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ABSTRACT

Vaccination represents a core preventive strategy 
for public health, with interrelated and multi-
faceted effects across health and socioeconomic 
domains. Beyond immediate disease prevention, 
immunization positively influences downstream 
health outcomes by mitigating complications of 
preexisting comorbidities and promoting healthy 
aging. Severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), influenza virus, and respira-
tory syncytial virus (RSV) are common respiratory 
viruses responsible for broad societal cost and 
substantial morbidity and mortality, particularly 
among at-risk individuals, including older adults 
and people with frailty or certain comorbid condi-
tions. In this narrative review, we summarize the 

overall impact of vaccination for these 3 viruses, 
focusing on mRNA vaccines, each of which exhib-
its unique patterns of infection, risk, and transmis-
sion dynamics, but collectively represent a target 
for preventive strategies. Vaccines for COVID-19 
(caused by SARS-CoV-2) and influenza are effective 
against the most severe outcomes, such as hospi-
talization and death; these vaccines represent the 
most potent and cost-effective interventions for 
the protection of population and individual health 
against COVID-19 and influenza, particularly for 
older adults and those with comorbid conditions. 
Based on promising results of efficacy for the pre-
vention of RSV-associated lower respiratory tract 
disease, the first RSV vaccines were approved in 
2023. Immunization strategies should account for 
various factors leading to poor uptake, including 
vaccine hesitancy, socioeconomic barriers to access, 
cultural beliefs, and lack of knowledge of vaccines 
and disease states. Coadministration of vaccines 
and combination vaccines, such as multicompo-
nent mRNA vaccines, offer potential advantages 
in logistics and delivery, thus improving uptake 
and reducing barriers to adoption of new vac-
cines. The success of the mRNA vaccine platform 
was powerfully demonstrated during the COVID-
19 pandemic; these and other new approaches 
show promise as a means to overcome existing 
challenges in vaccine development and to sustain 
protection against viral changes over time.

A graphical abstract and video abstract is 
available with this article.
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Key Summary Points 

Vaccines for COVID-19, influenza, and RSV 
are protective against illness, and real-world 
studies have demonstrated the effectiveness 
of COVID-19 and influenza vaccines against 
the most severe outcomes, including hospi-
talization and death.

Vaccination mitigates exacerbations of 
preexisting comorbidities and long-term 
consequences of infection, and a life-course 
approach to vaccination promotes healthy 
aging.

Barriers to maximizing impact of vaccination 
include challenges in vaccine development 
related to viral and logistical factors, as well 
as social features contributing to poor uptake, 
such as vaccine hesitancy and lack of knowl-
edge.

Coadministration of vaccines and combi-
nation vaccines, such as multicomponent 
vaccines that protect against several viruses, 
offer potential advantages in vaccine logis-
tics, which may improve uptake and reduce 
barriers to adoption of new vaccines.

New platforms, such mRNA vaccines, may 
help overcome existing challenges in current 
non-mRNA vaccine development and sustain 
protection against viral changes over time.

DIGITAL FEATURES

This article is published with digital features, 
including a graphical abstract and video abstract, 
to facilitate understanding of the article. To view 
digital features for this article, go to https://​doi.​
org/​10.​6084/​m9.​figsh​are.​27096​055.

INTRODUCTION

Vaccination is a pillar of public health, heralded 
for its historic role in preventing and alleviating 
the global burden of infectious diseases [1, 2]. 
Worldwide, vaccines are currently estimated to 
prevent 2–3 million deaths per year; however, 
a further 1.5 million deaths due to vaccine-
preventable diseases could be avoided through 
increases in vaccine coverage and uptake [3]. 
Beyond reductions in mortality, the overall 
impact of vaccines is multidimensional and 
complex, with interrelated benefits across social, 
health, and economic domains [2]. In addition 
to their role in immediate disease prevention, 
the positive impact of vaccines encompasses 
mitigating complications as well as exacerba-
tions of preexisting comorbidities following 
infection, including cardiac and cerebrovascular 
events and exacerbations of chronic obstructive 
pulmonary disease (COPD) [4–6]. This positive 
impact extends to downstream general health 
outcomes, particularly those associated with 
aging and frailty, and life-course approach to 
vaccination can play an important and multi
faceted role in healthy aging by modulating 
immune fitness and promoting the plasticity 
and resilience of the immune system [7–9]. Even 
on an individual level, immunization represents 
one of the most cost-effective interventions in 
public health, yielding substantial economic 
benefits across diverse domains and an esti-
mated return on investment of up to 18% in 
terms of productivity gains and healthcare cost 
savings [10, 11].

Severe acute respiratory syndrome coro-
navirus2 (SARS-CoV-2), influenza virus, and 
respiratory syncytial virus (RSV) are common 
respiratory viruses responsible for substantial 
morbidity and mortality, as described in other 
articles of this supplement. The seasonal and 
geographical distribution differ between each 
of these viruses, contributing to variable pat-
terns of circulation according to social dynam-
ics, meteorological factors, and host factors 
[12–19]. These three viruses present unique 
public health and clinical challenges but also 
demonstrate overlapping risks in certain pop-
ulations, collectively representing a target for 

https://doi.org/10.6084/m9.figshare.27096055
https://doi.org/10.6084/m9.figshare.27096055
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Despite the availability of vaccines for 
COVID-19, influenza, and RSV, and strong evi-
dence supporting their benefit to both indi-
viduals and populations, overall adherence to 
recommendations and vaccine uptake are, in 
general, universally suboptimal for a variety 
of reasons, including vaccine hesitancy and 
logistical challenges [3, 50]. Low uptake in 
high-risk populations, such as those with cer-
tain comorbid conditions, has been attributed 
to a lack of information or fear of symptoms, 
and expanding vaccination in this group is key 
to mitigating the impact of these respiratory 
viruses [51, 52].

This narrative review aims to comprehen-
sively evaluate the known benefits of vaccina-
tion for COVID-19, influenza, and RSV toward 
reducing morbidity and mortality, promoting 
healthy aging, and generating broad socioeco-
nomic benefits, while simultaneously high-
lighting the major challenges and potential 
future directions of vaccination approaches to 
overcome developmental and logistical barri-
ers and to reduce disease burden worldwide. 
Along with other vaccine options for influ-
enza and RSV, mRNA vaccines are highlighted 
for their ongoing impact on mitigating severe 
COVID-19–related outcomes and as an impor-
tant direction for new vaccines.

This article is based on previously conducted 
studies and does not contain any new studies 
with human participants or animals performed 
by any of the authors.

Impact of COVID‑19 Vaccines

Since its zoonotic emergence in December 
2019, SARS-CoV-2 has caused more than 774 
million cases and more than 7 million deaths, 
as of March 2024 [53]. Acute SARS-CoV-2 infec-
tion is driven by viral replication and gener-
ally manifests within 5 days; by contrast, the 
dysregulated immune response which is the 
hallmark of severe COVID-19, occurring 7–10 
days after symptom onset, leads to acute mul-
tiorgan disease, hospitalization, or death [54]. 
Whereas RSV and influenza have ongoing sea-
sonal impacts, our understanding of endemic 

preventive strategies. While these viruses affect 
all age groups, older adults, those who are frail, 
and individuals with certain comorbidities are 
at disproportionate risk of complications and 
progression to severe disease following infec-
tion [20–26]. Many of these underlying medi-
cal conditions, such as COPD and diabetes mel-
litus, represent age-independent common risk 
factors for severe outcomes for all three respira-
tory viruses, with higher numbers of coexisting 
comorbidities associated with increased risk 
[20, 21, 23, 25]. In addition to impact on 
health, these three viruses are responsible for 
major societal costs, driven by direct factors 
(i.e., hospitalization, intensive care, and inap-
propriate antibiotic use) and indirect factors 
(i.e., productivity losses) [27–33].

Existing COVID-19 and influenza vaccines 
have demonstrated effectiveness against the 
most severe outcomes, including hospitaliza-
tion and death, and the first RSV vaccines were 
approved in 2023 based on positive results of 
efficacy from clinical trials [34–41]. COVID-19 
vaccines, particularly mRNA-based vaccines, 
have played an important role in the striking 
downturn of COVID-19–related hospitaliza-
tions and deaths compared with the early 
days of the pandemic, attributable to both 
averted cases and attenuated severity, leading 
to improved outcomes following infection [42]. 
Influenza vaccines provide moderate protec-
tion against virologically confirmed influenza; 
however, this protection fluctuates seasonally 
and may be greatly reduced or absent due to 
many factors, including antigenic mismatch 
with circulating strains and short duration of 
vaccine-elicited immunity [41, 43–45]. Nota-
bly, during the COVID-19 pandemic, cases and 
viral activity of RSV and influenza decreased 
to unprecedented low global levels due to the 
combined effects of multilayer public health 
interventions [46, 47]. As a consequence of this 
suppression, children who were very young or 
born during the winter of 2020–2021 may not 
have been exposed in their first months of life 
and remain susceptible to infection by RSV and 
influenza, potentially driving their epidemio-
logical rebound [48, 49].
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SARS-CoV-2 transmission and its cadence of 
surges is still developing, with future ende-
micity yet to be determined [13, 55, 56]. 
Additionally, a succession of highly mutated 
variant strains and lineages have arisen since 
the ancestral virus (i.e., alpha, beta, gamma, 
and delta), with the omicron lineage having 
obtained global dominance over earlier strains 
[57]. Since the emergence of ancestral SARS-
CoV-2, relatively high levels of infection and 
cases of symptomatic COVID-19 still occur, 
although with relatively low incidence of hos-
pitalizations and deaths compared to the pan-
demic phase [56]. COVID-19 vaccines played 
an integral role in containing the COVID-19 
pandemic and limiting its global impact [34, 
58]. However, adults aged ≥ 65 years remain at 
elevated risk, accounting for 63% of COVID-
19 hospitalizations and nearly 90% of in-
hospital deaths in the United States in 2023, 
thus underscoring the importance of age as a 
risk factor for severe outcomes [59]. Although 
some countries achieved high levels of vacci-
nation during the pandemic, vaccination rates 
varied widely, and efforts will be needed to 
sustain vaccination during the endemic phase 
of SARS-CoV-2 [60]. Novavax (Nuvaxovid), an 
adjuvanted protein-based COVID-19 vaccine is 
authorized for use in those aged ≥ 12 years by 
the US Advisory Committee on Immunization 
Practices (ACIP), European Medicines Agency 
(EMA), and Canadian National Advisory Com-
mittee on Immunization [61–63]. However, as 
of June 30, 2024, mRNA COVID-19 vaccines 
comprise by a large margin the most frequently 
administered COVID-19 vaccines in the United 
States, Europe, and other countries and thus 
are the focus of this section [64].

In the United States and parts of Europe, two 
mRNA-based COVID-19 vaccines, mRNA-1273 
(Spikevax®; Moderna, Inc., Cambridge, MA, 
USA) and BNT162b2 (Comirnaty®; Pfizer Inc, 
New York, NY, USA; BioNTech Manufacturing 
GmbH, Mainz, Germany), are approved and 
authorized for use [65–68], while elsewhere 
other COVID-19 vaccines are available. These 
two vaccines have been periodically updated 
since their original authorization and approval 
to target and enhance protection against newly 
circulating SARS-CoV-2 variants, most recently Ta
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with a monovalent omicron XBB.1.5 compo-
nent for the 2023–2024 season [65, 66]. Anti-
viral drugs are available for the treatment of 
COVID-19; however, the low cost, effectiveness, 
safety, and broad applicability of vaccines makes 
immunization an irreplaceable component of 
COVID-19 control and mitigation [69, 70].

An extensive body of literature has demon-
strated the safety, efficacy, and real-world effec-
tiveness of COVID-19 mRNA vaccines, especially 
for severe outcomes, in both phase 3 clinical 
trials [71–76] and real-world settings (Table 1) 
[34–36, 58, 77–89]. A meta-analysis (22 studies, 
pooled n = 39,673,160) of reformulated variant-
targeting COVID-19 vaccines (BNT162b2 and 
mRNA-1273) found that the protection afforded 
by bivalent vaccines in people ≥ 50 years of age 
during the omicron XBB era was higher com-
pared with original vaccines for the composite 
endpoint of infection, COVID-19 diagnosis, 
and COVID-19 hospitalization and death [rela-
tive vaccine effectiveness (rVE), 49.7%; 95% 
CI, 41.4‒57.9] [80]. These findings support the 
continued value and importance of updating 
COVID-19 vaccines to target and provide con-
tinued protection against newly emerging SARS-
CoV-2 variants. Although evidence suggests that 
older vaccines against emerging SARS-CoV-2 
variants are not as effective in preventing infec-
tion, protection against severe outcomes, such 
as hospitalization and death, remains high [80]. 
Perhaps because cellular immunity, mediated by 
memory T cells, can persist long after the wan-
ing of humoral immunity, the impact of vac-
cines appears to last longer for these severe out-
comes compared with symptomatic infection, 
and is resistant to immune escape by emergent 
strains [90, 91].

Recent evidence has supported the overall 
importance of COVID-19 vaccination in older 
and other vulnerable individuals during the 
omicron era. Bivalent mRNA booster vaccines 
have demonstrated durable effectiveness of 
60–70% against severe COVID-19–related out-
comes [79, 92, 93]. An analysis using the Open-
SAFELY platform across five pandemic waves 
spanning nearly 2.5 years in England (through 
omicron BA.5 dominance) revealed that vac-
cines and advancements in COVID-19 manage-
ment substantially decreased population-level 

COVID-19–related mortality risks during subse-
quent waves of the pandemic; however, persis-
tent inequalities and vulnerabilities were found 
among clinical and demographic subgroups, 
particularly among people with comorbidi-
ties or immunocompromising conditions ver-
sus those without such conditions [81]. In the 
first pandemic wave, the highest standardized 
COVID-19–related death rates were seen in peo-
ple aged ≥ 80 years and in those with immu-
nocompromising conditions; in later waves, 
larger decreases (90‒91% decrease) in COVID-
19–related death rates were seen in groups 
prioritized for primary SARS-CoV-2 vaccina-
tion, including those aged ≥ 80 years and those 
with neurological disease, learning disability, 
or severe mental illness [81]. The most recent 
effectiveness estimates, using Centers for Disease 
Control and Prevention (CDC) data from the 
2023‒2024 season, including the omicron XBB 
lineage and JN.1 variant, show that the updated 
monovalent XBB.1.5 COVID-19 vaccines were 
effective, with a rVE of approximately 50% 
(compared with no updated vaccine) against 
symptomatic SARS-CoV-2 infection in adults 
aged ≥ 50 years and vaccine effectiveness (VE) 
of approximately 50% against COVID-19–related 
hospitalizations in adults aged ≥ 65 years [82, 
94]. Results of comparative effectiveness and 
safety studies using large, linked claims and elec-
tronic health record databases in older US adults 
suggest that mRNA-1273 may have a lower risk 
of adverse thromboembolic events and a higher 
rVE in preventing COVID-19–related outcomes 
(hospitalizations and outpatient visits) com-
pared with BNT162b2, with a greater protection 
seen among adults ≥ 65 years of age [77, 83].

