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We investigated the anti-SARS-CoV-2 post-vaccine response through serum and salivary antibodies,
serum antibody neutralizing activity and cellularimmune response in samples from health care
workers who were immunized with two doses of an inactivated virus-based vaccine (CoronaVac)

who had or did not have COVID-19 previously. IgA and IgG antibodies directed at the spike protein
were analysed in samples of saliva and/or serum by ELISA and/or chemiluminescence assays; the
neutralizing activity of serum antibodies against reference strain B, Gamma and Delta SARS-CoV-2
variants were evaluated using a virus neutralization test and SARS-CoV-2 reactive interferon-gamma
T-cell were analysed by flow cytometry. CoronaVac was able to induce serum and salivary IgG anti-
spike antibodies and IFN-y producing T cells in most individuals who had recovered from COVID-19
and/or were vaccinated. Virus neutralizing activity was observed against the ancestral strain, with a
reduced response against the variants. Vaccinated individuals who had previous COVID-19 presented
higher responses than vaccinated individuals for all variables analysed. Our study provides evidence
that the CoronaVac vaccine was able to induce the production of specific serum and saliva antibodies,
serum virus neutralizing activity and cellularimmune response, which were increased in previously
COVID-19-infected individuals compared to uninfected individuals.

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was first described in the city of Wuhan, Hubei Province, China, from which it spread widely, gaining
pandemic status and changing the global lifestyle!. The genomic organization of SARS-CoV-2 is composed of
an enveloped single positive-stranded RNA genome that encodes four structural proteins: a spike (composed of
S1 and S2 portions), membrane (M), envelope (E) and nucleocapsid (N)>>.

As SARS-CoV-2 continues to circulate in the human population, potentially more infectious and transmis-
sible variants may emerge that harbour mutations in the viral S protein, which is considered the major target of
neutralizing antibodies (reviewed by Hirabara et al.)*. In fact, some mutants have been a matter of concern, such
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Time from COVID diagnosis to | Time from 2nd dose to study
Group Age (years) Sex study entry (months) entry (days)
VAC (n=80) 35(31-48) F (91.4%): M (8.5%) N/A 66 (63-71)°
REC/VAC (n=22) 33.5(28.5-35.7) | F (100%): M (0%)® 6.5 (4-10.7) 68 (66-73.5)
UI/UV (n=13) 23 (23-31)° F (60.8%): M (39.1%) | N/A N/A

Table 1. Demographic and clinical characteristics of the participants of this study. The median (25% and 75%
IQ, interquartile values) for the age, time from COVID diagnosis to study entry, and time from second dose of
CoronaVac to study entry are shown. REC/VAC recovered and vaccinated, VAC vaccinated, UI/UV uninfected/
unvaccinated individuals, F female, M male, N/A non-applicable. *Statistical significance was observed
between the ages of UI/UV compared to VAC (***p<0.001) and REC/VAC individuals (**p <0.01). ®Statistical
significance was observed between the sexes of REC/VAC and UI/UV individuals (*p <0.05). One-way
ANOVA and the nonparametric Kruskal-Wallis test were used to compare the three study groups. “Statistical
significance was observed between the time of the second dose and study entry in REC/VAC and VAC
(*p<0.05). T tests and nonparametric Mann-Whitney tests were used to compare these vaccinated groups.

as the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and the more recent Omicron (B.1.1.529)
variants °. These mutants can rapidly become the dominant circulating virus strains, presenting the potential
to spread globally.

The course of SARS-CoV-2 infection depends on several factors, including patient age, the presence of
comorbidities and immune responses. Likewise, in most recovered patients, the presence of SARS-CoV-2-specific
antibody titres and virus-specific memory CD4+ and CD8+ T cells are observed®!°, which can indicate the
development of protective immunity.

Since December 2020, several COVID-19 vaccines have been approved by the World Health Organization
(WHO) Emergency Use Listing Procedure'’, and they are currently being administered worldwide. Most of
these vaccines target the SARS-CoV-2 S protein using viral vectors (AstraZeneca/Oxford and Janssen Ad26.
COV2. S/Johnson & Johnson) or mRNA (Moderna and Pfizer/BioNTech) or they target the entire inactivated
virus (CoronaVac/Sinovac and Sinopharm/China National Pharmaceutical Group). Importantly, this first vac-
cine generation was developed based on the ancestral strain, without mutations, raising serious concerns about
neutralizing antibody responses elicited by these strains.

CoronaVac is an anti-COVID-19 vaccine based on the inactivated virus that was the first to be used on a large
scale in Brazil. Unlike other vaccines in use, based on the spike protein, CoronaVac provides the whole virus
antigenic repertoire for the immune system, which can influence the post-vaccine immune response profile.

Vaccine immune response evaluation is generally performed by monitoring specific antibody titres in the
blood; however, little is known about the immune response at the site of infection, such as the oral mucosa. In
addition, it is known that there is a decline in antibody levels months after infection or immunization'?™4, but
sustained T-cell immunity has been shown to be related, despite a decline in the antibody response'>'®, suggest-
ing that both humoral and cellular immunity are required for protection.

Measurements of antibody levels are accessible and practical, unlike evaluating cellular response profiles,
which is complex and requires cell culture assays. However, cellular testing allows for the stimulation of cells,
enabling access to a cellular memory profile, which can often be hidden until immune system stimulation. In this
context, further studies are needed to clarify the contribution of both antibodies and immune cells in protecting
against infection. Additionally, evaluating the performance of serum samples regarding their ability to neutral-
ize viral activity against SARS-CoV-2 variants, through neutralizing antibodies is another important point to
consider, since reports of reduced protection against these variants have been described’.

In this context, few studies have been focused on analysing different immune compartments in individuals
immunized with inactivated virus-based vaccines with or without previous COVID-19. Here, we evaluated sam-
ples from volunteers who recovered from COVID-19 and/or were vaccinated with CoronaVac for the presence
of serum and salivary anti-SARS-CoV-2 antibodies, a serum neutralizing ability against SARS-CoV-2 variants
and specific T-cell responses.

Results

Volunteer characteristics. Samples from 115 donors were included in the study. Their ages ranged from
20 to 48 years old, with the uninfected and unvaccinated (UI/UV) donors being younger than the volunteers
from other groups (p <0.01). Among those recovered from COVID-19 and vaccinated individuals (REC/VAC),
all of them were female (p < 0.05), which can be explained because this group is part of a children’s health hospital
staff, in which most of the employees are women. REC/VAC individuals were diagnosed by positive RT-qPCR
for SARS-CoV-2 using a nasal/oral swab sample at least 30 days before inclusion in the study or, in some cases,
by confirmation after the absence of symptoms through serological detection of IgG anti-SARS-CoV-2 antibody.
The time from the second vaccine dose to study entry was longer in the REC/VAC group than in the VAC group
(*p<0.05). Lastly, the time elapsed between infection and study entry ranged from 1 to 12 months, and the
clinical form varied from asymptomatic to mild. The characteristics of the volunteers are described in Table 1.

