualization, S.V.; writing—original draft preparation, C.M.T.; writing—review and editing, O.K., E.M., S.V. and S.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


E. Montomoli is an external consultant and Chief Scientific Officer of VisMederi srl and VisMederi Research srl.




References


	



Centers for Disease Control and Prevention. Flu Symptoms & Complications. Available online: https://www.cdc.gov/flu/symptoms/symptoms.htm (accessed on 31 March 2022).

	



Centers for Disease Control and Prevention. Flu Season. Available online: https://www.cdc.gov/flu/season/index.html (accessed on 31 March 2022).

	



Rajaram, S.; Wojcik, R.; Moore, C.; Ortiz de Lejarazu, R.; de Lusignan, S.; Montomoli, E.; Rossi, A.; Perez-Rubio, A.; Trilla, A.; Baldo, V.; et al. The impact of candidate influenza virus and egg-based manufacture on vaccine effectiveness: Literature review and expert consensus. Vaccine 2020, 38, 6047–6056. [Google Scholar] [CrossRef]

	



Morris, D.E.; Cleary, D.W.; Clarke, S.C. Secondary Bacterial Infections Associated with Influenza Pandemics. Front. Microbiol. 2017, 8, 1041. [Google Scholar] [CrossRef]

	



Gupta, R.K.; George, R.; Nguyen-Van-Tam, J.S. Bacterial pneumonia and pandemic influenza planning. Emerg. Infect. Dis. 2008, 14, 1187–1192. [Google Scholar] [CrossRef]

	



World Health Organization. Global Influenza Programme. Available online: https://www.who.int/teams/global-influenza-programme/surveillance-and-monitoring/burden-of-disease#:~:text=Influenza%20economics&text=WHO%20estimates%20that%20seasonal%20influenza,which%20can%20be%20influenza%2Drelated (accessed on 30 March 2022).

	



Rosano, A.; Bella, A.; Gesualdo, F.; Acampora, A.; Pezzotti, P.; Marchetti, S.; Ricciardi, W.; Rizzo, C. Investigating the impact of influenza on excess mortality in all ages in Italy during recent seasons (2013/14–2016/17 seasons). Int. J. Infect. Dis. 2019, 88, 127–134. [Google Scholar] [CrossRef]

	



World Health Organization. Influenza Vaccination Coverage and Effectiveness. Available online: https://www.euro.who.int/en/health-topics/communicable-diseases/influenza/vaccination/influenza-vaccination-coverage-and-effectiveness (accessed on 7 February 2022).

	



Ministero Della Salute. Dati Coperture Vaccinali. Available online: https://www.salute.gov.it/portale/influenza/dettaglioContenutiInfluenza.jsp?lingua=italiano&id=679&area=influenza&menu=vuoto (accessed on 30 March 2022).

	



Lowen, A.C.; Steel, J. Roles of humidity and temperature in shaping influenza seasonality. J. Virol. 2014, 88, 7692–7695. [Google Scholar] [CrossRef]

	



Lipsitch, M.; Viboud, C. Influenza seasonality: Lifting the fog. Proc. Natl. Acad. Sci. USA 2009, 106, 3645–3646. [Google Scholar] [CrossRef]

	



Lofgren, E.; Fefferman, N.H.; Naumov, Y.N.; Gorski, J.; Naumova, E.N. Influenza seasonality: Underlying causes and modeling theories. J. Virol. 2007, 81, 5429–5436. [Google Scholar] [CrossRef]

	



Viboud, C.; Alonso, W.J.; Simonsen, L. Influenza in tropical regions. PLoS Med. 2006, 3, e89. [Google Scholar] [CrossRef]

	



Tamerius, J.; Nelson, M.I.; Zhou, S.Z.; Viboud, C.; Miller, M.A.; Alonso, W.J. Global influenza seasonality: Reconciling patterns across temperate and tropical regions. Environ. Health Perspect. 2011, 119, 439–445. [Google Scholar] [CrossRef]

	



Nuwarda, R.F.; Alharbi, A.A.; Kayser, V. An Overview of Influenza Viruses and Vaccines. Vaccines 2021, 9, 1032. [Google Scholar] [CrossRef]

	



Trombetta, C.M.; Montomoli, E.; Di Bartolo, I.; Ostanello, F.; Chiapponi, C.; Marchi, S. Detection of antibodies against influenza D virus in swine veterinarians in Italy in 2004. J. Med. Virol. 2021, 94, 2855–2859. [Google Scholar] [CrossRef]

	



Trombetta, C.M.; Marchi, S.; Manini, I.; Kistner, O.; Li, F.; Piu, P.; Manenti, A.; Biuso, F.; Sreenivasan, C.; Druce, J.; et al. Influenza D Virus: Serological Evidence in the Italian Population from 2005 to 2017. Viruses 2019, 12, 30. [Google Scholar] [CrossRef]

	



Sederdahl, B.K.; Williams, J.V. Epidemiology and Clinical Characteristics of Influenza C Virus. Viruses 2020, 12, 89. [Google Scholar] [CrossRef]

	



Borkenhagen, L.K.; Salman, M.D.; Ma, M.J.; Gray, G.C. Animal influenza virus infections in humans: A commentary. Int. J. Infect. Dis. 2019, 88, 113–119. [Google Scholar] [CrossRef]

	



Sanchez-de Prada, L.; Rojo-Rello, S.; Dominguez-Gil, M.; Tamayo-Gomez, E.; Ortiz de Lejarazu-Leonardo, R.; Eiros, J.M.; Sanz-Munoz, I. Influenza B Lineages Have More in Common Than Meets the Eye. Trivalent Influenza Vaccines Trigger Heterotypic Antibodies Against Both Influenza B Viruses. Front. Microbiol. 2021, 12, 737216. [Google Scholar] [CrossRef]

	



