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Objectives: In the context of the Covid-19 pandemic, the fast development of vaccines
with efficacy of around 95% preventing Covid-19 illness provides a unique opportunity to
reduce the mortality associated with the pandemic. However, in the absence of efficacious
prophylactic medications and few treatments for this infection, the induction of a fast and
robust protective immunity is required for effective disease control, not only to prevent the
disease but also the infection and shedding/transmission. The objective of our study was to
analyze the level of specific humoral and cellular T-cell responses against the spike protein
of SARS-CoV-2 induced by two mRBNA-based vaccines (BNT162b2 and mRNA-1273),
but also how long it takes after vaccination to induce these protective humoral and cellular
immune responses.

Methods: We studied in 40 healthy (not previously infected) volunteers vaccinated with
BNT162b2 or mRNA-1273 vaccines the presence of spike-specific IgG antibodies and
SARS-CoV-2-specific T cells at 3, 7 and 14 days after receiving the second dose of the
vaccine. The specific T-cell response was analyzed stimulating fresh whole blood from
vaccinated volunteers with SARS-CoV-2 peptides and measuring the release of cytokines
secreted by T cells in response to SARS-CoV-2 stimulation.

Results: Our results indicate that the immunization capacity of both vaccines is
comparable. However, although both BNT162b2 and mRNA-1273 vaccines can induce
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early B-cell and T-cell responses, these vaccine-mediated immune responses do not reach
their maximum values until 14 days after completing the vaccination schedule.

Conclusion: This refractory period in the induction of specific immunity observed after
completing the vaccination could constitute a window of higher infection risk, which could
explain some emerging cases of SARS-CoV-2 infection in vaccinated people.

Keywords: COVID-19, mRNA-vaccines, specific humoral response, specific T-cell response, SARS - CoV - 2

INTRODUCTION

The current Covid-19 pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has caused more than
3 million deaths and enormous economic and social upheaval
internationally. An unprecedented research effort has resulted in
the fast development of Covid-19 vaccines in less than one year, and
more than 80 vaccine candidates are in clinical development at
present (1, 2). Two of the vaccines developed, BNT162b2 (Pfizer-
BioNTech) and mRNA-1273 (Moderna), are based on encapsulated
mRNA encoding as the target antigen the spike (S) glycoprotein of
the virus, and they are being massively administered around the
world. Initial clinical trials employing these two vaccines report
efficacy of around 95% preventing Covid-19 illness. In the case of
BNT162b2, the primary endpoint was the efficacy of the vaccine
against Covid-19 with onset at least 7 days after the second dose (3).
Regarding mRNA-1273 vaccine, the primary endpoint was the
vaccine’s efficacy in preventing the first occurrence of symptomatic
Covid-19 with onset at least 14 days after the second injection (4).

However, in the absence of efficacious prophylactic medications
and few treatments for this infection, effective disease control
requires a vaccine capable of reducing not only the disease but
also the infection and shedding/transmission. Comprehensive
studies about the degree and time course of the immunization
induced by these vaccines could provide relevant information to
resolve some critical questions: how many days are required to
generate a protective barrier against the infection after the vaccine
administration? Which degree of both humoral and cellular
immunity against SARS-CoV-2 are induced by the vaccine? Is
the induced immunity capable of clearing the virus? Recent studies
confirm that administration of these vaccines elicits neutralizing
antibodies against the virus (5, 6). However, less is known
regarding the vaccine-mediated induction of cellular responses of
adaptive immunity, which are crucial in controlling the virus and
notably in acquiring an immunizing memory against the virus (7).

In this study, we analyzed the short-term induction of specific
humoral and cellular T-cell responses against the spike protein of
SARS-CoV-2 at 3, 7 and 14 days after completing the entire
vaccination schedule of the two main mRNA-based vaccines that
are being administered massively in the world.