Serum levels of IgG anti-SARS-CoV-2 antibodies. The serum samples were analysed for the pres-
ence of IgG antibodies directed to the SARS-CoV-2 trimeric spike glycoprotein (Fig. 1). CoronaVac was able to
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Figure 1. Serum IgG antibodies against SARS-CoV-2 spike protein. Serum from COVID-19 vaccinated (VAC)
(n=80; triangles) patients, those who were recovered from COVID-19 and vaccinated (REC/VAC) (n=22;
squares) and negative control (UI/UV) individuals (n=13; circles) were analysed to measure the IgG antibodies
anti-SARS-CoV-2 S1 and S2 proteins. Scatter plots show lines at the median with interquartile ranges. The
dashed line represents the cut-off value for the test (33.8 BAU/mL). One-way ANOVA and the nonparametric
Kruskal-Wallis test were used to compare the study groups. Asterisks denote statistical significance between the
groups (***p <0.001; ****p <0.0001).

induce specific IgG antibodies in most VAC group volunteers (>92%). The REC/VAC group presented positive
responses for all samples (100%) and at levels significantly higher than those of the VAC group.

In contrast to groups who were vaccinated (VAC and REC/VAC), IgG anti-SARS-CoV-2 spike-specific anti-
bodies were not detectable in samples from the UI/UV group. Statistical significance was observed in this analysis
(***p<0.001).

Neutralization of SARS-CoV-2 lineages by serum samples. To investigate whether CoronaVac was
able to induce antibodies capable of neutralizing different SARS-CoV-2 lineages, a virus neutralization test was
performed through the reduction of the cytopathic effect (VNT100) using serum from previously infected and/
or vaccinated individuals against three different SARS-CoV-2 lineages: Brazilian SARS-CoV-2 lineage B refer-
ence isolate and Gamma and Delta variants (Fig. 2).

Serum from the VAC group tested against the reference strain made up 70% of the samples that had positive
VNT values, with a median VNT100 of 20 (IQ 0-40). Concerning the Gamma and Delta variants we observed
a reduction in the proportion of positive samples, presenting approximately 41% and 34%, respectively. The
VNT100 values against the variants were also reduced; however, because many of the samples presented values
close to the test detection limit, null median VNT values were obtained, impairing this analysis.

Notably, similar to observations from serological analysis, REC/VAC group volunteers showed higher percent-
ages of responder individuals compared to the VAC group (****p <0.0001), presenting 95% of positive samples
for reference strain, and only a slight reduction for Gamma and Delta variants, at 90 and 71% of positive samples,
respectively. The median VNT100 value was 160 (IQ 40-320) for the ancestral strain, presenting a neutralizing
activity reduction of approximately 2 times for the Gamma variant (median VNT100 of 80, IQ 40-80) and 4
times for the Delta variant (median VNT100 of 40, IQ 0-160).

Salivary levels of IgA and IgG anti-SARS-CoV-2 antibodies. The saliva samples were analysed for
the presence of IgA and IgG antibodies directed to the S1 (including RBD) of SARS-CoV-2 spike protein (Fig. 3).
A total of 77 samples were analysed for IgA.

We were able to detect saliva IgA in 48% of the VAC group and 55% of the REC/VAC group samples; the
UI/UV negative control group presented 38% positive samples. No significant differences were found between
these groups.

For saliva IgG detection, 70 samples were analysed. The production of saliva IgG antibodies directed to S1
was observed in 77% of VAC, 95% of REC/VAC and 17% of UI/UV group samples. Both the VAC and REC/VAC
groups presented IgG production at similar levels but it was significantly higher than that in the UI/UV group.
In constrat to the IgA analysis, salivary IgG showed better specificity than salivary IgA, because in the salivary
IgG we did not detect a response in most samples from the negative control group.
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Figure 2. Neutralization of SARS CoV-2 lineages B, Gamma and Delta with serum from previously infected
and/or vaccinated individuals, according to their VN'T100. Serum obtained from COVID-19 vaccinated
individuals (VAC) (n =80; triangles), those recovered from COVID-19 and vaccinated (REC/VAC) (n=21;
squares) and negative control (UI/UV) individuals (n=13; circles) were analysed to determine the virus
neutralization titre (VNT,) to the reference SARS-CoV-2 lineage B (A); Gamma (B) and Delta (C) variants.
Scatter plots show lines at the median with interquartile ranges. The dashed lines represent the cut-off value for
the test (20 VNT ). One-way ANOVA and the nonparametric Kruskal-Wallis test were used to compare the
study groups. Asterisks denote statistical significance between the groups (*p <0.05; ***p <0.001; ***p <0.0001).
Bar graphs represent the percentage of responders to each variant (D).
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Figure 3. Salivary antibodies against SARS-CoV-2 spike protein. Saliva samples from COVID-19 vaccinated
(VAC) (triangles), COVID-19 recovered vaccinated (REC/VAC) (squares) and negative control (UI/UV)
individuals (circles) were analysed to determine the IgA (A) VAC (n=42), REC/VAC (n=22) and U/UV
(n=13) and to determine the IgG (B) VAC (n=35), REC/VAC (n=22) and UI/UV (n=13) antibodies against
SARS-CoV-2 spike protein. Scatter plots show lines at the median with interquartile ranges. The dashed lines
represent the cut-off value of 0.7 for IgA and 7 RU/mL for IgG. One-way ANOVA and the nonparametric
Kruskal-Wallis test were used to compare the study groups. Asterisks denote statistically significant differences
between the groups (**p <0.01; ***p <0.0001).
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Figure 4. IFN-gamma production by T cells stimulated with SARS-CoV-2 pooled OPPs. PBMCs from
vaccinated individuals (VAC) (triangles) (n=72); COVID-19 recovered vaccinated individuals (REC/

VAC) (squares) (n=21) and uninfected/unvaccinated donors (UI/UV) (circles) (n=13) were incubated for

18 h with a mixture of grouped SARS-CoV-2 peptide pools (M +N +S) at a final concentration of 1 pg/mL.
The logarithmic scale represents the percentage of T cells producing IFN-y. Scatter plots show lines at the
median with interquartile ranges. IFN-y expression by total lymphocytes (CD3+T cells) (A); CD4+ T (B) and
CD8+ T-lymphocytes (C) was analysed by intracellular staining. One-way ANOVA and the nonparametric
Kruskal-Wallis test were used to compare the study groups. Asterisks denote statistically significant differences
between the groups (*p <0.05; **p <0.01; ***p <0.001).

IFN-y production by T-lymphocytes stimulated with SARS-CoV-2 peptides. The cellular
response was analysed through the intracellular detection of IFN-y in T-lymphocytes stimulated with the SARS-
CoV-2 pooled OPPs. In evaluating the total T-lymphocyte population (CD3+), we observed reactive anti-SARS-
CoV-2T-cells in 79% of VAC, 100% of REC/VAC, and 46% of UI/UV group samples. The REC/VAC group
presented a significantly higher response than the VAC and UI/UV groups (Fig. 4A).

In analysing the T-lymphocyte subpopulations, we observed that the difference in the response level of the
VAC and REC/VAC samples was maintained concerning the UI/UV group for the CD4 subpopulation (Fig. 4B),
and for the CD8 subpopulation, only samples from the REC/VAC group presented differences concerning Ul/
UV (Fig. 4C).

In general, SARS-CoV-2 pooled OPPs seem to stimulate a specific response targeted to CD4+ T-lymphocytes.
Lastly, lymphocytes from all the donors were able to respond to the positive control (PMA-ionomycin) (Sup-
plementary Fig. S1).

