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A B S T R A C T

SARS-CoV-2 continues to circulate in the community. We hypothesise that mucosal immunity is required to 
prevent continuing viral acquisition and transmission.
Objectives: To determine whether SARS-CoV-2 infection or vaccination elicits specific neutralising antibodies in 
saliva, and to assess the longevity of protection.
Methods: Initially, 111 COVID-19 convalescent participants were recruited, 11–369 days after diagnosis. Saliva 
and blood samples were assayed for antibodies specific for Spike protein, Receptor Binding Domain and 
Nucleoprotein. In a second cohort, 123 participants were recruited. Saliva and serum antibodies to the same 
antigens were assayed before and after their first and second COVID-19 vaccinations, with 150 day follow up.
Results: Natural infection induces and boosts IgA and IgG in oral fluid and serum; vaccination does not induce or 
boost specific saliva IgA; IgG can be found in saliva after vaccination, but only when serum IgG concentrations 
are high; IgA is important for SARS-CoV-2 neutralisation activity by oral fluid, but there can also be contributions 
from serum IgG and other factors.
Conclusions: New COVID-19 vaccines should target both systemic and mucosal immunity, to establish a first line 
of immune defence at the mucosal barrier. This would benefit vulnerable patient populations and may help to 
eradicate SARS-CoV-2 circulation.

1. Introduction

The COVID-19 pandemic was an unusual event, which provided an 
unprecedented opportunity to study de novo systemic and mucosal 
immune responses in a large adult population, and to compare the im
mune response to infection with that against immunisation.

Transmission of SARS-CoV-2 is mediated through mucosal tissues 
[1], so mucosal immunity and the induction of the specialised SIgA 
antibody in secretions [2] should be desirable. Many early studies re
ported specific mucosal IgA antibodies in infected and convalescent 

patients, including the presence of neutralising IgA in bronchoalveolar 
lavage and saliva samples [3]. IgA was also reported in nasal secretions 
within 1 week of symptom onset [4,5] and linked to better resolution of 
symptoms [6]. Mucosal antibodies have been reported to persist for at 
least 3 months post infection in saliva [7] and for up to 9 months in the 
nasal cavity [6,8,9].

The commercially approved SARS-CoV-2 vaccines all target the 
systemic immune response [10] and the question whether vaccination 
affects mucosal immunity remains unclear. Dogma would suggest that 
immune induction through mucosal associated lymphoid tissues [11] is 
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required, however, some reports suggested that SARS-CoV-2 vaccination 
can both induce and boost mucosal antibodies. Ketas et al. reported 
specific IgA antibodies in patients’ saliva after the first and second 
COVID-19 mRNA vaccinations respectively [12]. There have been 
similar reports from other groups [13]. More commonly, COVID-19 
vaccination has been reported to boost mucosal antibodies in previ
ously infected individuals [14–16]. However, other studies do not sup
port the suggestion that COVID-19 vaccination stimulates mucosal 
antibodies in either naïve or convalescent individuals [17–19] even after 
the fourth booster vaccination [20].

In this study, we measured specific IgG and IgA responses in blood 
and saliva, and SARS-CoV-2 neutralising activity in saliva, in SARS-CoV- 
2 convalescent patients and for up to 5 months in naïve and convalescent 
patients receiving first and second COVID-19 vaccinations. SARS-CoV-2 
continues to circulate in the community [21], and remains a concern for 
those with weakened immunity, for example through age or co- 
morbidities [22]. This study responds to increasing interest in boost
ing mucosal immunity, to create an additional protective barrier at the 
site of viral infection [23] [24].

2. Materials and methods

2.1. Public involvement

Members of the public (n = 4) were involved during the protocol 
development stage, considering the logistics and practicalities of 
recruitment and sample collection. Prior to ethics review, the proposal 
was reviewed by public volunteers (n = 3) and further recommendations 
were incorporated with respect to recruitment and conduct of the study.

2.2. Ethics statement

The MuCOVID trial (An investigation of quality and longevity of 
mucosal immune responses to SARS-CoV-2 infection; IRAS project ID: 
287928) received ethical approval (REC reference: 20/EM/0227) and 
was approved by the UK NHS Health Research Authority, HRA and 
Health and Care Research Wales (HCRW). The trial was sponsored by St. 
George’s University of London.

2.3. The MuCOVID trial

The aim was to compare mucosal and serum antibody responses 
against SARS-CoV-2 after infection and vaccination. Participants were 
recruited from staff, students and patients at St George’s University 
Hospitals NHS Foundation Trust and St. George’s University of London. 
The inclusion criteria were ≥ 18 years of age; and willing and able to 
give written informed consent. The exclusion criteria were uncontrolled 
infection; lacking capacity for comprehension of procedures required in 
participation and consent; and female participants who were or sus
pected to be pregnant.

2.4. Samples and sample processing

Peripheral venous blood was collected into SST II vacutainer tubes 
(BD). After clotting at room temperature for 30 min, serum was sepa
rated by centrifugation, aliquoted and stored at -20 ◦C.

Whole unstimulated saliva (oral fluid) was collected by asking the 
patient to salivate directly into a sterile container containing 5 μl 
Nonidet-P40, for up to 5 mins or until a volume of 5 ml was collected as 
described previously [25]. Samples were kept on ice for up to 6 h before 
processing. The saliva was clarified by centrifugation at 4863 RCF and 
4 ◦C for 16 min (Hettich Rotina 380R), aliquoted and stored at -20 ◦C.

2.5. SARS-CoV-2 antigens

Details of SARS-CoV-2 recombinant Spike, receptor binding domain 

(RBD) and Nucleoprotein (NP) are given in Supplemental Materials.