Joyce, M.G.; Wheatley, A.K.; Thomas, P.V.; Chuang, G.Y.; Soto, C.; Bailer, R.T.; Druz, A.; Georgiev, I.S.; Gillespie, R.A.; Kanekiyo, M.; et al. Vaccine-Induced Antibodies that Neutralize Group 1 and Group 2 Influenza A Viruses. Cell 2016, 166, 609–623. [Google Scholar] [CrossRef]

	



Rajendran, M.; Krammer, F.; McMahon, M. The Human Antibody Response to the Influenza Virus Neuraminidase Following Infection or Vaccination. Vaccines 2021, 9, 846. [Google Scholar] [CrossRef]

	



Krammer, F. The human antibody response to influenza A virus infection and vaccination. Nat. Rev. Immunol. 2019, 19, 383–397. [Google Scholar] [CrossRef]

	



Tosh, P.K.; Jacobson, R.M.; Poland, G.A. Influenza vaccines: From surveillance through production to protection. Mayo Clin. Proc. 2010, 85, 257–273. [Google Scholar] [CrossRef]

	



Puzelli, S.; Di Martino, A.; Facchini, M.; Fabiani, C.; Calzoletti, L.; Di Mario, G.; Palmieri, A.; Affanni, P.; Camilloni, B.; Chironna, M.; et al. Co-circulation of the two influenza B lineages during 13 consecutive influenza surveillance seasons in Italy, 2004–2017. BMC Infect. Dis. 2019, 19, 990. [Google Scholar] [CrossRef]

	



Boivin, S.; Cusack, S.; Ruigrok, R.W.; Hart, D.J. Influenza A virus polymerase: Structural insights into replication and host adaptation mechanisms. J. Biol. Chem. 2010, 285, 28411–28417. [Google Scholar] [CrossRef]

	



Perofsky, A.C.; Nelson, M.I. The challenges of vaccine strain selection. Elife 2020, 9, e62955. [Google Scholar] [CrossRef]

	



Taubenberger, J.K.; Morens, D.M.; Fauci, A.S. The next influenza pandemic: Can it be predicted? JAMA 2007, 297, 2025–2027. [Google Scholar] [CrossRef]

	



World Health Organization. Influenza A (H1N1) Pandemic 2009–2010. Overview. Available online: https://www.who.int/emergencies/situations/influenza-a-(h1n1)-outbreak (accessed on 25 February 2022).

	



Hancock, K.; Veguilla, V.; Lu, X.; Zhong, W.; Butler, E.N.; Sun, H.; Liu, F.; Dong, L.; DeVos, J.R.; Gargiullo, P.M.; et al. Cross-reactive antibody responses to the 2009 pandemic H1N1 influenza virus. N. Engl. J. Med. 2009, 361, 1945–1952. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention (CDC). Serum cross-reactive antibody response to a novel influenza A (H1N1) virus after vaccination with seasonal influenza vaccine. MMWR Morb. Mortal. Wkly. Rep. 2009, 58, 521–524. [Google Scholar]

	



Dawood, F.S.; Iuliano, A.D.; Reed, C.; Meltzer, M.I.; Shay, D.K.; Cheng, P.Y.; Bandaranayake, D.; Breiman, R.F.; Brooks, W.A.; Buchy, P.; et al. Estimated global mortality associated with the first 12 months of 2009 pandemic influenza A H1N1 virus circulation: A modelling study. Lancet Infect. Dis. 2012, 12, 687–695. [Google Scholar] [CrossRef]

	



Fineberg, H.V. Pandemic preparedness and response—Lessons from the H1N1 influenza of 2009. N. Engl. J. Med. 2014, 370, 1335–1342. [Google Scholar] [CrossRef]

	



World Health Organization. Avian Influenza Weekly Update Number 830; World Health Organization: Geneva, Switzerland, 2022.

	



Centers for Disease Control and Prevention. Influenza (Flu). Past Pandemics. Available online: https://www.cdc.gov/flu/pandemic-resources/basics/past-pandemics.html (accessed on 25 February 2022).

	



Kilbourne, E.D. Influenza pandemics of the 20th century. Emerg. Infect. Dis. 2006, 12, 9–14. [Google Scholar] [CrossRef]

	



World Health Organization. Cumulative Number of Confirmed Human Cases for Avian Influenza A(H5N1) Reported to WHO, 2003–2022, 1 March 2022; World Health Organization: Geneva, Switzerland, 2022.

	



World Health Organization. Antigenic and Genetic Characteristics of Zoonotic Influenza A Viruses and Development of Candidate Vaccine Viruses for Pandemic Preparedness; World Health Organization: Geneva, Switzerland, 2022. Available online: https://cdn.who.int/media/docs/default-source/influenza/who-influenza-recommendations/vcm-northern-hemisphere-recommendation-2022-2023/202203_zoonotic_vaccinevirusupdate.pdf?sfvrsn=29b24f50_12 (accessed on 28 April 2022).

	



World Health Organization. Influenza at the Human-Animal Interface. Summary and Assessment, from 22 January to 1 March 2022; World Health Organization: Geneva, Switzerland, 2022.

	



Food and Agriculture Organization of the United Nations. H7N9 Situation Update. Available online: https://www.fao.org/ag/againfo/programmes/en/empres/H7N9/situation_update.html (accessed on 22 February 2022).

	



Harrington, W.N.; Kackos, C.M.; Webby, R.J. The evolution and future of influenza pandemic preparedness. Exp. Mol. Med. 2021, 53, 737–749. [Google Scholar] [CrossRef]

	



Chan, P.K. Outbreak of avian influenza A(H5N1) virus infection in Hong Kong in 1997. Clin. Infect. Dis. 2002, 34, S58–S64. [Google Scholar] [CrossRef]

	



Trombetta, C.; Piccirella, S.; Perini, D.; Kistner, O.; Montomoli, E. Emerging Influenza Strains in the Last Two Decades: A Threat of a New Pandemic? Vaccines 2015, 3, 172–185. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Ding, P.; Li, Y.; Zhang, Y.; Zheng, Y.; Yu, M.; Suzuki, Y.; Zhang, H.; Ping, J. Genetic and biological properties of H10N3 avian influenza viruses: A potential pandemic candidate? Transbound. Emerg. Dis. 2022. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Influenza (Seasonal). Available online: https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal) (accessed on 22 February 2022).

