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ABSTRACT Coronavirus disease 2019 (COVID-19), caused by the novel coronavirus
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread globally
as a severe pandemic. SARS-CoV-2 infection stimulates antigen-specific antibody
responses. Multiple serologic tests have been developed for SARS-CoV-2. However,
which antigens are most suitable for serological testing remains poorly understood.
Specifically, which antigens have the highest sensitivity and specificity for serological
testing and which have the least cross-reactivity with other coronaviruses are cur-
rently unknown. Previous studies have shown that the S1 domain of the spike (S)
protein has very low cross-reactivity between epidemic coronaviruses and common
human coronaviruses, whereas the S2 domain of the S protein and the nucleocapsid
protein (N protein) show low-level cross-reactivity. Therefore, S1 is considered more
specific than the native homotrimer of the S protein, and the receptor-binding do-
main as an antigen to test patient antibodies is more sensitive than the native N
protein. In addition, an increasing number of studies have used multiantigen protein
arrays to screen serum from convalescent patients with COVID-19. Antigen combina-
tions demonstrated improved performance compared to each individual antigen. For
rapid antigen detection, the sensitivity of the test is higher in the first week of onset
of the disease with high viral loads. Highly sensitive and specific immunological
diagnostic methods for antibodies or those that directly detect viral antigens in clini-
cal samples would be beneficial for the rapid and accurate diagnosis of SARS-CoV-2
infection.
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oronavirus disease 2019 (COVID-19), caused by the novel coronavirus severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread globally as a severe
pandemic (1). A key aspect of limiting this virus transmission is to ensure early and
accurate diagnosis of the viral infection and appropriate quarantine measures for those
infected. Citation Li D, Li J. 2021. Immunologic testing
There are four main methods currently available for the detection of SARS-CoV-2 for SARS-CoV-2 infection from the antigen
infection. The first is virus isolation by inoculation of the patient’s biological samples pEfEpEGive. ) dim Miarslslel SE021E0-20
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into cell cultures, such as Vero cell cultures, which requires biosafety level 3 laboratory
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tool for the discovery of pathogens. The third is serological testing—antibody detec- JilEnadiogen . .
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detection with specific monoclonal antibodies to the SARS-CoV-2 antigen.
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RT-PCR has become the current standard diagnostic method for SARS-CoV-2.
However, RT-PCR has high requirements for operators and laboratory conditions. The
cost, complexity, and turnaround time limit its applications. Therefore, there is an
urgent need for a rapid, simple, sensitive, and accurate test to quickly identify
patients infected with SARS-CoV-2 at the initial stage, especially when RT-PCR results
are difficult to obtain, prevent virus transmission, and ensure the timely treatment of
patients (3).

The major structural proteins of SARS-CoV-2 are the spike (S), nucleocapsid (N),
membrane (M), and envelope (E) proteins (4). The S protein is located on the surface of
the viral particles and is, thus, potentially more accessible to the immune system. For
coronavirus, N protein primarily encapsidates the viral genome and packages the viral
genomic RNA to form the helical N and plays important roles in viral replication, virus
particle assembly, release, and interference with the cell cycle processes of host cells.
SARS-CoV-2 infection stimulates antigen-specific antibody responses. Serological tests
are anticipated to function as a complementary approach for diagnosis. The N protein
has high immunogenic activity and is abundantly expressed during infection in many
coronaviruses. Both S and N proteins may be potential antigens for the serodiagnosis
of COVID-19, as many diagnostic methods have been developed for diagnosing SARS-
CoV-2 infection based on S and/or N proteins. Liu et al. found that the recombinant N
and S proteins worked as antigens in the ELISA, which is an important screening
method for COVID-19 diagnosis with high sensitivity, especially for the analysis of se-
rum samples from patients after more than 10 days post-disease onset (d.p.o.) (5).

