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Mucosal IgA to pre-fusion F protein predicts
protection from RSV infection in a high
burden setting

David Hodgson 1,2 , Sheikh Jarju3, Laura Gatcombe4, Sasha Francis4,

Tom Coleman4, Giulia Dowgier5, Rhys D. Wenlock3, Benjamin B. Lindsey 6,7,

Madikoi Danso3, Natalie Barratt6,7, Marie Gomes3, Irina Grouneva6,

Ya Jankey Jagne3, Beate Kampmann 1,7, Mary Y. Wu 5, Ashley Otter4,

Stefan Flasche1,2, Adam Kucharski2 & Thushan I. de Silva 3,6,7

Respiratory syncytial virus (RSV) causes over 100,000 annual deaths, pre-

dominantly in low- and middle-income countries, yet immunological corre-

lates of protection remain poorly defined in high-burden settings. This study

aims to identify immunological correlates of protection against RSV infection,

and to compare the relative contribution of systemic and mucosal antibody

responses. We use data from an intensively sampled prospective household

cohort study in The Gambia, following 342 participants over 12 months with

weekly PCR testing and longitudinal serum and nasal sampling. Using a

Bayesian hierarchical framework jointly modelling antibody kinetics, house-

hold transmission dynamics, and imperfect PCR ascertainment, we char-

acterise humoral immunity to RSV-A antigens across systemic and mucosal

compartments. Mucosal IgA to the pre-fusion F (pre-F) protein is the strongest

predictor of protection against infection (AUC=0.72), outperforming serum

anti-Pre-F IgG (AUC=0.66). Serum and mucosal responses are largely

compartment-independent (r = 0.02–0.28), with a combined serum and

mucosal anti-Pre-F model outperforming either alone, and both biomarkers

correlating with RSV-A neutralising titres. These findings have direct implica-

tions for designing RSV infection-preventing vaccine strategies.

Respiratory syncytial virus (RSV) causes approximately 33 million

acute lower respiratory tract infection episodes annually in children

under five years, resulting in over 100,000 deaths, withmore than 97%

occurring in low- andmiddle-income countries (LMICs)1. Infants under

six months bear a disproportionate burden, accounting for one in five

RSV episodes but nearly half of all RSV-attributable deaths1. In fact,

within community settings in LMICs, RSV is responsible for 5% of all

infants deaths2. The landscape of RSV preventionhas recently changed

with the regulatory approval of nirsevimab and clesrovimab, long-

acting monoclonal antibodies for infant immunisation, Abrysvo, a

maternal RSV vaccine, and Arexy and MRESVIA, vaccines which are

effective in adults3–8. Early effectiveness data demonstrate that
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nirsevimab provides 90% protection against RSV-associated hospita-

lisation in infants9, while maternal vaccination reduces RSV hospitali-

sation risk for infants in the months following birth by up to 72%10. In

older adults, RSV vaccines show 75%effectiveness against severe lower

respiratory tract disease11,12.

Despite these advances, fundamental questions about RSV

immunity remain unanswered. The mechanisms underlying incom-

plete protection following infection, permitting repeated RSV infec-

tions throughout life, are poorly understood13. A critical unresolved

question is whether and how asymptomatic RSV infections, which

likely constitute most exposures, boost and maintain protective

immunity in healthy individuals. Key knowledge gaps also persist

regarding the kinetics anddurability of antibody responses todifferent

RSV antigens, the relative contributions of serum versus mucosal

immunity in conferring protection, and age-dependent differences in

immune responses, whichmay informoptimal vaccination strategies13.

Moreover, the majority of existing immunological data derive from

high-income settings, despite LMIC bearing over 95% of the RSV dis-

ease burden14. This geographical imbalance is important because

cumulative RSV exposure across the life course likely differs sub-

stantially between settings: in high-transmission peri-urban and rural

communities in LMICs, repeated childhood exposure froman early age

may lead to distinct patterns of immune boosting, antibody persis-

tence, and protective immunity compared to settings where trans-

mission intensity is comparatively lower15–17. Understanding immune

dynamics in high-transmission, high-mortality settings is therefore

important for both for characterising how natural exposure shapes

population immunity and for designing vaccination strategies for the

populations at greatest risk.

Establishing immunological correlates of protection can accel-

erate vaccine development, help optimise immunisation schedules,

and evaluate vaccine effectiveness in diverse populations. Recent

successes using maternal RSV vaccines and passive infusion of long-

acting monoclonal antibodies have demonstrated the clinical efficacy

of serum antibody-based interventions targeting the pre-F protein.

These studies confirm that serum IgG responses can provide sub-

stantial protection against medically attended and hospitalised severe

RSV outcomes. However, the immunological determinants of protec-

tion against infection and subclinical disease, which drive community

transmission andmay be relevant for paediatric vaccine development,

remain poorly defined. Recent evidence from studies in infected chil-

dren and community-dwelling in older adults suggests that the

mucosal immune responsemayplay a distinct and potentially superior

role in preventing RSV infection compared to serum antibodies18,19.

Furthermore, the relationship between antibody levels and protection

may vary across age groups, RSV subtypes, and antigenic targets,

necessitating comprehensive longitudinal studies that capture the full

spectrum of humoral responses across systemic and mucosal com-

partments and linking these to asymptomatic and subclinical disease

outcomes20.

Here, we present a comprehensive analysis of RSV antibody

kinetics and correlates of protection from a prospective household

cohort study in The Gambia, where respiratory virus surveillance data

and SARS-CoV-2 immune kinetics have been described extensively in

prior studies21–24. Using Bayesian hierarchical modeling, we jointly

estimate the kinetics of antibody responses following infection,

quantify age-dependent patterns in antibody boosting and main-

tenance, and identify immunological correlates of protection, linking

pre-exposure antibody levels to infection risk while accounting for

household transmission dynamics. This study addresses critical

knowledge gaps by: (1) providing detailed immunological data from a

high-transmission West African setting, (2) characterising how

asymptomatic and mild RSV infections boost and maintain immunity

across the life course; (3) simultaneously measuring systemic and

mucosal antibody response within individuals, and (4) identifying

which immunological biomarkers best predict protection from infec-

tion across different age groups.