METHODS

Cohort Description
We performed a prospective observational study in 40 healthy
naive (not previously infected) volunteers distributed in two

groups, individuals vaccinated with BNT162b2 (n=21) or
vaccinated with mRNA-1273 (n=19). The study was conducted
after the approval of the University Hospital Gregorio Maraiion
ethics committee. Informed written consents from the volunteers
were obtained before enrolment. Volunteers were hospital
workers from University Hospital Gregorio Marafion of
Madrid (Spain), who received the second vaccine dose between
January and February 2021. Mean age (+ standard error of the
mean (SEM)) was 41.05 (£ 2.80) for volunteers receiving
BNT162b2 and 38.11 (+ 2.13) for volunteers receiving the
mRNA-1273 vaccine. A description of demographical and
clinical characteristics is shown in Table 1. There were no
significant differences for these variables between the
volunteers receiving the BNT162b2 or the mRNA-1273 (p>0.05).

Methodology

Peripheral blood samples were collected on days 3, 7 and 14 after
administering the second dose and completing the vaccination
schedule at the General University Hospital Gregorio Marafion.

TABLE 1 | Demographic and clinical characteristics of the BNT162b2 and
mRNA-1273 volunteers.

Characteristics BNT162b2 mRNA-1273 p-value

Number of Patients 21 19

Age (years), median (SEM) 41.05 (£2.80) 38.11 (£2.13) 0.416

Gender 0.711
Male 4 5
Female 17 14

Ethnicity -
Caucasian 21 19

Comorbidities
Current smoker 5 4 1
Ex-smoker 3 0 0.232
Hypertension 1 0 1
Heart disease 0 0 -
Immune disease 1 0 1
Obesity 0 1 0.475
Diabetes 0 1 0.475
Pulmonary disease 4 0 0.107
Renal disease 0 0 -
Hepatic disease 0 0 -
Neurological disease 1 0 1

Treatment
Acetaminophen 18 12 0.148
lbuprofen 2 4 0.397

Volunteers were divided into BNT162b2 or mRNA-1273 groups according to the vaccine
received. Two-sample t-test with equal variances was used for comparison of age, and chi-
squared tests were used for the rest of the demographic variables of the volunteers. p-value <
0.05 indiicated statistical difference between groups. SEM, standard error of the mean.
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We measured in whole blood IgG specific antibodies for the
spike protein (S) and the nucleocapsid (N) at different time
points (3-, 7- and 14-days post-vaccination). For that, we
employed the Architect SARS-COV-2 anti-N IgG and Architect
SARS-COV-2 anti-S IgG reagents on an Architech autoanalyzer
for immunoassay based on magnetic microparticle capture
technology and chemiluminescence detection (CLIA), all from
Abbott diagnostics.

We also quantified SARS-CoV-2-specific T cells employing a
direct and quantitative ex vivo measurement of IFN-y, IL-2, IL-4
and IL-10 release by whole blood samples stimulated with SARS-
CoV-2 peptides, as previously described (8). Briefly, freshly
extracted whole blood was directly stimulated with peptides
pools derived from SARS-CoV-2 (PepTivator, Miltenyi Biotech).
For the stimulation, we mixed spike(S)-peptides PepTivator SARS-
CoV-2 Prot S, Prot S+ and Prot S1 (Miltenyi Biotech), generating
the “pool S”, which cover the whole sequence of the spike. We also
mixed nucleocapsid (N) and membrane (M) peptides PepTivator
SARS-CoV-2 Prot N and Prot M, generating the “pool NM”, used
as a control. These two pools consisted mainly of 15-mer
sequences overlapping the complete sequence of spike,
membrane and nucleocapsid of the SARS-CoV-2 sequences
(GenBank MN908947.3). We stimulated whole blood samples
with pool S and pool NM at 1 pg/ml (according to manufacturer’s
instructions), incubating 14 — 16 hours at 37°C and 5% CO,. After
incubation, plasma from stimulated samples was recovered and
stocked at -80°C until its analysis. Plasma was analyzed using the
microfluidic ELISA equipment ELLA-Protein Simple (Biotechne),
measuring the concentration of several cytokines released after
stimulation (IFN-y, IL-2, IL-4 and IL-10).

