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SARS-CoV-2 has caused a global health disaster with millions of death worldwide, and the substantial proportion of asymptomatic carriers poses a huge threat to public health. The long-term antibody responses and neutralization activity during natural asymptomatic SARS-CoV-2 infection are unknown. In this study, we used enzyme-linked immunosorbent assays (ELISA) and neutralization assay with purified SARS-CoV-2S and N proteins to study the antibody responses of 156 individuals with natural asymptomatic infection. We found robust antibody responses to SARS-CoV-2 in 156 patients from 6 to 12 months. Although the antibody responses gradually decreased, S-IgG was more stable than N-IgG. S-IgG was still detected in 79% of naturally infected individuals after 12 months of infection. Moderate to potent neutralization activities were also observed in 98.74% of patients 6 months after infection. However, this proportion decreased at 8-month (46.15%) and 10-month (39.11%) after infection, respectively. Only 23.72% of patients displayed potent neutralization activity at 12 months. This study strongly supports the long-term presence of antibodies against SARS-CoV-2 in individuals with natural asymptomatic infection, although the magnitude of the antibody responses started to cripple 6 months after infection.
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INTRODUCTION

The pandemic of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has posed a severe threat to global public health and economic development (Galipeau et al., 2020; Gudbjartsson et al., 2020; Li and Liu, 2020). World Health Organization [WHO], 2020 has confirmed more than 173 million COVID-19 cases worldwide, resulting in more than 3.7 million deaths in June 2021. Based on the severity of the disease, COVID-19 has been classified into four severity levels: mild, moderate, severe, and critical (Hashem et al., 2020; Ibarrondo et al., 2020). The proportion of patients with severe or critical diseases may vary with age and health status, but most have mild to moderate disease (Figueiredo-Campos et al., 2020; Wang et al., 2020). However, with the global coronavirus outbreak, there is increasing evidence that many patients with COVID-19 are asymptomatic but can transmit the virus to others (Garrido et al., 2021; Zheng et al., 2021).

The induction of effective early immune control of SARS-CoV-2 and a durable immune response is critical to prevent severe disease and defend against re-exposure (Anand et al., 2021; Cohen et al., 2021; Garcia-Beltran et al., 2021). Many published studies have explored the magnitude and longevity of the COVID-19 antibody response. To our knowledge, the observation period for most studies on SARS-CoV-2-specific antibodies was 8 months or less. Most results indicate that SARS-CoV-2 antibody titers decline slowly (He et al., 2021; L’Huillier et al., 2021; Peluso et al., 2021). A recently published paper analyzing samples collected from early to 12 months after infection indicated that humoral responses to SARS-CoV-2 infection are robust on longer time scales, including responses from mild infection (Laing et al., 2021). Although re-infection by SARS-CoV-2 can occur in patients who previously had symptomatic COVID-19, such cases are infrequent. Recent studies have highlighted a correlation between the presence of SARS-CoV-2 antibodies and a decreased risk of re-infection (Dehgani-Mobaraki et al., 2021; Manisty et al., 2021; Turner et al., 2021).

Analyzing samples collected from patients with mild to severe infection demonstrated that the magnitude of the antibody response to SARS-CoV-2 infection was positively correlated with COVID-19 severity (Pradenas et al., 2021; Trinite et al., 2021; Wu et al., 2021). However, the kinetics of the antibody response in asymptomatic patients is less clear. In this study, hundreds of serum samples were collected from individuals six to twelve months after natural infection with SARS-CoV-2, and the data were collected from August 2020 to March 2021. Serum antibody titers and neutralizing activities were investigated to understand the immune response of patients recovering from asymptomatic SARS-CoV-2 infection. A total of 156 patients with asymptomatic COVID-19 were enrolled in this study. The characteristics of these patients are summarized in Table 1. All of these patients were diagnosed as positive for SARS-CoV-2 in the correctional facility of Shandong Province. All enrolled individuals were asymptomatic after diagnosis.