Results
Descriptive analysis of RSV PCR-confirmed and sero-
inferred cases
We followed 342 participants across 52 households over 12 months

from a peri-urban region in The Gambia with weekly respiratory PCR

surveillance to capture both symptomatic and asymptomatic RSV

infections. Serum IgG and mucosal IgA responses to multiple RSV

antigens (pre-fusion (PreF), post-fusion (PostF), G protein, and

nucleoprotein (NP) for RSV-A and RSV-B) were measured at enroll-

ment, 6 months, and 12 months using a multiplex binding antibody

immunoassay. Sex was recorded for all participants at enrolment. We

documented 81 PCR-confirmed infections in 76 individuals across 40

households,with 3 individuals having a second infection and 1 having a

second and third infection. All first RSV infections occurred between

enrollment and the 6-month bleeds. Most infections were RSV-A ser-

otype, with 3/81 PCR-positive cases having RSV-B infection. Of these

PCR-confirmed infections, only 17.3% (14/81) were associated with

symptoms during the week before or after PCR positivity (Fig. 1A, B).

To account for imperfect PCR detection, we assumed that PCR cap-

tured 80% of true infections and used consistent boosting across

multiple antibody biomarkers at the individual level to identify infec-

tion in the remaining undetected cases (Supplementary Methods 3.1).

This approach identified 18 additional infections in the PCR-negative

individuals, yielding a total attack rate of 27% (94/342) over the 12-

month period. Attack rates varied substantially by age groups, with

childrenunder 5 yearshaving the highest attack rate at 53%, decreasing

with age to 11% in adults aged ≥46 years (Supplementary Fig. 1).

Descriptive analysis of immunological biomarkers at measured
time points
RSV biomarker trajectories were tracked across the 342 participants

over the study for sixteen different biomarkers. Individuals with PCR-

confirmed infections exhibitedmean-fold increases of 1.6–2.5 in serum

IgG and 1.2–2.1 in mucosal IgA across the four RSV-A viral proteins

(Fig. 1C, D) between enrollment and 6-month visit. PCR-negative but

serologically-defined infected individuals also showed substantial

antibody boosting across the same biomarkers, with mean-fold

increases of 8.7-16.7 in serum IgG and 6.1-12.0 in mucosal IgA

between these two visits. In contrast, uninfected participants showed

decay during the same period, with mean serum IgG fold-changes of

0.7–0.9 and mucosal IgA fold-changes of 0.5–0.8. The responses to

RSV-B viral proteins following RSV infections were similar, demon-

strating the significant cross-reactivity that exists in binding antibody

titres (Supplementary Fig. 2).

Reconstructing antibody kinetics following rsv infection
We characterised the magnitude and durability of antibody responses

following RSV infection (including both PCR-positive and serologically

defined cases) by analysing fitted serum IgG and mucosal IgA kinetic

curves against the four viral proteins PreF, PostF, G, and NP (Fig. 2A).

From these fitted kinetic curves, we found that RSV infection induced

sustained antibody boosting across all viral proteins, with mean peak

fold-rises (i.e. relative change between baseline and peak of antibody

kinetic curves) of 3.0–8.0-fold above baseline titres for serum IgG and

2.7–6.3-fold for mucosal IgA. Mucosal IgA responses to surface gly-

coproteins PreF and PostF exhibited stronger boosting (6.3- and 4.7-

fold rise) than serum IgG to the same proteins (3.9- and 3.5-fold rise).

Mucosal IgA to PreF andPostF also showedmore sustainedpersistence

(220 and 235 days above 2-fold of baseline level) than serum IgG to the

same proteins (175 and 132 days). In contrast, serum IgG to G protein

showed exceptional boosting (8.0-fold rise) compared to mucosal IgA

(5.55-fold rise), but faster waning kinetics (177 days above 2-fold of
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Fig. 1 | Epidemiology of RSV infections and antibody kinetics during the 2022-

2023 epidemic season. A Weekly incidence of PCR-confirmed RSV infections

(stacked histogram) and cumulative attack rate (black line) among 342 household

cohort participants fromOctober 2022 to May 2023. Bars are colored by symptom

status at detection: symptomatic (red, detected at unscheduled visits) or asymp-

tomatic (blue, detected at scheduled home or clinic visits). B Timeline of ser-

ological sampling for PCR-confirmed infected individuals. Each horizontal line

represents one participant (ordered by date of PCR-confirmed infection), with grey

tiles indicating bleed dates and colored circles marking the timing of PCR-

confirmed infection (colored by symptom status as in panel A). C Longitudinal

trajectories of serum IgG (top row) and mucosal IgA (bottom row) antibody

responses against four RSV-A proteins (PreF, PostF, G, NP) over time. Individual

participant trajectories are shown as thin lines with low opacity, colored by infec-

tion status: not infected (black), serologically-defined infections (orange), and PCR-

confirmed infections (green). D Mean fold-change in antibody titres between the

first bleed (pre-epidemic baseline) and second bleed (post-epidemic) for serum IgG

and mucosal IgA responses to RSV-A proteins. Bars represent mean fold-change

(log10 scale) stratified by infection status, with error bars indicating standard error.

N values for calculating the mean and error bars are: Not infected = 248, PCR-

confirmed = 76, serologically-inferred =18.
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baseline) than anti-G mucosal IgA (235 days above 2-fold of baseline;

Fig. 2B). Consistent with internal protein localisation, antibodies to NP

showedmodest responses in both compartments (3.0-fold serum IgG,

2.7-foldmucosal IgA) with rapid waning (109 and 85 days above 2-fold

baseline). Similar patterns were observed for RSV-B, with surface

proteins generally showing better boosting and longer persistence,

and mucosal IgA responses proving more durable than serum IgG

(Supplementary Fig. 3).

Identification andvalidationof correlates of protection against RSV

infection. To identify immune biomarkers predictive of protection

against RSV infection, we evaluated the predictive performance of IgG

and IgA to RSV viral proteins after fitting logistic models (Supple-

mentary Fig. 4). Among single biomarker models, mucosal IgA to RSV-

A PreF was the best-performing predictor of protection against infec-

tion (Fig. 3A), achieving the highest out-of-sample predictive accuracy

(LOO-EPLD) and discrimination; AUC=0.72 (95% CrI 0.66–0.78).