It has previously been reported that the seroprevalence of common human corona-
viruses (HCoVs) increases throughout childhood to nearly 100% by adolescence (6).
Antigens are important factors for immunological testing, and antigen choice is a sig-
nificant element that can influence the performance of the assay, especially when
detecting cross-reactive antibodies induced by previous infections with HCoVs. Any
antibody cross-reactivity between common HCoVs and SARS-CoV-2 would result in
false-positives, interfering with antibody-based testing and surveillance for SARS-CoV-
2. Any serologic methodology for estimating the prevalence of SARS-CoV-2 needs to
identify and reduce cross-reactivity with these common HCoVs. Therefore, it is impor-
tant to choose the antigens for higher sensitivity and specificity. However, which anti-
gens are most suitable for serological testing remains poorly understood. Specifically,
which antigens have the highest sensitivity and specificity for serological testing,
which have the least cross-reactivity with other coronaviruses, how the structural pro-
tein of SARS-CoV-2 is evaluated as an antigen, and whether the direct detection of viral
antigens in clinical samples is a more sensitive immunological diagnostic method for
the rapid and accurate diagnosis of COVID-19 are currently unknown. To investigate
these areas, in this review, we summarize recent studies and provide a brief summary
of the antigen performance of serologic assays, comment on which antigen is more
suitable for detecting SARS-CoV-2 antibodies, and explain why antigen-based SARS-
CoV-2 assays may have clinical significance.

ANTIGEN SELECTION

Among the four structural proteins (S, E, M, and N) of SARS-CoV-2, S and N proteins
are the main immunogens, as described previously (7). Patients with COVID-19 usually
produce antibodies against different antigens. The diagnostic performances of the cor-
responding antibody detection reagent methods are different.

Spike protein. S protein (a homotrimer) is a large (approximately 140 kDa) glyco-
protein that consists of two subunits (S1 and S2) and forms a trimer on the viral mem-
brane (8). Similar to SARS-CoV, the S glycoprotein on the surface of SARS-CoV-2 medi-
ates membrane fusion and receptor recognition of the virus. The S protein is cleaved
between the S1 and S2 subunits (51/52 cleavage site). The S1 subunit at the N-terminal
region is responsible for virus attachment and contains the receptor-binding domain
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TABLE 1 Percentage amino acid identity of coronavirus spike and nucleocapsid proteins
with SARS-CoV-2 proteins

Amino acid identity (%) for:

Virus GenBank accession no. S S1 RBD S2 N
SARS-CoV NC_004718.3 77 66 75 920 90
MERS-CoV NC_019843.3 33 24 19 43 49
HCoV-0C43 NC_006213.1 33 25 21 42 34
HCoV-HKU1 NC_006577.2 32 25 19 40 34
HCoV-229E NC_002645.1 30 24 19 35 28
HCoV-NL63 NC_005831.2 28 21 20 36 -

(RBD), which directly binds to the angiotensin converting enzyme 2 (ACE2) receptor on
the host cell (1). S2 contains other basic elements required for membrane fusion.

(i) The use of S protein to establish an antibody detection method and cross-
reaction with other human coronaviruses. As HCoV-OC43, -229E, -NL63, and HKU1
are responsible for a large proportion of common cold infections each year, cross-reac-
tivity between SARS-CoV-2 and these seasonal coronaviruses is of particular impor-
tance and warrants further investigation.

Table 1 shows the percentage of amino acid identity of the coronavirus S and N
proteins with SARS-CoV-2 proteins. The SARS-CoV-2 S protein has the highest amino
acid homology with the SARS-CoV S protein. The amino acid homology between SARS-
CoV-2 and Middle East respiratory syndrome coronavirus (MERS-CoV), HCoV-OC43,
-HKU1, -229E, and -NL63 is 33%, 33%, 32%, 30%, and 28%, respectively (9). Seo et al.
verified the performance of the SARS-CoV-2 spike antibody by ELISA, and the results
revealed that the antibody binds to the SARS-CoV-2 S protein but not the MERS-CoV S
protein or bovine serum albumin, which confirms that the antibody is specific for the
SARS-CoV-2 S protein and, thus, suitable for detecting SARS-CoV-2 (10). However, in
the study of Hicks et al. (11), they found that there existed potential cross-reactivity of
SARS-CoV-2 IgG antibodies with MERS, SARS-CoV, OC43, and HKU1 S protein, as well as
for the sequence and structural homology of SARS-CoV-2 and SARS-CoV S protein.
There also exists cross-reactivity between SARS-CoV to other viruses. A previous study
analyzed the cross-reactivity of SARS-CoV and human coronaviruses. Of 20 patients
with confirmed SARS CoV infection, the positive serum antibody of 12 patients reacted
with OC43 and 229E (12). Collectively, the SARS-CoV-2 S protein antibody may have
cross-reaction with other human coronaviruses.

