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Summary
Background To date, only a few studies reported data regarding the development of mucosal immune response after
the BNT162b2-booster vaccination.

Methods Samples of both serum and saliva of 50 healthcare workers were collected at the day of the booster dose (T3)
and after two weeks (T4). Anti-S1-protein IgG and IgA antibody titres and the neutralizing antibodies against the
Wuhan wild-type Receptor-Binding Domain in both serum and saliva were measured by quantitative and
competitive ELISA, respectively. Data were compared with those recorded after the primary vaccination cycle (T2).
Neutralizing antibodies against the variants of concern were measured in those individuals with anti-Wuhan
neutralizing antibodies in their saliva.

Findings After eight months from the second dose, IgG decreased in both serum (T2GMC: 23,838.5 ng/ml; T3GMC:
1473.8 ng/ml) and saliva (T2GMC: 12.9 ng/ml; T3GMC: 0.3 ng/ml). Consistently, serum IgA decreased (T2GMC:
48.6 ng/ml; T3GMC: 6.4 ng/ml); however, salivary IgA showed a different behaviour and increased (T2GMC: 0.06 ng/
ml; T3GMC: 0.41 ng/ml), indicating a delayed activation of mucosal immunity. The booster elicited higher titres of
both IgG and IgA when compared with the primary cycle, in both serum (IgG T4GMC: 98,493.9 ng/ml; IgA T4GMC:
187.5 ng/ml) and saliva (IgG T4GMC: 21.9 ng/ml; IgA T4GMC: 0.65 ng/ml). Moreover, the booster re-established the
neutralizing activity in the serum of all individuals, not only against the Wuhan wild-type antigen (N = 50; INH:
91.6%) but also against the variants (Delta INH: 91.3%; Delta Plus INH: 89.8%; Omicron BA.1 INH: 85.1%). By
contrast, the salivary neutralizing activity was high against the Wuhan antigen in 72% of individuals (N = 36,
INH: 62.2%), but decreased against the variants, especially against the Omicron BA.1 variant (Delta N = 27, INH:
43.1%; Delta Plus N = 24, INH: 35.2%; Omicron BA.1 N = 4; INH: 4.7%). This was suggestive for a different
behaviour of systemic immunity observed in serum with respect to mucosal immunity described in saliva (Wald
chi-square test, 3 df of interaction between variants and sample type = 308.2, p < 0.0001).

Interpretation The BNT162b2-booster vaccination elicits a strong systemic immune response but fails in activating an
effective mucosal immunity against the Omicron BA.1 variant.
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Research in context

Evidence before this study
On September 15th, 2022, we searched PubMed website for
published peer-reviewed research articles written in English
using the search terms “BNT162b2 vaccine”, “salivary
antibodies”, and “mucosal immunity”. Several studies have
shown that BNT162b2 COVID-19 mRNA vaccine induces
neutralizing antibody responses in healthy adults after the
primary vaccination cycle and that the booster dose elicits a
serologically detectable immune response that is even higher
than the one recorded after the first two doses. However, only
a few papers, including our previously published study,
investigated the activation of a specific oral mucosal
immunity after mRNA vaccination. They reported that 1–2
weeks after the primary vaccination cycle vaccinated subjects
had S-protein IgG antibodies in their saliva, while IgA were
detected in a substantial proportion, but the neutralizing
activity in the saliva was low, especially in those individuals
that had been not previously exposed to SARS-CoV-2 natural
infection. To date, there are only few studies describing the
oral mucosal immune response after the BNT162b2-booster
vaccination. Assessing the mucosal immune response might
provide data about vaccine efficacy against infection and viral
spread. This issue is crucial due to the emerging role of the
SARS-CoV-2 variants of concern, including the Omicron
variant.

Added value of this study
This is one of the few reports assessing the development of
anti-S1-protein IgG and IgA antibodies and the neutralizing
activity against both the Wuhan wild-type Receptor-Binding
Domain and the variants of concern (i.e., Delta, Delta Plus,
and Omicron variants) in the saliva of individuals who
underwent the BNT162b2-booster vaccination eight months
after the completion of the primary vaccination cycle. The
follow up of the very same individuals who had participated
to our study previously published in this journal allowed us to

track closely the development of mucosal immunity from the
primary vaccination cycle to the booster dose in a highly
homogeneous sample. Our results demonstrate that although
salivary IgA titres increase at 8 months from the primary
BNT162b2-vaccination cycle, the booster elicits an effective
mucosal immune response against the Wuhan-wildtype
antigen which is dependent on salivary IgG exuded from the
serum rather than salivary IgA, confirming and further
extending our previous findings. In addition, the booster dose
evokes a strong systemic immune response against the
variants of concern, but fails to induce an effective mucosal
immune response against them. Of note, the neutralizing
activity was dramatically reduced against the Omicron BA.1
variant.

Implications of all the available evidence
Together with the results of our previously published work,
this study confirms that the intramuscular administration of
the BNT162b2 vaccine elicits a strong systemic immune
response, responsible for effective protection against severe
outcomes of the disease. However, after the booster, the
mucosal immunity against the Wuhan wild-type antigen in
saliva relies on salivary IgG exuded from the serum rather
than on locally produced secretory IgA. Moreover, the evoked
mucosal immunity was insufficient to neutralize the Omicron
BA.1 variant at the oral level, thus failing to limit virus entry
through this route and, consequently, spreading of the
infection. Distinct routes of immunization, such as the nasal
or oral, might represent an innovative strategy for the
delivery of booster doses of vaccine to increase oral and
respiratory immunity against SARS-CoV-2, as, at these sites,
the first contact with the virus takes place. Indeed, several
reports using in vivo animal models indicate that the
respiratory delivery (i.e., the nasal or oral route) of the COVID-
19 vaccine may induce both systemic and mucosal immunity
against the current and future SARS-CoV-2 variants.
Introduction
The authorized vaccines for COVID-19 have been widely
used and allowed global health authorities to counter the
pandemic and significantly reduce severe and deadly
outcomes related to the infection, with a reduction of
the adopted measures to limit viral transmission.1 Both
the BNT162b2 (Pfizer-BioNTech) and the 1273-mRNA
(Moderna) vaccines, which encode the full-length viral
Spike glycoprotein (S) ectodomain of isolated Wuhan-
Hu-1 (GenBank accession number, MN908947.3),
demonstrated high efficacy in preventing severe cases,
hospitalizations, and related deaths.2 The pivotal phase
III clinical trial of the two-dose regimen of the
BNT162b2 mRNA vaccine showed 95% efficacy in pre-
venting symptomatic COVID-19, with onset at least 7
days after the second dose.3 Administration of two
mRNA vaccine doses has acted as a primary immuni-
zation, inducing a high neutralizing antibodies (NAb)
titer, which, however, was not long-lasting. Indeed,
several studies showed that vaccine effectiveness against
symptomatic SARS-CoV-2 infection in the general
population decreased to ∼50% 6 months after the sec-
ond dose.4 Data from the National Israeli database
demonstrated that the risk of infection also increased
www.thelancet.com Vol 88 February, 2023
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considerably 6 months after vaccination.5 However,
although a significative reduction in efficacy over time
was observed, this vaccine has proven effective against
infection and hospitalization due to the Delta (B.1.617.2)
variant6 and against hospitalization for COVID-19
caused by the Omicron (B.1.1.529) variant.7 This
feature may partly be explained by the important role of
cellular immunity in preventing severe outcomes in
COVID-19 as a second-level defense against diverse
variants.8,9 Indeed, while a significant decrease was
observed for memory B cells and NAb six months after
the vaccination, the CD4+ and CD8+ T cell responses
against the variants were preserved, including Omicron.
This is substantially witnessed by the high rate of pre-
served functional T cell epitopes in the S-protein of the
variants.10 Waning immunity occurred to a variable
extent for all vaccines studied to date, and loss of pro-
tection was likely amplified by increased prevalence of
both Delta and Omicron variants.11 With the appearance
of these COVID-19 variants of concern (VOC) several
countries have introduced COVID-19 vaccine boosters
(i.e., third dose) to mitigate the pandemic. The booster
dose of the BNT162b2 vaccine, administered 5–6
months after the second dose, reduced the rates of both
infection and severe COVID-19 illness in the Israeli
population older than 60 years, with a restoration of
more than 90% effectiveness against severe COVID-
19.12 On this basis, the regimen of universal boosters 6
months after the second dose was proposed.13 Globally,
the booster was estimated to be 93% effective in pre-
venting COVID-19-related admission to hospital, 92% in
preventing severe disease, and 81% in preventing
COVID-19-related death.14 Effectiveness against infec-
tion after boosters was higher than 88.8%, supporting
current policies in several countries. Moreover,
receiving a booster dose of mRNA-based SARS-CoV-2
vaccination 6 months after the second dose restored
vaccine effectiveness to higher levels than those seen 1
month after the primary vaccination cycle.15