TABLE 1. Characteristics of enrolled patients asymptomatic infected with SARS-CoV-2.
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The human immune response induced by SARS-CoV-2 can produce multiple proteins that target viral proteins, among which the NP and S proteins have been used as target antigens for serological determination. Therefore, the dynamics of IgG and IgM antibodies against these two proteins were detected first by enzyme-linked immunosorbent assays (ELISA) in this study. The titers of these four antibodies decreased to varying degrees with natural infection (Figure 1). Compared with N-IgG (Figure 1C), S-IgG (Figure 1A) was more stable. S-IgG still existed in some patients 1 year after asymptomatic infection, while N-IgG remained in only a few patients. The titer of IgM (Figures 1B,D) decreased very rapidly and was lower than the baseline 8 months after infection. In general, the rate of decline of IgM was higher than that of IgG (Figure 1E).
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FIGURE 1. Longitudinal analysis of IgG and IgM against SARS-CoV-2 S/N in patients. The intensity changes of different antibodies were longitudinally compared at a titer of 1:400. (A–D) Indicate the longitudinal changes in S-IgG, S-IgM, N-IgG, and N-IgM antibodies. Each data point represents a sample, the vertical line represents the median IQR, the red line marks the cutoff value of enzyme-linked immunosorbent assays (ELISA), and the y-axis represents the absorbance at 450 nm when the serum dilution is 1:400. (E) Normalization of the OD value of other time points with the OD value of antibodies in June. The y-axis represents the proportion of samples in August, October, and December to June for the same patient. The data are shown as the mean ± SEM. The significance is expressed as ns, P > 0.05; *P < 0.05; ***P < 0.001; ****P < 0.0001.


To further characterize the positive rate and titer of antibodies, the antibodies were diluted based on 400-fold dilution, with 1:400 defined as a low titer, 1:800 as a medium titer, 1:1,600 as a high titer, and 1:3,200 as an extremely high titer, and then antibodies at different levels were classified. The results showed that the overall positive level of antibodies showed a trend of rapid decline (Figure 2E and Supplementary Figure 1). Compared with the other three antibodies, S-IgG remained stable for a longer time. Approximately 1 year later, S-IgG was still detected in 79% of naturally infected individuals in this study. The IgG response of the N protein decreased to 37% in the 8th month, and only 11.5% of individuals carried N-IgG in the 12th month. The IgM response to the S and N proteins disappeared more rapidly. In the 12th month, antibodies could be detected in less than 2% (S-IgM) and 1% (N-IgM) of individuals.
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FIGURE 2. Changing trend of the titers of IgG, IgM and neutralizing antibodies against SARS-CoV-2 S/N in patients. (A–D) Indicates the change in antibody titers at different time points, where N indicates that the titers have dropped below the ELISA cutoff and cannot be detected. (E) Displays the changing trend of the antibody-positive rate. The data are shown as the mean ± SEM, and the significance is expressed as ns, P > 0.05.


For the relatively stable S-IgG antibody, the antibody titer also decreased gradually (Figure 2A). Among the four dilutions (400/800/1,600/3,200) used in this study, most S-IgG titers were 3,200 in the 6 months after natural infection and slowly dropped to 400 in the 12 months. The antibody titers of 32 (21%) individuals could not be detected in this experiment. The titer of the N-IgG antibody was reduced significantly 8 months after natural infection (Figure 2C). Antibodies could not be detected in more than half of the patients with natural infection. Most of the patients with detectable antibodies decreased to undetectable levels in the following 4 months. S-IgM (Figure 2B) and N-IgM (Figure 2D) presented a more rapid downward trend and were almost undetectable 12 months after natural infection.

Neutralizing antibodies are closely related to the antiviral protection of humoral immunity. The samples were subjected to a pseudovirus neutralization test, and the neutralization titer of the serum was defined with the reciprocal of the serum dilution. This study found that the titer of neutralizing antibodies was stable within 6–12 months after natural asymptomatic infection, but the titer decreased linearly (Figure 3A). The localization of N protein in the viruses and its biological functions indicate that the antibodies against N protein cannot directly neutralize the invasion of SARS-CoV-2, so the correlations of neutralizing antibodies titers with S-IgG and S-IgM levels were analyzed (Figure 3), revealing that S-IgG was more effective than S-IgM in neutralizing SARS-CoV-2 (Figures 3C–F). This effect showed a more significant correlation with S-IgG 12 months after infection, while S-IgM levels were not correlated with neutralizing antibody titers.
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FIGURE 3. Evaluation of the changes in neutralizing antibody titers in 156 serum samples. According to the classification at different time points after convalescence, (A) reflects the change in the neutralization titer of serum from convalescent patients, and the y-axis represents the log2 of the neutralization titer. (B) Reflects the change in the proportion of the neutralization titer in serum; (C–F) indicates the analysis of the correlations of S protein IgG and IgM with neutralizing antibodies, respectively. ***P < 0.001.


Furthermore, the correlations of antibody responses in different periods after natural infection were also analyzed. The significant positive correlations between S/N IgG and S/N IgM were noted, but the correlation becomes weak due to the disappearance of IgM with convalescence (Supplementary Figure 2). Neutralization activity at a serum dilution of 1:160 has been used as a cutoff in a proof-of-concept study showing the efficiency of convalescent plasma therapy. A very high frequency of individuals in our study exhibited strong neutralization activity at 6 months (>=1:160, 98.74%). This proportion decreased to 46.15% at 8 months and 39.11% at 10 months. Only 23.72% of individuals displayed strong neutralization activity at 12 months after natural infection.

