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Objectives: With the worldwide spread of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), various antibody detection kits have been developed to test for SARS-CoV-2– specific IgG, IgM, and total antibody. However, the use of different testing methods under various heat-inactivation conditions might affect the COVID-19 detection results.

Methods: Seven different antibody detection kits produced by four manufacturers for detection of SARS-CoV-2 IgG, IgM, and total antibody were tested at Wuhan Huoshenshan Hospital, China. Most of the kits used the indirect immunity, capture, and double-antigen sandwich methods. The effects of various heat-inactivation conditions on SARS-CoV-2-specific IgG, IgM, and total antibody detection were analyzed for the different test methods.

Results: Using the indirect immunity method, values for SARS-CoV-2 IgG antibody significantly increased and those for IgM antibody decreased with increasing temperature of heat-inactivation using indirect immunity method. However, values for SARS-CoV-2 IgM and total antibody showed no change when the capture and double-antigen sandwich methods were used. The changes in IgG and IgM antibody values with the indirect immunity method indicated that heat-inactivation could affect COVID-19 detection results obtained using this method. In particular, 18 (22.2%) SARS-CoV-2 IgM positive samples were detected as negative with heat-inactivation at 65°C for 30 min, and one (25%) IgG negative sample was detected as positive after heat-inactivation at 56°C for 60 min and 60°C for 30 min.

Conclusions: Heat-inactivation could increase SARS-CoV-2 IgG antibody values, and decrease IgM antibody values, causing potential false-positive or false-negative results for COVID-19 antibody detection using the indirect immunity method. Thus, before conducting antibody testing, the testing platforms should be evaluated in accordance with the relevant requirements to ensure accurate COVID-19 detection results.

Keywords: COVID-19, SARS-CoV-2, IgG and IgM antibody, heat-inactivation, indirect immunity method


INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has rapidly spread worldwide, threatening human health and economic development (1). As of 1 December 2020, the World Health Organization has documented 63,691,642 confirmed cases of COVID-19, with 1,476,277 deaths (2.32%) worldwide. On January 30, 2020, the World Health Organization issued a statement announcing that COVID-19 was a Class I public health emergency of global concern (2).

In the early stages of the COVID-19 outbreak, nucleic acid detection was the main method used for the detection of this disease (3). However, this method required samples from throat swabs, which were highly infectious, and methodological limitations led to long detection periods (4). According to the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (7th Trial Version) in China released on March 3, 2020 (5), serological testing for SARS-CoV-2-specific IgG antibody (Ab) and IgM Ab was identified as suitable for the detection of COVID-19. On April 1, 2020, the US Food and Drug Administration authorized the first SARS-CoV-2 Ab detection kit (6).

Heat-inactivation is a common virus inactivation method used in laboratories. Owing to serious pathogenicity and infectivity of COVID-19, the Inspection Branch of the Chinese Association of Laboratory Medicine required that effective biological safety precautions were taken in laboratories when analyzing the virus; among these precautions, it was recommended that serum samples should be heat-inactivated before serological Ab detection to ensure biosecurity. However, heat-inactivation could affect the values of IgG and IgM Ab detection, with possible effects on the results of clinical tests for COVID-19. At present, at Wuhan Huoshenshan Hospital of China, seven different Ab detection kits for SARS-CoV-2-specific IgG, IgM, and total Ab, produced by four manufacturers, have been used in clinical tests. The current study investigated the effects of various heat-inactivation conditions (including 56°C for 30 min, 56°C for 45 min, 56°C for 60 min, 60°C for 30 min and 65°C for 30 min) on the SARS-CoV-2 antibody detection with the indirect immunity, capture, and double-antigen sandwich methods, using chemiluminescence microparticle immunoassay (CMIA) and up-converting phosphor technology (UPT). Potential false-positive and false-negative rates for COVID-19 detection were also analyzed.