Although several reports have assessed the strong
serologically detectable immunogenicity driven by the
booster and the generation of specific IgG NAb,16 there
are only few data available regarding the activation and/
or boosting of specific mucosal immunity with this
regimen. The findings that infection is strongly reduced
in vaccinated people suggest that IgG NAb have reached
mucosal sites.

The oral mucosa, the respiratory tract, and conjunc-
tival surfaces represent the primary route of entry of
SARS-CoV-2, thus COVID-19 vaccines inducing specific
immune response at these sites might become a critical
tool to limit viral spreading significantly.17 Mucosal hu-
moral immunity is mainly represented by secretory IgA
(sIgA), which play an important role in host defense
against respiratory pathogens.18 Indeed, an effective
mucosal immunity induced by the vaccine may preclude
SARS-CoV-2 adhesion to target epithelial cells via
www.thelancet.com Vol 88 February, 2023
neutralization of the coronavirus Spike protein, thus
preventing not only the severe disease but also virus
infection and circulation.

To date, few reports, including our previous study,19

have shown specific IgG and, to a lesser extent, IgA in
the saliva after the first cycle of BNT162b2 mRNA
vaccination. These antibodies, however, did not display
relevant neutralization activity, particularly in those
subjects not previously exposed to natural SARS-CoV-2
infection.20 Here, we assessed the duration of protec-
tion and the restoration of vaccine-driven mucosal im-
munity by measuring the level of total IgG and IgA
antibodies (i.e., Ab) against the S1-protein both in
serum and saliva, as well as the specific NAb against
SARS-CoV-2 Receptor-Binding Domain (i.e., RBD).

This was performed eight months after the second
dose and two weeks after the mRNA BNT162b2
COVID-19 booster. Knowledge about the development
of a specific mucosal immunity following the
BNT162b2-mRNA booster vaccination will certainly be
useful for taking more appropriate decisions relating to
the best immunization strategy. This has been partic-
ularly emphasized with the emergence of the Omicron
BA.1 variant at the end of 2021,21 and to the consequent
pandemic wave associated with the highest peak of
contagions recorded in Italy since the first outbreak of
COVID-19.22
Methods
Study design and participants
We performed an observational cohort study recruiting
50 healthcare workers (HCW) of our hospital (ASST dei
Sette Laghi) who underwent the BNT162b2 boosting
vaccination by intramuscular injection (i.e., third dose)
between October, 2021, and December, 2021 (i.e., eight
months after primary vaccination cycle) to assess both
the systemic and mucosal antibody response elicited by
the vaccine. Of note, the subjects enrolled in this study
were the same who voluntarily participated previously to
our study on the primary vaccination cycle with the
BNT162b2 COVID-19 vaccine recently published in this
journal.19 This was important to obtain a complete
description of the mucosal immunity developed in the
same individuals through the entire vaccination proto-
col. Therefore, inclusion criteria were age 18 years or
older, being negative for SARS-CoV-2 infection as
assessed by Nucleic Acid Amplification Test (NAAT) at
the time of recruitment, and be willing to undergo the
booster dose injection of the BNT162b2 vaccine. Exclu-
sion criteria were glucocorticosteroid and/or immuno-
suppressant ongoing therapy, autoimmune disorders,
and pregnancy.

Data were collected on the day of the booster (T3) and
two weeks after the booster (T4), and were compared to
those previously published at two weeks after the
completion of the primary vaccination cycle (T2).
3

www.thelancet.com/digital-health


Articles

4

Blood samples were collected into a sterile 5 ml
container with gel separator, and then centrifuged at
3,000 g for 5 min to obtain the serum fraction. Saliva was
self-collected by spitting under the supervision of a
trained provider, as previously described (Supplementary
Appendix).23

To verify whether the recruited subjects had been
exposed to SARS-CoV-2 infection during the interval
between the primary vaccination cycle and the booster
dose, anti-nucleocapside (N) chemiluminescent micro-
particle immunoassay (CMIA) testing was performed on
serum samples collected at T3 (Supplementary
Appendix, AlinityTM, Abbott, cat. 06R90).

The following clinical data were recorded: age, sex,
the exposure to SARS-CoV-2 infection in the period
between T2 and T3 and/or after the booster shot until
31st January, 2022.
Ethics
The clinical protocol for sample and data collection was
approved by the Institutional Ethics Committee (Com-
itato Etico dell’Insubria, n◦ 165/2020).
Antibody measurement
A commercial enzyme-linked immunosorbent assay
(ELISA) specific for S1 protein of SARS-CoV-2 was
used to measure both IgG and IgA Ab titres in serum
and salivary samples according to the manufacturer’s
instructions (Anti-nCoV19 S1 IgG/IgA HS Immuno-
spark, Pomezia, Italy, cat. ELVI021G and ELVI021A).
Serum samples were analyzed at 1:100, 1:1,000, and
1:10,000 dilution at T3, while they were diluted at
1:1,000, 1:10,000, and 1:30,000 at T4. Salivary samples
were analyzed at 1:1, 1:3, and 1:6 dilution at T3, and
they were diluted at 1:3, 1:9, and 1:27 at T4. The results
were expressed as ng/ml; the lower threshold estab-
lished by the manufacturer was 0.625 ng/ml for the
IgG Ab subtype and 0.0625 ng/ml for the IgA Ab
subtype (Supplementary Appendix), as previously
described.19

Furthermore, the presence of anti-RBD NAb in
serum and saliva was assessed by competitive ELISA,
following the manufacturer’s instructions (cPASS™
SARS-CoV-2 Neutralization Antibody Detection Kit,
GenScript, cat. L00847-C), as previously described.19

Briefly, 10 μl of serum were diluted in 90 μl of sam-
ple dilution buffer, while the saliva was used undi-
luted. Positive and negative serum controls provided
within the kit were used as reference for the serum
NAb, while known positive and negative salivary
samples were used as reference for the salivary NAb.
The optical density (OD) average of the negative con-
trols was used to calculate the percentage of inhibition
according to the formula: (1 − OD value of the sample/
OD value of negative control) × 100%. According to
the manufacturer’s instructions, a cut-off value of 30%
was used to discriminate between the presence and
absence of NAb. In the case of positivity, the per-
centage of inhibitory activity (i.e., INH) was also
assessed.

