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Background: SARS-CoV-2 transmission mainly occurs through exposure of the upper
airway mucosa to infected secretions such as saliva, which are excreted by an infected
person. Thus, oral mucosal immunity plays a central role in the prevention of and early
defense against SARS-CoV-2 infection. Although virus-specific antibody response has
been extensively investigated in blood samples of SARS-CoV-2-infected patients and
vaccinees, local humoral immunity in the oral cavity and its relationship to systemic
antibody levels needs to be further addressed.

Material andMethods:We fine-tuned a virus neutralization assay (vNTA) to measure the
neutralizing activity (NA) of plasma and saliva samples from 20 SARS-CoV-2-infected (SI),
40 SARS-CoV-2-vaccinated (SV), and 28 SARS-CoV-2-vaccinated subjects with a history
of infection (SIV) using the “wild type” SARS-CoV-2 lineage B.1 (EU) and the Delta
(B.1.617.2) strains. To validate the vNTA results, the presence of neutralizing antibodies
(NAbs) to the spike receptor binding domain (RBD) was evaluated with an ELISA assay.

Results: NA to SARS-CoV-2 lineage B.1 (EU) was present in plasma samples from all the
tested subjects, with higher titers in SIV compared to both SI and SV. Conversely, NA was
detected in saliva samples from 10.3% SV, 45% SI, and 92.6% SIV, with significantly
lower titers in SV compared to both SI and SIV. The detection of NAbs in saliva reflected its
reduced NA in SV.

Discussion: The difference in NA of plasma vs. saliva was confirmed in a vNTA where the
SARS-CoV-2 B.1 and Delta strains were tested head-to-head, which also revealed a
reduced NA of both specimens compared to the B.1 variant.

Conclusions: The administration of SARS-CoV-2 vaccines was associated with limited
virus NA in the oral cavity, as measured in saliva and in comparison to plasma. This
difference was more evident in vaccinees without a history of SARS-CoV-2 infection,
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possibly highlighting the importance of local exposure at the site of virus acquisition to
effectively prevent the infection and block its spread. Nevertheless, the presence of
immune escape mutations as possibly represented by the SARS-CoV-2 Delta variant
negatively affects both local and systemic efficacy of NA associated with vaccination.
Keywords: SARS-CoV-2, saliva, neutralizing activity, antibodies, variants
INTRODUCTION

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2), the etiological agent of Coronavirus Disease 2019 (COVID-
19) pandemic, has affected more than 250 million people,
causing approximately 5 million deaths in the global
population as reported by the World Health Organization
(WHO, November 2021). At present, the acquisition of
immunity by anti-SARS-CoV-2 vaccines represents the most
promising chance to contain the COVID-19 pandemic.

The virus uses the receptor binding domain (RBD), within the
spike protein, to bind the angiotensin-converting enzyme 2
(ACE2) on the surface of epithelial cells in the upper
respiratory tract (1). Viral transmission may occur by
asymptomatic, pre-symptomatic, and symptomatic individuals
through close exposure to infected secretions such as saliva,
respiratory secretions, or respiratory droplets (2, 3). Thus, SARS-
CoV-2 infection mainly affects the cells of the superior airways,
and the nasopharyngeal swab is the specimen of choice for
diagnosis of infection. However, the virus is also able to infect
and replicate in the salivary glands, which is why saliva
represents a safe and non-invasive sample to detect both viral
RNA and SARS-CoV-2-specific antibodies (4–7). Oral tissues,
encompassing salivary glands and mucosa, may play a double
function: on one side, they are sites of early infection, playing a
critical role in viral spreading to the lungs or the gastrointestinal
tract via saliva (8); at the same time, they represent the first line
of defense against a plethora of pathogens as already
demonstrated for other microbial-associated diseases, including
pneumonia (9) and inflammatory bowel diseases (10).

The mechanisms responsible for the immunological
surveillance and tolerance at this site, safeguarding tissue
homeostasis, include a complex network orchestrated by
dendritic cells (DCs) that process and present specific antigens
to resident T cells, which in turn activate B cells producing
SARS-CoV-2-specific IgA (30%) and IgG (70%) (11). The
induction of a microbe-specific mucosal immunity represents
an unequivocal sign of an active infection (12, 13), but whether
the intramuscular administration of a vaccine is capable of
triggering mucosal immunity is still a matter of debate. For
example, in mice, parenteral administration of the influenza
vaccine has been shown to fail to induce an effective mucosal
immune response (14).

Since the beginning of SARS-CoV-2 vaccination campaign, a
large part of the population has already been immunized
; SV, SARS-CoV-2 vaccinated; SIV,
T, virus neutralization assay.
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worldwide, and the presence of neutralizing antibodies (NAbs)
in the serum of vaccinated subjects has been assessed.
Conversely, the neutralizing response in oral mucosa needs to
be further investigated. Given the preponderance of these routes
in establishing new infections, we optimized the gold standard
virus neutralization assay (vNTA), requiring live pathogen and
largely employed to test plasma samples (5–7, 15–17) to detect
the presence of neutralizing activity (NA) in saliva samples from
infected and/or vaccinated subjects.
METHODS

Study Design
An observational study was designed to evaluate the
development of humoral immunity in SARS-CoV-2-infected
(SI), SARS-CoV-2-vaccinated (SV), and SARS-CoV-2-infected
and -vaccinated (SIV) subjects induced by BNT162b2
(Comirnaty) or AZD1222 anti-SARS-CoV-2 vaccines. The
primary end point of the study was to optimize a vNTA in
order to compare samples representative of the systemic and
local response in the oral cavity to SARS-CoV-2, i.e., plasma and
saliva, of the same individual, as well as between SV and SIV
within each of two compartments. Secondary end points were (i)
validation of the vNTA as a surrogate of the presence of SARS-
CoV-2-specific NAbs in saliva, and (ii) application of the vNTA
to evaluate virus NA of saliva against the currently main variant
of concern, Delta. The study design is summarized in Figure 1.