Individuals with immunocompromising con-
ditions have been disproportionately affected by 
COVID-19, with an increased risk of severe out-
comes, including breakthrough infection, hos-
pitalization, and death, even with vaccination 
[95]. Although accounting for only 3.9% of the 
population of England, immunocompromised 
people comprised > 20% of COVID-19 hospi-
talizations, intensive care unit admissions, and 
deaths in the omicron era, even though > 80% 
of these individuals have received ≥ 3 doses of 
a COVID-19 vaccine [96]. Rates of seroconver-
sion and antibody titers following COVID-19 
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vaccination are significantly lower in individ-
uals with immunocompromising conditions 
compared with those without immunocompro-
mising conditions, [97] suggesting that modi-
fied vaccination approaches may be needed to 
bolster immune responses in this population. 
Real-world effectiveness studies in high-risk 
populations (aged ≥ 65 years, high-risk comorbid 
conditions, and/or immunocompromising con-
ditions), including data through the omicron 
era, have demonstrated potentially diminished 
effectiveness but still favorable effectiveness and 
safety profiles with updated COVID-19 vaccines 
in these groups [79, 84, 85, 87]. In a matched 
cohort study of US adults (median age, 65 years) 
with immunocompromising conditions, a third 
dose of mRNA-1273 improved protection against 
SARS-CoV-2 infection (adjusted relative VE, 
55.0%; 95% CI, 50.8‒58.9%), COVID-19 hospi-
talization (83.0%; 75.4‒88.3%), and COVID-19 
inpatient mortality (87.1%; 30.6‒97.6%) com-
pared with two doses [87]. Notably, adjusted 
relative VE was numerically higher for persons 
aged ≥ 75 years compared with those aged 18‒44 
years (58.5 vs. 49.8, respectively), suggesting a 
slightly enhanced protective effect in this group 
[87]. Some real-world studies in these popula-
tions have shown that mRNA-1273 vaccination 
compared with BNT162b2 vaccination is associ-
ated with a significantly reduced risk of severe 
outcomes, including breakthrough SARS-CoV-2 
infection, severe COVID-19, COVID-19–associ-
ated hospitalization, and COVID-19–associated 
mortality [85, 86]. Overall, enhanced protec-
tive measures, such as the use of additional or 
booster vaccine doses, may be needed for indi-
viduals with immunocompromised conditions 
[86, 98].

Long COVID encompasses a range of poten-
tially debilitating physical and psychological 
symptoms, likely to be driven by host immune 
responses, and can affect multiple organ sys-
tems and persist for weeks or months beyond 
the acute phase of COVID-19 [99]. The burden 
of disease associated with long COVID is large, 
affecting an estimated 10% of infected indi-
viduals or ≥ 65 million people worldwide, with 
incidence increasing to 50–70% among those 
hospitalized for COVID-19 [100]. The impact of 
vaccination on long COVID is not entirely clear, 

due in part to heterogeneity of case definitions, 
study methods, and differing time since vaccina-
tion; however, studies generally seem to indicate 
protection associated with vaccination [100]. 
Meta-analyses among adults ≥ 18 years of age 
have indicated that receipt of COVID-19 vacci-
nation (BNT162b2, mRNA-1273, Ad26.COV2.S, 
or ChAdOx1) prior to a diagnosed SARS-CoV-2 
infection, may have a significant protective 
effect against long COVID (overall VE, 30‒50%) 
and against long COVID-associated signs and 
symptoms such as persistent fatigue and pulmo-
nary disorders [58, 101, 102]. In a large cohort 
study among adults aged ≥ 18 years in Sweden 
through the omicron era, VE for the prevention 
of long COVID was 73% overall after 3 vaccine 
doses, 55% in those aged ≥ 65 years, and 55–71% 
in those with comorbidities (cardiovascular, pul-
monary, or diabetes) [88]. In a meta-analysis of 
adults ≥ 18 years of age (41 studies), increasing 
age and comorbidities were important identi-
fied risk factors for developing post-COVID 
conditions, whereas vaccination with ≥ 2 doses 
(BNT162b2, mRNA-1273, or ChAdOx1 nCoV-19) 
had a protective effect [odds ratio (OR), 0.57; 
95% CI, 0.43‒0.76], highlighting the benefit 
of vaccination in this key population [103]. 
A multinational study in European countries 
found that vaccination with any first vaccine 
dose (BNT162b2 or ChAdOx1) in adults was 
associated with an overall VE of 29–52% for the 
prevention of long COVID, with consistent pro-
tection against all age groups, including cohorts 
aged ≥ 75 years and ≥ 65 years [89]. These results 
were robust to multiple sensitivity analyses and 
different definitions of long COVID, including 
durations of symptoms and clinically diagnosed 
long COVID [89].

Overall, COVID-19 mRNA vaccines have 
proven to be the most sustainable and effec-
tive public health measure available [104], and 
were instrumental in mitigating the impact of 
the pandemic. Although strategies will need to 
constantly reevaluate the impact of emerging 
variants on outcomes and durability of protec-
tion, cost-effectiveness studies have shown that 
COVID-19 vaccination programs are uniformly 
cost-effective across a variety of countries in 
World Health Organization (WHO) regions 
[105]. The EMA as well as the US CDC and 
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ACIP recommend that all persons ≥ 6 months 
of age receive vaccination with updated mRNA 
COVID-19 vaccines irrespective of prior vaccina-
tion [106–108]. Because individuals can choose 
the COVID-19 vaccine they receive, it may be 
important for clinical guidelines to address 
which populations stand to benefit most from 
specific updated mRNA vaccines over time.

Impact of Influenza Vaccines

Between 1999 and 2015, influenza virus was 
responsible for an estimated 0.3 to 0.6 mil-
lion annual respiratory deaths globally, with 
the highest rates observed among individuals 
aged ≥ 75 years [109]. Compared with SARS-
CoV-2 and RSV, influenza comprises a diverse 
family of pathogens and strains, with seasonal 
patterns that vary between regions and coun-
tries, together posing a singular challenge for 
preventive strategies. Although 4 major types 
of influenza circulate, only type A (H1N1 and 
H3N2) causes widespread viral activity and epi-
demics in humans; type B (Yamagata and Victo-
ria lineages) is more commonly associated with 
outbreaks in care settings rather than epidemic 
disease [110]. In the temperate zones of the 
Northern and Southern Hemispheres, influenza 
A activity manifests as seasonal disease during 
the respective winter in each region, whereas 
tropical zones are sometimes characterized by 
bimodal seasonality and year-round transmis-
sion [19]. Influenza vaccine compositions are 
thus updated annually by the WHO Global 
Influenza Surveillance and Response System 
in response to circulating influenza virus activ-
ity [110]. Both quadrivalent and trivalent vac-
cine formulations have been recommended, 
although the global absence of the B/Yamagata 
lineage from circulation in recent years has 
resulted in the WHO revising recommendations 
to omit this influenza B component beginning 
in the 2024‒2025 influenza season in the North-
ern and Southern Hemispheres [110].

Seasonal influenza vaccines are largely manu-
factured using an egg-based process, although 
recombinant and cell culture-based options are 
also available [111], and the overall effective-
ness of these vaccines varies by population and 

season. In the United States, it is estimated that 
VE among the general population is 40–60% 
during seasons when vaccines are well-matched 
to circulating strains [112, 113]. In addition to 
one cell culture-derived quadrivalent influenza 
vaccine (QIV) vaccine, a variety of enhanced 
influenza vaccines are currently available for use 
in older adults, including two egg-based vaccines 
and one recombinant protein vaccine (Table 2) 
[114–117]. Compared with standard-dose vac-
cines, high-dose vaccines offer significantly 
greater protection against influenza-like illness 
and influenza in older adults and may attenu-
ate progression to severe disease (pneumonia, 
intensive care unit admission, and death) [40]. 
Although current influenza vaccines may pro-
vide moderate protection, vaccine-induced 
immunity declines over the course of an influ-
enza season, and effectiveness may also vary 
widely between vaccines and be greatly reduced 
or absent in some seasons [41, 44, 118].

The relatively variable VE of current influenza 
vaccines reflects a multitude of viral-, host- (i.e., 
age and immune function), and vaccine-related 
factors that impact vaccine performance [113, 
118, 119]. Major challenges to VE are related 
to strain mismatch of vaccines to circulating 
strains due to egg-adapted mutations acquired 
during manufacture or antigenic drift occur-
ring during the 6-month production time [45, 
113]. Viral adaptations resulting in impaired 
antibody responses to the circulating strain are 
a potential consequence of egg-based manufac-
turing, a time-consuming process that may limit 
production capacity [43]. Antigenic drift is an 
inherent feature of influenza viruses that leads 
to the accumulation of changes in major surface 
proteins [hemagglutinin (HA) and neuramini-
dase (NA)] and subsequent evasion of humoral 
immunity, thus rendering existing vaccines 
less effective against new strains [120]. Because 
production times are approximately 6 months 
from the determination of initial vaccine com-
position recommendations, antigenically diver-
gent clades from the original target can lead to 
antigenic mismatch [45]. Host-related factors 
also challenge influenza VE; people with immu-
nocompromising conditions, including organ 
transplant, malignancy, or receipt of immu-
nomodulating therapies, are at a heightened 
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risk of complications following influenza infec-
tion, and both vaccination rates and vaccine-
mediated immunogenicity are suboptimal in 
this population [121]. However, vaccine studies 
often use population or pooled data that may 
not account for prior exposure, population prev-
alence of antibodies, and asymptomatic disease; 
thus, true correlates of protection are difficult to 
derive and interpret. These challenges associated 
with the development and implementation of 
influenza vaccines are inherent in the virology 
of influenza and suggest a need for new vaccine 
strategies.

Alternative approaches to overcome limita-
tions of conventional influenza vaccines are 
under clinical investigation [113]. One such 
approach is the mRNA platform, which has a 
simplified and highly scalable manufacturing 
process compared with conventional vaccines; 
shortened production timelines could thus 
enable selection of influenza vaccine strains 
closer to the start of influenza season, thereby 
increasing the likelihood of targeting circulat-
ing strains and limiting vaccine mismatch [122, 
123]. Studies on SARS-CoV-2 mRNA-based vac-
cines, mRNA-1273 and BNT162b2, have shown 
that mRNA vaccines can induce strong cellu-
lar responses and germinal center reactions, 
which could improve protection in older adults 
[124–126]. In addition, the mRNA platform 
allows for targeting additional antigenic sites, 
which may broaden protection by improv-
ing immunity against more conserved targets, 
including additional HA antigens and HA plus 
NA antigens [113, 127, 128]. This concept is 
being advanced in clinical trials for two candi-
date mRNA vaccines, mRNA-1010 and mRNA-
1012 (ClinicalTrials.gov: NCT05827068), which 
include additional HA antigens for influenza A.

Published clinical findings on an mRNA 
influenza vaccine are currently available for 
the mRNA-1010 vaccine (Moderna), an inves-
tigational seasonal influenza vaccine that 
encodes membrane-bound HA glycoprotein 
derived of influenza strains recommended by 
WHO [122]. In a first-in-human randomized, 
observer-blinded, multicenter, phase 1/2 clini-
cal trial (NCT04956575) in healthy adults aged  
≥  18 years, a single dose of mRNA-1010 
elicited HA inhibition antibodies against 

vaccine-matched strains at 28 days post-vac-
cination, irrespective of participant age [122]. 
Compared with a standard-dose influenza vac-
cine in medically stable adults, mRNA-1010 
elicited higher immunogenicity for influenza 
A strains and comparable immunogenicity for 
influenza B strains [122]. Overall, mRNA-1010 
had an acceptable reactogenicity profile, and 
most solicited adverse reactions were transient 
and grade 1 or grade 2 in severity [122].

Routine annual influenza vaccination has 
been shown to be a highly cost-effective inter-
vention in a variety of settings and in both high-
income and low- and middle-income countries, 
with the greatest impact noted in high-risk 
groups (adults aged ≥ 65 years and individuals 
with underlying comorbidities) [129–131]. Fur-
ther cost-effectiveness studies will be needed 
to assess the benefits of mRNA-based vaccines 
against their aforementioned logistical chal-
lenges. Currently, the EMA and ACIP recom-
mend that adults aged ≥ 65 years should prior-
itize receiving one of the following enhanced 
influenza vaccines: Fluzone HD QIV (HD-IIV4), 
Flublok QIV (RIV4), or Fluad QIV [132].

Impact of RSV Vaccines

Although the global burden of RSV is highest 
in children < 5 years of age, older adults and 
adults with certain underlying comorbidities 
are at elevated risk of RSV infection and severe 
outcomes, including hospitalization and death 
[22–24, 26, 133, 134]. RSV is responsible for an 
estimated 5.2 million annual cases of RSV-asso-
ciated acute respiratory infections and 33,000 
in-hospital deaths in adults ≥ 60 years of age 
in high-income countries [135]. The seasonality 
of RSV varies according to climate and geogra-
phy; however, RSV is notable for its consistently 
major annual burden of disease, compared with 
the highly variable impact of influenza [15, 136]. 
A cost-effectiveness analysis in the United States 
showed that an RSV vaccine could be cost-effec-
tive and substantially reduce the direct burden 
of RSV illness among older adults [137].

Recently, improved understanding of the 
structure of RSV envelope fusion (F) glycopro-
tein and its stabilization in the prefusion (preF) 
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conformation has advanced RSV vaccine devel-
opment [138, 139]. RSV-F glycoprotein medi-
ates fusion and is necessary for RSV infection 
to occur [140]. RSV preF protein is highly con-
served across the two primary cocirculating sub-
types of RSV-A and RSV-B, and is the primary 
target of RSV-neutralizing antibody activity 
[140], which has led to its use as a key target 
of RSV vaccine development. Progress toward 
an RSV vaccine was stalled for several years fol-
lowing clinical trials in previously RSV-naïve 
infants and children in the 1960s investigat-
ing a formalin-inactivated vaccine. Vaccine-
associated enhanced disease (VAED) was shown 
to develop possibly due to the generation of a 
nonprotective antibody response with low avid-
ity for RSV-F and administration of RSV-F in the 
post-fusion conformation, which is less stable 
and generates antibodies with lower neutralizing 
capacity compared with preF [141]. In children, 
VAED has been linked to induction of a T-helper 
2 (Th2)-biased T-cell response [142–144]. Despite 
these challenges, two protein-based subunit vac-
cines [RSVPreF3 (GSK), RSVpreF (Pfizer)] have 
been approved for the prevention of RSV-asso-
ciated lower respiratory tract disease (LRTD) in 
older adults, while RSVpreF has been approved 
for pregnant persons at 32–36 weeks gesta-
tional age to pass on protection to their baby 
[145, 146]. Additionally, an mRNA-based vac-
cine, mRNA-1345, was recently approved in the 
United States for use in adults aged 60 years and 
older [146].