Statistical analyses were conducted at the IISGM biostatistics
facility. A chi-squared test was used for categorical variables and
a t-test for quantitative variables to compare demographic and
clinical variables. In all other analyses, variables were log-
transformed to obtain normal distributions and increase
statistical power. The evolution over time of the different
variables was studied using linear mixed-effects regression
model, considering each individual as a random effect and the
vaccination as a fixed effect with an unstructured covariance
structure. These models have great flexibility and power to study
variables repeatedly measured over time with missing values (8).
Graphics were made with GraphPad Prism software, and
statistical analysis was performed with Stata software. All
statistical tests were 2-sided, and a P-value of p<0.05 was
considered statistically significant.

RESULTS

Cohort Description

Mean age (+ standard error of the mean (SEM)) was 41.05
(+2.80) for volunteers receiving BNT162b2 and 38.11 (+2.13) for
volunteers receiving mRNA-1273 vaccine. 81% of volunteers
were women in the BNT162b2 group, and 73.7% in the
mRNA-1273. There were no significative differences in age,
sex, and other standard demographic variables (Table 1)
between the two groups of individuals (p>0.05).

Specific Humoral Response

All vaccinated subjects enrolled in the study showed a clear
humoral response to the vaccine reaching high titers of anti-S
IgG (>800 WHO binding antibodies units (BAU)/ml). However,
there was a delay in the response after completing the vaccination,
and specific IgG were significantly lower at day 3 post-vaccination
than at day 7 or 14 in both groups (p<0.001; Figure 1).

We compared the capacity between vaccines to induce a specific
humoral IgG response. Employing a linear mixed-effects regression
model, the analysis indicated that the evolution on this response was
different for each vaccine (p<0.001). Patients vaccinated with
mRNA-1273 had higher IgG-S titers at day 3 (p=0.003)
(mean+SEM BNT162b2= 250.8+31.8; mRNA-1273= 613.1+138.2
BAU/ml), but the values reached at day 7 (BNT162b2= 3491.7+
366.3; mRNA-1273= 2532.6£378.3 BAU/ml) or day 14
(BNT162b2= 3229.3+349.7; mRNA-1273= 2589.7+396.4 BAU/ml)
were comparable with both vaccines (Figure 1).

Specific T-Cell Response

The presence of responding T cells to the specific stimulation
with SARS-CoV-2 peptides was measured as the cytokine release
after stimulation with specific peptides. High values (> 400 pg/mL)
of IFN-v, which is a key cytokine in the antiviral Thl response,
were observed as early as day 3 after completing vaccination only
in samples stimulated with S peptides, and the magnitude was
comparable for both vaccines (p=0.874). The linear mixed-effects
regression model indicates that the evolution of the frequency of
these specific T cells was different between the two vaccines
(p=0.017). The response seems to increase faster in patients
vaccinated with BNT162b2 reaching the maximal values at day 7
(BNT162b2= 742.1+110.8; mRNA-1273= 593.4+101.6, pg/ml
+SEM) and maintaining these values at day 14. However,
patients receiving mRNA-1273 reached higher maximal values
at day 14 (BNT162b2= 628.7+94.6; mRNA-1273= 1231.4
+333.8) (Figure 2A).

anti-S IgG titers

5000- - )
= = anti-S IgG BNT162b2
4000+ -8~ anti-S IgG mRNA-1273
E 30001
35
S 20004
1000
0 T T N
N
& N &