Virus and Cell Lines
SARS-CoV-2 variants, including the lineage B.1 (EU) (accession
number: EPI_ISL_412973), assumed as comparator virus, and the
Delta (lineage B.1.617.2) (accession number: EPI_ISL_1970729)
were isolated from positive nasopharyngeal swabs (NPS). All the
strains were identified by means of whole genome sequencing and
the sequences were submitted to GISAID. The virus was
propagated in VeroE6 cells (ATCC® VERO C1008, CRL-
1586™) and viral titers were determined by Median Tissue
Culture Infectious Dose (TCID50) endpoint dilution assay.
Briefly, serial 10-fold dilutions of viral suspension, from 106 to
10−4 TCDI50/ml (50 ml), were plated onto 96-well plates, incubated
at 37°C in 5%CO2 and checked daily tomonitor the virus-induced
cytopathic effect (CPE) by Optical microscope observation
(ZOE™ Fluorescent Cell Imager, Bio-Rad, Hercules, CA, USA).
Seventy-two hours post infection (hpi) viral titer was determined
by crystal violet dyeing method, as previously described (18). All
the experiments with SARS-CoV-2 virus were performed in a
BSL3 facility.
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Study Population and Sample Collection
Plasma and saliva samples were obtained from 20 SARS-CoV-2 SI
[mean age (years) ± DS: 29.4 ± 20.5; range: 18–83; female: 60%],
40 SARS-CoV-2 SV [mean age (years) ± SD: 34.1 ± 11.5; range:
18–62; female: 67.5%], and 28 SARS-CoV-2 SIV [mean age
(years) ± SD: 41.36 ± 19.19; range: 18–61; female: 57.14%],
enrolled at Infectious Diseases Unit, Policlinic “Riuniti” of
Foggia (Italy). SARS-CoV-2 infection was determined by
SARS-CoV-2 molecular test of nasopharyngeal swabs. All the
SARS-CoV-2-infected recovered patients were asymptomatic or
pauci-symptomatic. The vaccinated subjects were administered
either the BNT162b2 or AZD1222 vaccine (SV: 15 AZD1222 and
25 BNT162b2; SIV: 5 AZD1222 and 23 BNT162b2). All the SV
and SIV subjects were administered two doses according to the
specific vaccination schedules (BNT162b2: dose II administered
21 days after dose I; AZD1222: dose II administered 90 days after
dose I). Subjects who were vaccinated within 6 months from
SARS-CoV-2 infection recovery received just a single vaccine
dose. The administered vaccine, time from infection [mean time
(months) ± SE: SI = 5.7 ± 0.5; SIV = 7.9 ± 0.7], and time from
vaccination [mean time (months) ± SE: SV = 3.6 ± 0.3; SIV =
3.4 ± 0.5] are reported in Table 1. Plasma was obtained by
centrifugation of whole blood at 1,200×g for 10 min and storage at
−20°C until use. Plasma samples were analyzed using iFlash
SARS-CoV-2 IgG and IgM (C86095G–C86095M–Shenzhen
YHLO Biotech Co, Shenzhen, China) to exclude a possible
ongoing asymptomatic infection since the assay targets both
nucleocapsid and spike proteins. Only the subjects included in
the SI and SIV groups resulted to have SARS-CoV-2 N plus S
antigens (Supplementary Table 1).
Frontiers in Immunology | www.frontiersin.org 3
All saliva samples were collected on the same day of testing, by
spitting after repeated mouth-washing with water. Saliva was
incubated at 56°C for 10 min and centrifuged at 6,000×g for 10
min. Supernatants were used for further analyses. Participants were
asked not to eat, drink, or smoke at least 30 min prior to collection.

We obtained informed written consent from all the subjects
to perform the procedure and analysis, according to CARE
guidelines and in compliance with the Declaration of Helsinki
principles. The study was approved by the Ethics Committee of
Policlinic “Riuniti” of Foggia (protocol number 49/C.E./2021).

