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Abstract

Coronavirus 2019 (COVID-19) is a global health threat. The kinetics of antibodies against

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) need to be assessed, as

the long-term duration of these immunoglobulins remains largely controversial. The aim of

this study was to assess the longitudinal dynamics of anti-SARS-CoV-2 antibodies against

the nucleocapsid (N) protein and the receptor-binding domain (RBD) of the spike protein up

to one year in a cohort of 190 COVID-19 patients. Between March and September 2021, we

enrolled patients from two regional hospitals in Casablanca, Morocco. Blood samples were

collected and analyzed for antibody levels. We used the commercial Euroimmun ELISA for

the determination of anti-N IgM, the Abbott Architect™ SARS-CoV-2 IgG test for the detec-

tion of anti-RBD IgG, and an in-house kit for the assay of anti-N IgG and anti-N IgA. IgM and

IgA antibodies were assessed 2–5, 9–12, 17–20 and 32–37 days after symptom onset. IgG

antibodies were also assessed 60, 90, 120 and 360 days after symptom onset. One-third of

patients developed IgM (32%), while two-thirds developed IgA (61%). One month of symp-

tom onset, most patients developed IgG, with 97% and 93% positivity for anti-RBD IgG and

anti-N IgG, respectively. The anti-RBD IgG positivity rate remained high up to one year of

follow-up. However, the anti-N IgG positivity rate decreased over time, with only 41% of

patients testing positive after one year’s follow-up. IgG levels were significantly higher in

older people (over 50 years) than in other study participants. We also found that patients

who had received two doses of ChAdOx1 nCoV-19 vaccine prior to infection had a lower

IgM response than unvaccinated patients. This difference was statistically significant two

weeks after the onset of symptoms. We present the first study in Africa to measure the kinet-

ics of antibody response (IgA, IgM and IgG) to SARS-CoV-2 over one year. Most partici-

pants remained seropositive for anti-RBD IgG after one year but showed a significant

decline in antibody titers.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0288557 July 12, 2023 1 / 22

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Amellal H, Assaid N, Charoute H, Akarid

K, Maaroufi A, Ezzikouri S, et al. (2023) Kinetics of

specific anti-SARS-CoV-2 IgM, IgA, and IgG

responses during the first 12 months after SARS-

CoV-2 infection: A prospective longitudinal study.

PLoS ONE 18(7): e0288557. https://doi.org/

10.1371/journal.pone.0288557

Editor: Vittorio Sambri, University of Bologna /

Romagna Local Health Authority, ITALY

Received: May 8, 2023

Accepted: June 29, 2023

Published: July 12, 2023

Copyright: © 2023 Amellal et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting information

files.

Funding: This word was funded by the French

Ministry for Europe and Foreign Affairs (MEAE) via

the project REPAIR (International Pasteurian

research program in response to coronavirus in

Africa) coordinated by the Pasteur Network The

funders had no role in study design, data collection

https://orcid.org/0000-0002-3982-6163
https://orcid.org/0000-0002-4375-0077
https://doi.org/10.1371/journal.pone.0288557
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0288557&domain=pdf&date_stamp=2023-07-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0288557&domain=pdf&date_stamp=2023-07-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0288557&domain=pdf&date_stamp=2023-07-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0288557&domain=pdf&date_stamp=2023-07-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0288557&domain=pdf&date_stamp=2023-07-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0288557&domain=pdf&date_stamp=2023-07-12
https://doi.org/10.1371/journal.pone.0288557
https://doi.org/10.1371/journal.pone.0288557
http://creativecommons.org/licenses/by/4.0/


Introduction

The rapid global spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

began with its emergence in Wuhan, China, in December 2019, resulting in a pandemic

[1]. COVID-19 is the disease caused by SARS-CoV-2 and can manifest itself with a wide

range of clinical symptoms, from asymptomatic, mild infections to severe pneumonia

requiring respiratory ventilation support [2,3]. Humoral immune responses play an essen-

tial role in adaptive immunity against viral infections [4]. Nucleocapsid (N) protein and

spike (S) protein are two structural proteins commonly used as target antigens for serologi-

cal assays.

The N protein is responsible for maintaining the viral RNA genome. The S protein, on the

other hand, is located on the surface of the virus and plays a crucial role in its entry into

human cells. Protein S enters the virus by interacting directly with the human angiotensin-

converting enzyme 2 (ACE2) receptor via its receptor-binding domain (RBD) [5,6]. Antibod-

ies generated in response to SARS-CoV-2 infection have the ability to target various proteins

encoded by the virus, which include both structural and non-structural antigens. The highly

immunogenic trimeric glycoprotein S serves as a viral target for neutralizing antibodies. IgA,

IgM and IgG levels targeting the SARS-CoV-2 proteins S and N evolve rapidly within 1–2

weeks of symptom onset in COVID-19 patients [7–10]. Anti-N IgG antibodies generally

appear two days earlier than anti-S IgG antibodies [11]. Several studies have shown that most

patients with COVID-19 produce detectable SARS-CoV-2-specific antibodies that target the N

protein and the RBD of protein S during the acute phase and early convalescence [12–14].

Almost all individuals with symptomatic COVID-19 produce anti-SARS-CoV-2 antibodies,

and levels of these antibodies are positively associated with symptom severity [10,15–18]. Stud-

ies have indicated that peak antibody levels are lower in individuals with asymptomatic or

mild infections [19]. It has been described that patients who died of COVID-19 showed a

strong but delayed production of anti-S and anti-RBD IgG and neutralizing antibody (nAb)

levels compared to survivors. This delay in antibody production was found to be associated

with impaired viral control [20]. The persistence of SARS-CoV-2 antibodies has been debated,

with some studies reporting a rapid decline in antibody levels as early as 3 months after infec-

tion [21–23], while others suggest that antibody responses may persist for up to 28 months

after infection [24–27]. According to a recent comprehensive study examining T and B cell

responses in individuals who have recovered from COVID-19, significant immune memory is

generated after the infection, with approximately 95% of participants maintaining immune

memory around 6 months after their initial infection [28]. Additionally, the study found that

the presence of IgG antibodies to SARS-CoV-2 S and nucleocapsid (N) was associated with a

lower risk of reinfection with SARS-CoV-2 up to 7 months after the initial infection [29–31].

Robust data on the persistence and long-term efficacy of the immune response are essential for

a full understanding of pandemic progression and post-pandemic scenarios, particularly with

the emergence of new variants [32,33]. Characterizing the magnitude and persistence of

humoral responses over time in people symptomatic with SARS-CoV-2 is of paramount

importance for public health in order to assess the potential benefit of immunity and design

future preventive interventions.