MATERIALS AND METHODS


Data Collection

All serum samples used in this study were collected from patients admitted to Wuhan Huoshenshan Hospital of China between February 4 and April 12, 2020, and diagnosed with COVID-19 infection by nucleic acid testing according to the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (7th Trial Version). Huoshenshan Hospital was established in early February, 2020, and built within 10 days, it is one of the biggest designated hospitals for COVID-19 patients in China, with well-trained clinicians and up-to-date laboratory equipment. This study was approved by the Medical Ethical Committee of Huoshenshan Hospital, Wuhan, China (HSSLL011 and HSSLL012), and written informed consent was obtained from the patients.



Experimental Regents and Instruments

Seven different SARS-CoV-2-specific IgG, IgM, and total Ab detection kits, using the indirect immune method, capture method, or double-antigen sandwich method, based on CMIA and UPT, and produced by four different manufacturers, were tested at Wuhan Huoshenshan Hospital of China (Table 1). In which, the SARS-CoV-2-specific IgG and IgM Ab detection kits, using the indirect immune method, based on CMIA, produced by the same manufacture were under the approval process by National Medical Products Administration of China. The other five different Ab detection kits, including SARS-CoV-2-specific IgG, IgM, and total antibody detection kits, using the indirect immune method, capture method, or double-antigen sandwich method, based on CMIA and UPT, produced by three manufactures had been approved by National Medical Products Administration of China, and the corresponding approval number of National medical device products had been released online. A UPT immunoassay analyzer (UPT-3A-1200), automatic chemiluminescence immunoassay analyzer (Caris200), automatic chemiluminescence immunoassay analyzer (CL-2000i), and automatic chemiluminescence immunoassay analyzer (iFlash 3000-H) were used in this study.


Table 1. SARS-CoV-2 antibody detection kits.
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Experimental Methods

Owing to the specificity of Wuhan Huoshenshan Hospital, detection SARS-CoV-2 Ab without heat-inactivation was used as a control. Serological tests for, and total Ab were performed using the corresponding Ab detection kits, according to the manufacturers' instructions. In brief, for SARS-CoV-2-specific IgG and IgM Ab detection using indirect immunity method, magnetic beads coated with the specific IgG or IgM antigen (Ag) were mixed with analyte serum samples to form Ag/Ab complex, after washing, second Ab Mouse anti-human IgG or IgM coated with acridinium ester were mixed to form Ag/Ab/second Ab complex, after washing, pre-excitation fluid and excitation fluid was added, then the relative light unit (RLU) of signal was detected. For SARS-CoV-2 total Ab detection using double-antigen sandwich method, were mixed with analyte serum samples to form Ag/Ab complex, after washing, specific Ag coated with acridinium ester were mixed to form Ag/Ab/Ag complex, after washing, pre-excitation fluid and excitation fluid was added, then the RLU of signal was detected. For SARS-CoV-2-specific IgM Ab detection using capture method, magnetic beads coated with anti-human specific IgM Ab mixed with analyte serum samples, after washing, specific Ag coated with acridinium ester were mixed to form Ab/IgM/Ab complex, after washing, pre-excitation fluid and excitation fluid was added, then the RLU of signal was detected (Figure 1). Before testing, serum samples were heat-inactivated in a water bath at 56°C for 30 min, 56°C for 45 min, 56°C for 60 min, 60°C for 30 min, and 65°C for 30 min.
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FIGURE 1. Schematic diagram of indirect immunity, double-antigen sandwish, and capture method.




Statistical Analysis

Data are presented as mean ± standard deviation (SD), and measured by GraphPad Prism 8.0. Statistical significance was analyzed by two-tailed paired student's t-test. Differences at p < 0.05 were considered to statistical significance.




