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During the COVID-19 pandemic, Portugal has experienced three distinct SARS-CoV-2
infection waves. We previously documented the prevalence of SARS-CoV-2 immunity,
measured by specific antibodies, in September 2020, 6 months after the initial moder-
ate wave. Here, we show the seroprevalence changes 6 months later, up to the second
week of March 2021, shortly following the third wave, which was one of the most severe
in the world, and 2 months following the start of the vaccination campaign. A longitu-
dinal epidemiological study was conducted, with a stratified quota sample of the Por-
tuguese population. Serological testing was performed, including ELISA determination of
antibody class and titers. The proportion of seropositives, which was 2.2% in September
2020, rose sharply to 17.3% (95% CI: 15.8–18.8%) in March 2021. Importantly, circulat-
ing IgG and IgA antibody levels were very stable 6 months after the initial determina-
tion and up to a year after initial infection, indicating long-lasting infection immunity
against SARS-CoV-2. Moreover, vaccinated people had higher IgG levels from 3 weeks
post-vaccination when compared with previously infected people at the same time
post-infection.
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Introduction

On January 30, 2020, the WHO declared that the outbreak SARS-
CoV-2 constituted a Public Health Emergency of International
Concern (PHEIC), followed by its characterization as a pandemic
on March 11, 2020. Since then, the infection has spread to almost
every country in the world, with variable attack rates. Accu-
rate estimates of anti-SARS-CoV-2 antibody seroprevalence in the
population remain critical to inform policy to contain and bring
to an end the ongoing pandemic. Seroprevalence studies can
uniquely determine population exposure and correlate with the
quality of immunity, and are more inclusive than PCR-based virus-
detection strategies. For example, they will include the preva-
lence of asymptomatic and pauci-symptomatic cases, individu-
als often missed in symptom-based infection screenings. Impor-
tantly, longitudinal seroprevalence studies provide a quantifica-
tion of the evolution of exposure over time and associated demo-
graphics. Moreover, longitudinal designs can inform the duration
of antibody seropositivity. From the start, uncertainties regard-
ing immune response and the duration of immunity against a
novel mucosal coronavirus were raised. We now have reports
of good levels of antibodies, present at least 6 months post-
infection, and T cell immunity [1–10]. Nevertheless, the majority
of these studies use specific samples, such as health care work-
ers, and do not provide a complete cross-sectional picture of the
population.

The true level of incidence of the infection is difficult to ascer-
tain from official case reports, as has been shown by serological
prevalence studies from multiple countries [11–14]. For example,
we conducted a national level study based on a stratified quota
sample of the prevalence of people positive for antibodies against
SARS-CoV-2, in September 2020, before the second wave of infec-
tion, as an indicator of past infection, and concluded that three to
four times as many people had been infected than the official case
number reports [15]. Moreover, this factor of extra infections was
different among age groups, being approximately ninefold in peo-
ple younger than 18 years. This difference between the number of
registered cases and actual infections can be due to the number of
asymptomatic or mild infections that go undetected, and overall
testing policies.

Here, we report the results of a follow-up seroprevalence study
performed from March 1 to March 17, 2021, after the large
increase of cases seen in January. Our primary objective was to
assess the proportion of people with SARS-CoV-2 specific antibod-
ies in Portugal, and how this varied by age group and population
density. An important issue to determine an accurate estimate of
the proportion of previous infections is how long antibodies can
be detected after viral infection [1, 7, 17, 18]. Thus, in this follow-
up study, we also analyzed the antibody levels of people, who had
tested positive in the first study, many of whom were infected dur-
ing the first wave, up to ∼1 year before. Finally, because the vac-
cine rollout was initiated in Portugal at the end of December, we
also kept track of the fraction of people vaccinated. Altogether, we
found a 17.3% seroprevalence level in Portugal and that the vast
majority of people maintain detectable antibodies, with some of

these people almost 1 year after initial infection. This result pro-
vides insights into SARS-CoV-2-specific antibody waning.

Results

SARS-CoV-2 antibody seroprevalence in the
Portuguese population

In many countries, the epidemic proceeded in waves. Portugal is
a good example of this pattern (Fig. 1A). The first case of SARS-
CoV-2 infection was officially reported on March 2, 2020, at the
beginning of the first wave, which led to multiple early contain-
ment measures. There was a second much larger rise in the inci-
dence of infection in the months of October-November, followed
by a severe third wave during January 2021, when Portugal was
for a few weeks one of the countries in the world with the most
new deaths per million people (Fig. 1B).