Integrated data representation. A total of 57 matched samples (27 from the VAC, 18 from the REC/
VAC and 12 from the UI/UV groups) were analysed for the serum IgG antibody quantification, virus neutral-
izing activity, salivary IgA and IgG and IFN-y-producing T cells, all of them specific for SARS-CoV-2 antigens.
In evaluating these data in an integrated way, two heat maps were generated (Fig. 5). The first heat map (Fig. 5A)
represents the values for each volunteer in all the variables, and the second heat map represents the group aver-
ages (Fig. 5B).

By analysing individualized data (Fig. 5A), we observed that for the VAC group, positivity for the presence of
serum IgG antibodies was not necessarily reflected in serum neutralizing activity, since not all samples that were
positive for IgG showed neutralizing activity for the B ancestral lineage nor for the Gamma and Delta variants.
In fact, we found no correlation between these variables (data not shown).

On the other hand, particularly for the REC/VAC group, we observed that in general, presence of serum
IgG and the virus neutralizing activity responses to the to the B lineage and variants occur in a paired way, with
samples presenting simultaneous responses for two or more viral lineages. Reinforcing these data, correlation
analysis showed significance between data from serum IgG and all three SARS-CoV-2 lineages (Supplementary
Fig. S2A-C) and between the B ancestral, Gamma and Delta variants (Supplementary Fig. S2D-F).

Additionally, a comparison between serum and salivary antibodies showed a distinct profile depending on
the group. For serum IgG, the REC/VAC group presented a more intense response than the VAC group, while
salivary IgG showed a similar profile between the REC/VAC and VAC groups.

Overall, we observed that the REC/VAC group presented higher responses regarding both the intensity and
number of responses for each variable investigated, compared to the VAC group. As expected, the negative control
group UI/UV presented the lowest responses (Fig. 5B).

Discussion
We investigated the anti-COVID-19 post-vaccine response in terms of serum and salivary antibodies, serum
virus neutralizing activity and the cellular immune response in matched samples of health care workers who
were immunized with two doses of the CoronaVac vaccine who have had (REC/VAC) or did not have (VAC)
previous COVID-19.

Serum antibodies were quantified using an assay to recognize IgG antibodies anti-trimeric spike glycoprotein
of SARS-CoV-2, which improves the detection of a broader repertoire of neutralizing antibodies. Importantly,
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Figure 5. Integrated data representation of analysed samples. (A) Hierarchical clustering heat maps without

a reorganization of samples and features based on the values regarding the serology IgG, Virus Neutralization
Titre (VNT,y,) B, VNT 4 Gamma, VNT, Delta, salivary IgG, salivary IgA and %IFNg CD3+ for a total of 57
individuals: 27 in the VAC group (COVID-19 vaccinated), 18 in the REC/VAC group (COVID-19 recovered
vaccinated individuals), and 12 in the UI/UV group (negative control)). (A) The values are shown as rectangles
containing different colours corresponding to the levels indicated by the scale bar on the right. Each column
represents each individual, and each line represents each variable (aerology IgG, VNT,, B, VNT,(, Gamma,
VNT), Delta, salivary IgG, salivary IgA and %IFNy CD3+). The colours on the top represent each block of the
three different groups (VAC—grey, REC/VAC—black and UI/UV—white). (B) Heat map based on the group
averages. The average values are shown as rectangles containing different colours corresponding to the levels
indicated by the scale bar on the right. Each line represents each variable (serology IgG, VNT,y, B, VNT,
Gamma, VNT), Delta, salivary IgG, salivary IgA and %IFNy CD3+), and each column represents each group.
The colours on the top represent each block of the three different groups (VAC—grey, REC/VAC—black and UI/
UV—white). The variables were normalized to a 0-100 scale by subtracting the minimum and dividing by the
maximum of all the observations. The minimum and maximum values observed here were considered for each
variable; a=0 and b=100. Second, all the normalized data were log-transformed (base 10). Then, the data were
submitted to the Metaboanalyst 5.0 platform.

since there is now evidence of neutralizing antibodies as a protective correlate for COVID-19 vaccines'®, we also
performed assays to evaluate the ability of these serum samples to neutralize viral activity directly.

Our results showed that CoronaVac immunization was able to induce the production of anti-trimeric spike
antibodies in most vaccinated donors. Likewise, in individuals who were previously infected with SARS-CoV-2,
vaccination boosted the immune response, significantly increasing antibody levels. These data were reinforced by
the results of the virus neutralization test, whose percentage of positivity, although slightly reduced compared to
antibody quantification, showed a similar response profile in the assays against the reference B strain, with higher
VNT values and percentages of positive responses in the REC/VAC group than in the VAC group.

Muena et al. '° observed that the antibody neutralizing activity was significantly boosted in seropositive indi-
viduals after two doses of the CoronaVac or BNT162b2 vaccines, regardless of the time elapsed since COVID-19
symptoms onset. Interestingly, this boost induced by vaccination in COVID-19-recovered individuals is related
to the stimulation of B-cell clones. Since these cells retain a large viral repertoire from infection over time, a
notable expansion of broad antibodies after vaccination was observed, even with vaccines only based on spike
protein, as in mRNA-based vaccines®.

The emergence of SARS-CoV-2 variants have raised significant concern, since potentially more infectious
and transmissible variants may emerge harboring mutations in the major targeting of neutralizing antibodies,
the viral S protein, that can compromise the effectiveness of vaccination programs*. Considering that the first
generation of vaccines was developed based on the ancestral strain, which did not have mutations, it is relevant
to evaluate the neutralizing antibodies of recovered and/or vaccinated individuals against these variants. In this
context, the samples were also evaluated for neutralizing activity against two SARS-CoV-2 variants, Gamma and
Delta, in addition to the B reference strain.
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We observed a reduction in both VNT values and the proportion of samples presenting positive VNT values
against the variants, compared to the reference strain. Additionally, these reductions were more pronounced
in samples from the VAC group than in the REC/VAC group. These data suggest that although infection- and
vaccine-induced immunity can be at least partially retained, Gamma and Delta variants could escape neutraliza-
tion by antibodies stimulated by the vaccination. Additionally, in previously infected individuals, a boost induced
by vaccination seems to be capable of reducing this escape.

A reduction in the potency of neutralizing ability against SARS-CoV-2 variants by antibodies elicited by
natural infection or vaccination has been reported. Through a systematic review of data and pooled analysis,
Chen et al. 7 found that Beta, Gamma and Delta strains significantly escape neutralization mediated by natural
infection, while neutralizing titres against the Alpha variant are slightly decreased.

However, for antibody neutralization induced by vaccination, it seems that the immunity induced against
variants could depend on the vaccine platform. For mRNA-based vaccine platforms, the Beta variant had the
most reduced sensitivity and Alpha, Gamma and Delta showed an intermediate phenotype?!, while for viral
vector-based vaccine platforms, reduced protection against Beta and Delta variants was observed®.

Particularly for virus inactivated-based immunization, the Gamma variant can escape from neutralizing anti-
bodies, even after two vaccine doses of CoronaVac, presenting a reduction of approximately 3 times compared
to the ancestral strain®. In fact, another study comparing the performance of serum derived from CoronaVac
vaccinated individuals against the Alpha and Gamma variants showed a reduction of approximately 4.1 times for
Alpha and 7.5 times for Gamma variants, compared to the ancestral strain and the decrease in the neutralization
titre in relation to the Alpha variant was 1.8 times for Gamma®*.

