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Abstract

Respiratory syncytial virus (RSV) infections are a major cause of bronchiolitis and pneumonia in infants and older adults, for which there is no
known correlate of protection. Increasing evidence suggests that Fc-mediated antibody effector functions have an important role, but little is
known about the development, heterogeneity, and durability of these functional responses. In light of future vaccine strategies, a clear view of
the immunological background and differences between various target populations is of crucial importance.

In this study, we have assessed both quantitative and qualitative aspects of RSV-specific serum antibodies, including IgG/IgA levels, 1gG sub-
classes, antibody-dependent complement deposition, cellular phagocytosis, and NK cell activation (ADNKA). Samples were collected cross-
sectionally in different age groups (11-, 24-, and 46-month-old children, adults, and older adults; n = 31-35 per group) and longitudinally following
natural RSV infection in (older) adults (2-36 months post-infection; n = 10).

We found that serum of 24-month-old children induces significantly lower ADNKA than the serum of adults (P < 0.01), which is not explained
by antibody levels. Furthermore, in (older) adults we observed boosting of antibody levels and functionality at 2-3 months after RSV infection,
except for ADNKA. The strongest decrease was subsequently observed within the first 9 months, after which levels remained relatively stable
up to three years post-infection.

Together, these data provide a comprehensive overview of the functional landscape of RSV-specific serum antibodies in the human population,
highlighting that while antibodies reach adult levels already at a young age, ADNKA requires more time to fully develop.
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Abbreviations: ADCD: antibody-dependent complement deposition; ADCP: antibody-dependent cellular phagocytosis; ADNKA: antibody-dependent NK cell
activation; ADCC: antibody-dependent cellular cytotoxicity; AU: arbitrary units; BSA: bovine serum albumin; FBS: fetal bovine serum; GFP: green fluorescent
protein; GMC: geometric mean concentration; gMFI: geometric mean fluorescence intensity; Hl: heat inactivated; IFN: interferon; Ig: immunoglobulin; iMFI:
integrated mean fluorescence intensity; NK: natural killer; PBMC: peripheral blood mononuclear cells; Post-F: postfusion F protein; Pre-F: prefusion F protein;
PRNT50: 50% plaque reduction neutralization test; PSG: penicillin/streptomycin/glutamine; RSV: respiratory syncytial virus; VN: virus neutralization.

Introduction

Respiratory syncytial virus (RSV) infections mostly result
in mild or asymptomatic disease, but especially in infants
and older adults, RSV may cause severe disease resulting in
hospitalization or even death. Worldwide, an estimated 3.2
million children <5 years of age and an estimated 336 000
older adults (>65 years of age) were admitted to the hos-
pital with an RSV-associated respiratory tract infection in
2015 [1, 2]. RSV re-infection in the absence of substantial
antigenic change is common even in healthy adults, which
is indicative of suboptimal immune protection upon natural

infection [3, 4]. Currently, options for prevention are limited
to the monoclonal antibody palivizumab or its recently ap-
proved successor nirsevimab, for use in (high-risk) infants
only [5-7]. Importantly, various vaccines aiming to pro-
tect vulnerable groups via vaccination of infants/children,
pregnant women, or older adults are in (late-stage) clinical
development and several have recently been approved for
marketing [8-10]. In light of the implementation and fu-
ture improvement of these first-generation RSV vaccines, it
is of pivotal importance to understand the immunological
mechanisms underlying protection and disease, including
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the potential differences in correlates of protection between
various target groups.

To date, correlates of protection for RSV disease remain
poorly defined. In the Dutch population, it has been shown
that mean RSV antibody levels remain stable from 5 up to 90
years of age [11]. Some studies show that high serum antibody
titers protect—mainly in older adults—against RSV disease
[12-14], while other studies do not show protection, even
with relatively high antibody titers [15-19]. These studies all
focus on either antibody binding or neutralization capacity.
However, in addition to neutralization, antibodies can me-
diate other, Fc-dependent, effector functions which may either
contribute to protection or play a role in pathogenesis. The
infamous 1960s formalin-inactivated RSV vaccine induced
poorly neutralizing antibodies, and it has been suggested that
these were involved in enhanced disease upon natural infec-
tion [20, 21]. In contrast, it has recently been shown that in
both non-human primates and humans, Fc-mediated anti-
body effector functions are important in protecting against
RSV infection [22, 23].

The most well-known Fc-mediated antibody effector func-
tions are antibody-mediated complement deposition (ADCD),
antibody-dependent cellular phagocytosis (ADCP), and
antibody-dependent cellular cytotoxicity (ADCC). An exten-
sive overview of these effector functions in the context of RSV
has been provided by van Erp et al. [24]. In short, the classical
complement pathway can be activated through the recogni-
tion of antibody-antigen complexes, resulting in the depos-
ition of among others complement factor C3b on pathogens
and infected cells (ADCD). Activation of the complement
cascade can lead to killing of the pathogen or infected cell
by the complement system itself, or through phagocytosis by
attracted immune cells. Antibodies can also be recognized dir-
ectly by immune cells expressing Fe-receptors, which can sub-
sequently phagocytose the opsonized pathogen or infected cell
(ADCP) or release granules with cytotoxic contents that kill
the infected cells (ADCC). Assays probing ADCC often use
antibody-dependent natural killer cell activation (ADNKA)
as a proxy for cytotoxicity.

To summarize, previous research has indicated that
Fc-mediated antibody effector functions likely play an im-
portant role in immunological protection from RSV infection.
However, limited information is available on the develop-
ment, heterogeneity, and durability of these functionalities
across the human population. In the current study, we have
assessed both quantitative and qualitative aspects of RSV-
specific serum antibodies (e.g. IgG/IgA binding titers, ADCD,
ADCP, ADNKA) cross-sectionally in different age groups
(11-, 24-, and 46-months, adults, and older adults; 7 = 31-35
per group) and longitudinally following natural RSV infec-
tion in (older) adults (2-36 months post-infection; 7 = 10).
Together, these data provide a comprehensive overview of
the functional landscape of RSV-specific serum antibodies
in the human population that will support further research
into much needed correlates of protection for this important
pathogen.