From our data, we can conclude that most cases with asymptomatic infection have long-term (12 months) antibody protection, and the level of Ab-protection decreases with time. Previous studies have shown that coronavirus recovered patients can still detect neutralizing antibodies 2 years later (Mo et al., 2006), indicating that detecting antibodies to the SARS-CoV-2 requires a longer period. At the same time, during the 6–12 months of longitudinal testing, we found that the antibody has maintained a relatively low titer level after about 8 months. Unfortunately, The nAb titer minimum level for protection from re-infection is unclear, making it difficult to define the titer of nAb. An experiment on rhesus monkeys shows that the neutralization titer of 83–197 in the pseudovirus neutralization experiment can effectively resist the SARS-CoV-2second attack (Chandrashekar et al., 2020). Therefore, among the asymptomatic cases mentioned in this experiment, it is estimated that nearly half of the patients will have the level of neutralizing antibodies against re-infection with the SARS-CoV-2 in a year.

As we know, antibody levels often determine the clinical outcome of patients, so the key factors that influence antibody levels have been widely discussed by researchers (Siggins et al., 2021; Xiang et al., 2021). The consensus is that people with the severe disease produce high levels of antibodies, meaning they stay in the body longer than those with mild or asymptomatic. Age and gender are also major factors affecting antibody persistence. There is a view that children and elderly patients maintain antibodies for a shorter time after infection than adults, suggesting that children and older adults have weaker long-term memory responses, which may affect the outcome of re-infection (Pierce et al., 2020; Wong et al., 2020). Similarly, gender also affects immune memory. Previous studies have found that gender differences lead to differences in antibody levels, and retrospective analysis has shown that women have higher antibody levels than men, which means they are at lower risk of re-infection (Takahashi et al., 2020; Zeng et al., 2020).

We have failed to conduct in-depth research on the cellular immune memory of asymptomatic infections. According to the work of Gaebler et al. (2021) T and B cell immune memory levels of the patients were stimulated by the SARS-CoV-2 and successfully established. Although immune memory will have a faster response speed than the initial infection of the virus, it still has a certain delay compared with the humoral protection provided by antibodies. A recently published paper showed that individuals in the recovery period of mild and moderate infection Vaccination can produce very long-lasting immunity and protect people from the SARS-CoV-2 variant (Wang et al., 2021). Therefore, from protecting the body from re-infections, we believe that regular vaccination will be required to maintain a high level of antibodies in the body and provide more comprehensive protection for the body.



MATERIALS AND METHODS


Ethics Statement

All experiments were carried out according to procedures approved by the Institute of Microbiology, Chinese Academy of Sciences, and complied with all relevant ethical regulations regarding animal research. The approval certificate of ethics review and consent form to participate in the survey are attached in Supplementary Material.



Cell Lines

The 293T human embryonic cell line expressing SV40T antigen and the suspension-cultured 293T human embryonic cell line were stored in our laboratory. The 293T cell line stably expressing the hACE2 receptor protein was kindly provided by Dr. Zhendong Zhao (Institute of Pathogen Biology, Chinese Academy of Medical Sciences & Peking Union Medical College). All cells were cultured in DMEM supplemented with 10% FBS (Cat# 26140079, Thermo Fisher Scientific) in 5% CO2 at 37°C.



Sample Collection and Serum Separation

Serum was collected from donors infected and not infected with SARS-CoV-2. Among them, infected samples were collected from 156 convalescent patients with asymptomatic COVID-19 infection in the controlled area of Jining Prison in Shandong Province from August 2020 to April 2021 (Supplementary Figure 3). All the sampled patients were diagnosed and recovered and tested negative by quantitative fluorescence PCR multiple times. Venous blood was collected and allowed to stand for 30 min. After coagulation, the blood was centrifuged at 3,500 × g for 10 min, and the serum was aspirated and stored at −80°C for subsequent use. Before use, the viruses were inactivated by heating at 56°C for 1 h. Horseradish peroxidase (HRP)-conjugated antibodies against the human IgG Fc region or human IgM Fc region were used as secondary antibodies to detect serum binding by ELISA.