2.6. ELISA procedures

ELISA assays to quantify serum IgG or IgA and saliva IgA or IgG 
antibodies to Spike, RBD or NP were developed and are described in 
Supplemental Material. Serum IgG ELISAs against Spike were optimised 
using a panel of 10 sera from SARS-CoV-2 sero-positive patients and 10 
sera from SARS-CoV-2 sero-negative patients kindly provided by Dr. Tim 
Planche (South West London Pathology). All serum antibody assays 
were subsequently tested against a panel of 100 serum samples collected 
prior to October 2019, kindly provided by Dr. Henry Staines (St. 
George’s Univ. of London).

2.7. Binding antibody units (BAU) calculation

Two convalescent antiserum samples (IHS328 and IHS230) were 
calibrated against the First WHO International Standard for anti-SARS- 
CoV-2 immunoglobulin (human), as described [26,27].

An arbitrary value of 1000 BAU/ml is assigned to the WHO standard 
when comparing antibodies of the same class and specificity. Standard 
curves on each assay plate were fitted using a 4-parameter logistic model 
(Graphpad Prism). Sample readings were averaged and sample BAU 
values were interpolated using a sample dilution corresponding to the 
linear part of the assay plate standard curve. BAU values were calculated 
to 3 d.p.

2.8. Saliva neutralisation assay

Details of Vero-AT cells and SARS-CoV-2 challenge virus are given in 
Supplemental Materials. For plaque reduction neutralisation test 
(PRNT), Vero-AT cells were seeded to obtain confluent monolayers (105 

cells/well; 12-well plate, Nunc) and allowed to settle overnight. Saliva 
samples were serially diluted (1:2) in media supplemented with 2 % FCS 
and Amphotericin B (0.50 μg/ml, Thermo Fisher Scientific) and incu
bated for 1 h at 37 ◦C with 40 pfu of SARS-CoV-2. After incubation, the 
virus-saliva mixture was transferred onto a confluent monolayer of 
Vero-AT cells and allowed to adsorb for 60 min at 37 ◦C. The inoculum 
mixture was removed and replaced with an overlay of 0.8 % Avicel 
(Sigma) in growth medium. The monolayers were incubated at 37 ◦C, 5 
% CO2 for 48 h, then fixed and stained with paraformaldehyde 10 % 
(Sigma) and crystal violet (1×, Sigma) in PBS. Plaques were counted and 
neutralisation expressed as % of a non-neutralising control sample of 
saliva.

2.9. Statistical analysis

Statistical analyses were conducted in Stata version 18. Due to the 
skewed distributions of the antibody variables of interest in this study, 
all variables were assessed in terms of medians and inter quartile ranges. 
Details of the tests used are in Supplemental Materials. The 1 % and 5 % 
significance levels were used for all testing.

3. Results

3.1. The MuCOVID trial recruitment

234 participants (114 male; 120 female) were recruited.
Cohort A - 111 participants (53 male; 58 female) were diagnosed 

COVID-19 positive by RT-PCR. The median age was 56.0 years (range 
23.6–88.3 years). A single sample of blood and saliva was collected; the 
range was 11–369 days after diagnosis.

Cohort B - 123 participants (61 male; 62 female) were recruited 
between January 2021 and November 2022. The median age was 46.8 
years (range 22.2–88.4 years). Depending on the time of recruitment, 
samples were collected on up to 6 occasions; before vaccination (n =
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29), at 3–5 weeks (n = 56) and 8–10 weeks (n = 58) after first vacci
nation, and at 3–5 weeks (n = 97), 8–10 weeks (n = 83) and 20 weeks (n 
= 82) after second vaccination. 97 participants received two doses of the 
Pfizer vaccine, 21 participants received two doses of the Oxford/Astra
Zeneca vaccine, 1 received two doses of Moderna vaccine, 1 received 
two doses of the Sinovac vaccine, 1 received a first dose of the Oxford/ 
AstraZeneca vaccine followed by a second dose of the Pfizer vaccine, and 
two participants chose not to be vaccinated. The cohort was divided into 
a “No COVID history” group (n = 69) and a “COVID history” group (n =
54) according to a consistent history of symptoms or a positive test by 
either RT-PCR or lateral flow device.

If a participant contracted COVID-19 during the sampling period, 
samples taken after infection were excluded from the analysis.

3.2. COVID-19 infection induces serum IgG and mucosal IgA antibodies 
against SARS-COV-2 Spike protein for at least 6 months

Serum and saliva antibodies from Cohort A participants within (<) 
100 days of diagnosis or greater than (>) 180 days were compared 
against patients with no history of COVID-19 (No COVID) from Cohort B, 
sampled before vaccination. The anti-Spike protein results are shown in 
Fig. 1.

Fig. 1. Serum and mucosal IgG and IgA antibodies against SARS-CoV-2 Spike protein following COVID-19 infection. A: Serum IgG; B: Serum IgA; C: Saliva IgA; and 
D: Saliva IgG. Specific antibodies were measured by Spike antigen capture ELISA and the binding antibody units (BAU) calculated according to the first WHO In
ternational Standard. 3 groups are shown, samples taken less than (<) 100 days or more than (>) 180 days after COVID-19 diagnosis, and samples from participants 
with no history of COVID-19 (No COVID). ND = not detected. Means are shown by red squares, medians are shown by blue lines. The serum results shown for each 
individual represent the mean from duplicate wells, whereas the saliva results shown for each individual represent the mean of at least 3 replicate assays. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Specific IgG antibodies were detected in 54/56 (96 %) serum sam
ples in the COVID <100 days group compared with 15/25 (60 %) in the 
No COVID group (Fig. 1A). As expected, average anti-Spike serum IgG is 
significantly higher in samples taken <100 days after COVID-19 diag
nosis compared with the No COVID group, the difference in the median 
antibody levels was over two orders of magnitude (p < 0.01). In samples 
taken >180 days after COVID-19, specific IgG antibodies were detected 
from 49/56 (86 %) participants and the average IgG levels were 
significantly higher than the No COVID group (p < 0.01). Average IgG 
antibodies levels in >180 day samples were significantly lower than in 
<100 day samples (p < 0.01). Similar patterns were observed for anti- 
Spike serum IgA antibodies (Fig. 1B). Serum IgA levels in real terms, 
were lower than serum IgG. This is not evident when measured as BAUs, 
however the median antibody end-point titre for anti-Spike serum IgG in 
the <100 days group was 25,600, whereas for anti-Spike serum IgA it 
was 1600 (data not shown).