We conducted a follow-up to our seroprevalence study of
September 2020 [15], with blood collections for serological
assays between March 1 and March 17, 2021, when there were
∼810,000 confirmed cases in Portugal (with 58.3% of these cases
occurring in December and January, Fig. 1A [16]). From the par-
ticipants in that study, we recruited 2172 people, who had pre-
viously tested negative (negative cohort - NC), and 263 people,
who had previously tested positive (PC). In the NC, 43.6% were
men (n = 948), and 10.3% (n = 224) were younger than 18,
46.3% (n = 1006) were between 18 and 54 years old, and 43.4%
(n = 942) were 55 years or older. We asked about the participant
status regarding vaccination against SARS-CoV-2 and 173 (7.1%)
participants indicated that they had at least one dose of a vac-
cine (156 in the NC, and 17 in the PC). In Table 1, we show the
characteristics of the two cohorts.

We tested all participants for specific antibodies against SARS-
CoV-2 RBD using a commercial assay (see Materials and Meth-
ods for details). Not including vaccinated people, there were 2016
people in the NC and 246 people in the PC, of these 214 tested
positive in the NC and 239 in the PC. With these results, and
adjusting for the strata (age groups and population density of
place of residence), as well as sensitivity and specificity of the test,
the global seroprevalence found in this study was 13.1% (95%
CI: 11.8–14.6%) due to viral infection only (Table 2). In addition,
considering the vaccinated people, who had already developed
antibodies (more below), the fraction of seropositive in the popu-
lation increases to 17.3% (95% CI: 15.8–18.8%).

Analyzing the results by the strata (Table 2), including all
seropositive, whether by viral infection or vaccination, we found
similar fraction of seropositivity by population density, 17.3%
(95% CI: 15.0%–19.6%) for high density (>500 people/km2) and
17.0% (95% CI: 15.0%–19.0%) for low/medium density (≤500
people/km2). Furthermore, in terms of age groups the seropreva-
lence was 15.0% (11.0%–19.6%) in people <18 years old, 20.2%
(17.8%–22.4%) for the 18–54 years old, and 14.2% (95% CI:
12.1%–16.3%) for ≥55 years old, which reflects the priorities of
vaccination early on in the campaign in Portugal. This vaccination

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu



Eur. J. Immunol. 2022. 52: 149–160 Immunity to infection 151

Table 1. Socio-demographic characteristics of the study sample

Cohort "NC" Cohort "PC"

n % N %

Sex
Male 948 43.6% 126 47.9%
Female 1224 56.4% 137 52.1%

Age categories
<18 years 224 10.3% 40 15.2%
18-54 years 1006 46.3% 132 50.2%
≥55 years 942 43.4% 91 34.6%

Population density
Low or Medium 1162 53.5% 100 38.0%
High 1010 46.5% 163 62.0%

Household size
1 person 390 18.0% 24 9.1%
2 to 4 people 1649 75.9% 216 82.1%
≥5 people 133 6.1% 23 8.7%

Education
Less than high school 619 29.4% 73 27.8%
High school, post high school (no undergraduate degree) 749 35.5% 73 27.8%
Undergraduate or graduate degree 704 33.4% 108 41.1%
Other 37 1.8% 9 3.4%

Occupation
Employed 1272 58.6% 156 59.3%
Unemployed 115 5.3% 13 4.9%
Student 263 12.1% 47 17.9%
Retired 438 20.2% 36 13.7%
Other, Disability, Homemaker 84 3.9% 11 4.1%

Professional sector
Commerce, Industry and Building 229 18.0% 28 10.6%
Administration / services 338 26.6% 35 13.3%
Education 190 14.9% 21 8.0%
Health 121 9.5% 22 8.4%
Health (no clinic) 42 3.3% 7 2.7%
Transportation 43 3.4% 3 1.1%
Other 309 24.3% 40 15.2%

Current working arrangement (employed workers)
Teleworking 345 13.2% 43 27.7%
Physically at work, only in contact with colleagues 386 14.8% 54 34.8%
Physically at work, no contact 72 2.8% 11 7.1%
Physically at work, contact with public 407 15.6% 43 27.7%
Mixed arrangements 62 2.3% 4 2.6%

Body Mass Index
Normal or underweight 905 45.9% 95 42.0%
Overweight 713 36.2% 90 39.8%
Obese 353 17.9% 41 18.1%

Smoking status
Non-smoker 1366 64.8% 198 75.3%
Ex-smoker 415 19.7% 44 16.7%
Smoker 328 15.6% 21 8.0%