Enzyme-Linked Immunosorbent Assays

The recombinant proteins were resuspended in PBS (1 μg/mL), 100 μL of which was collected and added to enzyme plates at 4°C overnight for adsorption. Subsequently, the plates were washed three times with washing buffer (PBS containing 0.02% Tween-20). After blocking with blocking buffer containing 2% BSA and 3% sucrose at 4°C overnight, the plates were blow-dried, vacuumed, and placed at 4°C for subsequent use. The serum samples were diluted to 1:400, 1:800, 1:1,600, and 1:3,200 with dilution buffer (PBS containing 4% BSA), and 50 μL samples were collected and added to enzyme plates for incubation at 37°C for 2 h. After washing four times, secondary antibodies (diluted with dilution buffer at 1:5,000) were added for further incubation at 37°C for 45 min. Afterward, 100 μL of the HRP substrate was added for incubation. Detection was carried out by adding 2 mol/L H2SO4 to terminate the reaction and reading the absorbance at 450 nm using a microplate reader. Each plate contains a quality control sample. Additionally, the absorbance was read using 30 SARS-CoV-2-negative serum samples at 450 nm to calculate the cutoff with the following formula (Frey et al., 1998; Lardeux et al., 2016) to determine the final positive threshold for ELISA.

[image: image]

(T = 1.727), the cutoff value for S-IgG was 0.1397, S-IgM was 0.1530, N-IgG was 0.1550, and N-IgM was 0.1522. The serum sample is considered positive when the OD is above the cutoff value.



Virus Neutralization Assay

293T-hACE2 cells were infected with SARS-CoV-2 pseudoviruses expressing luciferase in culture dishes containing serum from convalescent patients. In brief, 293T cells were cotransfected with the three-plasmid lentivirus-packaging system (psPAX2, pLenti-GFP and coding SARS-CoV-2S) and liposomes at 1:2, with 100 μg of cells transfected per 15 cm dish. After transfection for 48 h, the supernatant was collected, centrifuged at 4,000 × g for 10 min to remove cell debris, further filtered using a 0.45-μm mesh, and finally stored at −80°C for subsequent use. Twenty-four hours before the neutralization assay, 293T-hACE2 cells were seeded into 96-well plates at 3 × 104/well. Serum samples were diluted from 1:10 to 1:5,120, and 50 μL was collected and mixed with isovolumic viruses for incubation at 37°C for 1 h, which was then added to target cells for continuous incubation at 37°C for 48 h. Detection was performed by adding 100 μL of luciferase substrate and transferring it to 96-well plates in the dark for reading using a microplate reader. The neutralizing antibody titer of each serum sample was expressed as the 50% neutralizing titer (NT50), which was defined as the reciprocal of the highest serum dilution with a 50% neutralization rate.



Statistical Analysis

The significance of the results was tested using GraphPad Prism (version 8.0.2). Statistical tests (parametric or non-parametric) with P < 0.05 were considered significant. The significance is expressed as ns, P > 0.05; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. The Spearman rank correlation of the data was tested using IBM SPSS statistics (version 26).
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Supplementary Figure 1 | The change in antibody titers with dilution. The dotted line represents the cutoff for ELISA, the horizontal coordinate represents three different dilutions, and the longitudinal coordinate represents the change in OD value with dilution.

Supplementary Figure 2 | Correlations of antibody responses in different periods after natural infection. S-IgG, S-IgM, N-IgG, and N-IgM titers are strongly correlated, but the correlation becomes weak due to the disappearance of IgM with convalescence. Orange indicates a tendency toward a higher correlation, purple indicates a weak correlation, and ∗ represents a significant correlation.

Supplementary Figure 3 | The serum samples were collected from the flow chart of patients asymptomatic infected with COVID-19 from August 2020 to March 2021.
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Characteristic Asymptomatic individuals who tested
positive for antibodies at 6-month

Sex
Male 156/156 (100%)
Female 0/156 (0%)

Age group, years

<18 0/156 (0%)

18-44 17/156 (10.9%)
44-65 116/156 (74.4%)
>65 23/156 (14.7%)

Underlying disease*

No 105/156 (67.3%)
Yes 51/156 (32.7%)

Medical treatment in the past 1 year

No 137/156 (87.8%)
Yes 19/156 (12.2%)

Self-reported symptom®

No 156/156 (100%)
Yes 0/156 (0%)

Medicine use*

No 148/156 (94.8%)
Yes 8/156 (5.2%)

Positive for RT-PCR®

No 0/156 (0%)
Yes 156/156 (100%)

*Underlying diseases included hypertension, respiratory disease, tumors or cancer,
diabetes, cardiovascular disease, chronic kidney disease, chronic liver disease,
and immunodeficiency disease. S Including fever or respiratory symptoms, or both.
#Including antiviral agent or Antibacterial agent, or both. ®RT-PCR test results were
positive and diagnosed as a confirmed case.
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