Finally, in order to verify the efficacy of the mucosal
immune response against the VOC, the serum and the
salivary samples of those individuals who showed NAb
in their saliva against the wild-type antigen at T4 (i.e.,
Wuhan) were also tested against the RBD of the Delta
variant (lineage B.1.617.2; L452R, T478K, Genscript, cat.
Z03614), the Delta Plus variant (lineage B.1.617.2.1;
K417N, L452R, T478K, Genscript, cat. Z03690), and the
Omicron BA.1 variant (lineage B.1.1.529; G339D,
S371L, S375F, K417N, N440K, G446S, S477N, T478K,
E484A, Q493R, G496S, Q498R, N501Y, Y505H, Gen-
script, cat. Z03730).
Statistical analysis
To account for their skewed distributions, at each visit
time, we calculated sample medians and interquartile
range (IQR) for serum and salivary IgG and IgA, in the
overall sample and according to SARS-CoV-2 exposure
prior to the first vaccination cycle (i.e., previous SARS-
CoV-2 infection).

To estimate time trends in serum and salivary IgG
and IgA, we used repeated-measure regression models,
with time visit as independent variable. Again, we
modelled log-transformed IgG and IgA values, and re-
ported the geometric mean concentrations (GMC). We
used an unstructured variance-covariance matrix, to
allow a flexible intra-individual correlation between IgG
and IgA at different times and robust standard error
estimates (empirical GEE). At T3 and T4, differences in
logarithmic IgG and IgA baseline at T2 with 95% con-
fidence intervals (i.e., 95% CI) were estimated using
SAS macro NLEstimate.24 We reported the Pearson
correlation coefficients between log-transformed serum
and salivary IgG and IgA Ab at each time, as well as
between salivary IgG and IgA Ab at T4.

Individuals were categorized according to the pres-
ence of NAb in saliva at T4 (Wuhan RBD). We sum-
marized the distribution of serum and salivary IgG and
IgA levels in the two groups using sample medians and
IQR, and tested the null hypothesis of homogeneity in
distributions using Wilcoxon rank tests. Finally, we
tested whether the prevalence of NAb varied by sample
type (i.e., serum or saliva) and virus variance (i.e.,
Wuhan wildtype, Delta, Delta Plus, and Omicron BA.1
strains), using a regression model with repeated-
measure (unstructured variance-covariance matrix) and
including an interaction term between sample and
variant (3 degrees of freedom, Wald chi-square test).

Statistical analyses were carried out using the SAS
Software (9.4 release), and pictures were drawn using R
(3.6.3 version).
www.thelancet.com Vol 88 February, 2023
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Role of funders
The study funders had no role in study design, data
collection, data analyses, interpretation, or writing this
report.
Results
Participants
Our previous findings clearly demonstrated that
BNT162b2 mRNA vaccination induced a strong sys-
temic response, but a weak mucosal response charac-
terized by SARS-CoV-2 specific IgG and IgA in both
serum and saliva.19 Consistently, high levels of NAb
were detected in serum, but only in saliva of the subjects
previously exposed to SARS-CoV-2 natural infection. In
order to evaluate the duration of the vaccine efficacy
after the second BNT162b2 mRNA dose and the trig-
gering of specific SARS-CoV-2 immunoglobulins both
in serum and saliva after the booster, fifty HCW who
had participated in our previous study were enrolled,
and their total IgG and IgA were measured in serum
and saliva fluids eight months after the second dose (T3)
and two weeks after the booster (T4). Ten subjects of our
previous report did not participate in the study because
either they moved to different geographic regions or for
personal decision to postpone the boosting dose (i.e.,
response rate 83.3%). There was not statistical differ-
ence between participants and dropouts as regards to
age (p = 0.54), sex (p = 0.78), and the serological status
before the primary vaccination cycle (p = 0.86)
(Table S1).

The mean age of the study participants was
41.8 ± 10.4 years (range, 26–62 years) and 34 subjects
(i.e., 68%) were female. Eight individuals were infected
with SARS-CoV-2 before undergoing the primary
vaccination cycle (i.e., seropositive subjects, SP) and 42
subjects were never infected (i.e., seronegative subjects,
SN). All the recruited subjects were not infected with
SARS-CoV-2 in the period between the primary vacci-
nation cycle and the injection of the booster. Indeed, all
individuals did not show serum anti-N Ab at T3, except a
SP subject, renowned for having been infected before
the first vaccination cycle, who showed a weak positivity.
Two to four months after the vaccine booster, 8 SN
subjects were infected with SARS-CoV-2 as assessed by
NAAT, and none developed severe disease or required
hospitalization, reinforcing the efficacy of the booster in
preventing the severity of the disease. Of note, these
cases of infection were diagnosed during the peak of the
fourth wave of the pandemic in Italy, when the Omicron
BA.1 variant superseded the other circulating variants.
BNT162b2-vaccine booster induced antibody
response in both serum and saliva
IgG and IgA Ab titers in both serum and saliva were
measured at the day of the booster (T3) and two weeks
www.thelancet.com Vol 88 February, 2023
after the booster (T4), and they were compared to those
previously reported two weeks after the second dose (T2,
in this case set as the baseline). All the serum and
salivary samples of the recruited subjects were collected
and analyzed; thus, we did not have missing data. We
observed that in the serum IgG dramatically dropped at
eight months from vaccination (T2GMC: 23,838.5 ng/ml;
T3GMC: 1473.8 ng/ml) (Fig. 1A, Table 1). The inferential
statistical analysis (i.e., Δ and CI values) corresponding
to all the data presented are specified in Table 1. A
similar scenario was observed for serum IgA (T2GMC:
48.6 ng/ml; T3GMC: 6.4 ng/ml) (Fig. 1B, Table 1). The
booster immunization elicited a significant increase of
humoral immune response, with high levels of both
serum IgG (T4GMC: 98,493.9 ng/ml) (Fig. 1A, Table 1)
and serum IgA (T4GMC: 187.5 ng/ml) (Fig. 1B, Table 1).
Of note, the titres of both IgG and IgA in the serum of
vaccinated individuals at T4 were much higher than
those found at T2 (Serum IgG T4GMC/T2GMC 4.13;
Serum IgA T4GMC/T2GMC 3.86) (Table 1). At variance to
previous observations showing a maximal level of serum
IgG after the first dose in previously infected subjects
(i.e., seropositive subjects, SP), no difference in the ti-
ters of Ab at T4 between naïve subjects (i.e., seronega-
tive subjects, SN) and SP was observed (Serum IgG
p = 0.65; Serum IgA p = 0.30).

To further characterize the mucosal immune
response elicited by the BNT162b2 booster vaccination,
we measured both S1-specific IgG and IgA titres in
saliva. At T2 all vaccinated subjects showed the presence
of salivary IgG, as previously described,19 but at T3 a
significant decline of humoral immunity was observed,
and only 28 subjects (i.e., 56%) maintained specific IgG
in the saliva. The reduction of salivary IgG titre from T2
to T3 (T2GMC: 12.9 ng/ml; T3GMC: 0.3 ng/ml) was
similar to that observed for serum IgG, supporting the
hypothesis that IgG are of serum origin. Consistently,
after the booster, almost all individuals (i.e., 48/50)
showed a significant increase in salivary IgG (T4GMC:
21.9 ng/ml), with a mean titer higher than that
measured at T2, albeit to a lesser extent than in serum
(Salivary IgG T4GMC/T2GMC 1.7) (Fig. 1C, Table 1).