Methods

Ethics statement

Participants were included from a total of four clinical studies
performed in the Netherlands. For comparison between age
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groups, two studies with a primary aim of assessing pneumo-
coccal carriage in children of 11, 24, and 46 months of age
and parents (“OKIDOKI”) and one study of influenza vaccin-
ation in adults >60 years of age (“ILI”) were used (trialsearch.
who.int: NTR3614, NTR5405, NTR3386). These studies
were approved by the Medical Ethical Committee (METC)
Noord Holland. For longitudinal evaluation of antibody
functionality, the Immfact study was used (CCMO nr:
NL46795.094.13). This study was approved by the METC
Noord-Holland followed by management by the METC
MEC-U (Utrecht, the Netherlands).

Peripheral blood mononuclear cells (PBMCs) for NK cell
isolation for the ADNKA assay were obtained at the National
Institute for Public Health and the Environment (RIVM, the
Netherlands) from blood samples of healthy adult volun-
teers. Blood samples were processed anonymously and the
research goal, primary cell isolation, required no review by
an accredited Medical Research Ethics Committee (MREC),
as determined by the Dutch Central Committee on Research
involving human subjects (CCMO).

Written informed consent was obtained from all partici-
pants or their parents. This study was conducted according
to good clinical practice, which includes the provisions of the
Declaration of Helsinki.

Study design

To compare antibody effector functions between age
groups, serum samples were selected from 11- (n = 33), 24-
(n=31), and 46-month-old children (7 =35) and adults
(31-47 vyears; n=35) from the cross-sectional OKIDOKI
studies [25]. Samples were collected during the winter of
2012/2013, except for the 46-month-old samples which were
collected in the winter of 2015/2016 by repeated sampling
of the 11-month-old group from 2012/2013. Of note, the
selection used for this study contained paired samples for
only 13 participants. Exclusion criteria were known or sus-
pected immunodeficiency, craniofacial or chromosomal ab-
normalities, coagulation disorders, or use of anticoagulant
medication. Adults with a BMI > 35 were also excluded. In
addition, serum samples from the ILI study were selected
(265 years of age; 7 = 35). This study comprised a prospective
observational cohort study performed during the winter of
2012/2013 in older adults as previously described [26]. There
were no exclusion criteria for this study. None of the selected
participants had an ongoing RSV infection at the time of sam-
pling as determined by PCR on nasal swab samples. Sample
selection from all clinical cohorts for the purpose of this study
was based on availability of material, maintaining equal sex
ratios, equal distribution over the winter period and ages, and
negative PCR for RSV during sampling. The OKIDOKI and
ILI studies were conducted in parallel by design to allow for
combined analysis. Participant characteristics can be found
in Table 1.

To investigate the kinetics of RSV antibody functionality
post-infection, serum samples of the longitudinal Immfact
study were used [27]. Participants were included in this
study after symptomatic RSV infection for which a general
practitioner was consulted and serum samples were col-
lected 2-3, 9, 18, and 36 months post PCR-confirmed diag-
nosis from (older) adults (45-87 years; n = 10). Participants
were diagnosed with RSV in the winter of 2016/2017 and
longitudinal samples were collected from 2016 to 2020. In
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Table 1. Participant characteristics.

Age groups (cross-sectional)  Female (%) Mean age (range)

11 months (1 = 33) 7 (51%) 328 days (311-350)

24 months (1 = 31) 5 (48%) 735 days (704-757)

46 months (7 = 35) 18 (51%) 1379 days (1339 1449)

Adults (n = 35) 8 (51%) 37 years (31-4

Older adults (7 = 35) 8 (51%) 75 years (65— 88

Post-infection kinetics Female (%) Mean age (range)

(longitudinal)

RSV-confirmed adults and 7(70%) 61 years (45-87)
older adults (7 = 10)

Age-matched controls 7 (70%) 60 years (46-79)

(n=10)

the same study, samples from age-matched healthy adult
controls (46-79 years; n = 10) were collected in the years
2015,2018, and 2019. Exclusion criteria for this study were
being under sustained immunosuppressive therapy, having a
known primary or secondary immunodeficiency, and having
a bleeding disorder. Participant characteristics can be found
in Table 1.

Cells and viruses

THP-1 monocytic cells (ATCC TIB-202) were cultured in
ATCC-modified Roswell Park Memorial Institute (RPMI)-
1640 medium (30-2001; Gibco, Thermo Fisher Scientific,
Waltham) containing 2 mM L-glutamine, 10 mM HEPES, 1
mM sodium pyruvate, 4500 mg/l glucose, and 1500 mg/l so-
dium bicarbonate, supplemented with 10% heat-inactivated
fetal bovine serum (hiFBS; HyClone, Fisher Scientific), 1%
penicillin/streptomycin/glutamine  (PSG; cat#10378016,
Gibco), and 0.05 mM 2-mercapto-ethanol. Cells were cul-
tured at concentrations between 0.2 and 0.8 x 10° cells/
ml to maintain phagocytic activity of the cells. Vero cells
(ATCC CCL-81) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) supplemented with 5%
hiFBS and 1% PSG. All cells were cultured at 37°C and
5% CO,.

For NK cell isolation, peripheral blood from healthy adult
volunteers was collected in heparin tubes and the periph-
eral blood mononuclear cell fraction (PBMC) was obtained
by density gradient centrifugation (Lymphoprep; Alere
Technologies AS, Oslo). NK cells were purified from PBMCs
by negative selection using a CD56* NK cell isolation kit
(Miltenyi Biotec, Germany). Isolated NK cells were cultured
in RPMI supplemented with 10% hiFBS, 1% PSG, and 5 ng/
ml recombinant human IL-15 (Biolegend). Before use, NK
cells were rested overnight at a concentration of 1 x 10° NK
cells/ml at 37°C and 5% CO.,,.