Similar patterns were seen for anti-Spike saliva IgA (Fig. 1C). Specific 

saliva IgA was detectable in almost all samples, but average antibody 
levels <100 days after COVID-19 diagnosis were significantly higher 
than in the >180 days COVID group and the No COVID group (both p <
0.01). There was a borderline significant difference (p = 0.05) 
comparing the COVID >180 days group with the No COVID group. The 
specific IgA median end-point titre in saliva, was 128 in the <100 days 
COVID group and 32 in the >180 days COVID group (data not shown).

Anti-Spike IgG antibodies were also found in saliva (Fig. 1D). Again, 
the average saliva IgG level in the <100 days COVID group was signif
icantly higher compared with both the >180 days COVID and the No 
COVID groups (p < 0.01). However, there was no significant difference 
between antibody levels in >180 days COVID group compared with the 
No COVID group. The median saliva IgG antibody end-point titres were 
128 in the <100 days COVID group but just 8 in the >180 days COVID 
group (data not shown).

In order to estimate the longevity of antibody responses in saliva, the 
>180 days after COVID” group was divided into three sub-groups, 

Fig. 2. Spike protein saliva IgA and IgG before and after first and second immunisations. A: Saliva IgA; B: Saliva IgG. Specific antibodies were measured by Spike 
antigen capture ELISA and the binding antibody units (BAU) calculated according to the first WHO International Standard. Results of samples from participants with 
no history of COVID-19 (No COVID) and from participants with confirmed COVID history are shown separately. Antibodies were measured at 6 time points, once 
before immunisation, twice (at 3–5 weeks and 8–10 weeks) after the first immunisation and three times (at 3–5 weeks, 8–10 weeks and 20 weeks) after the second 
immunisation. ND = not detected. Means are shown by red squares, medians are shown by blue lines. The serum results shown for each individual represent the mean 
from duplicate wells, whereas the saliva results shown for each individual represent the mean of at least 3 replicate assays. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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180–229 (n = 22), 230–279 (n = 14) and 280–330 (n = 10) days. Saliva 
IgA levels >20 BAU were found in 73 %, 71 % and 40 % of participants 
in these groups respectively. Saliva IgG levels >1 BAU were found in 25 
%, 21 % and 10 % of participants in these groups respectively.

A similar pattern of serum and saliva antibody results was found 
against NP (Suppl. Fig. 1) and RBD (not shown).

3.3. COVID-19 vaccination does not induce specific mucosal IgA 
antibodies

Fig. 2A shows saliva IgA to Spike protein before and after first and 
second immunisations. In participants with No COVID history, the me
dian anti Spike saliva IgA level was 19.6 BAU before vaccination (n =

Fig. 3. Virus neutralisation by saliva in COVID convalescent patients and patients with no history of COVID, before and after immunisation. A) Percentage of 
participants’ samples with SARS-CoV-2 neutralising activity in each of 5 groups. COVID (convalescent participants) at <100 days or > 180 after diagnosis, and No 
COVID (participants with no history of COVID) samples taken before 1st vaccination, 3–10 weeks after first vaccination and 3–10 weeks after second vaccination; B) 
Virus neutralising potency in positive samples in the same 5 groups. The potency of saliva virus neutralising activity is represented by % viral killing in a FAVN assay. 
On the x-axis, the proportion of samples with no detectable neutralisation activity is shown (eg 23/53).
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26), which decreased to 9.9 BAU 3–5 weeks after the first vaccination (n 
= 30) and remained around that level in subsequent samples, 8–10 
weeks after first vaccination (n = 44) or in the three samples following 
second vaccination (n = 60). There was no difference in saliva IgA levels 
comparing samples taken 3–5 weeks after first and second vaccinations.

In participants with COVID-19 history, only 5 participants were 
recruited before the first immunisation, with a median anti Spike saliva 
IgA level of 68.74 BAU. There was no significant change in samples 
taken 3–5 weeks (n = 23) or 8–10 weeks after the first vaccination (n =
22), or 3–5 weeks following second vaccination (n = 36). The drop in 
saliva IgA 8–10 weeks (n = 23) and 20 weeks (n = 24) after the second 
vaccination did reach significance compared with earlier samples (p <
0.05).

Fig. 2B shows saliva IgG levels against Spike protein before and after 
first and second immunisations. The timing of samples and numbers at 
each time point were the same as for saliva IgA to Spike protein (above). 
In the No COVID groups, the IgG antibody levels were low, but the 
changes in median BAU levels over the sampling period are consistent 
with vaccination, i.e. a rise in average antibody levels following first 
vaccination and a greater rise following second vaccination, followed by 
a wane in antibody over the study period. The differences between 
adjacent samples are only significant however, between 8 and 10 weeks 
after first vaccination and 3–5 weeks after second vaccination, and 
subsequent samples when the antibody level wanes (p < 0.05). In par
ticipants with COVID history, only three samples were collected before 
vaccination. The average saliva IgG level after first vaccination was 
similar to levels in No COVID participants, 3–5 weeks after second 
vaccination, which is consistent with a booster, rather than a priming, 
response. An increase in antibody levels between samples at 8–10 weeks 
after first vaccination and 3–5 weeks after second vaccination was sig
nificant (p < 0.05), but peak antibody levels after first and second 
vaccination were equivalent. As before, a significant wane in antibody 
levels was observed after second vaccination.