SARS-CoV-2 Virus Neutralization Assay
At the time of use, plasma samples were thawed at room
temperature and incubated at 56°C for 30 min, to inactivate
the complement proteins. Neutralization activity (NA) against
SARS-CoV-2 B.1 (EU) and Delta (lineage B.1.617.2) variant by
vNTA was performed as follows. Briefly, 50 ml of plasma samples,
starting from a 1:10 dilution followed by serial twofold series, was
transferred in two wells of 96-well microtiter plates (COSTAR,
Corning Incorporated, NY 14831, USA) and mixed with 50 µl of
tissue culture infecting dose 50 (TCID50) of SARS-CoV-2. All
dilutions were made in DMEM with the addition of 1%
L-Glutamine, 2% penicillin and streptomycin, and 2% fetal
bovine serum. After 2 h of incubation at 37°C and 5% CO2,
100 µl of the mixture of the supernatant containing the plasma
and virus was transferred to microplates seeded with 2 × 104

VeroE6 cells for 72 h at 37°C and 5% CO2.
As antibody concentration is lower in saliva samples than in

plasma (19), and because of saliva’s natural composition, it was
necessary to set up a vNTA partially modified from the one
FIGURE 1 | Graphical representation of the study workflow. SARS-CoV-2-infected (SI), vaccinated (SV), and infected–vaccinated (SIV) subjects were enrolled in the
study (Step 1). Blood and saliva samples were collected and processed (Step 2) so as to be analyzed for neutralizing activity (NA) by SARS-CoV-2 neutralization assay
(NTA), neutralizing antibodies (Nabs) by enzyme-linked immunosorbent assay (ELISA), as well as cytokine production (Multiplex ELISA).
March 2022 | Volume 13 | Article 820250
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TABLE 1 | Cohort study features.

Subject no. Gender Age (years) PlasmaNAb titer Saliva NAb titer %Anti-RBD (ELISA) Time from
infection (months)

Time from
vaccination (months)

Vaccine

WT Delta WT Delta

SV 1 F 30 80 nd – nd 40,5 – 3 AZD1222
2 F 27 160 nd – nd 33 – 3 AZD1222
3 F 33 640 nd – nd nd – 3 AZD1222
4 M 27 40 nd – nd 27 – 3 AZD1222
5 M 24 80 nd – nd nd – 3 AZD1222
6 F 36 160 nd – nd 33 – 3 AZD1222
7 F 27 20 nd – nd nd – 6 BNT-162b2
8 F 51 40 nd – nd 4,5 – 6 BNT-162b2
9 M 57 80 nd – nd nd – 6 BNT-162b2
10 M 39 640 nd – nd 18 – 3 AZD1222
11 F 22 640 nd – nd nd – 6 BNT-162b2
12 M 22 320 nd – nd nd – 6 BNT-162b2
13 F 30 640 nd – nd nd – 6 BNT-162b2
14 F 38 640 nd – nd 19 – 3 AZD1222
15 M 27 640 nd 4 nd 39,5 – 3 BNT-162b2
16 M 30 160 nd – nd nd – 3 BNT-162b2
17 F 30 80 nd – nd nd – 3 BNT-162b2
18 F 30 80 nd – nd nd – 3 BNT-162b2
19 F 35 320 nd – nd nd – 6 BNT-162b2
20 M 23 320 nd – nd nd – 6 BNT-162b2
21 F 24 640 nd – nd nd – 6 BNT-162b2
22 F 24 1280 nd – nd nd – 6 BNT-162b2
23 F 24 320 nd – nd nd – 4 BNT-162b2
24 F 18 nd nd – nd nd – 1 BNT-162b2
25 F 18 nd nd 16 nd nd – 1 BNT-162b2
26 F 60 640 nd – nd nd – 4 AZD1222
27 F 40 320 nd 2 nd 40,5 – 4 BNT-162b2
28 F 62 160 nd – nd nd – 3 AZD1222
29 M 36 320 nd – nd 58 – 1 BNT-162b2
30 M 45 2560 nd 2 nd 51 – 0.5 BNT-162b2
31 M 38 nd nd – nd 61 – 3 AZD1222
32 F 32 nd nd – nd 21,5 – 4 BNT-162b2
33 M 37 320 320 8 2 58,5 – 0.5 BNT-162b2
34 F 50 nd nd – nd 7 – 3 BNT-162b2
35 F 43 nd nd – nd 16 – 3 AZD1222
36 M 51 10 – nd nd nd – 4 AZD1222
37 F 33 30 20 – – nd – 4 AZD1222
38 F 45 40 20 – – nd – 4 AZD1222
39 F 18 nd nd – nd 18,5 – 3 BNT-162b2
40 F 28 nd nd – nd 27 – 4 BNT-162b2

SI 1 M 52 160 nd – nd nd 6 – –

2 M 18 80 nd – nd nd 6 – –

3 F 18 160 20 4 nd nd 6 – –

4 F 18 320 40 4 nd nd 6 – –

5 M 19 80 nd 2 nd 21,5 3 – –

6 F 80 1280 80 40 nd nd 3 – –

7 M 83 800 400 80 nd nd 3 – –

8 M 18 160 nd – nd nd 6 – –

9 M 22 20 nd – nd nd 6 – –

10 F 20 80 nd – nd nd 6 – –

11 F 20 160 nd 2 nd nd 6 – –

12 F 20 80 nd – nd nd 6 – –

13 F 19 20 nd – nd nd 4 – –

14 F 30 40 nd – nd nd 7 – –

15 F 51 640 nd 2 nd nd 3 – –

16 F 18 nd nd – nd nd 7 – –

17 M 30 160 nd – nd nd 7 – –

18 M 18 nd nd 2 nd nd 5 – –

19 F 18 nd nd 2 nd nd 6 – –

20 F 18 nd nd – nd nd >12 – –

SIV 1 F 24 1600 nd 8 nd nd >12 6 BNT-162b2

(Continued)
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commonly used to test plasma specimens. One-hundred
microliters of saliva was seeded in a 96-well microtiter plate
undiluted, and then it was diluted 1:2 in the next 6 wells. Fifty
microliters of SARS-CoV-2 TCID50 was added to each well and
incubated for 2 h at 37°C at 5% CO2. After incubation, 100 ml of
the solution containing saliva and virus was transferred to
microplates seeded with 2 × 104 VeroE6 cells and incubated
for 72 h at 37°C and 5% CO2.