RSVPreF3 (AREXVY; GSK, Brentford, 
Middlesex, UK) vaccine, a recombinant 
AS01E-adjuvanted subunit vaccine containing 
F protein stabilized in the preF conformation 
[37], was the first vaccine to receive US Food 
and Drug Administration (FDA) authorization 
for the prevention of RSV-associated LRTI. This 
approval was followed by that for RSVpreF 
(ABRYSVO®; Pfizer, New York, NY, USA), a 
bivalent protein subunit vaccine containing 
conformation-stabilized preF glycoproteins 
with a sequence derived from RSV-A and RSV-B 
[147, 148]. In clinical trials, both RSVPreF3 and 
RSVpreF elicited a ≥ tenfold increase in neu-
tralizing activity and similar durability through 
1 year, suggesting substantial durable protec-
tion [149, 150]. Both vaccines were efficacious 

for the prevention of RSV-associated LRTI 
(RSVPreF3: VE 82.6%; 96.95% CI, 57.9‒94.1) 
and LRTD (RSVpreF: VE 66.7%; 96.66% CI, 
28.8‒85.8) and were generally well-tolerated 
(Table 3) [37–39, 150, 151], although the FDA 
imposed post-marketing pharmacovigilance 
studies for the evaluation of Guillain–Barré 
syndrome (both vaccines) and acute dissemi-
nated encephalomyelitis (RSVPreF3) risks due 
to a potential safety signal observed during 
these trials [152, 153]. An additional RSV vac-
cine approved in 2024 for use in adults ≥ 60 
years of age is mRNA-1345 (Moderna, Cam-
bridge, MA, USA), an mRNA-based vaccine 
consisting of a lipid nanoparticle‒encapsulated 
mRNA vaccine encoding membrane-anchored 
preF conformation-stabilized RSV-F glycopro-
tein derived from the RSV-A strain [39, 146]. 
The efficacy of mRNA-1345 for the prevention 
of RSV-associated LRTD was demonstrated in 
the phase 3 ConquerRSV trial, which showed 
initial VE of 83.7% (95.88% CI, 66.0‒92.2; 
one-sided P < 0.001) and 82.4% (96.36% CI, 
34.8‒95.3; one-sided P = 0.008) for RSV-LRTD 
with ≥ 2 signs/symptoms and ≥ 3 signs/symp-
toms, respectively, meeting the prespecified 
criterion for efficacy (lower boundary of the 
alpha-adjusted CI > 20%) [39]. The mRNA-1345 
vaccine was efficacious across subgroups by age 
and preexisting comorbidities and protective 
against both RSV subtypes A and B [39]. No 
VAED was observed for RSVpreF, RSVPreF3, and 
mRNA-1345 in any clinical trials [39, 148, 149]. 
Observational VE data were recently presented 
at the ACIP meeting in June 2024, which dem-
onstrated that RSV vaccination provided pro-
tection against severe RSV disease and RSV-
associated emergency visits, hospitalizations, 
and critical illness in the first season of use 
among US adults aged ≥ 60 years, similar to 
the results from clinical trials; however, ongo-
ing monitoring of RSV VE is needed to confirm 
these findings [158].

The two protein-based vaccines, RSVPreF3 
and RSVpreF, were approved by the FDA in May 
2023 and by the EMA in June 2023 and August 
2023, respectively, for the prevention of RSV-
associated LRTD in adults aged ≥ 60 years [152, 
153]. RSVpreF was further approved by the FDA 
in August 2023 for use in pregnant individuals 
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to prevent LRTD in infants [154]. On June 21, 
2023, the ACIP and CDC recommended that 
adults ≥ 60 years of age may receive a single 
dose of RSV vaccine, using a shared clinical 
decision-making approach [155]. Shared deci-
sion-making may improve satisfaction and 
reduce decisional uncertainty among patients, 
and its benefits may potentially be greatest 
among populations with the lowest health lit-
eracy [156]. The mRNA-1345 vaccine has also 
received breakthrough status from the FDA 
and was approved on May 31, 2024, to pro-
tect adults aged 60 years and older from LRTD 
caused by RSV infection [157]. Overall, due to 
the recent development and approval of RSV 
vaccines, outcomes and immunogenicity data 
for these vaccines are much less comprehen-
sive than those for the other respiratory viruses 
discussed. Along with studies assessing dura-
bility of protection and the potential need for 
booster immunizations, additional long-term 
real-world effectiveness data will be needed to 
assess the ongoing impact of RSV vaccines and 
performance in high-risk groups, including the 
immunocompromised. Additionally, continued 
post-marketing studies are necessary to resolve 
concerns over possible safety signals for Guil-
lain–Barré syndrome and acute disseminated 
encephalomyelitis with protein-based vaccines. 
Whether similar requirements will be imposed 
following the approval of mRNA-1345 remains 
to be seen. Importantly, the infrastructure for 
the storage and distribution of RSV vaccines 
will also need to be developed to support pub-
lic health initiatives and guidelines endorsing 
RSV vaccination.

Factors Affecting Differences in Vaccine 
Uptake

Vaccine uptake within a population, or the 
number of people vaccinated with a certain 
dose of vaccine in a specified time period, is 
a critical metric of protection for high-risk 
groups, with poor uptake increasing the likeli-
hood that vulnerable individuals, such as older 
adults or those who have comorbidities or 
immunocompromising conditions, are suscep-
tible to infections and related severe outcomes 

A
E 

ad
ve

rs
e 

ev
en

t, 
Ig

G
 im

m
un

og
lo

bu
lin

 G
, G

BS
 G

ui
lla

in
–B

ar
ré

 sy
nd

ro
m

e, 
LR

T
D

 lo
w

er
 re

sp
ira

to
ry

 tr
ac

t d
ise

as
e, 

LR
T

I l
ow

er
 re

sp
ira

to
ry

 tr
ac

t i
nf

ec
tio

n.
 O

A 
ol

de
r 

ad
ul

t, 
RS

V 
re

sp
ira

to
ry

 sy
nc

yt
ia

l v
iru

s, 
R

SV
pr

eF
 re

sp
ira

to
ry

 sy
nc

yt
ia

l v
iru

s p
re

fu
sio

n 
F,

 S
A

E 
se

rio
us

 ad
ve

rs
e e

ve
nt

Ta
bl

e 3
  c

on
tin

ue
d

Va
cc

in
e/

tr
ia

l
R

SV
Pr

eF
3 

O
A

/A
R

eS
V

i-0
06

 [3
7]

R
SV

pr
eF

/R
en

oi
r [

38
]

m
R

N
A

-1
34

5/
C

on
qu

er
R

SV
 [3

9]

Sa
fe

ty
In

 th
e 6

 m
on

th
s p

os
t-v

ac
ci

na
tio

n,
 S

A
Es

 w
er

e 
re

po
rt

ed
 at

 a 
sim

ila
r r

at
e i

n 
R

SV
Pr

eF
3 

O
A

 an
d 

pl
ac

eb
o 

gr
ou

ps
 (4

.2
%

 an
d 

4.
0%

, 
re

sp
ec

tiv
el

y)

A
t 6

 m
on

th
s p

os
t-v

ac
ci

na
tio

n,
 th

er
e w

as
 n

o 
di

ffe
re

nc
e i

n 
th

e r
at

e o
f S

A
Es

 re
po

rt
ed

 in
 

th
e R

SV
pr

eF
 an

d 
pl

ac
eb

o 
gr

ou
ps

 (b
ot

h 
2.

3%
). 

Tw
o 

ca
se

s o
f G

BS
 w

ith
in

 7
–8

 d
ay

s 
po

st
-v

ac
ci

na
tio

n 
w

er
e o

bs
er

ve
d 

in
 tw

o 
m

em
be

rs
 o

f t
he

 va
cc

in
e g

ro
up

A
t 6

 m
on

th
s p

os
t-v

ac
ci

na
tio

n,
 th

e f
re

qu
en

cy
 

of
 u

ns
ol

ic
ite

d 
A

Es
, i

nc
lu

di
ng

 se
ve

re
 A

Es
, 

se
rio

us
 A

Es
 (i

nc
lu

di
ng

 fa
ta

l e
ve

nt
s)

, A
Es

 
of

 sp
ec

ia
l i

nt
er

es
t, 

m
ed

ic
al

ly
 at

te
nd

ed
 A

Es
, 

an
d 

A
Es

 le
ad

in
g t

o 
tr

ia
l d

isc
on

tin
ua

tio
n 

w
as

 
ba

la
nc

ed
 b

et
w

ee
n 

th
e 2

 g
ro

up
s



S84	 Infect Dis Ther (2025) 14 (Suppl 1):S63–S97

[159–162]. Thus, programs to increase vaccine 
coverage and uptake should focus on specific 
at-risk populations, such as those with high-
risk conditions and their close contacts or car-
egivers, particularly in zones of high popula-
tion density and household overcrowding [163, 
164]. Uptake is influenced by various factors, 
including cultural and socioeconomic ele-
ments [50, 165], and vaccination rates differ 
dramatically across demographic strata, with 
notable variations by race/ethnicity, religion, 
and household wealth [166, 167].

One major factor impacting uptake is vac-
cine hesitancy, a multifaceted phenomenon 
encompassing the refusal, reluctance, or post-
ponement of accepting vaccination despite 
the availability of vaccination services; this 
reluctance may be caused, in part, by vaccine 
cost and concerns regarding vaccine technol-
ogy [3, 50]. Furthermore, government support 
and the political atmosphere exert a variable 
but substantial influence on vaccine accept-
ance across different countries [168], and trust 
in government has been a key issue affecting 
the success of global vaccination campaigns, 
as most recently evidenced during the COVID-
19 pandemic [169]. In the United States, hesi-
tancy toward COVID-19 vaccination is high-
est in Black/African Americans and pregnant 
or breastfeeding women, while lower among 
men [170]. During the COVID-19 pandemic, 
influenza vaccination rates were also lowest 
among Black/African Americans, those of low 
educational attainment, and poorer individu-
als [166]. Because demographic inequalities in 
COVID-19 mortality were reflected in dispari-
ties of vaccination coverage, targeted efforts to 
increase uptake would likely have reduced the 
mortality burden in these groups [81].

Out-of-pocket cost and relative VE have also 
been identified as key factors in vaccination 
decision-making in different regional surveys; 
higher cost acts as a deterrent to vaccination, 
but individuals may be willing to pay more for 
greater VE [171–176]. The cost barrier may be 
more pronounced among some economically 
disadvantaged populations compared with other 
groups, which, in conjunction with higher rates 
of hesitancy described above, illustrates par-
ticular obstacles to vaccination among certain 

demographic subgroups and those who do not 
have health insurance [171]. Differences in 
uptake in population subgroups across different 
vaccine platforms highlight vulnerabilities and 
inequities in vaccination coverage, demonstrat-
ing the need for public health policy programs 
to address systemic barriers to vaccine uptake. 
Furthermore, funding for public health pro-
grams and vaccination varies dramatically across 
countries: to control COVID-19, low- and mid-
dle-income countries have depended substan-
tially on donations from developed countries 
and the COVID-19 Vaccines Global Access initia-
tive [177, 178]. Although more than 70% of the 
population in high-income countries completed 
the initial COVID-19 vaccination protocol, only 
2% of COVID-19 doses, including boosters, have 
been administered in low-income countries 
[177]. Compared with high-income countries, 
low- and middle-income countries generally 
have a smaller proportion of older vulnerable 
individuals but less robust and resilient health-
care systems [177]. These factors are reflected 
in the cost of immunization delivery, which is 
the main driver of the gap in successful national 
vaccination strategies, underlining the central 
role of strengthening health systems to achieve 
coverage goals [179].

Variations in vaccination rates are apparent 
throughout the world. Willingness to receive a 
COVID-19 vaccine was generally higher in low- 
and middle-income countries in Asia, Africa, 
and South America compared with the United 
States (mean 80.3% vs. 64.6%, respectively); in 
these countries, desire for personal protection 
and apprehension over vaccine side effects were 
the major factors in vaccine acceptance and 
hesitancy, respectively [180]. In Latin America, 
individual/group influences have been identi-
fied as the primary barrier to vaccination, with 
low socioeconomic status, lower education, 
and age contributing to low vaccine uptake, 
and education and trust in healthcare profes-
sionals enhancing vaccine acceptance [174]. A 
cross-sectional study involving respondents in 
10 countries in Asia, Africa, and South America 
found that female sex, identifying as Muslim, 
residence in rural areas, non-healthcare-related 
occupation, and non-receipt of influenza vac-
cination in the preceding year were significant 
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predictors of unwillingness to receive the 
COVID-19 vaccine [167]. In Europe, frequent 
engagement in the religious practice of praying 
(compared with never praying) and the holding 
of anti-elite, populist worldviews, independent 
of political preferences, increased the likelihood 
of exhibiting vaccine hesitancy compared with 
not engaging in praying and not holding those 
sentiments [168, 181]. These studies highlight 
the importance of the use of messaging that is 
adapted to specific regions, countries, and popu-
lation groups to address population-level factors 
influencing vaccine uptake.

Individuals with chronic diseases commonly 
report vaccine hesitancy, despite having an 
increased risk of direct and indirect complica-
tions and exacerbations due to preexisting ill-
ness. A survey in the United States found that 
vaccine hesitancy was reported by nearly 1 in 
5 respondents with comorbidities overall; of 
these respondents, 13.4% had cancer, 19.4% pre-
sented with autoimmune diseases, and 17.8% 
had chronic lung diseases [52]. Individuals with 
chronic conditions are significantly less likely to 
receive COVID-19 vaccination compared with 
those without such conditions, which is primar-
ily attributable to a lack of information, under-
estimation of personal risk, or fear of symptoms 
[51]. Tailoring public health messaging may thus 
reassure individuals with chronic diseases and 
aid in overcoming their concerns about post-
vaccination symptoms and the impact on daily 
function.