Okba et al. analyzed three patients diagnosed with SARS-CoV-2 infection; positive
serum was collected from 13 to 21days after the onset of the disease. SARS-CoV-2,
SARS-CoV, and MERS-CoV recombinant S and S1 proteins were coated as antigens for
the ELISA. The results showed that there was cross-reactivity with the SARS-CoV S and
S1 proteins, and to a lower extent with MERS-CoV S protein, but not with MERS-CoV S1
protein (9). Compared with the amino acid homology of the SARS-CoV-2 S1 subunit
with the other six human-pathogenic coronaviruses, the SARS-CoV-2 S2 subunit has
higher amino acid homology with the other six human-pathogenic coronaviruses. A
previous study showed that the antibody profiles of local residents include high immu-
noglobulin G (IgG) reactivity to common cold coronaviruses with low-level cross-reac-
tivity with S2 domains from SARS-CoV-2 and other epidemic coronaviruses, which is
not surprising given the high degree of sequence homology among the S2 domains of
SARS-CoV, MERS, and common cold coronaviruses HKU1 and OC43. The results showed
that the lowest specificity was observed for SARS-CoV-2 S2 for IgG detection (13). Khan
et al. used a coronavirus antigen microarray measured by mean fluorescence intensity
to analyze the cross-reactivity between common HCoVs and SARS-CoV-2 and found
that the S1 domain of the S protein, including the RBD, demonstrates very low cross-
reactivity between epidemic coronaviruses and common HCoVs, whereas the S2
domains of the S protein show low-level cross-reactivity between these coronavirus
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subtypes (14). Overall, the S2 subunit is more conserved and, thus, plays a role in the
cross-reactivity seen when the whole S protein is used as an antigen.

The RBDs of SARS-CoVs, which bind to the ACE2 receptor on the host cells, are also
major targets of human antibodies. The RBD amino acid sequence identities between
SARS-CoV-2 and SARS-CoV, MERS, OC43, HCoV-HKUT, -229E, and -NL63 are 75%, 19%,
21%, 19%, 19%, and 20%, respectively. As the RBD is a common target of human anti-
bodies and is poorly conserved between SARS-CoVs and other pathogenic HCoVs, this
domain is a promising candidate for use in antibody-based diagnostic assays.

The recombinant SARS-CoV-2 RBD antigen is highly specific for the detection of
antibodies induced by SARS-CoVs. To evaluate the specificity of SARS-CoV-2 RBD for se-
rology, Premkumar et al. collected sera from 20 healthy American adults before the
SARS-CoV-2 pandemic. The sera had high levels of antibodies to the recombinant RBDs
of HCoV-NL63 patients (n=19) and HCoV-HKU1 patients (n=16), but not to those of
patients with SARS-CoV and SARS-CoV-2. To further assess the specificity of the SARS-
CoV-2 RBD for serology, the authors obtained two HCoV-NL63, one HCoV-43, and two
HCoV-HKU1 sera from patients who had recently recovered from a laboratory-con-
firmed common cold HCoV infection. None of the immune sera from those exposed to
recent HCoV infections cross-react with the recombinant RBD of SARS-CoVs (15).

Nucleocapsid protein. The N protein (molecular weight [mol. wt.], ~40kDa) is
composed of 413 amino acids and can be intertwined with the viral genome RNA to
form a viral N protein. It participates in viral genome replication and particle assembly
and plays an important role in the synthesis of viral RNA. It is the most abundant viral
phosphoprotein produced, is shed during infection, and has strong immunogenicity.
Early infection can induce the body to produce a high level of immune response. N
protein exhibits high immunogenicity and can be detected in either serum or urine
samples during the first 2 weeks of infection, with peak viral shedding approximately
10 days after infection (16).