	



Trombetta, C.M.; Marchi, S.; Manini, I.; Lazzeri, G.; Montomoli, E. Challenges in the development of egg-independent vaccines for influenza. Expert Rev. Vaccines 2019, 18, 737–750. [Google Scholar] [CrossRef] [PubMed]

	



Ambrose, C.S.; Levin, M.J. The rationale for quadrivalent influenza vaccines. Hum. Vaccines Immunother. 2012, 8, 81–88. [Google Scholar] [CrossRef]

	



World Health Organization. Celebrating 70 Years of GISRS (the Global Influenza Surveillance and Response System). Available online: https://www.who.int/news/item/03-02-2022-2022-celebrating-70-years-of-gisrs-(the-global-influenza-surveillance-and-response-system) (accessed on 15 March 2022).

	



Centers for Disease Control and Prevention. Selecting Viruses for the Seasonal Influenza Vaccine. Available online: https://www.cdc.gov/flu/prevent/vaccine-selection.htm (accessed on 15 March 2022).

	



Weir, J.P.; Gruber, M.F. An overview of the regulation of influenza vaccines in the United States. Influenza Other Respir. Viruses 2016, 10, 354–360. [Google Scholar] [CrossRef]

	



Stohr, K.; Bucher, D.; Colgate, T.; Wood, J. Influenza virus surveillance, vaccine strain selection, and manufacture. Methods Mol. Biol. 2012, 865, 147–162. [Google Scholar] [CrossRef]

	



World Health Organization. Questions and Answers. Recommended Composition of Influenza Virus Vaccines for Use in the Northern Hemisphere 2022–2023 Influenza Season and Development of Candidate Vaccine Viruses for Pandemic Preparedness; World Health Organization: Geneva, Switzerland, 2022.

	



World Health Organization. Antigenic and Genetic Characteristics of Zoonotic Influenza A Viruses and Development of Candidate Vaccine Viruses for Pandemic Preparedness; World Health Organization: Geneva, Switzerland, 2021. Available online: https://cdn.who.int/media/docs/default-source/influenza/who-influenza-recommendations/vcm-southern-hemisphere-recommendation-2022/202110_zoonotic_vaccinevirusupdate.pdf?sfvrsn=8f87a5f1_1 (accessed on 28 April 2022).

	



Trombetta, C.M.; Montomoli, E. Influenza immunology evaluation and correlates of protection: A focus on vaccines. Expert Rev. Vaccines 2016, 15, 967–976. [Google Scholar] [CrossRef]

	



Squarcione, S.; Sgricia, S.; Biasio, L.R.; Perinetti, E. Comparison of the reactogenicity and immunogenicity of a split and a subunit-adjuvanted influenza vaccine in elderly subjects. Vaccine 2003, 21, 1268–1274. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention. Licensure of a High-Dose Inactivated Influenza Vaccine for Persons Aged ≥ 65 Years (Fluzone High-Dose) and Guidance for Use—United States, 2010; World Health Organization: Geneva, Switzerland, 2010.

	



Paul-Ehrlich-Institut. Medicinal Products. Vaccines. Seasonal Influenza Vaccines. Available online: https://www.pei.de/EN/medicinal-products/vaccines-human/influenza-flu/influenza-flu-node.html;jsessionid=F9044692E2D7B6AD84C4AD1EB496D518.intranet212?cms_tabcounter=0 (accessed on 1 March 2022).

	



Administration, U.S.F.D. Flucelvax Quadrivalent. Available online: https://www.fda.gov/vaccines-blood-biologics/vaccines/flucelvax-quadrivalent (accessed on 1 March 2022).

	



Giurgea, L.T.; Morens, D.M.; Taubenberger, J.K.; Memoli, M.J. Influenza Neuraminidase: A Neglected Protein and Its Potential for a Better Influenza Vaccine. Vaccines 2020, 8, 409. [Google Scholar] [CrossRef]

	



European Medicines Agency. Supemtek. Available online: https://www.ema.europa.eu/en/medicines/human/EPAR/supemtek (accessed on 1 March 2022).

	



Inc., S.P. Flublok®Quadrivalent (Influenza Vaccine) Fact Sheet; Sanofi Pasteur Inc.: Paris, France, 2018. [Google Scholar]

	



Protein Sciences Corporation. Superior Protection by Flublok® Influenza Vaccine in Seniors Documented in New England Journal of Medicine. Available online: https://www.prnewswire.com/news-releases/superior-protection-by-flublok-influenza-vaccine-in-seniors-documented-in-new-england-journal-of-medicine-300478298.html (accessed on 1 March 2022).

	



Centers for Disease Control and Prevention. How Influenza (Flu) Vaccines Are Made. Available online: https://www.cdc.gov/flu/prevent/how-fluvaccine-made.htm (accessed on 1 March 2022).

	



Felberbaum, R.S. The baculovirus expression vector system: A commercial manufacturing platform for viral vaccines and gene therapy vectors. Biotechnol. J. 2015, 10, 702–714. [Google Scholar] [CrossRef]

	



Buckland, B.; Boulanger, R.; Fino, M.; Srivastava, I.; Holtz, K.; Khramtsov, N.; McPherson, C.; Meghrous, J.; Kubera, P.; Cox, M.M. Technology transfer and scale-up of the Flublok recombinant hemagglutinin (HA) influenza vaccine manufacturing process. Vaccine 2014, 32, 5496–5502. [Google Scholar] [CrossRef]

	



Safdar, A.; Rodriguez, M.A.; Fayad, L.E.; Rodriguez, G.H.; Pro, B.; Wang, M.; Romaguera, J.E.; Goy, A.H.; Hagemeister, F.B.; McLaughlin, P.; et al. Dose-related safety and immunogenicity of baculovirus-expressed trivalent influenza vaccine: A double-blind, controlled trial in adult patients with non-Hodgkin B cell lymphoma. J. Infect. Dis. 2006, 194, 1394–1397. [Google Scholar] [CrossRef] [PubMed]