Physical Exercise
No 1141 52.5% 138 52.5%
Yes 1031 47.5% 125 47.5%

COVID-19 Vaccine
No 2016 92.8% 246 93.5%
Yes 156 7.2% 17 6.5%
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Figure 1. Comparison of the evolution of the COVID-19 pandemic in Portugal and other selected European countries. Overview regarding SARS-
CoV-2 infections for counties indicated, obtained from March 1, 2020 to April 1, 2021. (A) Number of new cases per million and (B) number of new
deaths per million. These figures demonstrate the severity of the large third wave of cases in January in Portugal (black line) when compared with
other select neighboring countries (Spain, France, Italy) and other countries of similar population size (Belgium,Czechia,Netherlands, and Sweden).
Data from “Our World in Data” (https://ourworldindata.org/coronavirus).

bias is clear if we compare these numbers with the seroprevalence
estimated from viral infection only: 15.0% (11.0%–19.6%) in peo-
ple <18 years old, 13.8% (11.7%–15.8%) for the 18–54 years old,
and 10.9% (95% CI: 9.0%–12.9%) for ≥55 years old.

Evolution of SARS-CoV-2 antibody seroprevalence in
the Portuguese population over the past 6 months

When we compare the results of seroprevalence obtained in this
study, with its precursor 6 months before, we see that the over-
all prevalence increased from 2.2% to 13.1%, due to viral infec-
tion. The increase in seroprevalence was similar in the younger
age group (<18 years) and intermediate age group (18-54 years)
from 2.4% to 15.0% and from 2.3% to 13.8%, respectively; but
smaller in the eldest group, from 1.9% to 10.9%. In terms of pop-
ulation density, in September we obtained a significantly higher
prevalence in high population density regions, but now the rela-
tive gap narrowed, since we found, considering only viral infec-
tion, 13.5% prevalence in high-density regions and 12.5% in the
other regions.

It is also interesting to compare the total number of cases
estimated by these seroprevalence studies to the official num-
ber of cases reported by the Portuguese authorities. In September
2020, we found an overall prevalence of 2.2% o for antibod-
ies against SARS-CoV-2 in the Portuguese population, corre-
sponding to about 226,000 people, considering the 10.3 million
people living in Portugal. In the current study, we found a preva-
lence of 13.1% antibody positive due to natural infection, cor-
responding to about 1,350,000 people. Assuming that it takes
an average of 2 weeks from the time of infection for people
to become seropositive [19–21], this seroprevalence reflects the
extent of SARS-CoV-2 infection in Portugal 2 weeks before each
study. Comparing with the cumulative confirmed cases in Portu-
gal (58,243 on September 1, 2020 and 797,525 on February 21,
2021) [16], we can see that the multiplicative factor decreased
from more than three to less than two, suggesting a higher testing
rate.

In terms of vaccination, there were 0 people in September
2020, before any vaccine had been approved, and there were
7.1% of people who reported being vaccinated in the current
study. This value compares well with the reported number of

Table 2. SARS-CoV-2 antibody seroprevalence estimates in Portugal, March 2021. Estimates of seroprevalence for the population of Portugal, and
by region of population density and age group. The n indicated in the table corresponds to the sample assessed, and is for information purposes

Total Non-vaccinated only

n Seroprevalence 95% CI n Seroprevalence 95% CI

Overall 2435 17.3% 15.8-18.8 2262 13.1% 11.8-14.6
Population density High (>500/km2) 1173 17.3% 15.0-19.6 1104 13.5% 11.5-15.7

Low/Medium (<500/km2) 1262 17.0% 15.0-19.0 1158 12.5% 10.7-14.4
Age group < 18 years 264 15.0% 11.0-19.6 264 15.0% 11.0-19.6

18-54 years 1138 20.2% 17.8-22.4 1047 13.8% 11.7-15.8
≥55 years 1033 14.2% 12.1-16.3 951 10.9% 9.0-12.9
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people with at least one dose of vaccination, at 6% on February
28 and 8% on March 14 [22].

