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Background

The quantitative level and kinetics of neutralizing antibodies (NAbs) in individuals with Omicron breakthrough infections may differ from those of vaccinated individuals without infection. Therefore, we aimed to evaluate the difference in NAb levels to distinguish the breakthrough cases from the post-immunized population to identify early infected person in an outbreak epidemic when nasal and/or pharyngeal swab nucleic acid real-time PCR results were negative.



Methods

We collected 1077 serum samples from 877 individuals, including 189 with Omicron BA.2 breakthrough infection and 688 post-immunized participants. NAb titers were detected using the surrogate virus neutralization test, and were log(2)-transformed to normalize prior to analysis using Student’s unpaired t-tests. Geometric mean titers (GMT) were calculated with 95% confidence intervals (CI). Linear regression models were used to identify factors associated with NAb levels. We further conducted ROC curve analysis to evaluate the NAbs’ ability to identify breakthrough infected individuals in the vaccinated population.



Results

The breakthrough infection group had a consistently higher NAb levels than the post-immunized group according to time since the last vaccination. NAb titers in the breakthrough infection group were 6.4-fold higher than those in the post-immunized group (GMT: 40.72 AU/mL and 6.38 AU/mL, respectively; p<0.0001). In the breakthrough infection group, the NAbs in the convalescent phase were 10.9-fold higher than in the acute phase (GMT: 200.48 AU/mL and 18.46 AU/mL, respectively; p<0.0001). In addition, the time since infection, booster vaccination, and the time since last vaccination were associated with log(2)-transformed NAb levels in the breakthrough infection group. ROC curve analysis showed that ROC area was largest (0.728) when the cut-off value of log(2)-transformed NAb was 6, which indicated that NAb levels could identify breakthrough infected individuals in the vaccinated population.



Conclusion

Our study demonstrates that the NAb titers of Omicron BA.2 variant breakthrough cases are higher than in the post-immunized group. The difference in NAb levels could be used to identify cases of breakthrough infection from the post-immunized population in an outbreak epidemic.





Keywords: SARS-CoV-2, Omicron variant, inactive CoronaVac, breakthrough infection, neutralizing antibody



Introduction

Up to December 2, 2022, more than 639 million confirmed cases of coronavirus disease 2019 (COVID-19) were reported worldwide, with a total of more than 6.6 million deaths (https://covid19.who.int). Although several vaccines have been approved and numerous people have been vaccinated worldwide, the pandemic has not yet been effectively controlled. Breakthrough SARS-CoV-2 infections are defined as infections that occur at least 2 weeks after an individual has been fully vaccinated (1–3).

The B.1.1.529 SARS-CoV-2 variant was first identified in South Africa on November 9, 2021, and was defined by WHO as a new variant of concern, Omicron, on November 26, 2021, because of the sharp increase in the number of cases (4, 5). Previous studies have found that plasma from convalescent patients or individuals vaccinated with two doses of the different COVID-19 vaccines show very low levels of neutralizing antibodies (NAbs) or no neutralizing activity compared with individuals infected with the Omicron variant (6–8). NAbs are responsible for defending cells from pathogens, and are effective at neutralizing pathogens, reducing viral load, and protecting tissues or cells from infection, thus providing immunity. Production of these antibodies, which are stored in the body for a longer period than therapeutic antibodies, may be increased by vaccination or by previous infection. NAbs are used to treat infections, predict disease outcomes (9–11) and assess of vaccine efficacy and the ability to prevent reinfection, such as Enterovirus 71 (12, 13). However, the role of NAb quantification in inferring the history and time since infection has not been well studied.

Owing to the dual influence of infection and vaccine, the quantitative level and kinetic characteristics of NAbs in individuals with breakthrough infections with the Omicron variant may differ from those of individuals immunized with inactivated vaccines only, without infection. In the management of a COVID-19 aggregated outbreak, identifying early infections, and tracing the source of the epidemic/clusters of COVID-19 patients play an important role in controlling the source of infection, reducing the spread of the outbreak, and ultimately controlling the outbreak. The main method to determine infection is to detect of viral nucleic acid, which often has a short shedding period of 1-2 weeks. However, a large proportion of SARS-CoV-2 infected patients are asymptomatic, suspected early infected patients are often already negative when tested for nucleic acid, while the half-life of antibodies often exceeds 1 month, and antibody titers also show dynamic changes with the duration of infection. If differences in NAbs between breakthrough cases and post-immunized populations can be confirmed, this property can be exploited to use NAbs as an immunological indicator to aid in the diagnosis of early infected person in an outbreak epidemic. This prompted us to conduct a case-control study to establish a quantitative association to predict the duration of infection, which could provide additional scientific and technical tools for tracing the source of the epidemic/clusters of COVID-19 patients when nasal and/or pharyngeal swab nucleic acid real-time PCR results were negative.