To our knowledge, this is the first study in Africa to assess the long-term durability and

longitudinal profile of anti-SARS-CoV-2 antibody levels in a large cohort of seropositive-

patients beyond 12 months. This study aims to assess the kinetics of IgG, IgM and IgA anti-

bodies up to 12 months post-infection in a large cohort of COVID-19 patients in Africa, and

to analyze the impact of host factors such as age, sex and comorbidities on antibody levels

during this period.
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Materials and methods

Study design and participants

The sample size for this study was established using a sample size calculator for proportions,

with the following assumptions: a COVID-19 positivity rate of 20% in the Moroccan popula-

tion at the time of study initiation, a desired margin of error of 5% and a desired statistical

power of 80%. Based on these assumptions, the calculated sample size needed for the study

was approximately 246 individuals. However, we did not reach this number of patients because

vaccination in Morocco began on January 29, 2021, targeting the elderly population and health

personnel. We therefore had difficulty recruiting elderly and young people who usually

develop only asymptomatic or mild forms of the disease. A total of 190 symptomatic patients

(within 5 days of symptom onset) who tested positive for COVID-19 using quantitative reverse

transcription polymerase chain reaction (RT-qPCR) between 18 March and 8 June 2021 were

enrolled in the study at two hospitals in Casablanca (Moulay Youssef regional hospital and

Mohamed Bouafi hospital). Sample collection at different follow-up time points was per-

formed between March 25, 2021 and June 10, 2022. Their antibody status was assessed at dif-

ferent follow-up time points (day 00 to day 360 after symptom onset) between 15 July and 30

December, 2022. Clinical characteristics, such as gender, age, comorbidities, SARS-CoV-2 vac-

cination status, and disease information (including the date of first symptoms and clinical

signs), were collected for each patient. The study included adult men and women who were

either unvaccinated (167 patients) or had received the ChAdOx1 nCoV-19 vaccine before

infection (23 patients). The corresponding author has access to all information provided by

participants.

Ethics statement

All participants gave written informed consent. Study procedures were conducted in accor-

dance with the 1964 Declaration of Helsinki. The study protocol was approved by the Ethics

Committee of the Mohammed VI University of Health Sciences in Casablanca. All donor data

were anonymized after inclusion in the study.

Sample collection

Venous blood was collected in dry tubes and centrifuged at 900g for 10 minutes. Serum super-

natants were stored at -20˚C. Serum samples were collected from COVID-19 patients at vari-

ous time points after symptom onset, including 2–5 days (D00), 9–12 days (D07), 17–20 days

(D15), 32–37 days (D30), 62–67 days (D60), 92–98 days (D90), 182–188 days (D180), and

363–367 days (D360). Participants were separated into two groups: one group consisted of

infected and unvaccinated patients over a 12-month period, while the other group consisted of

patients who had been vaccinated with ChAdOx1 nCoV-19 (AstraZeneca) before infection.

Patients who received mRNA or vector vaccines (Pfizer, AstraZeneca, Johnson) during follow-

up were excluded from the anti-RBD IgG antibody analysis, and patients who received

BBIBP-CorV (Sinopharm) were excluded from all analyses. Furthermore, throughout the

study, some patients were excluded for other reasons, such as relocation from the city, hospi-

talization and unavailability due to work. Samples from patients reinfected with SARS-CoV-2

between study visits were not included.

Detection of anti-SARS-CoV-2 antibodies

We detected anti-SARS-CoV-2 IgG, IgM, and IgA antibodies against receptor-binding domain

of S protein, and the N using three serological techniques: anti-N IgA and IgG were measured
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using an in-house ELISA. This ELISA was developed in Tunisia and its performance was tested

in different African settings with variable endemicity. In fact, we participated in the evaluation

and validation of this in-house ELISA [34]. The sensitivity of the anti-N IgG ELISA test was

92% and specificity 94%. The sensitivity and specificity of the anti-N IgA ELISA test were 87%

and 95%, respectively.

To assess the presence of anti-N IgM antibodies in human sera, a semi-quantitative ELISA

(Euroimmun ELISA) was used. The commercial anti-SARS-CoV-2 nucleocapsid protein-spe-

cific IgM ELISA kit (Euroimmun, Lübeck, Germany) was used, with a sensitivity and specific-

ity of 88.2% and 98.6%, respectively. The manufacturer’s instructions were followed for

analysis and interpretation of results. Evaluation consisted of calculating the ratio of control or

patient sample extinction to calibrator extinction. A ratio <0.8 was interpreted as negative,

�0.8 to<1.0 as borderline, and�1.1 as positive. Borderline results were considered negative

for the analysis.

To quantify anti-RBD IgG antibody, samples from unvaccinated patients were tested using

the Abbott SARS-CoV-2 IgG II Quant assay on the Abbott ARCHITECT i2000SR immunoassay

instrument (Abbott Laboratories, Abbott Park, Illinois). This automated platform has a high sen-

sitivity of 98.3% and specificity of 99.5% for antibody detection. The manufacturer has defined

the analytical measurement range to be between 21 and 40,000 AU/mL, with a cutoff point of

�50 AU/mL. A protective threshold value of�4000 AU/mL has been established for the Abbott

Architect test [35]. This assay showed high agreement with neutralizing antibody titers [36] and

is capable of detecting antibodies in individuals infected with two different variants of concern,

namely the VOC 202012/V1 [UK] and VOC 202012/V2 [South Africa] strains [37].

Statistical analysis

Categorical variables were reported as proportions and numbers, while continuous variables

were described using the median and interquartile range (IQR) for the descriptive statistics.

The Mann-Whitney test was used to compare continuous variables between groups. All statis-

tical analyses were performed using R software package (https://www.r-project.org), and a sig-

nificance level of 0.05 was used. Statistical tests were two-sided.

Results

Clinical and demographic characteristics of enrolled patients at baseline

In our study, we collected data from 190 participants whose SARS-CoV-2 infection was con-

firmed by a positive RT-qPCR test. Participants had a median age of 47.5 years, ranging from

18 to 77 years, and most of them were females (61.6%). More than half of the participants were

adults younger than 50 years (55.8%). The most common symptoms reported by participants

were muscle pain (71.6%), cough (64.2%), headache (61.1%), and chills (54.2%). Other symp-

toms included fever (46.3%), loss of appetite (39.5%), and sore throat (37.9%). Of all patients,

34% had at least one preexisting comorbidity, with diabetes being the most common comor-

bidity (22 patients). These demographic and clinical data are presented in Table 1.

Natural history of humoral response up to one year after COVID-19

In this study, IgM, IgA, and IgG antibody kinetics were assessed in one hundred ninety

patients diagnosed with SARS-CoV-2 infection by RT-PCR. These patients were followed for

one year. Throughout the study, some patients were excluded for various reasons, such as relo-

cation from the city, hospitalization, unavailability due to work or vaccination, as illustrated in

Fig 1.
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SARS-CoV-2 during a one-month follow-up

IgM antibodies were measured in the serum of the COVID-19 patient for one month after the

onset of symptoms. The follow-up period was divided into four time intervals: D00 (2–5 days

after symptom onset), D07, D15, and D30. In the first 20 days after symptom onset (between

J00 and J15), the IgM seropositivity rate fluctuated between 12% and 32% and then decreased

to 14% at 1 month after symptom onset (Fig 2A). At the same time, the median IgM antibody

level was initially 0.29 (IQR 0.18–0.46) and increased at 1 to 2 weeks after symptom onset to

0.64 (IQR 0.32–1.54), and then decreased to 0.37 (IQR 0.21–0.66) at 1 month after symptom

onset. Differences in median antibody levels between D00 and D07, between D00 and D15

and between D00 and D30 were statistically significant (Fig 2B).

Furthermore, IgM response was evaluated by gender, age, and comorbidities (Fig 3). The

median IgM antibody level was almost similar between women and men, and there was no sig-

nificant difference over the four follow-up time intervals (Fig 3A). Participants were aged 18 to

67 years and were divided into two groups: group 1 (<50) and group 2 ( 50). There was no

significant difference in the median IgM antibody level according to the age of the participants

(Fig 3B).