At the end of incubation, cells were stained with 0.1% m/v
crystal violet solution (Merck KGaA, 64271 Darmstadt, Germany)
previously fixed with 4% formaldehyde 37% m/v (Merck KGaA,
Darmstadt, Germany) for 20 min. Microtiter plates were then
washed with PBS. Wells were scored to evaluate the degree of CPE
compared to the virus control. Blue staining of wells indicated the
presence of NA. Neutralizing titer corresponds to the maximum
dilution with the reduction of 90% of CPE. A positive titer was
equal to or greater than 1:10 or 1:2 for plasma and saliva samples,
respectively. Every test included plasma control (1:10 dilution) or
saliva control (undiluted), cell control (VeroE6 cells alone), and
viral control (threefold series dilution).

Anti-RDB NAb Measurement
SARS-CoV-2 anti-RDB NAbs were measured employing a
commercial ELISA kit (Viazyme, Delft, Netherlands). Analyses
were performed on a subgroup of SV (n = 18) and SIV (n = 15)
Frontiers in Immunology | www.frontiersin.org 5
subjects. Saliva samples were preincubated with HRP-RBD. After 30
min, they were seeded into anACE2-coated ELISA plate to reveal the
presence of anti-RBD antibodies, according to the manufacturer’s
guidelines. Anti-RBD quantification [1 − (OD of sample/mean OD
of negative control)] × 100% was assessed on a standard curve
generated by progressive 1:10 dilutions of the positive control.
According to the manufacturer instructions, results below 20%
threshold were considered as negative. Undetectable samples were
assigned the value 10% as the midpoint between 0 and the threshold
for the purpose of statistical analysis.

Cytokine Quantification in Saliva Samples
by Multiplex ELISA
The concentration of 8 cytokines/chemokines was assessed on the
saliva specimens collected from a subgroup of vaccinated subjects
(SV: n = 19; and SIV: n = 21) using magnetic bead-based
immunoassays (Bio-Rad, CA, USA), according to the
manufacturer’s protocol via Bio-Plex 200 technology (Bio-Rad,
CA, USA). Some of the targets resulted in having values above the
normal range, and an arbitrary value of 10,000 pg/ml was assigned,
while 0 pg/ml was assigned to values below the limit of detection.

Statistical Analyses
For the study variables, medians and ranges were reported for
quantitative variables, and absolute and relative frequencies were
TABLE 1 | Continued

Subject no. Gender Age (years) PlasmaNAb titer Saliva NAb titer %Anti-RBD (ELISA) Time from
infection (months)

Time from
vaccination (months)

Vaccine

WT Delta WT Delta

2 M 40 3200 nd 8 nd 54 3 3 BNT-162b2
3 F 55 1600 nd 32 nd nd 4 1 BNT-162b2
4 F 54 3200 160 16 8 nd >12 6 AZD1222
5 F 61 12800 nd 32 nd nd >12 1 AZD1222
6 M 47 800 nd 2 nd 28,5 >12 6 AZD1222
7 F 25 12800 nd 64 nd nd 4 2 BNT-162b2
8 F 22 3200 nd 4 nd nd >12 6 BNT-162b2
9 F 49 3200 800 32 2 32 >12 6 BNT-162b2
10 M 24 800 nd – nd nd 7 2 BNT-162b2
11 M 18 nd nd 32 nd nd 5 0.5 BNT-162b2
12 F 44 6400 nd 8 nd nd 5 3 BNT-162b2
13 M 18 nd nd 8 nd nd 5 1 BNT-162b2
14 F 45 3200 nd 8 nd nd >12 3 AZD1222
15 F 38 1600 nd 4 nd nd 7 5 BNT-162b2
16 F 61 nd nd 2 nd 47,5 >12 8 BNT-162b2
17 F 18 nd nd 32 2 68 6 1 BNT-162b2
18 M 18 3200 400 8 4 79 6 3 BNT-162b2
19 M 83 nd nd 128 32 90 3 1 BNT-162b2
20 M 52 3200 800 16 8 44 6 0.5 BNT-162b2
21 F 18 nd nd 32 4 61 6 1 BNT-162b2
22 F 56 nd nd – nd 30 10 5 BNT-162b2
23 F 80 nd nd 128 32 88 3 6 BNT-162b2
24 F 22 nd nd 16 nd 83 6 3 BNT-162b2
25 M 25 nd nd 4 nd 45 6 3 BNT-162b2
26 F 55 nd nd 4 nd 62 6 0.5 BNT-162b2
27 M 59 nd nd 4 nd 64 6 4 BNT-162b2
28 M 47 120 60 nd nd nd >12 8 AZD1222
Mar
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NAb, neutralizing antibody.
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reported for categorical variables. The Student’s t-test and
analysis of variance (ANOVA) were applied when appropriate
for statistical analysis to compare variables among the analyzed
groups. A p-value < 0.05 was set as cutoff for significance. The
analyses were performed using GraphPad Prism 9.