FIGURE 1 | Specific humoral responses in vaccinated healthy subjects. Mean
+SEM values for S-protein specific IgG antibodies (BAU/mI) measured in plasma
from volunteers vaccinated with BNT162b2 (n=21) or mRNA-1273 (n=19)
after 3, 7 and 14 days of receiving the second dose of the vaccine. The linear
mixed-effects regression model was adjusted to evaluate each immunological
covariate’s evolution over time in each group. *Significant difference when

p < 0.05.
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Similar behavior was observed in the analysis of IL-2 release
(Figure 2B). High values (> 200 pg/ml IL-2) were observed at
day 3 after the second dose (BNT162b2= 239.6+33.6; mRNA-
1273= 288.6+34.3, pg/ml+SEM). Comparing the two vaccines,
values of IL-2 release were comparable in both groups at 3, 7 and
14 days (p>0.05), and the evolution on time of IL-2 release
capacity was also similar with both vaccines (p=0.319). The IL-2
release increased significantly (p<0.05) in both groups from day
3 to day 7 (BNT162b2= 441.7+61.8; mRNA-1273= 466.9+58.7,
pg/ml+SEM), and continue to increase progressively until
reaching the maximal values at day 14 (BNT162b2= 485.5
+77.4; mRNA-1273= 642.9496.2, pg/ml+SEM) (Figure 2B),
which were not significantly different between the two vaccines.

Regarding IL-4 release, which is a cytokine related to Th-2
responses, we observed a significant increase from day 3 to day 7
with both vaccines (p<0.001), and then a slight decrease was
observed from day 7 to day 14 (Figure 2C). The evolution on
time of IL-4 producing T cells in the two groups was comparable
(p=0.165). However, the values of IL-4 release reached at day 3

A responding T-cells (IFNy release)

2000-

1500+

1000+

pg/ml IFNy

500+

pg/ml IL-4

= anti-S BNT162b2 -&- anti-S mRNA-1273 -o

(p=0.035) and day 14 (p<0.001) were significantly higher in
subjects vaccinated with mRNA-1273 vaccine than
with BNT162b2.

The two mentioned vaccines codify for protein-S mRNA, and
therefore should only induce immunity against the S protein of
the virus. The absence of both IgG against nucleocapsid and T-
cell response (IFN-7, IL-2 and IL-4 release) after stimulation with
SARS-Cov-2 peptides from nucleocapsid and membrane (NM),
which was comparable to the non-stimulated condition (data not
shown), indicate that the observed response is a direct
consequence of the vaccination and is not due to a previous
exposition to the virus or asymptomatic infection.

Regarding IL-10 (which at difference of IFN-y, IL-2 and IL-4
is an anti-inflammatory cytokine), the evolution on time of IL-10
release after stimulation with S peptides was similar in both
groups (p=0.838), and IL-10 values at day 3, 7 and 14 were
comparable with both vaccines (p>0.05) (Figure 2D). We
detected some IL-10 release in the samples stimulated with
NM peptides, although the values in samples stimulated with S

B responding T-cells (IL-2 release)

800 ] *
600

400+

pg/ml IL-2

200

2501

200

150+

100+

pg/ml IL-10

anti-NM BNT162b2 =@  anti-NM mRNA-1273

FIGURE 2 | Specific T-cell responses in vaccinated healthy subjects. (A) Mean+SEM T-cell responses measured by IFNy release (pg/ml); (B) IL-2 release (pg/ml);
(C) IL-4 release (pg/ml) and (D) IL-10 release (pg/ml) (D) after in vitro stimulation with spike-derived peptides pool (S) or mixed nucleocapsid and membrane peptides
(NM) from volunteers vaccinated with BNT162 (n=21) or mRNA-1273 (n=19) after 3, 7 and 14 days of receiving the second dose of the vaccine. The dotted line in
(C) indicates the lower detection limit of the method for this cytokine, showing that the low concentrations detected are reliable. The linear mixed model was
adjusted to evaluate each immunological covariate’s evolution over time in each group. *Significant difference when p < 0.05.

Frontiers in Immunology | www.frontiersin.org 4

October 2021 | Volume 12 | Article 726960


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gil-Manso et al.

Short-Term Immunization With Covid-19 Vaccines

peptides were clearly higher (p<0.001). However, independently
of the peptide employed, the IL-10 release in stimulated samples
was higher than in non-stimulated samples.