Table 1. Clinical and demographic characteristics of the study cohort.

Characteristics n (%)

Total 190 (100)

Gender

Female 117 (61.6)

Male 73 (38.4)

Age (median [IQR]) 47.5 [30.0–57.7]

Age (year)

18–35 63 (33.2)

35–50 43 (22.6)

>50 84 (44.2)

Comorbidities* 34 (17.9)

Daibetes 22

DiabetesAsthma 8

Cardiovascular disease 5

Obesity 4

Symptoms

Muscle pain 136 (71.6)

Cough 122 (64.2)

Headache 116 (61.1)

Chill 103 (54.2)

Fever 88 (46.3)

Loss of appetite 75 (39.5)

Sore throat 72 (37.9)

Asthenia 68 (35.8)

Diarrhea 56 (29.5)

Nausea 48 (25.3)

Dyspnea 43 (22.6)

Abdominal pain 37 (19.5)

Vomiting 21 (11.1)

* Number and percentage of patients with at least one comorbidity.

https://doi.org/10.1371/journal.pone.0288557.t001
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Patients were classified according to the presence or absence of preexisting illnesses.

Patients with comorbidities had higher median antibody levels 1 week after symptom onset

(0.73 [IQR 0.43–1.83] versus 0.57 [IQR 0.31–1.33]), respectively. However, this difference was

not significant (p = 0.189), and median antibody levels were similar in both patient groups at

the other follow-up time intervals (Fig 3C).

Fig 1. Study flowchart. BBIBP-CorV: Sinopharm vaccine; ChAdOx1 nCoV-19: AstraZeneca; COVID-19 vaccine:

Coronavirus disease 2019; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.

https://doi.org/10.1371/journal.pone.0288557.g001
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IgA responses to SARS-CoV-2 during one-month follow-up

As with IgM, IgA antibodies were measured in the serum of COVID-19 patients over the same

follow-up periods as for IgM. IgA antibody kinetics was similar to those of IgM, but IgA posi-

tivity rates were higher than those of IgM. It was 30% at D00, increased to 60% at 1 week after

symptom onset, and remained stable at 2 weeks after symptom onset (61%), after which the

antibody level decreases to 32% (Fig 4A). Meanwhile, the median IgA antibody level was ini-

tially 0.92 (IQR 0.71–1.19) and increased 1–2 weeks after symptom onset to 1.29 (IQR 0.90–

1.90), then the IgM level decreased to 0.84 (IQR 0.61–1.20) 1 month after symptom onset. Dif-

ferences in median antibody levels between D00 and D07 and between D00 and D15 were sta-

tistically significant (p<0.0001). The median antibody level decreased to almost the same

value as at baseline one month after symptom onset (p = 0.173) (Fig 4B).

We observed an increase in IgA antibody levels in in the over-50-year-old group of patients

compared with the under-50-year-old group (Fig 5B). However, as with IgM antibodies, there

were no significant differences in median levels between genders or comorbidities, except at the

onset of infection (D00) when there was an increase in antibody levels in patients with comor-

bidities (0.98 (IQR 0.79–1.14) versus 0.83 (IQR 0.63–1.11), respectively (p = 0.003)) (Fig 5C).

SARS-CoV-2 anti-RBD IgG responses during a 12-month follow-up

During the 12-month follow-up period, eight different recruitment periods were used (ranging

from 2 to 5 days after symptom onset to 12 months post-onset), denoted as D00, D07, D15,

Fig 2. Seropositivity rates and IgM antibody levels in response to SARS-CoV-2 as a function of time since symptom onset. (A) The graph shows

the number of participants tested positive (dark blue) and negative (light blue) for IgM antibodies, as well as the rate of seropositivity (red curve) as a

function of the number of days after symptom onset at follow-up. (B) Box plots s display the distribution and differences in anti-SARS-CoV-2 IgM

antibody levels for participants sampled at different follow-up periods. P-values were calculated using the Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0288557.g002
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D30, D60, D90, D180, and D360. During this period, the proportion of individuals testing pos-

itive for anti-RBD IgG antibodies increased steadily from 22% at D00 to 95% at 2 weeks after

symptom onset. Between D15 and D180, the seropositivity rate remained relatively stable, fluc-

tuating between approximately 95% and 98%, with a peak of 100% at six months. Whereas, at

Fig 3. The differences in IgM antibody levels between different groups. (A) The first graph compares IgM antibody levels between

genders (F for female and M for male), showing the distribution of antibody levels in each group. (B) IgM antibody levels are shown

as a function of age, with the 190 participants divided into two groups: under 50 years and over 50 years. Each age interval is

represented by a separate box plot. (C) IgM antibody levels according to the presence or absence of comorbidities. The box plots

show the distribution of antibody levels in each group. In all three graphs, the P-values are calculated using the Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0288557.g003
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12 months after symptom onset, there was a slight decrease in the proportion of individuals

testing positive for IgG antibodies, with a seropositivity rate of 86% (as shown in Fig 6A).

Median anti-RBD IgG levels increased over time to a maximum 30 days after symptom onset.

It increased from 8.50 [IQR 4.90–30.80] to 476.80 [IQR 234.50–647] from D00 to D30, respec-

tively (Fig 6B) and reached 245.60 [IQR 108.20–270.90] at 1 year after symptom onset.

Median IgG antibody levels were almost similar in women and men at different follow-up

times (Fig 7A). Patients over 50 years of age had very high median IgG antibody levels com-

pared with those under 50. This difference was statistically significant from D00 to D90

(p< 0.05) (Fig 7B). Participants with comorbidities had higher median IgG antibody levels

than those without pre-existing pathologies, but the differences were not statistically signifi-

cant (Fig 7C).

SARS-CoV-2 IgG anti-N responses during a 12-month follow-up

As with anti-RBD IgG, anti-N IgG was measured in patient serum during the 12-month fol-

low-up period at eight different time points during recruitment. The seropositivity rate for

anti-N IgG increased from 19% at D00 to a peak at 1 month after symptom onset (93%).

Thereafter, the anti-N antibody level decreased to 41% at 1 year after symptom onset (Fig 8A).

Median IgG levels increased over time, peaking at D30. Thereafter, median IgG levels

decreased with time until D360, but remained higher than the baseline at D00 (Fig 8B).

Fig 4. Seropositivity rates and IgA antibody levels in response to SARS-CoV-2 as a function of time since symptom onset. (A) Graph shows the

number of participants tested positive (dark blue) and negative (light blue) for IgA antibodies, as well as the rate of seropositivity (red curve) as a

function of the number of days after symptom onset at follow-up. (B) Box plots show the distribution and differences anti-SARS-CoV-2 IgA antibody

levels for participants sampled at different follow-up periods. P-values were calculated using the Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0288557.g004
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Antibody levels were assessed in men and women at different time points after symptom

onset. Although median IgG antibody levels were slightly higher in women than men at 1

week, 6 months, and 12 months, these differences were not statistically significant (as shown

in the Fig 9A). In addition, the study found that patients aged 50 years and older had

Fig 5. Differences in IgA antibody levels between different groups. (A) The first graph compares the IgA antibody levels between

the sexes (F for female and M for male), showing the distribution of antibody levels in each group. (B) IgA antibody levels are shown

as a function of age, with the 190 participants divided into two groups: under 50 years and over 50 years. Each age interval is

represented by a separate box plot. (C) Displays IgA antibody levels according to the presence or absence of comorbidities. The

box plots show the distribution of antibody levels in each group. In all three graphs, P-values are calculated using the Mann-Whitney

test.

https://doi.org/10.1371/journal.pone.0288557.g005
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significantly higher median IgG antibody levels than those younger than 50 years at different

time points, with the highest peak at Day 30 (2.71 [IQR 2.26–3.14] versus 2.29 [IQR 1.70–

2.85], respectively), with a P-value of 0.008 (as shown in Fig 9B). Furthermore, the study also

revealed that participants with pre-existing pathologies had higher median IgG antibody levels

over time than those without such pathologies, but that these differences were not statistically

significant (as shown in Fig 9C).