Recombinant RSV-98-25147-X (RSV-A strain from the
Netherlands, 1998, here referred to as RSV-X; GenBank
FJ944820.1) encoding green fluorescent protein (GFP) was
propagated in Vero cells [28]. Virus stock was purified be-
tween layers of 10% and 50% sucrose by ultracentrifuga-
tion. The 50% tissue culture infective dose (TCID50) per ml
was determined on Vero cells using the Spearman and Karber

method [29].
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RSV-specific multiplex immunoassay

To quantify the concentration of RSV-specific IgG and IgA,
we performed a multiplex immunoassay following the previ-
ously described method [30]. Briefly, diluted serum samples
were incubated with RSV post-fusion F-, pre-fusion F-, or nu-
cleoprotein (N)-coupled beads. The captured antibodies were
then detected using a secondary R-phycoerythrin-labeled
F(ab’), goat anti-human IgG, Fcy fragment specific (Jackson
ImmunoResearch Laboratories) or R-Phycoerythrin F(ab’),
goat anti-human IgA (SouthernBiotech).

For IgG subclass quantification, we used mouse anti-human
IgG1 (Invitrogen | Thermo Fisher Scientific) and mouse anti-
human IgG3 Hinge (Invitrogen | Thermo Fisher Scientific)
as secondary monoclonal antibodies, followed by detection
using R-Phycoerythrin F(ab’), goat anti-mouse IgG, Fcy frag-
ment specific (Jackson ImmunoResearch laboratories).

Measurement of the samples was performed using a
Flexmap 3D (Luminex Corp.) in combination with xPONENT
4.3 (DiaSorin/Luminex). Serum antibody concentrations were
quantified in arbitrary units/mL (AU/ml) by interpolation
from a five-parameter logistic curve of an in-house reference
serum, using Bio-Plex Manager software version 6.2 (Bio-Rad
Laboratories, Hercules, CA, USA).

Virus neutralization (VN) assay

The virus neutralization assay was performed as described pre-
viously with a few adaptations [28]. Vero cells were seeded in
96-well plates one day prior to the neutralization assay. Heat-
inactivated sera were diluted in 3-fold serial dilutions starting
at 1:10 in DMEM supplemented with 2% hiFBS and 1%
PSG. Serum dilutions, or a mock control with no serum, were
mixed with an equal volume of RSV-X-GFP and incubated for
1 h at 37°C. Serum-virus mixtures were added to the Vero cell
monolayers in triplicate (50 pl/well) and incubated for 2 h.
Supernatant was removed and cells were overlayed with 1%
methylcellulose in DMEM with 1% hiFBS and PSG. After two
days of incubation, plaques were detected and counted with
a fluorescence EliSpot reader (AID Autoimmun Diagnostika
GmbH, Germany). Fifty percent plaque reduction neutraliza-
tion titers (PRNTS50) were calculated by nonlinear regression
analysis with PRISM (Graphpad), normalized to control wells
incubated with RSV without serum. Virus neutralization titers
were only measured in sera of the Immfact study due to limi-
tations in available sample volume for the OKIDOKI studies.

Antibody-dependent NK cell activation (ADNKA)
assay

Sterile ELISA plates (Immulon, Thermo Scientific) were
coated with 0.5 pg/ml recombinant post-F (strain A2, 11049-
V08B, Sino Biological) in 100 ul PBS, or coated without
antigen as negative control, and incubated overnight at
4°C. Subsequently, wells were blocked with 5% BSA. After
washing with PBS, 50 upl heat-inactivated serum (diluted
500x in PBS) was added to the wells and incubated for 2 h at
37°C. After incubation, 25 000 primary isolated NK cells in
RPMI (10% hiFBS, 1% PSG) were added per well, in com-
bination with brefeldin A (1:1000; BD Biosciences, New
Jersey) and anti-human CD107a-PerCP/Cy5.5 (clone H4A3;
Biolegend). This was incubated for 4 h at 37°C. After washing
with FACS bulffer, cells were stained for flow cytometric ana-
lysis. Extracellular staining was performed with anti-human
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CD3-FITC (clone UCHTT1; Biolegend), anti-human CD56-PE
(clone HCDS56; Biolegend), and fixable viability staining-
eFluor780 (Thermo Fisher Scientific). After fixing and per-
meabilization (fixation/permeabilization kit BD Biosciences),
cells were stained intracellularly with anti-human IFN-y-PE/
Cy7 (clone B27; Biolegend). Cells were resuspended in
FACS buffer and acquired on a FACS LSRFortessa X20 (BD
Biosciences). Data was analyzed with FlowJo software. NK
cells were gated as CD3-CDS56* cells. The gating strategy is de-
picted in Supplementary Fig. S1A. For each serum sample, re-
sults are expressed as the average percentage of CD107a + or
IFN-v+ NK cells from three different donors.