At 8 weeks after second vaccination and beyond, the saliva IgG 
antibody levels were consistent with those observed in the <100 days 
COVID convalescent group (Fig. 1B).

Serum IgG and IgA seroconversion was confirmed in all Cohort B 
participants, with results demonstrating a typical primary and second
ary antibody response in participants with No COVID history and an 
elevated immune response to first vaccination in those with prior COVID 
history (Supplemental Figs. 2 and 3, Supplemental Table 1).

The anti-Spike serum and saliva antibody results were consistent 
with those found against NP and RBD (not shown).

3.4. SARS-CoV-2 virus neutralisation by saliva is greater in COVID-19 
convalescent participants than those vaccinated against COVID-19 with 
No COVID history

Saliva (oral fluid) samples from COVID-19 convalescent participants 
and No COVID participants, before and after vaccination were tested for 
SARS-CoV-2 virus neutralisation. The potency of the saliva samples’ 
virus neutralising activity, represented by % viral neutralisation, are 
shown in Fig. 3.

Many samples had no detectable neutralising activity. But in Cohort 
A participants, 57 % of COVID <100 days samples and 49 % of COVID 
>180 days samples had SARS-CoV-2 neutralising activity, compared to 
26 % samples in the No COVID pre-vaccination group (Fig. 3A). In 
Cohort B participants, the first vaccination resulted in no change; 21 % 
samples had neutralising activity, but this increased to 35 % samples 
after the second vaccination (Fig. 3A). The proportion of saliva samples 
with SARS-CoV-2 neutralising activity was significantly lower in the No 
COVID groups (before and after vaccination) compared with the COVID 
<100 days group (p < 0.05), but not compared with the COVID >180 
days group.

The potency of SARS-CoV-2 virus neutralising activity in neutralising 
saliva samples, is shown in Fig. 3B. There was a trend towards greater 

potency of viral neutralisation in the COVID <100/7 group, but this did 
not reach statistical significance.

3.5. The SARS-CoV-2 immunological history of one participant

Multiple samples were taken from one participant between 
November 2020–August 2022. Sampling was intermittent and focused 
around SARS-CoV-2 challenges, but 66 samples were taken, covering all 
but 5 of the 22 months (Fig. 4). During that period, the individual 
received three Pfizer vaccinations in January, March and November 
2021 (blue arrows), but eventually succumbed to COVID-19 infection, 
which was diagnosed by lateral flow assay in March 2022 (red arrow).

The first sample in November 2020 was seronegative for anti Spike 
IgG. Thereafter serum IgG was detected at every sample time point, and 
the response to vaccinations is evident. Serum IgG was further boosted 
by SARS-CoV-2 infection.

Saliva was collected at the same 19 time points. Additional saliva 
samples were collected as follows – Apr 2021 × 1, May 2021 × 2, Jul 
2021 × 1, Nov 2021 × 4, Mar 2022 × 11, Apr 2022 × 3, and May 2022 
× 3. Consistent with previous results, there was no significant increase 
in saliva IgA throughout the vaccination period, until SARS-CoV-2 
infection in March 2022, and the levels then remained elevated until 
the last sample in Aug 2022.

Saliva IgG was detected intermittently after the second vaccination, 
and again after infection, but the levels were very low (single digit 
BAUs) and short-lived.

The SARS-CoV-2 neutralisation potency was measured for every 
saliva sample collected. No significant neutralisation was observed until 
after SARS-CoV-2 infection, and this was also sustained until the last 
sample in Aug 2022.

3.6. Evidence for muco-conversion in the absence of sero-conversion

Six participants were found with saliva IgA antibodies to the three 
SARS-CoV-2 antigens at levels that were consistent with previous 
infection, but with no history of COVID-19 infection and no evidence for 
seroconversion, with very low or undetectable serum IgG antibodies to 
Spike (Fig. 5A) and NP (not shown). The saliva IgA levels to each antigen 
were equivalent to or greater than the median levels for COVID conva
lescent patients’ samples taken up to 100 days after diagnosis (Fig. 5A).

To confirm that these 6 participants were systemically immunolog
ically naïve, their subsequent serum IgG responses to vaccination were 
observed. In each case, the response was consistent with no previous 
exposure to SARS-CoV-2, as the anti-Spike IgG antibody levels after first 
vaccination were consistently boosted by over one log following second 
vaccination (Fig. 5B), similar to results shown in Suppl. Fig. 2 Panel i (No 
COVID), but not Panel ii (COVID).

4. Discussion

Our results confirm that mucosal immune responses are elicited in 
the majority (96 %) of infected patients, and can persist, with 71 % of 
convalescent patients remaining positive for Spike specific saliva IgA for 
between 230 and 279 days after infection. These results, in a large 
cohort of patients, support the findings of others, that SARS-CoV-2 
infection induces mucosal and systemic antibody responses that are 
robust and detectable for at least 7 months [28].

We also demonstrate conclusively that saliva IgA antibodies are 
neither induced nor boosted by systemic COVID-19 vaccination. Vacci
nation can though, result in specific IgG antibodies in saliva, the levels of 
which reflect the levels of IgG in serum. Interestingly, the elevated 
serum IgA levels resulting from vaccination did not result in any change 
in saliva IgA. These results were supported in the longitudinal follow-up 
of a single individual, where SARS-CoV-2 specific saliva IgA was not 
detected over the course of three vaccinations, but only after infection.

Antibodies in mucosal fluids are predominantly secretory IgA 
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antibodies that are mucosally derived. They may also include mono
meric antibodies (IgG and IgA) derived from blood. In the mouth, these 
enter through gingival fluid [29]. Local gingival immune cells may also 
contribute [30], but we could not test for these in this study.