Impact of SARS-CoV-2 vaccination on humoral responses in COVID-19

positive patients

We analyzed the antibody level in two groups of patients: patients vaccinated with ChAdOx1

nCoV-19 before infection and unvaccinated patients. The median IgM level was lower in the

vaccinated group than in the unvaccinated group. This difference is statistically significant at 2

weeks after the onset of symptoms (p = 0.020) (Fig 10).

Discussion

Blood IgA, IgM, and IgG immunoglobulins determinations are essential to understand the

mechanisms of systemic humoral immune responses against SARS-CoV-2 in patients who

Fig 6. Seropositivity rate and anti-RBD IgG antibody level in response to SARS-CoV-2 as a function of time since symptom onset. (A) The

number of participants ested positive (dark blue) and negative (light blue) for anti-RBD IgG antibodies, as well as the seropositivity rate (red curve) as a

function of days after symptom onset at follow-up. (B) Distribution and difference in levels of anti-SARS-CoV-2 anti-RBD IgG antibody levels for

participants sampled at different follow-up periods. Each box plot represents a different follow-up period, and P-values are calculated using the Mann-

Whitney test.

https://doi.org/10.1371/journal.pone.0288557.g006
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have tested positive for COVID-19 using PCR. The study of the dynamics of these antibodies

is essential for diagnosis as well as for studying sensitivity or resistance to subsequent reinfec-

tion [38]. In general, IgA and IgM antibodies are generated earlier than IgG isotypes, with ear-

lier detection of IgA than IgM and remarkable persistence of IgG over time [39–41]. We

previously described the kinetics of anti-N IgM and anti-S IgG antibody responses up to 3

months after natural infection using a commercial Euroimmun ELISA [42]. In this study, we

used several serological assays to measure IgA and IgM antibodies levels against the

Fig 7. Distribution and differences of anti-RBD IgG antibodies to SARS-CoV-2 by sex, age, and comorbidity

during follow-up. (A) anti-RBD IgG antibody levels by sex, with the distribution of antibody levels in each group

represented by box plots. (B) anti-RBD IgG antibody levels by age, with the 167 participants divided into two groups

based on age: under 50 years and over 50 years. Each age range is represented by a separate box plot. (C) IgG antibody

levels according to the presence or absence of comorbidities, with the distribution of antibody levels in each group

represented by box plots. In all three graphs, P-values are calculated using the Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0288557.g007
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nucleocapsid protein (NCP) at 1 month after symptom onset, and monitored IgG against the

RBD in the S1 subunit and anti-N IgG up to 1 year after infection. We also analyzed the effect

of age, gender, and comorbidities on the evolution of antibody responses over time. Our find-

ings indicate that IgA and IgM antibody responses exhibit similar kinetics during the first

month after SARS-CoV-2 infection, but the intensity of the IgA response is greater than that of

the IgM response. Additionally, IgG anti- RBD antibody levels peaked at 1 month after symp-

tom onset and remained elevated up to one year of follow-up, while IgG anti-N antibody levels

decreased over time. The N protein is an intracellular protein released during viral replication.

A high level of anti-N antibodies could indicate a high level of virus replication and conse-

quently a high viral load [43]. In asymptomatic forms, the level of anti-N antibodies is low

[44,45]. It has been observed that the anti-N antibody level is lower than the anti-RBD anti-

body level in asympromatic patients, and vice versa in deceased patients, where an increase in

the anti-N antibody level is observed. This could be explained by:i) the different forms in

which these proteins exist in vivo, as well as cross-binding of B cell receptors (BCRs) or dual

signaling by BCRs and Toll-like receptors (TLRs). These factors may contribute to the differ-

ential activation and proliferation of protein-specific B cells, leading to differences in the quan-

tity and persistence of the resulting antibody response [46,47].ii) differences in the activation

Fig 8. Seropositivity rate and anti-N IgG antibody levels in response to SARS-CoV-2 as a function of time since symptom onset. (A) The number

of participants tested positive (dark blue) and negative (light blue) for anti-N IgG antibodies, as well as the seropositivity rate (red curve) as a function of

the number of days after symptom onset at follow-up. (B) Distribution and difference in levels of of anti-SARS-CoV-2 anti-N IgG antibody levels for

participants sampled at different follow-up periods. Each box plot represents a different follow-up period, and P-values are calculated using the Mann-

Whitney test.

https://doi.org/10.1371/journal.pone.0288557.g008
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of long-lived plasma cells by surface antigens (RBD) or internal antigens (N). iii) by increased

avidity or affinity that compensates for antibody loss, or by changes in the epitopes recognized

over time [48]. Two weeks after symptom onset, 32% of patients had detectable SARS-CoV-

2-specific IgM antibodies, while 61% were seropositive for IgA. Previous studies have

highlighted the differences between IgM and IgA antibody titers in response to SARS-CoV-2

infection. The duration of persistence of anti-SARS-CoV-2 antibodies after infection is an

important clinical issue. Whereas, some studies suggest that the humoral response may persist

Fig 9. Distributions and differences of anti-N IgG antibodies to SARS-CoV-2 by sex, age, and comorbidity at

follow-up. (A) anti-N IgG antibody levels by sex, with the distribution of antibody levels in each group represented by

box plots. (B) anti-N IgG antibody levels by age, with the 190 participants divided into two groups based on age: under

50 years and over 50 years. Each age range is represented by a separate box plot. (C) anti-N IgG antibody levels

according to the presence or absence of comorbidities, with the distribution of antibody levels in each group

represented by boxplots. In all three graphs, P-values are calculated using the Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0288557.g009
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for several months [24,49], others indicate a decrease in anti-SARS-CoV-2 antibodies during

the first few months [21,22,50]. Anti-RBD antibodies have been shown to persist for a pro-

longed period, potentially reducing the risk of reinfection in people previously infected with

SARS-CoV-2 [48]. In addition, reinfection has been reported in approximately 1% of patients

[51–54], highlighting the importance of understanding the longevity of the immune response

to SARS-CoV-2. IgA antibodies were of particular interest due to their presence in mucosal

surfaces, such as the respiratory and gastrointestinal tracts, where SARS-CoV-2 is primarily

infected. The results of the study showed that IgA antibodies were highly present in the sam-

ples collected, particularly during the initial phase of SARS-CoV-2 infection. This suggests that

the immune system rapidly produces IgA antibodies in response to the virus. In addition, the

study revealed that serum-derived IgA and IgA antibodies from mucosal surfaces play a more

important role in virus neutralization than IgG antibodies [55]. A study of patients with con-

firmed infection by RT-qPCR showed that IgA responses were detected earlier and peaked at

week 3, with a stronger and more persistent response than IgM [39]. Another study by

