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Background. Mucosal antibodies play a critical role in preventing SARS-CoV-2 infections or reinfections by blocking the
interaction of the receptor-binding domain (RBD) with the angiotensin-converting enzyme 2 (ACE2) receptor on the cell
surface. In this study, we investigated the difference between the mucosal antibody response after primary infection and vaccination.

Methods. We assessed longitudinal changes in the quantity and capacity of nasal antibodies to neutralize the interaction of RBD
with the ACE2 receptor using the spike protein and RBD from ancestral SARS-CoV-2 (Wuhan-Hu-1), as well as the RBD from the
Delta and Omicron variants.

Results.  Significantly higher mucosal IgA concentrations were detected postinfection vs postvaccination, while vaccination
induced higher IgG concentrations. However, ACE2-inhibiting activity did not differ between the cohorts. Regarding whether
IgA or IgG drove ACE2 inhibition, infection-induced binding inhibition was driven by both isotypes, while postvaccination
binding inhibition was mainly driven by IgG.

Conclusions. Our study provides new insights into the relationship between antibody isotypes and neutralization by using a
sensitive and high-throughput ACE2 binding inhibition assay. Key differences are highlighted between vaccination and
infection at the mucosal level, showing that despite differences in the response quantity, postinfection and postvaccination

ACE2 binding inhibition capacity did not differ.
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The COVID-19 pandemic, caused by the introduction of
SARS-CoV-2 in an immunologically naive population, has
provided a unique opportunity to study de novo immune re-
sponses induced by infection or vaccination. Most immuno-
logical studies on SARS-CoV-2 to date have focused on
serum antibodies and not mucosal antibodies. Mucosal anti-
bodies play a critical role in preventing SARS-CoV-2 infec-
tions and reinfections, by blocking the interaction of the
receptor-binding domain (RBD) on the viral spike protein
with the angiotensin-converting enzyme 2 (ACE2) receptor
that is expressed on the surface of host cells [1-4].
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Given the key role of mucosal antibodies in providing a first
line of defense against infection, improved knowledge about local
antibody concentration and function could provide important in-
sights into interrupting SARS-CoV-2 transmission [1, 5, 6]. We
and others have shown that SARS-CoV-2 infection generates a
strong mucosal antibody response against the spike protein,
which is not always correlated to the serum response [5, 7-9],
and that early induction of such antibodies is associated with fast-
er symptom resolution and lower viral loads as compared with
later development of mucosal antibodies [5, 10]. Several studies
have demonstrated that SARS-CoV-2 infection induces mucosal
antigen—specific B cells [7, 11, 12], suggesting that mucosal anti-
bodies are produced locally. Although studies have found that
COVID-19 vaccination also induces mucosal IgG to the spike
protein [11, 13], nasal IgG after parenteral vaccination is likely
not due to local production but primarily the result of active
transport of serum IgG via the neonatal Fc receptor [11].

The composition of the immune response and its capacity to
neutralize SARS-CoV-2 may differ after infection or vaccination.
This has not been extensively investigated, largely because muco-
sal specimens are difficult to analyze in the plaque reduction neu-
tralization test (PRNT) because of lower antibody concentrations
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as compared with serum. In this study, we compared the mucosal
antibody response after primary infection or after primary vacci-
nation with the Spikevax vaccine (mnRNA-1273; Moderna). We
used a multiplex bead-based approach to assess and compare
longitudinal changes in the quantity and neutralizing capacity
of mucosal antibodies against ancestral SARS-CoV-2 (Wuhan-
Hu-1), as well as Delta and Omicron BA.1 RBD. Moreover, we
analyzed and compared how the relationships between antibody
concentration and ACE2 inhibition capacity vary between infection
and vaccination.

METHODS

Cohort Description

To investigate the differences between infection- and
vaccination-induced mucosal antibody responses, we used
clinical data and samples from 2 cohorts—henceforth, the “in-
fection” and “vaccination” cohorts. All participants signed an
informed consent form before participating.