Antibody-dependent cellular phagocytosis (ADCP)
assay

A bead-based antibody-dependent phagocytosis assay
was adapted from Ackerman ef al. [31]. Recombinant
post-F (Flys-GCN4) produced in eukaryotic cells [32] was
biotinylated using a Sulfo-NHS-SS-Biotinylation kit according
to manufacturer’s instructions (Thermo Fisher Scientific).
Biotinylated post-F was coupled to 1.0 pm red fluorescent
NeutrAvidin beads (Thermo Fisher Scientific) in a ratio of
1 pg protein to 1 pL beads and incubated overnight on a
shaker at 4°C in the dark. Subsequently, beads were washed
and blocked with 2% BSA for 1 h at room temperature. The
antigen-coupled beads were then resuspended in PBS with
0.1% BSA to a concentration of 2.5 x 107 beads/ml. Using
a volume of 20 pl, 0.5 x 10° beads were added per well of a
96-well plate. Heat-inactivated serum, 1250x diluted in PBS,
was added 1:1 (v:v) to the antigen-coupled beads to a final di-
lution of 2500x and incubated for 2 h at 37°C. BSA-blocked
beads without antigen with positive control serum added were
used as negative control. After washing the beads twice with
PBS supplemented with 0.1% BSA, 25 000 THP-1 cells in
100 pl RPMI (10% hiFBS and 1% PSG) were added per well.
Cells were incubated with the serum-bead complexes for 1 h
at 37°C. After washing with FACS buffer, cells were stained
for flow cytometric analysis with fixable viability staining-
eFluor780 (eBioscience, San Diego). Cells were fixed in 1%
formaldehyde and acquired on a FACS LSRFortessa X20 (BD
Bioscience). Data was analyzed with Flow]Jo software. The
gating strategy is depicted in Supplementary Fig. S1B. Data
are reported as phagocytic scores (iMFI), calculated as the
percentage of bead-positive cells times the mean fluorescence
intensity (MFI) of bead-positive cells divided by 1000. Data
per sample are averaged from technical duplicates.

Antibody-dependent complement deposition
(ADCD) assay

A Dbead-based antibody-dependent complement deposition
assay was adapted from Fischinger et al. [33]. Biotinylated
post-F, as described for ADCP, was coupled to red fluorescent
NeutrAvidin beads and beads were brought to a concentra-
tion of 2.5 x 107 beads/ml as described above. 0.5 x 10° beads
were added per well to a 96-well plate. Heat-inactivated
serum was added 1:1 (v:v) to the beads to a final dilution
of 200x and incubated for 2 h at 37°C. BSA-blocked beads
without antigen with positive control serum added were used
as negative control. After washing with PBS with 0.1% BSA,
100 pL guinea pig complement (CL4051, Cedarlane labora-
tories, Burlington, Canada) diluted 1:25 in HBSS was added
to the beads. After 15 min incubation at 37°C, beads were
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washed with cold FACS buffer (PBS supplemented with 2
mM EDTA and 0.5% BSA) and stained with anti-guinea pig
complement C3-FITC (MP Biomedicals, Santa Ana) for 30
min. Samples were fixed in 1% formaldehyde and acquired
on a FACS LSRFortessa X20 (BD Bioscience). The geometric
mean fluorescence intensity (gMFI) of single beads was ac-
quired with Flow]Jo software. The gating strategy is depicted
in Supplementary Fig. S1C. Data per sample are averaged
from technical duplicates.

Optimization of Fc-effector function assays

Setting up the ADNKA, ADCP, and ADCD assays required
optimization of a variety of assay conditions including antigen
concentration, cell numbers, incubation time, and serum dilu-
tion. For example, the optimal serum dilution for each assay
was determined by performing a serial dilution range using
pooled serum of three healthy adult donors (Supplementary
Fig. S2).

Statistical analysis

Statistics were performed with GraphPad Prism version 9.3.
To assess differences between age groups, a non-parametric
Kruskal-Wallis test with Dunn’s multiple comparisons
test was performed. Correlations were assessed using the
non-parametric Spearman method.

For the longitudinal data, a non-parametric Mann—Whitney
test was performed to assess differences between controls
and the 2-3 months post-infection timepoint. A non-para-
metric Friedman test was performed to assess statistical dif-
ferences over the entire follow-up period. To compare decay
kinetics between antibody functions, data was normalized to
2-3 months post-infection. Subsequently, a two-way ANOVA
with Tukey’s multiple comparison was performed to deter-
mine significant differences for each timepoint between each
function.

Results

RSV seropositivity increases in the first years of life

To obtain a basic insight into the RSV antibody landscape
in our study population (Fig. 1A), we assessed RSV-specific
serum IgG and IgA levels using a bead-based multiplex im-
munoassay. In the 11-month-old group, approximately 53%
(17/32) of the children were seropositive for RSV, based
on post-F-specific IgG (Fig. 1B) and IgA (Fig. 1C) concen-
trations above a previously applied combined assay cut-off
value of 1 AU/ml and 0.2 AU/ml, respectively [34]. As ma-
ternal antibodies have largely waned at the age of 11 months
and IgA does not transfer across the placenta, these children
have likely experienced a primary RSV infection [11]. At 24
months of age, seropositivity increased to 77% (23/30) and
further increased to 94% (33/35) at 46 months of age. In the
adult and older adult groups, all participants were seroposi-
tive for RSV. N- and pre-F-specific IgG levels showed a similar
pattern (Fig. 1D-E), and pre-F-specific IgG levels correlated
strongly with post-F-specific IgG levels (Fig. 1F). The num-
bers of seropositive individuals per age group correspond well
with results from previous Dutch population studies [11, 34].

In line with the observed seropositivity, the geometric
mean concentration (GMC) of post-F-, pre-F, and N-specific
IgG antibodies and post-F-specific IgA antibodies in the
11-month-old group was significantly lower (Kruskal-Wallis,
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Figure 1. RSV-specific serum antibody levels in different age groups. RSV-specific serum IgG and IgA levels were measured with a multiplex
immunoassay in 11-month (n = 32), 24-month (n = 30), and 46-month-old children (n = 35), adults (n = 35), and older adults (n = 35). (A) Schematic
overview of the cross-sectional clinical study cohort used to assess differences between age groups. (B) Post-F-specific IgG levels. (C) Post-F-specific
IgA levels. (D) N-specific IgG levels. (E) Pre-F-specific IgG levels. (F) Correlation of pre-F and post-F-specific IgG levels for 24-month-old children (light
pink) and adults (teal). All data points represent individual participants, and geometric mean concentrations (GMCs) with 95% confidence intervals are
depicted. Data is analyzed by Kruskal-Wallis test and correlations are assessed using the Spearman method. # indicates statistical significance of at
least P < 0.01 compared to all other age groups. AU/ml, arbitrary units per milliliter; ns, not significant.