(i) Use of N protein to establish an antibody detection method and cross-reac-
tion with other human coronaviruses. N proteins of known coronaviruses are rela-
tively conserved. As shown in Table 1, SARS-CoV-2 N protein has the highest amino
acid homology with SARS-CoV N protein. The amino acid homology between SARS-
CoV-2 and MERS-CoV, HCoV-OC43, -HKU1, and -229E is 49%, 34%, 34%, and 28%,
respectively. Approximately, 90.0% of amino acid sequence homology was observed
with SARS-CoV, which may explain the cross-reactivity between the two viruses.

Guo et al. evaluated the potential cross-reactivity of N proteins between SARS-CoV-
2 and other HCoVs. The results showed that there was no cross-reactivity of SARS-CoV-
2 recombinant N protein with human plasma positive for IgG antibodies against
HCoV-NL63, -229E, -0OC43, and -HKU1. However, strong cross-reactivity was observed
between SARS-CoV-positive human plasma and SARS-CoV-2 recombinant N protein by
Western blot analysis and ELISA (35). Okba et al. used SARS-CoV-2 N protein as the
coated antigen and two serum samples from patients with SARS and seven serum sam-
ples from patients with MERS for ELISA detection. The results showed that two serum
samples from the patients with SARS and one from a patient with MERS reacted with
the SARS-CoV-2 N protein (9). The serum positive for SARS- and MERS-CoV could react
with the SARS-CoV-2 N protein.

Since the SARS-CoV-2 N protein has over 90% homology to the SARS-CoV N protein,
the conserved residues at the N-terminal domain of the N protein show a high degree
of similarity. A highly conserved motif (FYYLGTGP) occurs in the N-terminal for half of
all coronavirus N proteins, and other conserved residues have been reported to occur
near this highly conserved motif. Chen et al. found that the COOH terminus, which is
an important region of the SARS-CoV N protein, has a higher immunogenicity than the
NH, terminus (17). To reduce the cross-reaction of the whole N protein in SARS-CoV
with other coronaviruses and high rates of false positivity while testing healthy donor
sera, a truncated SARS-CoV N protein (AN-NP)-based ELISA system using recombinant
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techniques was used. The AN-NP is devoid of homogenous conserved residues at the
N-terminal region.

Yu et al. analyzed serum samples collected from 175 healthy volunteers in Vietnam
before the SARS outbreak. When the N protein (amino acids 5 to 422) was used as the
coating antigen, 38 of the 175 serum samples showed titers higher than 100, ranging
from 100 to 3,200. In contrast, when the SARS-CoV AN-NP (amino acids 122 to 422,
NA121 protein) was used, the highly conserved motif (FYYLGTGP) was deleted. Only 11
out of 175 samples showed weak reactions, with titers ranging from 100 to 260. The
results showed that AN-NP is more specific than the whole-length N protein. The false-
positive results may be due to cross-reactivity of SARS CoV with existing antibodies to
other circulating coronaviruses (18). In addition, the recombinant NA121 protein-based
ELISA is more sensitive and can detect seroconversion earlier than the virus-infected
cell lysate-based ELISA system. Another study by the same team investigated patients
using recombinant truncated SARS-CoV N protein as the antigen; the median serocon-
version time using the newly developed immunoglobulin M (IgM) capture-ELISA was
3 days earlier, and the seroconversion rate by the second week after the illness for IgM
was significantly higher than with the IgG assay (19).

Similarly, the AN-NP showed better performance in SARS-CoV-2 antibody tests.
Yamaoka et al. stated that AN-NP is more suitable than whole-length N protein for
developing high-sensitivity diagnostic assays for COVID-19. They collected samples
from 70 healthy donors before the outbreak of COVID-19, and whole-length N protein
showed higher false positivity than AN-NP. In the time course analysis, the AN-NP
ELISA detected lower levels of antibodies that began to increase from the second week
onward, whereas whole-length N protein ELISA at the same cutoff would have falsely
reported these as negative (20).