Notably, this was a better predictor than the target of current

preventive strategies, serum IgG to RSV PreF (AUC =0.66, 95%Crl 0.59

– 0.73). To validate the relevance of PreF as an antigenic target, we

measured live virus neutralisation in a subset of 97 samples and cal-

culated Pearson correlation coefficients with antibody levels to dif-

ferent RSV proteins. This analysis confirmed that PreF antibodies

demonstrated the strongest correlation with neutralising activity in

both compartments (serum IgG and mucosal IgA), though serum IgG

exhibited stronger correlations thanmucosal IgA (two-sided Pearson’s

r: serum IgG r(74) = 0.743, 95% CI [0.62, 0.83], p < 0.001; mucosal IgA

r(73) = 0.428, 95% CI [0.22, 0.60], p < 0.001; Fig. 3B and Supplemen-

tary Fig. 5).

Combining serum IgG and mucosal IgA antibodies to RSV-A PreF

in a dual biomarker model yielded small improvements in predictive

performance compared to either single biomarker alone (Fig. 3A) with

an increase in LOO-EPLD and discrimination; AUC =0.73 (95% CrI

0.67–0.79). The corresponding plot for RSV-B antigens is given in

Supplementary Fig. 6, in which mucosal IgA to PreF remains the

strongest correlate. In an alternative approach to evaluate the additive
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Fig. 2 | Comparison of single and dual biomarker models for predicting pro-

tection against RSV-A infection. A Post-infection longitudinal antibody titers for

four viral RSV-A proteins (PreF, PostF, G, and NP) across different antibody types;

serum IgGandmucosal IgA. Lines show themedianposterior predictivefit from the

fitted Bayesian model, and the points show the observational titre data, with the

size correlating with the sample size for that bin. B Peak antibody (x axis) and

persistence measured as duration above a 2-fold (left panel) and 4-fold titre rise

(right panel) in days. Data points showmedian posterior values for measurements

of four viral RSV-Aproteins (PreF, PostF, G, andNP) across different antibody types:

serum IgG and mucosal IgA.
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Fig. 3 | Comparison of single and dual biomarker models for predicting pro-

tection against RSV-A infection. AModel performance comparison across single

biomarker models and the dual biomarker model, defined by out-of-sample pre-

dictive accuracy (LOO-ELPD, x-axis) and discrimination ability (area under the ROC

curve, AUC, y-axis). Circles indicate serum IgG models, squares represent mucosal

IgA models, and the triangle denotes the dual biomarker model combining serum

IgG and mucosal IgA to RSV-A PreF. The best-performing model within each bio-

marker class is highlighted with darker shading. Error bars show the standard error

of LOO-ELPD (horizontal) and 95% confidence intervals for AUC (vertical). The

dashed horizontal line indicates an AUC of 0.7. B Summary of Pearson correlation

coefficients (r) are shown for serum IgG and mucosal IgA against PreF, PostF, NP,

and G antigens (two-sided tests). Bars indicate r values by isotype and protein, and

labels indicate exact r with significance markers. IgG: n = 76 per protein; n = 75 per

protein. C Counterfactual analysis comparing the increase in protection from

boosting pre-infection antibody titres by 4-fold or 8-fold using either a single

mucosal IgA biomarker model (purple) or a dual biomarker model combining

mucosal IgA and serum IgG (blue). D Two-dimensional protection surface for the

dual biomarker model using serum IgG and mucosal IgA antibodies to RSV-A PreF.

The continuous surface represents the predicted probability of protection given

exposure as a function of both serum (x-axis) and mucosal (y-axis) antibody titres.

Black contour lines delineate regions of constant protection probability at 50%,

70%, 80%, and 90%. Individual data points overlay the surface, with filled circles

representing participants who were protected despite exposure and open circles

representing those who became infected. Antibody titres are displayed on a

log10 scale. E Pearson correlation coefficients between RSV-A variant biomarkers at

the time of infection. Color intensity represents correlation strength, ranging from

blue (weak correlation) through white (no correlation) to green (strong positive

correlation).
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protective effect from two biomarkers, we estimated the average

marginal gains from a 4- and 8-fold increase in the titre value at

infection of either anti-PreFmucosal IgA alone or in bothmucosal PreF

IgA and serum PreF IgG. This demonstrated a greater increase in

protection if both biomarkers increased compared to PreF IgA alone

(e.g. 16% vs 22% increase in protection with a 4-fold increase in preF

mucosal IgA vs both biomarkers respectively; Fig. 3C). Visualising both

PreF IgG and IgA levels on a two-dimensional protection probability

landscape further demonstrated the potential additive protective

effect from the two biomarkers combined (Fig. 3D). Correlation within

all RSV-A IgG and IgA levels demonstrated a highly compartmentalised

immune response, with correlation coefficients of 0.42–0.83 between

serum IgG to the four RSV-A proteins and 0.37–0.75 between the four

IgA biomarkers, but limited correlation between serum IgG and

mucosal IgA levels to the sameprotein (0.02-0.28; Fig. 3E). This further

emphasises that the serum and mucosal antibody compartments

provide largely independent information about immune protection

(see Supplementary Fig. 7 for correlations for RSV-BA).

Influence of age on antibody kinetics and correlates of protection.

Age influenced both antibody kinetics following infection and the

strength of correlates of protection for RSV-A PreF IgA and IgG.

Younger children (0-5 years) exhibited lower mean baseline antibody

titres at the time of infection compared to older age groups (serum

IgG: 7,323 AU/mL vs 35,598 AU/mL in 16+ years; mucosal IgA: 747 AU/

mL vs 5,418AU/mL), consistent with reduced cumulative exposure

(Fig. 4A). Younger children also demonstrated the largest relative

antibody boosting following infection, withmean fold-rises of 12.5-fold

for serum IgG and 14.9-fold for mucosal IgA, compared to 2.4-fold and

4.5-fold, respectively, in adults (16+ years). However, we observed an

antibody ceiling effect whereby boosting capacity declined with

increasing baseline titres, even after accounting for age (Supplemen-

tary Fig. 8). For serum IgG, the correlation between baseline titres and

fold-rise varied by age group (slope: −1.42, −0.19, -0.09 for <5, 5–15,

and ≥16 years, respectively), while mucosal IgA demonstrated more

consistent ceiling effects across ages (slope: −0.27, −0.38, −0.28).