CoronaVac was also capable of inducing the production of salivary IgG and, to a lesser extent, salivary IgA
directed to the SARS-CoV-2 spike protein. While the detection of salivary IgG was specific, IgA tests showed a
low specificity. In addition, a low sensitivity in detecting salivary IgA in COVID-19 patients was reported by Isho
etal. %, who observed a sensitivity assay of approximately 50, while IgG test sensitivity was greater than 80%.

Guerrieri et al. %%, using the same technique, and Varadhachary et al. %/, using a different approach, also
showed a large variation in the salivary IgA titre in pre-vaccinated and pre-COVID-19 saliva samples, although
they found significantly lower levels compared to those observed in COVID-19 vaccinated and COVID-19
PCR-confirmed individuals, respectively. In this regard, Tsukinoki et al. ** found SARS-CoV-2 cross-reactive
sIgA antibodies to spike protein in the saliva of 46.7% of donors who were PCR- and IgM-negative for COVID-
19. These results, as in ours, suggest the presence of polyreactive sIgA which can cross-react with a number of
antigens, through its N-linked glycan chains, acting as a natural antibody that promptly neutralizes pathogenic
microorganism entry at mucosal surfaces®.

It is important to emphasize that in saliva, IgA is the most abundant immunoglobulin, and it is primarily pro-
duced in salivary glands by local plasma cells primed at mucosal sites and exported by the polymeric Ig receptor
(pIgR), unlike salivary IgG, which is primarily derived from serum by passive diffusion through gingival clefts,
although some is locally produced®. These different sources of salivary IgG and IgA antibodies may explain the
better salivary IgG response to the CoronaVac vaccine compared to IgA because any previous contact with the
virus could elicit a response by mucosal B lymphocytes, inducing the production of secretory IgA antibodies
without generating apparent clinical symptoms. In addition, there are several potential O-linked sites in the hinge
region of SIgA antibodies that protect the IgA hinge region from proteases and the secretory component, with
its highly glycosylated nature, also has the ability to bind to antigens non-specifically®"*.

Additionally, it is important to consider the kinetics of the production and persistence of saliva antibodies.
In infected individuals, the peak of salivary IgA production was approximately two weeks after diagnosis, with
a rapid decrease after nine weeks, whereas IgG antibodies showed a peak approximately 8 weeks after diagnosis
and remained stable until 10 weeks>3. Reinforcing these data, Ketas et al. 34 showed that individuals who received
mRNA-based vaccines presented IgA production two weeks after the second vaccine dose. Our samples were
collected approximately eight weeks after vaccination, which might have favoured IgG over IgA detection.

Salivary IgG presented similar levels in individuals vaccinated with and without previous COVID-19, unlike
those from serum IgG. These different profiles were evidenced by a heatmap analysis (Fig. 5), in which the dif-
ference between salivary and serum IgG profiles in VAC individuals was clear. In addition, previous contact with
the virus does not seem to change the IgG salivary response. Since saliva IgG is primarily derived from serum
by passive diffusion®, it would be expected that the saliva reflects the serum content. In this context, our results
suggest that CoronaVac also induced the production of IgG antibodies by local immune cells. Corroborating
this fact, the analysis between serum and salivary IgG antibody levels from both VAC and REC/VAC showed
no correlation between these data (Supplementary Fig. S2G,H), reinforcing that after vaccination, salivary IgG
does not correspond to the serum profile. Consistent with these data, the authors have found only a moderate
correlation with paired and saliva antibody titres in samples from mRNA-based vaccines recipients®**.

The mucosa and draining lymph nodes of the oropharyngeal tract are one of the entry routes of SARS-CoV-2
in the body, representing an important site for the anti-SARS-CoV-2 immune response initiation®. Thus, the
presence of specific antibodies in mucosa might prevent or limit virus access through this route®*, emphasizing
the importance of investigating the response in this immune compartment. Although our results cannot be
extrapolated to represent protection at this potential site of infection, these findings encourage further investiga-
tion about the effect of the vaccine in mucosa sites. To the best of our knowledge, this is the first description of
salivary evaluation after immunization with a virus-based vaccine.

An important issue when analysing the immune response after natural infection or vaccination is the dura-
bility of the anti-SARS-CoV-2 immune response, which is necessary to promote protective immunity. Memory
T and B cells are crucial for long-term protection, particularly specific CD4+ T cells, which elicit a potent B-cell
response for antibody affinity maturation®. In fact, a decline in circulating antibody titres has been observed a few
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months after infection or vaccination'*"!*, However, sustained T-cell immunity is reported even in the absence
of antibodies'>!¢, suggesting that the cellular response also plays an important role in protective immunity.

The cellular response to inactivated virus-based vaccines has been evaluated in few studies. CoronaVac was
able to induce robust circulating and memory B-cell and T-cell responses approximately ten weeks after the
second dose”’. In addition, CoronaVac was able to induce a predominant CD4+ T-cell immune response polar-
ized towards a Th1 profile after stimulation with a mega pool of specific peptides®. We were also able to find a
greater number of CD4+ T-cells producing IFN-y than CD8+ T-cells. This observation can be attributed to the
OPPs used in our assay, the 15-mer length of which favours the antigenic presentation through MHC class II
for CD4+ T cells activation.

Concomitantly, we found higher levels of cellular response in vaccinated individuals with previous SARS-
CoV-2 infection compared to COVID-19-naive vaccinated individuals, showing that cellular response, as well as
humoral response, is also boosted by vaccination in previously infected individuals. Similar results were verified
in cohorts immunized with mRNA-based vaccines. Individuals with prior infection showed enhanced T-cell
immunity after only one* or two doses* of the Pfizer/BioNTech vaccine compared to individuals immunized
without previous exposure.

It is important to consider that IFN-y T-cell production is not necessarily related to protection against infec-
tion. Furthermore, the durability of immunity due to vaccination, as well as vaccination after natural infection,
requires monitoring over time*!.

To analyze all the data in an integrated way, heatmaps were generated to elucidate some differences and
similarities among the groups (VAC, REC/VAC, and UI/UV) and variables (serum IgG, salivary IgA and IgG,
and IFN-y CD3+). The data generated there showed that the REC/VAC group showed more intense positive
responses, for a greater number of variables compared to the VAC group, suggesting that vaccination may have
worked as a booster, reinforcing the anti-SARS-CoV-2 immune response.

Regarding the UI/UV group, we observed that some individuals had salivary IgA production specific for
SARS-CoV-2 and IFN-y production in response to stimulation with specific peptides, although they did not
present a positive PCR test, positive IgG serology, or reported symptoms of COVID-19. In addition to the pos-
sibility of low test specificity, a possible explanation would be that the presence of IgA or T-cell response could
reflect a viral exposure that did not result in systemic infection but was sufficient to trigger a mucosal or cellular
memory response’*2,

Our study has several limitations. First, the study population was mostly composed of female individuals.
Second, the negative control group (UI/UV) was composed of younger volunteers compared to the VAC and
REC/VAC groups. Third, the saliva collection time for IgA analysis seems not to have been ideal for peak response
analysis. Fourth, analyses of some immune components could not be performed, either due to the lack of samples
or assay limitations, which did not allow for integrated analyses using all the samples. Lastly, our study lacked a
control group composed of unvaccinated recovered COVID-19 individuals, which could clarify the role of the
CoronaVac vaccine in the profile of salivary IgG production.

