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Longitudinal monitoring
of mRNA-vaccine-induced
immunity against SARS-CoV-2
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Maximilian Baum1,2, Hannah Proksch1,2, Celina Beta Schlüter1,2,
Tanja Menting3, Jernej Pušnik1,2*† and Hendrik Streeck1,2†

1Institute of Virology, University Hospital Bonn, Bonn, Germany, 2German Center for Infection Research
(DZIF), Partner Site Bonn-Cologne, Braunschweig, Germany, 3Occupational Medicine Department,
University Hospital Bonn, Bonn, Germany
Background: Worldwide vaccination campaigns significantly reduced mortality

caused by SARS-CoV-2 infection and diminished the devastating effects of the

pandemic. The first approved vaccines are based on novel mRNA technology

and elicit potent immune responses offering high levels of protection from

severe disease.

Methods: Here we longitudinally assessed adaptive immune responses during a

12-month follow-up period after the initial immunization with 2 doses of mRNA

vaccines and after the booster dose in blood and saliva.

Results: Our findings demonstrate a rapid waning of the anti-spike IgG titers

between months 3 and 6 after the initial vaccination (1.7- and 2.5-fold decrease in

plasma and saliva, respectively; P<0.0001). Conversely, the frequency of spike-

specific memory B cells increased during this period (2.4-fold increase; P<0.0001)

while the frequency of spike-specific CD4+ and CD8+ T cells remained stable for

all assessed functions: cytotoxicity, IFNg, IL-2, and TNFa expression. Booster

vaccination significantly improved the antibody response in plasma and saliva,

with the most profound changes observed in the neutralization capacity against

the currently circulating omicron variant (25.6-fold increase; P<0.0001). The

positive effect of booster vaccination was also evident for spike-specific IgG+

memory B cell (2.4-fold increase; P<0.0001) and cytotoxic CD4+ and CD8+ T cell

responses (1.7- and 1.9-fold increase respectively; P<0.05).

Conclusions: Collectively, our findings offer a detailed insight into the kinetics of

adaptive immune response following SARS-CoV-2 vaccination and underline the

beneficial effects of a booster vaccination.
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Introduction

The vaccination campaign against the SARS-CoV-2 infection was

launched at the beginning of 2021 with the hope to dampen the

devastating effects of pandemics by reducing transmission and

mortality caused by COVID-19. Remarkably, the first two vaccines

to receive approval for use were based on a novel mRNA technology

that had not been previously applied in any of the marketed vaccines.

The BNT162b2 and mRNA-1273 vaccines demonstrated an

outstanding efficacy of over 90% reduction in severe COVID-19

cases and proved safe for use (1, 2). The high efficacy was due to

the robust immune response elicited by the 2-dose full vaccination

regimen (1–4). Several studies have confirmed that mRNA vaccines

induce the production of neutralizing antibodies, with titers well

above those induced by the natural infection (4–6). Furthermore, the

mRNA vaccines were effective at triggering the formation of memory

B cell and T cell responses (7, 8). These features of mRNA vaccines

raised high hopes for the worldwide SARS-CoV-2 vaccination

campaign to curb the ongoing pandemic. Unfortunately, however,

the virus mutated more rapidly and new variants emerged that would

overcome vaccine-induced immunity (9–12). The wild-type virus was

consecutively succeeded by the alpha, delta, and omicron variants

accumulating mutations in the spike protein (13). The currently

circulating omicron variant has more than 30 amino-acid changes

in the spike protein, compared to alpha and delta variants where

typically less than 15 amino-acid are observed (14). This substantial

increase in the antigenic distance from the wild-type spike of vaccines

leads to efficient immune evasion and higher transmission rates even

in countries with high vaccination rates or natural immunity (15).

Furthermore, mutations influenced the replication biology of the

variants. Particularly, changes near the furin-cleavage site have been

suggested to be associated with enhanced cell entry and increased

transmissibility (16, 17).

In addition, it has soon become clear that the immune response

induced by vaccines, although initially very potent, rapidly wanes

with time after vaccination opening a window of opportunity for

breakthrough infections (18). Numerous studies have demonstrated

the declining antibody titers with time after the initial vaccination and

increased rates of breakthrough infections (13, 19, 20) making it

evident that the 2-dose vaccination regimen will not be sufficient for

long-term protection from COVID-19 and that booster vaccinations

will be necessary to keep immunity at high levels (18, 21). At the

beginning of fall 2021, the third dose of mRNA vaccines was approved

and recommended firstly for high-risk groups and subsequently for

the general population. The booster vaccination initially restored

vaccine efficacy by triggering a potent recall immune response (22),

but similarly waned rather rapidly (23).

As of November 2022, the vaccine coverage in Germany is 78%

for at least one dose, 76% for two, and 62% for three vaccine doses

(24). Given that the majority of the population has been vaccinated

and that the vaccine-induced antibody titers decline with time, it is

important to investigate the persistence of the adaptive immune

response following vaccination as this may give critical insights into

future vaccination and booster strategies.

Here we performed a comprehensive longitudinal assessment of

the adaptive immune response to the initial two doses but also a
Frontiers in Immunology 02
booster dose of mRNA vaccine in healthy SARS-CoV-2 naïve

individuals. Our findings demonstrate the waning of the immune

response following vaccination and emphasize the beneficial effect of

a booster vaccination.
Materials and methods

Study cohort

A total of 77 individuals that were initially vaccinated with 2 doses

of mRNA-based SARS-CoV-2 vaccine and 9 months later received a

booster vaccination were recruited for the study. All individuals were

SARS-CoV-2 naïve at the beginning of the study. Breakthrough

infections were monitored by RT-PCR and anti-nucleocapsid

ELISA as a part of routine screening at the diagnostics department

of the Institute of Virology, University Hospital Bonn. Individuals

that contracted an infection were excluded from the findings

described in this paper. All participants were either employed or

studied at the University of Bonn at the time of sampling but were not

necessarily healthcare workers.
Ethics approval

All participants provided written informed consent approved by

the Ethics Committee of the Medical Faculty of the University of

Bonn (ethics approval numbers 125/21).
Sample collection and storage

Study participants provided peripheral blood specimens, saliva,

and pharyngeal swabs. Blood was centrifuged and EDTA-plasma was

stored until analysis (-80°C). Before the saliva collection participants

were instructed not to eat or drink for at least 60 min. Participants

were than advised to retain saliva for 1-2 min and expectorate it in a

centrifuge tube. Saliva samples were centrifuged to remove solid

particles and frozen at -20°C. PBMC were isolated by density

gradient centrifugation and cryopreserved in liquid nitrogen.
2 Determination of SARS-CoV-S1-specific
IgG in plasma

