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Abstract 1 

To prevent infection by respiratory viruses and consequently limit virus circulation, vaccines need 2 

to promote mucosal immunity. The extent to which the currently used mRNA-based coronavirus 3 

disease 2019 (COVID-19) vaccines induce mucosal immunity remains poorly characterized. We 4 

evaluated mucosal neutralizing antibody responses in a cohort of 183 individuals. Participants 5 

were sampled at several timepoints after primary adenovirus vector- or mRNA-based COVID-19 6 

vaccination, as well as after mRNA-based booster vaccinations. Our findings revealed that 7 

repeated vaccination with mRNA boosters promoted severe acute respiratory syndrome 8 

coronavirus 2 (SARS-CoV-2) neutralizing antibodies in nasal secretions. Nasal and serum 9 

neutralizing antibody titers correlated with one another, and were both of IgG and IgA isotypes. 10 

We investigated the source of these mucosal antibodies in a mouse model wherein mice received 11 

repeated mRNA vaccines for SARS-CoV-2. These experiments indicated that neutralizing 12 

antibody-producing cells reside in the spleen and bone marrow, whereas no proof of tissue homing 13 

to the respiratory mucosa was observed, despite the detection of mucosal antibodies. Serum 14 

transfer experiments confirmed that circulating antibodies were able to migrate to the respiratory 15 

mucosa. Collectively, these results demonstrate that, especially upon repeated vaccination, the 16 

currently used COVID-19 mRNA vaccines can elicit mucosal neutralizing, and that vaccination 17 

might also stimulate mucosal immunity induced by previously SARS-CoV-2 infection. Moreover, 18 

migration of circulating antibodies to the respiratory mucosa might be a main mechanism. These 19 

findings advance our understanding of mRNA vaccine-induced immunity and have implications 20 

for the design of vaccine strategies in combating respiratory infections. 21 

22 
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INTRODUCTION 1 

Vaccines are an effective tool in the battle against respiratory viruses, reducing morbidity and 2 

mortality associated with diseases caused by these pathogens (1). Ideally, vaccination should result 3 

in the elimination of the virus before it can infect host cells, a phenomenon referred to as sterilizing 4 

immunity. Neutralizing antibodies (Nabs) are generally seen as the major mediators of sterilizing 5 

immunity (2-6). However, T cells also contribute by eliminating infected host cells before the onset 6 

of new virus production (3, 7). As the airway mucosa serves as the first entry site for respiratory 7 

viruses, vaccination needs to induce robust immune responses in the respiratory mucosa to result 8 

in sterilizing immunity. Failure to achieve this allows for continued virus circulation with the risk 9 

for the emergence of new variants. 10 

 11 

mRNA-based vaccines were introduced 30 years ago (8), but the severe acute respiratory 12 

syndrome coronavirus 2 (SARS-CoV-2) pandemic fueled their widespread use, leading to the 13 

current US Food and Drug Administration (FDA) approval of two coronavirus disease 2019 14 

(COVID-19) mRNA vaccines. Both vaccines exhibit robust immunogenicity and are effective in 15 

preventing severe disease and mortality (9-12). However, whether mRNA vaccines induce long-16 

lasting respiratory mucosal immunity remains a matter of debate. Several studies have reported on 17 

the induction of SARS-CoV-2-specific antibodies in nasal or oral samples to some extent after 18 

mRNA vaccination (13-20). Yet, this was not confirmed by others (21-23), potentially explained 19 

by different timing between sampling and vaccination, bias by prior SARS-CoV-2 infection, or 20 

different sampling and detection methods. Few have investigated the durability of this response, 21 

and most studied mucosal responses after two vaccinations, although standard regimens include 22 

further boosting of this response. In addition, the mechanisms by which mRNA vaccination might 23 

trigger mucosal immunity are currently unknown. As mRNA vaccination induces robust titers of 24 

systemic circulating antibodies, it is possible that these antibodies might enter the respiratory tissue 25 

through transudation or secretion (24, 25). Alternatively, some studies have suggested that mRNA 26 

vaccination can induce nasal virus NAb-secreting cells (13, 25). All these hypotheses remain to be 27 

formally investigated. A better understanding of the ability and mechanism by which mRNA-based 28 

vaccines promote mucosal immunity might enable further development of improved mRNA 29 

vaccines.  30 
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 1 

We took advantage of the global vaccination programs against SARS-CoV-2 to address the 2 

aforementioned questions. The present study involved a systematic sampling of individuals 3 

receiving multiple doses of mRNA-based vaccines. Specifically, we comprehensively 4 

characterized mucosal humoral responses in a cohort of 183 individuals that were prospectively 5 

sampled at multiple fixed time points after primary and booster vaccination. Using a mouse model, 6 

we further attempted to elucidate the mechanisms underlying mucosal neutralizing responses 7 

induced by mRNA vaccination. Our findings reveal that repeated mRNA vaccination was more 8 

potent at inducing robust and long-lasting mucosal neutralizing activity compared with primary 9 

vaccination. Moreover, prior natural SARS-CoV-2 infection appeared to enhance vaccine-induced 10 

respiratory virus neutralizing activity, especially in relation to the IgA response. Our mouse studies 11 

revealed that, in uninfected but vaccinated mice, most of mucosal NAbs were of systemic origin, 12 

and showed no detectable NAb-producing cells in the respiratory mucosa. Collectively, our data 13 

demonstrate that repeated mRNA vaccination induces systemic NAbs that can reach the 14 

respiratory mucosa.  15 

 16 

RESULTS  17 

Repeated mRNA vaccination induces SARS-CoV-2 NAbs in the nasal mucosa 18 

We collected serum and nasal secretions before and at various time points after primary and 19 

booster vaccination (Fig. 1A). A total of 183 participants were sampled prior to and post primary 20 

vaccination and consequently included in the analysis (table S1). Of this group, 84 received 2 doses 21 

of the mRNA-based BNT162b2 vaccine and 99 two doses of the adenovirus vector (AVV)-based 22 

ChAdOx1 nCOV-19 vaccine.  All study participants received their first vaccination dose in 23 

February or March 2021. At the timepoint of booster vaccination, 62 participants with primary 24 

mRNA-based vaccination and 80 participants with primary AVV-based vaccination were still in 25 

the study. All participants received an mRNA-based booster vaccination (BNT162b2: n=134; 26 

mRNA-1273: n=8) (Fig. 1A, table S1). Booster vaccinations were administered between 27 

September 2021 and January 2022.  28 
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We performed a surrogate virus neutralization test (26) on both serum and nasal secretion samples. 1 

Upon primary mRNA vaccination, all participants developed robust serum titers of SARS-CoV-2 2 

NAbs, which declined 6 months after the second dose (Fig. 1B). In most mRNA vaccinated 3 

individuals, NAbs were also detected in nasal secretions. However, the titers declined 6 months 4 

later, going below the neutralization cut-off in more than half of the study participants. An mRNA-5 

based booster vaccination increased nasal NAbs to a significantly (P <0.001) higher extent than 6 

primary vaccination. Additionally, average nasal antibody concentrations were higher 6 months 7 

after the booster than 6 months after primary vaccination (Fig. 1B), suggesting that repeated 8 

mRNA-based vaccination enhances mucosal neutralizing activity. Further, we observed that serum 9 

and nasal NAb titers significantly (r=0.77, p=<0.0001 after primary vaccination; r=0.74, p<0.001 10 

after booster vaccination) correlated with one another at all time points (Fig. 1C, fig. S1A). A 11 

primary AVV-based vaccinated group was included in the study to investigate whether mRNA-12 

based booster vaccination is as potent in a heterologous vaccination regimen as in a homologous 13 

vaccination regimen. Despite the differences in nasal NAb titers after primary mRNA- versus 14 

AVV-based vaccination (Fig. 1D), no differences in nasal NAb titers were observed between both 15 

groups after mRNA-based booster vaccination (Fig. 1E). A complete overview of NAb titer 16 

kinetics upon mRNA- versus AVV-based vaccination is provided in fig. S1B. Finally, as our study 17 

cohort included more females than males, we analyzed whether biological sex related differences 18 

exist in nasal NAb titers, but we did not observe differences (fig. S1C). Taken together, these data 19 

suggest that repeated mRNA vaccination augments the concentration of respiratory mucosal 20 

antibodies.  21 

 22 

Prior COVID-19 enhances mucosal NAb titers upon vaccination. 23 

It was previously reported that SARS-CoV-2 infection is required for robust virus neutralizing 24 

activity in the respiratory mucosa upon mRNA vaccination (13, 19, 21, 22, 27). To further explore 25 

the effects of previous natural infection, we measured nucleocapsid (N)-specific IgG titers in 26 

serum. Prior to any vaccination, 11% of primary mRNA vaccinated participants displayed anti-N 27 