Quantification of antibodies against SARS-CoV-2

In September 2020, in the first phase of this longitudinal study,
we quantified, using our in-house ELISA assay (see Materials and
Methods), the titers of antibodies in 204 people, who also partic-
ipated in the March 2021 phase of the study. Now, i.e., 6 months
following the first determinations, we performed the same quan-
tification in 201 of those same people (for the other 3, no sam-
ple was available). Of these, 13 had received at least one dose
of a vaccine and were excluded from the analysis. Importantly
all 188 (non-vaccinated) previously screened seropositive persons
remained seropositive 6 months later. When comparing antibody
levels at the two time periods within each person, we found a
reduction in IgM (P = 0.0006) and IgG (P = 0.0095) levels 6
months following the first assessment, but no significant differ-
ence in IgA (P = 0.1548; Fig. 2A). One individual had a substan-
tial increase in IgG titer, suggesting reinfection with SARS-CoV-
2. We next plotted the antibody titers over time since infection
(confirmed by PCR or suspected due to symptoms) to provide an
overview of the change in antibody levels within an individual
since infection (Fig. 2B). Twenty-two subjects were removed due
to an unknown date of infection. Overall, the data demonstrate
the longevity of antibodies, up to 12 months after initial infection
(Fig. 2B). We calculated the half-life of antibody decay using a lin-
ear mixed-effect model, and found that t 1

2 ∼ 29 months for IgM,
t 1

2 ∼ 28 months for IgG, and no decay for IgA. To account for
the initial contraction phase taking place after the peak in anti-
body production, we separated the participants into two groups,
according to how long after infection their antibody titers had
been first analyzed: (i) less than 4 months or (ii) more than 4
months since infection, as reported by each individual in the ques-
tionnaire. Participants in the first group show a reduction in IgM
and IgG levels, but stable IgA levels when we compare the two
titer determinations 6 months apart (Fig. 2C). Those participants
for whom the first antibody assay was done 5–7 months after
infection show more stable levels for IgM and IgG isotypes at the
second determination 6 months later (Fig. 2D), while IgA showed
a small but significant increase. Collectively, this indicates that
during the initial contraction phase, there is some waning of IgM
and IgG antibodies levels, which subsequently stabilize resulting
in detectable levels anti-SARS-CoV-2 Spike antibodies for the first
year after viral infection (Fig. 2).

To understand if antibody immunity against SARS-CoV-2 had
altered after the first wave, we quantified the levels of antibod-
ies for 194 newly infected and non-vaccinated people, of whom
178 knew an approximate date of infection. These people who
tested positive only in the second phase of the study had lev-
els of IgG and IgA antibodies higher than the titers detected in
the participants who were seropositive in the first phase of the
study (Fig. 3A). To try to understand this difference, we note that
the mean time since infection until assessment in the study in

September was 151 days, whereas for the newly positive people
in March, this median time was 76 days. This is consistent with
the first phase of the study occurring several months after the first
wave, in March-April 2020; and the second screening occurring
shortly after the severe third wave in January 2021. Grouping the
people according to months since their infection indicated similar
antibody levels after the first or second and third waves (Fig. 3B).
This confirms that the quality of the antibody response against
SARS-CoV-2 remained constant after the first wave.

We also analyzed the level of antibody in non-vaccinated par-
ticipants by gender at birth, age, BMI, and smoking status con-
trolling for time since infection when known, using general lin-
ear models. We found no differences by gender or BMI. However,
when controlling for time since infection, older people tended to
have higher levels of antibodies (IgM, IgG, and IgA, P = 10–5,
P = 0.006 and P = 0.022, respectively) than younger people, and
non-smokers also had higher levels of antibodies (IgG and IgA,
P = 0.0078, P = 0.012, respectively) than smokers, even when
we controlled for age group and gender (P = 0.021, P = 0.013,
for IgG and IgA, respectively).

SARS-CoV-2 vaccination in Portugal started December 27,
2020. We quantified antibody titers in 161 people, who reported
in their questionnaire that they had the first dose of the vaccine
between 1 and 73 days prior to providing a blood sample. Of
these 13 were in seropositive participants from the first phase.
Vaccines are intramuscular and in accordance, we observe little
RBD-specific IgM, but robust induction of IgG after the first 2
weeks, which may outcompete other isotypes for RBD binding in
an ELISA setup, and modest IgA (Fig. 4A). Importantly, within the
group of confirmed seropositive after viral infection with SARS-
CoV-2 from our first study as expected vaccination did not signif-
icantly increase RBD-specific IgM levels, but significantly boosted
IgG and IgA levels as shown by our current analyses (Fig. 4B).

Comparing antibody levels generated by a viral infection or the
first dose of the vaccine (Fig. 4C), grouping people by time since
infection or vaccination, showed high variability in the induced
levels of antibodies, especially after viral infection; and that viral
infection elicits stronger IgM, IgA, and IgG responses early on,
but, at least for IgG, vaccine induced-levels are higher from 3
weeks after dosing. These data underscore the potential of vac-
cines to maximize anti-RBD IgG responses.