The infection cohort consisted of individuals who participated
in the MuCo study (ClinicalTrials.gov NCT04590352) [5].
Conducted during the first COVID-19 wave between March
and April 2020, this study included 50 hospital workers with a po-
lymerase chain reaction-confirmed SARS-CoV-2 infection and
their household members. In the current analysis, we only includ-
ed cases who tested positive by polymerase chain reaction at study
start (n = 84, 82%) or had a positive serology test result at 28 days
after study start (n = 19, 18%). Nasal mucosal lining fluid (MLF)
was obtained by nasosorption at study start, at 7 and 28 days, and
at 9 months after study start. COVID-19 vaccines were not yet
available during this study period.

The vaccination cohort included participants from the
RECOVAC immune response study, a prospective and con-
trolled multicenter study designed to investigate the immuno-
genicity and safety of COVID-19 vaccination in patients with
kidney disease or kidney transplantation who received 2 vacci-
nations between 24 February and 8 April 2021
(ClinicalTrials.gov NCT05030974) [14]. For the current analy-
sis, we included samples from the control group, representing
individuals without known kidney disease (n = 46). All partic-
ipants had no measurable serum antibodies against the nucle-
ocapsid protein (N serology) at study start and at 28 days.
One individual had a positive N serology at 6 months and
was excluded from analysis at this time point. All participants
were vaccinated with 1 dose of Spikevax at study start and again
at 28 days after study start. MLF was obtained at study start,
28 days after study start, and at 28 days and 6 months after
the second vaccination.

To compare mucosal antibodies between the cohorts, this
study focused on the samples collected at study start, at
28 days after infection or second vaccination (+28D), and at
the 6- or 9-month follow-up time points.

MLF Preparation

The method of MLF sampling and elution has been described
short, a nasal
(Nasosorption FX-i; Hunt Developments) was inserted gently

previously [5]. In sampling device
into the nose, after which a finger was pressed against the nos-
tril for 60 seconds. MLF strips were frozen immediately after
collection and stored at —80 °C until elution for the infection
cohort and at —20 °C for the vaccination cohort.

Antibody Quantification

Antibodies in MLF were quantified with a bead-based multiplex
immunoassay (MIA), as described previously [5]. The following
antigens were conjugated to Luminex MagPlex beads 02, 24, 60,
28, and 45, respectively: Wuhan-Hu-1 trimeric spike (D614G
mutant; ExcellGene), Wuhan-Hu-1 Nucleocapsid-His recombi-
nant (Sino Biologicals), Wuhan-Hu-1 RBD (ExcellGene), Delta
RBD (L452R/T478K; Sino Biologicals), and Omicron BA.1
RBD (B.1.1.529/Y508H; Sino Biologicals). MLF samples were
thawed, heat-inactivated at 56 °C for 1 hour, and incubated in
a dilution of 1:5 with the antigen-coated beads at room temper-
ature. Following a 45-minute incubation, the beads were washed
and incubated in a 1:200 dilution with phycoerythrin-conjugated
goat anti-human IgG or IgA (Southern Biotech) for 20 minutes
and washed again twice. Samples were measured on the Luminex
machine with Flexmap 3D and xPONENT software. MFI values
were converted to binding antibody units (BAU) by arbitrarily
assigning the reference serum (calibrated to the World Health
Organization’s International Standard [15]) a starting concen-
tration of 1000 BAU/mL for IgG and IgA. Dilution factors of 3
and 2 for the reference serum were used for IgG and IgA, respec-
tively. Samples were interpolated to the IgA or IgG standard
curve with a log 5-parameter logistic regression and log-log
axis transformation by BioPlex Manager 6.2 software (Bio-Rad
Laboratories), and exported to RStudio.