IgG in the serum, indicative of prior SARS-CoV-2 infection (table S1). These participants 28 

exhibited significantly higher serum and nasal NAb titers at both 2 to 4 weeks (p=0.00020 for 29 

serum and p=0.0040 for nasal secretions) and 6 months (p=0.0050 for serum and p=0.0074 for 30 

nasal secretions) after primary mRNA-based vaccination (Fig. 2A). These trends were not 31 
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observed for nasal secretions of participants receiving primary AVV-based vaccination (fig. S2A). 1 

Participants with a rise in serum anti-N IgG titers after vaccination were excluded from this 2 

analysis. Nasal NAb titers induced by a third mRNA vaccination were not significantly (P = 0.46)  3 

affected by previous seroconversion of anti-N IgG (Fig. 2B). However, the potentiating effect of 4 

previous infection on heterologous booster induced NAb titers did display a statistically significant 5 

trend for presence of Nabs in both serum (P = 0.0006) and nasal secretions(P < 0.0001)  (Fig. 2C). 6 

We observed that 39% and 50% of homologous and heterologous mRNA boosted individuals, 7 

respectively, experienced natural SARS-CoV-2 infection after booster vaccination (based on a rise 8 

in serum anti-N IgG between 2 to 4 weeks and 6 months after booster vaccination) (table S1). As 9 

expected, upon categorizing participants with and without evidence of SARS-CoV-2 infection 10 

after booster vaccination, significantly higher titers of serum (P = 0.038 and P < 0.0001 for 11 

homologous and heterologous regimen respectively) and nasal (P = 0.0010 and P = 0.00014 for 12 

homologous and heterologous regimen respectively) NAbs were observed at 6 months post-13 

booster vaccination in the first group (fig. S2B), confirming earlier observations that SARS-CoV-14 

2 infection induces mucosal antibody responses (21, 27). To eliminate potential bias induced by 15 

higher rates of SARS-CoV-2 infection after booster compared to primary vaccination, we excluded 16 

those individuals that displayed a rise in anti-N IgG titers post booster vaccination (either at 2 to 4 17 

weeks or 6 months after booster). Within this subgroup, a third mRNA vaccination still led to 18 

higher mucosal NAb titers at 6 months post vaccination compared with primary vaccination (fig. 19 

S2C), confirming that repeated mRNA vaccination induces larger mucosal humoral responses 20 

compared to primary vaccination, irrespective of prior infection.  21 

 22 

Vaccine-induced virus NAbs are of IgG and IgA isotypes in both serum and nasal 23 

secretions 24 

A previous study demonstrated that high titers of mucosal spike protein (S)-specific IgA induced 25 

by SARS-CoV-2 infection correlated with increased protection against reinfection by subsequent 26 

variants (6, 28). In contrast, this correlation was not observed concerning mucosal S-specific IgG 27 

titers, underlining the importance of mucosal IgA responses. Currently, there is uncertainty 28 

whether mRNA vaccines trigger mucosal IgA responses (13, 16, 18, 19, 23, 29). Our observation 29 

of enhanced neutralizing activity in the nasal mucosa following repeated vaccinations led us to 30 

hypothesize that multiple vaccinations might be required for a mucosal IgA response. To test our 31 
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hypothesis, we measured anti-S1 IgG and IgA titers in serum and nasal secretions of a subgroup 1 

of our study cohort (n=56, of which 34 mRNA vaccination as primary and 22 AVV vaccination). 2 

Anti-S1 IgA and IgG were detected in both serum and nasal secretions after mRNA vaccination 3 

(Fig. 3A and B). Whereas nasal anti-S1 IgG was detected in all study participants after both 4 

primary and booster vaccination, a subgroup did not have nasal anti-S1 IgA, even upon booster 5 

vaccination. No differences were observed between homologous and heterologous mRNA-based 6 

booster vaccination (Fig. 3C and D). An overview of anti-S1 IgG and IgA kinetics upon AVV-7 

based vaccination is provided in fig. S3A and B. In line with the correlations observed for serum 8 

and nasal neutralizing activity, serum and nasal anti-S1 IgG and IgA titers correlated significantly 9 

with one another at all time points (for IgG: P = 0.0030 and P < 0.0001 for primary and booster 10 

vaccination respectively; for IgA: P = 0.0004 and P < 0.0001 for primary and booster vaccination 11 

respectively) (fig. S3C and D). 12 

It is well-appreciated that the larger fraction of mucosal IgA is dimeric and transported from the 13 

basal to apical site of the mucosa by the polymeric immunoglobulin receptor (PIGR) (30, 31). 14 

During this process, the extracellular component of the PIGR, the secretory component, is 15 

incorporated into the IgA molecules. To explore whether mRNA vaccination induced mucosal 16 

antibodies that can be actively secreted by the PIGR, we measured S-specific secretory 17 

component-containing antibodies in nasal secretions as previously described by others (13, 18). 18 

We could indeed detect anti-S secretory component in some individuals, suggesting that at least a 19 

part of vaccination induced mucosal antibodies are actively secreted to the apical surface of the 20 

epithelium (fig. S3E). In addition, S-specific total IgA and secretory component-containing 21 

antibody concentrations correlated significantly to one another (P = 0.0096) (fig. S3F). 22 

Given that we did not observe mucosal anti-S1 IgA in all participants, we questioned whether 23 

natural virus infection was required to prime vaccine-induced mucosal IgA. Whereas nasal anti-24 

S1 IgG titers were not different between participants with and without evidence of natural infection 25 

(defined as seroconversion of anti-N IgG prior to vaccination), we did observe higher serum titers 26 

of anti-S1 IgA in those with prior SARS-CoV-2 infection (Fig. 3E to H).  Nasal anti-S1 IgA was 27 

detected upon vaccination in almost all anti-N IgG positive participants, whereas this was not the 28 

case for all anti-N IgG negative participants (Fig. 3 G to H). Yet, half of the latter group also 29 

displayed nasal anti-S1 IgA, suggesting that mRNA vaccination can induce mucosal IgA 30 

responses. Of note, no clear differences in S-specific secretory antibodies were detected upon 31 
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primary vaccination between anti-N IgG seropositive and seronegative individuals (fig. S3G). 1 

Moreover, when correlating serum anti-N IgG titers with nasal anti-S1 IgA and IgG titers, we 2 

observe that anti-N IgG seropositive individuals or those with titers just below the cut-off have 3 

detectable nasal anti-S1 IgA, whereas nasal anti-S1 IgG titers were evident in all vaccinated 4 

individuals, irrespective of serum anti-N IgG titers (fig. S3H and I).  5 

Further, 6 months after the booster, nasal anti-S1 IgG and IgA titers were higher than 6 months 6 

after the primary vaccination (Fig. 3A and C), and this difference remained significant (P = 0.0010 7 

for IgG and P = 0.0014 for IgA) after excluding participants that exhibited a rise in anti-N IgG 8 

titers post booster vaccination (fig. S3J to M). These observations are in line with the NAb titer 9 

results (Fig. S2C). However, in contrast to the nasal NAb titers, nasal anti-S1 IgG and IgA titers 10 

were not significantly (P > 0.99 for both IgG and IgA) higher at early timepoints after booster 11 

vaccination compared to primary vaccination (Fig. 1B, Fig. 3A and C). This seeming discrepancy 12 

might be explained by enhanced affinity maturation upon prolonged antigen exposure, whereas 13 

secreted antibody titers remain stable (32-35). Taken together, these data show that mRNA 14 

vaccination promotes systemic and mucosal antibody responses of both IgG and IgA isotypes, and 15 

prior SARS-CoV-2 infection predominantly primes IgA responses both in serum and in the 16 

mucosa.  17 

 18 

Repeated mRNA vaccination induces serum and BAL virus NAb in mice in the absence of detectable antibody 19 

producing cells in the respiratory mucosa   20 

Next, we questioned how mucosal antibodies are induced by mRNA vaccination. Whereas Tang 21 

et al. did not detect S-specific IgA titers or B cells in the broncho-alveolar lavage (BAL) fluid of 22 

mRNA vaccinated mice (17), we did observe S-specific IgA in nasal secretions upon repeated 23 

vaccination in humans, even in the absence of anti-N IgG. As repeated mRNA-based vaccination 24 

was more potent at inducing mucosal humoral responses, we hypothesized that multiple 25 

immunizations might be required to promote homing of NAb producing plasma cells to the 26 

respiratory mucosa. As it is almost impossible to discriminate between infection- and vaccination-27 

induced effects in humans, we used a mouse model of repeated mRNA-based immunizations to 28 

test our hypothesis (Fig. 4A).  29 

One dose of mRNA-based vaccination was sufficient to induce neutralizing activity in the serum, 30 

whereas neutralizing activity in the BAL fluid was only detected after a second dose (Fig. 4B). In 31 

line with our observations in humans, serum and BAL S-specific antibodies were both of IgG and 32 
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IgA isotypes (Fig. 4C and D). For the induction of S-specific IgA antibodies, a minimum of 2 1 

mRNA vaccinations were required, strengthening the idea that repeated immunizations are 2 

required to promote mucosal responses. A correlation between serum and nasal antibody titers was 3 

observed in this mouse model, similar to what we observed in human samples (fig. S4A).  4 