	



Treanor, J.J.; Schiff, G.M.; Couch, R.B.; Cate, T.R.; Brady, R.C.; Hay, C.M.; Wolff, M.; She, D.; Cox, M.M. Dose-related safety and immunogenicity of a trivalent baculovirus-expressed influenza-virus hemagglutinin vaccine in elderly adults. J. Infect. Dis. 2006, 193, 1223–1228. [Google Scholar] [CrossRef] [PubMed]

	



Treanor, J.J.; El Sahly, H.; King, J.; Graham, I.; Izikson, R.; Kohberger, R.; Patriarca, P.; Cox, M. Protective efficacy of a trivalent recombinant hemagglutinin protein vaccine (FluBlok(R)) against influenza in healthy adults: A randomized, placebo-controlled trial. Vaccine 2011, 29, 7733–7739. [Google Scholar] [CrossRef] [PubMed]

	



Baxter, R.; Patriarca, P.A.; Ensor, K.; Izikson, R.; Goldenthal, K.L.; Cox, M.M. Evaluation of the safety, reactogenicity and immunogenicity of FluBlok(R) trivalent recombinant baculovirus-expressed hemagglutinin influenza vaccine administered intramuscularly to healthy adults 50–64 years of age. Vaccine 2011, 29, 2272–2278. [Google Scholar] [CrossRef]

	



Dunkle, L.M.; Izikson, R.; Patriarca, P.; Goldenthal, K.L.; Muse, D.; Callahan, J.; Cox, M.M.J. Efficacy of Recombinant Influenza Vaccine in Adults 50 Years of Age or Older. N. Engl. J. Med. 2017, 376, 2427–2436. [Google Scholar] [CrossRef]

	



Treanor, J.J.; Schiff, G.M.; Hayden, F.G.; Brady, R.C.; Hay, C.M.; Meyer, A.L.; Holden-Wiltse, J.; Liang, H.; Gilbert, A.; Cox, M. Safety and immunogenicity of a baculovirus-expressed hemagglutinin influenza vaccine: A randomized controlled trial. JAMA 2007, 297, 1577–1582. [Google Scholar] [CrossRef]

	



Cox, M.M.; Izikson, R.; Post, P.; Dunkle, L. Safety, efficacy, and immunogenicity of Flublok in the prevention of seasonal influenza in adults. Ther. Adv. Vaccines 2015, 3, 97–108. [Google Scholar] [CrossRef]

	



King, J.C., Jr.; Cox, M.M.; Reisinger, K.; Hedrick, J.; Graham, I.; Patriarca, P. Evaluation of the safety, reactogenicity and immunogenicity of FluBlok trivalent recombinant baculovirus-expressed hemagglutinin influenza vaccine administered intramuscularly to healthy children aged 6–59 months. Vaccine 2009, 27, 6589–6594. [Google Scholar] [CrossRef]

	



Trombetta, C.M.; Montomoli, E. Progress on Seasonal and Pandemic Influenza Vaccines. Vaccines 2021, 9, 1068. [Google Scholar] [CrossRef]

	



NIAID. Universal Influenza Vaccine Research. Available online: https://www.niaid.nih.gov/diseases-conditions/universal-influenza-vaccine-research (accessed on 26 April 2022).

	



Erbelding, E.J.; Post, D.J.; Stemmy, E.J.; Roberts, P.C.; Augustine, A.D.; Ferguson, S.; Paules, C.I.; Graham, B.S.; Fauci, A.S. A Universal Influenza Vaccine: The Strategic Plan for the National Institute of Allergy and Infectious Diseases. J. Infect. Dis. 2018, 218, 347–354. [Google Scholar] [CrossRef] [PubMed]

	



Moderna. Moderna Announces New Development Programs Ahead of 3rd Annual Vaccines Day. Available online: https://investors.modernatx.com/news/news-details/2022/Moderna-Announces-New-Development-Programs-Ahead-of-3rd-Annual-Vaccines-Day/default.aspx (accessed on 26 April 2022).

	



Centers for Disease Control and Prevention. Vaccine Effectiveness: How Well Do Flu Vaccines Work? Questions & Answers. Available online: https://www.cdc.gov/flu/vaccines-work/vaccineeffect.htm (accessed on 1 March 2022).

	



Australian Government. Influenza Vaccine Efficacy, Effectiveness and Impact Explained. 2018. Available online: https://www1.health.gov.au/internet/main/publishing.nsf/Content/cda-surveil-ozflu-flucurr.htm/$File/Vacc-efficacy-effect-impact-Oct18.pdf (accessed on 28 April 2022).

	



World Health Organization. Evaluation of Influenza Vaccine Effectiveness: A Guide to the Design and Interpretation of Observational Studies; World Health Organization: Geneva, Switzerland, 2017.

	



Belongia, E.A.; Simpson, M.D.; King, J.P.; Sundaram, M.E.; Kelley, N.S.; Osterholm, M.T.; McLean, H.Q. Variable influenza vaccine effectiveness by subtype: A systematic review and meta-analysis of test-negative design studies. Lancet Infect. Dis. 2016, 16, 942–951. [Google Scholar] [CrossRef]

	



Feng, S.; Cowling, B.J.; Kelly, H.; Sullivan, S.G. Estimating Influenza Vaccine Effectiveness with the Test-Negative Design Using Alternative Control Groups: A Systematic Review and Meta-Analysis. Am. J. Epidemiol. 2018, 187, 389–397. [Google Scholar] [CrossRef] [PubMed]

	



Lewnard, J.A.; Cobey, S. Immune History and Influenza Vaccine Effectiveness. Vaccines 2018, 6, 28. [Google Scholar] [CrossRef]

	



Paules, C.I.; Sullivan, S.G.; Subbarao, K.; Fauci, A.S. Chasing Seasonal Influenza—The Need for a Universal Influenza Vaccine. N. Engl. J. Med. 2018, 378, 7–9. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention. Flu & Young Children. Available online: https://www.cdc.gov/flu/highrisk/children.htm#:~:text=Flu%20illness%20is%20more%20dangerous,younger%20than%205%20years%20old (accessed on 2 March 2022).