In summary, cross-reactivity of the SARS- and MERS-CoV serum was positive for
SARS-CoV-2 N protein. Caution should be used while interpreting assay results when
the full-length recombinant N protein of SARS-CoV-2, whole-virus antigen extracts, or
virus-infected cells are used as reagents for the diagnosis of SARS-CoV-2 infections in
humans. The SARS-CoV-2 AN-NP protein-based IgG ELISA is a more reliable, specific,
and sensitive test for the diagnosis of SARS-CoV-2 infection even though there is still
some low-level cross-reactivity.

Comparison of performance of S and N proteins as immunogens for detecting
antibodies. It is important to select an appropriate antigen that can improve the sensi-
tivity and specificity of antibody detection. Compared to S, M, and E proteins, antibod-
ies against N proteins are longer-lived and occur in greater abundance than antibodies
against other viral components. Previous studies analyzed the sera from 148 healthy
blood donors as controls and 95 patients with SARS-CoV pneumonia to detect IgM and
IgG by ELISA. The sensitivities were 58.9% and 74.7%, respectively. The sensitivity of
the N proteins IgG ELISA (94.7%) was significantly higher than that of the S protein IgG
ELISA. The difference is speculated to be due to the relatively late IgG response to the
S protein compared to the IgG response to the N protein in patients with SARS (21).

Similar conclusions were drawn in the study of SARS-CoV-2. Several studies conducted
for the comparison of sensitivity and specificity of the S and N proteins are shown in Table
2. Burbelo et al. analyzed PCR-positive patient samples collected >14 days after the onset
of symptoms. Seropositive N protein antibodies were detected in all samples, yielding
both a sensitivity and specificity of 100%. The S protein antibody showed a slightly lower
sensitivity of 91% (32/35) with 100% specificity, but this was not statistically different from
that of the N antibody. The authors also evaluated the samples collected <14 days after
symptom onset, and the sensitivity was reduced, but specificity was maintained. The sensi-
tivity for antibodies to the N and S proteins at this time point was 51% (33/65) and 43%
(28/65), respectively. Among five immunocompromised patients with COVID-19, two were
negative for the S protein antibody but positive for the N protein antibody. The antibody
to the N protein of SARS-CoV-2 is more sensitive than the S protein antibody for detecting
early infection (22).
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TABLE 2 Selected comparison of published sensitivities and specificities of the S and N proteins used in antibody assays®

Protein Method d.p.o.b Sensitivity Specificity (%) Manufacturer and reference
S ELISA 0-55 77.1 (165/214) for IgM Lizhu, Zhuhai, China; 5
74.3 (159/214) for IgG
N ELISA 0-55 68.2 (146/214) for IgM Lizhu, Zhuhai, China; 5
70.1 (150/214) for IgG
S Luciferase immunoprecipitation =14 43 (28/65) 100 22
systems
N Luciferase immunoprecipitation =14 51 (33/65) 100 22
systems
S Luciferase immunoprecipitation =15 91 (32/35) 100 22
systems
N Luciferase immunoprecipitation =15 100 (35/35) 100 22
systems
RBD ELISA 1-7 38.3 (36/94) for total 99.1 (211/213) for total Beijing Wantai Biological Pharmacy
antibody antibody Enterprise Co., Ltd.; 23
28.7 (27/94) for IgM 98.6 (210/213) for IgM
N ELISA 1-7 19.1 (18/94) for IgG 99.0 (195/197) for IgG Beijing Wantai Biological Pharmacy
Enterprise Co., Ltd.; 23
RBD ELISA 8-14 89.6 (121/135) for 99.1 (211/213) for total Beijing Wantai Biological Pharmacy
total antibody antibody Enterprise Co., Ltd.; 23
73.3(99/135) for IgM 98.6 (210/213) for IgM
N ELISA 8-14 54.1 (77/135) for IgG 99.0 (195/197) for IgG Beijing Wantai Biological Pharmacy
Enterprise Co., Ltd.; 23
RBD ELISA 15-39 100.0 (90/90) for total 99.1 (211/213) for total Beijing Wantai Biological Pharmacy
antibody antibody Enterprise Co., Ltd.; 23
94.3 (83/90) for IgM 98.6 (210/213) for IgM
N ELISA 15-39 79.8 (71/90) for IgG 99.0 (195/197) for IgG Beijing Wantai Biological Pharmacy
Enterprise Co., Ltd.; 23
RBD ELISA 0-7 64.1 (25/39) for total 100.0 (300/300) for Beijing Wantai Biological Pharmacy
antibody total antibody Enterprise Co., Ltd.; 3
33.3(13/39) for IgM 100.0 (300/300) for IgM
N ELISA 0-7 33.3(13/39) for IgG 100.0 (300/300) for IgG Beijing Wantai Biological Pharmacy
Enterprise Co., Ltd.; 3
RBD ELISA 8-14 98.7 (74/75) for total 100.0 (300/300) for Beijing Wantai Biological Pharmacy
antibody total antibody Enterprise Co., Ltd.; 3
86.7 (65/75) for IgM 100.0 (300/300) for IgM
N ELISA 8-14 76.0 (57/75) for IgG 100.0 (300/300) for IgG Beijing Wantai Biological Pharmacy
Enterprise Co., Ltd.; 3
RBD ELISA 15-29 100.0 (60/60) for total 100.0 (300/300) for Beijing Wantai Biological Pharmacy
antibody total antibody Enterprise Co., Ltd.; 3
94.3 (58/60) for IgM 100.0 (300/300) for IgM
N ELISA 15-29 93.3 (56/60) for IgG 100.0 (300/300) for IgG Beijing Wantai Biological Pharmacy
Enterprise Co., Ltd.; 3
RBD EIA =14 100 (16/16) for IgG 24
94 (15/16) for IgM
N EIA =14 94 (15/16) for IgG 24