By contrast, this was not true for the SARS-CoV-2
specific IgA response in saliva. At T2 only 50% of
recruited individuals showed salivary IgA, and they were
mainly exuded from the serum, as previously
described.19 However, differently from what was
observed for IgG, at T3 the IgA titers were higher
compared to those measured at T2, and SARS-CoV-2
specific salivary IgA were found in almost all subjects
(i.e., 48/50 subjects) (T2GMC: 0.06 ng/ml; T3GMC:
0.41 ng/ml) (Fig. 1D, Table 1). The booster vaccination
increased the amount of IgA in saliva (T4GMC: 0.65 ng/
ml) at levels higher compared to those at T2. Further-
more, the increasing rate of the salivary IgA was
significantly higher than that observed for salivary IgG
(Salivary IgA T4GMC/T2GMC 10.8). As stated above for
5
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Fig. 1: Distribution of serum (panels A and B) and salivary (panels C and D) IgG and IgA Ab, at different times, for all the recruited individuals
and according to exposure to SARS-CoV-2 infection before the primary vaccination cycle. In each group, the horizontal line represents the
sample median, while the vertical line the interquartile range. T2 = 14 days after the second dose; T3 = day of the booster dose; T4 = 14 days
after the booster dose. Statistical analysis was reported in Table 1.

Articles

6

serum Ab, we could not detect any differences in the
immune response in the saliva between SP and SN
subjects (Salivary IgG p = 0.97; Salivary IgA p = 0.63),
supporting the notion that the booster triggers a specific
and effective humoral immune response, regardless of
previous natural infection (Fig. 1, compared orange and
blue dots).

As shown in Fig. 2A, at T2 and after the booster (T4)
we were able to detect IgG in saliva when its serum titer
was higher than 103 ng/ml. These data strongly support
the idea that IgG from the serum could permeate the
saliva in a concentration-dependent way (Table S2). By
contrast, the presence of IgA in saliva was not correlated
to their titer in the serum, especially at T3 (Fig. 2B).
These data suggest that salivary IgA at T3 were locally
produced and not exuded from serum, indicating thus a
delayed activation of local mucosal immunity after the
primary vaccination cycle. The booster dose increased
both serum and salivary IgA within two weeks, but the
rapid increase of salivary IgA titres at T4 probably relied
on transudation from serum, as observed during the
primary vaccination cycle (Table S2).19
www.thelancet.com Vol 88 February, 2023

www.thelancet.com/digital-health


Variable, time Meana Δ from T2 (IC 95%) Δ from T3 (IC 95%)

Serum

IgG, ng/mlb

T2 23,838.5 – –

T3 1473.8 −22,364.6 (−30,259; −14,470.3) –

T4 98,493.9 74,655.4 (51,481.4; 97,829.3) 97,020 (71,696.3; 122,343.8)

IgA, ng/mlb

T2 48.6 – –

T3 6.4 −42.1 (−71.9; −12.4) –

T4 187.5 138.9 (70.5; 207.4) 181.1 (115.7; 246.5)

Saliva

IgG, ng/mlb

T2 12.9 – –

T3 0.3 −12.6 (−16.5; −8.7) –

T4 21.9 9 (−1.7; 19.8) 21.6 (9.8; 33.4)

IgA, ng/mlb

T2 0.06 – –

T3 0.41 0.3 (0.2; 0.5) –

T4 0.65 0.6 (0.4; 0.8) 0.2 (0; 0.4)

aGeometric mean concentration. bChange in geometric mean concentration, modelled through a log-linear regression model for repeated measures with unstructured
variance-covariance matrix.

Table 1: Time trends for IgG and IgA antibodies in both serum and saliva. N = 50 subjects.

Fig. 2: Scatter-plot for salivary and serum IgG (panel A) and IgA (panel B) at different times. T2 = 14 days after the second dose; T3 = day of the
booster dose; T4 = 14 days after the booster dose. Correlations between serum and salivary IgG Ab titres: T2: r = 0.295, p = 0.04; T3: r = 0.442,
p = 0.0013; T4: r = 0.521, p = 0.0001. Correlations between serum and salivary IgA Ab titres: T2: r = 0.211, p = 0.15; T3: r = 0.172, p = 0.23; T4:
r = 0.261, p = 0.07.
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BNT162b2 vaccine booster elicits neutralizing
activity in saliva against Delta and Delta Plus but
not against Omicron BA.1 SARS-CoV-2 variants
Two doses of BNT162b2 vaccine elicit high levels of
protection from symptomatic disease, but this wanes
over time. The BNT162b2 booster immunization can
restore effectiveness to more than 90%, eliciting a
strong systemic neutralizing activity but does not
significantly reduce viral spreading. Our previous find-
ings demonstrated that the primary vaccination cycle
elicited NAb in serum but not in saliva, suggesting that
the lack of a sterilizing mucosal immunity might
contribute to the circulation of the virus. To evaluate
whether the limited capacity of the booster dose in
counteracting the circulation of the virus might also
depend on the lack of NAb at the mucosal sites, we
analyzed the neutralization efficiency of the BNT162b2
booster vaccination against wild-type SARS-CoV-2 (i.e.,
Wuhan) both in serum and in saliva at T4.

By using a competitive ELISA assay, we previously
demonstrated that at T2 all the 50 recruited subjects
showed NAb in their serum (N: 50/50; INH:
87.2 ÷ 93.0%; T2m 91.7 ± 0.9%) (Table S3). However, at
eight months after the administration of the second
dose (T3), the level of inhibitory activity was strongly
reduced (N: 47/50; INH: 32.8 ÷ 90.8%; T3m
68.2 ± 15.2%) (Table S3), confirming the waning of
humoral immunity over time. The following booster
immunization strongly restored INH in all the subjects
at levels comparable to those measured after the second
dose (INH: 90.2 ÷ 92.9%; T4m 91.6 ± 0.8%) (Table S3).

By contrast, in saliva only 28% (14/50) of the
recruited subjects showed NAb at T2 (n: 14/50; INH:
Fig. 3: Scatter-plot for salivary IgG ad IgA among individuals with
positive salivary NAb (N = 36) at T4, according to exposure to SARS-
CoV-2 during the follow-up after the booster dose. Spearman r:
0.523, p < 0.0001.
30.3 ÷ 72.7; T2m 55.0 ± 14.0%), indicating a poor acti-
vation of oral mucosal immunity, as previously re-
ported19 (Table S3). At T3, the neutralization in saliva
decreased. Indeed, only 6 subjects had NAb in the saliva
and the INH was low (n: 6/50; INH: 30.3 ÷ 48.3%; T3m
37.7 ± 6.5%) (Table S3). Interestingly, the booster
vaccination significantly elicited neutralizing activity in
saliva. We detected NAb in 72% of the enrolled subjects
(36/50) with higher levels of INH compared to those
measured at T2 (INH: 32.1 ÷ 87.2%; T4m 62.2 ± 17.1%)
(Table S3).

