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Abstract 

Respiratory syncytial virus (RSV), a negati v e-sense single-stranded RNA virus of the Pneumoviridae famil y, r e pr esents the most im- 
portant pathogen of low er respir atory tr act infections in y oung infants causing y earl y e pidemics. RSV is also an important r espirator y 
viral pathogen for older subjects, which is second only to seasonal influenza virus infections. RSV represents a substantial public 
health burden with respect to morbidity and mortality, particularly in developing countries. Prevention and treatment options would 

ther efor e lessen the global disease burden. A formalin-inacti v ated RSV v accine in the 1960s induced an enhanced disease upon ex- 
posure to natural RSV. After this tragical vaccine failure, it took nearly five decades of intensi v e r esear c h befor e pr ev ention tools wer e 
appr ov ed by health authorities. The lead was taken by passi v e imm unity appr oaches with injected monoclonal antibodies dir ected 

against the fusion protein F of RSV. The elucidation of the three-dimensional structure of the F protein revealed pre- and postfusion 

conformations. Subsequentl y, structur e-based antigen engineering of the F protein paved the way for development of a prophylactic 
v accine. In 2023, RSV v accines wer e appr ov ed for maternal v accination to pr otect y oung infants by placental tr ansfer of antibodies 
and for vaccination in older subjects. Antiviral drugs that target the RSV fusion pr ocess, the RSV r e plicase, or the cytoplasmic viral 
factories are in development. Important resear c h papers leading to these developments are re vie w ed here . 

Ke yw or ds: respir atory syncytial virus; virology; disease burden; passive immunity; vaccinology; antivirals 
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Gr o wing concerns with respir a tory viruses 

When looking back to pandemics claiming millions of human 

liv es ov er the last century, it is striking ho w many w ere caused b y 
r espir atory viruses (list of epidemics and pandemics—Wikipedia).
One is ther efor e well ad vised to k ee p an open e ye on influenza 
A viruses (IAV) and coronaviruses in all efforts of pandemic pre- 
paredness . T he World Health Organization (WHO) has also listed 

Nipah virus, a paramyxovirus, as a pandemic virus candidate. Res- 
piratory syncytial virus (RSV) belongs to Pneumo viridae , a sister 
famil y of P ar amyxoviridae (Fig. 1 ). RSV causes infections in hu- 
mans manifesting as regular annual winter epidemics. As an en- 
demic virus, RSV is an unlikely candidate for a future pandemic.
Ho w e v er, the vir al world is curr entl y v ery dynamic. RSV cases 
nearl y disa ppear ed in the winter of 2020–21, only to return vig- 
or ousl y in 2022 with an un usual e pidemiology (Abu-Raya et al.
2023 , Cong et al. 2024 ). In 2022, ne wspa pers started to r eport about 
a “tripledemic” where case numbers for COVID-19, influenza, and 

RSV disease surged and started to overwhelm hospitals. Concomi- 
tant r espir atory epidemics r aise concerns for dual vir al infections,
which might cause more severe symptoms (Franz et al. 2010 ). In 

addition, dual infections with IAV and RSV can lead—at least in 

cultured cells—to hybrid viral particles displaying surface glyco- 
proteins and genomes from both viruses . Furthermore , the hybrid 

virus could use the RSV fusion (F) gl ycopr otein to infect cells lack- 
ing receptors for IAV, thus potentially extending the tropism of 
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AV (Haney et al. 2022 ). The clinical r ele v ance of these cell culture
ata is ho w e v er not clear. When anal yzing dia gnostic data fr om
ir al r espir atory infections in c hildr en fr om Scotland, a quarter
ere coinfections , in volving rhino virus , adeno virus , RSV, and coro-
a virus , while IAV was r ar el y detected in association with RSV

Nickbakhsh et al. 2016 ). Theoretically, the interaction between 

wo viruses could be disease enhancing or reducing (positive or
egativ e interfer ence). In animal studies, inter action of RSV with

AV or with human metapneumovirus was c har acterized by neg-
tiv e interfer ence via induction of innate imm une mec hanisms
Piret and Boivin 2022 ). In clinical studies negative interference
as described for RSV and rhinovirus coinfection both for viral

eplication and disease severity (Achten et al. 2017 ). 
In nature, RSV circulates only in humans. Ruminants are 

nfected by genetically distinct animal RSVs (Buchholz et al.
023 ). Ho w e v er, closel y r elated human RSV genome sequences
er e r eported in sic k Malayan pangolins that also carried se v er e
cute r espir atory syndr ome cor onavirus 2 (SARS-CoV-2)-like virus
equences (Ye et al. 2022 ). Disturbingly, these animals developed
ymptomatic disease from which they died, but they might 
 epr esent r ar e cases of r e v erse zoonosis. Independent fr om these
heoretical concerns, RSV is a major human pathogen in the
ery young and old subjects, representing a major global health
urden. 
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 

https://doi.org/10.1093/femsml/uqaf003
https://orcid.org/0000-0003-4783-8583
mailto:haraldbruessow@yahoo.com
https://creativecommons.org/licenses/by/4.0/


2 | microLife , 2025, Vol. 6 

Figur e 1. T he RSV. (A) Schematic cut through viral membrane. At the left side, inside the virus, the nucleoca psid/pol ymer ase pr oteins N (nucleoca psid), 
P (phosphoprotein), L (large polymerase), and M2-1 (transcription processivity factor). Underlying the lipid membrane is the matrix M protein. Outside 
of the bilayer lipid membrane, the fusion gl ycopr otein F, gl ycopr otein G, and the small hydrophobic protein SH (schematic drawing adapted from 

Buchholz et al. 2023 ). (B) Electron microscopic picture of an RSV particle (Centers for Disease Control and Prevention). (C). Genome map of RSV with 3 ′ 

leader and 5 ′ trailer RNA sequences and gene location for nonstructural proteins NS1 and NS2 and virus proteins N, P, M, SH, G, F, M2 (M2-1 and M2-2), 
and L (Swiss Institute of Biotechnology). 
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pidemiology of RSV infections in infants 

nd older adults 

ediatric RSV 

 few numbers illustrate the importance of RSV disease. Ten years
go, 20% of an annual birth cohort in the United States r equir ed
utpatient medical attention during the first year of life because
f RSV illness. Between 2% and 3% of all c hildr en younger than 12
onths were hospitalized with a diagnosis of br onc hiolitis wher e

SV was the etiological agent in 50% to 80% of the cases (the re-
ainder being rhino virus , parainfluenza virus , metapneumo virus ,

orona virus , and adeno virus infections). RSV replicates first in
he nasal turbinate, then pr opa gates to the br onc hioles wher e in-
r eased m ucus pr oduction, impair ed ciliary action, and sloughed
pithelial cells obstruct the lumen resulting distally in trapped
ir that after absorption causes collapse of the alveoli (Meissner
016 ). Children infected with RSV displayed fever, cough, runny
ose, nasal congestion, decr eased a ppetite, r a pid and shallow
reathing, nasal flaring and grunting, difficulty breathing, and ap-
ea. Hospital admission mostly for br onc hiolitis was associated
ith younger age ( < 6 months) and a higher viral load (Haddadin

t al. 2021 , Toepfer et al. 2024 ). Gastrointestinal symptoms (vom-
ting, diarrhea, and feeding difficulties) wer e widespr ead in RSV
atients (Colosia et al. 2023 ). No available treatment shortens the
ourse of br onc hiolitis, and ther a py is supportiv e and consists of
uid hydration and respiratory support (Mazur et al. 2024 ). Treat-
ent with antibiotics is mostly unnecessary since < 10% of RSV

ases r epr esent bacterial coinfections. Antivir al ther a py has so
ar not shown m uc h pr omise since it mostl y started days after
isease onset. Inhaled nebulized hypertonic salt somewhat ac-
eler ated the amelior ation of the clinical scor e (Luo et al. 2011 )
hile a combination of three nebulized single-chain antibodies

nanobodies) directed against the fusion protein (F) of RSV sho w ed
o clinical response despite a faster drop in viral load (Cunning-
am et al. 2021 ). Pr e v ention is ther efor e consider ed to be more
romising than treatment of RSV disease. 