We first examined the neutralizing response of individuals with breakthrough infections caused by the Omicron variant in an outbreak Jiangsu Province, China, from February to May, 2022 and compared it with those of vaccinated individuals without infection. We then analyzed the difference in NAb levels between the acute and convalescent phases of participants with breakthrough infections. Finally, we established a regression equation to illustrate the factors influencing NAb levels in participants with breakthrough infections, including the time since infection. These results contribute to expanding our ability to distinguish the quantitative level of NAbs induced by vaccination alone, and by breakthrough infection, and to estimate the time since infection among individuals with breakthrough infection during the large epidemic of the Omicron variant.



Methods


Study design and participants

This study included two groups: a breakthrough infection group, and a post-immunized group (Figure 1). The inclusion criteria of participants with breakthrough infections were: і. during the period from February 14, 2022, to May 30, 2022, in Jiangsu province, China, the individuals immunized with more than two doses of the inactive COVID-19 vaccine for over 2 weeks; ii. tested positive for nucleic acid of SARS-CoV-2. The inclusion criteria of post-immunized group were: і. From August 10, 2021, to August 20, 2021, individuals who had received at least two doses of inactive COVID-19 vaccine; ii. tested negative for nucleic acid of SARS-CoV-2. Exclusion criteria for both groups were including that: і.without clear immunization history; ii. no results of nucleic acid of SARS-CoV-2. Through whole-genome sequencing analysis (Illumina, CA, USA) (14), these participants were found to be infected with the Omicron BA.2 variant. In our study, we defined the booster dose as the third dose of COVID-19 vaccine. The acute phase was defined as the period of the first 2 weeks after disease onset. The convalescent phase was defined as the period after 2 weeks of disease onset.




Figure 1 | Flow chart of study enrollment.



From August 10, 2021, to August 20, 2021, a total of 688 individuals who had received at least two doses of COVID-19 vaccine were included as a post-immunized group to determine the NAbs characteristics among vaccinated individuals without breakthrough infection. All participants without SARS-CoV-2 infection were vaccinated with more than two doses of inactive COVID-19 vaccine, either BBIBP or CoronaVac.



Surrogate virus neutralization test

Surrogate virus neutralization titers (magnetism particulate immunochemistry luminescence method, MCLIA) in the serum samples were measured in vitro using receptor-binding domain (RBD)-NAbs using the competitive chemiluminescence method performed with an automated Axceed 260 analyzer, as described in a previous study (15), and accompanying immunoassay test kits. The test kit consisted of reagent 0 (magnetic particle receptor angiotensin-converting enzyme 2 [ACE2] antigen), reagent 1 (alkaline phosphatase-labeled S protein RBD), calibrator 1, calibrator 2, and other necessary auxiliary reagents. During the test, reagent 0, reagent 1, and the serum samples were added to the reaction tubes. If the sample contained NAb, it would compete with the magnetic particle-labeled ACE2 antigen to bind to the S protein RBD. The free components were then rinsed away. The substrate solution was added, substrate solution luminescence was catalyzed by alkaline phosphatase, and the relative light units (RLU) of each sample tube was quantified. The RLU of the sample was negatively correlated with the concentration of SARS-CoV-2-NAb in the sample, allowing us to calculate the titer of the surrogate virus neutralization test (AU/mL) in human serum samples. According to the threshold specified by the manufacturer of magnetism particulate immunochemistry luminescence method (MCLIA), titers <2 AU/mL were considered negative, and titers ≥2 AU/mL were considered positive. Higher titers indicate higher levels of NAbs. NAb levels above 30 AU/mL were uniformly recorded as >30 AU/mL, and it was difficult to distinguish the difference between the levels of NAbs when both subjects had titers >30 AU/mL. We performed an experiment to determine the optimal dilution for samples with prime NAb titers >30 AU/mL. Firstly, sera from 50 Ancestral strain SARS-CoV-2 infected individuals were tested for NAbs by micro-neutralization test and the surrogate virus neutralization test (MCLIA). Secondly, sera from these 50 patients tested by MCLIA with > 30 AU/mL were diluted 5 times, 10 times, and 50 times, respectively. Finally, by using the NAbs titers of the micro-neutralization test as a reference, the correlation between the three diluted-times NAbs titers and the reference were analyzed. The correlation coefficient r are 0.815, 0.831, and 0.841 at 5-times, 10-times, and 50-times dilution, respectively, so the experiment was repeated in this study with samples diluted 50 times if the prime titer reading of the NAb was > 30 AU/mL (Table S1). Dilution of 100 times would increase the consumption of detection reagents and would further prolong the detection time, so our research group did not validate the dilution of 100 times. In summary, the final titers were kept when the prime values were between 0 and 30 AU/mL, and the final titers were the values of 50-fold dilution when the prime values >30AU/mL, so that the range of NAb values in this study was 0-1500 AU/mL. Titers <2 AU/mL were considered negative, and titers ≥2 AU/mL were considered positive. If the true value was between 30 and 100, for example, 50 AU/mL, the prime titer was > 30 AU/mL, then the sample would be diluted 50 times, and the final titer was around 50 AU/mL (1 AU/mL × 50).