Next, we investigated whether S-specific B cell responses are initiated upon repeated mRNA-5 

based vaccination. Seven days after the last immunization, an enrichment of S-specific B cells was 6 

observed in the draining inguinal lymph node (iLN) and the spleen of vaccinated mice (Fig. 4E 7 

and F, fig. S4B). In both organs, a significant proportion of S-specific B cells displayed a germinal 8 

center phenotype (CD95+Gl7+)(P = 0.016 for iLN, P = 0.032 for spleen), whereas those were not 9 

observed in naïve mice. In addition, S-specific plasmablasts/plasma cells (PBPCs) were detected 10 

in the iLN and spleen of vaccinated mice. No enrichment of S-specific B cells, S-specific germinal 11 

center B cells or S-specific PBPCs could be found in non-draining mediastinal lymph nodes 12 

(mLN), nor in the respiratory mucosa, even not after 4 immunizations (Fig. 4F). Taken together, 13 

repeated mRNA vaccination induces S-specific B cell activation in the draining lymph node, and 14 

possibly in the spleen, where S-specific B cells might also be recirculating cells from the draining 15 

lymph node.  16 

Finally, we investigated by flow cytometry where S-specific PBPCs reside after exiting the 17 

germinal center reaction. S-specific PBPCs were detected predominantly in the spleen and bone 18 

marrow at 21 days after the last vaccination, whereas none were found in the respiratory mucosa 19 

(Fig. 4G and H, fig. S4C). To confirm the absence of mucosal plasma cells by a more sensitive 20 

method, and to determine the isotypes of the antibody secreting cells (ASC), we performed 21 

ELISPOT on bone marrow and lung samples. The blood-derived fraction was removed from the 22 

lung cells by magnetic depletion of intravenously (IV) labeled cells (fig. S4D). Detection of ASCs 23 

in blood-depleted lung single cell suspensions by a kappa/lambda-coated ELISPOT assay excluded 24 

that ASCs were dying as a result of the sorting process (fig. S4E). S-specific IgG and IgA ASCs 25 

were found in the bone marrow, but not in the lung mucosa, including after 2 and after 4 26 

vaccinations (Fig. 4I and J, fig. S4F and G).  27 

Since we did not detect any mucosal S-specific ASCs, it is suggested that mucosal virus 28 

neutralizing activity originated from the serum compartment. To confirm that systemically 29 

produced antibodies traffic from the serum compartment to the respiratory mucosa, we transferred 30 

serum from twice vaccinated (shown to induce high titers of serum NAbs, Fig. 4B) and control 31 
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mice into naive recipients, and analyzed these 20 hours after transfer (Fig. 4K). Mice receiving 1 

serum from immunized mice displayed SARS-CoV-2 neutralizing activity in the serum, as well as 2 

in the BAL fluid, whereas recipients of control serum did not (Fig. 4L). Analysis of S-specific IgG 3 

and IgA titers showed that mainly IgG contributes to mucosal virus neutralizing activity (fig. S4H 4 

and I). S-specific IgA was not detected in BAL fluid, nor in serum of recipients of immunized 5 

serum. However, at an earlier timepoint after serum transfer (5 hours), traces of S-specific IgA 6 

were detected in the serum of recipients of immunized serum (fig. S4J), suggesting that the efficacy 7 

of IgA transport to the respiratory mucosa is rather inefficient at low serum concentrations. Taken 8 

together, these data demonstrate that mRNA-based vaccines induce systemic NAbs that might 9 

provide mucosal immunity. Repeated immunizations enhance serum NAb titers, with 10 

consequently increased mucosal neutralizing responses.  11 

 12 

DISCUSSION  13 

Ideally, vaccines protect not only against severe disease, but also against infection to limit virus 14 

circulation. Achieving this goal requires the induction of mucosal immunity through vaccination. 15 

In the present study, we comprehensively characterized humoral responses in the airway mucosa 16 

upon mRNA-based vaccination. Our findings demonstrate that repeated vaccination in particular 17 

induces mucosal virus neutralizing activity. This mucosal neutralizing activity wanes as serum 18 

titers decrease. Both virus-specific IgA and IgG are produced systemically and can be detected in 19 

the airway mucosa. However, whereas mucosal virus-specific IgG antibodies were measured in 20 

the majority of repeatedly-vaccinated individuals, the mucosal IgA response upon vaccination was 21 

found to be more variable. Our mouse studies suggest that mucosal neutralizing activity mainly 22 

originates from circulating antibodies that traffic to the respiratory mucosa. Even upon repeated 23 

immunizations, no mucosal origin of respiratory antibodies was identified.  24 

Many studies have documented the capacity of mRNA-based vaccines to provoke mucosal 25 

humoral responses (13-19), yet a few discrepant findings were reported. First, some studies did 26 

not detect any mucosal virus neutralizing activity (21, 22), possibly due to timing, sample or 27 

analytical techniques, and limited booster immunizations. Second, whether mRNA-based 28 

vaccination can prompt the production of mucosal IgA independent of infection remains a matter 29 

of debate. Evidence suggests that mucosal IgA plays a more crucial role in protecting against re-30 

infection compared to mucosal IgG (6, 28, 36). Several studies could not detect clear titers of 31 
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vaccine-induced mucosal IgA in SARS-CoV-2 naïve individuals, whereas they did in SARS-CoV-1 

2 convalescent individuals (13, 17, 19, 22, 23). Based on these findings, it was hypothesized that 2 

mRNA vaccination boosts mucosal recall responses primed by infection. However, others reported 3 

on vaccination-induced mucosal IgA responses in SARS-CoV-2 naïve individuals (16, 18, 20). 4 

We also observed mucosal virus-specific IgA in approximately half of anti-N IgG negative study 5 

participants. Yet, it cannot be ruled out that some of the anti-N IgG negative individuals did 6 

experience SARS-CoV-2 infection, given that seroconversion to anti-N does not always occur 7 

after SARS-CoV-2 infection, especially not in vaccinated individuals (37). Moreover, we cannot 8 

exclude the possibility that this observation is due to reactivation of mucosal recall responses 9 

primed by infection with other coronaviruses. Our mouse model demonstrates that mucosal virus-10 

specific IgA can be induced by mRNA-based vaccination independent of prior infection, if serum 11 

IgA titers are high enough. Yet, it needs to be mentioned that substantial differences exist between 12 

mouse and human IgA; whereas IgA in serum of mice is mostly dimeric, it is mostly monomeric 13 

in human serum. In addition, whether intramuscular mRNA vaccination can reactivate mucosal 14 

memory responses remains to be investigated.  15 

Our study provides mechanistic insights into how mRNA-based vaccines may provoke mucosal 16 

immunity. By inducing high serum titers of NAbs that traffic to the respiratory mucosa, mRNA-17 

based vaccination might induce mucosal neutralizing responses, although they did not appear to 18 

be long-lasting. The correlations between serum and nasal virus-specific antibodies suggest a 19 

serum threshold might exist beyond which circulating antibodies migrate to the respiratory 20 

mucosa. This might also explain why AVV-based vaccines are less potent at inducing mucosal 21 

neutralizing activity, since these are known to induce lower serum NAb concentrations compared 22 

with mRNA-based vaccines (38). The mechanisms by which circulating antibodies are transported 23 

to the respiratory mucosa remain to be elucidated. The detection of S-specific secretory component 24 

in nasal secretions suggests that a fraction of the vaccination-induced IgA is transported from the 25 

basal to the apical site of the mucosa by the PIGR. Since most serum IgA is monomeric, passive 26 

transudate of SARS-CoV-2 S-specific IgA might also contribute. However, to which extent 27 

passive transudate of circulating IgA contributes to the mucosal IgA pool upon vaccination 28 

remains to be elucidated. Concerning mucosal IgG, active transport of IgG antibodies has been 29 

described through the neonatal Fc receptor (FcRn) (30, 31), although whether vaccination-induced 30 
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IgG migrates to the airways through passive transudation or rather active secretion remains to be 1 

studied.  2 

Importantly, we use two different techniques to detect S-specific B cells, yet it cannot formally be 3 

ruled out that mRNA-based vaccination induces any undetected discrete seeding of S-specific 4 

PBPCs to the respiratory mucosa. In addition, our mechanistic findings are based on a mouse 5 

model, which might not completely recapitulate the human situation. Moreover, many humans 6 

might have been exposed to cross-reactive coronaviruses with consequent mucosal homing of 7 