The functional significance of mucosal antibodies was demonstrated 
by SARS-CoV-2 neutralising activity in oral fluid. Both saliva IgA and 
serum IgG in oral fluid could be responsible for viral neutralisation and 
our neutralisation assay did not differentiate between the contributions 
of each antibody class. Variable levels of gingival disease would impact 
the leakage of serum antibodies into saliva and might be a factor in 
complicating the interpretation of saliva neutralisation activity against 
SARS-CoV-2 in the different patient groups.

Comparing the levels of different antibody classes in different body 
fluids is difficult. We assessed antibody end-point titres, which gives an 
indication of antibody concentration. These results suggest that the 
concentration of specific IgG in saliva is similar to IgA shortly after 
infection, but wanes at a quicker rate – 16-fold in the >180 days group, 
compared with 4-fold for IgA.

Another assessment of antibody concentration is based on function, 
ie virus neutralisation. We were not however, able to demonstrate a 
correlation between concentration of IgA, IgG, or IgA + IgG in our 
samples and viral neutralisation (data not shown), which probably re
flects the technical difficulties associated with the assays involved. 
Similarly, in one study, low titres of nasal IgA antibodies in children 
were found to have comparable neutralisation capacity to higher titres 
in adults [31]. Variability in the collection of mucosal samples, the 
assessment of antibody levels and the neutralisation potency all 
contribute to difficulty in finding correlations. In addition, some neu
tralising activity might be associated with non-specific factors in saliva, 
for example components of the innate immune response [32], which we 
have not been able to separate out.

However, our results suggest that saliva IgA makes the most 
important contribution to neutralisation activity. Firstly, an increase in 
neutralising activity was only seen in No COVID vaccinees after two 
vaccinations, suggesting that low IgG levels in saliva after primary 
immunisation are inadequate. Secondly, in the convalescent cohort 1, 

there was only a modest reduction in the proportion of samples with 
neutralising activity between the <100 and > 180 days groups, that was 
more consistent with the 4-fold reduction in saliva IgA titre, than the 16- 
fold reduction in saliva IgG titre in the same samples. Finally, although 
only a single case was analysed, in a longitudinal study, SARS-CoV-2 
neutralisation activity in saliva was not detected over the course of 
three COVID-19 vaccinations but was detected following COVID-19 
infection and the appearance of saliva IgA antibodies.

We also report six cases where mucosal immunity was observed in 
the absence of seroconversion. This raises the possibility that mucosal 
immune protection against SARS-CoV-2 might be sufficient to prevent 
systemic infection. Similar cases have been reported before. 4 patients 
(20 %) of Spike protein–seronegative individuals, were identified as 
Spike protein mucosal IgA positive in one study [33]. The authors 
postulated that low-level antigen exposure might elicit a mucosal IgA 
responses only. Ketas et al., who identified a single equivalent patient, 
suggested that the mucosal antibodies represented a cross-reactive 
response and that they might initially have been induced by other sea
sonal coronaviruses [12]. Our findings here, that subsequent immune 
responses to vaccination were characteristic for systemically naïve pa
tients favours the former hypothesis.

Although our results provide some clear conclusions, there are also 
some anomalous results. Over half of our No COVID patients had 
detectable anti-Spike IgG antibodies; there is variability in antibody 
levels within individuals in the same groups; and SARS-CoV-2 neutral
ising activity was observed in the No COVID control group. Observa
tional studies during the COVID-19 pandemic were challenging and 
included biological factors which were not understood at the time. For 
example, asymptomatic COVID-19 infection was not generally diag
nosed, complicating immune response studies. The prevalence of 
asymptomatic COVID has been reported at 15.6 %, rising to 27.7 % in 
children in one review of over 50,000 patients with confirmed COVID 
[34]. In another meta-analysis involving almost 30 M patients, the 
percentage of asymptomatic SARS-CoV-2 infections among populations 
tested for and with confirmed COVID, was 0.25 % and 40.50 % 
respectively [35]. A second major issue was the rapid wane in antibody 

Fig. 4. Serum IgG and Saliva antibody responses to COVID vaccination and SARS-CoV-2 infection in one individual between 10/11/2020–10/8/2022. 66 serum and 
saliva samples were collected over a 22 month period. Specific antibodies were measured by Spike antigen capture ELISA and the binding antibody units (BAU) 
calculated according to the first WHO International Standard. Spike protein specific serum IgG, saliva IgG and saliva IgA levels measured over 22 months are shown 
in individual graphs. Whole saliva neutralisation potency against SARS-CoV-2, measured by PRNT is shown in the fourth graph. The serum results represent the mean 
from duplicate wells, whereas the saliva results represent the mean of at least 3 replicate assays.
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levels observed after both SARS-CoV-2 infection and vaccination [36]. 
In particular, the more rapid drop in antibodies to SARS-CoV-2 nucle
oprotein (NP) made it virtually impossible to identify patients who had 
previously had asymptomatic COVID, once the vaccination programme 
was established. For these reasons, identifying a negative COVID-naïve 
group presented difficulties.

The assessment of antibody levels in oral fluids is difficult and results 
are more variable than those from serum. Oral fluid collection is 
complicated by viscosity and dilution with variable amounts of water, 
according to the level of stimulation, for example from oral movements 
or the sight or thought of food. Here, we collected unstimulated oral 
fluid, which needs to be taken into account when comparing our results 
with other studies that collect stimulated oral fluids using a variety of 
techniques. We were also careful to introduce a minimum number of 
processing steps between sampling and assay to reduce the risk of 
antibody degradation [37].

Attention to mucosal immunity has become of increasing interest. 
We postulate that the failure of vaccination programmes to prevent virus 

circulation in the community is related to lack of mucosal immunity. The 
COVID-19 burden remains significant [21,38]. There are more hospi
talisations for COVID-19 than other seasonal respiratory infections and 
WHO reported almost 10,000 deaths from COVID-19 at the end of 2023. 
Immunocompromised patients with reduced responses to COVID-19 
vaccines bear a disproportionate burden of the residual effects of 
COVID-19 [39,40], and better solutions are urgently needed to address 
the concerns of these vulnerable populations.