A general lack of understanding regarding 
the different vaccine platforms involved, com-
plicated by vaccine hesitancy, can also impact 
vaccine uptake. Hesitancy can vary by vaccine 
platform, with a reported disconnect between 
a person’s willingness to receive the influenza 
vaccine compared with the COVID-19 vaccine 
[182]. Furthermore, although more than one-
third of Americans expressed concern about the 
influenza, RSV, or COVID-19 vaccines, there was 
no consensus on which of these illnesses was 
perceived as the most severe, and knowledge 
about the related conditions varied among indi-
viduals [182]. Despite the apparent disconnect 
reported in this study, coadministration of influ-
enza and COVID-19 vaccines has led to a high 
uptake of both vaccines in adult populations 

[183, 184]. However, increasing the uptake 
among individuals who do not seek vaccina-
tion for either COVID-19 or influenza remains a 
general challenge. Increasing the knowledge and 
familiarity with newer vaccine technology and 
the disease state are thus important considera-
tions toward addressing vaccine hesitancy and 
refusal.

Coadminstration/Combination Respiratory 
Vaccines

Coinfection by multiple respiratory viruses may 
increase disease severity of illness, hospitaliza-
tion rates, and mortality rates; thus, simulta-
neous protection against SARS-CoV-2, RSV, 
and influenza viruses is an important public 
health goal [185–188]. However, the cocircula-
tion of these three viruses potentially compli-
cates immunization schedules, because vaccines 
should be administered ahead of the start of 
each viral season [189, 190]. Given the overlap-
ping patterns of risk common to SARS-CoV-2, 
RSV, and influenza viruses, multicomponent vac-
cine formulations and vaccine coadministration 
could streamline vaccination efforts and poten-
tially increase vaccine uptake in key populations 
[191]. Particularly for those with comorbidities, 
the recommended immunization schedule in 
adults is complex, which may be simplified by 
the coadministration of vaccines [192, 193]. 
By reducing the number of vaccine consulta-
tions, coadministration can also reduce costs 
and improve compliance [191, 194]. Addition-
ally, because new recommendations for recently 
authorized/approved vaccines may increase the 
complexity of vaccine schedules, coadminis-
tration can reduce the barrier to adoption and 
implementation of new vaccines [192].

Currently, coadministration of vaccines in 
older adults is under examination in several 
clinical trials, including those investigating 
COVID-19 (mRNA-1273, BNT162b2, ChAdOx1-
nCoV-19, and NVX-CoV2373), influenza, and 
RSV [183, 195–198] vaccines. Early results have 
demonstrated that coadministration of vaccines 
can increase immune responses against the rel-
evant viruses, with an acceptable safety pro-
file [183, 195–197, 199, 200]. The interactions 
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between these different vaccines have not been 
fully elucidated, and vaccine efficacy could be 
negatively affected by immune interference and 
immune imprinting caused by prior infection or 
vaccination [201]; however, most studies have 
demonstrated that coadministration of vaccines 
elicits adequate levels of antibodies to offer a 
protective response [197, 202]. Overall, coad-
ministration of vaccines could improve adher-
ence with vaccine recommendations according 
to age and risk, potentially reduce overall HCRU 
costs, and facilitate the adoption of new vaccines 
[191, 192]. Combining multiple vaccines in a 
single vial could also simplify the chemical logis-
tics (the physicochemical processes occurring 
during transport that impact vaccine potency) 
of vaccine administration [203], increasing the 
combined cost-effectiveness of vaccines and 
reducing the environmental impact of vaccine 
packaging and storage.

New vaccine modalities could be an impor-
tant approach toward development of a mul-
ticomponent vaccine that targets these viral 
pathogens. The mRNA platform can contain 
multiple mRNAs encoding several antigens in 
a single vaccine, thus expanding the breadth of 
protective responses against seasonal influenza 
or even multiple respiratory infections [204].  
A multicomponent mRNA vaccine capable of 
generating antibodies against numerous anti-
gen targets simultaneously  could target highly 
variable pathogens with antigenically distinct 
strains, such as influenza, rhinoviruses, and 
SARS-CoV-2 [204]. The mRNA platform also has 
a flexible and shortened vaccine development 
timeline, enabling periodic updates to vaccine 
compositions that target multiple circulating 
strains, thereby potentially enhancing coverage 
against disease [122, 204]. In addition, mRNA 
vaccines induce durable germinal center reac-
tions and strong cellular immune responses, 
which could improve protection in older adults 
[124–126]. Although mRNA vaccines face logisti-
cal challenges and stringent cold chain storage 
needs, which may pose barriers to distribution 
in certain regions [203], the expanding use of 
mRNA-based RSV vaccines and the correspond-
ing expansion of cold storage infrastructure 
could potentially address some of these barriers 
to use of other mRNA vaccines. mRNA vaccines 

may exhibit greater reactogenicity than tradi-
tional vaccines, and repeated inoculation may 
be associated with certain adverse reactions, 
such as hypersensitivity or myocarditis [205, 
206]. Nevertheless, mRNA vaccines are gener-
ally well-tolerated, severe reactions are rare, and 
the benefits outweigh the risks, particularly in 
older and high-risk populations [207]. The suc-
cess of mRNA-based vaccines against COVID-19 
and promising clinical results of mRNA influ-
enza and RSV vaccines have set the stage for the 
development of a combined respiratory vaccine 
that could provide protection against all three 
pathogens.

CONCLUSIONS

For SARS-CoV-2 and influenza, vaccines are the 
most potent and cost-effective tools available 
to reduce the risk of severe outcomes, particu-
larly among adults of older age and those with 
comorbid conditions. Novel vaccines have been 
approved for the prevention of RSV; however, 
extended outcomes data are needed to assess 
their long-term impact. New vaccine technolo-
gies, such as mRNA vaccines and vaccine coad-
ministration or combination, are potentially 
transformative in addressing ongoing viral and 
logistical barriers to immunization related to 
these viruses. Overall, the impact of vaccination 
against vaccine-preventable diseases is multifac-
eted, with implications beyond direct preven-
tion of disease, as described in the Introduction 
of this review. These far-reaching positive soci-
etal outcomes, which are not always quantifiable 
or recognized, should be highlighted to support 
the development of new vaccine technologies 
and to address challenges with vaccine uptake. 
Successful population-level vaccination against 
these viruses, including with mRNA vaccines, 
may also serve as a protective measure against 
future and emerging health threats.

Medical Writing, Editorial, and Other Assis-
tance.  Medical writing and editorial assistance, 
under the direction of the authors, were pro-
vided by Kurt Kunz, MD, MPH, of MEDiSTRAVA 



S87Infect Dis Ther (2025) 14 (Suppl 1):S63–S97	

in accordance with Good Publication Practice 
(GPP 2022) guidelines and funded by Moderna, 
Inc.

Author Contributions.  Roberto Debbag, 
John Watkins, Francesca Ceddia, and Debo-
rah Rudin were involved in the concept design 
and interpretation of data and provided writ-
ing, review and/or intellectual contributions. 
All authors approved the final draft of the 
manuscript.

Funding.  This Supplement, including 
the journal’s Rapid Service fee, was funded by  
Moderna, Inc.

Data Availability.  Data sharing is not appli-
cable to this article as no datasets were generated 
or analyzed during the current study.

Declarations 

Conflict of Interest.  Deborah Rudin and 
Francesca Ceddia are employees of Moderna, 
Inc., and may hold stock/stock options in the 
company. John Watkins and Roberto Debbag 
have no commercial or financial relationships 
to declare that could be construed as a potential 
conflict of interest.

Ethical Approval.  This article is based on 
previously conducted studies and does not con-
tain any new studies with human participants or 
animals performed by any of the authors.

Open Access.   This article is licensed under a 
Creative Commons Attribution-NonCommercial 
4.0 International License, which permits any 
non-commercial use, sharing, adaptation, distri-
bution and reproduction in any medium or for-
mat, as long as you give appropriate credit to the 
original author(s) and the source, provide a link 
to the Creative Commons licence, and indicate 
if changes were made. The images or other third 
party material in this article are included in the 
article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. 
If material is not included in the article’s Crea-
tive Commons licence and your intended use is 

not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain per-
mission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​
mmons.​org/​licen​ses/​by-​nc/4.​0/.

REFERENCES

	 1.	 Roush SW, Murphy TV, Vaccine-Preventable 
Disease Table Working Group. Historical com-
parisons of morbidity and mortality for vaccine-
preventable diseases in the United States. JAMA. 
2007;298(18):2155–63.

	 2.	 Rodrigues CMC, Plotkin SA. Impact of vaccines; 
health economic and social perspectives. Front 
Microbiol. 2020;11:1526.

	 3.	 Ryan J, Malinga T. Interventions for vaccine hesi-
tancy. Curr Opin Immunol. 2021;71:89–91.

	 4.	 Viniol C, Vogelmeier CF. Exacerbations of COPD. 
Eur Respir Rev. 2018;27(147):170103.

	 5.	 Erskine N, Tran H, Levin L, Ulbricht C, Fingeroth 
J, Kiefe C, et al. A systematic review and meta-
analysis on herpes zoster and the risk of cardiac 
and cerebrovascular events. PLoS ONE. 2017;12(7): 
e0181565.

	 6.	 Omidi F, Zangiabadian M, Shahidi Bonjar AH, 
Nasiri MJ, Sarmastzadeh T. Influenza vaccination 
and major cardiovascular risk: a systematic review 
and meta-analysis of clinical trials studies. Sci Rep. 
2023;13(1):20235.

	 7.	 Laupeze B, Del Giudice G, Doherty MT, Van der 
Most R. Vaccination as a preventative measure 
contributing to immune fitness. NPJ Vaccines. 
2021;6(1):93.

	 8.	 Vetrano DL, Triolo F, Maggi S, Malley R, Jackson 
TA, Poscia A, et al. Fostering healthy aging: the 
interdependency of infections, immunity and 
frailty. Ageing Res Rev. 2021;69: 101351.

	 9.	 Scognamiglio F, Gori D, Montalti M. Vaccine 
hesitancy: lessons learned and perspectives for 
a post-pandemic tomorrow. Vaccines (Basel). 
2022;10(4):551.

	 10.	 Bloom DE. The value of vaccination. Adv Exp Med 
Biol. 2011;697:1–8.

	 11.	 Connolly MP, Kotsopoulos N, Roberts C, Kot-
likoff L, Bloom DE, Hu T, et al. Public economic 
gains from tax-financed investments in childhood 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


S88	 Infect Dis Ther (2025) 14 (Suppl 1):S63–S97

immunization in the United States. PLOS Glob 
Public Health. 2023;3(10): e0002461.

	 12.	 Wiemken TL, Khan F, Puzniak L, Yang W, Sim-
mering J, Polgreen P, et  al. Seasonal trends in 
COVID-19 cases, hospitalizations, and mortal-
ity in the United States and Europe. Sci Rep. 
2023;13(1):3886.

	 13.	 Townsend JP, Hassler HB, Lamb AD, Sah P, Alvarez 
Nishio A, Nguyen C, et al. Seasonality of endemic 
COVID-19. MBio. 2023;14(6): e0142623.

	 14.	 Lowen AC, Steel J. Roles of humidity and tem-
perature in shaping influenza seasonality. J Virol. 
2014;88(14):7692–5.

	 15.	 Obando-Pacheco P, Justicia-Grande AJ, Rivero-Calle 
I, Rodriguez-Tenreiro C, Sly P, Ramilo O, et al. Res-
piratory syncytial virus seasonality: a global over-
view. J Infect Dis. 2018;217(9):1356–64.

	 16.	 He Y, Liu WJ, Jia N, Richardson S, Huang C. Viral 
respiratory infections in a rapidly changing cli-
mate: the need to prepare for the next pandemic. 
EBioMedicine. 2023;93: 104593.

	 17.	 Zanobini P, Bonaccorsi G, Lorini C, Haag M, 
McGovern I, Paget J, et al. Global patterns of sea-
sonal influenza activity, duration of activity and 
virus (sub)type circulation from 2010 to 2020. Influ-
enza Other Respir Viruses. 2022;16(4):696–706.

	 18.	 Price RHM, Graham C, Ramalingam S. Association 
between viral seasonality and meteorological fac-
tors. Sci Rep. 2019;9(1):929–64.

	 19.	 Tamerius J, Nelson MI, Zhou SZ, Viboud C, 
Miller MA, Alonso WJ. Global influenza sea-
sonality: reconciling patterns across temperate 
and tropical regions. Environ Health Perspect. 
2011;119(4):439–45.

	 20.	 Kim L, Garg S, O’Halloran A, Whitaker M, Pham 
H, Anderson EJ, et al. Risk factors for intensive care 
unit admission and in-hospital mortality among 
hospitalized adults identified through the US Coro-
navirus Disease 2019 (COVID-19)-Associated Hos-
pitalization Surveillance Network (COVID-NET). 
Clin Infect Dis. 2021;72(9):e206–14.

	 21.	 Ko JY, Danielson ML, Town M, Derado G, Green-
lund KJ, Kirley PD, et  al. Risk factors for coro-
navirus disease 2019 (COVID-19)-associated 
hospitalization: COVID-19-Associated Hospi-
talization Surveillance Network and Behavioral 
Risk Factor Surveillance System. Clin Infect Dis. 
2021;72(11):e695–703.

	 22.	 Falsey AR, Hennessey PA, Formica MA, Cox C, 
Walsh EE. Respiratory syncytial virus infection 

in elderly and high-risk adults. N Engl J Med. 
2005;352(17):1749–59.

	 23.	 Nguyen-Van-Tam JS, O’Leary M, Martin ET, Hei-
jnen E, Callendret B, Fleischhackl R, et al. Burden 
of respiratory syncytial virus infection in older and 
high-risk adults: a systematic review and meta-anal-
ysis of the evidence from developed countries. Eur 
Respir Rev. 2022;31(166): 220105.

	 24.	 Ackerson B, Tseng HF, Sy LS, Solano Z, Slezak J, Luo 
Y, et al. Severe morbidity and mortality associated 
with respiratory syncytial virus versus influenza 
infection in hospitalized older adults. Clin Infect 
Dis. 2019;69(2):197–203.

	 25.	 Walker TA, Waite B, Thompson MG, McArthur C, 
Wong C, Baker MG, et al. Risk of severe influenza 
among adults with chronic medical conditions. J 
Infect Dis. 2020;221(2):183–90.

	 26.	 Prasad N, Walker TA, Waite B, Wood T, Tren-
holme AA, Baker MG, et al. Respiratory syncytial 
virus-associated hospitalizations among adults 
with chronic medical conditions. Clin Infect Dis. 
2021;73(1):e158–63.

	 27.	 Richards F, Kodjamanova P, Chen X, Li N, Atanasov 
P, Bennetts L, et al. Economic burden of COVID-
19: a systematic review. Clinicoecon Outcomes Res. 
2022;14:293–307.