SARS-CoV-2 cross-reactive PBPCs that might be reactivated by mRNA-based vaccination. The 8 

latter hypothesis was not tested in our study, but it would be important for fully understanding the 9 

mechanisms that lead to mucosal protection of mRNA vaccines. 10 

Whereas all study participants displayed virus neutralizing responses in the nasal cavity upon a 11 

third mRNA vaccination, approximately half of them experienced a breakthrough infection during 12 

the following 6 months. This is at least partly due to the circulation of antibody escaping variants. 13 

Indeed, the time of booster vaccination in our cohort coincided with the emergence of omicron 14 

variant of SARS-CoV-2, which readily evades antibody-mediated neutralization (13, 16, 18). 15 

However, antibody-escaping variants cannot completely explain the high rate of breakthrough 16 

infections with the current mRNA vaccines. Waning vaccine effectiveness against infection is 17 

observed independent of variants (39, 40). Although mRNA vaccines initially induce high serum 18 

NAb titers, these decrease over time and correlate with waning protection against infection (41-19 

45). Our data provide a mechanistic explanation for the observed waning vaccine effectiveness 20 

against infection: as high serum NAb titers are required for mucosal immunity upon mRNA-based 21 

vaccination, decreasing serum antibody titers are associated with a compromised mucosal 22 

immunity barrier, facilitating breakthrough infections.  23 

Taken together, the current mRNA-based vaccination strategies might benefit from adaptations 24 

that promote more long-lasting mucosal immunity. The induction of robust cellular immunity in 25 

the mucosa might be advantageous. To achieve this goal, a thorough understanding of mucosal 26 

immunity is required. It is generally accepted that tissue homing of T and B cells is determined by 27 

the expression of homing receptors and adhesion molecules, which enable migration and retaining 28 

of the cells in the peripheral tissues (46, 47). Given that the imprinting of these homing receptors 29 

is determined by the anatomical site of induction, mucosal vaccination is an attractive strategy. 30 

Currently, 9 mucosal vaccines are approved, of which 8 oral vaccines and 1 intranasal live 31 
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attenuated influenza vaccine (LAIV) (48). Although an active area of research, the lack of 1 

approved mucosal adjuvants and the greater susceptibility to degradation and clearance of mucosal 2 

vaccines precludes their widespread use. The SARS-CoV-2 pandemic fueled the development of 3 

viral vector vaccines, which have been regarded as good platforms for mucosal vaccination as they 4 

mimic natural infection. Pre-clinical animal studies yielded promising results with intranasal 5 

SARS-CoV-2 vaccines (49). However, despite a favorable safety profile, most clinical trials 6 

observed only weak mucosal and systemic immunogenicity (50-52). The immunogenicity of 7 

mucosal vaccines might be enhanced with the development of mucosal adjuvants. Of note, mRNA 8 

formulations might also be used as mucosal vaccination platforms by adapting their carriers (48, 9 

53). In addition, some studies have reported on the potential of parenteral immunization to induce 10 

mucosal cell-mediated immunity (54, 55). As we and others (13, 20) observed an increased 11 

potential for mRNA vaccines to induce mucosal IgA in previously SARS-CoV-2 infected 12 

individuals compared to controls, these vaccines might boost previously imprinted cellular 13 

mucosal immunity. Consequently, rational booster vaccinations of previously-infected individuals 14 

might also be a strategy to induce robust cellular mucosal immunity. However, this needs further 15 

investigation in future studies. In anticipation of vaccination strategies that induce robust mucosal 16 

cellular immunity, our study shows that a rational booster scheme is important for maintaining 17 

mucosal virus neutralizing antibodies.  18 

Although this study expands our knowledge on mucosal antibody responses induced by mRNA 19 

vaccination, it also has some limitations. First, we used a surrogate virus neutralization test, which 20 

measures the presence of antibodies that block the interaction between the receptor binding domain 21 

(RBD) of the S protein and the host angiotensin converting enzyme 2 (ACE2) receptor, rather than 22 

a live virus neutralization assay. In comparison to classical ELISA-based methods, this technique 23 

allows to specifically measure neutralizing antibodies instead of the total pool of binding 24 

antibodies. In comparison with the gold standard conventional virus neutralization assays, 25 

neutralizing antibodies that are not RBD-binding are not detected by this assay. However, this 26 

surrogate virus neutralization assay has been extensively validated and was shown to correlate well 27 

with the results obtained by classical virus neutralization assays (26). Further, we did not assess 28 

the neutralization of different SARS-CoV-2 variants. Consequently, we cannot conclude whether 29 

breakthrough infections are due to a qualitative or quantitative deficit in mucosal NAbs. Second, 30 

our study population is a quite homogeneous population of predominantly healthy, relatively 31 
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young individuals with limited ethnic diversity. Future studies should investigate whether mucosal 1 

immunity might be hampered by age, comorbidities, or ethnicity.  2 

 3 

Based on our data, repeated vaccination with the current mRNA-based vaccines enhances mucosal 4 

NAb titers; however, these responses are not long-lasting. We provide mechanistic evidence on 5 

how the currently used mRNA-based vaccines might induce mucosal immunity. Although we 6 

cannot formally rule out the possibility of mucosal homing of S-specific PBPCs induced by 7 

mRNA-based vaccination, our mouse data suggest that the majority of mucosal NAb are coming 8 

from the circulatory compartment. When serum antibody titers decline, mucosal immunity wanes 9 

as well, possibly explaining the waning vaccine effectiveness against infection. Future research 10 

should focus on modifications of vaccination strategies that promote robust induction of longer-11 

lasting cellular mucosal immunity.  12 

 13 

MATERIALS AND METHODS 14 

Study design 15 

This study aimed to gain more insight into the immune responses at the mucosal (nasal) and 16 

systemic (blood) level of healthy participants vaccinated with the current available COVID-19 17 

messenger ribonucleic acid (mRNA; BNT162b2) and viral-vector based (ChAdOx1) vaccines. 18 

Individuals vaccinated at the COVID-19 vaccination center at the University Hospital Ghent, 19 

Belgium were recruited for our study. We obtained serum and nasal secretions from study 20 

participants prior to COVID-19 vaccination, 2 to 4 weeks and 6 months after two vaccine doses, 21 

and 2 to 4 weeks and 6 months after booster vaccination. Primary vaccination included either 2 22 

doses of the Pfizer-BioNTech BNT162b2 mRNA-based vaccine or 2 doses of the AstraZeneca 23 

ChAdOx1/nCov-19 an AVV-based vaccine. Booster vaccination was performed with an mRNA-24 

based vaccine (Pfizer-BioNTech BNT162b2 (n=134) or Moderna mRNA-1273 (n=8)). The study 25 

was approved by the competent authorities and the Ethical Committee of Ghent University 26 

Hospital, and was done in accordance with Good Clinical Practice guidelines and the Declaration 27 

of Helsinki. Every participant provided written informed consent for participation. Full cohort and 28 

demographic information is provided in table S1. All animal procedures performed in this study 29 

were approved by the animal ethical committee of Ghent University. Minimal group sizes to obtain 30 
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a power > 0.8 and an alpha error probability of 0.05 for the murine studies were calculated in 1 

G*Power (v3.1). Group sizes were based on the readout with the smallest effect size. Mouse 2 

experiments were repeated as indicated in the figure legends. No blinding was applied to the mouse 3 

experiments. No outliers were removed from the dataset. 4 

 5 

Collection of nasal secretions 6 

Collection of nasal secretions was performed as previously described (56, 57). Briefly, sinus packs 7 

were placed in the nasal cavity for 5 minutes and subsequently transferred to a 15 mL tube. Two 8 

mL physiologic saline (0.9% NaCl) was added, whereafter the sinus packs were incubated at 4°C 9 

for 2 hours. Next, sinus packs were transferred in 5 mL syringes, which were consequently put in 10 

a 15 mL tube and centrifuged.  11 

 12 

 13 

Surrogate virus neutralization assay 14 

SARS-CoV-2 NAbs were measured by a surrogate virus neutralization test (Elabscience; E-EL-15 

E608) as per manufacturer’s instructions. Briefly, human and mouse serum samples were diluted 16 

5 and 50 times, respectively, and further diluted until falling in the range of the standard curve. 17 

Nasal secretions and BAL fluid were analyzed undiluted. Samples were incubated together with 18 

horseradish peroxidase (HRP) conjugated recombinant SARS-CoV-2 RBD on plates pre-coated 19 

with recombinant human ACE2. NAbs in the samples compete with the plate-bound ACE2 for 20 

sites on the HRP-RBD fragment. After incubation, the excess HRP-RBD, as well as any HRP-21 