88 (14/16) for IgM

9The enrolled positive cases meet the following criteria: fever and/or respiratory symptoms, abnormal lung imaging findings, and confirmed to be infected with SARS-CoV-2
through real-time RT-PCR from oropharyngeal or nasopharyngeal swabs. All the controls had not reported close contact with any confirmed COVID-19 patient and had
negative real-time RT-PCR results.
bd.p.o., post-disease onset.

Zhao et al. tested total antibody, IgM, and IgG antibodies against SARS-CoV-2 in
plasma samples using ELISA kits. The ELISA for total antibody and IgM detection was
developed using the RBD of the S protein of SARS-CoV-2. IgG antibodies were tested
using a recombinant N protein. The sensitivity of total antibody and IgM using the RBD
antigen was higher than that of IgG using the N protein at 1 to 7, 8 to 14, and 15 to 39
d.p.o. The specificities of the assays for total antibody, IgM, and IgG were found to be
99.1% (211/213), 98.6% (210/213), and 99.0% (195/197), respectively, by testing the
samples collected from healthy individuals before the outbreak of SARS-CoV-2 (23).
Similarly, using the RBD antigen for total antibody and IgM with N protein as an anti-
gen for IgG, the sensitivity of total antibody and IgM was higher than that of IgG at 0
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to 7, 8 to 14, and 15 to 29 d.p.o. The specificities were overall comparable, and all of
them were 100%. Total antibody detection was based on double-antigen sandwich
methodology, which can detect any type of antibody, including IgM, 1gG, and IgA. In
addition, the two Fab arms of the same antibody molecule need to bind to the coated
and enzyme-conjugated antigens, which guarantees the specificity of the test and
allows a high concentration of antigens to be used for coating and second binding to
increase the sensitivity of the assay. Therefore, it is not unexpected that the sensitivity
of total antibody detection is superior to that of IgM and IgG detection (3).

Another study revealed that at least 10 days after symptom onset, more patients
had earlier seropositivity for anti-RBD than anti-N protein for both 1gG and IgM. For 16
patients with serum specimens available for 14 days or longer after symptom onset,
the rates of seropositivity were 94% for anti-N protein IgG, 88% for anti-N protein IgM,
100% for anti-RBD IgG, and 94% for anti-RBD IgM (24). The data are shown in Table 1.
It was concluded that for the RBD antigen for IgG and IgM detection, the sensitivity
was higher than that of N protein as an antigen.