S1-specific IgG titers were determined using an in-house

quantitative ELISA. Therefore, microtiter plates with high binding

capacity were coated with 100 µl of coating buffer (carbonate-

bicarbonate buffer, pH=9.6) containing 1 µg/ml of recombinant S1

domain of the SARS-CoV-2 spike protein (Biotinylated SARS-CoV-2

(COVID-19) S1 protein, Acrobiolabs). Plates were subsequently

sealed and incubated overnight at 4°C. Coated plates were washed

with wash buffer (PBS with 0.05% (v/v) Tween®-20) and blocked

(PBS containing 1% (w/v) BSA) to prevent unspecific binding.

Cryopreserved EDTA plasma samples were thawed at room

temperature and diluted at previously optimized dilution of 1:3200
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in a blocking buffer. After blocking plates were washed, incubated

with plasma samples and standards (serially diluted pooled plasma

of vaccinated individuals), washed again, and incubated with 100 µl

HRP-conjugated anti-IgG antibody (Goat anti-Human IgG (Heavy

chain) Secondary Antibody, HRP, Invitrogen) diluted 1:8000 in

wash buffer. If not stated differently, incubation steps were

performed for 1 hour at 37°C. Finally, plates were washed and 100 µl

of the substrate solution (TMB Chromogen Solution, Life technologies)

was added. The reaction developed at room temperature for 5 min

until the addition of 50 µl of 0.2 M H2SO4. Optical density at 450 nm

was measured immediately after the reaction was stopped.

The background-subtracted OD450 readings were interpolated

onto the standard dilution curve that had previously been

calibrated to the international WHO standard (NIBSC reference

number: 20/136). To determine the positivity cutoff we measured

plasma samples from 30 individuals that have never been exposed to

SARS-CoV-2. Based on the measurements we determined the cutoff

(mean+2xSD) from which the results were considered positive for

anti-S1 IgG; 19.2 BAU/mL.
Determination of SARS-CoV-2 S1-specific
IgG and IgA in saliva

The titers of S1-specific IgA and IgG in saliva were measured by

in-house quantitative ELISA. Therefore, high-binding microtiter

plates were coated with 100 µl of coating buffer (carbonate-

bicarbonate buffer, pH=9.6) containing 1 µg/ml of recombinant

SARS-CoV-2 S1 protein (Biotinylated SARS-CoV-2 (COVID-19) S1

protein, Acrobiolabs). Following overnight incubation at 4°C, the

plates were washed (PBS with 0.05% (v/v) Tween®-20), blocked (PBS

containing 3% (w/v) BSA), and washed again. Saliva samples were

thawed, diluted 1:16 in sample buffer (PBS containing 1% (w/v) BSA),

and applied onto S1-coated plates. Blocking and incubation with

saliva samples and standard dilutions were performed at 37°C for 1

hour. Subsequently, plates were washed and incubated at 37°C for 1

hour with 100 µl HRP-conjugated anti-IgG antibody (Goat anti-

Human IgG (Heavy chain) Secondary Antibody, HRP, Invitrogen)

diluted 1:8000 in wash buffer or 100 µl HRP-conjugated anti-IgA

antibody (Goat anti-Human IgA (Heavy chain) Secondary Antibody,

HRP, Invitrogen) diluted 1:1000 in wash buffer. After the incubation

with secondary antibodies, plates were washed and 100 µl of the

substrate (TMB ELISA Substrate, High Sensitivity, Abcam) was

added. The reaction was stopped by the addition of 100 µl of 1 M

H2SO4 after developing for 5 min at room temperature. Optical

density at 450 nm was measured immediately after the addition of

the stop solution. The background-subtracted OD450 readings were

interpolated to the standard dilution curve, derived from

measurements of serially diluted highly positive saliva samples, to

obtain concentration units relative to the standard (arbitrary units

indicated as a.u.). These units are not comparable to those of the

plasma ELISA. To determine the positivity cutoff we measured saliva

samples from 24 individuals that were seronegative for anti- SARS-

CoV-2-spike IgG. Based on the measurements we determined the

cutoff (mean+2xSD) from which the results were considered positive;

0.014 a.u. for IgG and 0.012 a.u. for IgA. The same concentrations of

S1-specific monoclonal antibody (anti-SARS-CoV-2-RBD antibody,
Frontiers in Immunology 03
clone CR3022, Abcam) with IgA or IgG constant region was

measured to make the OD450 readings comparable between the IgG

and IgA assays.
Plaque reduction neutralization assay

The plasma neutralization capacity was determined by a plaque

reduction neutralization assay as previously described (25). Briefly,

plasma was heat-inactivated and serially two-fold diluted starting

with 2-fold up to 32768-fold dilution. Each dilution was combined

with 80 plaque-forming units of SARS-CoV-2 (either wild-type, delta,

or omicron variant). The inoculum was then added to Vero E6 cells.