As shown in Fig. 3, in these 36 individuals the
booster dose induced an increased amount of both
salivary IgG and IgA at T4 mainly due to exudation from
serum, as stated above (Spearman r = 0.523, p < 0.0001).
However, the induction of neutralizing activity by
BNT162b2 vaccine booster at T4 was mainly related to
the presence of salivary IgG (NAb-negative subjects:
salivary IgG median 11.6 ng/ml, IQR 10.1–16.3; NAb-
positive subjects: salivary IgG median 39.3 ng/ml, IQR
17.6–97.6, p = 0.002) rather than of salivary IgA (NAb-
negative subjects: salivary IgA median 0.6 ng/ml, IQR
0.4–1.1; NAb-positive subjects: salivary IgA median
0.8 ng/ml, IQR 0.5–1.5, p = 1.0) (Table S4).

This scenario was also reported in our previous study
at the end of primary vaccination cycle (Fig. S1).19

Finally, we analyzed whether the neutralization effi-
ciency of the BNT162b2 vaccine booster against Delta,
Delta Plus, and Omicron BA.1 variants of concern was
similar in serum and saliva in the subjects in which we
found positivity for specific NAb against Wuhan wild-
type SARS-CoV-2 in saliva (i.e., 36/50). In the repeated
measure model, the interaction between the four viral
strains and the two samples was statistically significant
(Wald chi-square test with 3 df of interaction between
VOC and sample type = 308.2, p < 0.0001), suggesting a
different behaviour across the samples.

Specifically, in these 36 individuals, the INH means
in serum were 91.6% (Wuhan wild-type), 91.3% (Delta
variant), 89.8% (Delta Plus variant), and 85.1% (Omi-
cron BA.1 variant) (Fig. 4, Table S5). Therefore, all the
subjects showed NAb against the VOC in the serum,
and only a mild decrease of the INH against the Omi-
cron BA.1 variant was observed. At variance, in saliva we
found 75% (N = 27/36) and 66.7% (N = 24/36) of sub-
jects with NAb against Delta and Delta Plus variants,
respectively, and the neutralization efficiency against
Delta (INH: 43.1%) and Delta Plus (INH: 35.2%) vari-
ants was lower compared to wild-type virus. More
importantly, we observed a dramatic decrease in
neutralizing activity against the Omicron BA.1 variant
(INH: 4.7%) (Fig. 4, Table S5) accompanied by a marked
reduction in the number of subjects with Omicron
BA.1-specific NAb in saliva (11.1%, N = 4/36).

Of note, seven of the vaccinees who were infected
after the booster dose did not show NAb against Omi-
cron BA.1 variant in their saliva, while the INH detected
www.thelancet.com Vol 88 February, 2023
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Fig. 4: Serum (orange) and salivary (light blue) NAb percentage
distribution according to SARS-CoV-2 variant, among individuals
showing salivary NAb against the Wuhan antigen at T4 (N = 36).
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against the Wuhan wildtype antigen was lower when
compared to the other individuals, even though statis-
tical analysis was not performed due to the very limited
sample size. Thus, the importance of a booster dose of
vaccine is clear, due to the greater neutralization effi-
ciency in the serum against the main VOC; however,
even with three doses of the vaccine, neutralization
against the Omicron BA.1 variant significantly decayed
in saliva, this may partially explain the rapid circulation
of this virus variant.
Discussion
The success of the COVID-19 vaccination campaign
relies on the long-standing effectiveness of the approved
vaccines in preventing severe disease, hospitalizations,
and related deaths.25,26

Although many reports have assessed the efficacy of
the booster dose of the BNT162b2 COVID-19 vaccine in
preventing severe outcomes related to COVID-19, and
the generation of vaccine-induced IgG NAb in the
serum of subjects who received the booster, there are
only few published data on the induction of a specific
immune response in the mucosa, which represents the
primary route of entry and infection by SARS-CoV-2.27,28

Indeed, the airways are the most important entry sites
for pandemic pathogens, and local secretion of airway
Ab, mostly represented by IgA subclass, has the poten-
tial to generate truly sterilizing immunity by directly
neutralizing pathogens before they are able to infect
epithelial cells or invade tissues. Our study previously
published in this journal19 indicated that the BNT162b2
vaccine evokes a potent systemic immunity against the
virus, but only a weak mucosal immunity, especially in
individuals that had not been previously exposed to
www.thelancet.com Vol 88 February, 2023
natural infection (i.e., SN). These results were also
confirmed by other reports.29,30 Indeed, we previously
analyzed the serum and salivary samples of 60 HCW
who underwent a complete primary vaccination cycle
with the BNT162b2 vaccine and found that the low
mucosal immunity is mainly represented by salivary
IgG exuded from the serum rather than locally produced
sIgA. Consistently, we could rarely detect the presence
of NAb in the saliva of SN individuals (i.e., 18%) at two
weeks from the injection of the second dose (T2).

In the current study, we evaluated the persistence of
specific SARS-CoV-2 Ab in serum and saliva, by
analyzing IgG and IgA levels at eight months from the
completion of primary vaccination cycle (T3) in 83.3% of
the subjects (50/60) enrolled in our previous study. We
also assessed the efficacy of the booster, by measuring
the Ab titres two weeks after the injection (T4) of the
vaccine. In line with other reports,31 at T3 we could
observe a waning of the vaccine-induced systemic im-
munity, with a significant decline of anti-S1 IgG Ab in
the serum. This result was accompanied by a predictable
decrease of IgG titers in the saliva, as in this compart-
ment IgG Ab were mostly the exudate of serum IgG.32

In contrast, the IgA showed a different behavior in the
two compartments: indeed, serum IgA declined simi-
larly to serum IgG, while salivary IgA showed a five-fold
increase between T2 and T3. Furthermore, salivary IgA
were detected in almost all recruited subjects (i.e., 48/
50) at T4, while in only 50% of the individuals we found
salivary IgA at T2. These data suggest a delayed activa-
tion of the mucosal immune system after the primary
vaccination cycle, with the consequent local production
of sIgA.33,34 However, this increase of salivary IgA was
not correlated with the generation of specific salivary
NAb, as these were represented mostly by IgG. Very few
data are available on the difference of circulating, anti-
body producing B cells and their mucosal counterpart in
the saliva. Resident B cells in salivary glands and oral
mucosa can be a primary source of antigen-specific IgA
production with respect to circulating B cells homing
preferentially in other lymphoid organs, such as the
spleen. Indeed, B cells in salivary glands and oral mu-
cosa show immunoglobulin rearrangements qualita-
tively distinct from those of spleen B cells,35 and possibly
generate also from a different involvement of specific
subpopulations of T helper cells driving the isotype
switch toward IgA.36 However, this increase of salivary
IgA was not correlated with the generation of specific
salivary NAb, as these were represented mostly by IgG.