RESULTS


Effects of Heat-Inactivation Conditions on Indirect Immunity Method

A total of 129 serum samples collected from COVID-19 patients admitted to Wuhan Huoshenshan Hospital were tested with SARS-CoV-2 specific IgG and IgM Ab detection kits using the indirect immunity method, produced by manufacturer A. Before testing, samples were heat-inactivated in water bath at 56°C for 30 min, 56°C for 45 min, 56°C for 60 min, 60°C for 30 min, or 65°C for 30 min. The average IgG Ab value for the control group without heat-inactivation was 68.46 AU/mL, whereas those obtained after heat-inactivation at 56°C for 30 min, 60°C for 30 min, and 65°C for 30 min were significantly higher (p < 0.001) at 160.44, 175.21, and 170.21 AU/mL, respectively (Figure 2A). In addition, when serum samples were heat-inactivated at 56°C, the IgG Ab values after heat-inactivation for 30, 45, and 60 min were significantly higher (p < 0.001) than control values, with averages of 160.44, 146.61, and 134.37 AU/mL, respectively (Figure 2B, Supplementary Table 1).
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FIGURE 2. SARS-CoV-2-specific IgG and IgM antibody detection values with indirect immunity-based kit produced by manufacturer A. (A) SARS-CoV-2 IgG antibody detection values after heat-inactivation for 30 min. Before testing, a total of 129 samples were heat-inactivated at 56, 60, or 65°C for 30 min. (B) SARS-CoV-2 IgG antibody detection values after heat-inactivation at 56°C. Before testing, a total of 129 samples were heat-inactivated at 56°C for 30, 45, or 60 min. (C) SARS-CoV-2 IgM antibody detection values after heat-inactivation for 30 min. Before testing, a total of 129 samples were heat-inactivated at 56, 60, or 65°C for 30 min. (D) SARS-CoV-2 IgM antibody values after heat-inactivation at 56°C. Before testing, a total of 129 samples were heat-inactivated at 56°C for 30, 45, or 60 min. The detection of SARS-CoV-2 antibody without heat-inactivation were used as control. NS, non-significant; *p ≤ 0.05; ***p ≤ 0.001.


The average IgM Ab value in the control group was 24.35 AU/mL; for heat-inactivation time of 30 min, IgM Ab values decreased compared with controls as the temperature of heat-inactivation increased (p < 0.05). In particular, for heat-inactivation at 65°C, IgM Ab levels were very significantly decreased compared with controls (p < 0.001). The average IgM Ab values obtained after heat-inactivation at 56°C for 30 min, 60°C for 30 min, and 65°C for 30 min were 20.95 AU/mL, 19.70 AU/mL, and 15.98 AU/mL, respectively (Figure 2C). Notably, even at 56°C, heat-inactivation for 30 min, 45 min, and 60 min led to lower IgM Ab values compared with controls (p < 0.05), with average values of 20.95, 18.49, and 18.22, respectively (Figure 2D, Supplementary Table 2).

These increases in SARS-CoV-2-specific IgG Ab values and decreases in IgM values obtained with the indirect immunity method after heat-inactivation could cause potential false-positive and false-negative results in COVID-19 detection. As shown in Table 2, one (25%) IgG Ab-negative sample was determined as positive owing to increased IgG values after heat-inactivation at 56°C for 60 min and 60°C for 30 min (Table 2). Correspondingly, a total of 12 (16.2%), 10 (13.5%), 18 (24.3%), 12 (16.0%) and 13 (17.6%) IgM-positive samples were detected as negative, owing to IgM values decreasing after heat-inactivation at 56°C for 30 min, 60°C for 30 min, 65°C for 30 min, 56°C for 45 min, and 56°C for 60 min, respectively (Table 2).