After the incubation, the inoculum was removed, and cells were

overlaid with carboxymethylcellulose-containing media. After 3 days,

plates were fixed and stained with crystal violet solution revealing the

formation of plaques. The number of plaques was plotted against the

serum dilutions, and IC50 was determined using the GraphPad

Prism software.
Immunomagnetic isolation of B cells

B cells were enriched from cryopreserved PBMC samples by

positive immunomagnetic isolation (Human CD19 MultiSort Kit,

Miltenyi Biotec) following the manufacturer’s instructions. Briefly,

thawed, and rested PBMCs were resuspended in recommended

isolation buffer and labeled with anti-CD19 antibodies coupled to

magnetic beads. Bead-labeled cells were then immobilized onto a

magnetic column. The column was washed and the flow-through

containing B-cell-depleted PBMC was set aside for the assessment of

T-cell responses. The column was removed from the magnetic field

and immobilized B cells were washed out. To remove the magnetic

beads and anti-CD19 antibodies, B cells were treated with enzymes

disintegrating the immunomagnetic complexes.
Detection of S1-specific memory B cells by
flow cytometry

Antigen-specific B cells were identified by immunofluorescent

tagging with recombinant wild-type SARS-CoV-2 S1 protein, as

previously described (25). Briefly, the cells were incubated with the

recombinant S1 protein conjugated to two different fluorophores,

stained for viability, and subsequently incubated with a mixture of

fluorescently labeled antibodies binding surface antigens. Labeled

cells were acquired on a flow cytometer (BD FACS Celesta). The

frequency of S-specific memory B cells was calculated by subtracting

the average frequency of S1-binding memory B cells in healthy donor

samples collected before the outbreak of SARS-CoV-2.
Ex vivo stimulation of T cells

B-cell-depleted PBMC fractions were seeded in 96-well U bottom

plates and stimulated with wild-type SARS-CoV-2 PepTivator

(Miltenyi Biotec) overlapping peptide pools spanning the entire
frontiersin.org
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sequence of spike (S) protein, in presence of anti-CD107a-APC (clone

H4A3; Biolegend) antibody. One million cells were stimulated per

condition, and the final concentration of each peptide in the

stimulation mix was 1 µg/ml. As a co-stimulatory signal, antibodies

binding CD28 and CD49d (BD FastImmune™ CD28/CD49d) were

added to a final concentration of 1 µg/ml. Stimulation was performed

at 37°C for a total of 6 hours. As a negative control, an equally treated

DMSO-stimulated sample was included for each biological replicate.

As positive control cells stimulated with PMA (20 ng/ml) and

ionomycin (1 mg/ml) were used. One hour into stimulation, Golgi

Stop and Golgi Plug (BD Bioscience) were added (final concentration

1 µg/ml) to inhibit vesicular transport and prevent the secretion of the

cytokines from cells.
Detection of SARS-CoV-2-specific T cells by
flow cytometry

Stimulated cells were washed with PBS, and stained with Zombie

Aqua (Biolegend) dye for 15 min at 4°C to discriminate viable cells.

Subsequently, samples were washed with FACS buffer (PBS

supplemented with 2% FCS, 2 mM EDTA, and 0.05% NaN3), fixed,

and permeabilized in CytoFix/CytoPerm Solution (BD Bioscience) for

15 min at 4°C. Cells were then washed with 1x Perm/Wash Buffer (BD

Bioscience), and stained for intracellular markers for 15 min at 4°C

using the following antibody conjugates; anti-CD3-APC-Cy7 (clone

UCHT1; Biolegend), anti-CD4-BV786 (clone SK3; BD Bioscience),

anti-IFNg-PE (clone B27; Biolegend), anti-TNFa-BV421 (clone

Mab11; Biolegend), and anti-IL2-AF488 (clone MQ1-17H12;

Biolegend). Labeled cells were then washed with PBS and acquired

on FACS Celesta (BD Bioscience). Frequencies of antigen-specific

CD4+ T cells were calculated as negative-control-subtracted data.

Possible longitudinal fluctuations in laser intensity were monitored

and adjusted before each experiment using fluorescent beads

(Rainbow beads, Biolegend). The data were analyzed with the

FlowJo Software version 10.0.7 (TreeStar).
Statistical analysis

Statistical analysis was performed using R software (26).

Differences between the groups were assessed using the Wilcoxon

test for matched data with Holm’s correction for multiple testing. The

strength of correlations was evaluated by Spearman’s test. Statistical

significance is indicated by the following annotations: *p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001.
Results

Study design

To assess the longevity of the adaptive immune response

following SARS-CoV-2 vaccination we monitored antibody,

memory B cell, and memory T cell levels of 50 vaccinated
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individuals for 12 months after the full vaccination with two doses

of mRNA vaccine. Samples were taken 3, 6, and 12 months after full

vaccination. All individuals received booster vaccination about 9

months after the initial immunization. Individuals with

breakthrough infections were excluded from the analysis.

Additionally, a group of 20 individuals was recruited to follow the

dynamics of immune response immediately after booster vaccination.

These individuals were sampled 3 and 15 weeks post-immunization

and received the 3 vaccine doses at the same time as the other 50 study

participants (Figure 1A).
Vaccination-induced antibodies wane
over time

Neutralizing antibodies are the primary antiviral mechanism

induced by vaccination and the best-defined correlate of protection

against SARS-CoV-2 infection (27). We, therefore, measured plasma

levels of IgG specific for the S1 subunit of the SARS-CoV-2 spike

protein using an in-house ELISA calibrated to the international WHO

standard (NIBSC reference number: 20/136). Our findings indicate

that the level of S1-specific IgG declines by 1.7-fold between months 3

and 6 after vaccination with 2 doses of mRNA vaccine (P<0.0001) and

then increases by 3.4-fold following booster vaccination between

months 6 and 12 (P<0.0001) (Figure 1B). Between weeks 3 and 15

after the booster shot, the level of S1-specific IgG decreased 2.5-fold

(P<0.0001) (Figure 1C). To assess the dynamics of exclusively

neutralizing antibodies, we next performed plaque reduction

neutralization assays using live un-manipulated SARS-CoV-2

isolates (wild-type, delta, and omicron variants). The neutralization

capacity against the wild-type virus declined 5-fold during months 3

and 6 (P<0.0001). In the case of delta and omicron variants, the

reductions in neutralizing potency were 2.5- and 5-fold respectively

(P<0.0001, P<0.05). On month 12, roughly 3 months following the

booster vaccination, the neutralization levels rose 7.6-fold, 6.3-fold,

and 25.6-fold for wild-type, delta, and omicron respectively when

compared to month 6 (P<0.0001, P<0.0001, P<0.0001) (Figure 1D).