Despite robust acute post-infection responses in young children,

antibody titre-protection relationships showed marked age-

dependent patterns. Mucosal IgA maintained superior discriminatory

performance across all age groups (AUC: 0.78, 0.69, 0.58 for 0–5, 6–15,

≥16 years) compared to serum IgG (AUC: 0.66, 0.57, 0.51). The rela-

tively greater predictive capacity of PreF mucosal IgA over serum PreF

IgG in protection against RSV infection was most apparent in children

<5 years old (AUC 0.78 vs 0.66, Fig. 4B). In contrast, the predictive

capacity of PreF IgA vs IgG in adults was more equivalent (AUC 0.58

vs 0.51).

Intriguingly, younger children appeared to require higher titres to

achieve equivalent protection: 50% protection corresponded to

mucosal PreF IgA titres of 247,708AU/mL in children <5 years versus

5,722 AU/mL in individuals ≥16 years. Converting post-infection anti-

body trajectories to protection probabilities via fitted correlate-of-

protection curves revealed age-stratified dynamics, with younger

children achieving 11–37% protection (depending on time post-infec-

tion) following an RSV infection episode, compared with 66–75% in

older adults. These findings indicate that protection accumulates with

age-related immune maturation but plateaus at approximately 75% at

the population level, even in frequently exposed adults.

Robustness of findings across pcr detection rates and exposure

assumptions. To assess the robustness of our findings, we fitted

models under four different assumptions about PCRdetection rate (ρ):

100% (PCR-only, no missed infections), 90%, 80% (base case), and 70%

(Fig. 5A). The superior predictive performance of mucosal IgA to PreF

as a correlate of protection was robust to PCR detection rate

assumptions (Fig. 5B). PreF mucosal IgA ranked as the top-performing

biomarker (combining AUC and LOO-ELPD rankings) in all of the four

scenarios. Its discrimination performance (AUC) remained moderate

across all models: 0.65 (ρ = 100%), 0.70 (ρ = 90%), 0.72 (ρ = 80%), and

0.72 (ρ = 70%). In contrast, serum IgG to PreF showed consistently

lower discriminatory capacity (AUC: 0.60–0.65) while maintaining

relatively stable rankings. We additionally tested whether our

assumption that exposure probability scales with the number of

infected household members affected our findings, by fitting a sensi-

tivity analysis with exposure probability fixed at a constant value

independent of household infection burden. While absolute AUC

values shifted under this alternative exposure assumption, the relative

ranking ofbiomarkers and the identificationof PreFmucosal IgA as the

strongest correlate of protection remained consistent. Therefore,

despite substantial differences in infection classification and exposure

assumptions, our key findings regarding the relative performance of

candidate correlates remained consistent across all scenarios tested.

Discussion
Using longitudinal samples, we measured serum IgG and mucosal IgA

responses to multiple RSV antigens (PreF, PostF, G, and NP) and

applied a Bayesian hierarchical modelling framework to jointly esti-

mate antibody dynamics, exposure risk, and correlation of antibody

titres at exposure with protection. Integration of PCR and serological

surveillance suggested that 88% of RSV infections were asymptomatic

in this high-endemicity setting, with attack rates declining from 53% in

young children to 11% in older adults. We identified mucosal IgA to

PreF viral protein as the strongest correlate of protection, with con-

sistently higher predictive performance than serum IgG across all age

groups. Younger children required a 43-fold higher mucosal IgA titre

than adults to achieve equivalent protection (247,708 vs. 5722 AU/mL

for 50% protection), suggesting that immune maturation fundamen-

tally alters antibody functionality beyondquantity alone. Furthermore,

the greater predictive capacity of anti-PreF mucosal IgA over anti-PreF

serum IgG was more marked in young children than in adults, where

these two biomarkers were more equivalent correlates of protection.

Despite robust antibody boosting following natural infection,

population-level protection plateaued at approximately 79% even

among frequently exposed adults, explaining RSV’s capacity for life-

long reinfection.

Our finding that 88% of RSV infections were asymptomatic aligns

with observations from other African community settings, including

reported asymptomatic infection percentages of 67% in South Africa25

and ~57% in Kenya26. This substantial undetected transmission sug-

gests RSV circulates far more widely than symptomatic surveillance

indicates, likely reflecting both the full-spectrum design of

community-based surveillance and a high background respiratory

symptom burden in these settings rather than differences. A full epi-

demiological analysis is reported in Jarju et al.21. Consequently, efficacy

trials using symptomatic endpoints cannot accurately estimate pro-

tection against infection, potentially missing transmission-blocking

effects entirely. For vaccines intended to reduce community trans-

mission, comprehensive surveillance, including serology, will be

essential for assessing their true impact27,28.

Mucosal IgA to PreF as the strongest predictor of protection

(AUC: 0.72, 95% CrI 0.66–0.78) against RSV infection, outperforming

serum pre-F IgG (AUC 0.65, 95% CrI 0.59–0.73). To contextualise this

finding, AUC >0.70 indicates acceptable discriminatory

performance29, approaching previously reported correlate strengths

against infection observed for serum IgG PreF (AUC 0.76–0.77)30 and

for influenza HAI (AUC of 0.76)31. This finding aligns with previous

evidence that nasal IgA providesmore effective protection than serum

neutralisation32, likely reflecting the importance of antibody responses

at the site of viral entry in the respiratory mucosa. The modest

improvement when combining PreF mucosal IgA with serum IgG in a

dual biomarker model (AUC 0.73, 95% CrI 0.67–0.79), suggests that
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Fig. 4 | Age-stratified analysis of antibody responses and protective immunity

for RSV-A PreF biomarkers. A Antibody response magnitudes by age group, with

baseline antibody titres at time of infection (hollow circles) and peak titres fol-

lowing infection (filled circles) for serum IgG and mucosal IgA antibodies to RSV-A

PreF protein, stratified by age group (0-5 years in orange, 6-15 years in light blue,

16+ years in green).BModel performance by age group. The scatter plot compares

out-of-sample predictive accuracy (LOO-ELPD, x-axis) and discrimination ability

(AUC, y-axis) for correlate of protection models fitted separately within each age

stratum. Vertical error bars show95% confidence intervals for AUC; horizontal error

bars indicate the standard error of LOO-ELPD. The size of each age group (n) is 52,