Fig 10. Comparison of IgM antibody levels between two groups of patients according to time since onset of

symptoms. Unvaccinated infected patients (red box) and vaccinated patients before infection (green box). P-values are

calculated by the Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0288557.g010
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Carnicelli et al. reported that IgA was detectable as early as 5 to 7 days after symptom onset,

peaked between days 21 to 27, and remained stable thereafter, with a declining trend observed

after day 50 [56]. A study of 58 COVID-19 patients showed that IgA titers generated against N

increased more rapidly than IgM titers up to day 10. After day 45, IgA titers N began to

decline. However, IgG titres remained high, and were the highest of the three antibody types

studied. The study showed that high IgG titers (RBD) were maintained for more than 6

months [57]. In a different study, 233 convalescent individuals were followed for 300 days. The

study found that the peak response for COVID-19 patients was between 16 and 30 days for

IgG, 15 to 22 days for IgM, and 0 to 60 days for IgA. The levels of these antibodies gradually

decreased after peaking, but were still detectable up to 300 days, with the exception of IgM

antibodies which disappeared between 61 and 90 days in all patients [58]. It has been described

that IgA antibodies, present in the serum, saliva, and bronchoalveolar washings of patients, are

more effective in neutralizing virus than IgG antibodies [59]. Furthermore, IgA dimers, pres-

ent in mucosal surfaces, are even more effective in neutralizing viruses than IgA monomers

found in serum. This indicates that IgA antibodies may play a crucial role in the prevention of

viral infections, their transmission and the worsening of symptoms. Our study shows that IgG

antibody levels peak one month after the onset of symptoms, with 97% and 93% seropositivity

for anti-RBD IgG and anti-N IgG, respectively. Anti-RBD IgG levels remained elevated

through 1 year of follow-up. In contrast, anti-N IgG antibody levels decreased over time, with

only 41% of patients testing positive after 1 year of follow-up. Several studies have confirmed

the persistence of IgG antibodies, a study of 256 healthcare workers who tested positive for

COVID-19 by RT-qPCR showed that IgG seropositivity peaked between 21 and 28 days after

the onset of symptoms. Thereafter, anti-N IgG began to decrease after one month of infection.

However, anti-S IgG persisted up to 7 months in 93.4% of cases [60]. Another study reported

that the half-life of S-RBD-targeting IgG was 126 days, whereas N-specific IgG decayed much

more rapidly, with a half-life of 71 days [61]. A study in COVID-19 transplant patients

reported a disparity between anti-N and anti-RBD IgG antibody levels, with anti-N antibody

levels being lower than anti-RBD IgG [62]. IgG increases rapidly from the first month and fluc-

tuated between the third and sixth month, with a gradual decrease over the following months

[63]. Choteau et al. showed that peak IgG seropositivity was reached between 10 and 15 days

after the onset of symptoms, with most patients still having anti-SARS-CoV-2 IgG (88.68%).

However, anti-RBD IgG and anti-N IgG tended to decrease between days 61 and 105 after

symptom onset [55]. In contrast, another study reported that the positivity rate of samples col-

lected between 180 and 330 days after symptom onset reached 100% for anti-RBD IgG and

96.68% for anti-N IgG [64]. The differences observed in the results of these studies could be

explained by several factors, including the size of the cohort, the types of serological tests used

(with their respective sensitivity and specificity) and the patient population studied. In addi-

tion, the clinical results of the COVID-19 study may also contribute to the observed differences

in IgG antibody persistence. On the basis of our analysis, we investigated whether the diverse

antibody responses observed in patients who recovered from COVID-19 could be related to

disparities in patient gender, age, or comorbidities. Our study, similar to previous ones [65–

68], found that there were no significant variations in median anti-N and/or anti-RBD anti-

body levels in infected patients based on gender or comorbidities. In contrast, Korte et al

observed gender discrepancies in anti-N IgG antibody response during a 10-week follow-up,

with higher levels in females at weeks 6 and 7. Moreover, another study found that IgA titers

were significantly higher in men than in women [69]. In Serbia, a study of COVID-19 plasma

from 468 convalescent individuals found a correlation between higher levels of anti-SARS--

CoV-2 antibodies and the presence of hypertension (p = 0.008) and male gender (p = 0.034)

[70]. These gender disparities in immune responses are likely multifactorial, primarily
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influenced by sex hormones, transcription factors, and the genetic makeup of the second X

chromosome [71,72]. Our study revealed that IgG/IgA antibody levels were higher in the older

groups (>50) than in the younger groups. Consistent with our results, several studies have

reported that advanced is associated with a high peak of convalescent antibody titers

[60,70,73]. This suggests that older patients may have a stronger immune response against

SARS-CoV-2. This may be attributed to increased cross-reactivity with other human coronavi-

ruses. In this study, we examined the impact of ChAdOx1 nCoV-19 vaccination on the

humoral response in patients who received the vaccine prior to infection and in those who

were not vaccinated for one month after SARS-CoV-2 infection. Our findings indicate that

after two weeks, antibody levels were significantly higher in the unvaccinated group than in

the previously vaccinated patients (p = 0.020). Based on the results of several studies, it has

been reported that COVID-19 patients and vaccinated individuals with SARS-CoV-2 messen-

ger RNA-based or inactivated SARS-CoV-2 vaccines may have a reduced or negative IgM

response [74–77]. Moreover, Xu et al recently found that pre-existing immunity can lead to

suppression of the IgM response to COVID-19 vaccines [78]. In addition, Al-Tamimi et al.

demonstrated that the positivity and titers of IgM response in vaccinated individuals were

lower than in patients naturally infected with COVID-19 [58].

In this study, we used the Architect assay to measure anti-RBD IgG antibody levels. Previ-

ous research has indicated that assays measuring anti-RBD IgG correlate positively with

SARS-CoV-2 neutralizing antibody titers [79,80]. It has also been reported that anti-RBD anti-

bodies are responsible for most of the neutralization activity [81,82].

This study has a number of limitations. Firstly, due to limited resources, we were unable

to assay the neutralizing antibody tiers and memory B and T cell responses, hence, it is diffi-

cult to correlate our results with protective antibody response or obtain information on

immune memory. Secondly, several patients in our study were vaccinated, limiting the

number of patients for follow-up. Despite these limitations, our data is the first in North

Africa to assess the durability of humoral immunity to SARS-CoV-2 induced after natural

infection.

Conclusion

We present the first study in Africa to measure the kinetics of antibody response (IgA, IgM,

and IgG) to SARS-CoV-2 over one year. Most participants remained seropositive for anti-

RBD IgG after one year, but showed a significant decline in antibody titers, strongly suggesting

the formation of a long-lasting immunological memory that may contribute to herd immunity.