In the United States, yearly outbreaks of RSV infections occur
etween November and April; 2.1 million c hildr en suffer fr om RSV

nfections, whic h r equir e medical attention, 60 000 of them were
ospitalized (Hall et al. 2009 ). The annual rate of RSV-associated
ospitalization was 17 per 1000 subjects. Br onc hiolitis was the
ain diagnosis in hospitalized infants, while pneumonia and

sthma dominated in older c hildr en. Labor ed r espir ation r equir-
ng supplemental oxygen was observed in nearly all hospitalized
 hildr en. Risk factors for hospitalization were a pr e vious episode
f wheezing and prematurity. 

Birth cohort studies from South Africa sho w ed that one in five
o w er r espir atory tr act infections (LR TIs) w ere associated with
SV, a third r equir ed hospitalization (Zar et al. 2020 ). Risk fac-
ors for RSV-associated LR TI w ere maternal smoking, maternal
uman immunodeficiency virus infection, season of birth, and
oung child age. In a European birth cohort study, 1.6% of the
 hildr en wer e hospitalized with RSV acute r espir atory infection
ARI). The rate was two-fold higher in Spain than in Finland, high-
st in infants 1 to 3 months of age, and higher in infants born in
utumn. Median duration of RSV ARI hospitalization was 3 da ys .
n equal proportion of subgroup A and B RSV infections was de-
cribed (Wildenbeest et al. 2023 ). 

For 2019, a global burden of 33 million RSV LRTI episodes was
stimated in c hildr en y ounger than 5 y ears; 95% occurred in lo w-
nd middle-income countries (LMICs) where up to 80 episodes
er 1000 c hildr en wer e observ ed (Li et al. 2022 ). About 5.5 million
pisodes sho w ed chest w all indrawing and 3.6 million episodes
ed to hospital admissions; infants younger than 6 months r epr e-
ented nearly half of the hospitalizations. A quarter of the hos-
italized c hildr en sho w ed hypo xemia at admission, indicati ve of
e v er e disease. Inhospital case fatality rates (CFRs) were 0.1% and
.4% in high and low-income countries, r espectiv el y. When esti-
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mating in- and out-of-hospital deaths together, one in 50 child- 
hood deaths were attributed to RSV disease (Li et al. 2022 ). Hos- 
pitalization rates for RSV increased between 2015 (Shi et al. 2017 ) 
and 2019, but inhospital death r ates decr eased ov er time possi- 
bl y r eflecting amelior ated tr eatment options. Other groups con- 
firmed a global CFR decrease from 2% to 1% between 1990 and 

2016, and attributed it to the global decrease of poverty (GBD 2016 
Lo w er Respiratory Infections Collaborators 2018 ). After Streptococ- 
cus pneumoniae , RSV was the second leading etiology of LRTI mor- 
tality . Globally , childhood wasting was the greatest risk factor for 
LR TI mortality, follo w ed b y indoor air pollution and missed antibi- 
otic use during an LRTI episode. 

Pr eterm c hildr en display a less matur e imm une system,
smaller airwa ys , and diminished maternal antibody transfer than 

term infants, rendering them more vulnerable to severe RSV dis- 
ease. Pr ematur e infants r epr esented 25% of pediatric RSV hos- 
pitalization, but corresponded to 40% of RSV-associated mortal- 
ity in c hildr en globall y (Wang et al. 2024 ). Early preterm infants 
sho w ed a tw o-fold higher hospitalization rate than term infants.
Also, congenital heart disease, tr ac heostomy, and c hr onic lung 
disease were associated with a two-fold higher risk for se v er e RSV 

disease (intensive care, longer hospital stay). Living with two or 
more young children in a household was a further strong risk fac- 
tor for RSV hospitalization. 

Adult RSV 

Ov er all, symptoms in adult RSV patients wer e mor e se v er e than in 

adult IAV patients (Colosia et al. 2023 ). In China, older adult RSV 

patients sho w ed longer hospitalization stays than in the United 

States , 40% displa yed pneumonia and 22% br onc hitis, and most 
patients had underlying medical conditions. Supplementary oxy- 
gen and mechanical ventilation were needed in 68% and 11% of 
older Chinese patients, r espectiv el y, and 9% died within a month 

(Lee et al. 2013 ). 
In the United States, RSV infection de v eloped annuall y in 3% of 

healthy older adults and in 10% with cardiovascular comorbidity.
RSV infections were twice as frequent as IAV infections (Falsey et 
al. 2005 ). Among elderly US subjects, RSV infection accounted for 
180 000 hospital admissions per year and 14 000 annual deaths.
Based on death certificates, other r esearc hers associated an an- 
nual excess mortality of 23 000 with RSV and 27 000 with IAV in- 
fection, the majority occurring in elderly people (Hansen et al.
2022 ). Based on r e v erse tr anscription-pol ymer ase c hain r eaction 

(RT-PCR) tests in nasopharyngeal samples and serology results, 
1.4 million outpatient visits, 160 000 hospitalizations, and 10 000 
deaths for RSV infections were estimated annually among older 
US citizens (McLaughlin et al. 2022 ). The annual RSV-associated 

hospitalization rate was with 42 000 in 50- to 64-year-old subjects 
still substantial and was associated with obesity and diabetes as 
risk factors. 

Savic et al. ( 2023 ) conducted a meta-analysis for RSV infec- 
tions in adults older than 60 years from high-income countries 
(United States , Europe , and Ja pan). Attac k r ate for RSV-associated 

disease in this age group was 1.6%, and hospitalization rate was 
0.15%, which sho w ed an inhospital CFR of 7%. For 2019, these au- 
thors estimated 5 million cases, half a million hospitalizations,
and 33 000 deaths among older adults in these three high-income 
regions. Data on RSV disease burden in older people from devel- 
oping countries are scarce, but probably substantial since rates of 
undiffer entiated LRTI in elderl y subjects wer e worldwide highest 
in South Asia (GBD 2019 LRI Collaborators 2022 ). 
mpact of the COVID-19 pandemic on RSV 

pidemiology 

actors affecting RSV epidemiology 

 typical RSV season occurs annually from late fall through early
pring, with a peak during winter. A new RSV epidemic is rein-
roduced into the community (“epidemic seeding”) every year. Be- 
ween the epidemic seasons low le v els of RSV RNA were detected
n w astew ater samples . T he persistence of the virus might there-
ore be assured by low-le v el infections in the populations between
pidemic seasons (Allen et al. 2024 ). The yearly epidemics show
ometimes a directed geographical spread (e.g. from Southeast 
nd to the North and West of the United States) (Zheng et al.
021 ). RSV is primarily transmitted through respiratory droplets 
coughs and sneezes) and via contact through contaminated sur- 
aces. Demogr a phic factors, suc h as the population age distribu-
ion, susceptibility of the population and contact rates, household 

ize, and population density, affect the shape of the RSV epidemic
urve. Ho w ever, epidemic peak sizes change little, less than two-
old between the years (Zheng et al. 2021 ). When going to viral
tr ain le v el, mor e v ariability was documented: the r elativ e contri-
ution of subtype A and B RSV to the epidemics can vary markedly
rom year to year (Toepfer et al. 2024 ). 

hanged RSV epidemiology after 2020 

uring the COVID-19 pandemic, the epidemiology of RSV changed 

r amaticall y and worldwide. Pr acticall y no cases of RSV were for
xample observed in England during winter 2020–21 (Bardsley et 
l. 2023 ). RSV test positivity, which regularly rose to 40%–50% of vi-
 al dia gnostics during the winter peaks, remained below 2%, and
edical contacts for acute br onc hitis or br onc hiolitis wer e neg-

igeable. A second anomality occurred in the second half of 2021:
 marked, broad summer peak of RSV cases w as observed. A thir d
nomaly was the shift of laboratory-confirmed RSV infections in 

021 to c hildr en older than 1 year. Also in the United States, the
sual December/January peak of an RSV epidemic was totally 
uppressed in 2020, follo w ed b y a greater than usual early October
eak in 2021, and an e v en gr eater sur ge in October 2022 r esulting

n a 3.5-fold increase in emergency department visits (Winthrop 

t al. 2024 ). In the southern hemisphere, the usual mid-year RSV
pidemic in the austral winter was suppressed and follo w ed b y
 sharp and greater than usual peak in the austral summer to-
ether with a shift to older c hildr en (Foley et al. 2021 ). When com-
aring data from 19 countries a more complex picture emerged 