RBD-NAb complexes, are removed during washing. After developing the enzyme- 3,3′, 5,5′ 22 

tetramethylbenzidine (TMB) substrate reactions, plates were analyzed at 450 nm on a Multiskan 23 

FC Microplate Photometer (Thermo Fisher Scientific). For human samples, neutralization 24 

threshold was based on 10 pre-COVID-19 serum and nasal secretion samples (threshold was 25 

calculated as mean + 3x standard deviation). NAb titers were extrapolated from the standard curve 26 

obtained from the reference standard.  27 

 28 

Recombinant S protein production 29 
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Recombinant SARS-CoV-2 S protein was produced and purified as previously described (58). The 1 

ectodomain of the SARS-CoV-2 S protein (ancestral Wuhan strain-derived, 2P, and mutated 2 

polybasic furin cleavage site) was expressed as a soluble, secreted protein, with a foldon-3 

trimerization domain followed by a PreScission Protease cleave site, a His tag and two StrepII tags 4 

(WSHPQFEK) fused to the C-terminus. The protein was expressed by transiently transfected 5 

ExpiCHO cells and purified using a HisTrapHP column. For flow cytometry, S-trimers were 6 

assembled into tetramers, yielding 12-mer recombinant proteins. These were biotinylated, and 7 

consequently incubated with SAV-conjugated phycoerythrin (PE) by the VIB protein core facility.  8 

 9 

Anti-SARS-CoV-2 nucleocapsid IgG ELISA 10 

The presence of anti-SARS-CoV-2 nucleocapsid immunoglobulins in serum was determined with 11 

the anti-SARS-CoV-2 N protein human IgG ELISA kit (Proteintech; #KE30001). The assay was 12 

performed per manufacturer’s instructions. Serum samples were diluted 100 times.  13 

 14 

Human Anti-S1 IgG and IgA ELISA 15 

Anti-S1 IgG and IgA ELISA kits (EUROIMMUN; EI 2606-9601 G/A) were performed on serum 16 

and nasal secretions as per manufacturer’s instructions. A standard curve was obtained by a pool 17 

of serum samples with high SARS-CoV-2 NAb titers, from which arbitrary units (AU) were 18 

determined. Nasal secretions and serum samples were diluted 2 times, and further diluted until 19 

falling in the range of the standard curve. Plates were analyzed at 450 nm on a Multiskan FC 20 

Microplate Photometer. Background reference, measured at 620 nm, was subtracted.  21 

 22 

Anti-S secretory component ELISA 23 

S protein-specific secretory component antibodies were measured in nasal secretions as previously 24 

described by Sano et al. (13). Briefly, ELISA plates were coated with 500x diluted recombinant 25 

SARS-CoV-2 S protein (Bio-techne; 10549-CV-100). Blocking was performed with 5% non-fat 26 

milk in phosphate-buffered saline (Gibco) with Tween 20 (PBST; Merck-Sigma) for 1 hour. Nasal 27 

secretions were 2x diluted in 2.5% non-fat milk in PBST and incubated overnight at 4°C. Detection 28 

was performed with a mouse anti-human secretory IgA antibody at 5 µg/mL (Merck-Sigma; 29 
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411423-400UG), followed by the incubation with a 1000x diluted HRP-labeled goat anti-mouse 1 

IgG Fc antibody (Life Technologies; 14200-067). TMB substrate solution (Biotechne; DY999) 2 

was added, and plates were analyzed at 450 nm on a Multiskan FC Microplate Photometer. 3 

Background reference, measured at 620 nm, was subtracted. 4 

 5 

Mouse studies 6 

Female C57BL/6J wild-type mice were purchased from Janvier. Mice were bred and housed under 7 

specific pathogen-free conditions. Six- to 10-week old mice were vaccinated intramuscularly in 8 

the right hind leg with one, two, three, or four doses of 2 µg (in 50 µL Tris buffered saline) of the 9 

BNT162b2 vaccine. Repeated vaccinations were performed with a 21-day interval. Control mice 10 

received 50 µL Tris buffered saline intramuscularly. For serum transfers, 200 µL serum (of twice 11 

vaccinated mice) was intravenously injected in the tail veins of naive recipient mice. Mice were 12 

randomly assigned to their respective groups. Before euthanasia, mice were intravenously injected 13 

with 2 µg biotin-labeled anti-CD45 antibody (eBioscience; 13-0451-85) diluted in 100 µL 14 

phosphate-buffered saline (PBS) to discriminate between blood- and tissue-derived cells. For 15 

collection of BAL fluid, lungs were lavaged with 1 mL of EDTA-containing PBS (0.5 mmol/L), 16 

injected 3 times. Cells were recovered by centrifugation and stained for flow cytometry. 17 

Supernatant was stored at -20°C for further analysis. Blood was obtained from the iliac vein in 18 

noncoated Eppendorf tubes to prepare serum. Single-cell suspensions from iLN and mLN, and 19 

spleens were obtained by homogenizing the organ through a 100 µm cell strainer (Falcon). Bone 20 

marrow was collected by flushing the tibia and femur with PBS over a 100 µm cell strainer. Spleen 21 

and bone marrow red blood cells were lysed after centrifugation by an incubation step in 2 mL 22 

ammonium-chloride-potassium lysis buffer (10 mM KHCO3, 155 mM NH4Cl, 0.1 mM EDTA in 23 

Milli-Q water) for 2 minutes. The red blood cell lysis was stopped by adding a large volume of 24 

PBS. The left lung lobe was cut into small pieces. After adding RPMI-1640 (Gibco), these were 25 

smashed over a 100 µm cell strainer to obtain a single-cell suspension. Single-cell suspensions 26 

were centrifuged and red blood cell lysis was performed as described above. After adding a large 27 

volume of PBS and centrifugation, cells were stained for flow cytometry. For ELISPOT, lungs 28 

were cut in small pieces and incubated at 37°C for 30 minutes in RPMI-1640 containing 20 µg/mL 29 

Liberase TM (Roche), 10 U/mL DNase I (Roche), and 5% newborn calf serum. The digestion 30 
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reaction was stopped by the addition of a large volume of PBS. Lungs were filtered over a 100 µm 1 

cell strainer and cells were centrifuged. After osmotic lysis, cells were magnetically depleted of 2 

the IV-labeled fractions according to the MojoSort protocol. Briefly, cells were resuspended in 3 

100 µL sort buffer [0.5% bovine serum albumin (BSA) and 2 mM EDTA in PBS], and incubated 4 

with 10 µL streptavidin (SAV)-conjugated magnetic beads (BioLegend) for 15 minutes on ice. 5 

Next, the volume was added to 2.5 mL with sort buffer, and tubes were placed in a MojoSort 6 

magnet (BioLegend) for 5 minutes at room temperature. After retrieval of negatively selected cells, 7 

again 2.5 mL sort buffer was added to the tube, and the magnetic sorting was repeated. The 8 

negative selected cells (blood depleted fraction) were used for ELISPOT analysis.    9 

 10 

Mouse Anti-S IgG and IgA ELISA 11 

ELISA plates were coated with anti-mouse IgG (Jackson ImmunoResearch; 315-005-008) and 12 

anti-mouse IgA (BD Biosciences; 556969) capture antibodies. Serum samples were diluted 200x, 13 

BAL samples were incubated undiluted. Detection was performed using recombinant S protein 14 

with StrepII tags. After incubation with HRP-conjugated SAV (BD Biosciences; 554066), TMB 15 

substrate was added. Plates were analyzed at 450 nm on a Tecan infinite 200 Pro reader. Reference 16 

absorbance, measured at 650 nm, was subtracted.  17 

 18 

Flow cytometry 19 

Lung, bone marrow, spleen, iLN and mLN single cells  were first stained in 50 µL PBS containing 20 

the fixable viability dye eFluor506 (1:400; eBioScience; 65-0866-18), an FcγRII/III antibody 21 

(1:400; clone 2.4G2, provided by L. Boon, Bioceros) and allophycocyanin (APC)-conjugated SAV 22 

(1:1000; eBioscience; 17-4317-82) for 30 minutes at 4°C. After washing, surface staining was 23 

continued for 30 minutes at 4°C in 50 µL PBS containing the following antibodies: lineage 24 

antibodies [anti-CD4 fluorescein isothiocyanate (FITC; 1:200; clone RM4-5; eBioscience; 11-25 

0042-85), anti-CD8a FITC (1:200; clone 53-6.7; BD Biosciences; 553031), anti-Ter119 FITC 26 

(1:200; clone TER-119; eBioscience; 11-5921-82), and anti-F4/80 Alexa Fluor (AF) 488 (1:200; 27 

clone BM8; eBioscience; 53-4801-82)], anti-CD80 peridinin-chlorophyll-protein (PerCP)-28 