On the other hand, IgA and IgM antibody responses showed similar kinetics during the first

month after SARS-CoV-2 infection, but the intensity of the IgA response was greater than that

of the IgM response. To establish a link between the presence of antibodies and the level of

protection against SARS-CoV-2 reinfection, the dynamic of humoral and cellular anti-SARS--

CoV-2 immunity should be investigated. These results should help ministry of health to define

the best vaccination strategies and the booster dose schedule.
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17. Röltgen K, Powell AE, Wirz OF, Stevens BA, Hogan CA, Najeeb J, et al. Defining the features and dura-

tion of antibody responses to SARS-CoV-2 infection associated with disease severity and outcome. Sci

Immunol. 2020; 5: eabe0240. https://doi.org/10.1126/sciimmunol.abe0240 PMID: 33288645

18. Terpos E, Politou M, Sergentanis TN, Mentis A, Rosati M, Stellas D, et al. Anti–SARS-CoV-2 Antibody

Responses in Convalescent Plasma Donors Are Increased in Hospitalized Patients; Subanalyses of a

Phase 2 Clinical Study. Microorganisms. 2020; 8: 1885. https://doi.org/10.3390/

microorganisms8121885 PMID: 33260775

19. Seow J, Graham C, Merrick B, Acors S, Pickering S, Steel KJ, et al. Longitudinal observation and

decline of neutralizing antibody responses in the three months following SARS-CoV-2 infection in

humans. Nat Microbiol. 2020; 5: 1598–1607. https://doi.org/10.1038/s41564-020-00813-8 PMID:

33106674

20. Lucas C, Klein J, Sundaram ME, Liu F, Wong P, Silva J, et al. Delayed production of neutralizing anti-

bodies correlates with fatal COVID-19. Nat Med. 2021; 27: 1178–1186. https://doi.org/10.1038/s41591-

021-01355-0 PMID: 33953384

21. Isho B, Abe KT, Zuo M, Jamal AJ, Rathod B, Wang JH, et al. Persistence of serum and saliva antibody

responses to SARS-CoV-2 spike antigens in COVID-19 patients. Sci Immunol. 2020; 5: eabe5511.

https://doi.org/10.1126/sciimmunol.abe5511 PMID: 33033173

22. Ibarrondo FJ, Fulcher JA, Goodman-Meza D, Elliott J, Hofmann C, Hausner MA, et al. Rapid Decay of

Anti–SARS-CoV-2 Antibodies in Persons with Mild Covid-19. N Engl J Med. 2020; 383: 1085–1087.

https://doi.org/10.1056/NEJMc2025179 PMID: 32706954

23. Yousefi Z, Taheri N, Dargahi M, Chaman R, Binesh E, Emamian MH, et al. Long-Term Persistence of

Anti-SARS-COV-2 IgG Antibodies. Curr Microbiol. 2022; 79: 96. https://doi.org/10.1007/s00284-022-

02800-0 PMID: 35150319

24. Serwanga J, Ankunda V, Sembera J, Kato L, Oluka GK, Baine C, et al. Rapid, early, and potent Spike-

directed IgG, IgM, and IgA distinguish asymptomatic from mildly symptomatic COVID-19 in Uganda,

with IgG persisting for 28 months. Front Immunol. 2023; 14: 1152522. https://doi.org/10.3389/fimmu.

2023.1152522 PMID: 37006272

25. Anand SP, Prévost J, Nayrac M, Beaudoin-Bussières G, Benlarbi M, Gasser R, et al. Longitudinal anal-

ysis of humoral immunity against SARS-CoV-2 Spike in convalescent individuals up to 8 months post-

symptom onset. Cell Rep Med. 2021; 2: 100290.

26. Wajnberg A, Amanat F, Firpo A, Altman DR, Bailey MJ, Mansour M, et al. Robust neutralizing antibod-

ies to SARS-CoV-2 infection persist for months. Science. 2020; 370: 1227–1230. https://doi.org/10.

1126/science.abd7728 PMID: 33115920

27. Mioch D, Vanbrabant L, Reimerink J, Kuiper S, Lodder E, van den Bijllaardt W, et al. SARS-CoV-2 anti-

bodies persist up to 12 months after natural infection in healthy employees working in non-medical con-

tact-intensive professions. Int J Infect Dis. 2023; 126: 155–163. https://doi.org/10.1016/j.ijid.2022.11.

025 PMID: 36436751

PLOS ONE Anti-SARS CoV-2 antibodies kinetic in Moroccan COVID-19 patients during 12 months of follow-up

PLOS ONE | https://doi.org/10.1371/journal.pone.0288557 July 12, 2023 19 / 22

https://doi.org/10.1038/s41467-020-19943-y
https://doi.org/10.1038/s41467-020-19943-y
http://www.ncbi.nlm.nih.gov/pubmed/33247152
https://doi.org/10.1016/j.cmi.2020.07.038
http://www.ncbi.nlm.nih.gov/pubmed/32745595
https://doi.org/10.1038/s41591-020-0897-1
http://www.ncbi.nlm.nih.gov/pubmed/32350462
https://doi.org/10.1016/j.immuni.2020.04.023
https://doi.org/10.1016/j.immuni.2020.04.023
http://www.ncbi.nlm.nih.gov/pubmed/32413330
https://doi.org/10.1099/jgv.0.001439
http://www.ncbi.nlm.nih.gov/pubmed/32430094
https://doi.org/10.1001/jamainternmed.2020.4616
http://www.ncbi.nlm.nih.gov/pubmed/32808970
https://doi.org/10.3390/v12121390
http://www.ncbi.nlm.nih.gov/pubmed/33291713
https://doi.org/10.1126/sciimmunol.abe0240
http://www.ncbi.nlm.nih.gov/pubmed/33288645
https://doi.org/10.3390/microorganisms8121885
https://doi.org/10.3390/microorganisms8121885
http://www.ncbi.nlm.nih.gov/pubmed/33260775
https://doi.org/10.1038/s41564-020-00813-8
http://www.ncbi.nlm.nih.gov/pubmed/33106674
https://doi.org/10.1038/s41591-021-01355-0
https://doi.org/10.1038/s41591-021-01355-0
http://www.ncbi.nlm.nih.gov/pubmed/33953384
https://doi.org/10.1126/sciimmunol.abe5511
http://www.ncbi.nlm.nih.gov/pubmed/33033173
https://doi.org/10.1056/NEJMc2025179
http://www.ncbi.nlm.nih.gov/pubmed/32706954
https://doi.org/10.1007/s00284-022-02800-0
https://doi.org/10.1007/s00284-022-02800-0
http://www.ncbi.nlm.nih.gov/pubmed/35150319
https://doi.org/10.3389/fimmu.2023.1152522
https://doi.org/10.3389/fimmu.2023.1152522
http://www.ncbi.nlm.nih.gov/pubmed/37006272
https://doi.org/10.1126/science.abd7728
https://doi.org/10.1126/science.abd7728
http://www.ncbi.nlm.nih.gov/pubmed/33115920
https://doi.org/10.1016/j.ijid.2022.11.025
https://doi.org/10.1016/j.ijid.2022.11.025
http://www.ncbi.nlm.nih.gov/pubmed/36436751
https://doi.org/10.1371/journal.pone.0288557


28. 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: eabf4063. https://doi.org/10.1126/

science.abf4063 PMID: 33408181

29. Hall VJ, Foulkes S, Charlett A, Atti A, Monk EJM, Simmons R, et al. SARS-CoV-2 infection rates of anti-

body-positive compared with antibody-negative health-care workers in England: a large, multicentre,

prospective cohort study (SIREN). The Lancet. 2021; 397: 1459–1469.