In conclusion, our study provides evidence that the CoronaVac vaccine was able to induce serum and saliva
IgG directed to SARS-CoV-2 spike protein, serum neutralizing activity against the reference SARS-CoV-2 strain
and IFN-y production by T cells stimulated with specific peptides. Additionally, previously COVID-19 infected
individuals presented an increased response for all variables investigated compared to vaccinated uninfected indi-
viduals. To the best of our knowledge, this is the first description of the immune profile, including neutralizing
activity against SARS-CoV-2 variants, in previously infected individuals immunized with a virus inactivated-
based vaccine.

Methods
Study subjects. A total of 115 volunteers were included in this study. One hundred and two of them are
health care workers (HCW) at the Instituto da Crianca (Sao Paulo, Brazil) who were immunized during an insti-
tutional anti-COVID-19 vaccination campaign. Twenty-two of these HCW's had previous SARS-CoV-2 infec-
tions, as confirmed by PCR or serology antibody test, and they were analysed as a separate group (REC/VAC),
and eighty of them had no previous history of SARS-CoV-2 infection (VAC). Samples were collected between
47 and 85 days after the 2nd dose of the CoronaVac vaccine. The negative control group consisted of 13 indi-
vidual non-employees, who were recruited from among our laboratory students, with participants from the UI/
UV group were invited to fill out a pre-screening questionnaire used to discard previous infection or exposure
to SARS-CoV-2. Moreover, a rapid test for the detection of anti-SARS CoV-2 IgM antibody (KHB diagnostic
kit, Shanghai Kehua Bio-Engineering Co., Ltd.) was performed to detect active infection qualitatively. Samples
positive for IgM were not included in the analysis. A summary of the groups studied, samples collected and tests
performed are represented in Supplementary Fig. S3.

Written informed consent was obtained according to the protocols of the Hospital das Clinicas Ethical Com-
mittee (CAPPesq) (Sao Paulo, Brazil) under approval protocol #4.360.357. All the participants gave informed
consent at the time of recruitment for the study.

Sample collection. Heparinized blood samples were collected to obtain peripheral blood mononuclear
cells (PBMCs) for cell culture and serum samples for a serological analysis of IgG antibodies.

Unstimulated whole saliva samples were collected 1 h after oral rinsing, using sterile vials which were kept
on ice. They were then immediately centrifuged at 15,000 rpm for five minutes to ensure that the saliva samples
were clear, followed by storage at — 80 °C until use.
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Quantitative assay for serum IgG antibody detection. An automated indirect chemiluminescence
immunoassay was performed for the quantitative determination of IgG antibodies, including neutralizing anti-
bodies against the trimeric spike protein of SARS-CoV-2 in serum samples, using the LIAISON SARS-CoV-2
TrimericS IgG assay (DiaSorin S.p.A., Saluggia, Italy). The Trimeric protein is a stabilized native form of the
spike that improves the detection of neutralizing antibodies.

Cytopathic effect-based virus neutralization test (CPE-VNT). The CPE-VNT was carried out with
SARS-CoV-2 variant B (MT350282), Variant Gama (EPI_ISL_1060981) and variant Delta (EPI_ISL_2965577)
in 96-well plates containing 5 x 10*cells/mL of Vero cells (ATCC CCL-81).

The plasma samples were initially inactivated for 30 min at 56 °C. We used 8 dilutions (twofold) of each
plasma (1:20 to 1:2560) mixed vol/vol with the virus (100 TCID50 per well) and pre-incubated at 37 °C for 1 h to
allow virus neutralization. Then the mixture (plasma + virus) was transferred onto the confluent cell monolayer
and incubated for 3 days at 37 °C and under 5% CO2. After 72 h, the plates were analyzed directly with transmit-
ted-light bright-field microscopy (Olympus Co., Tokyo, Japan). Gross cytopathic effect can be observed on Vero
cells, after 72 h, being able to distinguish the presence/absence of viral cytopathic effect caused by SARS-CoV-2.

Virus neutralization titer referred to as VNT,, is described as the highest dilution of serum that neu-
tralized virus growth. For double check of the titers, the plates were fixed and stained for 30 min with 0.2%
Naphthol blue black solution (Sigma-Aldrich Co., Deisenhofen, Germany) and then photographed for docu-
mentation of culture morphology. In each assay, a strong, assured internal positive control serum (RT-qPCR
positive + PRNT90 > 640)* was used, as a negative pre-outbreak serum sample.

The method described here was adapted from Nurtop et al. ** and has been widely used for SARS-CoV sero-
logical studies*>=>°. All the procedures related to CPE-VNT were performed in a biosafety level 3 laboratory,
following WHO recommendations®'.

Detection of anti-S1 IgG and IgA salivary antibodies through ELISA. A semiquantitative determi-
nation of salivary IgA antibodies against the S1 domain of the spike protein (including RBD) was performed by
using a Euroimmun Anti-SARS-CoV-2 S1 ELISA IgA kit (cat. #EI 2606-9601A) after optimization for saliva, in
accordance with the manufacturer’s protocol. After a dilution correction (1:50), the results were presented as a
ratio calculated by the optical density value of the samples over the optical density value of the calibrator (both
read at 450 nm, using a reference wavelength of 620 nm). Ratios <0.8 were considered negative, undetermined
for all values between 0.8 and 1.1 and positive> 1.1, according to the manufacturer’s instructions.

A quantitative determination of salivary IgG directed to the S1 domain was performed using the anti-SARS-
CoV-2 QuantiVac ELISA IgG (cat. #EI 2606-9601-10G) according to the manufacturer’s instructions. For salivary
IgG, after dilution correction (1:100), the IgG concentrations were determined using the reference standard
concentrations to construct the 6-point calibration curve. The results were reported as RU/mL, considering IgG
levels above 7 RU/mL as positive.

T-cell responses to SARS-CoV-2 antigens. Overlapping peptide pools (OPPs) (15-mers with 11 amino
acid overlaps) covering the immunodominant sequence domain of representing spike (S) (PepTivator SARS-
CoV-2 Prot_S; #130-126-700), the complete sequence of the membrane (M) (PepTivator SARS-CoV-2 Prot_M;
#130-126-702) and nucleocapsid (N) (PepTivator SARS-CoV-2 Prot_N; #130-126-698) SARS-CoV-2 proteins
(Miltenyi Biotec, CA, USA) were used to stimulate the T-cell response as previously described®.

The cells were stained with an amine-reactive fixable live/dead stain (Gibco; Life Technologies), anti-CD3
PE-Cy5 antibody (clone 7D6, Invitrogen; Thermo Fisher Scientific), CD4 PE antibody (clone RPA-T4, BD Bio-
sciences, CA, USA), anti-CD8 APC-H7 antibody (clone SK1, BD Biosciences, CA, USA) and intracellular marker
interferon-gamma (IFN-y) V450 (clone B27, BD Biosciences, CA, USA) using a Cytofix/Cytoperm kit (BD Bio-
science) as recommended by the manufacturer. PBMCs were acquired on an LSR Fortessa (BD Bioscience), and
the analysis, as exemplified in Supplementary Fig. S4, was performed using Flow]Jo v. 10.6.1 software (Ashland,
OR: Becton, Dickinson and Company).

