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Background: The SARS-CoV-2 pandemic was responsible for the death of millions of people around the
world, which accelerated the study of vaccines. The BNT162b2 mRNA COVID-19 is a messenger RNA vac-
cine that encodes the spike protein of the virus. However, the duration of the protection conferred by this
vaccine and factors associated with immune responses require validation in large cohorts.
Methods: Here, we present data of humoral immune response to vaccination in 4264 healthcare workers,
tested before (T0) and 15 and 90 days (T1 and T2, respectively) following vaccination. Peripheral blood
was collected for immunological analysis using the Quant SARS-CoV-2 IgG II Chemiluminescent
Microparticle Immunoassay (CMIA) to determine anti-spike IgG, receptor binding domain (RBD), S1 sub-
unit of SARS-CoV-2.
Findings: At T0, 96�8% (n = 4129) of participants had IgG antibodies non-reactive to anti-SARS-CoV-2.
Fifteen days after completing the vaccination, the IgG overall median titer was significantly elevated
(21�7x103 AU/mL). Both for uni- and multivariate logistic regression analyses women presented higher
antibody levels than men, independent of age. Titers were significantly altered among age groups,
decreasing by each increase in 10-year of age. At 3 months after completing the vaccination, anti-
SARS-CoV-2 IgG titers were 6�3-fold diminished.
This real-world post-vaccination data confirmed production of a frequent and elevated anti-SARS-CoV-

2 IgG titers, associated with high protection rates. Females and younger participants had higher titer
15 days after vaccination, and despite the significant reduction from 15-to-90 days, those with higher
pre-vaccination titers maintained higher levels throughout the remaining timepoints.
Interpretation: These findings support the need to track humoral immunity kinetics to uncover viral sus-
ceptibility and eventually implement re-vaccination, particularly in groups prone to lower humoral
immune response.
Funding: No external funding was received to conduct this study.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In the late 2019, coronavirus disease (COVID-19) spread all over
the word declaring a new pandemic. At that time, the immunology
of coronavirus infections was not at the forefront of research in
most laboratories. However, over the past 12 months, we have
gained novel insights into the innate and adaptive immune
responses against severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) and vaccines against the virus have since been
developed [1].

Messenger RNA (mRNA) vaccines against severe acute respira-
tory syndrome (SARS-CoV-2), the causative agent of COVID-19,
offer a great promise to control the spread of infection. One of
the available vaccines is BNT162b2 mRNA COVID-19 vaccine
(Pfizer/BioNTech), a lipid nanoparticle-formulated, nucleoside-
modified RNA encoding SARS-CoV-2 full length spike, modified
by two proline mutations to lock in the prefusion confirmation
[2]. Data from clinical trials and noncontrolled reports demon-
strated efficacy above 90% for preventing disease [3].
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Humoral immune responses to SARS-CoV-2 are mediated by
antibodies directed to viral surface glycoproteins, mainly the spike
and nucleocapsid proteins. These antibodies neutralize viral infec-
tion of human cells and tissues expressing angiotensin-converting
enzyme 2 (ACE2). The 180 kDa spike glycoprotein contains the S1
subunit, which holds a receptor-binding domain (RBD; residues
331–524) that mediate viral binding to ACE2 receptors on suscep-
tible cells and is the main target for SARS-CoV-2 neutralizing anti-
bodies [4]. Therefore, antibody titer might be a good biomarker for
the protective efficacy of antibodies and successful humoral
immune responses after SARS-CoV-2 exposure. Indeed, antibody
response against spike, nucleocapsid and RBD proteins were well
correlated with plaque reduction neutralization test in patients
with PCR-confirmed COVID-19 [5].

The duration and kinetics of humoral immunity from Sars-CoV-
2 vaccine developed by Pfizer, remains unknown, particularly lack-
ing data from large, real-world studies. It was recently shown that
after the first contact with the virus, B cells produce antibodies,
which however decrease after a few weeks [6]. Notwithstanding,
mRNA vaccines seem to induce a persistent immune response in
germinal centers that remain active producing B cells, which are
producing antibodies to fight infection [7].