DISCUSSION

Several recent articles describe that mRNA-based vaccines elicit
neutralizing antibodies that persist for several months. In the
case of the mRNA-1273 vaccine, mRNA1273-elicited binding
and neutralizing antibodies were present in vaccinated healthy
adults 180 days (6 months) after the second dose (5). A pre-
printed work (not yet peer-reviewed) also indicates that a single
dose of the BNT162b2 vaccine elicits antibodies. However, there
are no data about the persistence of neutralizing antibodies in
individuals receiving this vaccine (6). On the other hand, there is
little information about the degree of specific T-cell responses
induced by the vaccination and also how long it takes after
vaccination to induce protective humoral and cellular
immune responses.

In our study, there is a higher proportion of females in both
groups. It has been described that women could be more resistant to
SARS-CoV-2 infection compared to males. However, in the case of
the mRNA vaccines, it seems that gender is not implicated in their
effectiveness since both males and females present similar
protection against symptomatic infection after vaccination (9).
Therefore, the effectiveness, which would be related to the degree
of vaccine-induced immune responses, seems to be independent of
sex. Since no difference was seen in the frequency of women
between both groups, the comparison of the immune response
induced by the two vaccines would not be influenced by the
differences in the female proportion of our cohort.

The values of specific antibodies or T cells required to confer a
protective immunity capable of preventing infection are unknown.
Some studies suggest that a neutralizing titer equivalent to 20% of
the average convalescent titer is sufficient to provide 50% protection
from symptomatic Covid-19. Still, it is unknown the levels of
specific antibodies to block viral entry and replication (10).
Regarding the adaptive immunity mediated by T cells, spike-
specific memory CD4+ T cells are detected in most convalescent
individuals after 6 months post-infection (11). However, less is
known about the influence of the level of specific T-cell immunity in
the clinical progression and viral clearance.

Awaiting further studies to clarify the level of immunity
required to confer protection, our results indicate that a delay
after completing the vaccination schedule to reach high levels of
anti-S IgG antibodies could exist. Even if serum IgG takes more
time to be elicited than IgM after vaccination, a recent article
shows that IgG could be detected after the first dose of the anti-
SARS-CoV-2 vaccine (12). However, in the light of our results,
the second dose could be essential to maintain the sustained
production of anti-SARS-CoV-2 immunoglobulins. As we
showed in this manuscript, IgG anti-SARS-CoV-2 are already
present 3 days after the second dose. However, the maximal level
of protection seemed to be established only 7 days after, showing
that the second dose might be pivotal for strong protection. The

reduced levels of specific antibodies in this period could be
determinant in the capacity of vaccinated people to block
initial infection, control viral replication, and consequently, in
the clinical progression and capacity of transmission (10).

Regarding cellular T-cell responses, both vaccines demonstrate
to induce a fast specific T-cell response, and the presence of anti-S
responding T cells secreting IFN-y, IL-2 or IL-4 was remarkable as
soon as day 3 post-vaccination. IFN-yis a crucial cytokine produced
notably by T helper 1 (Thl) CD4 T cells, which are the main
immune mediators in the control of intracellular pathogens such as
viruses. However, the maximal levels of IFN-yand IL-2 release, were
reached at day 7 (BNT162b2) or day 14 (mRNA-1273) post-
vaccination. We also quantified IL-2, a cytokine related to the
proliferation and activation of the whole immune cells, and we
observed maximum values at day 14 for both vaccines, indicating
that specific T-cells responded to derived-peptides releasing
IL-2 too.