Statistical analysis

Statistical analysis was performed using SPSS 26.0 (IBM SPSS Statistics, Armonk, NY, USA) and GraphPad PRISM 9.3.1 (GraphPad Software, San Diego CA, USA). Continuous variables were reported as the mean ± standard deviation (SD) or median and interquartile range (IQR). Categorical variables were summarized as counts and percentages. NAb titers were non-parametric and therefore log(2)-transformed to normalize before analysis using Student’s unpaired t-test and one-way ANOVA test. The geometric mean titre (GMT) was calculated with 95% confidence intervals (CI). Univariate and multivariate linear regression models were used to identify factors associated with NAb levels among all participants (the breakthrough infection and post-immunized groups combined) and among the breakthrough infection group. We further conducted ROC curve analysis to evaluate the ability of NAb to identify breakthrough infected individuals in the vaccinated population. Two-sided p values <0.05 were considered statistically significant.




Results


Demographic baseline characteristics of the participants

From February 14, 2022, to May 30, 2022, 389 serum samples (acute phase: 260, convalescent phase: 129) were collected from 189 individuals with breakthrough infection, and from August 10, 2021, to August 20, 2021, 688 serum samples were collected from 688 fully vaccinated individuals without documentation of previous SARS-CoV-2 infection (Figure 1). Participants in the breakthrough infection and post-immunized groups had all been vaccinated with the BBIBP (inactivated COVID-19 vaccine manufactured by Beijing Institute of Biological Products Co., Ltd.), CoronaVac (inactivated COVID-19 vaccine manufactured by Sinovac Life Sciences Co., Ltd), or both the BBIBP and CoronaVac vaccines. According to Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (16), the clinical spectrum of COVID-19 ranged from mild to critical. The participant demographic characteristics are shown in Table 1.


Table 1 | Demographic baseline characteristics of the participants.





NAb levels in the breakthrough infection and vaccination-only groups

The kinetics of NAbs in participants with breakthrough infection showed that NAb titers started to increase in the second week after symptom onset, reached a small peak in the fourth week, and continued to slightly decrease thereafter (Figure 2A). We compared the NAb levels between the two groups at the same post-vaccination time point, taking into account that NAbs wane after vaccination. We found that the breakthrough infection group had consistently higher NAb values than the post-immunized group according to time since the last vaccination (p<0.0001) (Figure 2B). Nab levels of the breakthrough infection group were 6.4-fold higher than those of the post-immunized group (GMT: 40.72 AU/mL and 6.38 AU/mL, respectively, p<0.0001) (Figure 2C). We compared NAb levels between the acute and convalescent phases in participants with breakthrough infection. The NAbs of the convalescent phase were 10.9-fold higher than those of the acute phase (GMT: 200.48 AU/mL and 18.46 AU/mL, respectively, p<0.0001) (Figures 2D, E), violin plots are shown in Supplementary Material Figure S1.