	 28.	 Demont C, Petrica N, Bardoulat I, Duret S, Watier L, 
Chosidow A, et al. Economic and disease burden of 
RSV-associated hospitalizations in young children 
in France, from 2010 through 2018. BMC Infect 
Dis. 2021;21(1):730.

	 29.	 Carrico J, Hicks KA, Wilson E, Panozzo CA, Ghas-
walla P. The annual economic burden of respira-
tory syncytial virus in adults in the United States. 
J Infect Dis. 2023. https://​doi.​org/​10.​1093/​infdis/​
jiad5​59.

	 30.	 Debes S, Haug JB, de Blasio BF, Jonassen CM, Dud-
man SG. Etiology of viral respiratory tract infec-
tions in hospitalized adults, and evidence of the 
high frequency of prehospitalization antibiotic 
treatment in Norway. Health Sci Rep. 2021;4(4): 
e403.

	 31.	 Choi Y, Hill-Ricciuti A, Branche AR, Sieling WD, 
Saiman L, Walsh EE, et  al. Cost determinants 
among adults hospitalized with respiratory syncyt-
ial virus in the United States, 2017–2019. Influenza 
Other Respir Viruses. 2022;16(1):151–8.

	 32.	 Putri W, Muscatello DJ, Stockwell MS, Newall AT. 
Economic burden of seasonal influenza in the 
United States. Vaccine. 2018;36(27):3960–6.

https://doi.org/10.1093/infdis/jiad559
https://doi.org/10.1093/infdis/jiad559


S89Infect Dis Ther (2025) 14 (Suppl 1):S63–S97	

	 33.	 Grace M, Colosia A, Wolowacz S, Panozzo C, Ghas-
walla P. Economic burden of respiratory syncytial 
virus infection in adults: a systematic literature 
review. J Med Econ. 2023;26(1):742–59.

	 34.	 Mohammed I, Nauman A, Paul P, Ganesan S, 
Chen KH, Jalil SMS, et al. The efficacy and effec-
tiveness of the COVID-19 vaccines in reducing 
infection, severity, hospitalization, and mortality: 
a systematic review. Hum Vaccin Immunother. 
2022;18(1):2027160.

	 35.	 Sharif N, Alzahrani KJ, Ahmed SN, Dey SK. Effi-
cacy, immunogenicity and safety of COVID-19 vac-
cines: a systematic review and meta-analysis. Front 
Immunol. 2021;12: 714170.

	 36.	 Zheng C, Shao W, Chen X, Zhang B, Wang G, 
Zhang W. Real-world effectiveness of COVID-19 
vaccines: a literature review and meta-analysis. Int 
J Infect Dis. 2022;114:252–60.

	 37.	 Papi A, Ison MG, Langley JM, Lee DG, Leroux-Roels 
I, Martinon-Torres F, et al. Respiratory syncytial 
virus prefusion F protein vaccine in older adults. N 
Engl J Med. 2023;388(7):595–608.

	 38.	 Walsh EE, Perez Marc G, Zareba AM, Falsey AR, 
Jiang Q, Patton M, et al. Efficacy and safety of a 
bivalent RSV prefusion F vaccine in older adults. N 
Engl J Med. 2023;388(16):1465–77.

	 39.	 Wilson E, Goswami J, Baqui AH, Doreski PA, Perez-
Marc G, Zaman K, et al. Efficacy and safety of an 
mRNA-based RSV PreF vaccine in older adults. N 
Engl J Med. 2023;389(24):2233–44.

	 40.	 Lee JKH, Lam GKL, Shin T, Samson SI, Greenberg 
DP, Chit A. Efficacy and effectiveness of high-dose 
influenza vaccine in older adults by circulating 
strain and antigenic match: an updated systematic 
review and meta-analysis. Vaccine. 2021;39(Suppl 
1):A24–35.

	 41.	 Osterholm MT, Kelley NS, Sommer A, Belongia EA. 
Efficacy and effectiveness of influenza vaccines: a 
systematic review and meta-analysis. Lancet Infect 
Dis. 2012;12(1):36–44.

	 42.	 Yamana TK, Galanti M, Pei S, Di Fusco M, Angulo 
FJ, Moran MM, et al. The impact of COVID-19 vac-
cination in the US: averted burden of SARS-COV-
2-related cases, hospitalizations and deaths. PLoS 
ONE. 2023;18(4): e0275699.

	 43.	 Zost SJ, Parkhouse K, Gumina ME, Kim K, Diaz 
Perez S, Wilson PC, et al. Contemporary H3N2 
influenza viruses have a glycosylation site that 
alters binding of antibodies elicited by egg-
adapted vaccine strains. Proc Natl Acad Sci U S A. 
2017;114(47):12578–83.

	 44.	 Young B, Sadarangani S, Jiang L, Wilder-Smith A, 
Chen MI. Duration of influenza vaccine effective-
ness: a systematic review, meta-analysis, and meta-
regression of test-negative design case-control stud-
ies. J Infect Dis. 2018;217(5):731–41.

	 45.	 Yamayoshi S, Kawaoka Y. Current and future influ-
enza vaccines. Nat Med. 2019;25(2):212–20.

	 46.	 Principi N, Autore G, Ramundo G, Esposito S. Epi-
demiology of respiratory infections during the 
COVID-19 pandemic. Viruses. 2023;15(5):1160.

	 47.	 Groves HE, Piche-Renaud PP, Peci A, Farrar DS, 
Buckrell S, Bancej C, et  al. The impact of the 
COVID-19 pandemic on influenza, respiratory 
syncytial virus, and other seasonal respiratory virus 
circulation in Canada: a population-based study. 
Lancet Reg Health Am. 2021;1: 100015.

	 48.	 Kurz H, Sever-Yildiz G, Kocsisek CV, Resch E, 
Grossschadl C, Totschnig L, et al. Respiratory syn-
cytial virus and influenza during the COVID-19 
pandemic: a two-center experience. Pediatr Infect 
Dis J. 2024;43(5):410–4.

	 49.	 Bardsley M, Morbey RA, Hughes HE, Beck CR, Wat-
son CH, Zhao H, et al. Epidemiology of respiratory 
syncytial virus in children younger than 5 years 
in England during the COVID-19 pandemic, meas-
ured by laboratory, clinical, and syndromic surveil-
lance: a retrospective observational study. Lancet 
Infect Dis. 2023;23(1):56–66.

	 50.	 MacDonald NE, Hesitancy SWGoV. Vaccine hesi-
tancy: definition, scope and determinants. Vaccine. 
2015;33(34):4161–4.

	 51.	 Bulusu A, Segarra C, Khayat L. Analysis of COVID-
19 vaccine uptake among people with underlying 
chronic conditions in 2022: a cross-sectional study. 
SSM Popul Health. 2023;22: 101422.

	 52.	 Tsai R, Hervey J, Hoffman K, Wood J, Johnson J, 
Deighton D, et al. COVID-19 Vaccine hesitancy 
and acceptance among individuals with cancer, 
autoimmune diseases, or other serious comorbid 
conditions: cross-sectional, internet-based survey. 
JMIR Public Health Surveill. 2022;8(1): e29872.

	 53.	 World Health Organization. WHO COVID-19 dash-
board; 2024 [Available from: https://​data.​who.​int/​
dashb​oards/​covid​19/. Accessed 25 April 2024.

	 54.	 Gusev E, Sarapultsev A, Solomatina L, Cheresh-
nev V. SARS-CoV-2-specific immune response 
and the pathogenesis of COVID-19. Int J Mol Sci. 
2022;23(3):1716.

	 55.	 Nesteruk I. Endemic characteristics of SARS-CoV-2 
infection. Sci Rep. 2023;13(1):14841.

https://data.who.int/dashboards/covid19/
https://data.who.int/dashboards/covid19/


S90	 Infect Dis Ther (2025) 14 (Suppl 1):S63–S97

	 56.	 Koelle K, Martin MA, Antia R, Lopman B, Dean 
NE. The changing epidemiology of SARS-CoV-2. 
Science. 2022;375(6585):1116–21.

	 57.	 Carabelli AM, Peacock TP, Thorne LG, Harvey WT, 
Hughes J, Consortium C-GU, et al. SARS-CoV-2 
variant biology: immune escape, transmission and 
fitness. Nat Rev Microbiol. 2023;21(3):162–77.

	 58.	 Marra AR, Kobayashi T, Callado GY, Pardo I, Gut-
freund MC, Hsieh MK, et  al. The effectiveness 
of COVID-19 vaccine in the prevention of post-
COVID conditions: a systematic literature review 
and meta-analysis of the latest research. Antimi-
crob Steward Healthc Epidemiol. 2023;3(1): e168.

	 59.	 Taylor CA, Patel K, Patton ME, Reingold A, Kawasaki 
B, Meek J, et al. COVID-19-associated hospitaliza-
tions among U.S. adults aged >/=65 years - COVID-
NET, 13 States, January–August 2023. MMWR Morb 
Mortal Wkly Rep. 2023;72(40):1089–94.

	 60.	 Johns Hopkins University of Medicine Coronavirus 
Resource Center. Understanding vaccination pro-
gress; 2023. https://​coron​avirus.​jhu.​edu/​vacci​nes/​
inter​natio​nal.

	 61.	 Regan JJ, Moulia DL, Link-Gelles R, Godfrey M, 
Mak J, Najdowski M, et al. Use of updated COVID-
19 vaccines 2023–2024 formula for persons aged 
≥6 months: recommendations of the advisory 
committee on immunization practices — United 
States, September 2023. Morb Mortal Wkly Rep. 
2023;72(42):1140–6.

	 62.	 Guidance on the use of COVID-19 vaccines dur-
ing the fall of 2024: Goverment of Canada. https://​
www.​canada.​ca/​en/​public-​health/​servi​ces/​publi​
catio​ns/​vacci​nes-​immun​izati​on/​natio​nal-​advis​ory-​
commi​ttee-​immun​izati​on-​guida​nce-​covid-​19-​vacci​
nes-​fall-​2024.​html. Accessed August 1, 2024.

	 63.	 Novavax’s updated COVID-19 vaccine now 
approved in the EU: Novavax. Available from: 
https://​ir.​novav​ax.​com/​press-​relea​ses/​2023-​10-​31-​
Novav​axs-​Updat​ed-​COVID-​19-​Vacci​ne-​Now-​Appro​
ved-​in-​the-​EU. Accessed August 1, 2024.

	 64.	 COVID-19 vaccine doses administered by manu-
facturer, European Union: Our World Data. https://​
ourwo​rldin​data.​org/​covid-​vacci​natio​ns#​which-​
vacci​nes-​have-​been-​admin​ister​ed-​in-​each-​count​
ry. Accessed August 1, 2024.

	 65.	 US Food and Drug Administration. Package insert 
- SPIKEVAX. https://​www.​fda.​gov/​media/​155675/​
downl​oad Accessed April 4, 2024.

	 66.	 US Food and Drug Administration. Package insert - 
COMIRNATY. https://​www.​fda.​gov/​media/​151707/​
downl​oad Accessed April 4, 2024.

	 67.	 European Medicines Agency (EMA). Comirnaty: 
EPAR - Product information. Available from: 
https://​www.​ema.​europa.​eu/​en/​docum​ents/​produ​
ct-​infor​mation/​comir​naty-​epar-​produ​ct-​infor​
mation_​en.​pdf Accessed April 25, 2024.

	 68.	 European Medicines Agency (EMA). Spikevax (pre-
viously COVID-19 Vaccine Moderna): EPAR - prod-
uct information. https://​www.​ema.​europa.​eu/​en/​
docum​ents/​produ​ct-​infor​mation/​spike​vax-​previ​
ously-​covid-​19-​vacci​ne-​moder​na-​epar-​produ​ct-​
infor​mation_​en.​pdf Accessed April 25, 2024.

	 69.	 Fu Y, Zhao J, Han P, Zhang J, Wang Q, Wang 
Q, et  al. Cost-effectiveness of COVID-19 vac-
cination: a systematic review. J Evid Based Med. 
2023;16(2):152–65.

	 70.	 Izadi R, Hatam N, Baberi F, Yousefzadeh S, Jafari 
A. Economic evaluation of strategies against cor-
onavirus: a systematic review. Health Econ Rev. 
2023;13(1):18.

	 71.	 Baden LR, El Sahly HM, Essink B, Kotloff K, 
Frey S, Novak R, et al. Efficacy and safety of the 
mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med. 
2021;384(5):403–16.

	 72.	 Tanriover MD, Doganay HL, Akova M, Guner HR, 
Azap A, Akhan S, et al. Efficacy and safety of an 
inactivated whole-virion SARS-CoV-2 vaccine 
(CoronaVac): interim results of a double-blind, 
randomised, placebo-controlled, phase 3 trial in 
Turkey. Lancet. 2021;398(10296):213–22.

	 73.	 Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurt-
man A, Lockhart S, et al. Safety and efficacy of the 
BNT162b2 mRNA COVID-19 vaccine. N Engl J 
Med. 2020;383(27):2603–15.

	 74.	 Falsey AR, Sobieszczyk ME, Hirsch I, Sproule S, 
Robb ML, Corey L, et al. Phase 3 safety and effi-
cacy of AZD1222 (ChAdOx1 nCoV-19) COVID-19 
vaccine. N Engl J Med. 2021;385(25):2348–60.

	 75.	 Heath PT, Galiza EP, Baxter DN, Boffito M, 
Browne D, Burns F, et al. Safety and efficacy of 
NVX-CoV2373 COVID-19 vaccine. N Engl J Med. 
2021;385(13):1172–83.

	 76.	 Sadoff J, Gray G, Vandebosch A, Cardenas V, Shu-
karev G, Grinsztejn B, et al. Safety and efficacy of 
single-dose Ad26.COV2.S vaccine against COVID-
19. N Engl J Med. 2021;384(23):2187–201.