117, and 172 for 0–5, 6–15, and 16 +years respectively. C Age-specific correlate of

protection curves demonstrating the relationship between antibody titre at infec-

tion and probability of protection. D Protection probability trajectories by age

group following infection. The lines show the predicted probability of protection

against reinfection over time (0–180 days post-infection) for serum IgG (left panel)

and mucosal IgA (right panel) antibodies to RSV-A PreF. Solid lines represent the

median posterior prediction for each age group, with shaded ribbons indicating

95% credible intervals.
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mucosal immunity provides substantial additional predictive infor-

mation. Weak correlations between serum IgG and mucosal IgA to the

same protein (r = 0.02–0.28), indicate largely independent compart-

ment responses, consistent with previous studies33,34. This contrasts

with strong correlations between different antigens within the same

compartment (r = 0.42–0.83). Together, these findings also suggest

that protection derived from serum IgG and mucosal IgA may be

relatively independent of each other. Critically, the importance of anti-

PreF mucosal IgA as a correlate of protection remained consistent

when the analysis was restricted to PCR-confirmed infections,

demonstrating robustness across detection methods. We emphasise

that these findings demonstrate an associative correlation with
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Fig. 5 | Comparison of biomarker performance across PCR detection rate sce-

narios for RSV-A. Top shows the total number of inferred infections and infection

type composition (PCR-confirmed in orange vs serologically-inferred in blue) for

each model. Attack rates are shown in parentheses. Bottom shows the combined

performance ranking (average of AUC and LOO-ELPD ranks) for each RSV-A bio-

marker as a correlate of protection across the four models. Lower ranks (green)

indicate better predictive performance, while higher ranks (red/orange) indicate

poorer performance. Red boxes denote the top-rankedbiomarker in each scenario.
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protection, not a causal one, as our observational design cannot defi-

nitively establish that mucosal IgA directly causes protection; it may

instead serve as a biomarker of other immune mechanisms35.

A notable observation from our study is the discordance between

functional antibody measurements and protective associations. While

serum IgG to PreF correlated more strongly with live virus neutralisa-

tion than mucosal IgA (Pearson’s r = 0.74 vs. 0.43), mucosal IgA better

predicted protection. This discrepancy may partly reflect technical

factors, including greater variability in nasal sampling and quantifica-

tion of mucosal antibodies, or the limited ability of neutralisation

assays to recapitulate the physiochemical and cellular conditions of

the respiratory mucosa. Mucosal IgA may also mediate protection

through mechanisms not captured by standard neutralisation assays,

including immuneexclusion at the epithelial surface, viral aggregation,

and intracellular neutralisation36,37. In addition, secretory IgAmay have

enhanced avidity,multivalency and resistance to proteolysis within the

mucosal environment, enabling effective antiviral activity even in the

absence of high measured neutralisation titres. Future studies should

test these hypotheses directly using functional assays that better

replicate mucosal conditions and effector functions. Collectively,

these findings suggest that traditional serum neutralising antibody

titres, while good correlates of disease severity, may be insufficient to

define protection against infection at mucosal entry sites. Although

most RSV infections in our cohort were asymptomatic, defining cor-

relates of protection against infection itself remains relevant given that

asymptomatic infections still enable onward transmission to vulner-

able contacts. Moreover, as population immunity becomes increas-

ingly vaccine-derived in certain groups, the relative contributions and

correlates of mucosal versus systemic immunity may diverge from

those defined in natural infection.

Our analysis of the antibody kinetics revealed that mucosal IgA

responses to surface glycoproteins (PreF, PostF, and G) demonstrated

stronger boosting (4.7–6.3-fold) and more sustained persistence

(220–235 days above a 2-fold rise) than serum IgG responses. This

superior durability of mucosal responses to surface glycoproteins

contrasts with prior assumptions that mucosal antibodies are inher-

ently short-lived, owing to the transient nature of mucosal plasma

cells32,38–40. The exception was G protein, which showed exceptional

serum IgG boosting (8-fold) with typical waning kinetics (177 days). In

contrast, the internal NP protein showed modest responses in both

compartments, consistent with limited exposure at mucosal surfaces.

We found that younger children (0–5 years) demonstrated robust

antibody boosting (12.5-fold serum IgG, 14.9-fold mucosal IgA) but

required substantially higher titres for equivalent protection - a 43-fold

increase for 50% protection compared to individuals 16 years and

older. This suggests that antibody quantity alone does not determine

protective capacity, with qualitative differences fundamentally alter-

ing the titre-protection relationship across ages. Several mechanisms

could explain this age-dependent protective capacity. Children may

have lower antibody affinity due to fewer rounds of affinity

maturation41,42; or theymay target less protective epitopes than adults,

as has been observed for influenza43,44. Age-related differences in

mucosal architecture and cellular immunity may also modulate effec-

tive antibody concentrations45. This raises an important consideration

for future paediatric RSV vaccine development: should an active vac-

cine for infants be developed and its correlate of protection estab-

lished using infant-derived data, our findings suggest this correlate

may not generalise to other age groups, such as school-age children,

due to age-dependent differences in the titre-protection relationship.

Age-specific correlates should therefore be established directly within

each target population rather thanextrapolated fromone age group to

another. While our study focused on humoral immunity, these age-

dependent differences likely also reflect contributions from T cell-

mediated responses, whichmature alongsidemucosal antibodies over

repeated exposure.

We also observed an antibody ceiling effect whereby boosting

capacity declined with increasing baseline titres. For serum IgG,

baseline-fold-rise correlations varied by age (slope: −1.42, −0.19, -0.09)

whilemucosal IgA showed consistent ceiling effects across ages (slope:

−0.27, −0.38, −0.28). This likely reflects antibody-mediated feedback

inhibition, memory B cell exhaustion, and altered germinal center

dynamics20. Practical implications of this include: (1) boosting timing

should be optimised to the period of antibody waning; (2) high-dose

strategies may have limited benefits if reflecting B cell activation limits

and (3) sequential vaccination schedules may require strategic

spacing.