Figure 2 | Kinetics and quantitative comparison of NAb levels over time. (A) Trends in NAb after the onset of breakthrough cases. (B) Trends in NAbs in breakthrough cases and post-immunized groups with time since the last vaccination. (C) Comparison of NAbs quantification in breakthrough cases and post-immunized group. (D) Comparison of NAbs in the acute phase and convalescent phase of breakthrough cases. (E) Comparison of NAbs in the acute phase, convalescent phase, and post-immunized group. Dark horizontal lines for each group denote sample medians, and the error bars and dotted lines indicate the interquartile range. ****P < 0.0001.



We further analyzed differences in NAb levels with age. The NAb levels in participants with breakthrough infection showed a slight downward trend with age (Figure 3A). In addition, the NAb levels in age groups over 60-year were higher in the convalescent phase than those in the acute phase (p<0.0001). In the acute phase, NAb levels peaked in the 30-year-old group and then steadily decreased with age. However, NAb levels in the convalescent phase did not vary significantly with age (Figure 3B).




Figure 3 | Changes in NAbs with age. (A) Changes in NAbs with age in breakthrough cases. (B) Changes in NAbs with age during the acute phase and convalescent phase. Each circle and triangle represent the titer for a serum sample. Note: Breakthrough cases were included from February 14, 2022, to May 30, 2022, post-immunized groups were recruited from August 10, 2021, to August 20, 2021.





Impact of the time since SARS-CoV-2 vaccination to NAb measurement in participants with breakthrough infections

We analyzed NAbs of breakthrough infection according to the time between the last vaccination to sampling. We divided the timing of vaccination into three groups: <1 month, 1–4 months, and >4 months. The results showed there was statistically significant difference of NAb levels between <1 month group and >4 months group (p=0.027) (Figure 4A). Subsequently, we analyzed the trend in NAb levels over time for different vaccination doses in participants with breakthrough infection. The NAb levels of participants who had received a booster dose were consistently higher than those of participants who had received only two doses of vaccine at every time point (53.16 AU/mL and 30.97 AU/mL, respectively; p=0.007) (Figure 4B).




Figure 4 | Impact of inactivates SARS-CoV-2 vaccination to NAbs against Omicron BA.2 variant in breakthrough cases. (A) Breakthrough case classification analysis according to the time since the last vaccination to sampling. (B) Trends in NAb over time for different vaccination doses.





Linear regression analysis of the factors influencing NAb levels

Univariate regression and multivariate linear regression analyses were conducted to quantify the contributions of the variables to NAbs titers in all participants combined, and the breakthrough infection group. After adjusting for demographic variables, we found that the factors influencing NAb levels in all participants were breakthrough infection, age, and booster vaccination (Table 2). Specifically, for each additional breakthrough infection relative to vaccination alone, the NAb levels increased by log(2)-transformed 2.3 units. Using the <20 years age group as the reference group, the 30-40/40-50/50-60-years age group were significantly negatively associated with NAbs (β ± SD: −0.684 ± 0.314, −0.592 ± 0.294, −0.880 ± 0.305, for the 30–40, 40–50, 50–60 years age groups, respectively). Participants who had received a booster dose of vaccine had a mean NAb level that was log(2)-transformed 0.8 units higher than that of those who had not received a booster dose.


Table 2 | Linear regression of the factors influencing NAb levels in the whole participants.



Among participants with breakthrough infection and a clear history of infection, we further used linear regression to analyze the correlation between the time since infection and the quantitative value of NAbs. In the breakthrough infection group, the time since infection, booster vaccination and the time from the last vaccination to symptom onset were significantly associated with log(2)-transformed NAb levels; however, sex, age, and clinical status were not (Table 3). Specifically, the NAb levels increased by log(2)-transformed 2.4, 3.4, 4.5, and 2.9 units in the second, third, fourth, and 5 weeks or more after infection, respectively, compared with the first week after infection. Booster vaccination was associated with an increase of log(2)-transformed 0.7 units of NAb relative to those who did not receive the booster dose. The NAb levels increased by log(2)-transformed 4.7 and 4.9 units in the 1-4 months and over 4 months, respectively, compared with the first month after last vaccination. ROC curve analysis showed that ROC area was largest at 0.728 when the cut-off value of log(2)-transformed NAb was 6. The results in details are shown in Supplementary Material Table S2.