P <0.01) than the GMCs observed in the other age groups
(Fig. 1B-E). In addition, antibody levels were highly vari-
able in the 11-month-old group. No significant difference
in GMCs was observed between the 24- and 46-month-old,
adult, and older adult groups (Kruskal-Wallis test), although
there was an apparent decrease in the variability of antibody
levels from early childhood to adulthood. Compared to that
observed for RSV-specific IgG levels, post-F-specific IgA levels
appear to show a slightly higher variability within age groups.

As antibody subclass is an important determinant of
Fc-mediated effector functionality [24], we also assessed post-
F-specific IgG1 and IgG3 levels. IgG1 and IgG3 are more po-
tent in inducing Fc-mediated effector functions than IgG2 and
IgG4, where IgG3 is especially known to mediate ADNKA via
enhanced binding to FcyRIII [35]. We found that older adults
have a significantly higher IgG1/IgG3 ratio than children (Fig.
2A), which appears to be primarily due to a difference in IgG3
concentration. Whereas mean IgG1 levels did not differ be-
tween the age groups from 24 months of age onward (Fig.
2B), mean IgG3 levels decreased significantly as people age
(Fig. 2C).

Antibody-dependent NK cell activation is lower in
children compared to adults

Next, we assessed the capacity of RSV post-F-specific serum
antibodies to mediate ADNKA, ADCP by monocytes, and
ADCD (Fig. 3A). Even though approximately half of the
11-month-old children were seropositive for RSV, the geo-
metric mean percentage of activated NK cells, based on

CD107a surface expression, was only slightly elevated above
the negative control value (Fig. 3B). In addition, the 24- and
46-month-old children displayed significantly lower NK cell
activation compared to adults and older adults (P <0.01,
Kruskal-Wallis test), despite having comparable GMCs for
post-F-specific IgG. In contrast, no statistically significant dif-
ference in ADNKA was observed between adults and older
adults. Interestingly, we did observe considerable within-
group variation in ADNKA, even in adults and older adults
where post-F-specific IgG levels showed only minor variation.
Assessing ADNKA based on intracellular IFN-y expression
yielded highly similar results (Supplementary Fig. S3A).
Comparable to ADNKA, the 11-month-old group dis-
played only minor post-F-specific ADCP and ADCD (Fig. 3C
and D). Although there was no statistically significant dif-
ference between 24- and 46-month-old children, adults, and
older adults in the induction of ADCP and ADCD (Kruskal-
Wallis test), there did appear to be a slight trend toward lower
functionality in the younger age groups compared to adults.
Similar to ADNKA, considerable within-group variation
could be observed for ADCP and ADCD, which was espe-
cially pronounced in the 24-month-old group for ADCP.

Lower antibody-dependent NK cell activation in 24-
and 46-month-old children compared to adults is
not explained by antibody levels

The ADNKA assay revealed that serum from 24- and
46-month-old children induces significantly lower NK cell ac-
tivation compared to serum obtained from adults and older
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Figure 2. RSV-specific serum IgG subclasses in different age groups. Post-F-specific serum IgG subclass levels were measured with a multiplex
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Figure 3. Fc-mediated antibody effector functions in different age groups. (A) Schematic overview of the methods used to assess ADNKA, ADCRE, and
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significance of at least P < 0.01 compared to all other age groups. **P < 0.01; ***P < 0.001; ns, not significant. ADCD: antibody-dependent complement

deposition; ADCP: antibody-dependent cellular phagocytosis; ADNKA: antibody-dependent NK cell activation; gMFI: geometric mean fluorescence
intensity; HI: heat-inactivated; iIMFI, integrated mean fluorescence intensity; NK cells: natural killer cells.

adults while containing similar levels of post-F-specific IgG.
To assess whether the lower capacity to mediate antibody-
dependent NK cell activation of these sera is indeed not ex-
plained by lower antigen-specific IgG levels, we performed
correlation analyses. Fig. 4A shows that there is a statistically
significant positive correlation (Spearman) between post-F-
specific IgG levels and antibody-dependent NK cell activa-
tion for both 24-month-old children (r = 0.79, P < 0.001) and
adults (r = 0.72, P <0.001). However, for the adult samples

there is a clear skewing visible towards increased ADNKA
compared to 24-month-old children, which strongly sug-
gests that serum antibodies present in children indeed have
a lower capacity to mediate ADNKA despite similar con-
centrations. For ADCP there is a significant correlation with
post-F-specific IgG levels in 24-month-old children (r = 0.71,
P <0.001) but not adults (Fig. 4B), while the levels of ADCD
correlate with post-F-specific IgG levels both in 24-month-old
children (r = 0.79, P < 0.001) and adults (r = 0.71, P < 0.001;
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Fig. 4C). Notably, separation between 24-month-old children
and adults as observed for ADNKA is much less pronounced
for ADCP and ADCD. In 11- and 46-month-old children and
older adults, ADNKA, ADCP, and ADCD all show a mod-
erate to strong significant positive correlation with post-F-
specific IgG levels (Supplementary Fig. S4). Of note, no clear
separation can be observed for any of these functionalities
between adults and older adults.