All the procedures were carried out in accordance with the
GLP guidelines adopted in our laboratories.
RESULTS

Neutralizing Activity in Plasma and
Saliva Samples From SARS-CoV-2-
Infected and/or Vaccinees
NA was not tested for plasma samples from 4 SI, 8 SV, and 12
SIV subjects, and saliva samples from 1 SV and 1 SIV because
their samples were not available. Results of systemic humoral
response elicited by infection and or vaccine administration
showed that NA was present in 16/16 SI (100%), 32/32 SV
(100%), and 16/16 SIV (100%) plasma samples. Notably, NA in
plasma samples was comparable in SI (mean value ± SE: 265 ±
87.15) and SV (mean value ± SE: 388.12 ± 86.98) but significantly
lower compared to SIV (mean value ± SE: 3807.5 ± 719.36) (p <
0.001 in both cases) (Figure 2A).

A different trend was observed in NA in saliva samples by
vNTA. Thus, NA was present only in saliva of 5 out of 39 SV
Frontiers in Immunology | www.frontiersin.org 6
subjects (12.8%), 9/20 SI subjects (45%), and 25/27 SIV subjects
(92.6%) (Figure 2A). In line with the results observed in plasma
samples, saliva NA was significantly higher in SIV (mean value ±
SE: 23.4 ± 6.48) compared to both SI (mean value ± SE: 6.9 ±
4.32) (p < 0.001) and SV (mean value ± SE: 0.8 ± 0.46) (p <
0.0001) (Figure 3A).

To address the potential impact of the variability in the period
of time between sample collection and infection and/or
vaccination, we stratified samples within each group into two
subgroups according to the time of sample collection (early vs.
late). Although we observed a clear decline in NA over time in
both plasma and saliva samples for SI, SV, and SIV
(Supplementary Figure S1), such change did not affect the
comparison between SI and SIV, and SV vs. SIV, whose
findings were replicated by analyzing samples belonging to the
two identified time points separately (Supplementary Figure
S2). Nevertheless, we were not able to validate the comparison SI
vs. SV due to a substantial difference between the time from
infection (approximately 6 months) and time from vaccination
(approximately 3 months) for these two groups.

Of note, a superior fraction of saliva sample from SI returned
a positive NA test result compared to SV in spite of such longer
period of time.

By dividing SV subjects according to the vaccine they were
administered, we observed that NA in plasma was higher in
BNT162b2 (mean value ± SE: 487 ± 128.35)- compared to
AZD1222 (mean value ± SE: 223.33 ± 74)-vaccinated subjects
A

B

D EC

FIGURE 2 | Neutralizing activity (NA) from plasma and saliva of SARS-CoV-2-infected and/or vaccinated subjects, measured by virus neutralization assay (vNTA).
NA in plasma and saliva samples are reported in panel (A). Correlation between NA in plasma and saliva samples of all tested subjects are showed in panel (B),
while correlation between NA in plasma and saliva specimens of SARS-CoV-2-infected (SI), SARS-CoV-2-infected and vaccinated (SIV), and SARS-CoV-2-
vaccinated (SV) subjects are represented in panels (C–E), respectively. ***p < 0.0001.
March 2022 | Volume 13 | Article 820250
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(p < 0.05) (Supplementary Figure S3A). Likewise, all the SV
subjects who displayed a NA in saliva received the BNT162b2
vaccine (5/25 = 20%) (Supplementary Figure S3B).

No correlation with sex or age was detected with NA neither
in plasma nor in saliva samples from the enrolled groups (data
not shown).

Correlation Between SARS-CoV-2
NA Quantified by vNTA in
Plasma and Saliva Samples
NA measured by vNTA was soundly correlated in plasma and
saliva samples from all of the subjects enrolled in the study (SI +
SV + SIV) (p < 0.0001) (Figure 2B). By analyzing these three
groups independently, we observed that such correlation was
maintained for SI (p < 0.001) (Figure 2C) as well as SIV subjects
(p < 0.01) (Figure 2D), but not in SV (Figure 2E). Moreover, by
dividing SIV subjects according to the vaccine they were
administered, the positive correlation between plasma and
saliva NA was maintained for BNT162b2-vaccinated
individuals (p < 0.01) (Supplementary Figure S3C), but not
for the AZD1222 vaccines (data not shown).

Quantification of Anti-RBD NAbs (ELISA)
and Correlation With vNTA
According to the NA data obtained by vNTA on salivary samples
from a subgroup of subjects (SV = 18; SIV = 15) (mean value ± SE:
SV = 1.66.6 ± 0.42; SIV = 27.8 ± 11.28) (p < 0.05) (Figure 3A),
Frontiers in Immunology | www.frontiersin.org 7
the concentration of anti-RBD NAbs quantified by ELISA
commercial kit was higher in SIV (mean value% ± SE: 58.40 ±
5.33) compared to SV (mean value% ± SE: 30.58 ± 4.48) (p <
0.0001) (Figure 3B). Indeed, taking into account all the subjects
(SV + SIV), we observed a positive correlation between NA
quantified by the two techniques (vNTA and ELISA) (p < 0.01)
(Figure 3C). In particular, all of the 18 individuals who had saliva
vNTA produced even anti-RBD NAbs (Table 1). However, of the
15 subjects who were negative for the vNTA assay, 9 (60%) tested
positive to the production of anti-RBDNAbs (Table 1), suggesting
that the two technical approaches cannot be used interchangeably
because they identify different parameters.