The prospect of a primary mucosal barrier, backed up by secondary 
systemic immunity against mucosal infections has always been attrac
tive [2,41]. Specific mucosal antibodies to fortify the mucosal barrier 
could be provided through different approaches, including mucosal 
vaccines [42,43] or passive immunisation with IgA monoclonal anti
bodies [25,44]. Protecting against viral acquisition at the external 
mucosal barrier may have additional benefits. One study suggested that 
specific mucosal IgA resulting from early SARS-CoV-2 infection, 
retained activity against omicron variants such as XBB.1, which are 
highly evasive of IgG neutralisation [31]. In addition, protecting 

Fig. 5. Saliva IgA antibodies to SARS-CoV-2 antigens in participants with no seroconversion or infection history. A: Saliva IgA and serum IgG levels to Spike, RBD 
and NP are shown for 6 participants with no history of COVID infection or immunisation. Specific antibodies were measured by antigen capture ELISA and the 
binding antibody units (BAU) calculated according to the first WHO International Standard. The positive and negative controls were for saliva antibodies were 
median values from 61 COVID convalescent participants (samples <100 days) and 21 COVID -ve participants, and for serum antibodies samples from 51 COVID 
convalescent participants (samples >180 days) and 25 COVID -ve participants. B: Spike protein specific serum IgG levels before and after COVID immunisation in 6 
participants. Specific antibodies were measured by Spike antigen capture ELISA and the binding antibody units (BAU) calculated according to the first WHO In
ternational Standard. Antibodies were measured at 6 time points, once before immunisation, twice (at 3–5 weeks and 8–10 weeks) after the first immunisation and 
three times (at 3–5 weeks, 8–10 weeks and 20 weeks) after the second immunisation. The serum results shown for each individual represent the mean from duplicate 
wells, whereas the saliva results shown for each individual represent the mean of at least 3 replicate assays. Each line represents samples from an individual 
participant.
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mucosal surfaces against colonisation might result in reduced virus 
circulation within communities and an ultimate reduction in the 
development of new variants [31].

CRediT authorship contribution statement

Mathew J. Paul: Writing – review & editing, Methodology, Inves
tigation, Formal analysis, Data curation. Mohammed T. Hudda: 
Writing – original draft, Methodology, Formal analysis. Scott Pallett: 
Writing – review & editing, Resources, Project administration, Investi
gation. Elisabetta Groppelli: Writing – review & editing, Writing – 
original draft, Investigation, Funding acquisition, Formal analysis, Data 
curation. Eugenia Boariu: Writing – review & editing, Investigation. 
Nicole Falci Finardi: Writing – review & editing, Investigation. Rachel 
Wake: Writing – review & editing, Investigation. Nidhi Sofat: Writing – 
review & editing, Resources. Kathryn Biddle: Writing – review & 
editing, Investigation. Soraya Koushesh: Writing – review & editing, 
Investigation. Louis Dwyer-Hemmings: Writing – review & editing, 
Investigation. Richard Cook: Writing – review & editing, Investigation. 
Julian K-C. Ma: Writing – review & editing, Writing – original draft, 
Supervision, Resources, Project administration, Methodology, Investi
gation, Funding acquisition, Formal analysis, Data curation, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

Personal thanks to Professor Thomas Lehner, who inspired this 
research. Thanks also to Dr. Kathrin Goritzer for expressing recombinant 
RBD. This work received generous support from the Sir Joseph Hotung 
Charitable Trust; the Merck Sharp and Dohme Investigator Studies 
Program (MISP #60463), St. George’s Hospital Charity (Award 11309), 
the European Union’s Horizon 2020 programme under Grant Agree
ments 774078 (Pharma-Factory) and 760331 (Newcotiana); the BBSRC 
(21EBTA Celfacto project) and the Austrian Science Fund Erwin 
Schrödinger Fellowship J-4583. The MS equipment was kindly provided 
by the EQ-BOKU VIBT GmbH and the BOKU Core Facility mass spec
trometry. We are grateful to Leaf Expression Systems for their 
involvement.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.vaccine.2025.127175.

Data availability

The data that has been used is confidential.

References

[1] To KK, Tsang OT, Yip CC, Chan KH, Wu TC, Chan JM, et al. Consistent detection of 
2019 novel coronavirus in saliva. Clin Infect Dis 2020;71:841–3.

[2] Russell MW, Moldoveanu Z, Ogra PL, Mestecky J. Mucosal immunity in COVID-19: 
a neglected but critical aspect of SARS-CoV-2 infection. Front Immunol 2020;11: 
611337.

[3] Sterlin D, Mathian A, Miyara M, Mohr A, Anna F, Claer L, et al. IgA dominates the 
early neutralizing antibody response to SARS-CoV-2. Sci Transl Med 2021:13.

[4] Chan RWY, Chan KCC, Lui GCY, Tsun JGS, Chan KYY, Yip JSK, et al. Mucosal 
antibody response to SARS-CoV-2 in Paediatric and adult patients: a longitudinal 
study. Pathogens 2022:11.

[5] Escalera A, Rojo-Fernandez A, Rombauts A, Abelenda-Alonso G, Carratala J, 
Garcia-Sastre A, et al. SARS-CoV-2 infection induces robust mucosal antibody 
responses in the upper respiratory tract. iScience 2024;27:109210.

[6] Froberg J, Gillard J, Philipsen R, Lanke K, Rust J, van Tuijl D, et al. SARS-CoV-2 
mucosal antibody development and persistence and their relation to viral load and 
COVID-19 symptoms. Nat Commun 2021;12:5621.

[7] Isho B, Abe KT, Zuo M, Jamal AJ, Rathod B, Wang JH, et al. Persistence of serum 
and saliva antibody responses to SARS-CoV-2 spike antigens in COVID-19 patients. 
Sci Immunol 2020:5.