Statistical analysis. One-way ANOVA and nonparametric Kruskal-Wallis tests were used to compare the
three study groups. To compare variables related to the vaccinated groups, Student’s t tests with nonparametric
Mann-Whitney tests were performed. Correlations among variables were established using Spearman’s correla-
tion (r2>0.7 and p<0.05). Graphical representations were created using GraphPad Prism v. 8 software (Graph-
Pad Software). p <0.05 was considered statistically significant.

Two hierarchical clustering heat maps without the reorganization of samples and features based on the values
regarding the serology IgG, Virus Neutralization Titre (VNT,y,) B, and VNT o, Gamma, VNT, Delta, salivary
IgG, salivary IgA and % IFN-y CD3+ cells were designed using the MetaboAnalyst 5.0 platform (https://www.
metaboanalyst.ca). Data normalization methods were used to make the variables, which were measured in dif-
ferent scales, have comparable values. First, the variables were normalized to bring the data to the 0 to 100 scale
by subtracting the minimum and dividing by the maximum of all the observations (formula shown below). The
minimum and maximum values observed here were considered for each variable; a=0 and b=100. Second, the
normalized data were log-transformed (base 10). Then, the data were analysed on Metaboanalyst 5.0, and the
features were subjected to Autoscale (which were mean-centred and divided by the standard deviation of each
variable). For this analysis, we considered only samples from volunteers who were evaluated through all tests
performed, for a total of 57 samples: 27 samples from the VAC group, 18 for the REC/VAC group and 12 for the
UI/UV group, and the second heat map was generated using the group averages.

Scientific Reports |

(2022) 12:10125 | https://doi.org/10.1038/s41598-022-14283-x nature portfolio


https://www.metaboanalyst.ca
https://www.metaboanalyst.ca

www.nature.com/scientificreports/

(Value — Minimum)(b — a)

Transformed value = a + - —
Maximum — Minimum

Received: 18 January 2022; Accepted: 3 June 2022
Published online: 16 June 2022

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Centre for Health Protection of the Hong Kong Special Administrative Region Government. CHP Closely Monitors Cluster of
Pneumonia Cases on Mainland (2019). https://www.info.gov.hk/gia/general/201912/31/P2019123100667.htm (Accessed 03 January
2022).

. Wu, A. et al. Genome composition and divergence of the novel coronavirus (2019-nCoV) originating in China. Cell Host Microbe

27, 325-328. https://doi.org/10.1016/j.chom.2020.02.001 (2020).

. Fung, T. S. & Liu, D. X. Human coronavirus: Host-pathogen interaction. Annu. Rev. Microbiol. 73, 529-557. https://doi.org/10.

1146/annurev-micro-020518-115759 (2019).

. Hirabara, S. M. et al. SARS-COV-2 variants: Differences and potential of immune evasion. Front. Cell Infect. Microbiol. 11,781429.

https://doi.org/10.3389/fcimb.2021.781429 (2022).

. Baker, J. M. et al. SARS-CoV-2 B.1.1.529 (omicron) variant transmission within households—Four U.S. Jurisdictions, November

2021-February 2022. Morb. Mortal. Wkly. Rep. 71, 341. https://doi.org/10.15585/mmwr.mm?7109e1 (2022).

. Alsayb, M. A. et al. Prolonged humoral and cellular immunity in COVID-19-recovered patients. Saudi J. Biol. Sci. 28, 4010-4015.

https://doi.org/10.1016/j.sjbs.2021.04.008 (2021).

. Grifoni, A. et al. Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19 disease and unexposed

individuals. Cell 181, 1489-1501. https://doi.org/10.1016/j.cell.2020.05.015 (2020).

. Peng, Y. et al. Broad and strong memory CD4. Nat. Immunol. 21, 1336-1345. https://doi.org/10.1038/541590-020-0782-6 (2020).
. Zhang, J. et al. Spike-specific circulating T follicular helper cell and cross-neutralizing antibody responses in COVID-19-conva-

lescent individuals. Nat. Microbiol. 6, 51-58. https://doi.org/10.1038/s41564-020-00824-5 (2021).

Tan, Y. et al. Durability of neutralizing antibodies and T-cell response post SARS-CoV-2 infection. Front. Med. 14, 746-751. https://
doi.org/10.1007/s11684-020-0822-5 (2020).

World Health Organization. (2021). https://www.who.int/news/item/07-05-2021-who-lists-additional-covid-19-vaccine-for-emerg
ency-use-and-issues-interim-policy-recommendations (Accessed 03 January 2022).

Crawford, K. H. D. et al. Dynamics of neutralizing antibody titers in the months after severe acute respiratory syndrome coronavirus
2 infection. J. Infect. Dis. 223, 197-205. https://doi.org/10.1093/infdis/jiaa618 (2021).

Seow, J. et al. Longitudinal observation and decline of neutralizing antibody responses in the three months following SARS-CoV-2
infection in humans. Nat. Microbiol. 5, 1598-1607. https://doi.org/10.1038/s41564-020-00813-8 (2020).

Wheeler, S. E. et al. Differential antibody response to mRNA COVID-19 vaccines in healthy subjects. Microbiol. Spectr. 9, e0034121.
https://doi.org/10.1128/Spectrum.00341-21 (2021).

Chen, J. et al. Decline in neutralising antibody responses, but sustained T-cell immunity, in COVID-19 patients at 7 months post-
infection. Clin. Transl. Immunol. 10, e1319. https://doi.org/10.1002/cti2.1319 (2021).

Feng, C. et al. Protective humoral and cellular immune responses to SARS-CoV-2 persist up to 1 year after recovery. Nat. Commun.
12, 4984. https://doi.org/10.1038/s41467-021-25312-0 (2021).

Chen, X. et al. Neutralizing antibodies against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants induced
by natural infection or vaccination: A systematic review and pooled analysis. Clin. Infect. Dis. 74, 734-742. https://doi.org/10.
1093/cid/ciab646 (2022).

Earle, K. A. et al. Evidence for antibody as a protective correlate for COVID-19 vaccines. Vaccine 39, 4423-4428. https://doi.org/
10.1016/j.vaccine.2021.05.063 (2021).

Muena, N. A. et al. Long-lasting neutralizing antibody responses in SARS-CoV-2 seropositive individuals are robustly boosted by
immunization with the CoronaVac and BNT162b2 vaccines. MedRxiv. https://doi.org/10.1101/2021.05.17.21257197 (2021).
Wang, Z. et al. Naturally enhanced neutralizing breadth against SARS-CoV-2 one year after infection. Nature 595, 426-431. https://
doi.org/10.1038/541586-021-03696-9 (2021).

Noori, M. et al. Potency of BNT162b2 and mRNA-1273 vaccine-induced neutralizing antibodies against severe acute respiratory
syndrome-CoV-2 variants of concern: A systematic review of in vitro studies. Rev. Med. Virol. 32, 2277 https://doi.org/10.1002/
rmv.2277 (2022).

Madhi, S. A, Izu, A. & Pollard, A. J. ChAdOx1 nCoV-19 vaccine efficacy against the B.1.351 variant. Reply. N. Engl. J. Med. 385,
571-572. https://doi.org/10.1056/NEJMc2110093 (2021).

Souza, W. M. et al. Neutralisation of SARS-CoV-2 lineage P.1 by antibodies elicited through natural SARS-CoV-2 infection or
vaccination with an inactivated SARS-CoV-2 vaccine: An immunological study. Lancet Microbe 2, e527-€535. https://doi.org/10.
1016/S2666-5247(21)00129-4 (2021).