Moreover, the production of anti-RBD NAbs quantified by
ELISA was positively correlated to the production of salivary NA
tested by vNTA in SIV (p < 0.05) (Figure 3D); conversely, we
observed a trend towards a positive correlation, which did not
reach statistical significance (p = 0.0512) in SV group (Figure 3E).

NA in Saliva and Plasma Samples to
B.1.617.2 (Delta) Strain
Saliva (n = 11) and plasma (n = 13) collected from a subgroup of
subjects enrolled in the study, who displayed NA against the
lineage B.1 (EU), assumed as reference virus, were tested against
the Delta (lineage B.1.617.2) variant. Mean values ± SE were
1,221.5 ± 427.2 for the EU strain and 240 ± 86.7 for the Delta
strain, in plasma samples (p < 0.05) (Figure 4A); and 36.4 ± 16.6
for the EU strain and 8.5 ± 4.2 for the Delta strain, in saliva
A B

D EC

FIGURE 3 | Neutralizing activity (NA) and anti-RBD NAbs titer in saliva samples from SARS-CoV-2-infected and/or vaccinated subjects. (B) NA quantified by vNTA
in a subgroup of SV (n = 18) and SIV (n = 15) subjects is reported in panel (A). In the same subgroup, anti-RBD NAb production was detected by ELISA assay. The
dashed line is representative of a cutoff equal to 20%. *p < 0.05, ***p < 0.001. (C) Taking into account all the subjects (SV+SIV), we observed a positive correlation
between salivary NA tested by the two techniques (vNTA and ELISA). The production of anti-RBD NAbs quantified by ELISA was positively correlated to the NA
tested by NTA in SIV (D) but not in the SV group (E).
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specimens (p < 0.05) (Figure 4B). Thus, there was a 5-fold and 4-
fold reduction in the neutralization titers against the Delta variant
in plasma and saliva samples, respectively (Figures 4C, D),
although at lower titers, NA against the Delta variant was still
detectable in both biological samples from subjects who showed
NA against the EU lineage. As a whole, the NA of vaccine immune
sera against the EU variant was maintained to that against the
Delta strain in both plasma (p < 0.01) (Figure 4E) and saliva (p <
0.0001) (Figure 4F) strain.

Cytokine/Chemokine Quantification in
Saliva Samples
In order to verify if the higher NA detected in samples from
BNT162b2-vaccinated subjects was associated with an increased
immune activation, we assessed the levels of 8 cytokines, including
classic pro- and anti-inflammatory mediators like IL-6, IL-8, IL-
10, IFNg, and TNF, in saliva samples from SV and SIV subjects.
No differences in cytokine concentration were observed by
comparing saliva samples from SV and SIV, suggesting that
infection does not influence the release of cytokines in the oral
mucosa in response to vaccination (data not shown). However,
overall cytokine production was higher in saliva specimens from
BNT162b2 (SIV+SV: n = 28)- compared to AZD1222 (SIV+SV:
n = 12)-vaccinated individuals with a statistically significant
difference for IL-6 (p < 0.05), IL-10 (p < 0.01), and IFNg (p <
0.05) (Supplementary Figure S4). The time of sample collection
from vaccination was comparable between AZD1222 and
Frontiers in Immunology | www.frontiersin.org 8
BNT162b2 groups (mean month value ± SE: AZD1222 = 3.4 ±
0.3; BNT162b2 = 3.3 ± 0.3).
DISCUSSION

SARS-CoV-2 is an airborne virus that infects epithelial cells of the
mucosa of the upper airways to eventually spread further, causing
pulmonary and multi-organ infection and damage in some
patients (20). Several studies have shown that saliva contains
infectious SARS-CoV-2 particles in both symptomatic and
asymptomatic individuals, and it can provide useful information
on local immunity at the primary site of virus acquisition (8, 19,
21, 22). Such knowledge is of pivotal importance for the
development of effective immunomodulatory strategies to
prevent and cure the infection, including vaccines. Although
they have been widely tested and used in humans, the outcome
of SARS-CoV-2 vaccines on local virus-specific immune responses
in the airway mucosa is still poorly characterized. To this end, we
decided to optimize and validate a virus neutralization test, which
has long been used to estimate antibody-mediated protection
upon vaccination in plasma samples, to investigate the NA of
saliva in a cohort of subjects with different history of SARS-CoV-2
infection and/or vaccination.

As previously documented by other authors (6, 23, 24), our
current results showed that NA is present in 100% of serum
samples from all the enrolled groups (SI, SV, and SIV), although
A B

D

E F

C

FIGURE 4 | vNTA against SARS-CoV-2 lineage EU (B.1) and Delta variant (B.1.617.2). Virus neutralization assay (vNTA) titer on the Delta variant was significantly
lower compared to the «wild type» SARS-CoV-2 (EU) in both plasma (A) and saliva (B) samples. *p < 0.05. Comparison between the EU variant and Delta variant in
plasma and saliva samples from each enrolled subject is reported in panels (C, D), respectively. Lines connect the NAbs of each individual subject. In panels (E)
(plasma) and (F) (saliva), vNTA correlation between the EU and the Delta variant is described.
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the neutralization titer was significantly higher in SIV compared
to both SI and SV. Conversely, NA in saliva specimens was
detected in almost all SIV individuals (92%), but just in half of SI
and 20% of SV and only following BNT162b2 vaccination in the
latter. In line with two recent studies on virus-specific antibody
detection in saliva of vaccines (25, 26), our results suggest that
intramuscular SARS-CoV-2 vaccination alone elicited long-
lasting (3 months post-administration) oral mucosal immunity
only in a minority of subjects who received two doses, while one
dose of vaccine boosted an anti-SARS-CoV-2 response in those
individuals who were previously infected.