	



Mameli, C.; Cocchi, I.; Fumagalli, M.; Zuccotti, G. Influenza Vaccination: Effectiveness, Indications, and Limits in the Pediatric Population. Front. Pediatr. 2019, 7, 317. [Google Scholar] [CrossRef]

	



Schanzer, D.; Vachon, J.; Pelletier, L. Age-specific differences in influenza A epidemic curves: Do children drive the spread of influenza epidemics? Am. J. Epidemiol. 2011, 174, 109–117. [Google Scholar] [CrossRef]

	



World Health Organization. Table 2: Summary of WHO Position Papers—Recommended Routine Immunizations for Children; World Health Organization: Geneva, Switzerland, 2020.

	



Jefferson, T.; Rivetti, A.; Di Pietrantonj, C.; Demicheli, V. Vaccines for preventing influenza in healthy children. Cochrane Database Syst. Rev. 2018, 2, CD004879. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, T.; Chen, L.; Greene, C.; Ding, Y.; Cheng, Y.; Yang, C.; Zeng, S.; Hua, J.; Zhou, S.; et al. Seasonal influenza vaccine effectiveness against medically attended influenza illness among children aged 6–59 months, October 2011–September 2012: A matched test-negative case-control study in Suzhou, China. Vaccine 2016, 34, 2460–2465. [Google Scholar] [CrossRef]

	



Sohn, Y.J.; Choi, J.H.; Choi, Y.Y.; Choe, Y.J.; Kim, K.; Kim, Y.K.; Ahn, B.; Song, S.H.; Han, M.S.; Park, J.Y.; et al. Effectiveness of trivalent inactivated influenza vaccines in children during 2017–2018 season in Korea: Comparison of test-negative analysis by rapid and RT-PCR influenza tests. Int. J. Infect. Dis. 2020, 99, 199–203. [Google Scholar] [CrossRef]

	



Hu, W.; DeMarcus, L.S.; Sjoberg, P.A.; Robbins, A.S. Inactivated influenza vaccine effectiveness among department of defense beneficiaries aged 6 months–17 years, 2016–2017 through 2019–2020 influenza seasons. PLoS ONE 2021, 16, e0256165. [Google Scholar] [CrossRef] [PubMed]

	



Luo, S.Y.; Zhu, J.L.; Lyu, M.Z.; Hu, Y.Q.; Cheng, H.; Zhang, G.M.; Chen, G.S.; Wu, X.H. Evaluation of the influenza vaccine effectiveness among children aged 6 to 72 months based on the test-negative case control study design. Zhonghua Yu Fang Yi Xue Za Zhi 2019, 53, 576–580. [Google Scholar] [CrossRef] [PubMed]

	



Kalligeros, M.; Shehadeh, F.; Mylona, E.K.; Dapaah-Afriyie, C.; van Aalst, R.; Chit, A.; Mylonakis, E. Influenza vaccine effectiveness against influenza-associated hospitalization in children: A systematic review and meta-analysis. Vaccine 2020, 38, 2893–2903. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.S.; Naioti, E.A.; Halasa, N.B.; Stewart, L.S.; Williams, J.V.; Michaels, M.G.; Selvarangan, R.; Harrison, C.J.; Staat, M.A.; Schlaudecker, E.P.; et al. Vaccine Effectiveness against Influenza Hospitalization and Emergency Department Visits in Two A(H3N2) Dominant Influenza Seasons among Children <18 Years Old, New Vaccine Surveillance Network 2016–2017 and 2017–2018. J. Infect. Dis. 2021, jiab624. [Google Scholar] [CrossRef]

	



Olson, S.M.; Newhams, M.M.; Halasa, N.B.; Feldstein, L.R.; Novak, T.; Weiss, S.L.; Coates, B.M.; Schuster, J.E.; Schwarz, A.J.; Maddux, A.B.; et al. Vaccine Effectiveness Against Life-Threatening Influenza Illness in US Children. Clin. Infect. Dis. 2022, ciab931. [Google Scholar] [CrossRef]

	



Mohl, A.; Grafe, L.; Helmeke, C.; Ziehm, D.; Monazahian, M.; Irmscher, H.M.; Dreesman, J. Estimating vaccine effectiveness against laboratory-confirmed influenza among children and adolescents in Lower Saxony and Saxony-Anhalt, 2012–2016. Epidemiol. Infect. 2018, 146, 78–88. [Google Scholar] [CrossRef]

	



World Health Organization. Summary of the 2011–2012 Influenza Season in the WHO European Region; World Health Organization: Geneva, Switzerland, 2012.

	



Ellis, J.S.; Curran, M.D. Simultaneous molecular detection and confirmation of influenza AH5, with internal control. Methods Mol. Biol. 2011, 665, 161–181. [Google Scholar] [CrossRef]

	



Sugishita, Y.; Nakayama, T.; Sugawara, T.; Ohkusa, Y. Negative effect on immune response of repeated influenza vaccination and waning effectiveness in interseason for elderly people. Vaccine 2020, 38, 3759–3765. [Google Scholar] [CrossRef]

	



Kavian, N.; Hachim, A.; Cowling, B.J.; Valkenburg, S.A. Repeated influenza vaccination provides cumulative protection from distinct H3N2 viruses. Clin. Transl. Immunol. 2021, 10, e1297. [Google Scholar] [CrossRef]

	



Matsumoto, K.; Fukushima, W.; Morikawa, S.; Fujioka, M.; Matsushita, T.; Kubota, M.; Yagi, Y.; Takasaki, Y.; Shindo, S.; Yamashita, Y.; et al. Influence of Prior Influenza Vaccination on Current Influenza Vaccine Effectiveness in Children Aged 1 to 5 Years. Vaccines 2021, 9, 1447. [Google Scholar] [CrossRef]