We also found that population-level protection plateaued at 75%

even in highly immune adults, while younger children achieved only

11–37%protectiondepending on timepost-infection. Interestingly, this

plateau falls around the herd immunity threshold for RSV, which

requires (1 – 1/R0) of the population to be fully immune (100% pro-

tection). With an estimated R0 of 2–3 for RSV46, achieving herd

immunity would require 50–67% of the population to have full pro-

tection. Given the study results, which indicate that most adults

achieved only 70% individual protection at peak antibody levels,

achieving persistent population-level herd immunity through natural

infection would require 77% or more of the population to be similarly

immune. Thismay explain RSV’s ability to cause lifelong reinfections in

a non-vaccinated setting.

These findings have implications for vaccine development.

Currently licensed RSV vaccines primarily induce systemic IgG

responses and demonstrate 70–90% efficacy against clinical

disease3,4,6. While these vaccines effectively prevent severe disease,

the stronger association between mucosal IgA and protection

against infection raises the question of whether mucosal immunity

may confer additional benefits in preventing infection and reducing

transmission. Vaccines optimised for mucosal delivery could theo-

retically provide superior protection against infection by directly

eliciting mucosal IgA47,48. However, vaccine-induced immunity may

differ fundamentally from natural immunity49,50 and mucosal vac-

cines have historically faced significant challenges in gaining

licensure51,52. Therefore, we suggest that mucosal approaches could

initially serve as complementary strategies to existing vaccination

programmes. Vaccine trials should incorporate mucosal antibody

measurements alongside serum assays, and transmission should

assess whether current vaccines provide indirect protection; how-

ever the practical challenges of measuring mucosal IgA require

nasal sampling and a lack of standard assays53, currently limit its

utility as a routine correlate.

Beyond active vaccination, our findings are also relevant to pas-

sive mucosal prophylaxis strategies using monoclonal antibodies. The

failure of the Narsyn trial of intranasal palivizumab54 is instructive

alongside our findings. Palivizumab is an IgG preferentially targeting

the post-fusion F conformation, whereas we identify mucosal IgA to

PreF as the strongest correlate of protection. Secretory IgA has

structural properties suited to the mucosal environment that exo-

genous IgG cannot replicate, and the Narsyn authors identify short

mucosal IgG half-life via mucociliary clearance as the most plausible

explanation for failure54. Futuremucosal passive prophylaxis strategies

should address both antigenic target (PreF) and mucosal pharmaco-

kinetics; whether the potency and extended half-life of nirsevimab

could overcome mucosal clearance limitations via intranasal delivery

warrants future investigation.

Several limitations warrant consideration. First, this study cap-

turedoneRSV season in rural GambiawithRSV-Apredominance (96%),

limiting generalisability to other populations, season and serotype-

specific assessment of immunity. Findings from our high-transmission

setting may not apply to lower-transmission high-income countries

where exposure patterns, nutritional status, co-infections and many

other factors differ. Second, the cohort was not designed to
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oversample age groups currently targeted by licensed RSV immuni-

sation programmes: infants under 5 years (n = 41) and adults aged ≥50

years (n = 25) were underrepresented relative to the broader popula-

tion, and the age-stratified correlate-of-protection estimates for these

groups should therefore be interpreted with caution. Third, antibody

measurements in arbitrary units limit cross-study comparability as the

titre value we report cannot be directly compared to other studies

without further assay standardisation. Fourth, we primarily measured

antibody quantity but not functional properties such as neutralisation

potency, avidity, or epitope specificity, which may partially explain

why children require higher titres for equivalent protection. Fifth, we

pooled RSV-A and RSV-B infections when modelling antibody kinetics

due to the small number of PCR-confirmed RSV-B infections (n = 3) in

this cohort, which precluded serotype-specific kinetic modelling. This

pooling assumes similar antibody kinetics across serotypes and may

conflate subtype-specific dynamics; larger studies with greater RSV-B

representation are needed to determine whether kinetics differ

meaningfully by serotype. Finally, the limited follow-up (12 months)

constrains the characterisation of long-term antibody durability.

Nevertheless, this household cohort study in a sub-Saharan Afri-

can population provides comprehensive insights into RSV immunity in

regions with the highest disease burden. Future research should focus

on mechanistic studies of mucosal IgA-mediated protection, estab-

lishing age-specific correlates against RSV infection through efficacy

trials, and standardisation of mucosal antibody assays. These insights

should inform vaccine development while setting realistic expecta-

tions about achievable protection given biological constraints on RSV

immunity.

Methods
Participant recruitment and data collection
The set up of the TRANSVIR household study has been previously

described in detail55. In summary, following community and house-

hold sensitisation, interested families were invited to the MRCG

clinical site for consenting and screening. Recruited households

ranged in size from 6 to 10 household members, including at least

one adult and one child. Written consent or a thumbprint was

obtained from all participants >18 years, whilst assent was obtained

from participants aged 12–18 years. Consent was obtained from the

parents or guardians for participants under 12 years. Participants

were followed up for 12 months with weekly combined throat and

nose flocked swabs (TNS) collected into RNAprotect cell reagent

(Qiagen). Participants were asked about their symptoms in the 7 days

preceding each sampling time point. At enrollment, and then

6-monthly (to a total of 3 scheduled) participants attended the clinic

for venous blood sampling for serum separation and collection of

nasal lining fluid using a synthetic absorptive matrix (SAM) strip. If

participants developed symptoms compatible with an upper

respiratory tract virus infection, they were advised to contact the

study team, after which an unscheduled visit would occur. At an

unscheduled visit, the entire household would be swabbed, with RT-

PCR testing performed contemporaneously. Participants with a

positive SARS-CoV-2 RT-PCR at an unscheduled visit would then have

an additional venous blood sample collected 28 days post-infection.

Separate RSV infection episodes were defined as a new PCR-positive

result with no prior positive for the same virus in the preceding

28 days. Full details of the cohort design, sample collection, and

laboratory methods have been previously published23,55.

Ethics approval
Study approval was given by the joint Gambia Government and Med-

ical Research Council Unit, The Gambia (MRCG) Ethics committee, and

the London School of Hygiene and Tropical Medicine ethics commit-

tee (LEO project ID 22556). The protocol was registered at clinical-

trials.gov (NCT05952336)55.