Cyanine (Cy)5.5 (1:100; clone 16-10A1; BioLegend; 104722); anti-Gl7 pacific blue (1:200; clone 29 
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Gl7; BioLegend; 144614); anti-CD45R/B220 brilliant violet (BV) 650 (1:200; clone RA3-6B2; 1 

BioLegend; 103241); anti-CD138 BV711 (1:100; clone 281-2; BioLegend; 142519); anti-CD19 2 

BV786 (1:200; clone 1D3; BD Biosciences; 563333); anti-Sca1 AF700 (1:50; clone D7; 3 

BioLegend; 108142); anti-CD95 PE-Cy7 (1:200; clone Jo2; BD Biosciences; 557653); and anti-4 

CD273 brilliant ultraviolet (BUV) 395 (1:200; clone TY25; BD Biosciences; 565102). PE-5 

conjugated S protein 12-mer were added to the second staining mix to identify SARS-CoV-2 S-6 

specific B cells. To eliminate B cells reactive for PE or other components of the complex, a Biotin-7 

SAV-PE-AF647 decoy was used.  After washing in PBS, cells were resuspended in 100  µL PBS 8 

and acquired on a Fortessa 5-laser instrument (BD Biosciences).  Data were processed using 9 

FlowJo. Absolute numbers were calculated using precision count beads (BioLegend; 424902).  A 10 

representative gating strategy is provided in fig. S5.  11 

 12 

ELISPOT 13 

ELISPOT plates (Millipore) were coated overnight with recombinant S protein (R&D Systems; 14 

10549-CV) or with anti-light chain kl (ELISPOT kit CTL; mIgAIgG-DCE-1M/5) for positive 15 

controls. The next day, plates were washed and incubated with assay medium (RPMI-1640 with 2 16 

mM L-glutamine, 50 µM beta-mercaptoethanol, 8 µM HEPES, 100 U/mL penicillin, 100 µg/mL 17 

streptomycin, 10% fetal bovine serum) for 1 hour at room temperature. Lung and bone marrow 18 

cells were counted using a Bürker-Türk counting chamber. A maximum of 2.5x105 cells per well 19 

were plated. Plates were incubated overnight at 37°C with 5% CO2. The next day, plates were 20 

washed and incubated with detection antibody for 2 hours [for IgA ELISPOT: FITC-conjugated 21 

anti-IgA supplied in the mouse IgG/IgA double color ELISPOT kit (CTL; mIgAIgG-DCE-1M/5)); 22 

for IgG ELISPOT: HRP-conjugated anti-mouse IgG (Jackson ImmunoResearch; 115-035-146]. 23 

For IgA ELISPOT, plates were incubated for 1 hour with HRP-conjugated anti-FITC antibody for 24 

1 hour [supplied in mouse IgG/IgA double color ELISPOT kit (CTL; mIgAIgG-DCE-1M/5)]. 25 

Next, plates were developed with reagents from mouse IgG/IgA double color ELISPOT kit per 26 

manufacturer’s instructions. Plates were analyzed on a CTL S6 Ultimate Analyzer using the 27 

ImmunoSpot 7 software (CTL).  28 

 29 

Statistical analysis 30 
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Individual-level data are presented in data files S1 to S3. Statistical tests are indicated in the figure 1 

legends. Kruskal-Wallis test was used for multigroup comparisons with Dunn’s correction for 2 

multiple testing. Mann-Whitney U test was used for comparing two groups, using Holm-Sidak 3 

correction for multiple testing where indicated. Correlations were tested by a two-sided Spearman 4 

correlation test. The statistical significance threshold was determined on p < 0.05. Significance 5 

values are indicated by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not 6 

significant. All statistical tests were performed in GraphPad Prism software.  7 
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Figures 1 

Figure 1. Repeated mRNA vaccination induces SARS-CoV_2 NAbs in the nasal mucosa. 2 

(A) Schematic representation of study design and study flow chart. (B) Violin plots depicting NAb 3 

titers in serum (red) and nasal secretions (blue) at baseline and at 2 to 4 weeks and 6 months after 4 

primary and booster vaccinations in study participants receiving an mRNA-based vaccine as both 5 

primary and booster vaccination. Lines in the violin plots show median and quartiles, dotted line 6 

represents cut-off for neutralization based on pre-COVID-19 samples. Significance was 7 

determined by Kruskal-Wallis test with Dunn’s test for multiple testing. (C) Dot plots displaying 8 

correlation between serum and nasal NAb titers shown in (B) at 2 to 4 weeks after primary mRNA 9 

vaccination and after 2 to 4 weeks after booster mRNA vaccination in participants vaccinated with 10 

BNT162b2 for their primary series. Lines represent simple linear regression with 95% CIs. The 11 

correlation and significance were tested by a two-tailed Spearman correlation test. (D and E) 12 

Violin plots depicting NAb titers in nasal secretions after primary (D) and booster (E) vaccination, 13 

according to primary vaccination with either mRNA-based (blue; data shown in (B)) or AVV-14 

based (gray) vaccines. Both groups received an mRNA booster vaccine. Lines in the violin plots 15 

show median and quartiles, dotted line represents cut-off for neutralization based on pre-COVID-16 

19 samples. Significance was determined by Mann-Whitney U test. Significance values are 17 

indicated by ***p < 0.001 and ****p < 0.0001; ns, not significant. For (B), significance values for 18 

comparisons between prior vaccination with any other timepoint are indicated by ####p < 0.0001. 19 

LOD, limit of detection. 20 

 21 

Figure 2. Prior COVID-19 enhances mucosal neutralizing antibody titers upon vaccination. 22 

(A) Violin plots depict NAb titers in serum (red) and nasal secretions (blue) at baseline and at 2 to 23 

4 weeks and 6 months after primary mRNA vaccination. Participants are subdivided based on the 24 

presence of serum anti-N IgG prior to vaccination. Participants exhibiting seroconversion of anti-25 

N IgG during the 6-month time course after primary vaccination were excluded from this analysis. 26 

(B) Violin plots depict NAb titers in serum (red) and nasal secretions (blue) at 2 to 4 weeks and 6 27 

months after booster mRNA vaccination in individuals receiving primary mRNA vaccination. 28 

Participants are subdivided based on the presence of serum anti-N IgG at any timepoint prior to 29 

booster vaccination. Participants exhibiting seroconversion of anti-N IgG during the 6-month time 30 

course after booster vaccination were excluded from this analysis. (C) Violin plots depict NAb 31 



 30 

titers in serum (red) and nasal secretions (blue) at 2 to 4 weeks after booster mRNA vaccination in 1 

participants receiving primary AVV-based vaccination and mRNA-based booster vaccination. 2 

Participants are subdivided based on the presence of serum anti-N IgG at any timepoint prior to 3 

booster vaccination. Participants exhibiting seroconversion of anti-N IgG during the 6-month time 4 

course after booster vaccination were excluded from this analysis. Lines in the violin plots show 5 

median and quartiles, dotted line represents cut-off for neutralization based on pre-COVID-19 6 

samples. Significance was determined by Mann-Whitney U tests with Holm-Sidak method for 7 

multiple testing for (A) and (B). Significance values are indicated by *p < 0.05, **p < 0.01, ***p 8 

< 0.001, and ****p < 0.0001; ns, not significant. 9 

 10 

Figure 3. Vaccine-induced SARS-CoV-2 NAbs antibodies are of IgG and IgA isotypes in both 11 

serum and nasal secretions. 12 

(A and B) Anti-S1 IgG (A) and IgA (B) titers in serum (red) and nasal secretions (blue) at baseline 13 

and at 2 to 4 weeks and 6 months after primary and booster mRNA vaccination. (C and D) Anti-14 

S1 IgG (C) and IgA (D) titers in serum (red) and nasal secretions (blue) at 2 to 4 weeks after 15 

mRNA booster vaccination, according to primary vaccination with either mRNA- (red or blue, 16 

data shown in (A and B) or AVV-based (gray) vaccines. (E and F) Anti-S1 IgG (E) and IgA (F) 17 

titers in serum (red) and nasal secretions (blue) at 2 to 4 weeks post primary mRNA vaccination. 18 

Participants are subdivided based on the presence of serum anti-N IgG prior to vaccination. 19 

Participants exhibiting seroconversion of anti-N IgG during the 6-month time course after primary 20 

vaccination were excluded from this analysis. (G and H) Anti-S1 IgG (G) and IgA (H) titers in 21 

serum (red) and nasal secretions (blue) at 2 to 4 weeks post booster mRNA vaccination in 22 

participants receiving mRNA- (red or blue) or AAV-based (gray) vaccines as primary vaccination. 23 

Participants are subdivided based on the presence of serum anti-N IgG prior to booster vaccination. 24 

Participants exhibiting seroconversion of anti-N IgG during the 6-month time course after booster 25 

vaccination were excluded from this analysis. All data are represented by violin plots with lines 26 

depicting the median and quartiles, and the dotted line representing the cut-off for neutralization 27 

based on pre-COVID-19 samples. Significance was determined by Mann-Whitney U test with 28 