In summary, the antibody to the N protein of SARS-CoV-2 is more sensitive than an
S protein antibody for detecting early infection. The RBD as an antigen to test the
patient antibody is more sensitive than the N protein, and the specificities are overall
comparable.

Evaluation of multiple testing and combination-antigen tests. With the devel-
opment of diagnostic methods, microfluidics-based diagnostic systems have been
extensively developed and applied, which integrate sample preparation, reaction, and
detection steps into a miniaturized chip. Lin et al. described a point-of-care microfluidic
platform integrating a homemade fluorescence detection analyzer that detects three
biomarkers (IgG, IgM, and antigens) of SARS-CoV-2. The combination of multiple bio-
marker detection enhances the accuracy and sensitivity of detection. The multiple-test-
ing platform was demonstrated to be easy-to-use, portable, and highly sensitive for
point-of-care detection of SARS-CoV-2 within 15 min. It was approved by the Center for
Medical Device Evaluation (CMDE) in China and obtained European CE certification
(25).

Furthermore, an increasing number of studies have used multiantigen protein
arrays, allowing for high-throughput, multiplexed screening of numerous parameters
within a single experiment (13, 14) to screen the serum from convalescent patients
with COVID-19 against multiple SARS-CoV-2 antigens simultaneously and rapidly. A co-
ronavirus antigen microarray was constructed containing 65 antigens. The viral anti-
gens printed on this array included SARS-CoV-2, SARS-CoV, MERS-CoV, common cold
coronaviruses (HKU1, OC43, NL63, and 229E), and multiple subtypes of the virus. The
SARS-CoV-2 antigens on this array included the S protein, RBD, S1 and S2 domains,
and N protein. Among the high-performing antigens, four were ranked as high per-
forming for both IgG and IgA—SARS-CoV-2 N protein, SARS-CoV N protein, SARS-
CoV-2 S1+S2, and SARS-CoV-2 S2. The receiver operating characteristic curve with
area under the curve (AUQ), sensitivity, and specificity was calculated for each com-
bination. For IgG, the best discrimination was achieved with the two-antigen com-
bination of SARS-CoV-2 S2 and SARS-CoV N protein (AUC, 0.994; sensitivity, 0.944;
specificity, 1). For IgA, the highest performance was achieved with the two-antigen
combination of SARS-CoV-2 S1plusS2 and SARS-CoV N protein (AUC, 0.969;
sensitivity, 0.944; specificity, 0.895) (13).

As an individual antigen, S2 demonstrates cross-reactivity with negative-control
sera, which leads to low specificity. However, this antigen adds predictive power when
combined with the more specific N protein antigen. The coronavirus antigen microar-
ray containing a panel of antigens from SARS-CoV-2 in addition to other HCoVs was
able to reliably distinguish convalescent plasma of PCR-positive COVID-19 cases from
the negative-control sera collected prior to the pandemic. It is important to inform the
selection and design of antigens for population surveillance, clinical diagnostic assays,
and vaccine development. Antigen combinations, including both S proteins and N
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protein, demonstrated improved performance compared to each individual antigen.
The analysis of antibody reactivity to multiple SARS-CoV-2 and related antigens will
provide broad insight into the humoral immune response to SARS-CoV-2.

ANTIGEN SYNTHESIS

Antigens and antibodies are two important factors for immunological testing.
Obtaining antigens that can be recognized by antibodies is the basis for accurate
detection of specific antibodies. SARS-CoV-2 antigens used for antibody detection are
usually artificial and mainly prepared using genetic engineering technology. Generally,
the gene encoding the amino acid sequence of the antigen is amplified and connected
with an appropriate vector by molecular biology technology and then transferred to
the recipient cell for expression. The recombinant protein can be used as an antigen af-
ter purification. The new coronavirus isolation and culture activities must be carried
out in a biosafety level 3 (BSL-3) laboratory. Viral RNA extraction, gene amplification,
plasmid construction, cell transfection, and antigen purification can be performed in a
BSL-2 laboratory.