Discussion

We present the findings of a population-based longitudinal study,
conducted with a stratified quota sample of the Portuguese popu-
lation, covering two distinct periods during the SARS-CoV-2 pan-
demic. Our first study was in September 2020, 6 months after
a modest first SARS-CoV-2 wave in March to May 2020, and
showed a low seroprevalence of 2.2%, approximately 226,000
people [15]. The current follow-up study followed the sec-
ond and third wave, the latter of which was very severe. Fur-
thermore, the Portuguese national vaccination program started
on December 27, 2020, albeit at a small scale due to limited
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Figure 2. Evolution of antibody levels between the two phases of the longitudinal study. Donors who tested positive for antiSARS-CoV-2 RBD
antibodies in September 2020 (first symbol) were re-assessed 6 months later, March 2021 (second symbol), for the level of anti-SARS-CoV-2 RBD
antibodies, IgM, IgG, and IgA by ELISA using serial dilutions. A) Comparison of IgM, IgG, and IgA (from left to right in all rows) of the same individuals
assayed in the two periods (n = 188), showing a significant decay in IgM and IgG, but not IgA, in a paired analyses over the two time points. (B) Same
individuals as (A) but plotting each person’s two antibody titer measurements versus time since their infection, which occurred at the time of PCR
positive test or symptoms, as reported by the participants. First symbol indicates time from infection for the first titer measurement (in the first
phase of the study), connected to the second time point of the same individual 6 months later in the current phase of the study (n = 166). (C) Same
as (B) but including only those participants whowere infected less than 4months before the September 2020 serology study (n = 49), showing small
but significant early declines in IgM and IgG titers (but not IgA). (D) same as (B) but including only those participants who were infected more than
4 months before the September 2020 serology study (n = 117), showing that from month 5 after infection onwards there was no significant decline
in IgM or IgG titers. Together (C) and (D) show that early after infection there is a decline in antibody titers, but this decline slows down or is even
absent later on. Red lines indicate average. P-values for two-sided Wilcoxon sing-rank test for matched pairs.
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Figure 3. Comparison of antibody levels for people seropositive for the first time in September 2020 or March 2021 phases of the study. Serum
samples from individuals infected with SARS-CoV-2 in the first 6 months of the pandemic (and thus were positive in the first phase of our study)
were compared with individuals infected in the second 6 months (and thus were positive for the first time in the second phase of our study), for
the level of anti-SARS-CoV-2 RBD antibodies, IgM, IgG, and IgA by ELISA using serial dilutions. (A) Comparison of the levels of antibodies (IgM, IgG,
and IgA) between participants who were positive in September 2020 (n = 188, blue) and those who were positive in March 2021 (n = 194, white),
showing apparent larger titers of IgM and IgG in people infected after September 2020. (B) Same as (A), but binning the participants by time since
infection, with participants positive in September 2020 in grey (n = 166) and those positive in March 2021 in white (n = 178). Box and Whiskers plot
show 10–90 percentile. This panel shows that there are no differences in antibody levels between the two cohorts and the differences in panel A)
are due to different distributions in time since infections. P-values for two-sided Mann–Whitney tests.

supply in the beginning of 2021 and with priority given to health-
care staff and elderly care home residents (this latter group is
not included in our study). Reflecting the high SARS-CoV-2 inci-
dence in this period and the initial vaccination effort, over the
first 12 months of the pandemic (until March 2021) we found
a seroprevalence of 13.1% due to viral infection, corresponding
to about 1,350,000 people. Considering that the number of offi-
cial PCR-confirmed cases reported at the beginning of September
2020 and in late February 2021 were ∼58,000 and ∼797,000,
respectively [16]. The ratio between serological test and reported
PCR positive cases reduced from approximately 3.9 to 1.7, reflect-
ing the increased capacity for testing since the first wave hit Portu-
gal [23]. Furthermore, allowing for a typical delay of three weeks
from infection to death, the 16,684 deaths officially registered on
March 14, 2021, suggest an overall infection fatality rate of 1.2%,
at the top end of those reported in total populations using serol-
ogy data (0.5%–1.2%) [15, 24–26], and increased from the 0.85%
found in September 2020, reflecting the dire situation in Portugal

during January 2021. When we also consider vaccinated people,
the seroprevalence increased to 17.3% nationwide, approximately
1,782,000 people. This value is consistent with another (unpub-
lished) study of seroprevalence in Portugal conducted between
early February and late March, which found 15.5% seropositive
people, including vaccinated [27].