	



Okoli, G.N.; Racovitan, F.; Abdulwahid, T.; Hyder, S.K.; Lansbury, L.; Righolt, C.H.; Mahmud, S.M.; Nguyen-Van-Tam, J.S. Decline in Seasonal Influenza Vaccine Effectiveness with Vaccination Program Maturation: A Systematic Review and Meta-analysis. Open Forum Infect. Dis. 2021, 8, ofab069. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.S.; Flannery, B.; Foppa, I.M.; Chung, J.R.; Nowalk, M.P.; Zimmerman, R.K.; Gaglani, M.; Monto, A.S.; Martin, E.T.; Belongia, E.A.; et al. Effects of Prior Season Vaccination on Current Season Vaccine Effectiveness in the United States Flu Vaccine Effectiveness Network, 2012–2013 Through 2017–2018. Clin. Infect. Dis. 2021, 73, 497–505. [Google Scholar] [CrossRef] [PubMed]

	



Kitamura, S.; Matsushita, M.; Komatsu, N.; Yagi, Y.; Takeuchi, S.; Seo, H. Impact of repeated yearly vaccination on immune responses to influenza vaccine in an elderly population. Am. J. Infect. Control 2020, 48, 1422–1425. [Google Scholar] [CrossRef] [PubMed]

	



de Hoog, M.L.A.; Venekamp, R.P.; Damoiseaux, R.; Schilder, A.G.M.; Sanders, E.A.M.; Smit, H.A.; Bruijning-Verhagen, P. Impact of Repeated Influenza Immunization on Respiratory Illness in Children with Preexisting Medical Conditions. Ann. Fam. Med. 2019, 17, 7–13. [Google Scholar] [CrossRef]

	



Sullivan, S.J.; Jacobson, R.; Poland, G.A. Advances in the vaccination of the elderly against influenza: Role of a high-dose vaccine. Expert Rev. Vaccines 2010, 9, 1127–1133. [Google Scholar] [CrossRef]

	



Sherman, A.C.; Lai, L.; Bower, M.; Natrajan, M.S.; Huerta, C.; Karmali, V.; Kleinhenz, J.; Xu, Y.; Rouphael, N.; Mulligan, M.J. The Effects of Imprinting and Repeated Seasonal Influenza Vaccination on Adaptive Immunity after Influenza Vaccination. Vaccines 2020, 8, 663. [Google Scholar] [CrossRef]

	



Music, N.; Tzeng, W.P.; Liaini Gross, F.; Levine, M.Z.; Xu, X.; Shieh, W.J.; Tumpey, T.M.; Katz, J.M.; York, I.A. Repeated vaccination against matched H3N2 influenza virus gives less protection than single vaccination in ferrets. NPJ Vaccines 2019, 4, 28. [Google Scholar] [CrossRef]

	



Khurana, S.; Hahn, M.; Coyle, E.M.; King, L.R.; Lin, T.L.; Treanor, J.; Sant, A.; Golding, H. Repeat vaccination reduces antibody affinity maturation across different influenza vaccine platforms in humans. Nat. Commun. 2019, 10, 3338. [Google Scholar] [CrossRef]

	



Belongia, E.A.; Skowronski, D.M.; McLean, H.Q.; Chambers, C.; Sundaram, M.E.; De Serres, G. Repeated annual influenza vaccination and vaccine effectiveness: Review of evidence. Expert Rev. Vaccines 2017, 16, 1–14. [Google Scholar] [CrossRef]

	



Sanyal, M.; Holmes, T.H.; Maecker, H.T.; Albrecht, R.A.; Dekker, C.L.; He, X.S.; Greenberg, H.B. Diminished B-Cell Response after Repeat Influenza Vaccination. J. Infect. Dis. 2019, 219, 1586–1595. [Google Scholar] [CrossRef]

	



Skowronski, D.M.; Chambers, C.; Sabaiduc, S.; De Serres, G.; Winter, A.L.; Dickinson, J.A.; Krajden, M.; Gubbay, J.B.; Drews, S.J.; Martineau, C.; et al. A Perfect Storm: Impact of Genomic Variation and Serial Vaccination on Low Influenza Vaccine Effectiveness during the 2014–2015 Season. Clin. Infect. Dis. 2016, 63, 21–32. [Google Scholar] [CrossRef] [PubMed]

	



Adabor, E.S. Computational investigations of the immune response to repeated influenza infections and vaccinations. R. Soc. Open Sci. 2021, 8, 201433. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, S.A.; Chui, K.K.; Naumova, E.N. Influenza vaccination in young children reduces influenza-associated hospitalizations in older adults, 2002–2006. J. Am. Geriatr. Soc. 2011, 59, 327–332. [Google Scholar] [CrossRef] [PubMed]

	



Bansal, A.; Trieu, M.C.; Mohn, K.G.I.; Cox, R.J. Safety, Immunogenicity, Efficacy and Effectiveness of Inactivated Influenza Vaccines in Healthy Pregnant Women and Children under 5 Years: An Evidence-Based Clinical Review. Front. Immunol. 2021, 12, 744774. [Google Scholar] [CrossRef] [PubMed]

	



Centers for Disease Control and Prevention. Flu & People 65 Years and Older. Available online: https://www.cdc.gov/flu/highrisk/65over.htm (accessed on 1 March 2022).

	



NIH. Looking for the Latest Definition for Terms Relating to Human Subjects and Clinical Trials? Available online: https://nexus.od.nih.gov/all/2018/08/07/human-subjects-and-clinical-trial-glossary-updates/#:~:text=Older%20Adult-,For%20the%20purposes%20of%20the%20NIH%20Policy%20and%20Guidelines%20on,years%20of%20age%20or%20older. (accessed on 26 April 2022).