Holm-Sidak method for multiple testing for (A) and (B). Significance values are indicated by *p 29 

< 0.05, **p < 0.01, and ***p < 0.001; ns, not significant. For (A) and (B) significance values for 30 



 31 

comparisons between prior vaccination with any other timepoint are indicated by #p < 0.05, ##p 1 

< 0.01, and #### p < 0.0001. AU, arbitrary units. 2 

 3 

Figure 4. Repeated mRNA vaccination induces serum and BAL SARS-CoV-2 NAbs in mice 4 

in the absence of detectable antibody producing cells in the respiratory mucosa.   5 

(A) Schematic overview of immunizations and analysis timepoints. Mice were repeatedly 6 

immunized intramuscularly (right leg) with the BNT162b2 vaccine at the indicated timepoints. (B 7 

to D) Virus NAb titers (B), S-specific IgG (C), and S-specific IgA (D) in serum (red) and BAL 8 

fluid (BALf, blue) of mice that received no (n=9), 1 (n=5), 2 (n=5), 3 (n=5) or 4 (n=5) mRNA 9 

vaccinations. Mice were euthanized 3 weeks after the last immunization. Dotted lines represent 10 

the OD value of blanks. Data are representative of 2 independent experiments. Ctrl, control. (E) 11 

Representative flow cytometric gating for identification of S-specific B cells and GC B cells. (F) 12 

Number of S-specific B cells, the fraction of GC B cells among the S-specific B cells, and the 13 

number of S-specific PBPCs in the draining iLN, spleen, non-draining mLN, and lung of mice 4 14 

times vaccinated (n=5) and control mice (n=5). Mice were euthanized 1 week after the fourth 15 

immunization. Data are representative of 2 independent experiments. (G) Representative flow 16 

plots of S-specific B cells and PBPCs in iLN, spleen, bone marrow, mLN, and lungs of vaccinated 17 

mice at 7 days after the fourth immunization. (H) Quantification of S-specific PBPCs in the bone 18 

marrow of mice that received no (n=9), 1 (n=5), 2 (n=5), 3 (n=5) or 4 (n=5) mRNA vaccinations. 19 

Mice were euthanized 21 days after the last immunization. Data are representative of 2 independent 20 

experiments. (I and J) Representative images (left) and quantification (right) of ELISPOTs to 21 

detect S-specific IgG-secreting cells (I) and IgA-secreting cells (J) in bone marrow and lungs from 22 

naïve (n=4) and 4 times vaccinated (n=10) mice. Mice were euthanized 21 days after the last 23 

immunization. Lung single cell suspensions were magnetically depleted of IV labeled cells (CD45 24 

biotin). Data are pooled from 2 independent experiments. (K) Schematic overview of 25 

immunizations and serum and BALf harvests. Twice vaccinated mice were euthanized 21 days 26 

after the last immunization and serum was harvested. The serum was adoptively transferred in 27 

naïve recipients. (L) Virus NAb titers in serum (red) and BALf (blue) of naïve mice that received 28 

serum from control (Ctrl) or twice vaccinated (Vac) mice. Mice were euthanized 20 hours after 29 

serum transfer. Data are pooled from 2 independent experiments. All data are represented by bar 30 

graphs depicting the median. Statistical significance was tested by Kruskal-Wallis test with Dunn’s 31 



 32 

correction for multiple testing for (B), (C), (D), and (H) and Mann-Whitney U test for (F), (I), (J), 1 

and (L). Significance values are indicated by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 2 

0.0001; ns, not significant. 3 
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Fig. S1. Serum and nasal severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

neutralizing anƟbodies (NAb) upon mRNA- and adenovirus vector (AVV)-based vaccinaƟon. 



(A) Dot plots displaying serum and nasal NAb Ɵters relaƟve to each other at 6 months aŌer 

primary mRNA vaccinaƟon, at 6 months aŌer booster mRNA vaccinaƟon and at 2 to 4 weeks 

aŌer booster mRNA vaccinaƟon in primary AVV-based vaccinated individuals. Lines represent 

simple linear regression with 95% confidence intervals (CIs) shown in the shaded region. The 

correlaƟon and significance were tested using a two-tailed Spearman correlaƟon test. (B) 

Violin plots depicƟng NAb Ɵters in serum (red) and nasal secreƟons (blue) at baseline and at 

2 to 4 weeks or 6 months aŌer primary and booster vaccinaƟon in study parƟcipants receiving 

an mRNA-based (red/blue) or AVV-based (gray) vaccine as primary vaccinaƟon. All individuals 

received an mRNA-based booster. Lines show median and quarƟles. (C) Violin plots depicƟng 

serum (red) and nasal (blue) NAb Ɵters at 2 to 4 weeks aŌer primary mRNA vaccinaƟon in 

male and female parƟcipants. Significance was determined by Mann-Whitney U test; ns, not 

significant. DoƩed lines in (B) and (C) represents cut-off for neutralizaƟon based on pre-

coronavirus disease 2019 (COVID-19) samples. LOD, limit of detecƟon. 

  



 

 

Fig. S2. Effect of COVID-19 on virus NAb Ɵters in the respiratory mucosa.  

(A) Violin plots depicƟng NAb Ɵters in serum (red) and nasal secreƟons (blue) at baseline and 

at 2 to 4 weeks or 6 months aŌer primary mRNA- (red/blue) or AVV-based (gray) vaccinaƟon. 

ParƟcipants were subdivided based on the presence of serum anƟ-nucleocapsid (N) IgG prior 

to vaccinaƟon. ParƟcipants exhibiƟng seroconversion of anƟ-N IgG during the 6-month Ɵme 

course aŌer primary vaccinaƟon were excluded from this analysis. (B) Virus NAb Ɵters in 



serum (red) and nasal secreƟons (blue) at 6 months aŌer mRNA booster vaccinaƟon in 

parƟcipants primary vaccinated with either an mRNA- (blue/red) or AVV-based (gray) vaccine. 

ParƟcipants are grouped in those with and without evidence of natural SARS-CoV-2 infecƟon 

aŌer booster vaccinaƟon (defined as a substanƟal rise in anƟ-N IgG serum Ɵter at 6 months 

post booster compared to 2 to 4 weeks post booster).  ParƟcipants with raised serum anƟ-N 

IgG at 2 to 4 weeks aŌer booster were excluded from the analysis. (C) Virus NAb Ɵters in serum 

(red) and nasal secreƟons (blue) at 6 months aŌer primary versus booster vaccinaƟon in 

parƟcipants vaccinated with mRNA-based vaccines. ParƟcipants with a rise in serum anƟ-N 

IgG Ɵters aŌer booster vaccinaƟon (either at 2 to 4 weeks or 6 months) were excluded from 

this analysis. All data are represented by violin plots with lines depicƟng the median and 

quarƟles, and the doƩed line represenƟng the cut-off for neutralizaƟon based on pre-COVID-

19 samples. Significance was determined by Mann-Whitney U test with Holm-Sidak method 

for mulƟple tesƟng for (B). *p < 0.05, ***p < 0.001, and ****p < 0.0001. 

 

  



Fig. S3. KineƟcs of anƟ-receptor binding domain (RBD) IgG and IgA in serum and nasal 

secreƟons.  



(A and B) Violin plots depicƟng anƟ-S1 IgG (A) and IgA (B) Ɵters in serum (red) and nasal 

secreƟons (blue) at 2 to 4 weeks and 6 months aŌer primary AVV-based and booster mRNA-

based vaccinaƟon. AU, arbitrary units. (C and D) Dot plots displaying serum and nasal anƟ-S1 

IgG (C) and IgA (D) relaƟve to each other at 2 to 4 weeks aŌer primary mRNA-based 

vaccinaƟon and 2 to 4 weeks aŌer booster mRNA-based vaccinaƟon. For plots aŌer booster 

vaccinaƟon, parƟcipants were subdivided according to mRNA- (dark dots) or AVV-based (light 

dots) primary vaccinaƟon. Lines represent simple linear regression with 95% CIs. The 

correlaƟon and significance were tested using a two-tailed Spearman correlaƟon test. (E) 

Violin plot depicƟng anƟ-S secretory component anƟbodies in pre-pandemic nasal secreƟons 

and in nasal secreƟons of individuals vaccinated by repeated mRNA-based vaccinaƟon at 2 to 