We previously reported antibody kinetics during and shortly
after acute SARS-CoV-2 infection [1]. These kinetics shows a char-
acteristic rapid increase peaking at 3–4 weeks post-infection fol-
lowed by a subsequent contraction phase, but with the continued
presence of SARS-CoV-2-specific antibodies at least until months
6–7 post-infection, and with rapid increases of the three isotypes
assessed, similar as reported for the SARS and MERS responses [1,
28, 29]. An important question in SARS-CoV-2 immunology and
also in the interpretation of serology studies, is how long seropos-
itivity lasts. We made use of our established sensitive lab-based
ELISA, to quantify the antibody levels in 188 people, who were
seropositive in the first phase of our longitudinal study, and who
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Figure 4. Antibody levels for participants after the first dose of SARS-CoV-2 vaccine. Serum samples from individuals vaccinated against SARS-
CoV-2 were assessed for the level of anti-SARS-CoV-2 RBD antibodies, IgM, IgG, and IgA by ELISA using serial dilutions. (A) Levels of IgM, IgG, and
IgA (from left to right) for vaccinated participants (n = 148) grouped by time since the first vaccine dose. Note that, in most cases, a vaccine boost
was given at 4 weeks,which can clearly be seen in the IgG titers. Red line indicates the geographic mean. (B) Antibody levels for the few participants
who had been infected before receiving the vaccine (n = 13), clearly showing the boosting effect of a single dose of the vaccine in IgG and IgA. (C)
Comparison of antibody titers after viral infection (grey, n = 287, includes data from [1]) or vaccine dose (1st dose 1–28 days, 2nd dose after 28 days)
(white, n = 148) by time in days since that event (infection or vaccination). Box and Whiskers plot show 10–90 percentile. P-values in (A) are for
Kruskal-Wallis test with Tukey correction for multiple comparisons; in (B) are for two-sided Wilcoxon signed-rank test for matched pairs; and in
(C) are for two-sided Mann-Whitney tests at each time period.

were re-assessed in the current study. For many of these people,
we know the date of diagnosis by PCR or the suspected date of
infection by symptoms and epidemiological contact. We found an
initial antibody waning for the isotypes IgM and IgG within the
first four months after viral infection, with significantly reduced

levels of SARS-CoV-2 RBD-specific IgM and IgG levels in longi-
tudinal testing. Of interest, IgA levels remained stable. After this
initial decay, there is a plateau phase with those individuals first
sampled five-seven months after infection showing stable levels of
anti-SARS-CoV-2 RBD IgM, IgG, and IgA over time, with a trend
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indicating continued, but modest, antibody waning, maintaining
detectable antibody levels up to 12 months after the initial infec-
tion in all sera tested. Indeed, it is remarkable that in all 188 peo-
ple for whom we quantified titers in September 2020, and who
represent a cross-sectional sample of the Portuguese population,
we could still detect antibodies (IgA, IgM, IgG) in March 2021. For
these participants, we estimated very slow decays in antibody lev-
els, with half-lives of >2 years, which is substantially longer than
previously reported [8]. This is likely explained by our finding
that there seem to be two phases of decay, an initial contraction in
antibody levels followed by a more stable plateau. The patients in
the report by Dan et al. [8] were, in general, assayed earlier after
infection than our participants. In fact, if we calculate the half-
life of patients identified earlier than 4 months post-infection, it is
much shorter at ∼300 days for both IgM and IgG, closer to those
reported previously.

We also analyzed the effects of vaccination on antibody levels.
For the most part, we confirmed expected results, with increas-
ing levels of IgG and IgA detected after the first two- or 3-
weeks post-vaccination, and a significant boost in antibody lev-
els for those isotypes in people who had been infected before. It
is important to note that even after just the first dose of vaccine
(in Portugal at this time only the vaccines by AstraZeneca and
Pfizer/BioNtech were approved) the levels of IgG generated are
substantial and after 3 weeks tend to be even higher than viral
infection, at a similar time. These results are important to inform
models for most efficient vaccination strategies in the population
[39].