In Portugal, the vaccination campaign started in late December
2020, with the first available doses of BNT162b2 mRNA COVID-19
vaccine (Pfizer/BioNTech) being delivered to healthcare workers
(HCW). In this study, we report humoral immunity data of the first
3 months follow up post-vaccination.
2. Methods

2.1. Study design

This study began in December 2020, with peripheral blood col-
lection for immunological analysis at 5 key points: pre-vaccine
baseline (T0), and then two weeks (T1), three months (T2), six
months (T3) and a year (T4) after second dose. Here, we present
findings from timepoints T0-to-T2. The study was approved by
the CHUC ethics committee (OBS.SF.106–2021). The requirement
for informed consent was waived by the Ethics Committee.
2.2. Setting and participants

Healthcare workers from Centro Hospitalar e Universitário de
Coimbra (CHUC) were tested for anti-spike IgG antibody, before
taking the first dose of vaccine (up to 72 h) (T0), and then 15 days
(T1) and 3 months (T2) after taking the second dose. Patients with
prior SARS-CoV-2 diagnosis were excluded from the first phase of
vaccination and from the analysis. Fig. 1 depicts the workflow with
included and excluded subjects. Data of HCWwho attended T0 and
T1 were first analyzed to evaluate the peak response after vaccina-
tion. To analyze the kinetics of antibody titers over time, only
health care worker who attended T0, T1 and T2 were included.
All data was analyzed anonymously.
2.3. Laboratory assays

Serum was obtained and processed within 4 h after blood col-
lection. A chemiluminescent microparticle immunoassay (CMIA)
SARS-CoV-2 IgG II Quant was used to determine IgG anti-spike,
receptor-binding domain (RBD), S1 subunit of SARS-CoV-2, follow-
ing manufacturer’s instructions (Abbott Laboratories), on Alinity i
(Abbott Laboratories). As per manufacturer recommendations,
antibody titers above 50 AU/mL were considered reactive. All mea-
surements were undertaken following appropriate quality control
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procedures, daily performed for routine clinical assessment of
SARS-CoV-2 IgG.
2.4. Statistical methods

Departure from normality was tested using Shapiro-Wilk. Data
was presented as median (M) and interquartile range (IQR). SARS-
CoV-2 IgG titers were compared among groups using Mann-
Withney U and Kruskal-Wallis tests, with Bonferroni correction
for multicomparison. Antibody levels were compared between
timepoints using Wilcoxon Signed rank tests.

The neutralizing activity, able to efficiently block virus entry in
human cells, was measured by Abbott Laboratories using the Broad
Institute Plaque Reduction Neutralization Test (PRNT) as inhibition
at a sample dilution of 1:250 or greater. The 95% probability (95%
C.I.: 78% � 99%) of being at or above that PRNT dilution (1:250) for
SARS-CoV-2 IgG II Quant AU/mL values, yielded a value of 4160.
Thus, for logistic regression analyses we used IgG antibodies
titers > 4160 AU/mL as an indicator of strong neutralizing activity,
as previously reported [8]. Regression analyses with stepwise were
conducted including as covariates gender and age. Spearman corre-
lation coefficients were calculated to assess the causal association
among continuous variables. The level of significance was estab-
lished at P < 0�05. Statistical analyses were conducted using R.
3. Results

Participants (n = 4264) provided samples before and 15 days
after vaccination with Pfizer BioNTech vaccine, whereas 3417 also
donated a third blood sample 3 months later. The median age was
44 years (IQR 34 – 54 years) and 3221 were women (75�7%).

Before vaccination, 96.8% (n = 4129) had anti-SARS-CoV-2 spike
IgG antibody levels below 50 AU/mL, with a median value under
6�8 AU/mL and none presenting titers above 4160 AU/mL.