As far as memory B cells responsible of anti-Spike
glycoprotein ectodomain Ab production, they are
indeed present in vaccinated subjects in consistent
amounts and readily triggerable by further contact with
antigen.37 Results suggest, however, that the mode of
immunization greatly favors the generation of IgG-
switched memory B cells, including B cells producing
NAb, as compared to other isotype-specific B cells. As
9
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outlined above, IgA-switched B cells are present, but
apparently, they are not skewed toward the production
of NAb [preprint].38 Beside the above described distinct
homing of B cells, either mucosal or spleen, the distinct
specificity of IgA antibodies may be the mirror of the
two alternative functions of mucosal IgA aimed at
maintaining not only the healthy balance between the
host and the invading pathogens, but also at generating
a sterilizing immunity in the upper airways. Indeed, IgA
protect against infection by covering some pathogens to
avoid invasion and inflammatory responses, thus also
favouring the retention of beneficial, but pro-
inflammatory, commensal strains; at the other side,
this unusual IgA “opsonization” will also hinder strong
inflammatory antigen-specific immune response
against bacteria and viruses, promoting the formation of
inhibitory environment associated to the increase of
regulatory T cells.39 The progressive decline of serum Ab
at T3, including NAb, would further suggests that
memory B cells against SARS-CoV-2 may be indeed
relatively few or require frequent antigen challenge to
maintain elevated synthesis of specific Ab. In fact, the
booster immunization elicited a strong increase in the
titres of both IgG and IgA Ab in the serum; these
findings are consistent with the above hypothesis and
with other findings reported in the literature, confirm-
ing that the third dose of the BNT162b2 vaccine boosts
the immunity acquired with the first two doses.40

Although we were not able to discriminate between
IgA exuded from the serum and sIgA, it is highly
probable that the rapid increase in salivary IgA after the
booster vaccination was mainly due the transudation of
serum IgA, similarly to what we observed in our previ-
ous report.19

As mentioned above, the increase in Ab titers
correlated with a parallel increase of NAb in the serum,
with all individuals showing high levels of INH similar
to those observed after the first two doses. The increase
of neutralizing activity was more prominent in the
saliva, where 72% (i.e., 36/50) of recruited subjects had
NAb, with INH significantly higher than that recorded
at T2 and T3. Of note, a similar result was observed in
the SP subjects after the second dose in our previous
study, since these individuals have been further exposed
to the viral antigens during the infection. The develop-
ment of neutralizing activity in the saliva after the
booster vaccine was statistically associated with the in-
crease of salivary IgG and not of salivary IgA, confirm-
ing that this vaccination protocol does not elicit a
specific mucosal immune response at the oral level, at
least not in the immediate post-vaccination period.

Of importance, however, was the finding that at the
serum level vaccine boosting resulted in NAb not only
against the original strain of SARS-CoV-2 (i.e., Wuhan)
but also against the most representative strains that
characterized the third and the fourth pandemic waves
in Italy, e.g., the Delta, Delta Plus, and Omicron BA.1
variants. Indeed, the neutralizing activity of Ab did not
decrease when tested with the VOC antigens, showing
that the BNT162b2 COVID-19 vaccine evokes a systemic
immune response effective not only against the original
strain (i.e., INH 91.6%), but also against the Delta
variant (i.e., INH 91.3%) and the Delta Plus variant (i.e.,
INH 89.8%).41 In addition, there was only a slight
decrease of the INH of serum samples against the
Omicron BA.1 variant (i.e., INH 85.1%). These data are
consistent with those reported in other studies, and
underline the importance of BNT162b2 vaccine in elic-
iting a strong systemic immune response that can pro-
tect from the severe outcomes of the disease even when
the infection is caused by a VOC.42

At variance, although the booster induces an effective
salivary neutralizing activity against the Wuhan antigen
(i.e., INH 62.2%) in 36 of the recruited subjects, the
number of individuals with salivary NAb decreased
against the Delta variant (i.e., INH 43.1%, N = 27) and
the Delta Plus variant (i.e., INH 35.2%, N = 24). What
actually worsens this scenario is that the neutralizing
activity was completely absent in almost all the in-
dividuals when tested against the Omicron BA.1 variant
(i.e., INH 4.7%, N = 4). These findings strongly sustain
the notion that the BNT162b2 COVID-19 vaccine may
elicit a mucosal immune protection against the wild-
type antigen, even though it mainly depends on the
transudation of serum IgG into the salivary compart-
ment, but it fails in providing immune protection
against the infection caused by the VOC. More impor-
tantly, it seems completely inefficient against the Omi-
cron BA.1 variant at the oral level. These results could
partially explain the role of the Omicron BA.1 variant
during the fourth wave of the pandemic in Italy.43 This
VOC is known for its high contagiousness, responsible
for the peak of infections recorded between December,
2021 and February, 2022 in Italy,44 the highest peak
recorded since the onset of the pandemic in 2020. Thus,
the absence of protection at the mucosal level after the
three-dose protocol correlates with the ability of the
Omicron BA.1 variant to infect the subjects who recently
underwent the booster vaccination. Although the Omi-
cron BA.1 variant is associated with a less severe dis-
ease, the related pandemic wave was characterized by
severe outcomes in those individuals who refused the
vaccination, thus lacking a strong systemic immune
response.45

Although this study presents some limitations (i.e.,
the recruitment limited to healthcare workers in a
hospital setting, the sample size small due for the high
cost of the laboratory procedure), nevertheless it pro-
vided unprecedented data on mucosal immunity
developed by the same individuals after each dose of
the BNT162b2 COVID-19 vaccine, without missing
data. Importantly, precise hypotheses were formulated
before undergoing analysis, avoiding thus the multiple
testing problem.
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In conclusion, the results reported in this study
provide new insights to the role of the mucosal immune
response in the effectiveness of the BNT162b2 vaccine
in blocking infection, and a concern on defining optimal
strategies of anti-SARS-CoV-2 vaccination. The third
dose of the BNT162b2 COVID-19 vaccine, administered
by intramuscular injection, drastically increases both
total and NAb concentration in the serum and salivary
compartments. Nevertheless, the increase of IgA in the
saliva was no paralleled by a corresponding increase in
virus-neutralizing activity.

Within this frame, reconsidering the vaccination
strategy to prevent not only the severe disease but the
viral infection (i.e., the so-called ‘sterilizing immunity’)
should represent the goal for the generation of second-
line COVID-19 vaccines aimed at reinforcing the
mucosal immune response.46 Several reports using
in vivo animal models indicate that the respiratory de-
livery (i.e., the nasal or oral route) of the COVID-19
vaccine may provide both systemic and mucosal im-
munity against current and future VOC.47

These findings suggest that the administration of a
mucosal vaccine in addition to the approved intramus-
cular protocol could provide the sterilizing immunity
required to efficiently block viral circulation and the
emergence of new VOC efficiently.48,49

The requirement of re-scheduling of the booster
vaccine delivery route is further suggested by the pre-
liminary data on the fourth dose administration of
BNT162b2 mRNA vaccine in Israel showing a rein-
forcement of protection against severe outcomes, but
only a short-lived defense against the infection.50
Contributors
Conceptualization: L. Azzi, G. Forlani. Data curation: L. Azzi, D. Dalla
Gasperina, M. Shallak, A. Baj, V. Maurino, G. Forlani. Investigation: L.
Azzi, D. Dalla Gasperina, M. Shallak, V. Maurino, P. Cavallo, G. Forlani.
Formal analysis: G. Veronesi. Visualization: G. Veronesi. Methodology:
D. Dalla Gasperina, F. Gianfagna, F. Dentali. Validation: F. Maggi, G.
Forlani. Supervision: D. Dalla Gasperina, F. Maggi, L. Tettamanti, R.S.
Accolla. Project administration: L. Azzi, F. Dentali, L.S. Maffioli, G.
Forlani. Resources: A. Tagliabue, L.S. Maffioli. Funding acquisition: F.
Gianfagna, A. Tagliabue. Writing – original draft: L. Azzi, G. Veronesi, G.
Forlani. Writing – review and editing: D. Dalla Gasperina, R.S. Accolla.
Data sharing statement
Raw data and individual level de-identified trial data and protocol will be
shared on request for researchers after obtaining a data use agreement
through the Azienda Socio-Sanitaria Territoriale dei Sette Laghi Hos-
pital Direction.
Declaration of interests
None to declare.
Acknowledgements
We thank all the colleagues who participated to this study, and we are
grateful to Giulia Cappellari and Virna Bolognesi for their precious
support in collecting serum and salivary samples.
www.thelancet.com Vol 88 February, 2023
Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
org/10.1016/j.ebiom.2022.104435.
References
1 Leshem E, Wilder-Smith A. COVID-19 vaccine impact in Israel and

a way out of the pandemic. Lancet. 2021;397:1783–1785.
2 Dagan N, Barda N, Kepten E, et al. BNT162b2 mRNA Covid-19

vaccine in a nationwide mass vaccination setting. N Engl J Med.
2021;384:1412–1423.