Cong et al. 2024 ). For high-income countries, a marked drop in
SV-associated hospitalizations was observed in spring 2021 com- 
ared to spring 2020, follo w ed b y a r esur ge of RSV hospitalizations
o pr epandemic le v els in spring 2022. Middle-income countries al-
eady sho w ed an earlier drop in RSV hospitalization in mid-2020
ollo w ed b y a less accentuated return of RSV hospitalizations. 

hanges in viral virulence? 
 contr ov ersial point was whether the r esur ge was caused by
ore virulent RSV. In the United States, the number of high-flow

asal cannula r espir atory support doubled in 2022–23, c halleng-
ng the capacities of pediatric hospitals (Winthrop et al. 2024 ).
o w e v er, the pr oportion of patients needing r espir atory support
ecr eased, ar guing a gainst the a ppear ance of RSV str ains with
igher virulence . T he most notable feature of postpandemic RSV
as the higher proportion of pediatric patients older than 1
ear lacking comorbidities. Also, the inhospital CFR of RSV cases
ended to be lo w er, refuting the hypothesis that a delayed expo-
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ure to RSV leads to more severe disease (Cong et al. 2024 ). Like-
ise, data from Denmark reporting a doubling of mechanical ven-

ilation in c hildr en hospitalized with RSV LRTI in 2021 (Nygaard et
l. 2023 ) should be inter pr eted with r egard to the increased case
umbers. In fact, the rate of 14 complications per 1000 RSV hospi-
alizations remained the same . Furthermore , data from Northern
reland sho w ed a close tempor al corr elation between RSV concen-
r ations in waste water and the buildup of clinical cases . T he viral
NA load in wastewater was m uc h higher in 2022 than in 2021
ithout that the RSV case number increased in parallel, suggest-

ng that the virulence of RSV had not increased (Allen et al. 2024 ).
Was the marked postpandemic RSV surge caused by viruses

ith higher transmissibility? Also this seems not to be the case:
t least 10 differ ent RSV linea ges wer e detected during the post-
andemic surge by whole viral genome sequencing (Adams et al.
023 ). All had already circulated in the prepandemic era. With a
ubstitution rate of 10 bases per year for its 15-kb single-stranded
egative-sense RNA genome, RSV is far a wa y fr om the acceler ated
volution seen in SARS-CoV-2 genomes. 

ockdown and reduced viral exposure 

he most likely explanation for both the suppression of the RSV
pidemic in the winter 2020–21 in the northern hemisphere (and
n mid-2020 of Australia) and the subsequent surge of RSV cases
ith a shift to older c hildr en can be found in the lockdown mea-

ures imposed by governments for the control of the COVID-
9 pandemic before vaccines became available (UK: March 2020,
ovember 2020, and January 2021). Lockdowns reduced the mobil-

ty of the population and the contact rate between people, which
hould have an immediate effect on a viral respiratory infection.
he dramatic drop in RSV case numbers during the application
f nonpharmaceutical interventions (NPIs) against COVID-19 sug-
ests a strong temporal association between these two e v ents . T he
 esur ge of RSV infections after r elie ving NPI measur es indicates a
ausal connection. The lockdowns also provide a plausible expla-
ation for the shift of RSV hospitalizations to older c hildr en. Lac k
f vir al exposur e during NPI r estrictions caused waning humor al
mm unity (“imm une debt”; Billard and Bont 2023 ) in the entire
opulation, but particularly in young infants (Reicherz et al. 2022 ,
en Hartog et al. 2023 ) creating an increased pool of immuno-

ogicall y RSV-naïv e infants, including older c hildr en. The cellu-
ar immune response against RSV sho w ed no w aning in adults
ver the same period (Reicherz et al. 2022 ), which might explain
hy the post-NPI surge was particularly prominent in the pedi-
tric population. The changed RSV epidemiology during and after
he COVID-19 pandemic can thus easily be rationalized as lock-
own effects. Studies on less onerous NPI such as face mask use
nd hand washing on RSV infections are scarce and not conclusive
Dallagiacoma et al. 2024 ). The application of lockdowns for con-
aining the COVID-19 pandemic thus also r epr esents a worldwide
atural experiment providing revealing insights into the epidemi-
logy of viral respiratory infections (Messacar et al. 2022 ). Appar-
ntl y, the r esumed social contacts after r elie ving loc kdowns and
ocial restrictions had a stronger impact on RSV infection chains
han meteorological factors (cold and humidity) as demonstrated
y the off-season RSV endemic peak. 

nhanced disease after v accina tion with 

ormalin-inactiv a ted RSV 

ailed vaccine trials 

n the late 1960s, a formalin-inactivated RSV (FI-RSV) vaccine
as tested in US c hildr en. Low-le v el neutr alizing antibodies (Nab)
ere induced in vaccinees, but failed to offer clinical protection.
n fact, the FI-RSV vaccine induced an exa gger ated clinical r e-
ponse following natural exposure to RSV. In one trial, 69% of
he vaccinees compared to 9% of the controls developed pneu-

onia (Kapikian et al. 1969 ). In another trial, 80% of FI-RSV vac-
inees r equir ed hospitalization compar ed to 5% of contr ol c hil-
r en r eceiving a par ainfluenza v accine (Kim et al. 1969 ). Clini-
al r eports fr om two male toddlers who died fr om enhanced RSV
isease (ERD) demonstrated prolonged cough, tachypnea, high
e v er, and r espir atory failur e (Polac k et al. 2021 ). Autopsy material
 e v ealed br onc hiolar inflammation with ele v ated le v els of neu-
rophils and eosinophils. A transcriptome analysis demonstrated
 suppression of the type I interferon response. A colocalization
f Immunoglobulin G (IgG) and complement was detected in the
r onc hioles of the two toddlers causing tissue injury (Polack et al.
002 ). 

mmunological causes for the failure 

e v er al studies hav e explor ed the potential mec hanisms under-
ying the formalin-treated vaccine’s failure. Formalin treatment
or example leads to an abundance of carbonyl groups in the RSV
 accine pr epar ation, whic h fav ors in B ALB/c mice a Th2-biased
mm une r esponse inducing lung eosinophilia (Moghaddam et al.
006 ). Chemical modification of the viral proteins by the inac-
iv ating a gent might be at the basis of the v accine’s pr oblems.
eplication-competent RSV, but not FI-RSV, induced a CD8 T-cell
 esponse a gainst epitopes on the M2 and F vir al pr oteins in mice.
o w e v er , when FI-RSV -imm unized mice wer e boosted with a v ac-
inia v ector expr essing the M2 pr otein, the animals sho w ed upon
SV c hallenge a r educed pulmonary eosinophilia. Appar entl y, RSV
2-specific CD8 T cells reduced the Th2-mediated pulmonary

athology (Olson and Varga 2007 ). The limited range of cellular
mm une r esponses to vir al antigens in the formalin-treated vac-
ine might add to the problems with that vaccine. 

A study by Delgano and colleagues showed that, in BALB/c
ice , FI-RSV and ultra violet r adiation (UV) -inactiv ated RSV in-

uced low-avidity IgG antibodies with low neutralization activ-
ty. Lack of antibody affinity maturation was the result of poor
oll-lik e rece ptor (TLR) stimulation by these inacti vated viruses,
emonstrating a possible mechanism responsible for the lack of
rotection by the antibody response in this model. Supplemen-
ation of UV-RSV vaccine with the TLR agonist lipopolysaccharide
romoted antibody avidity maturation, stimulated Nab titers, and
r otected a gainst ERD (Delgano et al. 2009 ). These results suggest
hat the inactivated RSV vaccine may be rendered safe by stimu-
ating affinity maturation by TLR agonists. 