This possibly underlines the importance of local exposure at
the site of virus transmission to efficiently prevent the infection
and avoid its spreading, a condition that is not or is partly fulfilled
by intramuscular vaccination in the absence of local pre-existing
immunity. In fact, the intramuscular vaccine administration route
reportedly stimulates systemic immunity, whereas intranasal or
oral vaccinations trigger a local immune response also
characterized by active secretion of mucosal antibodies passing
into the fluids wetting the mucosa (27). Current vaccines intended
to elicit local protection against viruses comprise intranasal spray
(FluMist) for influenza (28) and oral drops for rotavirus (RotaTeq/
Rotarix) (29, 30), polio (31), and typhoid (Vivotif) (32). The
biology concerning the new SARS-CoV-2 vaccine preparations,
mainly mRNA vaccines, which may stimulate distinctive kinds of
antibody responses in different anatomical districts, is still largely
unknown and deserves dedicated investigations. In line with
previous reports (33, 34), we observed a decline in NA over
time in plasma for all three groups. As expected, such decline
was also observed in saliva samples. Of note, although the lack of
differences in NA titers between SI and SVmight be explained by a
longer period of time elapsed from infection in SI (6 months) than
that from vaccination in SV (3 months), a 3-fold larger fraction of
SI (45%) than SV (13%) displayed NA in saliva. We cannot rule
out episodes of re-exposure and/or asymptomatic infection after
the reported time of diagnosis for SI. However, a possible
explanation to a greater longevity or efficacy of the immune
response induced by natural infection may be the persistent
exposure to virus antigens associated with a sub-clinical
infection as detected in the intestine of recovered COVID-19
patients up to 4 months after diagnosis (35). Nevertheless, while
the time from infection was comparable between SIV and SI, the
vast majority of SIV (92%) displayed a superior NA in saliva as
well as plasma samples collected 3 months after vaccination, thus
highlighting the efficacy of the vaccine booster regimen also in
subjects recovered from COVID-19.

Even if vaccination per se does not result in effective and/or
durable antibody responses at the site of virus transmission,
other determinants of mucosal immunity, that were not
evaluated in the present study, may account for local
protection against SARS-CoV-2. On the other hand, some
recently published papers reported a different overview of
salivary antibodies in SARS-CoV-2-vaccinated subjects. Nahass
et al. found IgG and IgA anti-RBD antibodies as well as NA in
plasma and saliva specimens from both convalescent and
mRNA-vaccinated subjects (7). Likewise, Ketas and colleagues
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reported that anti-S-protein IgG was present in every saliva
sample from recipients of 2 mRNA vaccine doses (6). Even
more recently, S1-specific IgA and IgG responses with
neutralizing activity were detected in the nasal mucosa of
mRNA SARS-CoV-2 vaccinees (36). Yet, it should be noted
that salivary antibody detection, in these studies, was assessed by
techniques other than vNTA, namely ELISA, chemiluminescent
immunoassay (CLIA), flow cytometry, and pseudoviruses
neutralization assays. Soon after the very early stage of the
pandemic, these tests have been extensively used, allowing for
faster and greater testing capacity. Although they provide useful
indications, these assays do not unbiasedly evaluate the ability of
a biological specimen, and/or the antibodies contained therein,
to neutralize the infectivity of viral particles. In fact, RBD-
binding tests account for an important fraction of NAbs, but
do not quantify the NA directed against epitopes other than
those commonly recognized by commercial CLIA/ELISA, such
as the N-terminal domain of the spike protein (37–40). Likewise,
the use of pseudoviruses could lead to incongruent results
because they do not entirely recapitulate the life cycle of
primary isolates. In line with this observation, in our study, the
results on salivary anti-RBD NAbs quantified by ELISA were not
fully mirrored by those obtained by vNTA, as some samples that
did not display NA in the vNTA tested positive in the ELISA test.
In support of our results, Sheikh-Mohamed and colleagues (5)
recently published a study providing evidence of robust anti-
Spike/RBD IgG and sIgA Ab in the saliva of vaccinated subjects,
but only modest levels of neutralizing capacity in saliva
specimens at 2 weeks after the second vaccine dose.
Additionally, Mileto et al. did not observe a correlation
between the quantity of systemic antibodies detected by CLIA
assays and their NA tested by vNTA in plasma from SARS-CoV-
2-vaccinated healthcare workers (24). These discrepancies
suggest that SARS-CoV-2 serological tests may provide
incomplete information on the protective feature of systemic
or local immunity. Multiple tests addressing different
mechanisms underlying humoral as well as cell-mediated virus
specific immune responses are, therefore, needed to address the
full extent of immunity associated with natural infection
and vaccination.