Our study has some limitations. In the current study, we used
a random sample from the participants in the original study [15],
matching several characteristics to the Portuguese population for
better representation. However, the 28% non-participation rate
(2173 of 3000 invitations), in line with the numbers of other
population-based studies [11, 24, 40], may introduce some bias
in the sample, which is only partly ameliorated by our stratifica-
tion strategy. Another issue is that we measured antibody titers,
but not neutralization levels, which is arguably a better surro-
gate of immune protection [6, 10]. However, as a measure of
past infection, how long antibodies last, and how to interpret
serological studies, the levels of IgM, IgG, and IgA as assayed
here are the gold standard. Moreover, antibody levels measured
by ELISA and neutralization titres are typically well-correlated
[3]. It is also possible that some of the vaccinated people were
infected before receiving the vaccine, and our assays does not dis-
tinguish between viral infection and vaccination. Thus, our esti-
mate of viral infection could be slightly higher, however, this is
mitigated by current guidelines in Portugal, which delay vacci-
nation to previously infected people until a later phase of the
campaign.

In spite of these limitations, our study is one of the few
assessing seropositivity longitudinally in a large population-
wide National sample, allowing calculation of antibody waning.
Most other recent National-level studies with multiple serological
assessment campaigns use a cross-sectional, rather than a longi-

tudinal design [27, 41-43]. One recent study with a longitudinal
design was conducted in the Faroe Islands [44], with results com-
parable to what we present here, especially in terms of two phases
of decay and long duration of antibody positivity.

Serological studies rely on the maintenance of antibody levels
to identify those who are immune and to quantify the extent of
infection in populations. We found that antibody levels are mea-
surable in the vast majority of people with times since infection
spanning 3 to 12 months. This suggests good quality immunity is
likely able to reduce illness severity upon reinfection and reduce
future transmission in the population. In addition, it indicates
the feasibility to retrospectively interrogate SARS-CoV-2 infection
rates with help of serological studies at least a year into the pan-
demic.

Materials and methods

Study design, population, and sample size

We conducted an observational, follow-up study to our previ-
ous non-institutionalized population seroprevalence study from
September 2020. From the participants in that study, we invited
for the current study a random sample from among those who
were seronegative – we call this the previously NC – and all the
participants (n = 296) who tested positive for total antibodies
against SARS-CoV-2 – we call this the previously PC. The global
sample size was determined to allow no more than a 1.5% mar-
gin of error, at a 95% confidence level, for an expected preva-
lence of antibody positivity of 10%. With these assumptions, we
estimated a sample of 2260 people, 2000 in the NC and 260 in
the PC. To reach the desired sample size in the NC, we invited
3000 people from among those participants in our September
study who were seronegative, which included over 13,000 people
[15]. These 3000 people were selected randomly in strata by age
group (<18, 18 to 54, ≥55 years) and by population density of the
place of residence (≤500, >500 people/km2). In addition, using
appropriate probabilities of inclusion in the sample, we ensured
that the distributions by sex, household size, and level of formal
education were consistent with those in the overall population of
Portugal.

We used the PC cohort to analyze the evolution of the antibody
levels in people who tested positive in the previous study.

Informed consent was obtained from all participants aged 16
years or older. In addition, parental or legal guardian consent was
required for all participants below 18 years old. Participants were
excluded if they had any contraindication for phlebotomy. Prior
diagnosis of SARS-CoV-2 infection was not an exclusion criterion.

The study was conducted in compliance with data protection
regulations in Portugal and was approved by the Ethics Commit-
tee of the Centro Académico de Medicina de Lisboa (CAML – the
Lisbon Academic Medical Centre), under reference # 484/20 of
February 23, 2021.
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Serological tests and procedures

All blood collections and serological tests were done by Cen-
tro de Medicina Laboratorial Germano de Sousa (CMLGS), an
ISO 9001:2015 certified private laboratory, which performs sero-
logical tests for SARS-CoV-2 according to the clinical guidelines
issued by the Directorate-General of Health (DGS), within the Por-
tuguese Ministry of Health. CMLGS coordinated blood collection
through their national network of collection sites, which allowed
the participants to visit the center that was more convenient for
them. Each participant donated 7–9 ml of blood collected into
tubes with separation gel and without any anti-coagulant, for a 4–
5ml serum sample, obtained by centrifugation. All samples were
transported to the central laboratory, according to usual proce-
dures, where they were assayed.

Total antibodies, IgM plus IgG, against SARS-CoV-2 receptor-
binding domain (RBD) of the Spike protein were assessed using
a chemiluminescent immunoassay test, Siemens® SARS-CoV-2
Total (COV2T) (Advia Centaur Siemens, Siemens Healthcare,
Portugal) using the Atellica® IM Analyzer in a diagnostic
lab setting and according to the manufacturer’s instructions.
Detailed information can be found at https://www.siemens-
healthineers.com/en-us/laboratory-diagnostics/assays-by-
diseases-conditions/infectious-disease-assays/cov2t-assay. The
overall sensitivity and specificity of this test are 98.1% and
99.9%, respectively, as estimated in a large study by indepen-
dent researchers [45]. We used these values to correct the
seroprevalence estimates with the Rogan-Gladen estimator [46].