RSV r eplicating intr acellularl y in cell cultur e experiments in-
eracts with numerous host factors: F protein is recognized by
LR4, single-stranded RSV RN A b y TLR7, and double-stranded RSV
N A b y still other factors leading to transcription factor activa-
ion and antibody affinity maturation. Since these activation pro-
esses do not occur with inactiv ated RSV v accines, cellular r e-
ponses differ fundamentally between live and inactivated RSV
accines explaining further aspects of the FI-RSV vaccine’s fail-
r e (Var ga 2009 ). Vaccine antigens not processed in the cytoplasm
ay ther efor e pr esent a risk in RSV-naïv e c hildr en, whic h bloc ked

he de v elopment of pediatric RSV v accines (Acosta et al. 2015 ).
ince c hildr en with prior exposur e to RSV did not de v elop ERD
pon vaccination with FI-RSV, ERD is unlikely in adults since RSV-
pecific antibodies are nearly universally acquired early in child-
ood (Brüssow et al. 1991 ). Not sur prisingl y, the de v elopment of
assiv e imm unity to RSV with monoclonal antibodies and mater-
al vaccination took advance over the development of RSV vac-
ines for c hildr en. 
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Passive immunity with monoclonal 
antibodies 

Pali vizuma b 

Following the tr a gic outcomes with the early FI-RSV vaccines, pe- 
diatricians had for a long time nothing to offer to the parents of 
c hildr en at high risk of de v eloping se v er e RSV disease . T he sit-
uation changed in 1998 when the US Food and Drug Adminis- 
tr ation (FDA) a ppr ov ed palivizumab (Syna gis, Astr aZeneca), a hu- 
manized monoclonal antibody (mab) directed against the F pro- 
tein of RSV. Phase 3 clinical trials demonstrated that intr am us- 
cular injections of palivizumab reduced the rate of RSV-related 

hospitalizations in pr ematur e infants (1.8% vs 8.1% in placebo) 
and in infants with br onc hopulmonary dysplasia and congenital 
heart disease (Gonzales et al. 2024 ). In its latest recommendation,
the American Academy of P ediatrics, ho w e v er, did not back the 
use of palivizumab in otherwise healthy preterm infants (Caserta 
et al. 2023 ). Another problem with palivizumab was the cost in- 
curr ed for fiv e monthl y injections to protect a c hild ov er one RSV 

season. 

Nirse vimab de velopment 
Ther efor e, biotec hnologists tried to address the problem by de v el- 
oping a mab that protects at lo w er concentrations and displays 
longer half-lives after injection, thus reducing cost by using a sin- 
gle intr am uscular injection (Zhu et al. 2017 ). The r esearc hers se- 
lected IgG1 mabs from memory B cells of human donors, engi- 
neered the mab-binding site by mutagenesis to increase RSV affin- 
ity. They also modified the constant part of the mab to extend its 
serum half-life by introducing a triple amino acid (aa) substitu- 
tion that increased the antibody’s affinity for the human FcRn re- 
ceptor, allo wing for recir culation of the mab. This resulted in hu- 
mans in an up to four-fold increase in half-life compared with the 
parental antibody and a decreased immune response against the 
mab. After screening many mabs in microneutralization tests, the 
r esearc hers selected one mab that was 150-fold more potent than 

palivizumab . This mab , called nirsevimab , binds a highly con- 
served antigenic site, namely epitope ф on the top of the prefusion 

conformation of the F protein, conferring broad neutralization of 
both RSV A and RSV B subtypes. Palivizumab binds antigenic site 
II located at the lateral side of the prefusion F protein. Nirsevimab 
demonstrated a 9-fold higher potency than palivizumab in reduc- 
ing lung and nose RSV titers in cotton rats . T he protective concen- 
tration of the mab was maintained in the serum of monk e ys after 
a single intr am uscular injection (half-life of 70 da ys), pa ving the 
way to clinical trials. 

Nirsevimab clinical trials 

In healthy preterm infants, nirsevimab application reduced med- 
ically attended RSV LRTI (2.6% vs 9.5% in placebo recipients) and 

RSV-specific hospitalizations (0.8% vs 4.1%) (Griffin et al. 2020 ).
No safety concerns were raised and 90% of the subjects still had 

pr otectiv e serum mab concentrations after 5 months. Only 5% of 
the treated infants developed anti-mab antibodies. A second trial 
using nirsevimab plus placebo or nirsevimab plus palivizumab 
in preterm and at-risk infants r epr oduced the pr otectiv e effect 
of nirsevimab, without demonstrating a synergistic effect of giv- 
ing in addition to palivizumab (Domachowske et al. 2022 ). The 
MELODY trial enr olled mostl y healthy term infants (not eligible 
for palivizumab). Nirsevimab prevented 70% of RSV events com- 
pared to placebo (medically attended RSV: 1.2% vs 5%; RSV hospi- 
talizations: 0.6% vs 1.6%) (Hammitt et al. 2022 ). Serum nirsevimab 
oncentr ations decr eased in c hildr en with a half-life of 70 da ys .
dv erse e v ents (AEs) wer e observ ed with similar fr equency in the

reatment and placebo groups . T he researchers calculated that
5 RSV hospitalizations were averted for 1000 children treated 

ith nirsevimab. Based on these data, nirsevimab under the trade
ame Beyfortus was a ppr ov ed for Europe in 2022 and in 2023 for
he United States with the indication of pr e v ention of RSV LRTI
n neonates and infants during their first RSV season. An effi-
acy of 77% was calculated for nirsevimab with follow-up data for
edically attended, hospitalized and very severe RSV LRTI (Muller 

t al. 2023 ). The pr a gmatic Eur opean HARMONIE trial enr olled
ealthy infants and run into the r esur ge of the RSV epidemic in
he winter 2022–23 (Drysdale et al. 2023 ). Nirsevimab reduced RSV
ospitalization (0.3% vs 1.5% in placebo recipients) suggesting an 

3% pr e v ention efficacy. Very se v er e RSV infection defined by the
eed for supplemental oxygen was also reduced (0.1 vs 0.5%). AEs
er e observ ed with similar fr equency in the tr eatment and con-

r ol gr oups. 
A pooled analysis of randomized controlled trials concluded 

hat nirsevimab has the potential to change the landscape of in-
ant RSV disease by reducing a major cause of infant morbidity
nd the consequent burden on car egiv ers , clinicians , and health-
ar e pr oviders (Simoes et al. 2023 ). It remains to be established
hether the pr e v ention of RSV infections has beneficial effects for
 espir atory health in c hildr en in later life , e .g. on the de v elopment
f childhood asthma (Feikin et al. 2024 , Zar et al. 2024 ). 

eal-w orld da ta 

 number of real-world data on the efficacy of nirsevimab prophy-
axis on reducing RSV-related hospitalization were reported for 
arious countries (Orsi et al. 2024 ). In Galicia/Spain, nirsevimab
as given during the winter 2023–24 RSV epidemic (Ares-Gomez 

t al. 2024 ). Ov er all, 0.3% of 9400 infants who r eceiv ed nirse vimab
nd 1.9% of 850 infants who did not r eceiv e nirse vimab wer e hos-
italized for RSV-related disease, indicating an immunization ef- 
cacy of 82%. Against se v er e RSV disease requiring oxygen sup-
ort the efficac y w as 87%. The authors calculated that 25 infants
eeded to be immunized to avoid one RSV hospitalization for an
RTI. 

In France, 230 000 single injection doses of nirsevimab had been
 pplied to ne wborns and young infants fr ee of c har ge during the
023–24 RSV season. In a post-licensing case–control study, 690 
atients hospitalized with an RSV-associated br onc hiolitis wer e 
ompared to 345 matched control infants visiting the emergency 
epartment for conditions other than br onc hiolitis (Assad et al.
024 ). Ov er all, 8.7% of cases and 28% of controls had received nir-
evimab indicating an immunization efficacy of 83%. Against se- 
 er e infection (intensive care and ventilatory support) the efficacy
as at least 67%. 

election of escape mutants? 
he widespread use of nirsevimab in France might raise con-
erns for the selection of nirse vimab-r esistant RSV v ariants. An
nalysis of nearly 6000 RSV genome sequences collected from 

 arious r egions of the w orld betw een 2015 and 2021 (Wilkins et
l. 2023 ) sho w ed that this risk is small since the nirsevimab-
inding site r emained highl y conserv ed. Most RSV str ains con-
aining binding-site substitutions were still neutralized by nirse- 
imab, except for a few RSV B v ariants, whic h r epr esented < 1%
f the analyzed viruses . T hese data demonstrate that the F pro-
ein from RSV evolves less rapidly than the neutralizing anti-
en of other r espir atory viruses (IAV hema gglutinin, SARS-CoV-2
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pike pr otein), whic h mak es passi v e imm unity a gainst RSV with
 mab a realistic task. To address the risk of selecting escape mu-
ants by large-scale nirsevimab application, French researchers
Fourati et al. 2024 ) sequenced ∼500 RSV genomes from infants
reated or not treated with nirsevimab during the 2023–24 season
nd tested them for neutralization by nirsevimab. RSV-A isolates
id not r e v eal an y substitution in the binding site of nirsevimab.
o w e v er, two of 24 RSV-B br eakthr ough infections had resistance-
ssociated substitutions underlining the importance of continued
olecular surveillance. US clinicians consider extending nirse-

imab use to imm unocompr omised adults (transplantation pa-
ients , NCT05921903; https://clinicaltrials .go v ) and older subjects
t risk of se v er e RSV disease. Since imm unocompr omised COVID-
9 patients sho w ed an incr eased r ate of virus e volution, the risk
f selecting nirse vimab-r esistant m utant RSV might be greater
n these patients. De v eloping ne w mabs a gainst esca pe RSV m u-
ants might be tec hnicall y and r egulatoril y mor e demanding than
dapting mRNA vaccines to escape SARS-CoV-2 variants. 