Table 3 | Linear regression of the factors influencing NAb levels in the breakthrough cases.






Discussion

This study with 877 participants and 1077 serum samples showed that NAb levels of participants with breakthrough SARS-CoV-2 Omicron subvariant BA.2 infections were six-fold greater than those of the post-immunized group. The participants with breakthrough infection had enhanced serum-neutralizing responses compared with participants who received the COVID-19 vaccine only, considering the attenuation of neutralizing antibodies induced by inactivated vaccination over time, in agreement with a previous study (17). We found that the time since infection was the main factor influencing the NAb titer in participants with breakthrough infection, which showed that NAbs in the convalescent phase were almost 11-fold higher than those in the acute phase, which is consistent with a study by Oliveira and colleagues (18).

SARS-CoV-2 breakthrough infections occur when an individual has been fully vaccinated and, subsequently is infected with the most recent circulating SARS-CoV-2 variant (19, 20). Breakthrough infections induce potent NAb responses. A previous study reported that serological titers of NAb rapidly increased and were maintained after antigen re-exposure in vaccinated individuals owing to recalled immune memory (21). When vaccinated individuals are infected with SARS-CoV-2, similar to the initial infection, as the virus continues to replicate, more NAbs are produced in the human body to neutralize virus particles, as evidenced by higher levels of NAb during the convalescent phase than during the acute phase, and by the gradual increase in quantitative levels of NAbs and a plateau at a higher level within one month after infection (22, 23).

The impact of the NAbs titer dynamics of breakthrough infections involved several factors, including the individuals’ inherent response to the vaccine regime, virulence, and the duration of a protective level of NAbs. In addition, pre-existing conditions vary from one individual to the next, contributing to breakthrough infections, including but not limited to immune suppression, age, genetics, and a variety of other underlying comorbidities. According to our results, NAbs decreased with age, mainly in the acute phase, but were not significantly associated with age in the convalescent phase. Patients of different ages during the convalescent phase have had sufficient time to develop NAbs against SARS-CoV-2; therefore, age is not a major influencing factor during this period. Studies have shown that there is no correlation between NAbs and COVID-19 disease severity (24). Months from the last vaccination to symptom onset was significantly and positively associated with NAb levels in the regression analysis. In breakthrough cases, it appears that those who received their vaccinations earlier than those who received them later had higher levels of NAbs, which is consistent with our previous study (25).

Regression analysis for the two cohorts shows that breakthrough infection leads to a further increase in NAb levels in vaccinated individuals. These data lend support for tracing or identifying previously infected individuals. SARS-CoV-2 nucleic acid remains in the body for approximately 1~2 weeks, but NAbs tend to remain in the body for a longer period. When throat swab real-time PCR results were negative, we used the NAb levels to distinguish individuals with breakthrough infection from vaccinated individuals without infection. In regression analysis for breakthrough infection group, as NAb levels rise after 2 weeks of infection, it is difficult to accurately determine the precise time since infection based on the specific NAb value, but NAb values can be used to estimate the relative time range. The results of the ROC curve analysis also indicate that NAb levels better identify breakthrough infected individuals from the vaccinated population. However, the value of quantitative NAb values in traceability will be diminished during the later phase of pandemic.

This study has several limitations. First, this study used the magnetism particulate immunochemistry luminescence method instead of authentic microneutralization. Previous research by our group has shown a good correlation between the surrogate virus neutralization test and authentic microneutralization (26). In participants with high NAb levels, we determined the appropriate dilution ratio by comparing the correlation between the results of the surrogate virus neutralization test and those of authentic microneutralization test at different dilution ratios. Second, the antigen used in this assay was the wild strain of SARS-CoV-2, which has some differences from the Omicron variant in amino acids with the RBD region of the S protein, therefore the results could be just used for reference and speculation.



Conclusion

Overall, our study showed that NAb titers participants with breakthrough infection were six-fold higher than those of the post-immunized group, and that the NAb levels during the convalescent phase were almost eleven-fold higher than those during the acute phase. Breakthrough infection can lead to a further increase in the NAb levels of the immunized population. When throat swab nucleic acid real-time PCR results are negative, NAb levels can be used to identify individuals with breakthrough infection.
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