	



Baum, U.; Kulathinal, S.; Auranen, K. Spotlight influenza: Estimation of influenza vaccine effectiveness in elderly people with assessment of residual confounding by negative control outcomes, Finland, 2012/13 to 2019/20. Eurosurveillance 2021, 26, 2100054. [Google Scholar] [CrossRef]

	



Zhang, L.; Pan, Y.; Ma, C.; Duan, W.; Sun, Y.; Wu, S.; Zhang, M.; Tian, Y.; Zheng, Y.; Yang, P.; et al. Moderate influenza vaccine effectiveness against influenza A(H1N1)pdm09 virus and low effectiveness against A(H3N2) virus among older adults during 2013–2014 influenza season in Beijing, China. Hum. Vaccines Immunother. 2018, 14, 1323–1330. [Google Scholar] [CrossRef]

	



Emborg, H.D.; Krause, T.G.; Nielsen, L.; Thomsen, M.K.; Christiansen, C.B.; Skov, M.N.; Nielsen, X.C.; Weinreich, L.S.; Fischer, T.K.; Ronn, J.; et al. Influenza vaccine effectiveness in adults 65 years and older, Denmark, 2015/16—A rapid epidemiological and virological assessment. Eurosurveillance 2016, 21, 30189. [Google Scholar] [CrossRef]

	



Boikos, C.; Fischer, L.; O’Brien, D.; Vasey, J.; Sylvester, G.C.; Mansi, J.A. Relative Effectiveness of Adjuvanted Trivalent Inactivated Influenza Vaccine Versus Egg-derived Quadrivalent Inactivated Influenza Vaccines and High-dose Trivalent Influenza Vaccine in Preventing Influenza-related Medical Encounters in US Adults ≥ 65 Years During the 2017–2018 and 2018–2019 Influenza Seasons. Clin. Infect. Dis. 2021, 73, 816–823. [Google Scholar] [CrossRef]

	



Boikos, C.; Imran, M.; Nguyen, V.H.; Ducruet, T.; Sylvester, G.C.; Mansi, J.A. Effectiveness of the Adjuvanted Influenza Vaccine in Older Adults at High Risk of Influenza Complications. Vaccines 2021, 9, 862. [Google Scholar] [CrossRef]

	



Rondy, M.; El Omeiri, N.; Thompson, M.G.; Leveque, A.; Moren, A.; Sullivan, S.G. Effectiveness of influenza vaccines in preventing severe influenza illness among adults: A systematic review and meta-analysis of test-negative design case-control studies. J. Infect. 2017, 75, 381–394. [Google Scholar] [CrossRef]

	



Russell, K.; Chung, J.R.; Monto, A.S.; Martin, E.T.; Belongia, E.A.; McLean, H.Q.; Gaglani, M.; Murthy, K.; Zimmerman, R.K.; Nowalk, M.P.; et al. Influenza vaccine effectiveness in older adults compared with younger adults over five seasons. Vaccine 2018, 36, 1272–1278. [Google Scholar] [CrossRef] [PubMed]

	



Andrew, M.K.; Shinde, V.; Hatchette, T.; Ambrose, A.; Boivin, G.; Bowie, W.; Chit, A.; Dos Santos, G.; ElSherif, M.; Green, K.; et al. Influenza vaccine effectiveness against influenza-related hospitalization during a season with mixed outbreaks of four influenza viruses: A test-negative case-control study in adults in Canada. BMC Infect. Dis. 2017, 17, 805. [Google Scholar] [CrossRef] [PubMed]

	



Hu, W.; Sjoberg, P.A.; DeMarcus, L.S.; Robbins, A.S. Influenza Vaccine Effectiveness Estimates among US Department of Defense Adult Beneficiaries over Four Consecutive Influenza Seasons: A Test-Negative Design Study with Different Control Groups. Vaccines 2021, 10, 58. [Google Scholar] [CrossRef] [PubMed]

	



Tenforde, M.W.; Talbot, H.K.; Trabue, C.H.; Gaglani, M.; McNeal, T.M.; Monto, A.S.; Martin, E.T.; Zimmerman, R.K.; Silveira, F.P.; Middleton, D.B.; et al. Influenza Vaccine Effectiveness Against Hospitalization in the United States, 2019–2020. J. Infect. Dis. 2021, 224, 813–820. [Google Scholar] [CrossRef] [PubMed]

	



Tadakuma, K.; Maruyama, T.; Mori, K.; Fujiki, N. Effectiveness of seasonal influenza vaccine in adult Japanese workers, 2017–2020. Vaccine 2022, 40, 621–626. [Google Scholar] [CrossRef]

	



Darvishian, M.; van den Heuvel, E.R.; Bissielo, A.; Castilla, J.; Cohen, C.; Englund, H.; Gefenaite, G.; Huang, W.T.; la Bastide-van Gemert, S.; Martinez-Baz, I.; et al. Effectiveness of seasonal influenza vaccination in community-dwelling elderly people: An individual participant data meta-analysis of test-negative design case-control studies. Lancet Respir. Med. 2017, 5, 200–211. [Google Scholar] [CrossRef]

	



Mannino, S.; Villa, M.; Apolone, G.; Weiss, N.S.; Groth, N.; Aquino, I.; Boldori, L.; Caramaschi, F.; Gattinoni, A.; Malchiodi, G.; et al. Effectiveness of adjuvanted influenza vaccination in elderly subjects in northern Italy. Am. J. Epidemiol. 2012, 176, 527–533. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention. US Flu VE Data for 2018–2019. Available online: https://www.cdc.gov/flu/vaccines-work/2018-2019.html (accessed on 1 March 2022).

	



Centers for Disease Control and Prevention. Seasonal Influenza Vaccine Effectiveness, 2017–2018. Available online: https://www.cdc.gov/flu/vaccines-work/2017-2018.html (accessed on 1 March 2022).