The stimulation with SARS-CoV-2 peptides also revealed the
presence of specific T-cells able to produce IL-4, which is a Th2-
related cytokine. The presence of these specific IL4-secreting cells
seems to be a consequence of vaccination because there was no
liberation of IL-4 in the presence of NM peptides. Polarization of
CD4 T cells to a Th2 profile might potentially be detrimental, as
they have been linked to vaccine-associated enhanced respiratory
disease (13). However, IL-4 secreted by T-follicular helper (Tth)
cells, which are crucial regulators of germinal centres and
affinity-matured Ab responses, could also provide a beneficial
effect as it mediates an anti-apoptotic helper function on B cells
(14). The highest plasma-neutralizing activity in patients
recovered from COVID-19 has been associated with increased
frequencies of Thl- and Th2-biased circulating Tth cells (15).

In agreement with our results, Bettini et al. describe in a
recent review that immunization in animal models with SARS-
CoV-2 mRNA-vaccines elicited a robust production of Thl
cytokines (including IFN-y, TNF, and IL-2). In addition, the
presence of Tth characterized by the production of both Thl
(IFN-y) and Th2 (IL-4) cytokines was also observed in mice
immunized with these vaccines (14). Therefore, because we are
analyzing cytokines released by total T cells, we are probably
observing the presence of both specific Th1 and Tth cells, which
will constitute a desirable effect of the vaccination. We
hypothesize that the decrease in IL-4 release observed between
day 7 and day 14 could also reflect a higher polarization to a Th1l
(IEN-y) response at this time, which in the case of patients
receiving the mRNA-1273 vaccine would coincide with reaching
the maximum levels of IFN release. In the light of our results, the
mRNA-1273 vaccine seems to produce a higher increase in the
cells producing this IL-4, but because the concentration of this
cytokine is still reduced (< 20 pg/ml), we cannot conclude
whether this difference will be relevant to the physiological level.

Interestingly, we also observed high values of IL-10 release in
all the stimulated conditions independently of the peptides
employed. IL-10 is a suppressive cytokine mainly produced by
Treg cells in response to immune activation (16). The increase of
IL-10 after stimulation with NM-peptides could be related to a
response from Tregs to the processing and presentation of
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peptides by antigen-presenting cells, even in the absence of a
specific T-cell response. Another potential explanation for this
increase in IL-10 release could be an unspecific activation of
Tregs during the incubation in vitro of blood samples with
peptides. The fact that IL-10 release is much higher in the
presence of S peptides than with NM is probably related to a
response from Treg to the activation of S-specific T cells in
vaccinated subjects and the subsequent increase observed in the
production of IL-2, which is the main factor to active and to
increase the proliferation of Tregs. Moreover, the presence of
IL-2 has been shown to specifically enhance the production of
IL-10 by human Tregs (17), which would explain a higher IL-10
release in the presence of S peptides.

In conclusion, the short-term induction of specific humoral and
cellular responses was comparable for both vaccines, with slight
differences in magnitude and the time required to reach the
maximal responses. In both groups, the values of specific humoral
and cellular immunity were significantly lower at day 3 than at day 7
or 14 post-vaccination, indicating the presence of a potential
refractory period to reach the maximal response. This refractory
period in the induction of specific immunity observed after
completing the vaccination could constitute a window of higher
infection risk, which could explain some emerging cases of SARS-
CoV-2 infection after the first dose of the vaccine (18) or even
among subjects with the complete vaccination schedule (19).

Further studies are required to elucidate the minimal values
for both IgG titers and T-cell response necessary to confer a
protective immunization and to know the persistence of these
protective immunizations. This information will be crucial to
evaluate the degree of effective immunization in the population
and whether the administration of booster vaccine doses is
required if immune responses are lost after several months.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The study was conducted after the approval of the University
Hospital Gregorio Marafion ethics committee. The patients/

REFERENCES

1. WHO. Draft Landscape of COVID-19 Candidate Vaccines. Available at:
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-
candidate-vaccines.