Furthermore, we observed a 3.3-fold decrease in neutralization

capacity against the wild-type virus (P<0.0001), a 2-fold decrease in

neutralization capacity against the delta (P<0.01), and a 2.5-fold

decrease in neutralization capacity against the omicron variant

(P<0.001) between weeks 3 and 15 after the booster vaccination

(Figure 1E). To demonstrate the different susceptibilities of SARS-

CoV-2 variants to neutralization, we next directly compared the

plasma neutralization capacity of wild-type, delta, and omicron

variants at months 3, 6, and 12 after full 2-dose vaccination. At the

first time point, the ancestral variant was most susceptible to

neutralization, followed by the delta variant, while omicron showed

to be notably more resistant. Interestingly, at month 6, the plasma of

vaccinated individuals more efficiently neutralized the delta variant

than the wild-type. Omicron remained the most resistant to

neutralization at all time points, however, its susceptibility to

neutralization considerably increased after booster vaccination

(Figure 1F). We next compared the ratio between the plasma

neutralization capacity and S1-specific IgG titers for all three
frontiersin.org
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variants and time points. The data suggest a decreased proportion of

neutralizing antibodies against all three variants for month 6 when

compared to months 3 and 12. In the case of delta and omicron

variants, the highest proportion of neutralizing antibodies was

observed after the booster vaccination on month 12 (Figure 1G).

High S1-specific IgG titers translated well into higher neutralization

capacity since we observed strong correlations between the two
Frontiers in Immunology 05
parameters for all three variants and time points. The correlations

were slightly weaker in the case of the omicron variant (Figure 1H).

Taken together, our findings demonstrate a waning of the initial

antibody response against SARS-CoV-2 after the 2 initial doses but

also after the third booster shot of the mRNA vaccine. Importantly,

booster vaccination improved the potency of antibody response

against the SARS-CoV-2 variants compared to 2 vaccine doses only.
A

B D

E

F G

H

C

FIGURE 1

The dynamics of S1-specific antibody response in plasma after the initial and booster doses of mRNA vaccine. (A) Timelines demonstrating temporal
relationships between vaccination and sampling events of the study participants. (B) S1-specific IgG levels in international units (BAU/mL) measured at
different time points after the initial vaccination. (C) S1-specific IgG levels in international units measured 3 and 15 weeks after the booster vaccination.
(D) Plasma neutralization capacity measured against the wild-type, delta, and omicron variants for months 3, 6, and 12 after the initial vaccination. (E)
Plasma neutralization capacity measured against the wild-type, delta, and omicron variants for weeks 3 and 15 after the booster vaccination. The red line
connects the median values of each time point. Fold change was calculated as a ratio of the medians of compared time points. (F) Comparison of
neutralization susceptibility of SARS-CoV-2 variants for months 3, 6, and 12. Median values are given within the boxplots. (G) Ratio between the
neutralization capacity and S1-specific IgG titers for different time points and different SARS-CoV-2 variants. (H) Correlation between plasma levels of S1-
specific IgG and plasma neutralization capacity for wild-type, delta, and omicron variants. Differences between the groups were assessed using the
Wilcoxon test for matched data. Correction for multiple testing was performed using Holm’s method. The strength of correlations was assessed by
Spearman’s correlation test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1066123
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Monzon-Posadas et al. 10.3389/fimmu.2023.1066123
Booster vaccination augments SARS-CoV-2-
specific antibody levels in saliva

As a respiratory virus, SARS-CoV-2 initially infects the upper

respiratory tract (28) and infection might be prevented by the

presence of antibodies in the upper mucosa, mucus, and saliva.

We, therefore, measured the titers of S1-specific IgG and IgA with

an ultrasensitive ELISA in saliva. Our findings demonstrate that S1-

specific IgG levels in saliva decrease by 2.5-fold between months 3 and

6 after full vaccination (P<0.0001). Following booster vaccination in

month 9, the S1-specific IgG levels increased 8.4-fold on month 12

when compared to month 6 (P<0.0001) (Figure 2A). In contrast, the

S1-specific IgA titer remained relatively stable during the entire
Frontiers in Immunology 06
monitoring with a subtle 1.3-fold increase between months 6 and

12 (P<0.001) (Figure 2B). Since we used the same monoclonal

antibody with a variable Fc region as a calibrator for the IgG and

IgA ELISAs, we were able to compare the relative amounts of both

antibody isotypes. Interestingly, the proportion of S1-binding IgA was

significantly increased at month 6 when compared to month 3

(P<0.05), suggesting that IgA persists longer in saliva than IgG. At

month 12 IgG was the predominant isotype of salivary antibodies

recognizing the S1-domain of the spike protein. Its proportion was

significantly higher than at months 3 and 6 (P<0.01 and P<0.0001,

respectively) (Figure 2C). The levels of S1-specific IgA and IgG in

saliva correlated for all time points (Figure 2D), as did the levels of S1-

specific IgG in saliva and plasma (Figure 2E).
A B

D

E

C

FIGURE 2

The dynamics of S1-specific antibody response in saliva after the initial and booster doses of mRNA vaccine. S1-specific (A) IgG, (B) IgA, levels in the
saliva of vaccinated individuals for months 3, 6, and 12 after the initial vaccination. The red line connects the median values of each time point. Fold
change was calculated as a ratio of the medians of compared time points. (C) Relative proportions of IgA and IgG isotypes among the S1-specific
antibodies in the saliva of vaccinated individuals. (D) Correlations between the salivary S1-specific IgG and IgA for different time points. (E) Correlations
between the plasma and salivary S1-specific IgG for different time points. Differences between the groups were assessed using the Wilcoxon test with
Holm’s correction for multiple testing. The strength of correlations was assessed by Spearman’s correlation test. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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Collectively, these data demonstrate a decrease of SARS-CoV-2-

specific antibodies in saliva with time after full vaccination and the

resurge of mostly IgG antibodies following booster vaccination.
The frequency of SARS-CoV-2-specific
memory B cells increases over time and
with booster vaccination

Studies have shown that SARS-CoV-2-specific memory B cells

remain at elevated levels for a much longer time after the infection or

vaccination than the antibodies making them particularly important

for long-term immunological memory (25, 29).
Frontiers in Immunology 07
We, therefore, measured the frequency of S1-specific memory B

cells in the peripheral blood of vaccinated individuals at each of the

sampling time points utilizing multiparameter flow cytometry. We

distinguished S1-specific memory B cells according to their B cell

receptor (BCR) isotype; IgA+, IgM+, IgG+ (Figure 3A) (detailed

gating strategy is available in Supplemental figure 1). Unlike in the

case of antibodies the frequency of IgG+ S1-specific memory B cells

increased between months 3 and 6 by 1.6-fold (P<0.001) and further

rose 2.4-fold (P<0.0001) between months 6 and 12 (Figure 3B). The

frequency of these cells only decreased immediately following the

recall response evoked by the booster vaccination; 2-fold decrease

between weeks 3 and 15 following the booster (P<0.05) (Figure 3C).