Table 2. Potential false-positive and false-negative rates after heat-inactivation for SARS-CoV-2 IgG and IgM Ab detection with indirect immunity-based kit produced by manufacturer A.
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Another 20 serum samples collected from COVID-19 patients admitted to Wuhan Huoshenshan Hospital were tested with SARS-CoV-2 specific IgG and IgM Ab detection kits produced by manufacturer B, also based on the indirect immunity method. Before testing, samples were heat-inactivated at 56°C for 30 min, 56°C for 45 min, or 60°C for 30 min in a water bath. The IgG Ab values obtained after heat-inactivation at 56°C for 30 min and 56°C for 45 min were significantly higher than those of the control group without heat-inactivation (p < 0.05); the average value for the control group was 228.04 U/mL, whereas values of 244.58 U/mL and 242.59 U/mL were obtained after heat-inactivation at 56°C for 30 min and 56°C for 45 min, respectively (Figure 3A). Notably, when samples were heat-inactivated at 60°C for 30 min, the IgG Ab value was significantly decreased in comparison with the control group (p < 0.0001), with an average IgG Ab value of 179.55 U/mL, This might have been because the IgG Ab was deactivated by heat-inactivation at a high temperature (Supplementary Table 3). In addition, whereas the control group had an average cutoff index (COI) value of 1.19, heat-inactivation at higher temperature led to lower COI values for IgM Ab; in particular, with heat-inactivation at 60°C for 30 min, IgM Ab values were significantly decreased (p < 0.01), with an average COI value of 0.61. For heat-inactivation at a given temperature, IgM Ab values decreased with increasing time of heat-inactivation (p < 0.01). The average COI values for IgM Ab with heat-inactivation at 56°C for 30 min and 56°C for 45 min were 0.98 and 0.93, respectively (Figure 3B, Supplementary Table 4).
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FIGURE 3. Detection of SARS-CoV-2-specific IgG and IgM antibodies with indirect immunity-based kit produced by manufacturer B. (A) Density of SARS-CoV-2-specific IgG antibody detection. Before testing, 20 samples were heat-inactivated at 56°C for 30 min, 56°C for 45 min, or 60°C for 30 min, respectively. (B) COI values for SARS-CoV-2-specific IgM antibody. Before testing, 20 samples were heat-inactivated at 56°C for 30 min, 56°C for 45 min, or 60°C for 30 min. The detection of SARS-CoV-2 antibody without heat-inactivation were used as control. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.


As shown in Supplementary Table 4, although SARS-CoV-2 IgG Ab values increased after heat-inactivation using the indirect immunity method, all the samples used in this experiment were initially IgG positive; thus, there was no potential for false-positives (Table 3). However, owing to the decreases in SARS-CoV-2-specific IgM Ab values after heat-inactivation, there were five (71.4%) initially IgM-positive samples were determined as negative after heat-inactivation at 60°C for 30 min (Table 3). These results show that heat-inactivation could lead to increased SARS-CoV-2 IgG Ab values and decreased IgM antibody, directly causing false-negative or false-positive results in COVID-19 detection using the indirect immunity method.


Table 3. Potential false-positive and false-negative rates after heat-inactivation for SARS-CoV-2 IgG and IgM Ab detection with indirect immunity-based kit produced by manufacturer B.
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Effects of Heat-Inactivation Conditions With Capture Method

A total of 34 serum samples collected from COVID-19 patients admitted to Wuhan Huoshenshan Hospital were tested with a SARS-CoV-2-specific IgM Ab detection kit based on the capture method, produced by manufacturer C. Before testing, serum samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min in a water bath. The detection results for IgM Ab were not affected by heat-inactivation (p > 0.05); the average IgM Ab for the control group without heat-inactivation was 2.66, compared with 2.68, and 2.57 after heat-inactivation at 56°C for 30 min and 60°C for 30 min, respectively (Figure 4, Supplementary Table 5). As the different heat-inactivation conditions had no effect on the detection results of IgM Ab with the capture method, there was no effect on COVID-19 detection.


[image: Figure 4]
FIGURE 4. Detection results of SARS-CoV-2-specific IgM antibody with capture method. Before testing, a total of 34 samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min. The detection of SARS-CoV-2 antibody without heat-inactivation were used as control.




Effects of Heat-Inactivation Conditions With Double Antigen Sandwich Method

The above 34 serum samples were also tested with a SARS-CoV-2 total Ab detection kit based on the double-antigen sandwich method. Before testing, serum samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min in a water bath. Heat-inactivation at 56°C for 30 min had no significant effect on the detection of SARS-CoV-2 total Ab, with an average value of 642.9 compared with 649.76 for the control group (p > 0.05). However, the SARS-CoV-2 total Ab values after heat-inactivation at 60°C for 30 min were significantly lower than those of the control group (p < 0.0001), with an average value of 584.18 (Figure 5A, Supplementary Table 6). This might have been because of the deactivation of the Ab at the higher temperature. However, although SARS-CoV-2 total Ab values decreased after heat-inactivation at 60°C for 30 min, there was no corresponding effect on COVID-19 detection.
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FIGURE 5. SARS-CoV-2 total antibody values tested using double-antigen sandwich method. (A) SARS-CoV-2 total antibody values tested using CMIA kit produced by manufacturer C. Before testing, a total of 34 samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min. (B) SARS-CoV-2 total antibody tested using UPT-kit produced by manufacturer D. Before testing, 10 samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min. The detection of SARS-CoV-2 antibody without heat-inactivation were used as control. NS, non-significant; *p ≤ 0.05, **p ≤ 0.01.