ACE2 Binding Competition Assay

To assess the neutralizing capacity of the MLF samples, we es-
tablished an in-house ACE2 binding competition assay based
on the ACE2-RBD assay by Junker et al [16]. The same antigen-
conjugated magnetic beads that were used in the MIA were vor-
texed and sonicated before preparation of a bead solution of
2000 beads/25 pL (8 X 10E4 beads/mL) in assay buffer, with
500 beads/25 puL used per analyte. In a 96-well plate setup,
25 pL of beads were mixed with 25 pL of MLF sample and in-
cubated for 30 minutes at room temperature. Subsequently,
25 pL of human recombinant (His-Tag) biotinylated ACE2
protein dilution (Sino Biological; corresponding to 0.25 mg/
mL) was added and incubated for 20 minutes at room temper-
ature. For quality control, 2 wells containing only buffer and
3 wells containing the same quality control sample of pooled
serum from individuals with confirmed recent infection in
the Omicron era were added to each plate. Based on the assay
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by den Hartog et al [17], a 10-point dilution of an in-house
standard was added to each plate, consisting of pooled serum
from infected and vaccinated individuals, and calibrated to
the World Health Organization’s International Standard [15].
Samples were measured by the MIA method described previ-
ously. A unit of inhibiting arbitrary units per milliliter (IAU/
mL) was calculated by the same method as the MIA, and values
were exported to RStudio.

To compare the ACE2 binding inhibition assay with the
PRNT [18], serum samples were selected from participants in
the RECOVAC study that were previously measured by
PRNT (n=74 [14]). These samples were also measured in
the ACE2 binding inhibition assay and showed high correlation
with the PRNT, with an R > 0.9 for all variant combinations ex-
cept RBD Omicron (R = 0.82; Supplementary Figure 1).

Statistical Analysis

All analyses were performed in RStudio version 2022.02.1 with
R software version 4.1.3 [19]. Data wrangling and statistical
analyses were performed with the dplyr, tidyr, Imer, and Ime4
packages, and the ggplot and patchwork packages were used
for data visualization. Samples with a value below the lower limit
of detection for a particular analyte were manually assigned a
value of 0.5 times the lowest measurable value for that analyte.
Samples with a value above the limit of detection for a particular
analyte were remeasured in a higher dilution (1:80 and 1:1200).
When a sample was measured more than once, the mean of the
value was used for data analysis.

Differences between paired time points were calculated by
the nonparametric two-tailed Friedman test with Dunn post-
hoc testing and Bonferroni adjustment for multiple testing.
Differences between cohorts were calculated with the two--
tailed Wilcoxon rank sum test. Correlations were calculated
with a Spearman rank correlation. Statistical parameters, such
as the sample sizes, measures of distribution, and P value
thresholds for significance, are reported directly in the figures
and figure legends. The significance threshold was set at a cor-
rected P value <.05.

To estimate the effect of virus antigen-specific IgA and IgG
antibodies on ACE2 binding inhibition over time, we con-
structed a random intercept mixed-effects model. We speci-
fied a separate model per cohort and per variant-antigen
combination. IgA and IgG BAU/mL values were separately
scaled from 0 to 1 to enable comparison of the isotype-specific
effects. Besides antibody concentrations, the model included
study day and age as explanatory variables, which were in-
cluded after univariate analysis showed a significant effect
on ACE2 binding inhibition, and participant identification
as a random effect.

The formula for the model, in R notation, was as follows:

ACE2 binding inhibition ~ IgA_scaled + IgG_scaled
+ Study day + Age + (1]|ID)

To evaluate the goodness of fit of the model, the predicted
ACE2 inhibition activity was plotted, and the Akaike informa-
tion criterion (AIC) of the final model and univariate models
was compared. Furthermore, the normality and variation of
the residuals and homoscedasticity of the data were examined
with the R performance package. Estimates for the covariates,
as well as 95% Cls and P values (Satterthwaite approximation
to degrees of freedom), were extracted and plotted, and the
AIC and residual ranges of the final models were reported.