ost consider a tions 

n the United States, the price of a single dose of nirsevimab in the
rivate health market is US $520 (Pecenka et al. 2024 ). Infant RSV
reatment costs in the United States are US $700 million annu-
ll y corr esponding to US $200 per birth. Product pricing varies by
ountry. For the UK and Canada, it was calculated that nirsevimab
r maternal vaccination (US cost $300) could be cost effective (for
aternal vaccination, see the corresponding section next). Since

he majority of the RSV disease and mortality burden is found in
 hildr en fr om de v eloping countries, the question of an economic
easibility for passive immunization in LMICs is raised. Calcula-
ions sho w ed that RSV maternal vaccination and mab is cost effi-
ient with a price of ∼US $30–$40 per dose in K en ya (Koltai et al.
023 ) and US $50 for Argentina (Guiñazú et al. 2024 ). Calculations
or 72 Gavi-eligible countries r e v ealed that mab is more effective
han maternal vaccination but also three times more expensive
Li et al. 2020 ). At a price of US $4 per dose, both interventions
ere cost saving in LMIC (Mahmud et al. 2023 ). Extending nirse-
imab use to LMIC ther efor e needs a subsidized pricing supported
y the vaccine alliance Gavi. For LMIC an undisclosed price dis-
ount has been a gr eed for maternal vaccination but not for nirse-
imab, which will put the latter out of r eac h for LMIC (Pecenka et
l. 2024 ). 

tructur al v accinology and F-pr otein 

ngineering 

he passiv e imm unity data with mabs demonstrated that protec-
ive antibodies can be raised. Over the last decade, structural biol-
gy data of the RSV fusion pr otein F, the tar get of potent neutraliz-
ng antibodies, likewise provided a new stimulus for RSV vaccine
e v elopment (McLellan et al. 2013a ). The F protein exists in two
ntigenically distinct forms: a metastable pear-shaped trimer pre-
usion conformation that spontaneousl y r earr anges into a stable

ore needle-like postfusion conformation (Fig. 2 ). Both conforma-
ions present epitopes, which are targets for neutralizing mabs.
 alivizumab r ecognizes antigenic site II, which is exposed at the
pex of the postfusion conformation, but is located on the lat-
ral side of the prefusion conformation. More potent mabs than
alivizumab such as mab D25 were developed that recognize the
refusion-specific quaternary antigenic site ф, located at the top
f the prefusion protein. National Institutes of Health (NIH) re-
earchers used protein engineering to stabilize the prefusion con-
ormation for optimal presentation of the antigenic site ф (McLel-
an et al. 2013b ). To ac hie v e this goal, they used three strategies:
he y ad ded the T4-phage fibritin trimerization domain (“foldon”)
o the C terminus of the F ectodomain; they intr oduced ne w cys-
eine pairs to pr e v ent the r earr angement of the pre- into the post-
usion conformation; and they filled caves in the prefusion con-
ormation with hydrophobic aa substitutions . T hen they screened
ngineer ed F pr oteins for high expr ession yield and stability and
ested the best candidates for immunogenicity in mice and rhe-
us macaques . T hey thus selected DS-Ca v1 (displa ying a specific
iSulfide bond constellation and a specific Cave filling) as the best
andidate. In adult human volunteers, DS-Cav1 protein F vaccine
nduced a 12-fold and a 4-fold increase in Nab titer against RSV A
nd RSV B, r espectiv el y, whic h was independent of dose or adju-
ant addition (Crank et al. 2019 ). Antibodies were directed against
oth exclusive pre-F and shared pre-F and post-F epitopes . T he
r e-F-specific antibody corr elated with RSV neutr alization. DS-
av1 pr otein v accine induced CD4 + T cells with a T helper-1 (Th1)-
iased cytokine profile, making ERD reactions (displaying a Th2
ias) and thus adverse vaccine outcomes unlikely. 

Also scientists from Pfizer Inc engineered 400 F-protein vari-
nts, which they screened in high-throughput antibody tests. F
ariant 847 carried a stabilizing engineered disulfide bond and a
avity-filling mutation distinct from DS-Cav1 and a charge neu-
r alization m utation (Che et al. 2023 ). In cotton rats, F 847 in-
uced 10-fold higher serum Nab titers than DS-Cav1 and com-
lete lung protection was achieved without any evidence of ERD.
 847-bound mabs directed against both epitopes ф and AM14, lo-
ated at the apex and the lateral side of pr e-F, r espectiv el y. Pfizer
cientists then introduced these substitutions into the F-protein
ackbones of recently circulating RSV A and B strains . T he result-

ng bivalent vaccine induced comparable Nab titers against both
ubtypes in vaccinated animals. 

dult v accina tion 

ailure with a post-F vaccine 

he superiority of a stabilized pr e-F ov er post-F conformation pro-
ein vaccines was demonstrated by using a glucopyranosyl lipid
djuv anted RSV v accine fr om MedImm une, containing the RSV
 protein in a postfusion conformation (Falloon et al. 2017 ). The
edImm une v accine failed to ac hie v e pr otection a gainst RSV-

ssociated ARI in older subjects. Notably, the vaccine induced a
0-fold increase in F-specific IgG antibody, a 3-fold increase in
ab, and a 10-fold increase in cell-mediated immune response

o RSV. Disa ppointingl y, the incidence of RSV-associated ARI was
.7% and 1.6% in the vaccine and placebo gr oups, r espectiv el y. In
 post hoc comparison of the immune response induced by the DS-
av1 pr e-F v accine with that of the MedImmune post-F vaccine,

he latter induced significantly lo w er Nab titers (Chang et al. 2022 ).
 cells pr efer entiall y binding the pr e-F pr obe wer e activ ated by
S-Cav1, but not by the post-F vaccine. 

linical trials with Pfizer’s bivalent pre-F vaccine 

efore going into a phase 3 clinical trial with older subjects,
fizer conducted a challenge study where younger adults received
he unadjuv anted biv alent RSV pr e-F-pr otein v accine (Sc hmoele-
homa et al. 2022 ). One month later the volunteers wer e c hal-

enged intr anasall y with an RSV A test strain, leading to a symp-
omatic acute RSV infection in 6% of vaccine and in 42% of
he placebo recipients, indicating an 87% vaccine efficacy (VE).
lacebo recipients sho w ed a viral load of 10 3 copies/ml nasal se-

https://clinicaltrials.gov
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Figur e 2. T he RSV F protein. (A) Domain organization of the F0 glycoprotein; the extent of F2 and F1 proteins is indicated by horizontal lines above the 
pr otein ma p. SP, signal peptide; ↓ pr oteol ytic cleav a ge sites; p27, pr otein r eleased by cleav a ge; FP, fusion peptide; RR1, he ptad re peat 1; RR2, he ptad 
repeat 2; TM, transmembrane anchor; CT, cytoplasmic tail. (B) The fusion protein is a trimer consisting of three F proteins. One F monomer is shaded 
in green, another is outlined in pink in space-filling mode, the third F protein monomer is depicted in ribbon mode with F2 in red and F1 protein 
subunits in blue lining. The location of RR1 and RR2 is indicated (schematic drawing adapted from Krarup et al. 2015 ). Conformation and location of 
imm unologicall y important epitope sites identified by distinct coloring in the prefusion (C) and postfusion (D) conformation of the F trimer. TM and CT 

domains are not displayed; the viral membrane is at the bottom. Site II is recognized by palivizumab (schematic drawing adapted from Che et al. 2023 ). 
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cretion while vaccinated subjects only sho w ed virus titers at the 
detection limit. Nab titer increased 20-fold in vaccinees and no 
significant side effects were observed. In a subsequent phase 3 
clinical trial, 34 000 adults older than 60 years were enrolled and 

randomized on the Pfizer vaccine or placebo (Walsh et al. 2023 ).
The trial was conducted between 2021 and 2022 and followed for 
7 months thus covering one RSV season in the Northern hemi- 
spher e. VE a gainst RSV LRTI displaying two and three clinical 
symptoms was 67% and 86%, r espectiv el y. The higher VE a gainst 
clinicall y mor e important than mild disease (patients with thr ee 
symptoms sho w ed high per centages of wheezing and shortness of 
breath while those with two symptoms sho w ed mainly cough) is 
common in vaccine trials against viral respiratory infections. VE 
a gainst an y acute RSV infection was 62%. No safety concerns were 
raised except for one case of transient allergic reaction immedi- 
atel y after v accination and one case of Guillain–Barré syndrome 
who r ecov er ed. 