RSV luminex immunoassay protocol
A custom in-house multiplex immunoassay was developed using

Luminex xMAP technology (DiaSorin). RSV antigens (RSV-A Pre-Fusion

(ProteoGenix, product code: PX-P6126), RSV-B Pre-Fusion (SinoBiolo-

gical, product code: 40832-V08B), RSV-A Post-Fusion (SinoBiological,

product code: 11049-V08B), RSV-B Post-Fusion (SinoBiological, pro-

duct code: 40999-V08H), RSV-A G protein (SinoBiological, product

code: 11070-V08H2), RSV-B G protein (SinoBiological, product code:

13029-V08H, RSV-A Nucleoprotein (SinoBiological, product code:

40821-V08E and RSV-B Nucleoprotein (SinoBiological, product code:

40822-V08F)), were coupled to distinct bead regions. Pre-Fusion, Post-

Fusion and Nucleoprotein antigens were coupled to specific beads

using a Luminex xMAP antibody coupling kit (product code 40-50016,

DiaSorin) and the G proteins were coupled to specific beads using the

AnteoTech ActivationKit forMultiplexMicrospheres (product code A-

LMPAKMM). Coupling procedures followed the manufacturer’s

instructions. Coupled beadswere stored at 4 °C inPBSwith 1% BSA and

0.05% sodium azide.

Microspheres coupled to each RSV antigen were diluted to 50

microspheres/ul in PBS with 0.05% Tween-20 and 1% BSA. Serum

samples were diluted 1:300 and mucosal samples were diluted 1:10.

Diluted samples were incubated with the microsphere antigen mix in

low-binding 96-well microplates for 30minutes. Following incubation,

plateswerewashed three timeswith 300 µl/well of PBS0.05%Tween20

using a 405 TS BioTek plate washer. Detection is performed using PE-

conjugatedmouse anti-human IgG antibodies (product code: ab99761,

Abcam) or PE-conjugated goat anti-human IgA antibodies (product

code: ab99909, Abcam). Plates read on a Luminex xMAP INTELLIFLEX

system (DiaSorin). Luminex reported the signal as Medium Fluores-

cence Intensity (MFI). MFI values were converted to arbitrary units by

interpolating sample results from a standard curve.

After excluding duplicates, missing data, and samples without

paired IgG/IgA measurements, 926 serum samples from 342 indivi-

duals in 52households remained for analysis (SupplementaryMethods

Section 1).

RSV live-neutralisation assay
Sample selection criteria for live microneutrsliation assay

To validate the relevance of our biomarkers as antigenic targets,

we measured live virus neutralisation in representative subsets of

97 serum samples and 97 mucosal samples, which were selected to

evenly span the distribution of antibody titre values.

Virus cultivation and titration
RSV BT2a and Hep-2 cells were kindly gifted by Lindsay Broadbent,

University of Surrey. The origin and characterisation of the clinical

isolate RSV BT2a has been previously described56. RSV BT2a was pro-

pagated in Hep-2 cells and titres were determined by immunostaining

plaque assay usingVeroE6 cells asby standardmethod57. Briefly,Hep-2

cells (107 cells seeded into T175 flask the day before) were infected

with RSV BT2a at an MOI of approx. 0.005. Cells were washed once

with DMEM (Sigma; D6429), then 5ml virus inoculum made up in

DMEMwas added to each T175 flask and incubated at at 37 °C, 5%CO2,

rocking gently for 2 h. DMEM+ 1% FCS (Biosera; FB-1001/500) was

added to each flask for 24 h, thenmediawas removed and cells washed

with PBS. DMEM+ 1% FCS was re-added and cells incubated for 3-4

days until CPE was evident. Virus was harvested by scraping attached

cells into the overlay medium, then the suspension was collected into

centrifuge tubes, sonicated for 10min, and cleared by centrifugation

(460 x g for 10min at 4 °C). Supernatant was aliquoted, snap-frozen

and store in liquid nitrogen.

High-throughput live virus microneutralisation assay
High-throughput live virusmicroneutralisation assays were performed

as previously described58 adapting the established assay pipeline
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initially setup for SARS-CoV-2 for RSV. In brief, Vero E6 cells (Institute

Pasteur) at 90-100% confluency were infected with RSV BT2a in 384-

well format in the presence of serial dilutions of patient serum samples

and Nirsevimab as positive control. The assaywas furtherminiaturised

to 1536-well format for testing nasal lining fluid samples, which are

limited in volume. After infection, cells were fixed with 4% final For-

maldehyde, permeabilised with 0.2% TritonX-100 and 3% BSA in PBS

(v/v), before staining for RSV using the Alexa488 conjugated

MAB88262 antibody at 1:3000 and cellular DNA using DAPI.

Whole-well imaging was carried out at 5x or 10x, respectively for

384 and 1536 well plate formats, using an Opera Phenix Microscope

(Perkin Elmer) and fluorescent areas and intensity were calculated

using the Phenix-associated software Harmony (Perkin Elmer).

Inhibitionwas estimated from themeasured area of infected cells/

total area occupied by all cells for the 5x imaging, whereas counting of

nuclei and infected cells was automated for the 10x imaging of 1536

plates. In both cases, viral inhibition was expressed as percentage of

maximal (virus-only controlwells). The inhibitoryprofile of each serum

sample was estimated by fitting a 4-parameter dose-response curve

executed in SciPy. Neutralising antibody titres are reported as the fold-

dilutionof serum required to inhibit 50%of viral replication (IC50), and

are further annotated if they lie above the quantitative range, below

the quantitative range but still within the qualitative range (i.e. partial

inhibition is observed but a dose-response curve cannot be fitted

because it does not sufficiently span 50% inhibition), or if they show no

inhibition at all.

Serologically-defined infections and sensitivity analysis
To identify RSV infectionsmissed by PCR surveillance, we developed a

rank-based serological method applied to PCR-negative individuals.

For each of 16 biomarkers, we computed log10 fold-changes between

baseline and 6-month follow-up (the interval during which all PCR-

confirmed infections occurred): Δb
i for individual i and biomarker b.

Within each biomarker, we ranked all PCR-negative individuals by their

titre changes (rank 1 = highest fold-rise) and then calculated their

average rank across all biomarkers �Ri, assuming equal weighting.