To confirm the observed difference between antibodies
from children and adults in ADNKA using a different ap-
proach, we prepared serum pools from the 10 individuals
with the highest post-F-specific IgG levels in each age group
(“high”). Additionally, for adults and 24-month-old children,
we included a serum pool consisting of 10 (adults) or 8 (24M)
individuals with post-F-specific IgG levels around the GMC
(“middle”). The post-F-specific IgG levels of these pools were
measured with the multiplex immunoassay, to determine their
exact concentrations. Subsequently, a serial dilution range
was made for each pool to measure ADNKA. Fig. 5A clearly
shows that at the same concentrations both the “high” and
“middle” curves from the 24-month-old children are shifted
to the right compared to both of the adult curves, supporting
our previous result that on average post-F-specific antibodies
from 24-month-old children are weaker inducers of ADNKA
than those from adults. A pattern consistent with our pre-
vious findings is also seen for the other age groups (Fig. 5B).
ADNKA based on IFN-y levels showed the same pattern
(Supplementary Fig. S3B-C).

Antibody concentration and functionality show the
sharpest decline within the first 9 months post-
infection in (older) adults

Repeated infections with RSV throughout life, in the ab-
sence of substantial antigenic change, indicate that protective
immunity from this respiratory virus is short-lived. It has pre-
viously been shown using a human challenge model for RSV
that, following an initial boost, serum-neutralizing antibody
titers wane substantially within the first 6 months after in-
fection [19]. However, little is known about the durability of
Fc-mediated antibody effector functionality following RSV
infection. For this reason, we investigated the dynamics of

RSV-specific antibody quantity and functionality in a longitu-
dinal cohort of (older) adults up to three years post-infection
(Fig. 6A). From 10 individuals (45-87 years old) with PCR-
confirmed RSV infection, serum was collected at 2-3, 9, 18,
and 36 months post-diagnosis. In addition to measuring IgG
and IgA binding titers and Fc-functionality, virus neutraliza-
tion was assessed for these samples (Fig. 6A).

As can be seen in Fig. 6B, the GMC of post-F-specific
serum IgG at 2-3 months post-confirmed RSV infection is
significantly elevated compared to that of controls (P < 0.01,
Mann-Whitney test), supporting the notion that existing
antibody levels can be boosted by natural infection, even in
adults who have likely already experienced multiple infec-
tions throughout life. Over the course of 3 years, the GMCs
of post-F-specific serum IgG decline (P <0.001, Friedman
test), with the sharpest decrease observed within the first 9
months post infection, after which the GMCs remain rela-
tively stable. A similar pattern is observed for RSV N-specific
IgG (Supplementary Fig. S5A) and post-F- and N-specific
IgA (Supplementary Fig. SSB-C). Notably, the increase in
IgA levels 2-3 months post-infection is not as pronounced
as for IgG levels, which can be explained by the fact that
IgA has a shorter half-life [36] and levels may therefore have
already decreased by this time. Virus neutralization shows
a similar pattern as IgG levels, with an elevated titer com-
pared to controls at 2-3 months post-infection (P < 0.01)
and the sharpest decrease in titer within the first 9 months
post-infection (Fig. 6C).

We subsequently assayed the various Fc-mediated anti-
body effector functions in these serum samples. In contrast
to antibody levels and neutralization, ADNKA was not ele-
vated at 2-3 months post-infection compared to controls
and remained at approximately the same level from 2-3 to
36 months post-infection (Fig. 7A and Supplementary Fig.
SSD). This observation suggests that either ADNKA is not
boosted upon re-infection in (older) adults, or that consider-
able waning of this activity has already occurred before the
2-3 month time-point. Of note, one individual showed ex-
ceptionally high levels of ADNKA which did decrease slightly
between 9 and 18 months post infection. ADCP and ADCD
again showed a familiar pattern with elevated levels at 2-3
months post-infection compared to controls (P <0.01) and
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Figure 5. ADNKA titration curves of serum pools from different age groups. Serum pools were prepared from the 10 individuals with the highest post-F

specific IgG concentration for each age group (“high"”) as well as pools of the 1

0 (adults) or 8 (24M) individuals with post-F-specific IgG levels around the

GMC ("middle"). Post-F-specific IgG levels for each pool were measured with a multiplex immunoassay and ADNKA was assessed on a serial dilution

range of each pool. (A) ADNKA titration of 24-month-old “high"” (pink), 24-mont|

h-old “middle” (light pink), adults “high” (teal), and adults “middle” (light

teal) serum pools, with percentage of CD107a + NK cells as read-out. (B) ADNKA titration of 11-month-old “high” (purple), 46-month-old “high” (dark
pink), and older adults “high” (blue) serum pools, with percentage of CD107a + NK cells as read-out. The average of three healthy NK cell donors is
depicted. The curves are fitted based on a 4-parameter nonlinear regression model. The dotted lines indicate the level of the negative control. ADNKA:
antibody-dependent NK cell activation; AU/ml: arbitrary units per milliliter; GMC: geometric mean concentration; NK cells: natural killer cells.

the sharpest decrease within the first 9 months post-infection
(Fig. 7B—C). Finally, Fig. 7D depicts the geometric mean levels
of post-F-specific IgG concentration and the different anti-
body functionalities over time normalized to the 2-3 month
time-point, to provide an indication of their relative decay
kinetics. From this, it is evident that antibody concentration
and serum neutralization capacity show the steepest decrease
over time, followed by ADCD and ADCP, while ADNKA
hardly decreases in this time window.

Discussion

RSV vaccines targeting populations as diverse as infants, chil-
dren, pregnant women, and older adults are currently in (late-
stage) clinical development or have recently been approved
for marketing [8-10]. Furthermore, while most correlates of
protection studies only focus on antibody neutralization and
binding titers, it has recently been shown that Fc-mediated
effector functions likely play an important role in protection
against RSV infection in non-human primates and human
adults [22, 23]. To date, potential differences in RSV-specific
antibody effector functions between different target groups
have not been described, whereas such knowledge is piv-
otal for the rational development and improvement of (risk
group-specific) vaccines. In this study, we found that serum
antibodies of 24- and 46-month-old children induce signifi-
cantly lower ADNKA than those of (older) adults while ex-
hibiting a similar serum IgG concentration and ADCP/ADCD
capacity. Moreover, our longitudinal data indicated that
serum IgG levels and antibody functionality in (older) adults
can be boosted, but show a sharp decline within the first 9
months and then remain relatively stable up to 3 years post
infection, except for ADNKA which remains stable from 2-3
months up to 3 years post infection.