[8] Liew F, Talwar S, Cross A, Willett BJ, Scott S, Logan N, et al. SARS-CoV-2-specific 
nasal IgA wanes 9 months after hospitalisation with COVID-19 and is not induced 
by subsequent vaccination. EBioMedicine 2023;87:104402.

[9] Wright PF, Prevost-Reilly AC, Natarajan H, Brickley EB, Connor RI, Wieland- 
Alter WF, et al. Longitudinal systemic and mucosal immune responses to SARS- 
CoV-2 infection. J Infect Dis 2022;226:1204–14.

[10] WHO target product profiles for COVID-19 vaccines 2022. https://www.who.int/p 
ublications/m/item/who-target-product-profiles-for-covid-19-vaccines.

[11] Mestecky J, Russell MW, Elson CO. Intestinal IgA: novel views on its function in the 
defence of the largest mucosal surface. Gut 1999;44:2–5.

[12] Ketas TJ, Chaturbhuj D, Portillo VMC, Francomano E, Golden E, Chandrasekhar S, 
et al. Antibody responses to SARS-CoV-2 mRNA vaccines are detectable in saliva. 
Pathog Immun 2021;6:116–34.

[13] Sheikh-Mohamed S, Isho B, Chao GYC, Zuo M, Cohen C, Lustig Y, et al. Systemic 
and mucosal IgA responses are variably induced in response to SARS-CoV-2 mRNA 
vaccination and are associated with protection against subsequent infection. 
Mucosal Immunol 2022;15:799–808.

[14] Sano K, Bhavsar D, Singh G, Floda D, Srivastava K, Gleason C, et al. SARS-CoV-2 
vaccination induces mucosal antibody responses in previously infected individuals. 
Nat Commun 2022;13:5135.

[15] Azzi L, Dalla Gasperina D, Veronesi G, Shallak M, Ietto G, Iovino D, et al. Mucosal 
immune response in BNT162b2 COVID-19 vaccine recipients. EBioMedicine 2022; 
75:103788.

[16] Cagigi A, Yu M, Osterberg B, Svensson J, Falck-Jones S, Vangeti S, et al. Airway 
antibodies emerge according to COVID-19 severity and wane rapidly but reappear 
after SARS-CoV-2 vaccination. JCI Insight 2021:6.

[17] Puhach O, Bellon M, Adea K, Bekliz M, Hosszu-Fellous K, Sattonnet P, et al. SARS- 
CoV-2 convalescence and hybrid immunity elicits mucosal immune responses. 
EBioMedicine 2023;98:104893.

[18] Bhavsar D, Singh G, Sano K, Gleason C, Srivastava K, Group PS, et al. Mucosal 
antibody responses to SARS-CoV-2 booster vaccination and breakthrough 
infection. mBio 2023;14:e0228023.

[19] Nickel O, Rockstroh A, Wolf J, Landgraf S, Kalbitz S, Kellner N, et al. Evaluation of 
the systemic and mucosal immune response induced by COVID-19 and the 
BNT162b2 mRNA vaccine for SARS-CoV-2. PLoS One 2022;17:e0263861.

[20] Bladh O, Marking U, Havervall S, Norin NG, Aguilera K, Hober S, et al. Mucosal 
immune responses following a fourth SARS-CoV-2 vaccine dose. Lancet Microbe 
2023;4:e488.

[21] WHO. COVID-19 epidemiological update. 2024.
[22] Hippisley-Cox J, Coupland CA, Mehta N, Keogh RH, Diaz-Ordaz K, Khunti K, et al. 

Risk prediction of covid-19 related death and hospital admission in adults after 
covid-19 vaccination: national prospective cohort study. BMJ 2021;374:n2244.

[23] Woof JM, Kerr MA. IgA function - variations on a theme. Immunology 2004;113: 
175–7.

[24] Mantis NJ, Forbes SJ. Secretory IgA: arresting microbial pathogens at epithelial 
borders. Immunol Investig 2010;39:383–406.

[25] Ma JK, Hikmat BY, Wycoff K, Vine ND, Chargelegue D, Yu L, et al. Characterization 
of a recombinant plant monoclonal secretory antibody and preventive 
immunotherapy in humans. NatMed 1998;4:601–6.

[26] Kristiansen PA, Page M, Bernasconi V, Mattiuzzo G, Dull P, Makar K, et al. WHO 
international standard for anti-SARS-CoV-2 immunoglobulin. Lancet 2021;397: 
1347–8.

[27] Kemp TJ, Quesinberry JT, Cherry J, Lowy DR, Pinto LA. Selection, 
characterization, calibration, and distribution of the U.S. Serology standard for 
anti-SARS-CoV-2 antibody detection. J Clin Microbiol 2022;60:e0099522.

[28] Marking U, Bladh O, Havervall S, Svensson J, Greilert-Norin N, Aguilera K, et al. 7- 
month duration of SARS-CoV-2 mucosal immunoglobulin-a responses and 
protection. Lancet Infect Dis 2023;23:150–2.

[29] Challacombe SJ, Russell MW, Hawkes JE. Passage of intact IgG from plasma to the 
oral cavity via crevicular fluid. Clin Exp Immunol 1978;34:417–22.

[30] Lehner T, Mehlert A, Caldwell J. Local active gingival immunization by a 3,800- 
molecular-weight streptococcal antigen in protection against dental caries. Infect 
Immun 1986;52:682–7.

[31] Dowell AC, Tut G, Begum J, Bruton R, Bentley C, Butler M, et al. Nasal mucosal IgA 
levels against SARS-CoV-2 and seasonal coronaviruses are low in children but 
boosted by reinfection. J Inf Secur 2023;87:403–12.

[32] Malamud D, Abrams WR, Barber CA, Weissman D, Rehtanz M, Golub E. Antiviral 
activities in human saliva. Adv Dent Res 2011;23:34–7.