3 Polack FP, Thomas SJ, Kitchin N, et al. Safety and efficacy of the
BNT162b2 mRNA Covid-19 vaccine. N Engl J Med. 2020;383:2603–
2615.

4 Hall V, Foulkes S, Insalata F, et al. Protection against SARS-CoV-2
after Covid-19 vaccination and previous infection. N Engl J Med.
2022;386:1207–1220.

5 Goldberg Y, Mandel M, Bar-On YM, et al. Waning immunity after
the BNT162b2 vaccine in Israel. N Engl J Med. 2021;385:e85.

6 Risk M, Shen C, Hayek SS, et al. Comparative effectiveness of
COVID-19 vaccines against the Delta variant. Clin Infect Dis.
2022;75:e623–e629.

7 Collie S, Champion J, Moultrie H, Bekker LG, Gray G. Effective-
ness of BNT162b2 vaccine against Omicron variant in South Africa.
N Engl J Med. 2022;386:494–496.

8 Gadani SP, Reyes-Mantilla M, Jank L, et al. Discordant humoral
and T cell immune responses to SARS-CoV-2 vaccination in people
with multiple sclerosis on anti-CD20 therapy. EBioMedicine.
2021;73:103636.

9 Groß R, Zanoni M, Seidel A, et al. Heterologous ChAdOx1 nCoV-
19 and BNT162b2 prime-boost vaccination elicits potent neutral-
izing antibody responses and T cell reactivity against prevalent
SARS-CoV-2 variants. EBioMedicine. 2022;75:103761.

10 Tarke A, Coelho CH, Zhang Z, et al. SARS-CoV-2 vaccination in-
duces immunological T cell memory able to cross-recognize vari-
ants from Alpha to Omicron. Cell. 2022;185:847–859.

11 Tartof SY, Slezak JM, Fischer H, et al. Effectiveness of mRNA
BNT162b2 COVID-19 vaccine up to 6 months in a large integrated
health system in the USA: a retrospective cohort study. Lancet Reg
Health Am. 2022;9:100198.

12 Bar-On YM, Goldberg Y, Mandel M, et al. Protection of BNT162b2
vaccine booster against Covid-19 in Israel. N Engl J Med.
2021;385:1393–1400.

13 Shekhar R, Garg I, Pal S, Kottewar S, Sheikh AB. COVID-19 vac-
cine booster: to boost or not to boost. Infect Dis Rep. 2021;13:924–
929.

14 Barda N, Dagan N, Cohen C, et al. Effectiveness of a third dose of
the BNT162b2 mRNA COVID-19 vaccine for preventing severe
outcomes in Israel: an observational study. Lancet. 2021;398:2093–
2100.

15 Belik M, Jalkanen P, Lundberg R, et al. Comparative analysis of
COVID-19 vaccine responses and third booster dose-induced
neutralizing antibodies against Delta and Omicron variants. Nat
Commun. 2022;13:2476.

16 Herzberg J, Fischer B, Becher H, et al. Short-term drop in antibody
titer after the third dose of SARS-CoV-2 BNT162b2 vaccine in
adults. Vaccines (Basel). 2022;10:805.

17 Azzolini C, Donati S, Premi E, et al. SARS-CoV-2 on ocular sur-
faces in a cohort of patients with COVID-19 from the Lombardy
region, Italy. JAMA Ophtalmol. 2021;139:956–963.

18 Li Y, Jin L, Chen T. The effects of secretory IgA in the mucosal
immune system. BioMed Res Int. 2020;2020:2032057.

19 Azzi L, Dalla Gasperina D, Veronesi G, et al. Mucosal immune
response in BNT162b2 COVID-19 vaccine recipients. EBioMedicine.
2022;75:103788.

20 Darwich A, Pozzi C, Fornasa G, et al. BNT162b2 vaccine induces
antibody release in saliva: a possible role for mucosal viral protec-
tion? EMBO Mol Med. 2022;14:e15326.

21 Novazzi F, Baj A, Genoni A, Focosi D, Maggi F. Expansion of
L452R-positive SARS-CoV-2 Omicron variant, Northern Lombardy,
Italy. Emerg Infect Dis. 2022;28:1301–1302.

22 Flacco ME, Soldato G, Acuti Martellucci C, et al. Risk of SARS-CoV-
2 reinfection 18 months after primary infection: population-level
observational study. Front Public Health. 2022;10:884121.

23 European Centre for Disease Prevention and Control. Consider-
ations for the use of saliva as sample material for COVID-19 testing.
Stockholm: ECDC; 2021. Available at: https://www.ecdc.europa.eu/
11

https://doi.org/10.1016/j.ebiom.2022.104435
https://doi.org/10.1016/j.ebiom.2022.104435
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref1
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref1
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref2
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref2
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref2
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref3
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref3
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref3
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref4
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref4
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref4
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref5
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref5
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref6
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref6
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref6
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref7
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref7
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref7
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref8
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref8
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref8
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref8
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref9
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref9
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref9
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref9
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref10
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref10
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref10
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref11
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref11
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref11
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref11
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref12
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref12
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref12
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref13
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref13
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref13
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref14
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref14
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref14
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref14
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref15
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref15
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref15
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref15
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref16
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref16
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref16
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref17
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref17
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref17
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref18
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref18
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref19
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref19
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref19
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref20
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref20
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref20
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref21
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref21
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref21
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref22
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref22
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref22
https://www.ecdc.europa.eu/en/publications-data/considerations-use-saliva-sample-material-covid-19-testing
www.thelancet.com/digital-health


Articles

12
en/publications-data/considerations-use-saliva-sample-material-cov
id-19-testing.

24 SAS notes: estimating nonlinear combinations of model parame-
ters. Available at: https://support.sas.com/kb/58/775.html.

25 Lipsitch M, Krammer F, Regev-Yochay G, Lustig Y, Balicer RD.
SARS-CoV-2 breakthrough infections in vaccinated individuals:
measurement, causes and impact. Nat Rev Immunol. 2022;22:57–65.

26 Singanayagam A, Hakki S, Dunning J, et al. Community transmission
and viral load kinetics of the SARS-CoV-2 delta (B.1.617.2) variant in
vaccinated and unvaccinated individuals in the UK: a prospective,
longitudinal, cohort study. Lancet Infect Dis. 2022;22:183–195.

27 Huang N, Pérez P, Kato T, et al. SARS-CoV-2 infection of the oral
cavity and saliva. Nat Med. 2021;27:892–903.

28 Lambiase A, Sacchetti M, Mallone F, et al. Evaluation of the
effectiveness of BNT162b2 primary vaccination and booster dose to
SARS-CoV-2 in eliciting stable mucosal immunity. Biomedicines.
2022;10:2430.

