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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, IgG 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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Graphical Abstract 

Keywords: antibodies, anti-viral immunity, phagocytosis, complement, cytotoxicity
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 �uorescent 
protein; GMC: geometric mean concentration; gMFI: geometric mean �uorescence intensity; HI: heat inactivated; IFN: interferon; Ig: immunoglobulin; iMFI: 
integrated mean �uorescence 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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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 FcγRIII [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-γ 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 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.
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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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Figure 2. RSV-specific serum IgG subclasses in different age groups. Post-F-specific serum IgG subclass 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) Post-F-specific 
IgG1/IgG3 ratio. (B) Post-F-specific IgG1 levels. (C) Post-F-specific IgG3 levels. All data points represent individual participants, and geometric mean 
concentrations (GMCs) with 95% confidence intervals are depicted. Data is analyzed by Kruskal–Wallis test. # indicates statistical significance of at 
least P < 0.01 compared to all other age groups. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. AU/ml, arbitrary units per milliliter.
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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, ADCP, and 
ADCD in serum from 11-month (n = 33), 24-month (n = 31), and 46-month-old children (n = 35), adults (n = 35), and older adults (n = 35). (B) ADNKA 
with percentage of CD107a + NK cells as read-out; the average of three healthy NK cell donors is depicted for each participant. (C) ADCP by THP-1 
cells with phagocytic score as read-out; data for each participant consists of the average of technical duplicates. (D) ADCD with gMFI as read-out; data 
for each participant consists of the average of technical duplicates. The dotted lines indicate the level of the negative control. All data points represent 
individual participants and geometric means with 95% confidence intervals are depicted. Data is analyzed by Kruskal–Wallis test. # indicates statistical 
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; iMFI, integrated mean fluorescence intensity; NK cells: natural killer cells.
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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-γ 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. S5B–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. 
S5D). 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 4. Correlation analysis between serum IgG levels and antibody functionalities for 24-month-old children and adults. Post-F-specific serum IgG 
levels and ADNKA, ADCP, and ADCD were determined for the 24-month-old group (light pink, n = 30) and adults (teal, n = 35). Correlations are shown 
between post-F serum IgG levels and ADNKA measured as percentage CD107a + NK cells (A), ADCP by THP-1 cells (B), and ADCD (C). Dotted lines 
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activation; AU/mL, arbitrary units per milliliter; gMFI, geometric mean fluorescence intensity; iMFI, integrated mean fluorescence intensity; NK cells, 
natural killer cells.
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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 FcγRIIIa 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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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 10 (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-month-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.
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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 IgG1 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 FcγRIII, thereby inducing more ADCC than 
fucosylated antibodies [47]. Galactosylation increases this 
effect and, in addition, increases complement C1q-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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Figure 6. Serum antibody and neutralization titer kinetics post RSV infection. (A) Upper panel: schematic overview of the longitudinal clinical study 
cohort to assess antibody kinetics 2–36 months post-RSV infection in (older) adults (47–87 years old, n = 10). Lower panel: schematic representation of 
workflow for virus neutralization assay. (B) Post-F-specific serum IgG concentrations measured with a multiplex immunoassay in controls (n = 10) and 
convalescent individuals following RSV infection over time. (C) Virus neutralization titers in controls and convalescent individuals following RSV infection 
over time. Each line represents a unique individual, dark lines indicate the geometric mean of all participants. Light grey dots represent individual 
age-matched controls, dark grey dots represent the geometric mean level of the control samples. Differences between controls and 2–3 months post-
symptom onset was assessed with a Mann–Whitney test. Differences over the complete follow-up time post-infection were assessed with a Friedman 
test. **P < 0.01; ***P < 0.001. AU/ml, arbitrary units per milliliter; PRNT50, 50% plaque reduction neutralization test.
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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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Figure 7. Fc-mediated antibody effector function kinetics post RSV infection. Serum Fc-functionality was assessed in longitudinal samples taken from 
(older) adults (n = 10) at 2–3, 9, 18, and 36 months post-RSV infection and from age-matched healthy controls (n = 10). Shown are antibody functions of 
samples for each timepoint, as indicated, assessed by (A) ADNKA with percentage of CD107a + NK cells as read-out, the average of three healthy NK 
cell donors is depicted for each participant; (B) ADCP by THP-1 cells with phagocytic score as read-out, data for each participant consists of the average 
of technical duplicates; (C) ADCD with geometric mean fluorescent intensity as read-out, data for each participant consists of the average of technical 
duplicates. The dotted lines indicate the level of the negative control. Each line represents a unique individual, dark lines indicate the geometric mean of 
all participants. Light grey dots represent individual age-matched controls, dark grey dots represent the geometric mean level of the control samples. 
Differences between controls and 2-3 months post-symptom onset was assessed with a Mann-Whitney test. Differences over the complete follow-up 
time post-infection were assessed with a Friedman test. (D) Overview of decay kinetics for antibody concentration and functionality normalized to 
2-3 months post-infection with 95% confidence interval. A two-way ANOVA with Tukey’s multiple comparisons test was used to assess statistical 
significance of the difference in kinetics between antibody functions. Significance is indicated when there was a statistically significant difference for 
each timepoint between the two compared functions. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. ADNKA, antibody-dependent NK cell 
activation; ADCP, antibody-dependent cellular phagocytosis; ADCD: antibody-dependent complement deposition; gMFI: geometric mean fluorescence 
intensity; iMFI: integrated mean fluorescence intensity; NK cells: natural killer cells; VN: virus neutralization.
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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 Fcα 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 in vivo experiments with FcαRI 
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, 

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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