RESULTS

Cohort Description

This study includes participants from two cohorts. The infec-
tion cohort consisted of 103 confirmed cases with mild
SARS-CoV-2 infection. The median age of the infection cohort
was 41 years (IQR, 20-52) and 58% was female. A more com-
plete description of the infection cohort was published previ-
ously [5]. The vaccination cohort included 46 individuals
(59% female). Participants were defined as being noninfected
before and during the study by having a serum antibody re-
sponse against the nucleocapsid protein <19.7 arbitrary
units per ml(AU/mL) [17]. The median age of the vaccination
cohort was significantly higher than that of the infection cohort
(56 years [IQR, 49-65], P =.009¢e-6; Supplementary Figure 2).

Comparable ACE2 Binding Inhibition Between Vaccinated and Infected
Individuals

To assess the capacity of mucosal antibodies to inhibit binding
of viral antigens to ACE2, we measured ACE2 binding inhibi-
tion in MLF samples for Wuhan-Hu-1 spike and for
Wuhan-Hu-1, Delta, and Omicron RBD. Wuhan-Hu-1 was
the circulating virus at the time of the infection study and is in-
corporated into the Spikevax vaccine. Delta and Omicron were
included to analyze the immune response against variants of
concern (VOCs). At baseline, the ACE2 binding inhibition
was higher in the infection cohort against all but the
Omicron variant, as these samples were collected at 2 to 12
days after the onset of symptoms. Consequently, the infection
cohort showed more variable increases when compared with
the vaccination cohort (Supplementary Figure 3 [5]). Both co-
horts had a rapid and significant increase in ACE2 binding
inhibition after baseline at the early sampling time points: at
7 days postinfection and at 28 days after the first vaccination
dose (Figure 1). ACE2 binding inhibiting activity peaked at
28 days after infection/second vaccination (+28D) and signifi-
cantly decreased for all viral antigens at the follow-up time
point (ie, 6 or 9 months). In the infection cohort at 9 months
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Figure 1. ACEZ2-inhibiting activity of mucosal antibodies increases shortly after infection and vaccination but wanes over time. ACE2 binding inhibition levels (log;q IAU/mL)
against the ancestral Wuhan-Hu-1 S and RBD, as well as the Delta and Omicron RBDs, at different time points. Infection cohort: study start and 7 days, 28 days, and 9 months
after. Vaccination cohort: study start, moment of second vaccination (28 days after first), and 28 days and 6 months after. The geometric mean of each cohort is depicted as a
solid line and black solid dot with the verticle line as the 95% confidence interval. Differences over time are measured by the Friedman test with post hoc Dunn test. *P < .05.
**P< 01. ***P<.001. ACE2, angiotensin-converting enzyme 2; AU, inhibiting arbitrary units; RBD, receptor-binding domain.
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postinfection, ACE2 binding inhibition was not significantly
different anymore from baseline activity for all the viral antigens
(P=.059 for Wuhan-Hu-1 S). In the vaccination cohort at 6
months after the second vaccination, ACE2 binding inhibition
of Wuhan spike (Wuhan-Hu-1 S) and Delta RBD was still signif-
icantly elevated as compared with baseline (P=.003 and
P =.022, respectively; Figure 1). The peak ACE2 binding inhibi-
tion activity at +28D was not significantly different between the
cohorts, except for Wuhan-Hu-1 S, which was higher in the vac-
cination cohort (P =.0025; Supplementary Figure 4A). At the
follow-up time points, no statistically significant differences
were found between the cohorts (Supplementary Figure 4B).

Infection and Vaccination Induce Distinct Mucosal Antibody Responses

To determine whether mucosal IgA or IgG are induced by
SARS-CoV-2 infection or vaccination, we quantified the con-
centrations of SARS-CoV-2 antigen-specific IgG and IgA in
the MLF samples of all participants. Again, we observed higher
concentrations of IgG and IgA at study start for the infection
cohort (Supplementary Figure 5). IgG generally revealed a
similar pattern to the ACE2 binding inhibition capacity. Both
cohorts showed a significant increase over baseline against all
antigen-variant combinations (Figure 2A). Although antibody
concentrations in both cohorts significantly waned from 28
days to 6 and 9 months, their mucosal IgG antibody concentra-
tions were significantly higher than baseline for all antigen-
(P<.001). Infection significantly
induced IgA antibodies against all antigen-variant combina-

variant combinations

tions, which remained elevated up to 9 months. In contrast,
vaccination did not result in significant increases, except for
Wuhan-Hu-1 S and Delta RBD (Figure 2A). Likewise, although
peak IgG concentrations in the vaccination cohort were signifi-
cantly higher for all variants vs the infection cohort, an opposite
pattern was observed for IgA, with higher peak concentrations
in the infection cohort (Figure 2B). This pattern was main-
tained at the later time points (Figure 2C).