GSK trials with pre-F vaccine 

GlaxoSmithKline (GSK) used the stabilized RSVPreF3 OA (for old 

a ge) pr otein v accine, a ppr ov ed by the FDA as v accine (Ar exvy) in
May 2023 for older adults (Roman et al. 2024 ). The vaccine was 
an engineer ed v ersion of the RSV fusion pr otein with AS01 adju- 
vant, a combination of two immunostimulatory compounds. In 

older subjects, this vaccine increased after two intr am uscular in- 
jections RSV-specific CD4 + T-cell frequency by 3-fold and neutral- 
izing antibodies to RSV by 6- to 10-fold (Leroux-Roels et al. 2023 ).
In a phase 3 trial, 25 000 older adults from different geographic re- 
gions r epr esenting v arious degr ees of comorbidities wer e r andom- 
ized on a single dose of adjuv anted RSVPr eF3 OA or placebo (P a pi 
et al. 2023 ). After half a year of follow-up in 2021–22, a VE of 83% 

was observed for subjects from the northern hemisphere. Against 
se v er e RSV LRTI VE was 94% and against any RSV ARI still 72% 

(Feldman et al. 2024 ). Efficacy against RSV LRTI was > 80% in both 

60- to 69-year and 70- to 79-year-old groups and in frail subjects.
o significant AEs except injection-site pain and fatigue were ob-
erved. Subjects with cardiopulmonary or endocrine comorbidi- 
ies sho w ed compar able Nab incr eases and the same VE a gainst
SV LRTI as a subject without comorbidities. After a first RSV sea-
on, the subjects of the trial were rerandomized and half of the
articipants r eceiv ed a second dose of the RSVPreF3 OA vaccine
hile the other half r eceiv ed a placebo (Ison et al. 2024 ). Re v acci-
ation before a second RSV season was well tolerated, but did not
ignificantl y incr ease the VE a gainst se v er e and nonse v er e RSV
R TI, which w ere 79% and 67%, respectively, in the subsequent
eason suggesting that vaccination of older adults does not need
 yearly boost. 

oderna mRNA F vaccine 

ollowing the success of mRNA vaccines against SARS-CoV-2,
oderna adapted its rapid and scalable mRNA vaccine platform 

nd de v eloped mRNA-1345, a lipid nanoparticle-encapsulated 

RNA-based vaccine encoding the membr ane-anc hor ed RSV 

ubtype A F protein, stabilized in pre-F conformation. In a phase
 trial, mRNA-1345 was used as a single or triple injection in
ounger adults (Shaw et al. 2024 ). All subjects had Nab titers at
aseline from prior RSV exposure; mRNA-1345 induced 20-fold 

nd 12-fold Nab titer increases against RSV A and RSV B, respec-
iv el y, and was independent of vaccine dose. Ten-fold increased
ab titers were maintained over 6 months. Repeated mRNA-1345 

njections did not boost the Nab titers. Based on these results,
RN A-1345 w as used as a single injection in 17 800 older adults,
 similar number r eceiv ed a placebo (Wilson et al. 2023 ). An in-
erim analysis was done after a follow-up of 4 months. No safety
oncern was raised, and the adverse reactions consisted of tran-
ient injection-site pain, headache, and fatigue. VE of mRNA-1345 
gainst RSV LR TI defined b y tw o or three clinical signs was > 82%.
E a gainst an y RSV ARI was 68%. The pr otectiv e effect was not at-

enuated over at least 9 months. Subgroup analysis sho w ed high
E for both sexes, in differ ent a ge gr oups, in differ ent geogr a phi-
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al regions, and in subjects with frailty and comorbidities. VE was
o w er against RSV B than against RSV A. As it might be desirable
o combine vaccinations against seasonal respiratory viral infec-
ions, combinations of mRNA-1345 with inactivated quadrivalent
nfluenza vaccine or with a bivalent SARS-CoV-2 vaccine were ex-
lored (Goswami et al. 2024 ). In a phase 3 trial with adults older
han 50 years, the combined vaccines did not increase adverse re-
ctions and elicited mostly noninferior immune responses to RSV
ompared to individual vaccines. 

anssen’s adenovirus-vectored F vaccine 

ecombinant, r eplication-incompetent adenovirus ser otype 26
Ad26)-v ector ed v accines had pr ov en their efficacy during the
OVID-19 pandemic. Ther efor e, an RSV v accine was also de v el-
ped b y J anssen Vaccines based on this v ector expr essing the F
rotein in its prefusion conformation. The Janssen vaccine con-
ained 10 11 viral particles of Ad26.RSV.preF complemented with
50 μg of RSV pre-F protein antigen. In the United States, 5800
S adults older than 65 years were randomized on this vaccine or
n placebo (Falsey et al. 2023 ). A quarter of them suffered from
 hr onic cardiac or pulmonary disease. After a single intr am uscu-
ar injection, VE against RSV LR TI defined b y three symptoms was
0%. VE against RSV ARI was 70%. The vaccine increased RSV Nab
iters 12-fold and this titer remained 6-fold increased over base-
ine half a year after vaccination. RSV F-specific T-cell frequency
ncreased 10-fold in vaccines. No safety concerns were reported in
lignment with the safety of div erse Ad26-v ector ed v accines a p-
lied to now > 300 000 human subjects. In a follow-up across three
SV seasons, an ov er all VE against RSV LRTI of 78% was reported

Falsey et al. 2024 ). Serious AEs over this long follow-up period
ere balanced between vaccine and placebo recipients. 
Information on ongoing de v elopments with liv e-attenuated

SV vaccine candidates ( �NS2 unpublished, but in phase 3; �NS1
n phase 1; mutations in L protein) and RSV vaccines in further
irus vectors (parainfluenza virus 5, influenza virus) can be found
n Terstappen et al. ( 2024 ). 

Ther e ar e onl y limited r eal-world data for RSV VE in adults
lder than 60 years. Among 28 000 RSV-associated hospitaliza-
ions of immunocompetent old adults registered in the United
tates during the 2023–24 RSV season, a test-negative design anal-
sis indicated a VE of 80% for both hospitalization and critical ill-
ess (Payne et al. 2024 ). Among adults with immunocompromis-

ng conditions, VE was 73%. 

a ternal v accina tion 

am v accina tion extended 

oung infants are particularly susceptible to severe RSV disease
nd ther efor e an efficient pediatric RSV v accine would lighten the
urden of RSV disease. Howe v er, activ e imm unization in young

nfants is problematic since maternal RSV antibodies passively
r ansferr ed to infants might interfere with an injected vaccine in
oung infants and for concerns about possible ERD in RSV-naïve
nfants. To circumvent these problems, scientists adapted a prac-
ice commonly used in veterinary medicine, namely dam vacci-
ation where antibodies are raised in an animal heavy with a
 oung b y activ e imm unization of the dam to protect the newborn
 oung b y passiv el y acquir ed maternal antibodies . T his concept
as successfully copied in human medicine initially by immuniz-

ng pregnant mothers with tetanus toxoid to protect the newborn
gainst neonatal tetanus and later also against pertussis (whoop-
ng cough). This a ppr oac h is particularl y attr activ e because man y
e v er e RSV infections occur in the first half year of life when the in
tero passiv el y acquir ed maternal antibodies still persisted in the
nfant’s circulation and because the immune system of the very
oung infant is still immature. 