	



Machado, M.A.A.; Moura, C.S.; Abrahamowicz, M.; Ward, B.J.; Pilote, L.; Bernatsky, S. Relative effectiveness of influenza vaccines in elderly persons in the United States, 2012/2013–2017/2018 seasons. NPJ Vaccines 2021, 6, 108. [Google Scholar] [CrossRef]

	



Haq, K.; McElhaney, J.E. Immunosenescence: Influenza vaccination and the elderly. Curr. Opin. Immunol. 2014, 29, 38–42. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Summary of advantages and disadvantages of licensed seasonal influenza vaccines.
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	Licensed Vaccines
	Advantages
	Disadvantages





	Inactivated egg-based
	
	✓

	
Extensive safety data available




	✓

	
Cost-effectiveness




	✓

	
High yields of influenza antigens






	
	
Huge number of eggs



	
Theoretical risk of anaphylactic reaction



	
Poor growth for some viruses



(i.e., H3N2)



	
Egg-adaptation








	Inactivated cell-based
	
	✓

	
Independence from eggs supply




	✓

	
Free from egg components and adaptation






	
	
Shorter experience



	
Need of qualified production facilities



	
Higher production costs



	
Extended quality control program








	LAIV
	
	✓

	
Administration route




	✓

	
Broader humoral and cellular responses




	✓

	
Protection against both well-matched and non-matching influenza strains






	
	
Not recommended for immunocompromised subjects








	Recombinant HA
	
	✓

	
Independence from eggs supply




	✓

	
Viral RNA sequence to start the process






	
	
Additional studies are needed
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Table 2. Overview of studies on VE conducted in children.
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	Age
	Country/

Continent
	Season(s)
	VE (95% CI)
	Reference





	6–59 months
	China
	2011–2012
	67% (41–82)

72% (43–86) in 6–35 months

50% (−46.3–82.9) in 36–59 months
	Wang, Y. et al., 2016

[90]



	6–59 months
	Republic of Korea
	2017–2018
	53.4% (25.3–70.5)

44.1% (−0.2–67.8) in 6 months–2 years

59.3% (8.8–81.9) in 3–5 years
	Sohn, Y.J. et al., 2020

[91]



	6 months–17 years
	US
	From 2016–2017 to 2019–2020
	42% (37–47)

46% (29–59) in 6–23 months, 50% (39–59) in 2–4 years; 44% (34–53) in 5–8 years, 37% (21–50) in 9–12 years, 34% (20–46) in 13–17 years
	Hu, W. et al., 2021

[92]



	6–72 months
	China
	2016–2017 and 2017–2018
	58% (31–74)

68% (41–82) in 36–72 months, 28% (80–71) in 6–35 months
	Luo, S.Y. et al., 2019

[93]



	6 months–17 years
	Asia, Australasia, Europe, North America, South America
	From 2005–2006 to 2018–2019
	57.48% (49.46–65.49)

61.71% (49.29–74.12) in ≤5 years, 54.37% (35.14–73.60) in 6–17 years
	Kalligeros, M. et al., 2020

[94]



	<18 years
	US
	2016–2017 and 2017–2018
	49% (42–56)

48% (40–55) in 6 months–8 years, 42% (21–58) in 9–17 years
	Kim, S.S. et al., 2021

[95]



	<18 years
	US
	2019–2020
	63% (38–78)

66% (35–82) in 6 months–8 years, 62% (−16–88) in 9–17 years
	Olson, S.M. et al., 2022

[96]



	2–17 years
	Germany
	From 2012–2013 to 2015–2016
	33% (24.3–40.7)
	Mohl, A. et al., 2018

[97]
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Table 3. Overview of studies on VE conducted in adults and the elderly.
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	Age
	Country/

Continent
	Season(s)
	VE (95% CI)
	Reference





	65–100 years
	Finland
	From 2012–2013 to 2019–2020
	From 16% (12–19) to 48% (41–54)
	Baum, U. et al., 2021

[119]



	≥60 years
	China
	2013–2014
	32% (−48–69)
	Zhang, L. et al., 2018

[120]



	≥65 years
	Denmark
	2015–2016
	35.0% (11.1–52.4) against H1N1, 4.1% (22.0–24.7) against B
	Emborg, H.D. et al., 2016

[121]



	≥65 years
	US
	2017–2018 and 2018–2019
	From 7.7% (2.3–12.8) to 18.2% (15.8–20.5) in 2017–2018, from 6.9% (3.1–10.6) to 27.8% (25.7–29.9) in 2018–2019
	Boikos, C. et al., 2021

[122]



	≥65 years
	US
	2017–2018 and 2018–2019
	From −0.8% (−8.9–6.6) to 7.1% (3.3–10.8)
	Boikos, C. et al., 2021

[123]



	≥18 years
	Europe, North America, Oceania, Asia
	From 2010–2011 to 2014–2015
	41% (34–48)

51% (44–58) in 18–64 years, 37% (30–44) in ≥65 years
	Rondy, M. et al., 2017

[124]



	≥18 years
	US
	From 2011–2012 to 2015–2016
	48% (41–54) in adults and 49% (22–66) in the elderly against H1N1, 55% (45–63) and 62% (44–74) against B, 21% (9–32) and 14% (−14–36) against H3N2
	Russell, K. et al., 2018

[125]



	≥16 years
	Canada
	2011–2012
	42.8% (23.8–57.0) in ≥16 years

33.2% (−6.7–58.2) in 16–64 years
	Andrew, M.K. et al., 2017

[126]



	≥18 years
	US
	From 2016–2017 to 2019–2020
	40% (33–46)

44% (35–52) in 18–49 years, 41% (29–51) in 50–64 years, 28% (0–49) in ≥65 years
	Hu, W. et al., 2021

[127]



	≥18 years
	US
	2019–2020
	41% (27–52)

16% (−28–44) in 18–49 years, 40% (16–57) in 50–64 years, 54% (35–67) in ≥65 years
	Tenforde, M.W. et al., 2021

[128]



	18–64 years
	Japan
	From 2017–2018 to 2019–2020
	From −11% (−42–14) to 53% (30–69)
	Tadakuma, K. et al., 2022

[129]
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