30. Hansen CH, Michlmayr D, Gubbels SM, Mølbak K, Ethelberg S. Assessment of protection against rein-

fection with SARS-CoV-2 among 4 million PCR-tested individuals in Denmark in 2020: a population-

level observational study. The Lancet. 2021; 397: 1204–1212. https://doi.org/10.1016/S0140-6736(21)

00575-4 PMID: 33743221

31. Lumley SF, O’Donnell D, Stoesser NE, Matthews PC, Howarth A, Hatch SB, et al. Antibody Status and

Incidence of SARS-CoV-2 Infection in Health Care Workers. N Engl J Med. 2021; 384: 533–540. https://

doi.org/10.1056/NEJMoa2034545 PMID: 33369366

32. Davies NG, Abbott S, Barnard RC, Jarvis CI, Kucharski AJ, Munday JD, et al. Estimated transmissibility

and impact of SARS-CoV-2 lineage B.1.1.7 in England. Science. 2021; 372: eabg3055. https://doi.org/

10.1126/science.abg3055 PMID: 33658326

33. Tegally H, Wilkinson E, Giovanetti M, Iranzadeh A, Fonseca V, Giandhari J, et al. Detection of a SARS-

CoV-2 variant of concern in South Africa. Nature. 2021; 592: 438–443. https://doi.org/10.1038/s41586-

021-03402-9 PMID: 33690265

34. Benabdessalem C, Hamouda WB, Marzouki S, Faye R, Mbow AA, Diouf B, et al. Development and

comparative evaluation of SARS-CoV-2 S-RBD and N based ELISA tests in various African endemic

settings. Diagn Microbiol Infect Dis. 2023; 105: 115903. https://doi.org/10.1016/j.diagmicrobio.2023.

115903 PMID: 36805620

35. Tang MS, Hock KG, Logsdon NM, Hayes JE, Gronowski AM, Anderson NW, et al. Clinical performance

of two SARS-CoV-2 serologic assays. Clin Chem. 2020; 66: 1055–1062. https://doi.org/10.1093/

clinchem/hvaa120 PMID: 32402061

36. Harritshøj LH, Gybel-Brask M, Afzal S, Kamstrup PR, Jørgensen CS, Thomsen MK, et al. Comparison

of 16 serological SARS-CoV-2 immunoassays in 16 clinical laboratories. J Clin Microbiol. 2021; 59:

e02596–20. https://doi.org/10.1128/JCM.02596-20 PMID: 33574119

37. English E, Cook LE, Piec I, Dervisevic S, Fraser WD, John WG. Performance of the Abbott SARS-CoV-

2 IgG II quantitative antibody assay including the new variants of concern, VOC 202012/V1 (United

Kingdom) and VOC 202012/V2 (South Africa), and first steps towards global harmonization of COVID-

19 antibody methods. J Clin Microbiol. 2021; 59: e00288–21. https://doi.org/10.1128/JCM.00288-21

PMID: 34260272

38. Tantuoyir MM, Rezaei N. Serological tests for COVID-19: Potential opportunities. Cell Biol Int. 2021; 45:

740–748. https://doi.org/10.1002/cbin.11516 PMID: 33289157

39. Pieri M, Ciotti M, Carlozzi N, Frassanito ML, Meloni A, Cistera A, et al. SARS-CoV-2 infection serology

validation of different methods: Usefulness of IgA in the early phase of infection. Clin Chim Acta. 2020;

511: 28–32. https://doi.org/10.1016/j.cca.2020.09.033 PMID: 33002475

40. Maine GN, Lao KM, Krishnan SM, Afolayan-Oloye O, Fatemi S, Kumar S, et al. Longitudinal characteri-

zation of the IgM and IgG humoral response in symptomatic COVID-19 patients using the Abbott Archi-

tect. J Clin Virol. 2020; 133: 104663. https://doi.org/10.1016/j.jcv.2020.104663 PMID: 33161369

41. Padoan A, Sciacovelli L, Basso D, Negrini D, Zuin S, Cosma C, et al. IgA-Ab response to spike glyco-

protein of SARS-CoV-2 in patients with COVID-19: A longitudinal study. Clin Chim Acta. 2020; 507:

164–166. https://doi.org/10.1016/j.cca.2020.04.026 PMID: 32343948

42. Assaid N, Arich S, Charoute H, Akarid K, Anouar Sadat M, Maaroufi A, et al. Kinetics of SARS-CoV-2

IgM and IgG Antibodies 3 Months after COVID-19 Onset in Moroccan Patients. Am J Trop Med Hyg.

2023; 108: 145–154. https://doi.org/10.4269/ajtmh.22-0448 PMID: 36509045

43. Bai Z, Cao Y, Liu W, Li J. The SARS-CoV-2 Nucleocapsid Protein and Its Role in Viral Structure, Biolog-

ical Functions, and a Potential Target for Drug or Vaccine Mitigation. Viruses. 2021; 13: 1115. https://

doi.org/10.3390/v13061115 PMID: 34200602

44. Yang L, Xu Q, Yang B, Li J, Dong R, Da J, et al. IgG antibody titers against SARS-CoV-2 nucleocapsid

protein correlate with the severity of COVID-19 patients. BMC Microbiol. 2021; 21: 351. https://doi.org/

10.1186/s12866-021-02401-0 PMID: 34922455

45. Tutukina M, Kaznadzey A, Kireeva M, Mazo I. IgG Antibodies Develop to Spike but Not to the Nucleo-

capsid Viral Protein in Many Asymptomatic and Light COVID-19 Cases. Viruses. 2021; 13: 1945.

https://doi.org/10.3390/v13101945 PMID: 34696374

46. Viglianti GA, Lau CM, Hanley TM, Miko BA, Shlomchik MJ, Marshak-Rothstein A. Activation of auto-

reactive B cells by CpG dsDNA. Immunity. 2003; 19: 837–847. https://doi.org/10.1016/s1074-7613(03)

00323-6 PMID: 14670301

PLOS ONE Anti-SARS CoV-2 antibodies kinetic in Moroccan COVID-19 patients during 12 months of follow-up