The frequencies of IgA+ and IgM+ S1-specific memory B cells
A

B

D E

C

FIGURE 3

The dynamics of SARS-CoV-2-specific memory B cell response after the initial and booster doses of mRNA vaccine. (A) Representative flow cytometry
plots for identification of S1-specific memory B cells with different BCRs. (B) Frequencies of IgG+, IgA+, and IgM+ S1-specific memory B cells as a
percentage of total B cells in the peripheral blood of vaccinated individuals for months 3, 6, and 12 after the initial vaccination. The red line connects the
median values of each time point. Fold change was calculated as a ratio of the medians of compared time points. (C) Frequencies of IgG+, IgA+, and IgM
+ S1-specific memory B cells in peripheral blood of vaccinated individuals 3 to 15 weeks after the booster vaccination. (D) Relative proportions of S1-
specific memory B cells bearing BCRs of a different isotype. (E) Percentage of individuals with detectable S1-specific memory B cells according to the
BCR isotype and time point. Differences between the groups were assessed using the Wilcoxon test with Holm’s correction for multiple testing.
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remained stable between months 3, 6, and 12 (Figure 3B), but also

decreased between the third and fifteenth week following the booster

vaccination (1.4-fold, P<0.05, and 5-fold, P<0.05 respectively)

(Figure 3C). Next, we compared the relative frequencies of S1-

specific memory B cells according to their BCR isotype for months

3, 6, and 12 after the full vaccination. Of note, the frequencies of S1-

specific IgA+ and IgM+ memory B cells were much lower than those

of IgG+ cells. Their proportions were highest at month 3 and then

decreased with each of the following time points (Figure 3D). The

percentages of individuals with detectable S1-specific memory B cells

were generally high. Most of the individuals had detectable IgG+ S1-

specific memory B cells followed by IgM+, individuals with IgA+ cells

were rare (Figure 3E).

To sum up, we have shown that IgG+ memory B cells dominate

the SARS-CoV-2-specific B cell response. The frequency of these cells

kept increasing with time. Following the booster vaccination, their

frequency initially dropped but remained elevated compared to the

initial 2-dose immunization.
SARS-CoV-2-specific CD4+ T cell responses
are durable and moderately augmented by
booster vaccination

CD4+ T cells are a key component of a vaccine-induced immune

response since they regulate antibody production by B cells (30, 31).

Besides their stimulatory and coordinating functions, these cells can

also act cytotoxic and directly kill infected cells (32).

Given their importance, we measured the frequencies of CD4+ T

cells specific for the spike (S) protein of the SARS-CoV-2 in the

peripheral blood of vaccinated individuals. Antigen-specific T cells

were detected by peptide stimulation and subsequent detection of

cytokine expression by multiparameter flow cytometry. Four major

functions of the CD4+ T cells were monitored: cytotoxicity (CD107a

and IFNg expression), IFNg expression, IL-2 expression, and TNFa
expression (Figure 4A) (detailed gating strategy is available in

Supplemental figure 2). The frequency of S-specific CD4+ T cells

remained stable between months 3 and 6 after the full vaccination

regardless of the function. After the booster vaccination on month 9,

the frequency of S-specific cytotoxic CD4+ T cells rose by 1.7-fold

(P<0.05), and the frequency of IFNg-expressing CD4+ T cells rose by

1.6-fold (P<0.05) between the months 6 and 12. Frequencies of IL-2-

and TNFa-expressing CD4+ T cells did not significantly change

during this period (Figure 4B). Between weeks 3 and 15 following

booster vaccination we observed a decline in S-specific CD4+ T cell

frequencies. The frequency of cytotoxic cells decreased 3.3-fold

(P<0.0001), the frequency of IFNg-expressing cells 2-fold (P<0.01),

the frequency of IL-2-expressing cells 1.7-fold (P<0.05) and the

frequency of TNFa-expressing cells 1.7-fold (P<0.05) (Figure 4C).

TNFa expression was the most frequent function among the S-

specific CD4+ T cells followed by IL-2 expression, IFNg expression,
and cytotoxicity. This was true for months 3, 6, and 12 (Figure 4D).

Collectively, these findings indicate that vaccination induces a

durable SARS-CoV-2-specific CD4+ T cell response that is

moderately augmented by the booster vaccination.
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SARS-CoV-2-specific CD8+ T cell responses
are durable and moderately augmented by
booster vaccination

CD8+ T cells can recognize and kill infected cells and thus

represent an important antiviral mechanism. Studies have shown

that SARS-CoV-2-specific CD8+ T cells successfully limit the

infection and positively correlate with protection from severe

disease (33, 34).

We, therefore, investigated S-specific CD8+ T cell responses in

the peripheral blood of vaccinated individuals. Antigen-specific cells

were identified by peptide stimulation and flow-cytometric detection

of effector molecules (Figure 5A) (detailed gating strategy is available

in Supplemental figure 2) as in the case of CD4+ T cells. The data

revealed increased frequencies of cytotoxic and TNFa-expressing S-

specific CD8+ T cells at month 12 after vaccination. The frequency of

cytotoxic cells increased by 1.9-fold (P<0.05) between months 3 and

12, while the frequency of TNFa-expressing cells increased 1.3-fold

(P<0.05) during the same period. No significant changes were

observed between months 3 and 6 for any of the assessed functions

(Figure 5B). Unlike the rest of the immune responses, the frequency of

S-specific CD8+ T cells did not decline between weeks 3 and 15 after

the booster vaccination, for any of the functions, suggesting the

persistence of these cells (Figure 5C). The frequencies of cytotoxic,

IFNg- and TNFa-expressing S-specific CD8+ T cells did not change

over time, while the frequency of IL2-expressing cells trended to be

lower (Figure 5D). Comparing CD8+ and CD4+ S-specific T cell

responses, CD4+ T cells were generally more frequent than CD8+ T

cells. The highest proportion of CD8+ T cells was observed among the

cytotoxic followed by IFNg-expressing, TNFa-expressing, and IL2-

expressing S-specific T cells. No significant differences were observed

between the three time points for any of the functions (Figure 5E).