At T1, we found a significantly elevated overall median titer of
21�7x103 AU/mL (13�1–32�2x103 AU/mL), compared to T0
(p < 0�0001). At the T1 timepoint, subjects with titers < 50 AU/
mL on T0 had significantly lower titers than those with titers > 50
AU/mL (20�8, 13�0-31�8 x103 and 30�4, 19�1-41�6 x103 AU/mL,
respectively) (P < 0�0001). Fifteen days following vaccination (T1)
only 6 subjects (0�1%) presented with values below 50 AU/mL, 95
(2�2%) between 50 and 4160 AU/mL and 4163 (97�6%) above
4160 UA/mL. At this time point, females had a median titer signif-
icantly higher than males (22�1 x103, 13�9–33�4 x103 and
18�0 x103, 11�5-28�2 x103 AU/mL, respectively) (P < 0�0001),
whereas significant differences were observed between age groups
titers (P < 0�0001), decreasing as age increased (Table 1). Logistic
regression analysis including gender and age to predict the
development of titers above 4160 AU/mL in T1, revealed women
are at increased odds for developing robust humoral immune
response (OR, 2�33; CI 95%, 1�6-3�5). Furthermore, for each
10 year-increase of age there was a lower probability for a humoral
immune response above 4610 AU/mL (OR, 0�5; CI 95%, 0�4-0�6)
(Fig. 2). Interaction factors were not significant and were excluded
in stepwise analysis.

A significant decrease in IgG titers was observed between T1
and T2 (P < 0�0001), with an overall median of 3�2 x103 AU/mL
(2�0-5�2, p < 0�0001) at T2. At 3 months following vaccination dif-
ferences among genders and between age groups remained signif-
icant, (both at P < 0�0001). Titers decreased by 6�3 times (IQR 4�8-
8�3) from T1-to-T2 (Table 2). Logistic regression analysis evidenced
that female gender (OR, 1�4; CI 95%, 1�6-2�3) and earlier age (OR,
0�8; CI 95%, 0�7-0�8) were significantly associated with antibody
levels above 4160 UA/mL, still after 3 months of vaccination.



Fig. 1. Workflow with procedures for subject inclusion and exclusion� CHUC, Centro Hospitalar e Universitário de Coimbra; HCW, health care worker; T0, timepoint of blood
collection before vaccine; T1, timepoint of blood collection 15 days after the second dose of vaccine; T2, timepoint of blood collection 3 months after the second dose of
vaccine.
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4. Discussion

This real-world COVID-19 vaccination study yielded strong
immune response, with 97�7% subjects with antibody levels above
4160 UA/mL 15 days after the second dose of the BNT162b2 mRNA
vaccine. This observation matches evidence regarding efficacy so
far [3].

Despite consistent post-vaccine immune response, inter-
individual heterogeneity has been noted in specific populations,
particularly elderly and immunosuppressed patients [6,9]. Notably,
comorbidities and immunosuppression have been reported in
association with worse outcome from SARS-CoV-2 infection [10],
and as significant predictors of failure to mount a humoral
response after SARS-CoV-2 vaccination [11–13]. Here, the 6 partic-
ipants that have not developed IgG antibodies in response to vac-
cination in T1, were on immunosuppressive anti-TNF therapy. In
agreement, the response rate to HBV vaccination, even with a
652
double-dose schedule, was exceptionally low for patients receiving
anti-TNF [14].

Our data from univariate and multivariate analyses in a large
set of vaccinated subjects, demonstrate that as age increase it
becomes less probable to develop a robust immune response, both
at 15 days and 3 months following vaccination. It is consensual,
that the immune system suffers from the effects of biological aging,
exhibiting a progressive decline in function, collectively resulting
in diminished humoral and cellular immune responses [15,16].
This has been associated with reduced antibody responses after
COVID-19 vaccination [17–20].