A majority of the samples that tested positive for total antibod-
ies were sent to Biobanco-iMM, Lisbon Academic Medical Cen-
tre, and stored at −80°C. Then they were further tested to quan-
tify the level of antibodies using our in-house developed pro-
tocol described in detail in [1, 47]. Briefly, flat-bottom 96-well
plates (Microlon plates medium binding; Greiner) were coated
with recombinant protein RBD or Spike prepared in PBS at a
concentration of 2 μg/ml (50 μl/well). Plates were blocked with
200 μl/well of 3% non-fat milk powder in PBS-1%T for 1 hour
at room temperature and then washed with PBS-T 3×, 6×, or
10×, as described previously [1]. Serum samples were diluted in
PBS-0.1%T + 1% non-fat milk powder, added (100 μl/well) and
incubated for 1–2 h at room temperature, washed with PBS-T 3×,
6× or 10×. Hereafter several antibody isotypes, namely IgG, IgM,
and IgA antiSARS-CoV2 were detected using HRP-labelled goat
anti-human IgG Fc (Abcam, ab97225), IgM mu chain (Abcam,
ab97205), IgA alpha chain (Abcam, ab97215), respectively. OD
at 450nm was measured via SPARK (TECAN) plate reader. Each
plate contained Quality control (QC) samples, composed of a pool
of positive samples, tested in a high and low dilution.

To compare antibody titers after vaccination with those after
viral infection, we included additional samples previously pro-
cessed with identical method and reported in Figueiredo et al. [1].
These samples, from our previous study, were obtained shortly
after infection and provide a better comparison with the vacci-
nated people, who we sampled in the current study shortly after
vaccination.

Data collection and outcomes

All participants completed a questionnaire with socio-
demographic, general health, and clinical/epidemiological
questions regarding SARS-CoV-2 exposure, including symptoms
of interest, as well as COVID-19 vaccination status. The full
questionnaire was presented before [15].

The primary outcome was the proportion of serological posi-
tive cases in each of the twelve strata (six for each cohort), defined
as the fraction of participants who tested positive for SARS-CoV-2
specific antibodies in the COV2T assay. With these fractions, we
inferred the seroprevalence in the Portuguese population, adjust-
ing for the weights of the strata and correcting for sensitivity and
specificity of the tests. The secondary outcome included the pro-
portion of previously positive people that remained positive, and
the quantification of any decline in antibody levels.

Statistical analyses

We used sample weights to adjust the seroprevalence extrapolat-
ing from our strata (age groups and population density of the
place of residence) to the whole population. In addition, we com-
bined the results of seroprevalence in the two cohorts NC and
PC, with appropriate weights for each, based on the results of the
previous study [15], to obtain the overall estimation of seropreva-
lence in Portugal. We performed these calculations in two ways,
excluding or including the people, who indicated that they had
been vaccinated before the study.

The prevalence was calculated as weighted proportion and
to calculate confidence intervals, we used the methodology
described in [48], i.e., we used the exact limiting terms for the
binomial parameter adapted for weighted proportions and com-
bined stratum specific confidence intervals with the use of the
adequate rescaling factor as proposed in [48].

We compared continuous variables (such as antibody titers)
using non-parametric tests (Wilcoxon sign-rank test for paired
design, Mann-Whitney for unpaired designs, and Kruskal-Wallis
to compare more than two groups, with Tukey correction for mul-
tiple comparisons). To analyze antibody levels with time since
infection (or vaccination), we used the dates of known PCR pos-
itive test or COVID-19 symptoms, when known from the partici-
pants questionnaire. We then calculated the decay of (log) anti-
body titers over time using linear-mixed effects models, where
participant was the random factor. The half-life of antibodies
is then given by log(1/2)/slope of decay. We used general lin-
ear models to control for time since infection, when studying
differences of antibody levels by gender, age, body mass index
(BMI), and smoking status. We did not input any missing val-
ues. All statistical analyses were two-sided, the significance level
was α = 0.05, and reported confidence intervals are at the
95% level. Statistical analyses were done using R (version 3.6.1,
R Foundation for Statistical Computing, Vienna, Austria) and
GraphPad Prism 6.01 (GraphPad Software, San Diego, California
USA).

© 2021 The Authors. European Journal of Immunology published by
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