o v av ax post-F nanoparticle vaccine 

o va vax developed an RSV fusion protein F nanoparticle vac-
ine that contains a recombinant, near-full length F glycopro-
ein, whic h was pr oduced in Sf9 insect cells with a recombi-
ant baculovirus (Raghunandan et al. 2014 ). Purified recombinant
SV F protein oligomers presented a postfusion F-protein con-
ormation. This vaccine raised antibodies directed against anti-
enic site II of the F protein and pr e v ented RSV r eplication in
he lungs and in the nasal passage of challenged cotton rats.
n aluminum-adjuvanted RSV nanoparticle F vaccine induced in
regnant women an ∼10-fold F-protein-specific antibody increase
ompared to placebo recipients, but only a 2-fold Nab titer in-
r ease a gainst RSV-A and no Nab increase to RSV-B (Munoz et al.
019 ). The half-life of the tr ansferr ed antibodies in the c hildr en
as 40 da ys . Subsequentl y, 3000 pr egnant women mostl y fr om
outh Africa and the United States were immunized between 2015
nd 2018 with this nanoparticle vaccine (Madhi et al. 2020 ). In-
ants from vaccinated mothers sho w ed half as much pneumonia
han infants born to placebo receiving mothers (2.2% vs 4.5%), but
his parameter was not a predetermined endpoint in the protocol.
ndpoints of the clinical protocol were RSV-associated LRTI of var-
ous se v erity for whic h VEs below 50% were calculated, which did
ot meet the prespecified success criteria confirming difficulties
ith vaccines presenting the F protein in a postfusion conforma-

ion. With longer follow-up times than 90 da ys , VE declined e v en
urther. 

fizer bivalent pre-F vaccine for pregnant 
others 

he Pfizer vaccine was tested in 400 pregnant women at two differ-
nt doses, with or without aluminum hydroxide adjuvant (Simoes
t al. 2022 ). AE consisted mainly of injection-site pain and mus-
le pain in mothers. RSV Nab titers were at delivery 10- to 17-
old higher in vaccinated than in placebo-receiving mothers, and
ho w ed no difference with respect to dose or adjuvant use. An
nterim VE analysis based on only few RSV cases suggested a ten-
ative VE of 80%. In the subsequent phase 3 MATISSE trial, 7400
regnant w omen w ere enrolled. Within 90 days after birth, 6 of
800 infants from the vaccine group and 33 of 2800 infants of the
lacebo group had experienced a severe RSV-associated LRTI in-
icating a VE of 82%. Within 180 days after birth, VE was 69%.
o effect of vaccination was seen for LRTI of any causes. For the
omen, injection-site pain was the only significant AE. Premature
elivery was seen in 0.8% of the vaccine and in 0.6% of the placebo
r oup. Ov er a 2-year observation period, 0.1% of children of the
accine and 0.3% of the placebo group had died. The MATISSE trial
 as conducted betw een June 2020 and October 2022 during the
OVID-19 pandemic (Kampmann et al. 2023 ). Pfizer’s vaccine was
 ppr ov ed in summer 2023 under the trade name Abrysv o b y the
DA and by European Medicines Agency (EMA) for use in pregnant
 omen and w as recommended b y the Centers for Disease Control
nd Pr e v ention (CDC). 

SK maternal vaccination trial 
n a phase 2 trial, 200 pregnant mothers received one dose of 60-
r 120- μg unadjuvanted RSVPreF3 vaccine from GSK, which led to
 10- to 15-fold Nab titer incr ease ov er the pr eimm une titer; no
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titer increase was seen in women receiving placebo (Bebia et al.
2023 ). At birth, c hildr en fr om v accinated mothers sho w ed a 10- 
fold higher serum Nab titer to RSV than c hildr en fr om placebo 
mothers. P assiv e Nab titers sho w ed a half-life of 40 days in infants.
As a pr egnancy-r elated AE, a dose-dependent hypertensive disor- 
der of pregnanc y w as reported (10% vs 5.3% with high and low vac- 
cine dose vs 1.5% in the placebo gr oup). Enr olment stopped with 

the beginning of the COVID-19 pandemic. A phase 3 clinical trial 
was stopped for a safety concern when half of the planned 5400 
w omen w er e enr olled (Dieussaert et al. 2024 ). A VE of 69% and 66% 

was calculated against severe and any medically assessed RSV 

LRTI, r espectiv el y. Howe v er, v accinated mothers showed a statis- 
tically significant 1.5-fold higher rate of preterm delivery than 

placebo recipients and a nonsignificant increase in neonatal death 

(0.4% in vaccine vs 0.2% in the placebo group). The increase in 

pr eterm deliv ery was r estricted to a period between April and De- 
cember 2021 and to women fr om LMICs, r epr esenting half of the 
enrolled women. An association with infection by the delta vari- 
ant of SARS-CoV-2 was excluded, and no clear association with 

the application of further pregnancy vaccines (pertussis, COVID- 
19, tetanus-diphtheria) was r e v ealed. 

Antivirals 

Need for broad-spectrum antivirals: fluorouridine 

So far, standard of care for RSV-infected patients is limited to 
supportiv e ther a py. The onl y antivir al to tr eat an established 

RSV infection is aerosolized ribavirin, which is approved in the 
United States for c hildr en hospitalized with RSV LR TI. Ho w e v er,
its clinical effect is questionable (Tejada et al. 2022 ). The COVID- 
19 pandemic has r e v ealed the ur gent need for more and novel 
antivirals. As part of pandemic preparedness, it would be ad- 
visable to have a stock of broad-spectrum antivirals that can 

be quic kl y used a gainst a number of vir al infections, including 
ne wl y emer ging vir al thr eats. In vie w of the difficulties in de v elop-
ing novel antibiotics against bacterial infections (Brüssow 2024 ),
this might sound like wishful thinking. Ho w e v er, this was exactly 
the goal of US scientists when tinkering with fluorine substitu- 
tions of N 

4 -hydroxycytidine, the parent compound of the COVID- 
19 antiviral molnupiravir (Sourimant et al. 2022a ). In fact, a 4 ′ - 
fluor ouridine deriv ativ e sho w ed in cell culture inhibitory activ- 
ity not only against RSV, but also against a wide range of viruses 
cov ering par amyxoviruses (e.g. measles virus), rhabdoviruses (e.g.
rabies virus), and coronaviruses (e.g. SARS-CoV-2), without show- 
ing cytotoxicity. In vitro experiments with the RSV RNA-dependent 
RNA pol ymer ase (consisting of recombinant RSV L and P pro- 
teins) r e v ealed a stalling of the enzyme when the prodrug 4 ′ - 
fluor ouridine was incor por ated instead of Uridine Triphosphate 
(UTP). In a mouse RSV infection model, oral 4 ′ -fluorouridine re- 
duced lung titers of RSV by 100-fold when given 1 day after virus 
c hallenge. Once-dail y dosing of 4 ′ -fluorouridine was also suffi- 
cient to reduce the titers of SARS-CoV-2 and its variants in a ferret 
infection model by 10-fold. 

Cytidine nucleoside analogue 

Viral load correlates with the clinical manifestations of RSV dis- 
ease . T her efor e, inhibitors of vir al r eplication might r epr esent 
v aluable RSV antivir als. Since r eplication inhibitors act on intra- 
cellular virus, they might also offer a broader therapeutic window 

than entry inhibitors. ALS-008176 is an or all y bioav ailable pr odrug 
of a cytidine nucleoside analogue (DeVincenzo et al. 2015 ). This 
r odrug is conv erted intr acellularl y to a triphosphate nucleoside
nalogue, whic h induces c hain termination of the RSV r eplicase.
olunteers experimentally infected with RSV and treated with 

his prodrug sho w ed a 1000-fold lo w er viral load and a significant
ymptom scor e r eduction and decr eased nasal secr etion com-
ared to placebo recipients. In contrast, fusion inhibitors achieved 

nly a lesser viral load reduction and needed twice as long for RSV
o become undetectable than with this nucleoside analogue. 