[33] Cervia C, Nilsson J, Zurbuchen Y, Valaperti A, Schreiner J, Wolfensberger A, et al. 
Systemic and mucosal antibody responses specific to SARS-CoV-2 during mild 
versus severe COVID-19. J Allergy Clin Immunol 2021;147(545–57):e9.

[34] He J, Guo Y, Mao R, Zhang J. Proportion of asymptomatic coronavirus disease 
2019: a systematic review and meta-analysis. J Med Virol 2021;93:820–30.

[35] Ma Q, Liu J, Liu Q, Kang L, Liu R, Jing W, et al. Global percentage of asymptomatic 
SARS-CoV-2 infections among the tested population and individuals with 
confirmed COVID-19 diagnosis: a systematic review and Meta-analysis. JAMA 
Netw Open 2021;4:e2137257.

[36] Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al. Immunological 
memory to SARS-CoV-2 assessed for up to 8 months after infection. Science 2021; 
371.

M.J. Paul et al.                                                                                                                                                                                                                                  Vaccine 56 (2025) 127175 

9 

https://doi.org/10.1016/j.vaccine.2025.127175
https://doi.org/10.1016/j.vaccine.2025.127175
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0005
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0005
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0010
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0010
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0010
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0015
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0015
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0020
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0020
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0020
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0025
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0025
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0025
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0030
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0030
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0030
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0035
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0035
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0035
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0040
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0040
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0040
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0045
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0045
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0045
https://www.who.int/publications/m/item/who-target-product-profiles-for-covid-19-vaccines
https://www.who.int/publications/m/item/who-target-product-profiles-for-covid-19-vaccines
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0055
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0055
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0060
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0060
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0060
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0065
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0065
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0065
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0065
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0070
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0070
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0070
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0075
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0075
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0075
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0080
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0080
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0080
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0085
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0085
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0085
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0090
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0090
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0090
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0095
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0095
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0095
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0100
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0100
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0100
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0105
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0110
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0110
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0110
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0115
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0115
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0120
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0120
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0125
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0125
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0125
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0130
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0130
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0130
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0135
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0135
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0135
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0140
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0140
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0140
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0145
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0145
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0150
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0150
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0150
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0155
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0155
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0155
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0160
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0160
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0165
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0165
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0165
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0170
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0170
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0175
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0175
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0175
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0175
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0180
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0180
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0180


[37] Heinzel C, Pinilla YT, Elsner K, Friessinger E, Mordmuller B, Kremsner PG, et al. 
Non-invasive antibody assessment in saliva to determine SARS-CoV-2 exposure in 
young children. Front Immunol 2021;12:753435.

[38] WHO. Statement on the fifteenth meeting of the IHR. In: Emergency Committee on 
the COVID-19 pandemic. 2023; 2005.

[39] Evans RA, Dube S, Lu Y, Yates M, Arnetorp S, Barnes E, et al. Impact of COVID-19 
on immunocompromised populations during the omicron era: insights from the 
observational population-based INFORM study. Lancet Reg Health Eur 2023;35: 
100747.

[40] Ketkar A, Willey V, Pollack M, Glasser L, Dobie C, Wenziger C, et al. Assessing the 
risk and costs of COVID-19 in immunocompromised populations in a large United 
States commercial insurance health plan: the EPOCH-US study. Curr Med Res Opin 
2023;39:1103–18.

[41] Lewis DJ, Lacey CJ, Jeffs S, Cole T, Fraser C, Wiggins R, et al. Phase I safety and 
immunogenicity randomised controlled trial of a vaginal gp140 vaccine. 
Retrovirology 2009;6.

[42] Carter NJ, Curran MP. Live attenuated influenza vaccine (FluMist(R); Fluenz): a 
review of its use in the prevention of seasonal influenza in children and adults. 
Drugs 2011;71:1591–622.

[43] Nielsen S, Sujan HM, Benn CS, Aaby P, Hanifi SMA. Oral polio vaccine campaigns 
may reduce the risk of death from respiratory infections. Vaccines (Basel) 2021:9.

[44] Teh AY, Cavacini L, Hu Y, Kumru OS, Xiong J, Bolick DT, et al. Investigation of a 
monoclonal antibody against enterotoxigenic Escherichia coli, expressed as 
secretory IgA1 and IgA2 in plants. Gut Microbes 2021;13:1–14.

M.J. Paul et al.                                                                                                                                                                                                                                  Vaccine 56 (2025) 127175 

10 

http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0185
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0185
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0185
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0190
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0190
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0195
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0195
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0195
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0195
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0200
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0200
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0200
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0200
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0205
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0205
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0205
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0210
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0210
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0210
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0215
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0215
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0220
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0220
http://refhub.elsevier.com/S0264-410X(25)00472-4/rf0220

	Mucosal immune responses to SARS-CoV-2 infection and COVID-19 vaccination
	1 Introduction
	2 Materials and methods
	2.1 Public involvement
	2.2 Ethics statement
	2.3 The MuCOVID trial
	2.4 Samples and sample processing
	2.5 SARS-CoV-2 antigens
	2.6 ELISA procedures
	2.7 Binding antibody units (BAU) calculation
	2.8 Saliva neutralisation assay
	2.9 Statistical analysis

	3 Results
	3.1 The MuCOVID trial recruitment
	3.2 COVID-19 infection induces serum IgG and mucosal IgA antibodies against SARS-COV-2 Spike protein for at least 6 ​months
	3.3 COVID-19 vaccination does not induce specific mucosal IgA antibodies
	3.4 SARS-CoV-2 virus neutralisation by saliva is greater in COVID-19 convalescent participants than those vaccinated agains ...
	3.5 The SARS-CoV-2 immunological history of one participant
	3.6 Evidence for muco-conversion in the absence of sero-conversion

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