The appearance of new variants of concerns (VOC), with
lowered susceptibility to neutralizing antibodies, raises some
worries on the possibility of evading vaccination-induced NA,
as already documented on plasma samples (16, 17, 41–46). To
verify if SARS-CoV-2 vaccines confer immunity in the oral cavity
against mutated strains, we tested the NA of saliva and plasma
samples from SV and SIV in a head-to-head comparison between
B.1.617.2 (Delta) and B.1 (EU) variants in the same vNTA. In SV
and SIV, the Delta strain displayed a partial immune escape in
both specimens as demonstrated by lower NA titers compared to
the EU lineage. However, a strong positive correlation in NA
titers between the two strains confirmed the observation that
existing vaccines can protect from severe disease even against
potential new variants (34).

Another intriguing observation rising from this study
concerns the higher protective efficacy apparently triggered by
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BNT162b2 compared to AZD1222. Indeed, at the systemic level,
the NA was significantly higher in SV vaccinated with BNT162b2
compared to AZD1222; even more oddly, salivary NA was
detected only in 5 SV subjects, all of whom received the
BNT162b2 vaccine. A plausible explanation stems from a
recently published paper suggesting that BNT162b2
administration elicited higher IgG and IgA titers compared to
adenoviral vector AZD1222, thus providing mucosal immunity
activation to prevent infection at oral and nasopharyngeal
mucosa (47). The degree of immune protection offered by
different vaccine types is likely associated with multiple factors,
possibly reflected by variations in local immunological milieu as
evidenced by our cytokine analysis. Ad hoc studies on larger
cohorts are necessary to validate this hypothesis and pinpoint the
role played by each factor in the observed response.

There are some limitations to our study: this was a non-
randomized observational study, and it was not planned to
investigate neither the production of the different antibody
subtypes (i.e., IgA, IgG, and IgM) nor their maintenance over
time post infection and/or vaccination. Also, while the main
antiviral function of Ab is to neutralize virions, they may also
display non-neutralizing effector functions mediated via their Fc
fragments (i.e., Ab-dependent cellular phagocytosis, Ab-
dependent cellular cytotoxicity, and Ab-dependent activation
of classical complement cascade), whose activity should be
monitored for completeness, as already performed in previous
studies (48). Moreover, the study was not prospective, and
therefore, it was limited by sample availability and suffers from
some variability in specimen collection time points. To be
validated, these results need more detailed, prospectively
designed, and randomized studies, for instance, following the
administration of a third dose. Notwithstanding, in our hands,
the salivary vNTA was reliable and reproducible and offered
many potential advantages: (1) saliva collection is simple, safe,
non-invasive, and can be collected by any individual without the
need of a phlebotomist; (2) the test is easy and relatively
inexpensive using standard laboratory equipment; (3) vNTA is
still considered the gold standard for determining antibody
protective efficacy (15) and none of the tests developed to
mimic NA, by means of anti-RBD NAbs detection, can
currently replace it for the functional evaluation of antibodies
(49); (4) the vNTA test may be useful to evaluate the level of
cross-reactivity between vaccine antisera and variant strains that
may correlate with cross-protection in the host; and (5) saliva
offers a glimpse into circulating antibodies, attributed to vascular
leakage from the gingival crevicular epithelium. Nonetheless,
compared to other commercial techniques, vNTA requires cell
culture, high biocontainment laboratories (i.e., BSL-3), more
time and labor, and specific technical skills, resulting in being
too cumbersome to be employed in routine testing of a large
number of samples. To the best of our knowledge, this is one of
the first studies to assess the NA of saliva using a vNTA and
multiple variants of SARS-CoV-2. We hope that the results of
this study will contribute to streamline the use of relevant
samples to address local immunity at mucosal sites of interest
and will highlight the importance of including such analysis for
Frontiers in Immunology | www.frontiersin.org 10
an improved estimate of the efficacy of prophylactic and
therapeutic interventions.
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assay (NTA) over time. NA in plasma and saliva samples of SI, and SIV analyzing
according to the time from infection are reported in panel (A, B), respectively. (C, D)
panels show NA in plasma and saliva of SV and SIV divided according to the time
from vaccine administration. No statistically significant differences were observed in
neither plasma nor saliva specimens from the enrolled groups over time.

Supplementary Figure 2 | Comparison of Neutralizing activity (NA) in plasma and
saliva of subjects stratified according to the time from infection and/or vaccination.
NA in plasma (A) and saliva (B) specimens from SI and SIV groups sampled before
and after 6 months from symptoms onset. Plasma and saliva NA of SV and SIV
groups are compared respectively in panel (C, D) before and after 3 months from
vaccine administration. Significance difference are reported into the graph: *p<0.05,
**p<0.01, ***p<0.001.
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Supplementary Figure 3 | Neutralizing activity (NA) in plasma and saliva samples
of SV and SIV subjects, measured by virus neutralisation assay (vNTA). NA in
plasma and saliva samples are reported in panel (A, B), respectively. Vaccinated
subjects were divided according to the administrated vaccine: adenovirus-based
(AZD1222) or mRNA (BNT162b2). *p<0.05, **p<0.01, ***p<0.001. In panel (C) the
positive correlation between NA quantified in plasma and saliva samples from BNT-
162b2 vaccinated subjects is shown.

Supplementary Figure 4 | Cytokine quantification in saliva samples from SV and
SIV subjects. Cytokine concentration in saliva samples from SV (n=19) and SIV
(n=21) subjects divided according to the anti-SARS-CoV-2 vaccine they were
administered (AZD1222: n°=12; BNT162b2: n°=28). Mean values ± SE are
reported. *p<0.05; **p<0.01.
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