Type of Primary Exposure Determines Underlying Mechanisms
of ACE2 Inhibition

To investigate the relationship between mucosal antibody con-
centrations and ACE2 binding inhibition, we correlated the anti-
body responses with the ACE2 binding inhibition values. For both
cohorts, IgG and IgA concentrations showed significant positive
correlations with ACE2 binding inhibition. Interestingly, many
participants in the infection cohort demonstrated high ACE2 in-
hibition capacity at low IgG concentrations, suggesting that other
antibody classes contribute to neutralization. Indeed, in the infec-
tion cohort, ACE2 inhibition correlated stronger with IgA than
with IgG (R = 0.09-0.65 for IgG and R = 0.40-0.81 for IgA;
Figure 3A). Vaccination-induced ACE2 binding inhibition was
most strongly correlated with IgG (R = 0.82-0.95 for IgG and
R = 0.51-0.87 for IgA; Figure 3A).

We know that other factors contribute to the variation in
ACE2 binding inhibition, such as time since exposure and
age of the participant. To assess the contribution of antibody
isotype to ACE2 inhibition while correcting for the influence
of age and time, we performed a linear mixed-effects model
per cohort and variant. In this model, ACE2 inhibition was
the outcome, and study day, age, and the scaled IgA and
IgG concentrations were covariates. The predictions from
this linear model fitted well with the observed data, although
the out-of-range values were not predicted as well and in-
creased the AIC (Supplementary Figure 6A and 6B and
Supplementary Table 1). We observed that for both cohorts
the quantity of IgG and IgA had a significant and positive effect
on the ACE2-inhibiting capacity. After infection, mainly IgA
contributes to ACE2 inhibition. This IgA dominance becomes
more prominent against the VOCs, with IgA having a larger ef-
fect on ACE2 inhibition than IgG in Delta and Omicron
(Figure 3B). Conversely, ACE2 inhibition was mostly driven
by IgG in the vaccination cohort, against the ancestral variant
and the VOCs.

DISCUSSION

Blocking the interaction of SARS-CoV-2 with the ACE2
receptor is an essential function of mucosal antibodies to
prevent or reduce SARS-CoV-2 infection and replication
[1, 20, 21]. Differences in functionality between infection-
and vaccination-induced mucosal antibodies have not been
extensively investigated. We compared the mucosal antibody
response after primary infection and primary vaccination.
Although ACE2-inhibiting activity did not differ between the
infection and vaccination cohorts, we found that infection in-
duced higher mucosal IgA at 28 days and at 6 or 9 months.
Importantly, we show that how mucosal antibodies neutralize
SARS-CoV-2 differs by the type of primary exposure. After cor-
recting for age and time points, infection-induced ACE2 bind-
ing inhibition was mainly driven by mucosal IgA, while
postvaccination this was mostly mucosal IgG.

Our cohorts consisted of individuals exposed to the
Wuhan-Hu-1
Consequently, we observed lower responses toward the

strain by vaccination or by infection.