4 weeks post primary and booster vaccinaƟon.  (F) Dot plot displaying nasal anƟ-S1 IgA and 

nasal anƟ-S secretory component anƟbody Ɵters relaƟve to each other at 2 to 4 weeks aŌer 

primary mRNA vaccinaƟon. Lines represent simple linear regression with 95% CIs. The 

correlaƟon and significance were tested using a two-tailed Spearman correlaƟon test. OD, 

opƟcal density. (G) Violin plot depicƟng anƟ-S secretory component anƟbodies in nasal 

secreƟons prior and 2 to 4 weeks post primary mRNA-based vaccinaƟon. ParƟcipants are 

subdivided based on the presence of serum anƟ-N IgG prior to vaccinaƟon. (H) Dot plots 

displaying serum anƟ-N IgG Ɵters relaƟve to nasal anƟ-S1 IgA Ɵters in unvaccinated individuals 

(both mRNA and AVV cohort pooled) and at 2 to 4 weeks post the second dose of primary 

mRNA-based vaccinaƟon. Solid line represents simple linear regression. DoƩed lines 

represent cut-off based on pre-COVID-19 samples. (I) Dot plot displaying serum anƟ-N IgG 

Ɵters to nasal anƟ-S1 IgG Ɵters in mRNA vaccinated individuals at 2 to 4 weeks aŌer the second 

vaccinaƟon dose. Solid line represents simple linear regression. DoƩed lines represent cut-off 

based on pre-COVID-19 samples. (J and K) Violin plots depicƟng anƟ-S1 IgG (J) and IgA (K) 



concentraƟons in serum (red) and nasal secreƟons (blue) at 6 months aŌer mRNA-based 

booster vaccinaƟon in parƟcipants with primary mRNA- or AVV-based vaccinaƟon. 

ParƟcipants are grouped in those with and without evidence of natural SARS-CoV-2 infecƟon 

aŌer booster vaccinaƟon (defined as a rise in anƟ-N IgG serum Ɵter at 6 months post booster 

compared to 2 to 4 weeks post booster).  ParƟcipants with raised serum anƟ-N IgG at 2 to 4 

weeks aŌer booster were excluded from the analysis. (L and M) Violin plots depicƟng anƟ-S1 

IgG (L) and IgA (M) in serum (red) and nasal secreƟons (blue) at 6 months post primary versus 

booster vaccinaƟon in individuals vaccinated with mRNA-based vaccines. ParƟcipants with a 

rise in serum anƟ-N IgG Ɵters aŌer booster vaccinaƟon (either at 2 to 4 weeks or 6 months) 

were excluded from this analysis.  All data are represented by violin plots with lines depicƟng 

the median and quarƟles, and the doƩed line represenƟng the cut-off for neutralizaƟon based 

on pre-COVID-19 samples. For violin plots, lines depict the median and quarƟles, and doƩed 

line represents the cut-off for neutralizaƟon based on pre-COVID-19 samples. Significance was 

determined by Mann-Whitney U test with Holm-Sidak method for mulƟple tesƟng for (E) and 

(F). **p < 0.01; ns, not significant. S1, S1 domain of the spike protein. 

 

  



Fig. S4. Repeated mRNA vaccinaƟon induces serum virus neutralizing anƟbodies that can 

traffic to the respiratory mucosa.  



Mice were repeatedly immunized intramuscularly (right leg) with the BNT162b2 vaccine. (A) 

Dot plot displaying serum and bronchoalveolar lavage (BAL) NAb Ɵters relaƟve to each other 

in mice immunized 1, 2, 3, or 4 Ɵmes with mRNA vaccinaƟon and euthanized at 21 days aŌer 

the last immunizaƟon. Lines represent simple linear regression with 95% CIs. The correlaƟon 

and significance were tested using a two-tailed Spearman correlaƟon test. (B) Number of S-

specific B cells, fracƟon of germinal center (GC) B cells among the S-specific B cells, and S-

specific plasmablasts/plasma cells (PBPC) in the draining inguinal lymph node (iLN), spleen, 

non-draining mediasƟnal lymph node (mLN), and lung of mice twice vaccinated (n=8) and 

controls (n=4). Mice were euthanized 7 days aŌer the last immunizaƟon. StaƟsƟcal 

significance was tested by Mann-Whitney U test. Data are representaƟve of 2 independent 

experiments. (C) RepresentaƟve flow cytometric validaƟon of magneƟcally intravenous (IV) 

CD45+ depleted lung single cell suspensions. Mice were IV labeled by CD45-bioƟn anƟbody 

and lung single cell suspensions were magneƟcally depleted with streptavidin (SAV)-beads. 

FSC-A, forward scaƩer area; APC, allophycocyanin. (D) ValidaƟon of enzyme-linked 

immunosorbent spot assay (ELISPOT). RepresentaƟve images of ELISPOTs to detect IgG and 

IgA producing plasma cells in lungs that were IV CD45 depleted or not and in bone marrow. 

ELISPOT plates were coated with anƟ-light chain . (E) S-specific PBPC (CD138+CD19-

/intermediate) in spleen of control (Ctrl) mice (n=9) and mice vaccinated 2 (n=5), 3 (n=5) or 4 (n=10) 

Ɵmes. Significance was tested by Kruskal-Wallis test with Dunn’s correcƟon for mulƟple 

tesƟng. (F and G) RepresentaƟve images (leŌ) and quanƟficaƟon (right) of ELISPOTs to detect 

S-specific IgG (F) and IgA (G) secreƟng cells in bone marrow and lungs from naïve (n=2) and 

twice vaccinated (Vac) (n=5) mice. Mice were euthanized 21 days aŌer the last immunizaƟon. 

Lung single cell suspensions were magneƟcally depleted of IV-labeled cells (CD45 bioƟn). Data 

are pooled from 2 independent experiments. (H and I) S-specific IgG (H) and S-specific IgA (I) 



in serum (red) and BAL fluid (BALf, blue) of adopƟvely transferred mice with serum from 

control and vaccinated mice. Mice were euthanized 20 hours aŌer serum transfer. DoƩed line 

represents OD value of blanks. Data are pooled from 2 independent experiments. (J) S-specific 

IgA in serum (red) and BALf (blue) of adopƟvely transferred mice with serum from control and 

vaccinated mice. Mice were euthanized 5 hours aŌer serum transfer. DoƩed line represents 

OD value of blanks. StaƟsƟcal significance in (H to J) was tested by Mann-Whitney U tests. *p 

< 0.05, **p<0.01, ***p < 0.001, ****p < 0.0001; ns, not significant. 

 

  



Fig. S5. RepresentaƟve gaƟng strategy.  

SSC-A, side scaƩer area; FSC-H, forward scaƩer height; SSC-W, side scaƩer width; FITC, 

fluorescein isothiocyanate; AF, Alexa fluor; BV, brilliant violet; PE, phycoerythrin; Cy, cyanine; 

S, spike protein; GC: germinal center; PBPC: plasmablast / plasma cells. 

  



Table S1. CharacterisƟcs of the study populaƟon. Data are number of parƟcipants n (%), or 

median (interquarƟle range, IQR). ParƟcipants were asked to report biological sex.  

 

 
  

Total Primary mRNA vaccination Primary AVV vaccination
Characteristic 183 (100%) 84 (46%) 99 (54%)

Sex
Male 46 (25%) 23 (27%) 23 (23%)
Female 134 (73%) 61 (73%) 73 (74%)
Prefer not to report 3 (2%) 0 (0%) 3 (3%)

Age 38 (28;48) 41 (30;57) 37 (27;44)
Body mass index (kg/m2) 24 24 24
Current smoking 15 (8%) 8 (10%) 7 (7%)
Comorbidities

Diabetes mellitus 0 (0%) 0 (0%) 0 (0%)
Cardiovascular disease 3 (2%) 2 (2%) 1 (1%)
Immunodeficiency 2 (1%) 1 (1%) 1 (1%)
Chronic kidney failure 0 (0%) 0 (0%) 0 (0%)

Booster mRNA vaccination
Total receiving booster 142 (78%) 62 (74%) 80 (81%)
BNT162b2 booster 134 (94%) 59 (95%) 75 (94%)
mRNA-1273 booster 8 (6%) 3 (5%) 5 (6%)

Seroconversion of anti-N IgG
Prior to primary vaccination 28 (15%) 9 (11%) 19 (19%)
Between primary and booster vaccination 12 (7%) 4 (5%) 8 (8%)
After booster vaccination 50 (45%) 19 (39%) 31 (50%)

Time between vaccination and sampling
Primary vaccination and first sampling 18 (15;26) 18 (15;22) 22 (15;28)
Primary vaccination and 6 months follow-up 181 (175;189) 182 (175;190) 181 (175;188)
Booster vaccination and first sampling 25 (19;36) 22 (19;31) 27 (20;38)
Booster vaccination and 6 months follow-up 178 (172;190) 176 (172;186) 178 (172;195)



Data Files 

Data file S1. Data collected from the human cohort (Fig. 1 and 2) 

Data file S2. Data collected from the subgroup human cohort (Fig. 3) 

Data file S3. Mouse data (Fig. 4) 

 
 