Similarly, the percentage of individuals with detectable S-specific T

cells was higher in the case of CD4+ T cells for all functions and at all

three time points (Figure 5F).

Taken together, we have demonstrated that mRNA vaccines

induce SARS-CoV-2-specific CD8+ T cells that remain stable after

initial and booster vaccinations. These cells were considerably less

frequent than SARS-CoV-2-specific CD4+ T cells.
Discussion

There is increasing evidence that SARS-CoV-2 vaccination

mounts a robust adaptive immune response (1–4), however, similar

to infection-induced immunity, the longevity of this response is

limited (35, 36). In addition to the ongoing emergence of new

variants, this is one of the primary reasons behind the increasing

infection incidence despite the high seropositivity of the population.

Here we longitudinally assessed the adaptive immune response to the

initial 2 doses but also the third booster dose of mRNA vaccine in

healthy SARS-CoV-2 naïve individuals. Our data demonstrate a

decline in the antibody response after the initial vaccination. At the

same time, memory B cell and T cell frequencies proved to be more

stable or even increased in magnitude. Importantly, booster
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vaccination significantly improved humoral and cellular responses

compared to the initial two doses of mRNA vaccine. Nevertheless,

most immune responses decreased with time after the booster dose.

Neutralizing antibodies are generally the main antiviral

mechanism induced by vaccination (37) and the assessment of

SARS-CoV-2 immunity most often relies on the measurement of

spike-specific antibodies in plasma. In concordance with previous

studies (35, 36, 38), we have demonstrated that the neutralizing
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antibody titer rapidly declines after the initial immunization with 2

doses of mRNA vaccine as well as after the booster vaccination. The

booster vaccination remarkably augmented the neutralizing antibody

levels when compared to the initial vaccination (39). Of note, the most

profound boosting effect was observed for the omicron variant which

has generally been more resistant to neutralization than alpha and

delta variants. Apart from increasing the overall spike-specific and

neutralizing antibody titer booster dose also increased the
A
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FIGURE 4

The dynamics of SARS-CoV-2-specific CD4+ T cells after the initial and booster doses of mRNA vaccine. (A) Representative flow cytometry plots
demonstrating the detection of S-specific CD4+ T cells with different effector functions; cytotoxicity (CD107a and IFNg expression), IFNg expression, IL-2
expression, and TNFa expression. (B) The frequencies of S-specific CD4+ T cells with different effector functions as a percentage of bulk T cells for
months 3, 6, and 12 after the initial vaccination. The red line connects the median values of each time point. Fold change was calculated as a ratio of the
medians of compared time points. (C) The frequencies of S-specific CD4+ T cells with different effector functions in the peripheral blood of vaccinated
individuals 3 to 15 weeks after the booster vaccination. (D) Comparison of S-specific CD4+ T cell frequencies with different functions for months 3, 6,
and 12 after the initial vaccination. Differences between the groups were assessed using the Wilcoxon test with Holm’s correction for multiple testing.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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neutralizing potency of these antibodies against the delta and omicron

variants. Improved potency and breath of SARS-CoV-2-neutralizing

antibodies after booster vaccination has also been previously observed

and has been attributed to the increased proportion of B cell clones

targeting conserved regions of the receptor-binding domain (40, 41).

Furthermore, spike-specific antibody levels correlated with plasma

neutralization capacity for all variants and time points indicating that

spike-specific antibody titer is a good surrogate of neutralization.

Interestingly, the correlations at 6 months after vaccination showed

the best association between the antibody titer and neutralization

suggesting maturation of the antibody response with time after

vaccination. Collectively, these findings demonstrate a rapid waning
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of antibody response and emphasize the importance of

booster vaccination.

Apart from plasma, antibodies can also be found in other body

fluids including saliva (42). This might be particularly important since

SARS-CoV-2 initially infects the upper respiratory tract (28). Our

findings and those of others show that 2 doses of mRNA vaccine

successfully elicited spike-specific antibodies in saliva (43, 44). Similar

to those found in plasma, their titer rapidly declined with time as

previously documented (43), and got augmented by booster

vaccination. Interestingly, IgA antibodies showed higher stability

over time than IgG but were less abundant, especially early after the

vaccination. The levels of both isotypes correlated for all time points
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FIGURE 5

The dynamics of SARS-CoV-2-specific CD8+ T cells after the initial and booster doses of mRNA vaccine. (A) Representative flow cytometry plots
demonstrating the detection of S-specific CD8+ T cells with different effector functions; cytotoxicity (CD107a and IFNg expression), IFNg expression, IL-2
expression, and TNFa expression. (B) The frequencies of S-specific CD8+ T cells with different effector functions as a percentage of bulk T cells for
months 3, 6, and 12 after the initial vaccination. The red line connects the median values of each time point. Fold change was calculated as a ratio of the
medians of compared time points. (C) The frequencies of S-specific CD8+ T cells with different effector functions in the peripheral blood of vaccinated
individuals 3 to 15 weeks after the booster vaccination. (D) Comparison of S-specific CD8+ T cell frequencies with different functions for months 3, 6,
and 12 after the initial vaccination. (E) Relative proportions of CD4+ and CD8+ S-specific T cells with different effector functions for months 3, 6, and 12
after the initial vaccination. (F) Percentage of individuals with detectable S1-specific CD4+ or CD8+ T cells according to the effector function and time
point. Differences between the groups were assessed using the Wilcoxon test with Holm’s correction for multiple testing. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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indicating coordinated production. Moreover, the levels of spike-

specific IgG in saliva correlated with the plasma levels of these

antibodies for all time points, suggesting that salivary anti-spike

IgG partially originate from the plasma (42). To sum up, antibodies

in saliva generally followed the same kinetics as those in plasma,

however, IgA showed increased stability and might be important for

long-term protection from infection.