The association between total anti-SARS-CoV-2 antibody levels
and sex has been controverse in response to COVID-19 mRNA vac-
cine. Some studies failed to find significant differences between
sexes [20], while other observed higher levels in women compared
to men [12,17,20,21]. In our real-world study that included a large
sample of HCW, women presented higher SARS-CoV-2 IgG titers at



Table 1
HCW characteristics and SARS-CoV-2 IgG antibody titers after vaccination for HCW without previous immune response [Median (IQR) x103 AU/mL].

Post-vaccination (T1)

n (%) SARS-CoV-2 IgG Ab P

Overall 4264(100) 21�7 (13�1-32�2) –
Gender

Male
Female

1047 (24�6)
3217 (75�4)

18�0 (11�5-28�1)
22�1 (13�9-33�4) < 0�0001

Age group, years
18–30
30–40
40–50
50–60
>60

695 (16�3)
1064 (25�0)
1085 (25�4)
1057 (24�8)
363 (8�5)

25�7 (17�3-36�4)
22�5 (15�5-33�7)
19�6 (12�3-30�9)
19�37 (11�3-30�7)
15�7 (9�8-26�8) < 0�0001*

SARS-CoV-2 reactivity, AU/mL
< 50
> 50

4129 (96�8)
135 (3�2)

20�8 (13�0-31�8)
30�4 (19�1-41�6) <0�0001

* Kruskal Wallis test; pairwise comparisons revealed significant differences between all age groups (P < 0�001- 0�006), except for 50–60 compared with 40–50 (P = 1�0) (P-
values were adjusted using Bonferroni multicomparison correction). AU, arbitrary units.
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15 days and at 3 months after mRNA vaccine, with this difference
remaining significant within all age groups. Despite limitations
from reduced sample size or distinct IgG serological immunoassays
Fig. 2. Estimated probabilities for an immune response above 4160 AU/mL, by age
and gender before vaccination.

Table 2
HCW characteristics and SARS-CoV-2 IgG antibody titers after vaccination for naïve HCW.

SARS-CoV-2 IgG Ab

Pre-vaccine (AU/ml)

N (%) T0

Overall 3417 (100) <6�8 (-)
Gender
Male 818 (23�9) <6�8 (-)
Female 2599(76�1) <6�8 (-)
P-value 0�32
Age group, yrs
18–30 520 (15�2) <6�8 (-)
30–40 827 (24�2) <6�8 (-)
40–50 900 (26�3) <6�8 (-)
50–60 864 (25�3) <6�8 (-)
>60 306 (9�0) <6�8 (-)
P-value 0�72*
Baseline, AU/mL
T0 < 50 81 (2�4) < 6�8(-)
T0 > 50 3417(97�6) 156 (96–371)
P-value 0�72
* Kruskal Wallis test, pirwise comparisons did not reveal significant differences betw
** Kruskal Wallis test, pairwise comparisons revealed significant differences all groups
*** Kruskal Wallis test, pairwise comparisons revealed significant differences all groups
(p < 0�001);
**** Kruskal Wallis test, pairwise comparisons revealed significant differences between >
(p < 0�0001-0�013) (P-values were adjusted using Bonferroni multicomparison correctio
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might partially explain the lack of consistence, biological differ-
ences associated with sex also represent an important source of
variation that impact the immune response to vaccination [22].
Gonadal hormones and stronger T cell activation are hypothesized
as women immunological advantages in response to vaccination
[22,23]. Sex differences in antibody responses have been well
established in influenza A and B viruses [24].