An inherent limitation to functional assays for ADNKA,
ADCP, and ADCD is the fact that they generally exhibit a
relatively limited dynamic range, as can be observed in
Supplementary Fig. S2. As measuring multiple serum dilutions
per sample is often practically not feasible and pre-adjusting

the concentration of the input material potentially introduces
additional variability, the limited dynamic range demands
careful selection of the optimal serum dilution for each assay.
In this study, the post-F-specific IgG concentrations fortu-
nately lie within a relatively narrow range for the majority
of samples (except for those of the 11-month-old children
which are considerably lower) allowing for the assessment
of functionality at a single dilution per assay. Additionally,
there is no apparent plateau visible in the correlation plots
of antibody concentration and functionality and the ADNKA
results of the serial dilutions of serum pools are in line with
the individual data, again suggesting that the functional meas-
urements indeed lie within the dynamic ranges of the assays.
However, we cannot completely rule out the possibility that
additional differences in functionality between groups can be
uncovered at other serum dilutions.

Previous research on SARS-CoV-2 showed an increased
capacity for ADCP in adults compared to children, while no
differences in ADCC were found [37]. Whereas the ADCP
assay was similar to the set-up we used, ADCC was deter-
mined as FcyRIIla activation on a reporter cell line. Since
these results contrast with our observations for RSV, it is im-
portant to note that these were primary SARS-CoV-2 infec-
tions in both adults and children. As RSV re-infections occur
frequently throughout life, adults have been exposed more
often than children [3] and a proportion of 4-year-old chil-
dren are also likely to have been infected at least twice [38].
Although there might be inherent immunological differences
between children and adults [39], the number of previous RSV
infections is likely one of the most important determinants
of differences in the RSV-specific antibody response between
these groups. A previous study with infants who had their pri-
mary RSV infection <1 year of age, showed that RSV-specific
serum ADCC capacity is increased upon secondary infection
[40]. Whether multiple re-infections result in an even further
increase in ADCC capacity was not investigated, but our data
suggest that this might be the case during childhood.

Repeated antigen exposure affects antibody function-
ality not only by increasing antibody concentration but also
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through antibody maturation [41]. One of the antibody char-
acteristics that is changed through maturation is avidity, the
multivalent binding strength between antigen and antibody.
RSV-specific antibody avidity is low after primary infection,
but increases upon re-infection [42]. Antibodies with in-
creased avidity are expected to be more effective in mediating
antibody effector functions. However, such an effect would
be expected for all effector functions, not limited to ADNKA
alone, and therefore likely does not solely explain the ob-
served increase in ADNKA in adults compared to children.
Another essential characteristic of antibodies is their sub-
class, with IgG1 and IgG3 being particularly adept in inducing
Fc-mediated effector functions. Notably, IgG3 is the most po-
tent inducer of ADCC but also has a relatively short half-life
[43]. Several studies by Wagner et al., show that primary RSV
infections lead to the induction of both IgG1 and IgG3, while
re-infections primarily enhance IgG1l and IgG2 responses
[44, 45]. Consistent with these findings, our results and ex-
isting literature show that children have higher IgG3 levels
compared to (older) adults, resulting in a lower IgG1/IgG3
ratio [46]. Thus, children possess a more optimal IgG subclass
ratio for inducing ADCC than adults. Nevertheless, our data

showed higher ADNKA in adults, indicating that other anti-
body characteristics might be more important in supporting
this functionality at advanced age.

Differential glycosylation of the IgG Fc-tail is another
antibody characteristic that is increasingly recognized for
its role in the regulation of Fc-mediated effector functions,
which affects the interaction of antibodies with Fc-receptors.
For example, afucosylated antibodies have an increased cap-
acity to bind to FcyRIIL, thereby inducing more ADCC than
fucosylated antibodies [47]. Galactosylation increases this
effect and, in addition, increases complement C1g-binding
and downstream complement activation [48]. In contrast,
sialylation has a slightly decreasing effect on FcyR binding
[48,49]. Repeated antigen exposure may modify glycosylation
patterns and thereby have an effect on antibody functionality
[50]. Moreover, several studies show an age-related effect on
total IgG glycosylation, especially galactosylation [51-53].
The percentage of fucosylated and agalactosylated anti-
bodies decreases from childhood to adolescence and whereas
fucosylation does not show a clear pattern, agalactosylated
antibodies increase again during adulthood. Notably, there is
much variability in glycosylation patterns between individuals
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and the age effect also differs between males and females
[52, 53]. Differential glycosylation in children and adults is
a possible explanation for our results, but more research on
RSV-specific antibody glycosylation in different age groups is
needed.

Finally, the position of the epitope to which antibodies
bind affects Fc-mediated effector functions by influencing
the positioning of the effector cell/molecule relative to the
target cell. For example, antibodies binding to epitopes closer
to the membrane are better inducers of ADCC and ADCD,
while binding to epitopes more distal from the membrane are
better inducers of ADCP [54]. However, because in our ex-
perimental set-up the antigen is bound to beads or plate in a
random orientation, we expect no influence of epitope pos-
ition in our assays.