Memory B cells have previously been identified as a particularly

persistent component of immunity elicited by SARS-CoV-2 infection

(25, 29). Similar to infection, also vaccination triggers the buildup of

SARS-CoV-2 spike-specific memory B cells (7, 45). In contrast to

antibodies, however, their frequencies increase for several months

after vaccination (29). A similar trend was observed for spike-specific

IgG+ but not IgM+ and IgA+ memory B cells following the initial two

doses of mRNA vaccine. While there was a decline in the frequency of

spike-specific memory B cells immediately after booster vaccination,

which is probably due to the downregulation of the immune response

following antigen clearance, their levels increased compared to the

initial vaccination, as previously reported by others (46). IgG was the

predominant BCR isotype for all time points as previously observed

for individuals recovered from infection (25), and its proportion kept

increasing over time. Although much less frequent than IgG, IgM-

bearing spike-specific memory B cells were more abundant than those

with IgA BCR. Moreover, spike-specific IgA+ memory B cells were

not detectable in the largest proportion of individuals for all time

points. Collectively, IgG+ spike-specific memory B cell frequencies

increase for at least 6 months after the initial vaccination and further

expand after the booster vaccination making them a key component

of long-term SARS-CoV-2 immunity.

To efficiently generate an antibody response a vaccine must also

trigger the formation of virus-specific CD4+ T cells that provide B

cells with signals crucial for the production of high-affinity antibodies.

Studies have demonstrated that mRNA vaccines successfully induce

CD4+ T cell responses (8, 30). We have demonstrated that the

frequencies of spike-specific CD4+ T cells with different functions

(cytotoxicity, IFNg expression, IL-2 expression, and TNFa
expression) remained relatively stable for at least 6 months after the

initial 2 doses of vaccine. Similar to B cells, their frequencies rapidly

declined between 3 and 15 weeks following booster vaccination.

Compared to the initial vaccination, the booster dose moderately

increased frequencies of cytotoxic and IFNg-expressing cells but did

not affect the cells with other functions as previously observed (47).

TNFa expression was the most prevalent function among the spike-

specific CD4+ T cells followed by IL-2 expression, IFNg expression,
and cytotoxicity. Taken together these findings suggest the persistence

of SARS-CoV-2 spike-specific CD4+ T cells following initial

vaccination and the moderate effect of booster vaccination on

these cells.

It has been previously documented that mRNA vaccines induce

the formation of CD8+ T cell response (48–50). Similar to CD4+ T

cells, we have observed that CD8+ T cell frequencies remain relatively

stable after the initial immunization. In contrast to other immune

responses, no decrease in the frequency of these cells was observed

between weeks 3 and 15 following booster vaccination. In line with
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previous studies booster dose only moderately increased the

frequencies of cytotoxic and TNFa-expressing cells compared to

the initial immunization (48). Most of the spike-specific CD8+ T

cells were either cytotoxic, expressed IFNg or TNFa. IL-2-expressing
cells were rare. The observed differences in the functional profiles of

CD4+ and CD8+ T cells are most likely due to the different biologies

of the two cell kinds; CD8 T cells are less capable of IL-2 production

than CD4s (51). Considering the ratio between CD4+ and CD8+ T

cells among the spike-specific T cells, the latter were notably less

abundant for all time points. Furthermore, a larger proportion of

individuals lacked spike-specific CD8+ than CD4+ T cell response.

This can be explained by the design of mRNA vaccines that primarily

targets the production of antibodies and not cytotoxic T cells.

Altogether, SARS-CoV-2–specific T cell frequencies were stable

after the initial 2-dose vaccination and mildly increased after the

booster vaccination. Of note, CD4+ T cells were more abundant than

CD8+ T cells.

In the present study, we have assessed the adaptive immune

response to the mRNA vaccines after the initial and booster

immunizations in healthy SARS-CoV-2 naïve individuals. We

showed that antibody titer decreases rapidly after the initial 2 doses

but is augmented following the booster vaccination. Booster

vaccination was particularly important for the neutralization of the

currently circulating omicron variant. Similar kinetics were observed

for the salivary antibodies, with exception of IgA whose levels were

relatively stable. The memory B cells and T cells showed to be more

durable than the antibodies and were also positively affected by

booster vaccination, making them particularly important for

durable protection against severe SARS-CoV-2 infection.
Data availability statement

The original contributions presented in the study are included in

the article/Supplementary Material. Further inquiries can be directed

to the corresponding author.
Ethics statement

The studies involving human participants were reviewed and

approved by Ethics Committee of the Medical Faculty of the

University of Bonn (ethics approval numbers 125/21). Written

informed consent to participate in this study was provided by the

participants’ legal guardian/next of kin.
Author contributions

Conceptualization, JP, WP. Methodology, JP. Investigation, JP,

WP, KP, JZ, MB, CS, HP. Resources, JP, WP. Writing-Original Draft,

JP, WP. Writing-Review & Editing, HS. Funding acquisition, JP, HS.