PLOS ONE | https://doi.org/10.1371/journal.pone.0288557 July 12, 2023 20 / 22

https://doi.org/10.1126/science.abf4063
https://doi.org/10.1126/science.abf4063
http://www.ncbi.nlm.nih.gov/pubmed/33408181
https://doi.org/10.1016/S0140-6736%2821%2900575-4
https://doi.org/10.1016/S0140-6736%2821%2900575-4
http://www.ncbi.nlm.nih.gov/pubmed/33743221
https://doi.org/10.1056/NEJMoa2034545
https://doi.org/10.1056/NEJMoa2034545
http://www.ncbi.nlm.nih.gov/pubmed/33369366
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1126/science.abg3055
http://www.ncbi.nlm.nih.gov/pubmed/33658326
https://doi.org/10.1038/s41586-021-03402-9
https://doi.org/10.1038/s41586-021-03402-9
http://www.ncbi.nlm.nih.gov/pubmed/33690265
https://doi.org/10.1016/j.diagmicrobio.2023.115903
https://doi.org/10.1016/j.diagmicrobio.2023.115903
http://www.ncbi.nlm.nih.gov/pubmed/36805620
https://doi.org/10.1093/clinchem/hvaa120
https://doi.org/10.1093/clinchem/hvaa120
http://www.ncbi.nlm.nih.gov/pubmed/32402061
https://doi.org/10.1128/JCM.02596-20
http://www.ncbi.nlm.nih.gov/pubmed/33574119
https://doi.org/10.1128/JCM.00288-21
http://www.ncbi.nlm.nih.gov/pubmed/34260272
https://doi.org/10.1002/cbin.11516
http://www.ncbi.nlm.nih.gov/pubmed/33289157
https://doi.org/10.1016/j.cca.2020.09.033
http://www.ncbi.nlm.nih.gov/pubmed/33002475
https://doi.org/10.1016/j.jcv.2020.104663
http://www.ncbi.nlm.nih.gov/pubmed/33161369
https://doi.org/10.1016/j.cca.2020.04.026
http://www.ncbi.nlm.nih.gov/pubmed/32343948
https://doi.org/10.4269/ajtmh.22-0448
http://www.ncbi.nlm.nih.gov/pubmed/36509045
https://doi.org/10.3390/v13061115
https://doi.org/10.3390/v13061115
http://www.ncbi.nlm.nih.gov/pubmed/34200602
https://doi.org/10.1186/s12866-021-02401-0
https://doi.org/10.1186/s12866-021-02401-0
http://www.ncbi.nlm.nih.gov/pubmed/34922455
https://doi.org/10.3390/v13101945
http://www.ncbi.nlm.nih.gov/pubmed/34696374
https://doi.org/10.1016/s1074-7613%2803%2900323-6
https://doi.org/10.1016/s1074-7613%2803%2900323-6
http://www.ncbi.nlm.nih.gov/pubmed/14670301
https://doi.org/10.1371/journal.pone.0288557


47. Leadbetter EA, Rifkin IR, Hohlbaum AM, Beaudette BC, Shlomchik MJ, Marshak-Rothstein A. Chroma-

tin-IgG complexes activate B cells by dual engagement of IgM and Toll-like receptors. Nature. 2002;

416: 603–607. https://doi.org/10.1038/416603a PMID: 11948342

48. Gallais F, Gantner P, Bruel T, Velay A, Planas D, Wendling M-J, et al. Evolution of antibody responses

up to 13 months after SARS-CoV-2 infection and risk of reinfection. EBioMedicine. 2021; 71: 103561.

https://doi.org/10.1016/j.ebiom.2021.103561 PMID: 34455390

49. Wang Y, Zhang L, Sang L, Ye F, Ruan S, Zhong B, et al. Kinetics of viral load and antibody response in

relation to COVID-19 severity. J Clin Invest. 2020; 130: 5235–5244. https://doi.org/10.1172/JCI138759

PMID: 32634129

50. Long Q-X, Tang X-J, Shi Q-L, Li Q, Deng H-J, Yuan J, et al. Clinical and immunological assessment of

asymptomatic SARS-CoV-2 infections. Nat Med. 2020; 26: 1200–1204. https://doi.org/10.1038/

s41591-020-0965-6 PMID: 32555424

51. Selvaraj V, Herman K, Dapaah-Afriyie K. Severe, symptomatic reinfection in a patient with COVID-19.

RI Med J. 2020; 103: 24–26.

52. Tillett RL, Sevinsky JR, Hartley PD, Kerwin H, Crawford N, Gorzalski A, et al. Genomic evidence for

reinfection with SARS-CoV-2: a case study. Lancet Infect Dis. 2021; 21: 52–58. https://doi.org/10.1016/

S1473-3099(20)30764-7 PMID: 33058797

53. To KK, Hung IF, Ip JD, Chu AW, Chan W-M, Tam AR, et al. COVID-19 re-infection by a phylogenetically

distinct SARS-coronavirus-2 strain confirmed by whole genome sequencing. Clin Infect Dis. 2021; 73:

e2946–e2951.

54. West J, Everden S, Nikitas N. A case of COVID-19 reinfection in the UK. Clin Med. 2021; 21: e52–e53.

https://doi.org/10.7861/clinmed.2020-0912 PMID: 33303623

55. Choteau M, Scohy A, Messe S, Luyckx M, Dechamps M, Montiel V, et al. Development of SARS-

CoV2 humoral response including neutralizing antibodies is not sufficient to protect patients against

fatal infection. Sci Rep. 2022; 12: 2077. https://doi.org/10.1038/s41598-022-06038-5 PMID:

35136139

56. Carnicelli A, Fiori B, Ricci R, Piano A, Bonadia N, Taddei E, et al. Characteristic of IgA and IgG antibody

response to SARS-CoV-2 infection in an Italian referral COVID-19 Hospital. Intern Emerg Med. 2022;

17: 53–64. https://doi.org/10.1007/s11739-021-02750-8 PMID: 33970428

57. Kurano M, Morita Y, Nakano Y, Yokoyama R, Shimura T, Qian C, et al. Response kinetics of different

classes of antibodies to SARS-CoV2 infection in the Japanese population: The IgA and IgG titers

increased earlier than the IgM titers. Int Immunopharmacol. 2022; 103: 108491. https://doi.org/10.1016/

j.intimp.2021.108491 PMID: 34954559

58. Al-Tamimi M, Tarifi AA, Qaqish A, Abbas MM, Albalawi H, Abu-Raideh J, et al. Immunoglobulins

response of COVID-19 patients, COVID-19 vaccine recipients, and random individuals. PLOS ONE.

2023; 18: e0281689. https://doi.org/10.1371/journal.pone.0281689 PMID: 36787317

59. Wang Z, Lorenzi JC, Muecksch F, Finkin S, Viant C, Gaebler C, et al. Enhanced SARS-CoV-2 neutrali-

zation by dimeric IgA. Sci Transl Med. 2021; 13: eabf1555. https://doi.org/10.1126/scitranslmed.

abf1555 PMID: 33288661

60. Pilmis B, Elkaibi I, de Ponfilly GP, Daikha H, Bouzid A, Guihot A, et al. Evolution of anti-SARS-CoV-2

immune response in a cohort of French healthcare workers followed for 7 months. Infect Dis Now.

2022; 52: 68–74. https://doi.org/10.1016/j.idnow.2022.01.004 PMID: 35063702

61. Wheatley AK, Juno JA, Wang JJ, Selva KJ, Reynaldi A, Tan H-X, et al. Evolution of immune responses

to SARS-CoV-2 in mild-moderate COVID-19. Nat Commun. 2021; 12: 1162. https://doi.org/10.1038/

s41467-021-21444-5 PMID: 33608522

62. Chang C-C, Vlad G, Vasilescu E-R, Husain SA, Liu YN, Sun W-Z, et al. Disparity between levels of anti-

RBD IgG and anti-nucleocapsid protein IgG antibodies in COVID-19–recovered patients who received

a kidney transplant. Kidney Int. 2021; 100: 240–241. https://doi.org/10.1016/j.kint.2021.04.018 PMID:

33964249

63. Garcia L, Woudenberg T, Rosado J, Dyer AH, Donnadieu F, Planas D, et al. Kinetics of the SARS-CoV-

2 Antibody Avidity Response Following Infection and Vaccination. Viruses. 2022; 14: 1491. https://doi.

org/10.3390/v14071491 PMID: 35891471

64. Yang Y, Yang M, Peng Y, Liang Y, Wei J, Xing L, et al. Longitudinal analysis of antibody dynamics in

COVID-19 convalescents reveals neutralizing responses up to 16 months after infection. Nat Microbiol.

2022; 7: 423–433. https://doi.org/10.1038/s41564-021-01051-2 PMID: 35132197
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