Fernandez, J. et al. Neutralization of alpha, gamma, and D614G SARS-CoV-2 variants by CoronaVac vaccine-induced antibodies.
J. Med. Virol. 94, 399-403. https://doi.org/10.1002/jmv.27310 (2022).

Isho, B. et al. Persistence of serum and saliva antibody responses to SARS-CoV-2 spike antigens in COVID-19 patients. Sci.
Immunol. https://doi.org/10.1126/sciimmunol.abe5511 (2020).

Guerrieri, M. et al. Nasal and salivary mucosal humoral immune response elicited by mRNA BNT162b2 COVID-19 vaccine
compared to SARS-CoV-2 natural infection. Vaccines (Basel). https://doi.org/10.3390/vaccines9121499 (2021).

Varadhachary, A. et al. Salivary anti-SARS-CoV-2 IgA as an accessible biomarker of mucosal immunity against COVID-19.
MedRxiv. https://doi.org/10.1101/2020.08.07.20170258 (2020).

Tsukinoki, K. et al. Detection of cross-reactive immunoglobulin A against the severe acute respiratory syndrome-coronavirus-2
spike 1 subunit in saliva. PLoS ONE 16, €0249979. https://doi.org/10.1371/journal.pone.0249979 (2021).

Mestecky, J. & Russell, M. W. Specific antibody activity, glycan heterogeneity and polyreactivity contribute to the protective activity
of S-IgA at mucosal surfaces. Immunol. Lett. 124, 57-62. https://doi.org/10.1016/j.imlet.2009.03.013 (2009).

Brandtzaeg, P. Secretory immunity with special reference to the oral cavity. J. Oral Microbiol. https://doi.org/10.3402/jom.v5i0.
20401 (2013).

Perrier, C., Sprenger, N. & Corthésy, B. Glycans on secretory component participate in innate protection against mucosal pathogens.
J. Biol. Chem. 281, 14280-14287. https://doi.org/10.1074/jbc.M512958200 (2006).

Schroeder, H. W. & Cavacini, L. Structure and function of immunoglobulins. J. Allergy Clin. Immunol. 125, S41-52. https://doi.
0rg/10.1016/j.jaci.2009.09.046 (2010).

Costantini, V. P. et al. Development and validation of an enzyme immunoassay for detection and quantification of SARS-CoV-2
salivary IgA and IgG. MedRxiv. https://doi.org/10.1101/2021.09.03.21263078 (2021).

Scientific Reports |

(2022) 12:10125 | https://doi.org/10.1038/s41598-022-14283-x nature portfolio


https://www.info.gov.hk/gia/general/201912/31/P2019123100667.htm
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.1146/annurev-micro-020518-115759
https://doi.org/10.1146/annurev-micro-020518-115759
https://doi.org/10.3389/fcimb.2021.781429
https://doi.org/10.15585/mmwr.mm7109e1
https://doi.org/10.1016/j.sjbs.2021.04.008
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1038/s41590-020-0782-6
https://doi.org/10.1038/s41564-020-00824-5
https://doi.org/10.1007/s11684-020-0822-5
https://doi.org/10.1007/s11684-020-0822-5
https://www.who.int/news/item/07-05-2021-who-lists-additional-covid-19-vaccine-for-emergency-use-and-issues-interim-policy-recommendations
https://www.who.int/news/item/07-05-2021-who-lists-additional-covid-19-vaccine-for-emergency-use-and-issues-interim-policy-recommendations
https://doi.org/10.1093/infdis/jiaa618
https://doi.org/10.1038/s41564-020-00813-8
https://doi.org/10.1128/Spectrum.00341-21
https://doi.org/10.1002/cti2.1319
https://doi.org/10.1038/s41467-021-25312-0
https://doi.org/10.1093/cid/ciab646
https://doi.org/10.1093/cid/ciab646
https://doi.org/10.1016/j.vaccine.2021.05.063
https://doi.org/10.1016/j.vaccine.2021.05.063
https://doi.org/10.1101/2021.05.17.21257197
https://doi.org/10.1038/s41586-021-03696-9
https://doi.org/10.1038/s41586-021-03696-9
https://doi.org/10.1002/rmv.2277
https://doi.org/10.1002/rmv.2277
https://doi.org/10.1056/NEJMc2110093
https://doi.org/10.1016/S2666-5247(21)00129-4
https://doi.org/10.1016/S2666-5247(21)00129-4
https://doi.org/10.1002/jmv.27310
https://doi.org/10.1126/sciimmunol.abe5511
https://doi.org/10.3390/vaccines9121499
https://doi.org/10.1101/2020.08.07.20170258
https://doi.org/10.1371/journal.pone.0249979
https://doi.org/10.1016/j.imlet.2009.03.013
https://doi.org/10.3402/jom.v5i0.20401
https://doi.org/10.3402/jom.v5i0.20401
https://doi.org/10.1074/jbc.M512958200
https://doi.org/10.1016/j.jaci.2009.09.046
https://doi.org/10.1016/j.jaci.2009.09.046
https://doi.org/10.1101/2021.09.03.21263078

www.nature.com/scientificreports/

34. Ketas, T.]. et al. Antibody responses to SARS-CoV-2 mRNA vaccines are detectable in saliva. Pathog. Immun. 6, 116-134. https://
doi.org/10.20411/pai.v6il.441 (2021).

35. Lapi¢, L., Segulja, D. & Rogi¢, D. Assessment of salivary antibody response to BNT162b2 mRNA COVID-19 vaccination. J. Med.
Virol. 93, 5257-5259. https://doi.org/10.1002/jmv.27096 (2021).

36. Cox, R.J. & Brokstad, K. A. Not just antibodies: B cells and T cells mediate immunity to COVID-19. Nat. Rev. Immunol. 20,
581-582. https://doi.org/10.1038/s41577-020-00436-4 (2020).

37. Chen, Y. et al. Dynamic SARS-CoV-2-specific B-cell and T-cell responses following immunization with an inactivated COVID-19
vaccine. Clin. Microbiol. Infect. https://doi.org/10.1016/j.cmi.2021.10.006 (2021).

38. Bueno, S. M. et al. Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine in a subgroup of healthy adults in Chile.
Clin. Infect. Dis. https://doi.org/10.1093/cid/ciab823 (2021).

39. Reynolds, C.J. et al. Prior SARS-CoV-2 infection rescues B and T cell responses to variants after first vaccine dose. Science https://
doi.org/10.1126/science.abh1282 (2021).

40. Parry, H. et al. mRNA vaccination in people over 80 years of age induces strong humoral immune responses against SARS-CoV-2
with cross neutralization of P.1 Brazilian variant. Elife https://doi.org/10.7554/eLife.69375 (2021).

41. Townsend, J. P. et al. The durability of immunity against reinfection by SARS-CoV-2: A comparative evolutionary study. Lancet
Microbe 2, e666—e675. https://doi.org/10.1016/S2666-5247(21)00219-6 (2021).

42. Cervia, C. et al. Systemic and mucosal antibody responses specific to SARS-CoV-2 during mild versus severe COVID-19. J. Allergy
Clin. Immunol. 147, 545-557. https://doi.org/10.1016/j.jaci.2020.10.040 (2021).