Even though from over 4000 participants, only 135 presented
with seropositive SARS-CoV-2 IgG levels before vaccination. We
first analyzed the response to vaccination in naïve subjects, and
then included seropositive (possible previous contact with the
virus, asymptomatic HCW) as a small independent group. Individ-
uals who naturally contacted with SARS-CoV-2 are expected to
develop a more rapid and sustained response to COVID-19 vaccines
than naïve individuals [25,26]. In our cohort, the antibody response
was maintained at higher titers in seropositive compared to
seronegative participants for the timepoints T1 and T2, which is
supported by others [13,27–30]. To the best of our knowledge, only
one report showed no difference between vaccinated subjects,
with and without previous SARS-CoV-2 infection [21]. As observed
Post-vaccine (x103 AU/ml)

T1 T2 Fold Decrease (T1-T2)

21�2 (13�2-32�5) 3�2 (2�0-5�2) 6�3 (4�8-8�3)

18�1 (11�2-28�6) 2�9 (1�7-4�8) 6�0 (4�5-7�8)
22�1 (14�1- 33�7) 3�4 (2�1-5�3) 6�4 (4�9-8�4)
<0�0001 <0�0001 <0�0001

26�1 (17�6-37�7) 4�3 (2�9-6�1) 6�1 (4�7-7�8)
22�7 (15�7-33�8) 3�5 (2�3-5�4) 6�3 (4�9-8�3)
19�9 (12�4-31�6) 2�9 (1�8-4�6) 6�7 (5�1-8�8)
19�4 (11�4-30�7) 2�9 (1�7-5�0) 6�0 (4�7-8�0)
16�7 (10�7-28�8) 2�8 (1�7-4�2) 5�9 (4�2-7�5)
<0�0001** <0�0001*** <0�0001****

21�1 (13�2-32�1) 3�3 (2�0-5�1) 6�3 (4�9-8�3)
31�6 (17�9-42�2) 7�8 (3�5-13�8) 3�7 (2�5-5�5)
<0�0001 <0�0001 <0�0001

een groups;
, except for 40–50 vs� 50–60 years and 50–60 vs� >60 years� (p < 0�001-0�02);
, except for 40–50. vs 50–60 years, 40–50 vs. > 60 years and 50–60 vs. > 60 years

60 vs. 30–40 and 40–50, <30 vs. 40–50, 30–40 vs. 50–60 and 40–50 vs. 50–60 years
n). AU, arbitrary units.
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in other studies [7,20], both seropositive and seronegative subjects
had significant antibody decline at 3 months versus 15 days fol-
lowing vaccination.

Although we observed a significant increase in SARS-CoV-2 IgG
titer from T0 to T1 (15 days after second dose vaccination), only
2.5 months after T1 (at T2) we found a significant 6�3-fold decrease
in antibody levels. In agreement, significant declines were also
observed in other cohorts at 3 months post-COVID-19 mRNA vac-
cination [20,21]. Long-term antibody kinetics in vaccinated sub-
jects remain largely unknown, however a peak of anti-S IgA and
IgG titers has been observed 5 weeks after immunization with a
decline by 15 weeks after the second dose of vaccine [7]. Cumula-
tively, in other human seasonal corona virus and MERS infections,
similar declines on antibody response were reported, with a short-
lasting protective immunity [31].

Emerging information on COVID-19 mRNA vaccine, mostly from
small studies with short follow up, are in line with data presented
here. We designed a cohort study to assess humoral immunity
response (SARS-CoV-2 IgG levels) in over 4000 subjects, at pre-
vaccine, and two weeks, three months, six months, and a year after
the second dose. This real-world post-vaccination data revealed
significant titters of anti–SP1-RBD, confirming high protection
rates. After 3 months follow up, findings suggest that being female,
seropositive for SARS-CoV-2 or younger before vaccination are
important predictors for developing a robust humoral immune
response to BNT162b2 mRNA vaccine. Despite early significantly
elevated antibody levels 15 days post-vaccination, we noticed a
6�3-fold decrease at 3 months follow-up, pinpointing the need to
track humoral immunity kinetics to uncover viral susceptibility
and re-vaccinate. Serological analyses might add knowledge to
refine testing strategies for those requiring closer monitoring or
earlier vaccination, to ensure effective immunity and protection
against infection.
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