	 77.	 Kopel H, Nguyen VH, Boileau C, Bogdanov A, 
Winer I, Ducruet T, et al. Comparative effective-
ness of bivalent (Original/Omicron BA.4/BA.5) 
COVID-19 vaccines in adults. Vaccines (Basel). 
2023;11(11):1711.

https://coronavirus.jhu.edu/vaccines/international
https://coronavirus.jhu.edu/vaccines/international
https://www.canada.ca/en/public-health/services/publications/vaccines-immunization/national-advisory-committee-immunization-guidance-covid-19-vaccines-fall-2024.html
https://www.canada.ca/en/public-health/services/publications/vaccines-immunization/national-advisory-committee-immunization-guidance-covid-19-vaccines-fall-2024.html
https://www.canada.ca/en/public-health/services/publications/vaccines-immunization/national-advisory-committee-immunization-guidance-covid-19-vaccines-fall-2024.html
https://www.canada.ca/en/public-health/services/publications/vaccines-immunization/national-advisory-committee-immunization-guidance-covid-19-vaccines-fall-2024.html
https://www.canada.ca/en/public-health/services/publications/vaccines-immunization/national-advisory-committee-immunization-guidance-covid-19-vaccines-fall-2024.html
https://ir.novavax.com/press-releases/2023-10-31-Novavaxs-Updated-COVID-19-Vaccine-Now-Approved-in-the-EU
https://ir.novavax.com/press-releases/2023-10-31-Novavaxs-Updated-COVID-19-Vaccine-Now-Approved-in-the-EU
https://ir.novavax.com/press-releases/2023-10-31-Novavaxs-Updated-COVID-19-Vaccine-Now-Approved-in-the-EU
https://ourworldindata.org/covid-vaccinations#which-vaccines-have-been-administered-in-each-country
https://ourworldindata.org/covid-vaccinations#which-vaccines-have-been-administered-in-each-country
https://ourworldindata.org/covid-vaccinations#which-vaccines-have-been-administered-in-each-country
https://ourworldindata.org/covid-vaccinations#which-vaccines-have-been-administered-in-each-country
https://www.fda.gov/media/155675/download
https://www.fda.gov/media/155675/download
https://www.fda.gov/media/151707/download
https://www.fda.gov/media/151707/download
https://www.ema.europa.eu/en/documents/product-information/comirnaty-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/comirnaty-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/comirnaty-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/spikevax-previously-covid-19-vaccine-moderna-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/spikevax-previously-covid-19-vaccine-moderna-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/spikevax-previously-covid-19-vaccine-moderna-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/spikevax-previously-covid-19-vaccine-moderna-epar-product-information_en.pdf


S91Infect Dis Ther (2025) 14 (Suppl 1):S63–S97	

	 78.	 Wu N, Joyal-Desmarais K, Ribeiro PAB, Vieira AM, 
Stojanovic J, Sanuade C, et al. Long-term effective-
ness of COVID-19 vaccines against infections, hos-
pitalisations, and mortality in adults: findings from 
a rapid living systematic evidence synthesis and 
meta-analysis up to December, 2022. Lancet Respir 
Med. 2023;11(5):439–52.

	 79.	 Tseng HF, Ackerson BK, Sy LS, Tubert JE, Luo Y, 
Qiu S, et al. mRNA-1273 bivalent (original and 
Omicron) COVID-19 vaccine effectiveness against 
COVID-19 outcomes in the United States. Nat 
Commun. 2023;14(1):5851.

	 80.	 Cheng MQ, Li R, Weng ZY, Song G. Relative effec-
tiveness of bivalent COVID-19 vaccine: a system-
atic review and meta-analysis. Front Med (Laus-
anne). 2023;10:1322396.

	 81.	 Nab L, Parker EPK, Andrews CD, Hulme WJ, Fisher 
L, Morley J, et al. Changes in COVID-19-related 
mortality across key demographic and clinical sub-
groups in England from 2020 to 2022: a retrospec-
tive cohort study using the OpenSAFELY platform. 
Lancet Public Health. 2023;8(5):e364–77.

	 82.	 Link-Gelles R, Ciesla AA, Mak J, Miller JD, Silk 
BJ, Lambrou AS, et al. Early estimates of updated 
2023–2024 (Monovalent XBB.1.5) COVID-19 
vaccine effectiveness against symptomatic SARS-
CoV-2 infection attributable to co-circulating omi-
cron variants among immunocompetent adults - 
increasing community access to testing program, 
United States, September 2023-January 2024. 
MMWR Morb Mortal Wkly Rep. 2024;73(4):77–83.

	 83.	 Harris DA, Hayes KN, Zullo AR, Mor V, Chachlani 
P, Deng Y, et al. Comparative risks of potential 
adverse events following COVID-19 mRNA vacci-
nation among older US adults. JAMA Netw Open. 
2023;6(8): e2326852.

	 84.	 Xu W, Ren W, Wu T, Wang Q, Luo M, Yi Y, et al. 
Real-World Safety of COVID-19 mRNA vaccines: 
a systematic review and meta-analysis. Vaccines 
(Basel). 2023;11(6):1118.

	 85.	 Kelly JD, Leonard S, Boscardin WJ, Hoggatt KJ, 
Lum EN, Austin CC, et al. Comparative mRNA 
booster effectiveness against death or hospi-
talization with COVID-19 pneumonia across 
at-risk US Veteran populations. Nat Commun. 
2023;14(1):2976.

	 86.	 Wang X, Haeussler K, Spellman A, Phillips LE, 
Ramiller A, Bausch-Jurken MT, et al. Compara-
tive effectiveness of mRNA-1273 and BNT162b2 
COVID-19 vaccines in immunocompromised 
individuals: a systematic review and meta-analy-
sis using the GRADE framework. Front Immunol. 
2023;14:1204831.

	 87.	 Ku JH, Sy LS, Qian L, Ackerson BK, Luo Y, Tubert 
JE, et  al. Vaccine effectiveness of the mRNA-
1273 3-dose primary series against COVID-19 
in an immunocompromised population: a pro-
spective observational cohort study. Vaccine. 
2023;41(24):3636–46.

	 88.	 Lundberg-Morris L, Leach S, Xu Y, Martikainen 
J, Santosa A, Gisslen M, et al. Covid-19 vaccine 
effectiveness against post-covid-19 condition 
among 589 722 individuals in Sweden: popula-
tion based cohort study. BMJ. 2023;383: e076990.

	 89.	 Catala M, Mercade-Besora N, Kolde R, Trinh 
NTH, Roel E, Burn E, et  al. The effectiveness 
of COVID-19 vaccines to prevent long COVID 
symptoms: staggered cohort study of data from 
the UK, Spain, and Estonia. Lancet Respir Med. 
2024;12(3):225–36.

	 90.	 Kaminska D, Deborska-Materkowska D, Koscielska-
Kasprzak K, Mazanowska O, Remiorz A, Poznanski 
P, et al. Immunity after COVID-19 recovery and 
vaccination: similarities and differences. Vaccines 
(Basel). 2022;10(7):1068.

	 91.	 Wherry EJ, Barouch DH. T cell immunity to COVID-
19 vaccines. Science. 2022;377(6608):821–2.

	 92.	 Lin DY, Xu Y, Gu Y, Zeng D, Sunny SK, Moore Z. 
Durability of bivalent boosters against omicron 
subvariants. N Engl J Med. 2023;388(19):1818–20.

	 93.	 Lin DY, Xu Y, Gu Y, Zeng D, Wheeler B, Young 
H, et  al. Effectiveness of bivalent boosters 
against severe omicron infection. N Engl J Med. 
2023;388(8):764–6.

	 94.	 DeCuir J, Payne AB, Self WH, Rowley EAK, Das-
comb K, DeSilva MB, et al. Interim effectiveness of 
updated 2023-2024 (monovalent XBB.1.5) COVID-
19 vaccines against COVID-19-associated emer-
gency department and urgent care encounters and 
hospitalization among immunocompetent adults 
Aged >/=18 Years - VISION and IVY Networks, Sep-
tember 2023-January 2024. MMWR Morb Mortal 
Wkly Rep. 2024;73(8):180–8.

	 95.	 Shoham S, Batista C, Ben Amor Y, Ergonul O, Has-
sanain M, Hotez P, et al. Vaccines and therapeutics 
for immunocompromised patients with COVID-19. 
EClinicalMedicine. 2023;59: 101965.

	 96.	 Evans RA, Dube S, Lu Y, Yates M, Arnetorp S, Barnes 
E, et  al. Impact of COVID-19 on immunocom-
promised populations during the Omicron era: 
insights from the observational population-based 
INFORM study. Lancet Reg Health Eur. 2023;35: 
100747.

	 97.	 Lee A, Wong SY, Chai LYA, Lee SC, Lee MX, Muth-
iah MD, et  al. Efficacy of covid-19 vaccines in 



S92	 Infect Dis Ther (2025) 14 (Suppl 1):S63–S97

immunocompromised patients: systematic review 
and meta-analysis. BMJ. 2022;376: e068632.

	 98.	 Di Fusco M, Lin J, Vaghela S, Lingohr-Smith M, 
Nguyen JL, Scassellati Sforzolini T, et al. COVID-
19 vaccine effectiveness among immunocom-
promised populations: a targeted literature 
review of real-world studies. Expert Rev Vaccines. 
2022;21(4):435–51.

	 99.	 Li J, Zhou Y, Ma J, Zhang Q, Shao J, Liang S, et al. 
The long-term health outcomes, pathophysiologi-
cal mechanisms and multidisciplinary manage-
ment of long COVID. Signal Transduct Target Ther. 
2023;8(1):416.

	100.	 Davis HE, McCorkell L, Vogel JM, Topol EJ. Long 
COVID: major findings, mechanisms and recom-
mendations. Nat Rev Microbiol. 2023;21(3):133–46.

	101.	 Watanabe A, Iwagami M, Yasuhara J, Takagi H, 
Kuno T. Protective effect of COVID-19 vaccination 
against long COVID syndrome: a systematic review 
and meta-analysis. Vaccine. 2023;41(11):1783–90.

	102.	 Ceban F, Kulzhabayeva D, Rodrigues NB, Di Vin-
cenzo JD, Gill H, Subramaniapillai M, et al. COVID-
19 vaccination for the prevention and treatment of 
long COVID: a systematic review and meta-analy-
sis. Brain Behav Immun. 2023;111:211–29.

	103.	 Tsampasian V, Elghazaly H, Chattopadhyay R, Deb-
ski M, Naing TKP, Garg P, et al. Risk factors asso-
ciated with post-COVID-19 condition: a system-
atic review and meta-analysis. JAMA Intern Med. 
2023;183(6):566–80.

	104.	 Thompson J, Wattam S. Estimating the impact of 
interventions against COVID-19: from lockdown 
to vaccination. PLoS ONE. 2021;16(12): e0261330.

	105.	 Santoli G, Nurchis MC, Calabro GE, Damiani G. 
Incremental net benefit and incremental cost-effec-
tiveness ratio of COVID-19 vaccination campaigns: 
systematic review of cost-effectiveness evidence. 
Vaccines (Basel). 2023;11(2):347.

	106.	 Regan JJ, Moulia DL, Link-Gelles R, Godfrey M, Mak 
J, Najdowski M, et al. Use of updated COVID-19 
vaccines 2023–2024 formula for persons aged >/=6 
months: recommendations of the advisory com-
mittee on immunization practices - United States, 
September 2023. MMWR Morb Mortal Wkly Rep. 
2023;72(42):1140–6.

	107.	 US Centers for Disease Control and Prevention. 
Staying up to date with COVID-19 vaccines. 
https://​www.​cdc.​gov/​covid/​vacci​nes/​stay-​up-​to-​
date.​html. Accessed April 24, 2024.

	108.	 European Medicines Agency (EMA). COVID-
19 medicines. https://​www.​ema.​europa.​eu/​en/​

human-​regul​atory-​overv​iew/​public-​health-​threa​ts/​
coron​avirus-​disea​se-​covid-​19/​covid-​19-​medic​ines. 
Accessed April 24, 2024.

	109.	 Iuliano AD, Roguski KM, Chang HH, Mus-
catello DJ, Palekar R, Tempia S, et al. Estimates 
of global seasonal influenza-associated res-
piratory mortality: a modelling study. Lancet. 
2018;391(10127):1285–300.

	110.	 World Health Organization. Vaccines against influ-
enza: WHO position paper. Wkly Epidemiol Rec 
(WER). 2022;97(19):185–208.

	111.	 Barr IG, Donis RO, Katz JM, McCauley JW, Odagiri 
T, Trusheim H, et al. Cell culture-derived influenza 
vaccines in the severe 2017–2018 epidemic season: 
a step towards improved influenza vaccine effec-
tiveness. NPJ Vaccines. 2018;3:44.

	112.	 US Centers for Disease Control and Prevention. 
Benefits of the flu vaccine. https://​www.​cdc.​gov/​
flu-​vacci​nes-​work/​benef​its/​index.​html. Accessed 
April 24, 2024.

	113.	 Russell CA, Fouchier RAM, Ghaswalla P, Park Y, 
Vicic N, Ananworanich J, et al. Seasonal influenza 
vaccine performance and the potential benefits 
of mRNA vaccines. Hum Vaccin Immunother. 
2024;20(1):2336357.

	114.	 DiazGranados CA, Dunning AJ, Kimmel M, Kirby 
D, Treanor J, Collins A, et al. Efficacy of high-dose 
versus standard-dose influenza vaccine in older 
adults. N Engl J Med. 2014;371(7):635–45.

	115.	 Beran J, Reynales H, Poder A, Yu CY, Pitisuttithum 
P, Yuan LL, et al. Prevention of influenza during 
mismatched seasons in older adults with an MF59-
adjuvanted quadrivalent influenza vaccine: a ran-
domised, controlled, multicentre, phase 3 efficacy 
study. Lancet Infect Dis. 2021;21(7):1027–37.

	116.	 Dunkle LM, Izikson R, Patriarca P, Goldenthal KL, 
Muse D, Callahan J, et al. Efficacy of recombinant 
influenza vaccine in adults 50 years of age or older. 
N Engl J Med. 2017;376(25):2427–36.

	117.	 Frey S, Vesikari T, Szymczakiewicz-Multanowska 
A, Lattanzi M, Izu A, Groth N, et al. Clinical effi-
cacy of cell culture-derived and egg-derived inac-
tivated subunit influenza vaccines in healthy 
adults. Clin Infect Dis. 2010;51(9):997–1004.

	118.	 Ferdinands JM, Gaglani M, Martin ET, Monto AS, 
Middleton D, Silveira F, et al. Waning vaccine 
effectiveness against influenza-associated hospi-
talizations among adults, 2015–2016 to 2018–
2019, United States hospitalized adult influenza 
vaccine effectiveness network. Clin Infect Dis. 
2021;73(4):726–9.

https://www.cdc.gov/covid/vaccines/stay-up-to-date.html
https://www.cdc.gov/covid/vaccines/stay-up-to-date.html
https://www.ema.europa.eu/en/human-regulatory-overview/public-health-threats/coronavirus-disease-covid-19/covid-19-medicines
https://www.ema.europa.eu/en/human-regulatory-overview/public-health-threats/coronavirus-disease-covid-19/covid-19-medicines
https://www.ema.europa.eu/en/human-regulatory-overview/public-health-threats/coronavirus-disease-covid-19/covid-19-medicines
https://www.cdc.gov/flu-vaccines-work/benefits/index.html
https://www.cdc.gov/flu-vaccines-work/benefits/index.html


S93Infect Dis Ther (2025) 14 (Suppl 1):S63–S97	

	119.	 Okoli GN, Racovitan F, Abdulwahid T, Righolt 
CH, Mahmud SM. Variable seasonal influenza vac-
cine effectiveness across geographical regions, age 
groups and levels of vaccine antigenic similarity 
with circulating virus strains: a systematic review 
and meta-analysis of the evidence from test-neg-
ative design studies after the 2009/10 influenza 
pandemic. Vaccine. 2021;39(8):1225–40.