2. Krammer F. SARS-CoV-2 Vaccines in Development. Nature (2020) 586:516—
27. doi: 10.1038/s41586-020-2798-3

3. Polack FP, Thomas §J, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N Engl ] Med
(2020) 383:2603-15. doi: 10.1056/NEJMo0a2034577

4. 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. N Engl ] Med (2021)
384:403-16. doi: 10.1056/NEJM0a2035389

participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

SG-M and DC performed experiments and analyzed data. LL-F,
IB, and IM participated in the recruitment of volunteers,
collection of samples and the patients’ data. RA and PM
analyzed antibody titers. JO developed the protocol of T-cell
analysis and contributed to the design of the study. All authors
interpreted and discussed the data. RC-R and MP designed the
study, interpreted the results, wrote and revised the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by grants co-funded by ERDF
(FEDER) Funds from the European Commission “A way of
making Europe” from the Instituto de Salud Carlos III (ISCIII)
COV20-00668 to RCR and PI18/00506 to MP. It was also
partially financed by a grant from “Fundacion Familia Alonso”
(FFA-FIBHGM-2019) and the consortium ACT4COVID,
funded by Cellnex-Telecom. SG-M was supported by the
Youth Employment Program co-financed by the Madrid
community and FEDER Funds (PEJ-2020-AI/BMD-17954). JO
has received funding from the European Union Horizon 2020
research and innovation program VACCELERATE under grant
agreement No [101037867]. The funders had no role in study
design, data collection, or analysis; the decision to publish; or the
preparation of the manuscript.

ACKNOWLEDGMENTS

We thank all the volunteers that participated in this study by
providing blood samples. We also thank Rocio Lopez-Esteban,
Veronica Pérez-Fernandez and Sara Rodriguez-Fernandez for
technical assistance and Jose M. Bellon and the Biostatistics
Platform of the IiSGM for performing statistical analysis.

5. Doria-Rose N, Suthar MS, Makowski M, O'Connell S, McDermott AB, Flach B,
et al. Antibody Persistence Through 6 Months After the Second Dose of
mRNA-1273 Vaccine for Covid-19. N Engl ] Med (2021) 384:2259-61. doi:
10.1056/NEJMc2103916

6. Tauzin A, Nayrac M, Benlarbi M, Gong SY, Gasser R, Beaudoin-Bussieres G,
et al. A Single BNT162b2 mRNA Dose Elicits Antibodies With Fc-
Mediated Effector Functions and Boost Pre-Existing Humoral and T Cell
Responses. bioRxiv (2021) 2021.03.18.435972. doi: 10.1101/2021.03.
18.435972

7. Tan AT, Linster M, Tan CW, Le Bert N, Chia WN, Kunasegaran K, et al. Early
Induction of Functional SARS-CoV-2-Specific T Cells Associates With Rapid
Viral Clearance and Mild Disease in COVID-19 Patients. Cell Rep (2021)
34:108728. doi: 10.1016/j.celrep.2021.108728

Frontiers in Immunology | www.frontiersin.org

October 2021 | Volume 12 | Article 726960


https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://doi.org/10.1038/s41586-020-2798-3
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMc2103916
https://doi.org/10.1101/2021.03.18.435972
https://doi.org/10.1101/2021.03.18.435972
https://doi.org/10.1016/j.celrep.2021.108728
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gil-Manso et al.

Short-Term Immunization With Covid-19 Vaccines

10.

11.

12.

13.

14.

15.

16.

. Krueger C, Tian L. A Comparison of the General Linear Mixed Model and

Repeated Measures ANOVA Using a Dataset With Multiple Missing Data
Points. Biol Res Nurs (2004) 6:151-7. doi: 10.1177/1099800404267682

. Chung H, He S, Nasreen S, Sundaram ME, Buchan SA, Wilson SE, et al.