Similarly, 10 serum samples collected from COVID-19 patients admitted to Wuhan Huoshenshan Hospital were tested using a SARS-CoV-2 total Ab detection kit based on the double-antigen sandwich method produced by manufacturer D. Before testing, samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min in a water bath. The average SARS-CoV-2 total Ab value after heat-inactivation at 56°C for 30 min was 5.55, similar to average value of 5.54 for the control group (p < 0.05). However, heat-inactivation for the same time of 30 min but at 60°C caused the average total Ab value to decrease to 4.92, which was significantly lower than the control value (p < 0.05) (Figure 5B, Supplementary Table 7). Again, this could be attributed to deactivation of the Ab at the higher temperature. In addition, although the SARS-CoV-2 total Ab value decreased after heat-inactivation at 60°C for 30 min, there was no effect on the detection of COVID-19 with the double-antigen sandwich method.




DISCUSSION

COVID-19 is a highly infectious disease, with an R0 value of 3.0–3.5 (7). Early prevention, identification, and diagnosis are particularly important to control the spread of this disease (8). Although the nucleic acid test is the gold standard for COVID-19 detection, it has a long detection time, and the results are susceptible to various factors including the quality of the specimen, the site of viral infection, and the amount of viral expression (9). Serological Ab detection has been added to the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (7th Trial Version) in China, as an auxiliary method for COVID-19 detection, and can be used in conjunction with nucleic acid detection to achieve fast screening for COVID-19 (10).

CMIA is a novel analysis method, takes full advantage of the rapid automation of magnetic separation, the high sensitivity of chemiluminescence, and the specificity of immunoassays. Commonly used of CMIA methods include the indirect immunity method, capture method, solid-phase antigen competition method, and double-antibody sandwich method. The specificity of the reaction between antigen and antibody is determined by the spatial configuration of the antigenic determinant and the antigen-binding region of the Ab (11). Notably, similar to globulins, the resistance to physical and chemical factors of IgG and IgM Ab could be destroyed by heating to 60–70°C; various enzymes and substances that cause protein coagulation and denaturation also lead to loss of function of Abs (12).

In this study, the indirect immunity, capture, and double-antigen sandwich methods were used to detect SARS-CoV-2-specific IgG, IgM, and total Ab. The indirect immunity method has high sensitivity and economical, as fewer labeled Abs are needed and more than one labeled secondary Ab can bind to the primary Ab (13). However, its disadvantages include the possibility of cross-reactivity of the secondary Ab with the adsorbed antigen, which could increase background noise. The capture method, also known as the reverse indirect method, is mainly used for the determination of certain Ab subtype components such as IgM in serum. Owing to the co-existence in serum of IgM and IgG specific to a certain antigen, the presence of IgG can interfere with the measurement of IgM. Therefore, a secondary Ab against IgM is first attached to a solid phase carrier to capture all IgM in the sample, and an antigen specific to IgM to be tested is added. This method has higher stability compared with the indirect immunity method and commonly used for IgM Ab detection. However, the disadvantages of the capture method include its relatively low sensitivity, which decreases its range of applications.

In order to improve biological safety, infectious materials and serum samples are required to be heat-inactivated by reliable methods before serological testing (14). In a previously published investigation of heat-inactivation stability of SARS (15), Rabenau et al. found that the titer of SARS virus was lower than the detection limit after being heat-inactivated at 56°C for 30 min; after heat-inactivation at 60°C for 30 min, there was no residue of SARS virus (16). Kariwa et al. also found no infectious SARS virus after heat-inactivation at 56°C for 60 min or longer (17). However, heat-inactivation of the virus might have an impact on the spatial conformation and protein structure of the antigen-Ab binding region, possibly leading false-positive and false-negative results (14).