	120.	 Uyeki  TM, Hui DS,  Zambon M, Went-
worth DE, Monto AS. Influenza. Lancet. 
2022;400(10353):693–706.

	121.	 Bosaeed M, Kumar D. Seasonal influenza vaccine 
in immunocompromised persons. Hum Vaccin 
Immunother. 2018;14(6):1311–22.

	122.	 Lee IT, Nachbagauer R, Ensz D, Schwartz H, Car-
mona L, Schaefers K, et al. Safety and immuno-
genicity of a phase 1/2 randomized clinical trial 
of a quadrivalent, mRNA-based seasonal influenza 
vaccine (mRNA-1010) in healthy adults: interim 
analysis. Nat Commun. 2023;14(1):3631.

	123.	 Edwards DK, Carfi A. Messenger ribonucleic acid 
vaccines against infectious diseases: current con-
cepts and future prospects. Curr Opin Immunol. 
2022;77: 102214.

	124.	 Turner JS, O’Halloran JA, Kalaidina E, Kim W, 
Schmitz AJ, Zhou JQ, et al. SARS-CoV-2 mRNA 
vaccines induce persistent human germinal centre 
responses. Nature. 2021;596(7870):109–13.

	125.	 Goel RR, Painter MM, Apostolidis SA, Mathew 
D, Meng W, Rosenfeld AM, et  al. mRNA vac-
cines induce durable immune memory to 
SARS-CoV-2 and variants of concern. Science. 
2021;374(6572):abm0829.

	126.	 Kim W, Zhou JQ, Horvath SC, Schmitz AJ, Sturtz 
AJ, Lei T, et al. Germinal centre-driven maturation 
of B cell response to mRNA vaccination. Nature. 
2022;604(7904):141–5.

	127.	 Weiss CD, Wang W, Lu Y, Billings M, Eick-Cost 
A, Couzens L, et al. Neutralizing and neuramini-
dase antibodies correlate with protection against 
influenza during a late season A/H3N2 outbreak 
among unvaccinated military recruits. Clin Infect 
Dis. 2020;71(12):3096–102.

	128.	 Monto AS, Petrie JG, Cross RT, Johnson E, Liu M, 
Zhong W, et al. Antibody to influenza virus neu-
raminidase: an independent correlate of protection. 
J Infect Dis. 2015;212(8):1191–9.

	129.	 Gharpure R, Chard AN, Cabrera Escobar M, Zhou 
W, Valleau MM, Yau TS, et al. Costs and cost-effec-
tiveness of influenza illness and vaccination in 
low- and middle-income countries: a systematic 

review from 2012 to 2022. PLoS Med. 2024;21(1): 
e1004333.

	130.	 Dabestani NM, Leidner AJ, Seiber EE, Kim H, Grait-
cer SB, Foppa IM, et al. A review of the cost-effec-
tiveness of adult influenza vaccination and other 
preventive services. Prev Med. 2019;126: 105734.

	131.	 Dilokthornsakul P, Lan LM, Thakkinstian A, 
Hutubessy R, Lambach P, Chaiyakunapruk N. Eco-
nomic evaluation of seasonal influenza vaccination 
in elderly and health workers: a systematic review 
and meta-analysis. EClinicalMedicine. 2022;47: 
101410.

	132.	 Black CL, Kriss JL, Razzaghi H, Patel SA, Santi-
banez TA, Meghani M, et al. Influenza, updated 
COVID-19, and respiratory syncytial virus vac-
cination coverage among adults - United States, 
Fall 2023. MMWR Morb Mortal Wkly Rep. 
2023;72(51):1377–82.

	133.	 Li Y, Wang X, Blau DM, Caballero MT, Feikin DR, 
Gill CJ, et al. Global, regional, and national disease 
burden estimates of acute lower respiratory infec-
tions due to respiratory syncytial virus in children 
younger than 5 years in 2019: a systematic analysis. 
Lancet. 2022;399(10340):2047–64.

	134.	 Shi T, Vennard S, Jasiewicz F, Brogden R, Nair 
H, Investigators R. Disease burden estimates of 
respiratory syncytial virus related acute respira-
tory infections in adults with comorbidity: a sys-
tematic review and meta-analysis. J Infect Dis. 
2022;226(Suppl 1):S17–21.

	135.	 Savic M, Penders Y, Shi T, Branche A, Pircon JY. 
Respiratory syncytial virus disease burden in adults 
aged 60 years and older in high-income countries: 
a systematic literature review and meta-analysis. 
Influ Other Respir Viruses. 2023;17(1): e13031.

	136.	 Matias G, Taylor R, Haguinet F, Schuck-Paim C, 
Lustig R, Shinde V. Estimates of hospitalization 
attributable to influenza and RSV in the US dur-
ing 1997–2009, by age and risk status. BMC Public 
Health. 2017;17(1):271.

	137.	 Moghadas SM, Shoukat A, Bawden CE, Langley 
JM, Singer BH, Fitzpatrick MC, et al. Cost-effec-
tiveness of prefusion F Protein-based vaccines 
against respiratory syncytial virus disease for 
older adults in the United States. Clin Infect Dis. 
2023;26:742.

	138.	 McLellan JS, Chen M, Joyce MG, Sastry M, Stewart-
Jones GB, Yang Y, et al. Structure-based design of a 
fusion glycoprotein vaccine for respiratory syncyt-
ial virus. Science. 2013;342(6158):592–8.

	139.	 McLellan JS, Chen M, Leung S, Graepel KW, Du X, 
Yang Y, et al. Structure of RSV fusion glycoprotein 



S94	 Infect Dis Ther (2025) 14 (Suppl 1):S63–S97

trimer bound to a prefusion-specific neutralizing 
antibody. Science. 2013;340(6136):1113–7.

	140.	 Crank MC, Ruckwardt TJ, Chen M, Morabito KM, 
Phung E, Costner PJ, et al. A proof of concept for 
structure-based vaccine design targeting RSV in 
humans. Science. 2019;365(6452):505–9.

	141.	 Munoz FM, Cramer JP, Dekker CL, Dudley MZ, 
Graham BS, Gurwith M, et al. Vaccine-associated 
enhanced disease: Case definition and guide-
lines for data collection, analysis, and presen-
tation of immunization safety data. Vaccine. 
2021;39(22):3053–66.

	142.	 Murphy BR, Prince GA, Walsh EE, Kim HW, Par-
rott RH, Hemming VG, et al. Dissociation between 
serum neutralizing and glycoprotein antibody 
responses of infants and children who received 
inactivated respiratory syncytial virus vaccine. J 
Clin Microbiol. 1986;24(2):197–202.

	143.	 Knudson CJ, Hartwig SM, Meyerholz DK, Varga SM. 
RSV vaccine-enhanced disease is orchestrated by 
the combined actions of distinct CD4 T cell subsets. 
PLoS Pathog. 2015;11(3): e1004757.

	144.	 Bigay J, Le Grand R, Martinon F, Maisonnasse P. 
Vaccine-associated enhanced disease in humans 
and animal models: Lessons and challenges for 
vaccine development. Front Microbiol. 2022;13: 
932408.

	145.	 Respiratory syncytial virus infection (RSV) - immu-
nizations to protect infants: U.S. Centers for Dis-
ease Control and Prevention. https://​www.​cdc.​gov/​
rsv/​vacci​nes/​prote​ct-​infan​ts.​html. Accessed April 
24, 2024.

	146.	 Respiratory syncytial virus infection (RSV) - vac-
cines for adults ages 60 and over: U.S. Centers for 
Disease Control and Prevention. https://​www.​cdc.​
gov/​rsv/​vacci​nes/​older-​adults.​html. Accessed April 
24, 2024.

	147.	 Mazur NI, Terstappen J, Baral R, Bardaji A, Beutels 
P, Buchholz UJ, et al. Respiratory syncytial virus 
prevention within reach: the vaccine and mono-
clonal antibody landscape. Lancet Infect Dis. 
2023;23(1):e2–21.

	148.	 Kampmann B, Madhi SA, Munjal I, Simoes EAF, 
Pahud BA, Llapur C, et al. Bivalent prefusion F vac-
cine in pregnancy to prevent RSV illness in infants. 
N Engl J Med. 2023;388(16):1451–64.

	149.	 Schwarz TF, Hwang SJ, Ylisastigui P, Liu CS, Taka-
zawa K, Yono M, et al. Immunogenicity and safety 
following one dose of AS01E-adjuvanted res-
piratory syncytial virus prefusion F protein vac-
cine in older adults: a phase 3 trial. J Infect Dis. 
2023;230(1):e102–10.

	150.	 Walsh EE, Falsey AR, Scott DA, Gurtman A, Zareba 
AM, Jansen KU, et  al. A randomized phase 1/2 
study of a respiratory syncytial virus prefusion F 
vaccine. J Infect Dis. 2022;225(8):1357–66.

	151.	 Shaw CA, Essink B, Harper C, Mithani R, Kapoor 
A, Dhar R, et al. Safety and immunogenicity of an 
mRNA-based RSV vaccine including a 12-month 
booster in a phase i clinical trial in healthy older 
adults. J Infect Dis. 2024;230(3):e647–56.

	152.	 Kaslow DC. Approval letter: Arexvy. Silver Spring, 
MD: US Department of Health and Human Ser-
vices, Food and Drug Administration; 2023. https://​
www.​fda.​gov/​media/​167806/​downl​oad.

	153.	 Kaslow DC. Approval letter: Abrysvo. Silver Spring, 
MD: US Department of Health and Human Ser-
vices, Food and Drug Administration. https://​www.​
fda.​gov/​media/​168890/​downl​oad.

	154.	 FDA approves first vaccine for pregnant individu-
als to prevent RSV in infants: U.S. Food and Drug 
Administration. https://​www.​fda.​gov/​news-​events/​
press-​annou​nceme​nts/​fda-​appro​ves-​first-​vacci​ne-​
pregn​ant-​indiv​iduals-​preve​nt-​rsv-​infan​ts. Accessed 
April 24, 2024.

	155.	 Melgar M, Britton A, Roper LE, Talbot HK, Long SS, 
Kotton CN, et al. Use of respiratory syncytial virus 
vaccines in older adults: recommendations of the 
Advisory Committee on Immunization Practices 
- United States, 2023. MMWR Morb Mortal Wkly 
Rep. 2023;72(29):793–801.

	156.	 Scalia P, Durand MA, Elwyn G. Shared decision-
making interventions: an overview and a meta-
analysis of their impact on vaccine uptake. J Intern 
Med. 2022;291(4):408–25.

	157.	 Moderna Receives U.S. FDA approval for RSV vac-
cine mRESVIA(R): Moderna. https://​inves​tors.​
moder​natx.​com/​news/​news-​detai​ls/​2024/​Moder​
na-​Recei​ves-U.​S.-​FDA-​Appro​val-​for-​RSV-​Vacci​ne-​
mRESV​IAR/​defau​lt.​aspx. Accessed April 24, 2024.

	158.	 Surie D. Effectiveness of adult respiratory syncyt-
ial virus (RSV) vaccines, 2023–2024: U.S. Centers 
for Disease Control and Prevention. https://​www.​
cdc.​gov/​acip/​downl​oads/​slides-​2024-​06-​26-​28/​07-​
RSV-​Adult-​Surie-​508.​pdf. Accessed April 24, 2024.

	159.	 Islind AS, Oskarsdottir M, Cot C, Cacciapaglia G, 
Sannino F. The quantification of vaccine uptake 
in the Nordic countries and impact on key indica-
tors of COVID-19 severity and healthcare stress 
level via age range comparative analysis. Sci Rep. 
2022;12(1):16891.

	160.	 Doornekamp L, van Leeuwen L, van Gorp 
E, Voeten H, Goeijenbier M. Determinants 
of vaccination uptake in risk populations: a 

https://www.cdc.gov/rsv/vaccines/protect-infants.html
https://www.cdc.gov/rsv/vaccines/protect-infants.html
https://www.cdc.gov/rsv/vaccines/older-adults.html
https://www.cdc.gov/rsv/vaccines/older-adults.html
https://www.fda.gov/media/167806/download
https://www.fda.gov/media/167806/download
https://www.fda.gov/media/168890/download
https://www.fda.gov/media/168890/download
https://www.fda.gov/news-events/press-announcements/fda-approves-first-vaccine-pregnant-individuals-prevent-rsv-infants
https://www.fda.gov/news-events/press-announcements/fda-approves-first-vaccine-pregnant-individuals-prevent-rsv-infants
https://www.fda.gov/news-events/press-announcements/fda-approves-first-vaccine-pregnant-individuals-prevent-rsv-infants
https://investors.modernatx.com/news/news-details/2024/Moderna-Receives-U.S.-FDA-Approval-for-RSV-Vaccine-mRESVIAR/default.aspx
https://investors.modernatx.com/news/news-details/2024/Moderna-Receives-U.S.-FDA-Approval-for-RSV-Vaccine-mRESVIAR/default.aspx
https://investors.modernatx.com/news/news-details/2024/Moderna-Receives-U.S.-FDA-Approval-for-RSV-Vaccine-mRESVIAR/default.aspx
https://investors.modernatx.com/news/news-details/2024/Moderna-Receives-U.S.-FDA-Approval-for-RSV-Vaccine-mRESVIAR/default.aspx
https://www.cdc.gov/acip/downloads/slides-2024-06-26-28/07-RSV-Adult-Surie-508.pdf
https://www.cdc.gov/acip/downloads/slides-2024-06-26-28/07-RSV-Adult-Surie-508.pdf
https://www.cdc.gov/acip/downloads/slides-2024-06-26-28/07-RSV-Adult-Surie-508.pdf


S95Infect Dis Ther (2025) 14 (Suppl 1):S63–S97	

comprehensive literature review. Vaccines (Basel). 
2020;8(3):480.

	161.	 Scarbrough Lefebvre CD, Terlinden A, Standaert 
B. Dissecting the indirect effects caused by vac-
cines into the basic elements. Hum Vaccin Immu-
nother. 2015;11(9):2142–57.