Effectiveness of BNT162b2 and mRNA-1273 Covid-19 Vaccines Against
Symptomatic SARS-CoV-2 Infection and Severe Covid-19 Outcomes in
Ontario, Canada: Test Negative Design Study. BMJ (2021) 374:1943. doi:
10.1136/bmj.n1943

Cromer D, Juno JA, Khoury D, Reynaldi A, Wheatley AK, Kent SJ, et al.
Prospects for Durable Immune Control of SARS-CoV-2 and Prevention of
Reinfection. Nat Rev Immunol (2021) 21:395-404. doi: 10.1038/s41577-021-
00550-x

Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al. Immunological
Memory to SARS-CoV-2 Assessed for Up to 8 Months After Infection. Science
(2021) 371(6529):eabf4063. doi: 10.1126/science.abf4063

Lozano-Ojalvo D, Camara C, Lopez-Granados E, Nozal P, Del Pino-Molina L,
Bravo-Gallego LY, et al. Differential Effects of the Second SARS-CoV-2 mRNA
Vaccine Dose on T Cell Immunity in Naive and COVID-19 Recovered
Individuals. Cell Rep (2021) 36(8). doi: 10.1016/j.celrep.2021.109570

Graham BS. Rapid COVID-19 Vaccine Development. Science (2020) 368:945—
6. doi: 10.1126/science.abb8923

Bettini E, Locci M. SARS-CoV-2 mRNA Vaccines: Immunological
Mechanism and Beyond. Vaccines (Basel) (2021) 9:147. doi: 10.3390/
vaccines9020147

Juno JA, Tan HX, Lee WS, Reynaldi A, Kelly HG, Wragg K, et al. Humoral and
Circulating Follicular Helper T Cell Responses in Recovered Patients With
COVID-19. Nat Med (2020) 26:1428-34. doi: 10.1038/s41591-020-0995-0
Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T Cells and
Immune Tolerance. Cell (Res Support Non-U.S. Gov’t Rev) (2008) 133:775-87.
doi: 10.1016/j.cell.2008.05.009

17. Tsuji-Takayama K, Suzuki M, Yamamoto M, Harashima A, Okochi A, Otani
T, et al. The Production of IL-10 by Human Regulatory T Cells Is Enhanced by
IL-2 Through a STAT5-Responsive Intronic Enhancer in the IL-10 Locus.
J Immunol (Comp Study) (2008) 181:3897-905. doi: 10.4049/jimmunol.
181.6.3897

18. Amit S, Regev-Yochay G, Afek A, Kreiss Y, Leshem E. Early Rate Reductions
of SARS-CoV-2 Infection and COVID-19 in BNT162b2 Vaccine Recipients.
Lancet (2021) 397:875-7. doi: 10.1016/S0140-6736(21)00448-7

19. Donadio C, Rainone A, Gouronnec A, Belmin ], Lafuente-Lafuente C.
Asymptomatic COVID-19 Cases Among Older Patients Despite BNT162b2
Vaccination: A Case Series in a Geriatric Rehabilitation Ward During an
Outbreak. J Infect (2021) 83:119-45. doi: 10.1016/j.jinf.2021.04.004

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

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.

Copyright © 2021 Gil-Manso, Carbonell, Lopez-Fernandez, Miguens, Alonso, Buiio,
Muioz, Ochando, Pion and Correa-Rocha. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

October 2021 | Volume 12 | Article 726960


https://doi.org/10.1177/1099800404267682
https://doi.org/10.1136/bmj.n1943
https://doi.org/10.1038/s41577-021-00550-x
https://doi.org/10.1038/s41577-021-00550-x
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1016/j.celrep.2021.109570
https://doi.org/10.1126/science.abb8923
https://doi.org/10.3390/vaccines9020147
https://doi.org/10.3390/vaccines9020147
https://doi.org/10.1038/s41591-020-0995-0
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.4049/jimmunol.181.6.3897
https://doi.org/10.4049/jimmunol.181.6.3897
https://doi.org/10.1016/S0140-6736(21)00448-7
https://doi.org/10.1016/j.jinf.2021.04.004
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Induction of High Levels of Specific Humoral and Cellular Responses to SARS-CoV-2 After the Administration of Covid-19 mRNA Vaccines Requires Several Days
	Introduction
	Methods
	Cohort Description
	Methodology

	Results
	Cohort Description
	Specific Humoral Response
	Specific T-Cell Response

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