Individuals with the lowest rank score show the broadest serological

evidence of infections across all biomarkers. To determine how many

PCR-negative individuals to classify as serologically defined infections,

we specified ρ, the detection rate of the PCR sampling protocol in the

study. We assumed a base-case value of ρ =0:8 for the primary ana-

lysis, implying 80% of infections were detected by the PCR-sampling

method. We selected the top Nmissed =ρ=ð1� ρÞNPCR+ , where NPCR+

the number of PCR-negative individuals, with the lowest aggregated

rank scores �Ri and classified these as serologically-defined infections.

We conducted a sensitivity analysis ρ = f1:0, 0:9, 0:8, 0:7g, varying to

assess robustness to uncertainty about the true burden of missed

infections (Supplementary Methods Section 3.1).

Bayesian hierarchical modeling framework
We developed a Bayesian hierarchical model to jointly estimate anti-

body kinetics following RSV infections and identify correlates of pro-

tection against infection. The framework integrates three key

components: (1) an antibody kinetics model describing waning and

boosting dynamics following infection or vaccination, (2) a logistic

correlate of protection model relating antibody levels to infection risk

given exposure, and (3) an exposure model accounting for household

transmission intensity. (Full details in Supplementary Methods

Section 3.2)

Antibody trajectoriesweremodelledon the log₁₀ scale,with linear

waning prior to exposure and parametric boosting post-exposure

using power-function formulations adapted from Teunis et al59. Boost

kinetics parameters included group-level random effects stratified by

age. For each individual, we predicted titre values at observed time

points and compared these to measured values using Gaussian

likelihoods with left-censoring at the limit of detection (Supplemen-

tary Methods Section 3.2).

The correlate of protection, that is, the relationship between pre-

infection antibody titre and infection risk, wasmodeled using a logistic

function with hierarchical effects. For infected individuals, we used

model-predicted titres at infection time; for non-infected individuals,

we usedmid-season control titres (when 50% of surveillance infections

occurred). Correlate of protection models were fitted using each

individual’s first (primary) RSV infection only; the small number of

individuals with subsequent infections (n = 4) were excluded from this

analysis due to the added model complexity required to characterise

re-exposure risk and post-infection immune modification. These sub-

sequent infections are described in Supplementary Methods. The

logistic function which characterised the correlate of protection was

given by Eq. 1:

Pr infectionjexposed, xi
� �

= l+ 1�lð Þ
1

1 + exp β xi � x0
� �� � ð1Þ

whereβ represents the protection gradient (slope), x0 is the protective

titre threshold (50% protection level),) and l is the lower asymptote

representing residual infections risk at high titres. Both β and l inclu-

ded group-level random effects stratified by age, allowing protection

curves to vary across age groups.

To account for uncertain exposure status among PCR-negative

individuals, wemodelled individual exposureprobability, as a function

of household exposure level (number of household members with

confirmed infections) using a logistic regression. The observed infec-

tion outcome was then modelled as a mixture: unexposed individuals

contribute a negligible infection probability, while exposed individuals

contribute an infection probability determined by their pre-infection

titre and the protection curve. As a sensitivity analysis, we additionally

fitted the model with exposure probability fixed at a constant value,

independent of the number of infected householdmembers, to assess

the robustness of our findings to this assumption. (Supplementary

Methods Section 3.2).

Priors and model fitting
Weakly informative prior distributions were specified for all para-

meters (Supplementary Methods Section 3.2). Models were fitted

separately for each biomarker and wave combination, and we also

developed dual-biomarker models with multivariate logistic protec-

tion functions including interaction terms (Supplementary Methods

Section 3.2).

For each biomarker model, we ran 4 Markov chains for 2,000

iterations (1,000 warmup) in Stan (version 0.5.3) using Hamiltonian

Monte Carlo sampling via cmdstanr in R version 4.2.3. Convergence

was assessed using the Potential Scale Reduction Factor (all para-

meters <1.1) and inspection of trace plots. Model comparison was

performed using leave-one-out cross-validation (LOO-CV) and area

under the ROC curve (AUC) for discriminating infections from non-

infections. Posterior distributions were summarised using median and

95% credible intervals. Full model code is available at https://github.

com/ccgh-idd/cop-transvir-rsv and has been archived on Zenodo

(https://doi.org/10.5281/zenodo.21886967) (Supplementary Methods

Section 4).

Statistics & reproducibility
This study used a prospective observational household cohort design;

no statistical method was used to predetermine sample size, as the

cohort size (n = 342 participants, 52 households) was determined by

the pre-existing TRANSVIR study infrastructure rather than an a priori

power calculation for the present correlate-of-protection analysis.

After excluding duplicates, missing data, and samples without paired

IgG/IgA measurements, 926 serum samples from 342 individuals
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across 52 households were retained for analysis; a subset of 97 serum

and 97 mucosal samples was selected for live-virus neutralisation

testing to evenly span the distribution of antibody titre values. The

experiments were not randomised, as this is an observational cohort

study without an intervention. The investigators were not blinded to

allocation during experiments and outcome assessment, as no

experimental allocation was performed. Model convergence was

assessed using the Potential Scale Reduction Factor (all parameters

<1.1) and visual inspection of trace plots, and robustness of findings

was evaluated through sensitivity analyses varying PCR detection rate

assumptions (ρ = 1.0, 0.9, 0.8, 0.7) and exposure probability assump-

tions, as described above.

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
The anonymised individual-level data required to reproduce the ana-

lyses and fit the models are publicly available at https://github.com/

ccgh-idd/cop-transvir-rsv, with the analysis code additionally archived

on Zenodo (https://doi.org/10.5281/zenodo.21886967). Raw data from

the TRANSVIR study contain potentially patient-identifiable informa-

tion and are therefore not publicly available, in line with the terms of

ethical approval (LSHTMethics ref: LEOproject ID 22556;MRCGEthics

Committee) and participant consent. Access to these data may be

requested by contacting the corresponding author. Source data are

provided with this paper.

Code availability
The full model code used for Bayesian hierarchical modelling and

correlate of protection analyses is publicly available on GitHub

(https://github.com/ccgh-idd/cop-transvir-rsv) and has been archived

on Zenodo: https://doi.org/10.5281/zenodo.21886967.
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