	162.	 Rikitu Terefa D, Shama AT, Feyisa BR, Ewunetu 
Desisa A, Geta ET, Chego Cheme M, et al. COVID-
19 vaccine uptake and associated factors among 
health professionals in ethiopia. Infect Drug 
Resist. 2021;14:5531–41.

	163.	 Plans-Rubio P. The vaccination coverage required 
to establish herd immunity against influenza 
viruses. Prev Med. 2012;55(1):72–7.

	164.	 Varshney K, Glodjo T, Adalbert J. Overcrowded 
housing increases risk for COVID-19 mortality: an 
ecological study. BMC Res Notes. 2022;15(1):126.

	165.	 Sulaiman SK, Musa MS, Tsiga-Ahmed FI, Sulaiman 
AK, Bako AT. A systematic review and meta-anal-
ysis of the global prevalence and determinants 
of COVID-19 vaccine acceptance and uptake 
in people living with HIV. Nat Hum Behav. 
2024;8(1):100–14.

	166.	 Li K, Yu T, Seabury SA, Dor A. Trends and disparities 
in the utilization of influenza vaccines among com-
mercially insured US adults during the COVID-19 
pandemic. Vaccine. 2022;40(19):2696–704.

	167.	 Harapan H, Anwar S, Yufika A, Sharun K, 
Gachabayov M, Fahriani M, et al. Vaccine hesi-
tancy among communities in ten countries 
in Asia, Africa, and South America during the 
COVID-19 pandemic. Pathog Glob Health. 
2022;116(4):236–43.

	168.	 Stoeckel F, Carter C, Lyons BA, Reifler J. The politics 
of vaccine hesitancy in Europe. Eur J Public Health. 
2022;32(4):636–42.

	169.	 Sapienza A, Falcone R. The role of trust in COVID-
19 vaccine acceptance: considerations from a sys-
tematic review. Int J Environ Res Public Health. 
2022;20(1):665.

	170.	 Yasmin F, Najeeb H, Moeed A, Naeem U, Asghar MS, 
Chughtai NU, et al. COVID-19 vaccine hesitancy in 
the united states: a systematic review. Front Public 
Health. 2021;9: 770985.

	171.	 Patterson BJ, Myers K, Stewart A, Mange B, Hillson 
EM, Poulos C. Preferences for herpes zoster vaccina-
tion among adults aged 50 years and older in the 
United States: results from a discrete choice experi-
ment. Expert Rev Vaccines. 2021;20(6):729–41.

	172.	 Guo N, Zhang G, Zhu D, Wang J, Shi L. The effects 
of convenience and quality on the demand for vac-
cination: Results from a discrete choice experiment. 
Vaccine. 2017;35(21):2848–54.

	173.	 Poulos C, Curran D, Anastassopoulou A, De Moer-
looze L. German travelers’ preferences for travel 
vaccines assessed by a discrete choice experiment. 
Vaccine. 2018;36(7):969–78.

	174.	 Guzman-Holst A, DeAntonio R, Prado-Cohrs 
D, Juliao P. Barriers to vaccination in Latin 
America: a systematic literature review. Vaccine. 
2020;38(3):470–81.

	175.	 Poulos C, Yang JC, Levin C, Van Minh H, Giang KB, 
Nguyen D. Mothers’ preferences and willingness 
to pay for HPV vaccines in Vinh Long Province. 
Vietnam Soc Sci Med. 2011;73(2):226–34.

	176.	 Lavelle TA, Messonnier M, Stokley S, Kim D, Ram-
akrishnan A, Gebremariam A, et al. Use of a choice 
survey to identify adult, adolescent and parent 
preferences for vaccination in the United States. J 
Patient Rep Outcomes. 2019;3(1):51.

	177.	 Ferranna M. Causes and costs of global COVID-
19 vaccine inequity. Semin Immunopathol. 2023. 
https://​doi.​org/​10.​1007/​s00281-​023-​00998-0.

	178.	 Eccleston-Turner M, Upton H. International col-
laboration to ensure equitable access to vaccines 
for COVID-19: the ACT-accelerator and the COVAX 
facility. Milbank Q. 2021;99(2):426–49.

	179.	 Sriudomporn S, Sim SY, Mak J, Brenzel L, Patenaude 
BN. Financing and funding gap for 16 vaccines 
across 94 low- and middle-income countries, 2011–
30. Health Aff (Millwood). 2023;42(1):94–104.

	180.	 Solis Arce JS, Warren SS, Meriggi NF, Scacco A, 
McMurry N, Voors M, et al. COVID-19 vaccine 
acceptance and hesitancy in low- and middle-
income countries. Nat Med. 2021;27(8):1385–94.

	181.	 Tolstrup Wester C, Lybecker Scheel-Hincke L, Bovil 
T, Andersen-Ranberg K, Juel Ahrenfeldt L, Chris-
tian HN. Prayer frequency and COVID-19 vaccine 
hesitancy among older adults in Europe. Vaccine. 
2022;40(44):6383–90.

	182.	 Annenberg Public Policy Center. Over a third of 
Americans worry about getting the flu, RSV, or 
COVID-19. https://​www.​asc.​upenn.​edu/​news-​
events/​news/​over-​third-​ameri​cans-​worry-​about-​
getti​ng-​flu-​rsv-​or-​covid-​19. Accessed April 24, 2024.

	183.	 Janssen C, Mosnier A, Gavazzi G, Combadiere B, 
Crepey P, Gaillat J, et al. Coadministration of sea-
sonal influenza and COVID-19 vaccines: a system-
atic review of clinical studies. Hum Vaccin Immu-
nother. 2022;18(6):2131166.

https://doi.org/10.1007/s00281-023-00998-0
https://www.asc.upenn.edu/news-events/news/over-third-americans-worry-about-getting-flu-rsv-or-covid-19
https://www.asc.upenn.edu/news-events/news/over-third-americans-worry-about-getting-flu-rsv-or-covid-19
https://www.asc.upenn.edu/news-events/news/over-third-americans-worry-about-getting-flu-rsv-or-covid-19


S96	 Infect Dis Ther (2025) 14 (Suppl 1):S63–S97

	184.	 Lin J, Li C, He W. Trends in influenza vaccine 
uptake before and during the COVID-19 pandemic 
in the USA. Public Health. 2023;225:291–8.

	185.	 Hashemi SA, Safamanesh S, Ghasemzadeh-
Moghaddam H, Ghafouri M, Azimian A. High prev-
alence of SARS-CoV-2 and influenza A virus (H1N1) 
coinfection in dead patients in Northeastern Iran. 
J Med Virol. 2021;93(2):1008–12.

	186.	 Alosaimi B, Naeem A, Hamed ME, Alkadi HS, Ala-
nazi T, Al Rehily SS, et al. Influenza co-infection 
associated with severity and mortality in COVID-19 
patients. Virol J. 2021;18(1):127.

	187.	 Bao L, Deng W, Qi F, Lv Q, Song Z, Liu J, et al. 
Sequential infection with H1N1 and SARS-CoV-2 
aggravated COVID-19 pathogenesis in a mam-
malian model, and co-vaccination as an effective 
method of prevention of COVID-19 and influenza. 
Signal Transduct Target Ther. 2021;6(1):200.

	188.	 Pawlowski C, Silvert E, O’Horo JC, Lenehan PJ, 
Challener D, Gnass E, et al. SARS-CoV-2 and influ-
enza coinfection throughout the COVID-19 pan-
demic: an assessment of coinfection rates, cohort 
characteristics, and clinical outcomes. PNAS Nexus. 
2022;1(3):pgac071.

	189.	 Maltezou HC, Papanikolopoulou A, Vassiliu S, The-
odoridou K, Nikolopoulou G, Sipsas NV. COVID-
19 and respiratory virus co-infections: a systematic 
review of the literature. Viruses. 2023;15(4):865.

	190.	 Swets MC, Russell CD, Harrison EM, Docherty AB, 
Lone N, Girvan M, et al. SARS-CoV-2 co-infection 
with influenza viruses, respiratory syncytial virus, 
or adenoviruses. Lancet. 2022;399(10334):1463–4.

	191.	 Domnich A, Orsi A, Trombetta CS, Guarona G, Pan-
atto D, Icardi G. COVID-19 and seasonal influenza 
vaccination: cross-protection, co-administration, 
combination vaccines, and hesitancy. Pharmaceu-
ticals (Basel). 2022;15(3):322.

	192.	 Bonanni P, Steffen R, Schelling J, Balaisyte-Jazone L, 
Posiuniene I, Zatonski M, et al. Vaccine co-admin-
istration in adults: an effective way to improve 
vaccination coverage. Hum Vaccin Immunother. 
2023;19(1):2195786.

	193.	 US Centers for Disease Control and Prevention. 
Adult immunization schedule by vaccine and age 
group, United States, 2024. https://​www.​cdc.​gov/​
vacci​nes/​hcp/​imz-​sched​ules/​adult-​age-​compl​iant.​
html. Accessed April 24, 2024.

	194.	 Bonanni P, Boccalini S, Bechini A, Varone O, 
Matteo G, Sandri F, et al. Co-administration of 
vaccines: a focus on tetravalent Measles-Mumps-
Rubella-Varicella (MMRV) and meningococcal C 

conjugate vaccines. Hum Vaccin Immunother. 
2020;16(6):1313–21.

	195.	 A study of mRNA-1345 vaccine targeting respira-
tory syncytial virus (RSV) in adults ≥50 years of age 
(RSVictory). https://​www.​clini​caltr​ials.​gov/​study/​
NCT05​330975.

	196.	 A study on the immune response and safety of the 
shingles vaccine and the influenza vaccine when 
either is given to healthy adults at the same time 
or following a COVID-19 booster vaccine. https://​
clini​caltr​ials.​gov/​study/​NCT05​047770.

	197.	 Toback S, Galiza E, Cosgrove C, Galloway J, Good-
man AL, Swift PA, et  al. Safety, immunogenic-
ity, and efficacy of a COVID-19 vaccine (NVX-
CoV2373) co-administered with seasonal influenza 
vaccines: an exploratory substudy of a randomised, 
observer-blinded, placebo-controlled, phase 3 trial. 
Lancet Respir Med. 2022;10(2):167–79.

	198.	 Ramsay JA, Jones M, Vande More AM, Hunt SL, Wil-
liams PCM, Messer M, et al. A single blinded, phase 
IV, adaptive randomised control trial to evaluate 
the safety of coadministration of seasonal influenza 
and COVID-19 vaccines (The FluVID study). Vac-
cine. 2023;41(48):7250–8.

	199.	 Chen H, Huang Z, Chang S, Hu M, Lu Q, Zhang 
Y, et al. Immunogenicity and safety of an inac-
tivated SARS-CoV-2 vaccine (Sinopharm BBIBP-
CorV) coadministered with quadrivalent split-
virion inactivated influenza vaccine and 23-valent 
pneumococcal polysaccharide vaccine in China: 
a multicentre, non-inferiority, open-label, ran-
domised, controlled, phase 4 trial. Vaccine. 
2022;40(36):5322–32.

	200.	 Izikson R, Brune D, Bolduc JS, Bourron P, Fournier 
M, Moore TM, et  al. Safety and immunogenic-
ity of a high-dose quadrivalent influenza vaccine 
administered concomitantly with a third dose of 
the mRNA-1273 SARS-CoV-2 vaccine in adults aged 
>/=65 years: a phase 2, randomised, open-label 
study. Lancet Respir Med. 2022;10(4):392–402.

	201.	 Xie Y, Tian X, Zhang X, Yao H, Wu N. Immune 
interference in effectiveness of influenza 
and COVID-19 vaccination. Front Immunol. 
2023;14:1167214.

	202.	 Shenyu W, Xiaoqian D, Bo C, Xuan D, Zeng W, 
Hangjie Z, et al. Immunogenicity and safety of a 
SARS-CoV-2 inactivated vaccine (CoronaVac) co-
administered with an inactivated quadrivalent 
influenza vaccine: a randomized, open-label, con-
trolled study in healthy adults aged 18 to 59 years 
in China. Vaccine. 2022;40(36):5356–65.

	203.	 Fahrni ML, Ismail IA, Refi DM, Almeman A, Yaakob 
NC, Saman KM, et al. Management of COVID-19 

https://www.cdc.gov/vaccines/hcp/imz-schedules/adult-age-compliant.html
https://www.cdc.gov/vaccines/hcp/imz-schedules/adult-age-compliant.html
https://www.cdc.gov/vaccines/hcp/imz-schedules/adult-age-compliant.html
https://www.clinicaltrials.gov/study/NCT05330975
https://www.clinicaltrials.gov/study/NCT05330975
https://clinicaltrials.gov/study/NCT05047770
https://clinicaltrials.gov/study/NCT05047770


S97Infect Dis Ther (2025) 14 (Suppl 1):S63–S97	

vaccines cold chain logistics: a scoping review. J 
Pharm Policy Pract. 2022;15(1):16.

	204.	 Arevalo CP, Bolton MJ, Le Sage V, Ye N, Furey C, 
Muramatsu H, et al. A multivalent nucleoside-mod-
ified mRNA vaccine against all known influenza 
virus subtypes. Science. 2022;378(6622):899–904.

	205.	 Kouhpayeh H, Ansari H. Adverse events following 
COVID-19 vaccination: a systematic review and 
meta-analysis. Int Immunopharmacol. 2022;109: 
108906.

	206.	 Oster ME, Shay DK, Su JR, Gee J, Creech CB, 
Broder KR, et al. Myocarditis cases reported after 

mRNA-based COVID-19 vaccination in the US 
from December 2020 to August 2021. JAMA. 
2022;327(4):331–40.

	207.	 US Centers for Disease Control and Prevention. 
Coronavirus disease 2019 (COVID-19) vaccine 
safety. Available from: https://​www.​cdc.​gov/​coron​
avirus/​2019-​ncov/​vacci​nes/​safety/​adver​se-​events.​
html Accessed April 25, 2024.

Publisher’s Note  Springer Nature remains neutral with 
regard to jurisdictional claims in published maps and 
institutional affiliations.

https://www.cdc.gov/coronavirus/2019-ncov/vaccines/safety/adverse-events.html
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/safety/adverse-events.html
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/safety/adverse-events.html

	The Impact of Vaccination on COVID-19, Influenza, and Respiratory Syncytial Virus-Related Outcomes: A Narrative Review
	Abstract
	Graphic abstract: 

	Digital Features
	Introduction
	Impact of COVID-19 Vaccines
	Impact of Influenza Vaccines
	Impact of RSV Vaccines
	Factors Affecting Differences in Vaccine Uptake
	CoadminstrationCombination Respiratory Vaccines

	Conclusions
	References