Omicron variant, similar to previous data [22-26]. The vaccina-
tion cohort demonstrated higher inhibition against the Wuhan
spike protein at day 28 than the infection cohort, in line with
previous publications [27, 28]. No differences between the in-
fection and vaccination cohorts were found with regard to
ACE2 binding inhibition against the other VOCs. An explana-
tion for the lower ACE2-inhibiting activity postinfection for the
Wuhan spike may be that, as an effect of viral load and duration
of infection, there is a more variable level of antigen exposure
postinfection. In contrast, vaccination is performed with a
standard human dose of mRNA.
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Although we show that infection and vaccination induce
mucosal IgA, the IgA concentrations after infection were
significantly higher than after vaccination, especially at the
follow-up time point, which was striking considering that
the postinfection samples were collected 3 months later than
the postvaccination samples. Furthermore, increased IgA con-
centrations postvaccination were found only against the
Wuhan-Hu-1 spike protein. This is not unexpected, as it is
known that intramuscular vaccination mainly elicits an IgG re-
sponse [29, 30] and IgA is generally not effectively transported
to the mucosal surface [6, 11, 31].

For IgG, we found that the infection cohort had less signifi-
cant and more variable responses over baseline than the vacci-
nation cohort. This could partly be due to the cohort selection,
as some participants of the infection cohort were not yet infect-
ed at study start while others had already been infected for ap-
proximately 6 days at study start (Supplementary Figure 3). The
antibody response will therefore not be completely synchro-
nized for the infection cohort as opposed to the vaccination
cohort.

The observation that infection induces a broader antibody
profile than vaccination has been described [32-35]. In the
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case of parenteral influenza vaccines, vaccination induces an
IgG response but fails to induce mucosal IgA responses, while
infection gives rise to IgG and IgA formation [33]. A study ex-
amining memory B-cell responses after SARS-CoV-2 infection
and vaccination found that the memory B cells after infection
evolved for a longer period, resulting in greater potency and
breadth than the vaccine-induced memory B cells [36].

In this study, we used an ACE2 binding inhibition assay to an-
alyze MLF, following a similar approach [16]. By including a di-
lution series of an external standard on each plate and fitting the
results to the standard curve, we were able to account for batch
and dilution effects (Supplementary Figure 7A and 7B).
However, we recognize that the sensitivity of the ACE2 binding
inhibition assay on MLF as compared with the MIA is lower, re-
sulting in some out-of-range samples that were given an arbi-
trary low value (Figure 3A). We chose to include these samples
in the correlation assay and modeling to account for the limita-
tions of the measurement. Overall trends in the correlation and
modeling analyses stayed the same when we performed a sensi-
tivity analysis with only the in-range values, although confidence
intervals increased due to a significantly lower sample size. Our
assay showed high correlation with the PRNT: the gold standard
for measuring neutralizing capacity in serum (Supplementary
Figure 1). The ACE2 binding inhibition assay is not dependent
on cell culture, and because of the bead-based approach, addi-
tional variants can be easily added. Moreover, we demonstrate
that the assay, though a bit less sensitive, is able to detect changes
in functional mucosal antibodies, making it an attractive method
for clinical or epidemiological studies.

This study has several limitations. First, because of the use of
two cohorts from different studies, age and sampling time
points did not completely match. The vaccination cohort was
significantly older than the infection cohort, mostly due to
the fact that the infection cohort included children. However,
in multivariable analysis, the effect of age did not remain signif-
icant in any of the models, so we do not consider this to be an
issue in the final model. Second, the late follow-up time points
for the two cohorts differed, precluding direct comparison be-
tween the cohorts. We thus cannot exclude that the observa-
tions at this time point are the result of differences in timing.
Yet, the IgA concentrations in the infection cohort were higher
at 9 months than the IgA concentrations in the vaccination co-
hort were at 6 months, thus most likely representing a true bi-
ological effect. Finally, we recognize that antibodies do not tell
the complete story of protection. We did not analyze memory
T- and B-cell responses or other antibody functionalities, which
could also play an important role in protection [37, 38].

In conclusion, we have analyzed the mucosal antibody re-
sponse to primary exposure to SARS-CoV-2 as a result of infec-
tion or Spikevax vaccination. Our study found that although
the ACE2 binding inhibition capacities in both cohorts were
similar, it was dependent on different antibody isotypes.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the au-
thors to benefit the reader, the posted materials are not copyedited
and are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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