In this study, the serological detection of SARS-CoV-2-specific IgG Ab without heat-inactivation was compared with detection after heat-inactivation at 56°C for 30 min, 45 min, and 60 min, and at 60 or 65°C for 30 min, using the indirect immunity method. As the time and temperature of heat-inactivation increased, IgG Ab values significantly increased. When different temperatures of heat-inactivation were compared, IgG Ab values increased after heat-inactivation at 56°C, and increased further after heat-inactivation at 60°C, whereas they decreased after heat-inactivation at 65°C. This phenomenon might occur because the structure of IgG is composed of two heavy and two light chains linked together, creating a large monomeric molecules with a tetrameric quaternary structure, formed by the polymerization of itself under certain temperature conditions. Under the condition of heat-inactivation treatment, the monomeric molecules of IgG antibody could be aggregated, hence the detection values of IgG antibody increase. It has been reported that the thermal polymerization conditions of IgG directly affect the structure of its products and its biological reactivity. For a polymerization time of 30 min, thermal polymerization of IgG occurs in a narrow temperature range of 60–64°C. However, as the thermal polymerization temperature increases, its degree of polymerization and the products increase, as dose its binding capacity (18). The binding capacity is strongest at a thermal polymerization temperature of 62°C, and it can react with the epitope on the Fc segment of IgG molecules (19). During thermal polymerization, the conformation of IgG changes, and the number and accessibility of active sites increase, reaching maximum values under certain conditions. As the thermal polymerization conditions are strengthened, the reaction activity of the product begin to decline. This might because the further increase in the degree of polymerization reduces the accessibility of the reaction site, or because the severe denaturation conditions cause the destruction of the original active site. In addition, excessively high temperatures can cause protein denaturation. Although this IgG aggregation is antigen-nonspecific, and the enhanced signal has no relationship to the recognition of viral antigens, increasing IgG Ab could cause potential false-positive results in COVID-19 detection.

In this study, the serological detection of SARS-CoV-2-specific IgM Ab before heat-inactivation was compared with detection after heat-inactivation at 56°C for 30 min, 56°C for 45 min, 56°C for 60 min, 60°C for 30 min, and 60°C for 30 min. The results indicated that IgM Ab values decreased with increasing time and temperature of heat-inactivation when using the indirect immunity method, possibly because the stability of IgM Ab is much lower than that of IgG Ab (20). It was known that IgM is a symmetrical pentamer structure, where all heavy chains and all light chains are identical. Although the large size (900 kDa) of IgM, its structure could be denatured by the heat-inactivation treatment. In clinical tests, heat-inactivation is a common method to reduce the impact of IgM. The IgM pentamer is an asymmetrical pentagon with an open groove that can bind to specific proteins (21). Heat-inactivation could destroy the polygonal structure of IgM, thereby affecting the specific binding of antigen to Ab (22). There is also evidence that heating could cause false-negative results in the detection of IgM. This is consistent with some of the results of this study.

Additionally, proteins have evolved to have disulfide bonds in their natural conformations, which contribute to thermodynamic stability. These disulfide bonds are broken during heating, and the protein undergoes irreversible denaturation through the disulfide-thiol exchange reaction. Methanethiosulphonate (MTS) could specifically suppress the heat-induced disulphide-thiol exchange reaction, and improve the heat-resistance of proteins. Combining MTS reagents with glycinamide, further enhanced protein stabilization (23). This aspect was not investigated in the current study, but it should be the subject of further research. Different manufacturers select different specific binding sites of antigens, and the various methods differ in their products. The SARS-CoV-2-specific IgG antibody detection kits produced by manufactures B were certainly added with MTS. In addition, heating changes the composition and structure of serum proteins, which affects matrix effects in serum detection results.

Currently, the testing process for COVID-19 is not standardized; there is an urgent need to reduce the development time of detection kits and test platforms, and there has not been sufficient evaluation and clinical verification using large samples. Therefore, factors that might cause inaccurate results need to be considered. Before conducting tests, the testing methods and platforms should be evaluated in accordance with the relevant requirements, in order to reduce potential false-negative and false-positive results, and provide accurate results for COVID-19 detection.
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