29 Martinuzzi E, Benzaquen J, Guerin O, et al. A single dose of
BNT162b2 messenger RNA vaccine induces airway immunity in se-
vere acute respiratory syndrome coronavirus 2 naïve and recovered
coronavirus disease 2019 subjects. Clin Infect Dis. 2022;75:2053–2059.

30 Garziano M, Utyro O, Poliseno M, et al. Natural SARS-CoV-2
infection affects neutralizing activity in saliva of vaccinees. Front
Immunol. 2022;13:820250.

31 Feikin DR, Higdon MM, Abu-Raddad LJ, et al. Duration of effec-
tiveness of vaccines against SARS-CoV-2 infection and COVID-19
disease: results of a systematic review and meta-regression. Lan-
cet. 2022;399:924–944.

32 Healy K, Pin E, Chen P, et al. Salivary IgG to SARS-CoV-2 indicates
seroconversion and correlates to serum neutralization in mRNA-
vaccinated immunocompromised individuals. Med (N Y).
2022;3:137–153.

33 Sheikh-Mohamed S, Isho B, Chao GYC, 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.

34 Emerson LE, Barker H, Tran T, et al. Extracellular vesicles elicit
protective immune responses against Salmonella infection.
J Extracell Vesicles. 2022;11:e12267.

35 Dunn-Walters DK, Hackett M, Boursier L, et al. Characteristics of
human IgA and IgM genes used by plasma cells in the salivary
gland resemble those used in duodenum but not those used in the
spleen. J Immunol. 2000;164:1595–1601.

36 Honda K, Littman DR. The microbiota in adaptive immune ho-
meostasis and disease. Nature. 2016;535:75–84.

37 Terreri S, Piano Mortari E, Vinci MR, et al. Persistent B cell
memory after SARS-CoV-2 vaccination is functional during break-
through infections. Cell Host Microbe. 2022;30:400–408.
38 Röltgen K, Nielsen SAC, Arunachalam PS, et al. mRNA vaccination
compared to infection elicits an IgG-predominant response with
greater SARS-CoV-2 specificity and similar decrease in variant
spike recognition. medRxiv. 2021, 2021.04.05.21254952 [preprint].

39 Bemark M, Angeletti D. Know your enemy or find your friend? –
Induction of IgA at mucosal surfaces. Immunol Rev. 2021;303:83–
102.

40 Paschold L, Klee B, Gottschick C, et al. Rapid hypermutation B cell
trajectory recruits previously primed B cells upon third SARS-CoV-
2 mRNA vaccination. Front Immunol. 2022;13:876306.

41 Au WY, Cheung PP. Effectiveness of heterologous and homologous
Covid-19 vaccine regimens: living systematic review with network
meta-analysis. BMJ. 2022;377:e069989.

42 Accorsi EK, Britton A, Shang N, et al. Effectiveness of homologous
and heterologous Covid-19 boosters against Omicron. N Engl J Med.
2022;386:2433–2435.

43 Loconsole D, Bisceglia L, Centrone F, et al. Autochtonous outbreak
of SARS-CoV-2 Omicron variant in booster-vaccinated (3 doses)
healthcare workers in Southern Italy: just the tip of the iceberg?
Vaccines (Basel). 2022;10:283.

44 Sacco C, Petrone D, Del Manso M, et al. Risk and protective factors
for SARS-CoV-2 reinfections, surveillance data, Italy, August 2021
to March 2022. Euro Surveill. 2022;27:2200372.

45 Johnson AG, Amin AB, Ali AR, et al. COVID-19 incidence and
death rates among unvaccinated and fully vaccinated adults with
and without booster doses during periods of Delta and Omicron
variant emergence – 25 U.S. Jurisdictions, April 4 – December 25,
2021. MMWR Morb Mortal Wkly Rep. 2022;71:132–138.

46 Kar S, Devnath P, Emran TB, Tallei TE, Mitra S, Dhama K. Oral
and intranasal vaccines against SARS-CoV-2: current progress,
prospects, advantages, and challenges. Immun Inflamm Dis.
2022;10:e604.

47 Afkhami S, D’Agostino MR, Zhang A, et al. Respiratory mucosal
delivery of next-generation COVID-19 vaccine provides robust
protection against both ancestral and variant strains of SARS-CoV-
2. Cell. 2022;185:896–915.

48 Lam JY, Ng YY, Yuen CK, Wong WM, Yuen KY, Kok KH. A nasal
omicron vaccine booster elicits potent neutralizing antibody
response against emerging SARS-CoV-2 variants. Emerg Microbes
Infect. 2022;11:964–967.

49 Yang J, Liu MQ, Liu L, et al. A triple-RBD-based mucosal vaccine
provides broad protection against SARS-CoV-2 variants of concern.
Cell Mol Immunol. 2022;11:1–11.

50 Gazit S, Saciuk Y, Perez G, Peretz A, Pitzer VE, Patalon T. Short
term, relative effectiveness of four doses versus three doses of
BNT162b2 vaccine in people aged 60 years and older in Israel:
retrospective, test negative, case-control study. BMJ. 2022;377:
e071113.
www.thelancet.com Vol 88 February, 2023

https://www.ecdc.europa.eu/en/publications-data/considerations-use-saliva-sample-material-covid-19-testing
https://www.ecdc.europa.eu/en/publications-data/considerations-use-saliva-sample-material-covid-19-testing
https://support.sas.com/kb/58/775.html
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref25
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref25
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref25
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref26
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref26
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref26
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref26
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref27
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref27
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref28
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref28
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref28
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref28
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref29
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref29
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref29
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref29
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref30
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref30
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref30
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref31
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref31
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref31
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref31
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref32
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref32
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref32
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref32
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref33
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref33
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref33
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref33
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref34
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref34
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref34
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref35
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref35
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref35
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref35
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref36
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref36
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref37
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref37
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref37
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref38
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref38
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref38
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref38
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref39
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref39
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref39
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref40
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref40
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref40
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref41
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref41
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref41
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref42
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref42
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref42
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref43
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref43
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref43
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref43
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref44
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref44
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref44
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref45
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref45
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref45
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref45
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref45
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref46
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref46
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref46
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref46
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref47
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref47
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref47
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref47
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref48
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref48
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref48
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref48
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref49
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref49
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref49
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref50
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref50
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref50
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref50
http://refhub.elsevier.com/S2352-3964(22)00617-X/sref50
www.thelancet.com/digital-health

	Mucosal immune response after the booster dose of the BNT162b2 COVID-19 vaccine
	Introduction
	Methods
	Study design and participants
	Ethics
	Antibody measurement
	Statistical analysis
	Role of funders

	Results
	Participants
	BNT162b2-vaccine booster induced antibody response in both serum and saliva
	BNT162b2 vaccine booster elicits neutralizing activity in saliva against Delta and Delta Plus but not against Omicron BA.1  ...

	Discussion
	ContributorsConceptualization: L. Azzi, G. Forlani. Data curation: L. Azzi, D. Dalla Gasperina, M. Shallak, A. Baj, V. Maur ...
	Data sharing statementRaw data and individual level de-identified trial data and protocol will be shared on request for res ...
	Declaration of interests
	Acknowledgements
	Appendix A. Supplementary data
	References