resa to vir: an RSV entry bloc k er 
dult healthy volunteer challenge studies have been crucial in 

he de v elopment of neur aminidase inhibitors for the tr eatment
f influenza infections. A number of adult challenge studies have
emonstrated activity of several compounds against RSV infec- 
ion. For example, compound GS-5806 (presatovir), a novel small 

olecule that inhibits RSV entry by bloc king vir al–env elope fu-
ion, sho w ed anti viral acti vity in vivo . Adult v olunteers w ere in-
r anasall y infected with RSV (DeVincenzo et al. 2014 ). When the
olunteers became positive for RSV re plication, the y wer e r an-
omized on or al pr esatovir or placebo. Pr esatovir-tr eated patients
ho w ed a notable 4-log titer reduction for nasal RSV, reduced
eight of nasal mucus production, and a reduced symptom score.
o serious AEs were observed. Ho w ever, in transplant recipients

uffering from acute RSV LRTI, no significant effect of presatovir
as observed. The drug was applied 5 days after symptom onset;

he lack of an effect might be explained by the fact that at that
ime point RSV is capable of cell-to-cell spread (Marty et al. 2020 ).
n a parallel clinical trial, transplant patients with an RSV ARI
reated with presatovir sho w ed likewise no benefit over placebo
reatment (Chemaldy et al. 2020 ). Researchers sequenced the F
ene of the infecting RSV before and after presatovir treatment in
30 patients from four phase 2b trials (Porter et al. 2020 ). Twenty
ercent of the pr esatovir-tr eated imm unosuppr essed tr ansplant
atients sho w ed pr esatovir r esistance associated substitutions in
he F protein compared to 1% in treated nontransplanted RSV pa-
ients, confirming concerns of increased mutation rates of RSV in
mm unocompr omised patients. 

iresovir fusion inhibitor 
hinese r esearc hers identified in a high thr oughput scr een a ben-
oazepinequinoline compound with anti-RSV activity. After lead 

ompound identification and further chemical modification they 
btained ziresovir (Zheng et al. 2019 ). Ziresovir demonstrated RSV
nhibition in cell culture at nanomolar concentration, had good 

r al bioav ailability, and sho w ed pr efer ential tissue distribution to
he lung in experimental animals. Mutants resistant to ziresovir 
ere selected and sequencing identified the same microdomain of 

he F protein as target as for presato vir. Zireso vir completely in-
ibited cell-to-cell fusion by RSV in cell culture. In a dose-finding
hase 2 clinical trial in infants hospitalized with RSV br onc hiolitis,
iresovir sho w ed a greater clinical scor e and vir al load r eduction
ver placebo treatment without raising safety concerns (Huang et 
l. 2023 ). In a subsequent phase 3 trial, infants hospitalized with
SV br onc hiolitis wer e tr eated with zir eso vir 4 da ys after symp-
om onset for 5 days (Zhao et al. 2024 ). Ziresovir led to a significant
cceler ated r eduction in clinical br onc hiolitis scor e and the RSV
oad over placebo starting from the third day of treatment. AEs
er e r ar e r ash and diarrhea. Nine percent of the infants de v el-
ped resistance mutations under treatment ( < 1% under placebo),
ut no viral rebound was observed. 
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iral factories inhibitor 
DP-938 is a small chemical compound showing in cell culture an-
i viral acti vity against RSV at sub- μM concentrations (Rhodin et al.
021 ). The compound targets the RSV nucleocapsid N protein and
nterferes with the buildup of intracellular viral factories visible as
nclusion bodies . T he compound displa yed in vivo anti viral acti v-
ty in a monk e y infection model. In a human volunteer infection
rial with 115 participants, EDP-938 demonstrated a significant vi-
al load reduction in nasal swabs compared to placebo recipients
Ahmad et al. 2022 ). Clinical scores and nasal m ucus pr oduction
er e r educed in par allel with the vir al load r eduction. The antivi-

al effect was observed for a range of oral dosing schemes and no
afety issues were raised. A phase 2b clinical trial has been com-
leted, but results have not yet been published. 

hemical library screens for inhibitors 

 screening of 4000 chemical compounds identified cyclopamine,
 plant steroidal alkaloid, that inhibited RSV both in vitro and in
 mouse infection model (Bailly et al. 2016 ). Cyclopamine inhibits
ir al RNA tr anscription. The r esearc hers selected a mutant RSV,
hic h r esisted the inhibitory effect of cyclopamine . T he mutant
isplayed a single aa replacement in the RSV transcription factor
2-1. Cyclopamine is an antagonist of the Sonic hedgehog sig-
aling pathway (Shhp) involved in embryonic de v elopment, cell
ifferentiation, and tumorigenesis and should thus lead to se-
 er e adv erse effects . T her efor e, the r esearc hers designed an ana-
ogue A3E that inhibited RSV but had lost activity for Shhp (Risso-
allester et al. 2021 ). They elucidated the mechanism of action of
3E in cell culture experiments. RSV forms in infected cells in-
lusion bodies containing RSV proteins N, P, L, and M2-1 as well
s viral RNA, which represent viral factories mediating viral RNA
ynthesis. Inclusion bodies are condensates that form by phase
epar ation. A3E bloc ks RNA r eplication of RSV by hardening the
nclusion body condensate. With bioluminescent RSV as tracer,
hey demonstrated that A3E inhibits RSV replication in the lung
f mice . T he de v elopment of lung histopathology was suppr essed
hen A3E was given orally up to 1 day after infection. 
Screening a 57 000-compound chemical library identified a sin-

le hit that blocked the elongation of RSV RNA after initial exten-
ion (Cox et al. 2018 ). Synthetic hit-to-lead exploration approaches
ielded compound AVG-233 that demonstrated nanomolar in-
ibitory activity against RSV in human airway cells (Sourimant
t al. 2022b ). Ho w e v er, in a mouse RSV infection model, AVG-
33 lacked in vivo activity because it was r a pidl y metabolized in
ung microsomes. Chemical derivatization led to analogue AVG-
88 that displayed a 10-fold RSV viral load reduction in lungs
nd pr e v ented disease pr ogr ession to vir al pneumonia when giv en
2 h after infection to mice. 

onclusions 

ubstantial pr ogr ess has been ac hie v ed in RSV r esearc h ov er r e-
ent years . T his is important for se v er al r easons. First, epidemi-
logical r esearc h has documented that RSV disease r epr esents a
ajor global disease burden for young infants and older adults.

hese data are important for public health authorities to decide
n the attribution of limited resources for interventions to real-
ze cost-efficient results. Second, the viral world shows a new and
hreatening dynamic and this applies particularly to respiratory
iruses that have caused se v er al pandemics ov er the last century
nd continue to produce danger signals of ne wl y emer ging vir al
hreats. 
Pr ophylaxis of ne wborns with nirse vimab is now r outine in se v-
ral industrialized countries ahead of annual RSV epidemics . T he
d vances in passi ve and active immunization approaches against
SV thus r epr esent important interv entions not onl y for alle vi-
ting RSV morbidity and mortality, but to highlight countermea-
ur es a gainst vir al r espir atory infections in gener al. The endemic-
ty of RSV infection was a motivational motor for recent tech-
ological pr ogr ess. Case numbers ar e high and occur in r egular
earl y epidemics, whic h facilitate the planning of clinical trials.
n addition, regular epidemics of public health importance assure

arkets for pharmaceutical products and thus provide a finan-
ial incentive to invest in large clinical trials on active and passive
mm unity a ppr oac hes a gainst RSV expecting a r eturn on inv est-

ents. 
Important tec hnological de v elopments hav e been r ealized

hen de v eloping activ e and passiv e imm unity a gainst RSV. P ar-
icularly fruitful has been the synergy between structural biology
nd protein engineering of the RSV F protein, which allo w ed to sta-
ilize the RSV prefusion protein conformation. Structural biology
nd protein engineering are both platform technologies that can
e easily transferred to pathogens from other viral infections in-
luding ne wl y emer ging r espir atory viruses. Other platform tec h-
ologies such as adenovirus-vectored vaccines or mRNA vaccines
gainst RSV infections are under development. This would not
nly extend the knowledge acquired with these new vaccine plat-
orms from SARS-CoV-2 to RSV but might help to de v elop them
lso r elativ el y quic kl y a gainst futur e pandemic thr eat viruses.
o w e v er, mRNA v accine de v elopment a gainst RSV in c hildr en has
 ecentl y seen a setback when US regulators paused clinical tri-
ls when the industrial sponsor Moderna reported that five in-
ants receiving the mRNA vaccine developed severe disease af-
er experiencing a natural infection, versus one in the placebo
roup (doi: 10.1126/science.zz245f8). If confirmed, it will be a new
urdle to the de v elopment of activ e imm unization a gainst RSV

n infants . T her efor e a v aluable aspect of r ecent RSV r esearc h is
fforts to explore novel antivirals based on new mechanisms of
ction, whic h hopefull y will stim ulate antivir al r esearc h a gainst
ther RNA viruses and will also r e v eal how RNA viruses can ac-
uir e m utations that allow them to esca pe fr om contr ol by nov el
ntivirals. 
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