Supervision, JP, HS. All authors contributed to the article and

approved the submitted version.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1066123
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Monzon-Posadas et al. 10.3389/fimmu.2023.1066123
Funding

The study was supported financially by the State of North Rhine-

Westphalia and the VIRAL network of NRW, Germany (grant

number: CPS-1-1C). No other financial support by any third parties

was received.
Acknowledgments

We thank the participants of this study that generously provided

their samples.
Conflict of interest

The authors declare no competing interests. The idea, the plan,

the concept, the protocol, the conduct, the data analysis, and the
Frontiers in Immunology 12
writing of the manuscript of this study were independent of any third

parties, including the funding agency.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1066123/

full#supplementary-material
References
1. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety
and efficacy of the BNT162b2 mRNA covid-19 vaccine. New Engl J Med (2020) 383
(27):2603–15. doi: 10.1056/NEJMoa2034577

2. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy and
safety of the mRNA-1273 SARS-CoV-2 vaccine. New Engl J Med (2020) 384(5):403–16.
doi: 10.1056/NEJMoa2035389

3. Turner JS, O’Halloran JA, Kalaidina E, Kim W, Schmitz AJ, Zhou JQ, et al. SARS-
CoV-2 mRNA vaccines induce persistent human germinal centre responses. Nature
(2021) 596(7870):109–13. doi: 10.1038/s41586-021-03738-2

4. Walsh EE, Frenck RW, Falsey AR, Kitchin N, Absalon J, Gurtman A, et al. Safety
and immunogenicity of two RNA-based covid-19 vaccine candidates. New Engl J Med
(2020) 383(25):2439–50. doi: 10.1056/NEJMoa2027906

5. Yu Y, Esposito D, Kang Z, Lu J, Remaley AT, De Giorgi V, et al. mRNA vaccine-
induced antibodies more effective than natural immunity in neutralizing SARS-CoV-2
and its high affinity variants. Sci Rep (2022) 12(1):2628. doi: 10.1038/s41598-022-
06629-2

6. Israel A, Shenhar Y, Green I, Merzon E, Golan-Cohen A, Schäffer AA, et al. Large-
Scale study of antibody titer decay following BNT162b2 mRNA vaccine or SARS-CoV-2
infection. Vaccines (2022) 10(1):64. doi: 10.1101/2021.08.19.21262111

7. Goel RR, Painter MM, Apostolidis SA, Mathew D, Meng W, Rosenfeld AM, et al.
mRNA vaccines induce durable immune memory to SARS-CoV-2 and variants of
concern. Science (2021) 374(6572):abm0829. doi: 10.1126/science.abm0829

8. Woldemeskel BA, Garliss CC, Blankson JN. SARS-CoV-2 mRNA vaccines induce
broad CD4+ T cell responses that recognize SARS-CoV-2 variants and HCoV-NL63. J
Clin Invest (2021) 131(10). doi: 10.1172/JCI149335

9. Peter JK, Wegner F, Gsponer S, Helfenstein F, Roloff T, Tarnutzer R, et al. SARS-
CoV-2 vaccine alpha and delta variant breakthrough infections are rare and mild but can
happen relatively early after vaccination. Microorganisms (2022) 10(5). doi: 10.3390/
microorganisms10050857

10. Rovida F, Cassaniti I, Paolucci S, Percivalle E, Sarasini A, Piralla A, et al. SARS-
CoV-2 vaccine breakthrough infections with the alpha variant are asymptomatic or mildly
symptomatic among health care workers. Nat Commun (2021) 12(1):6032. doi: 10.1038/
s41467-021-26154-6

11. Sigal A, Milo R, Jassat W. Estimating disease severity of omicron and delta SARS-
CoV-2 infections. Nat Rev Immunol (2022) 22(5):267–9. doi: 10.1038/s41577-022-
00720-5

12. Rahimi F, Talebi Bezmin Abadi A. Omicron: A highly transmissible SARS-CoV-2
variant. Gene Rep (2022) 27:101549. doi: 10.1016/j.genrep.2022.101549

13. Tada T, Zhou H, Dcosta BM, Samanovic MI, Chivukula V, Herati RS, et al.
Increased resistance of SARS-CoV-2 omicron variant to neutralization by vaccine-elicited
and therapeutic antibodies. eBioMedicine (2022) 78:103944. doi: 10.1016/
j.ebiom.2022.103944

14. Li J, Lai S, Gao GF, Shi W. The emergence, genomic diversity and global
spread of SARS-CoV-2. Nature (2021) 600(7889):408–18. doi: 10.1038/s41586-021-
04188-6
15. Andrews N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, et al. Covid-19
vaccine effectiveness against the omicron (B.1.1.529) variant. New Engl J Med (2022) 386
(16):1532–46. doi: 10.1056/NEJMoa2119451

16. Willett BJ, Grove J, MacLean OA, Wilkie C, De Lorenzo G, FurnonW, et al. SARS-
CoV-2 omicron is an immune escape variant with an altered cell entry pathway. Nat
Microbiol (2022) 7(8):1161–79. doi: 10.1038/s41564-022-01143-7

17. Lubinski B, Jaimes JA, Whittaker GR. Intrinsic furin-mediated cleavability of the
spike S1/S2 site from SARS-CoV-2 variant B.1.1.529 (Omicron). bioRxiv (2022). doi:
10.1101/2022.04.20.488969

18. Menni C, May A, Polidori L, Louca P, Wolf J, Capdevila J, et al. COVID-19 vaccine
waning and effectiveness and side-effects of boosters: a prospective community study from
the ZOE COVID study. Lancet Infect Dis (2022) 22(7):1002–10. doi: 10.1016/S1473-3099
(22)00146-3

19. Wang SY, Juthani PV, Borges KA, Shallow MK, Gupta A, Price C, et al. Severe
breakthrough COVID-19 cases in the SARS-CoV-2 delta (B.1.617.2) variant era. Lancet
Microbe (2022) 3(1):e4–5. doi: 10.1016/S2666-5247(21)00306-2

20. Bergwerk M, Gonen T, Lustig Y, Amit S, Lipsitch M, Cohen C, et al. Covid-19
breakthrough infections in vaccinated health care workers. N Engl J Med (2021) 385
(16):1474–84. doi: 10.1056/NEJMoa2109072

21. Altmann DM, Boyton RJ. Waning immunity to SARS-CoV-2: implications for
vaccine booster strategies. Lancet Respir Med (2021) 9(12):1356–8. doi: 10.1016/S2213-
2600(21)00458-6

22. Chu L, Vrbicky K, Montefiori D, Huang W, Nestorova B, Chang Y, et al. Immune
response to SARS-CoV-2 after a booster of mRNA-1273: an open-label phase 2 trial. Nat
Med (2022) 28(5):1042–9. doi: 10.1038/s41591-022-01739-w

23. Monge S, Rojas-Benedicto A, Olmedo C, Mazagatos C, José Sierra M, Limia A,
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