In this study, we investigated antibody effector functions
using post-F as an antigen. Other important RSV surface

antigens are pre-F and the attachment protein G. It is cur-
rently unclear whether using a different RSV antigen would
yield different results. In their study, Bartsch et al. found a
lower Fc-mediated antibody functionality against the G
protein compared to post-F [22]. However, it is unclear to
what extent this finding relates to differences in antibody
concentrations as it has previously been suggested that post-F
and pre-F serum IgG have similar concentrations, whereas
G-specific serum IgG has a considerably lower concentration
[11]. Other studies investigating Fc-glycosylation patterns
found differences within individuals between antibodies spe-
cific for two HIV antigens, one influenza antigen, and bulk
antibodies [55] or between membrane-bound versus soluble
antigens [56]. It is not known whether Fc-glycosylation pat-
terns of antibodies targeting different RSV antigens differ as
well. However, as post-F has many shared epitopes with pre-F
and their IgG levels correlate strongly, we expect there will
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be no major differences in Fc-functionality between these
antigens. As F-specific antibodies seem to be most abun-
dantly present, these likely play the most important role in
determining Fc-mediated effector functions during RSV infec-
tion.

Whereas many studies only assess the levels of serum IgG,
the role of IgA during RSV infection cannot be neglected.
Especially in the mucosa, IgA is essential for virus neutraliza-
tion, and high nasal IgA titers are a better correlate of protec-
tion than serum IgG [19, 57]. Similar to IgG, IgA can mediate
Fc-effector functions through binding to Fca receptors pre-
sent on e.g. monocytes, macrophages, and neutrophils [36].
Importantly, secreted IgA, mostly present in the mucosa, is less
efficient in inducing Fc-mediated antibody effector functions
than serum IgA [58]. Although most research on IgA effector
functions concerns tumor immunology, it has previously been
shown that SARS-CoV-2-, HIV-, and influenza virus-specific
IgAs are able to activate neutrophils [58-62]. For RSV, it has
been demonstrated in vitro that palivizumab-IgA induces lysis
through ADCC by neutrophils better than palivizumab-IgG
[63]. However, additional iz vivo experiments with FcaRI
transgenic mice showed that the IgA protection against RSV
infection was independent of Fc-receptor interaction [63]. No
other studies have looked at RSV-specific IgA in the context of
Fc-mediated effector functions, so its role in RSV disease re-
mains to be elucidated. Of note, however, the sera assessed in
the current study contain RSV-specific IgA which potentially
contributes to the observed effector functions.

The current study design does not allow for an investiga-
tion of correlates of protection for RSV. Previously however,
ADCC was shown to exert protective effects in several viral
infections, e.g. for SARS-CoV-2, HIV, and influenza virus [64—
67], but may also worsen disease by an overactive immune
response, as seen for influenza virus [68, 69]. During RSV in-
fection, NK cells may help fight the infection through cyto-
toxicity and by attracting other immune cells. However, later
during infection, NK cells may worsen disease by an excessive
response, contributing to lung damage (reviewed in [70]). We
previously showed that serum of infants with an acute se-
vere respiratory viral infection (including RSV) induces less
ADNKA compared to uninfected controls [71]. Additionally,
Bartsch et al. show that Fc-mediated antibody effector func-
tions, especially ADCP, but also ADCC, associated with pro-
tection from RSV infection after vaccination in adults [22].
These studies suggest that sufficient induction of ADCC is
indeed important to decrease the severity of RSV disease. It
should be noted that not only antibody-mediated mechan-
isms, but also RSV protein-specific memory T-cell responses
have a protective role against the severity of RSV disease
and viral load, as was shown in a controlled human infec-
tion model [72]. Our data do not reveal a difference between
adults and older adults in functional antibody responses. The
increased susceptibility of older adults to severe RSV disease
may therefore be explained by deficits in other immune com-
partments, such as innate or T cells. Further research is neces-
sary to define the relative role of various immune mechanisms
in protection against RSV infection and disease.

Our longitudinal data showed that ADNKA remains stable
from 2 to 3 months up to 3 years post-infection in adults.
A possible explanation for this observation is that ADNKA
capacity is not boosted in adults upon re-infection or, alter-
natively, is boosted but decreases again very rapidly, before
the 2-3 months timepoint. In line with the latter explanation,
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Kaul et al. show that ADCC drops one month after primary
RSV infection in infants <1 year of age [40] and Meguro et
al. show that ADCC peaks already 10 days post-infection in
infants, with a rapid decline over time [73]. In studies with
other viruses, it is also shown that ADCC-inducing antibodies
decline rapidly after infection or, with no knowledge of prior
infection, remain stable over time. For SARS-CoV-2, a quick
decrease in ADNKA is described between 1 and 4-8 months
post-infection [74]. Pre-existing ADCC-mediating influenza
antibodies remain stable over time for at least 6 months [75],
similar to our observations for RSV.

Other longitudinal RSV studies have mainly focused on
antibody concentrations and neutralization titers. Our data
align well with previous research, in which participants were
followed up to a year post-RSV infection. Blunck et al. found
that RSV neutralization titers remain stable for at least half a
year in uninfected individuals [76]. Furthermore, they showed
that in acutely infected individuals neutralization titers in-
crease, and then stay stable for at least 4 months. Multiple
studies demonstrate that one month after RSV infection in
adults serum neutralization titers have increased, but 6-12
months later they have decreased to almost baseline again
[13, 19, 77]. A downside of our study design is the lack of
a baseline sample and relatively late sampling of the first
timepoints. For this reason, additional studies (e.g. controlled
human infection models) are necessary to specifically unravel
the boosting and decay of antibody Fc-mediated effector
functions at early timepoints after infection.

In conclusion, we found that similar to antibody levels, the
elevation of the functional RSV-specific antibody response
is of limited duration, providing a possible explanation for
frequent re-infections. Additionally, our study yielded novel
insights into the differences between children and adults in
functional antibody responses, which warrant further investi-
gations to define their role in protection, taking into account
potential differences between risk groups which might require
a tailored approach to vaccination. Different vaccine adju-
vants have previously been shown to steer the production of
antibodies with different functionalities [78, 79]. While this
provides opportunities for rational vaccine design, more re-
search is needed to fully understand the factors underlying
the regulation of antibody quality. A thorough understanding
of antibody functionality in individual risk groups is essential
for future vaccine strategies for both infants and older adults.
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