43. Almeida, F . et al. Hematuria associated with SARS-CoV-2 infection in a child. Pediatr. Infect. Dis. J. 39, e161. https://doi.org/10.
1097/INE.0000000000002737 (2020).

44. Nurtop, E. et al. Combination of ELISA screening and seroneutralisation tests to expedite Zika virus seroprevalence studies. Virol.
J. 15, 192. https://doi.org/10.1186/s12985-018-1105-5 (2018).

45. Tan, C. W. et al. A SARS-CoV-2 surrogate virus neutralization test based on antibody-mediated blockage of ACE2-spike protein-
protein interaction. Nat. Biotechnol. 38, 1073-1078. https://doi.org/10.1038/s41587-020-0631-z (2020).

46. Shen, C. et al. Treatment of 5 critically ill patients with COVID-19 with convalescent plasma. JAMA 323, 1582-1589. https://doi.
org/10.1001/jama.2020.4783 (2020).

47. Zhang, Q. et al. A serological survey of SARS-CoV-2 in cat in Wuhan. Emerg. Microbes Infect. 9, 2013-2019. https://doi.org/10.
1080/22221751.2020.1817796 (2020).

48. Tu, C. et al. Antibodies to SARS coronavirus in civets. Emerg. Infect. Dis. 10, 2244-2248. https://doi.org/10.3201/eid1012.040520
(2004).

49. Zhao, S. et al. Serological screening for coronavirus infections in cats. Viruses 11, 743. https://doi.org/10.3390/v11080743 (2019).

50. Meyer, B., Drosten, C. & Miiller, M. A. Serological assays for emerging coronaviruses: Challenges and pitfalls. Virus Res. 194,
175-183. https://doi.org/10.1016/j.virusres.2014.03.018 (2014).

51. World Health Organization (WHO). Laboratory Biosafety Guidance Related to the Novel Coronavirus (2019-nCoV) (2020). https://
www.who.int/docs/default-source/coronaviruse/laboratory-biosafety-novel-coronavirus-version-1-1.pdf¢sfvrsn=912a9847_2
(Accessed 18 February 2022).

52. Silva, L. T. D. et al. SARS-CoV-2 recombinant proteins stimulate distinct cellular and humoral immune response profiles in samples
from COVID-19 convalescent patients. Clinics (Sao Paulo) 76, e3548. https://doi.org/10.6061/clinics/2021/e3548 (2021).

Acknowledgements

The authors thank all the study volunteers, including health care workers at Instituto da Crianca HCFMUSP, who
kindly provided blood and saliva samples for this study. We thank Professor Ester Sabino (IMT-SP) for kindly
providing the variant Gama and Professor Jodo Renato Rebello Pinho (HIAE) who kindly provided the variants
B and Delta to be used in the VNT100 Technique. This work was supported by Sao Paulo Research Foundation—
FAPESP [2014/50489-9 (MCS); 2016/25212-9 (AD]JS) and 2020/06409-1 (ELD)]. LTS and GJHS are recipients
of a fellowship from FAPESP [Processes: 2018/12460-0 and 2021/06139-7, respectively]. MMO is recipient of a
fellowship from Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior—CAPES [88887.511267/2020-
00]. BTT was receiving a fellowship from CAPES [88887.472042/2019-00] and, during the development of this
article, became a recipient of a fellowship from FAPESP [2019/24849-1]. TMO, AJSD, EDC, VNC, GPS and CAV
are recipients of a fellowship from the National Council for Scientific and Technological Development—CNPq
[Processes: 302945/2019-9, 305135/20198, 380454/2022-0, 380453/2022-3, 380286/2022-0 and 380279/2022-3,
respectively].

Author contributions

AJ.S.D, M.C.S., TM.O., and P.P. conceived the study; M.M.O., P.P, Y.Z,, and A.E.EF. carried out volunteers
recruitment, interview, and samples collection; Y.Z., A.E.EE, and S.C.C. carried out saliva assays; E.D.C., G.P.SS,,
EB.L., V.N.C, C.A.V,E.LD.and D.B.L.O. carried out VNT assays; C.C. and A.P.C. carried out serological assays;
L.T.S., M.M.O., and B.T.T. carried out cellular response assays; M.M.O., LT.S., Y.Z., PP, BT.T, GJHS.,, A.A,,
D.B.L.O. and T.M.O. organized, analyzed and discussed data; T.M.O., L.T.S., and M.M.O. wrote manuscript;
T.M.O. and PP. coordinated and supervised the study; T.M.O., M.C.S., E.L.D. and A.D.].S. were responsible for
funding acquisition. All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-14283-x.

Correspondence and requests for materials should be addressed to L.T.S. or T.M.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:10125 | https://doi.org/10.1038/s41598-022-14283-x nature portfolio


https://doi.org/10.20411/pai.v6i1.441
https://doi.org/10.20411/pai.v6i1.441
https://doi.org/10.1002/jmv.27096
https://doi.org/10.1038/s41577-020-00436-4
https://doi.org/10.1016/j.cmi.2021.10.006
https://doi.org/10.1093/cid/ciab823
https://doi.org/10.1126/science.abh1282
https://doi.org/10.1126/science.abh1282
https://doi.org/10.7554/eLife.69375
https://doi.org/10.1016/S2666-5247(21)00219-6
https://doi.org/10.1016/j.jaci.2020.10.040
https://doi.org/10.1097/INF.0000000000002737
https://doi.org/10.1097/INF.0000000000002737
https://doi.org/10.1186/s12985-018-1105-5
https://doi.org/10.1038/s41587-020-0631-z
https://doi.org/10.1001/jama.2020.4783
https://doi.org/10.1001/jama.2020.4783
https://doi.org/10.1080/22221751.2020.1817796
https://doi.org/10.1080/22221751.2020.1817796
https://doi.org/10.3201/eid1012.040520
https://doi.org/10.3390/v11080743
https://doi.org/10.1016/j.virusres.2014.03.018
https://www.who.int/docs/default-source/coronaviruse/laboratory-biosafety-novel-coronavirus-version-1-1.pdf?sfvrsn=912a9847_2
https://www.who.int/docs/default-source/coronaviruse/laboratory-biosafety-novel-coronavirus-version-1-1.pdf?sfvrsn=912a9847_2
https://doi.org/10.6061/clinics/2021/e3548
https://doi.org/10.1038/s41598-022-14283-x
https://doi.org/10.1038/s41598-022-14283-x
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022)12:10125 | https://doi.org/10.1038/s41598-022-14283-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Salivary, serological, and cellular immune response to the CoronaVac vaccine in health care workers with or without previous COVID-19
	Results
	Volunteer characteristics. 
	Serum levels of IgG anti-SARS-CoV-2 antibodies. 
	Neutralization of SARS-CoV-2 lineages by serum samples. 
	Salivary levels of IgA and IgG anti-SARS-CoV-2 antibodies. 
	IFN-γ production by T-lymphocytes stimulated with SARS-CoV-2 peptides. 
	Integrated data representation. 

	Discussion
	Methods
	Study subjects. 
	Sample collection. 
	Quantitative assay for serum IgG antibody detection. 
	Cytopathic effect-based virus neutralization test (CPE-VNT). 
	Detection of anti-S1 IgG and IgA salivary antibodies through ELISA. 
	T-cell responses to SARS-CoV-2 antigens. 
	Statistical analysis. 

	References
	Acknowledgements