Spike protein. Due to the global COVID-19 pandemic, the SARS-CoV-2 S protein
has become an important target for clinical investigations, and future studies will
require efficient and streamlined production of this protein. Usually, two different ver-
sions of the SARS-CoV-2 S protein are developed. One is a full-length trimeric and sta-
bilized version of the S protein, and the other is the much smaller RBD. Stadlbauer et
al. stated that the expression levels of the RBD are high (>20 mg/liter culture), whereas
the expression levels of the full-length S protein (OptSpike2) are lower (approximately
4 to 5 mg/liter) (26). It was also necessary to validate whether the recombinant S pro-
tein and RBD could be utilized in a serum ELISA screen for serology testing at different
clinical sites. The basic process of S protein purification is shown in Fig. S1 in the sup-
plemental material.

S protein and RBD are preferentially expressed in mammalian cells. The antigen pro-
duced in mammalian cells often retains posttranslational modifications of the antigen,
unlike bacterial recombinant proteins or peptide-based ELISAs (22). The natural S pro-
tein gene needs to be translated into the endoplasmic reticulum and transported to
the Golgi apparatus for processing and modification to form the S protein with a natu-
ral conformation. The S protein, in its natural conformation, can fully exert its immuno-
genicity. S proteins must be synthesized in eukaryotic cells containing organelles such
as the endoplasmic reticulum and Golgi apparatus.

N protein and AN-NP. The SARS-CoV-2 strain isolated from a patient was propa-
gated in a Vero E6 cell line and, to construct the recombinant plasmids, the gene for
the SARS-CoV-2 N protein was amplified by RT-PCR. PCR amplification was carried out
using primers to generate a gene for the whole-length N protein or the AN-NP. The
recombinant SARS-CoV-2 N proteins were expressed by inserting recombinant plas-
mids containing the whole-length N protein or the AN-NP sequences into Escherichia
coli (BL21, XL1-Blue, JM105, etc.). The basic process of N protein purification is shown
in Fig. S1.

N protein and AN-NP were expressed in E. coli. The natural N protein gene can usu-
ally undertake replication, transcription, and protein synthesis in the host cytoplasm.
Prokaryotic cells have only ribosomes, and N protein can be synthesized directly into
these. The recombinant product can be obtained within 1 week after cloning, and the
expression and purification procedures are simple and easy to perform with low costs
(19), which would be especially useful in developing countries and in areas undertak-
ing large-scale epidemiological investigations.

ANTIGEN TEST

In addition to antibody detection, an increasing number of studies are focusing on
SARS-CoV-2 antigen detection. The principle of antigen detection is based on the
immune response of antibodies against the structural proteins of SARS-CoV-2 in the
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FIG 1 (A) Components of the lateral flow assay strip. (B) Detection principle of a lateral flow assay
test. The red square indicates the antigen to be tested, the yellow circle with F indicates the
fluorescence, the light green antibody indicates the SARS-CoV-2 capture antibody, the dark green
antibody indicates the SARS-CoV-2 detection antibody, and the blue antibody indicates the specific
antibodies against fluorescent markers.

specimen. The SARS-CoV-2 antigen detection kits reported thus far primarily detect N
protein. Being a large protein, it can be detected via a sandwich immunoassay. To
date, only a small number of antigen-detecting lateral flow assays (LFAs) have been
developed. A typical LFA test strip is composed of several overlapping membranes.
These usually include a sample pad, a conjugate pad, an analytical membrane (typically
nitrocellulose), and an absorption or wicking pad (as shown in Fig. 1A). The detection
principle of LFA (as shown in Fig. 1B) comprises a clinical sample containing the
detected antigen that is applied to the sample pad. The sample, sometimes assisted by
a running buffer, travels through the conjugate pad and conjugates with the fluores-
cence-labeled SARS-CoV-2 detection antibody or the detector-antibody gold conju-
gate, flowing through an analytical membrane striped with a capture antibody (the
test line). Most lateral flow tests include an additional control line downstream of
the test line to validate proper fluid flow through the test as well as the activity of the
assay reagents (27). The SARS-CoV-2 antigen detection results are shown in Table 3.
Lambert-Niclot et al. analyzed 94 nasopharyngeal samples confirmed by RT-PCR.
Among the 94 RT-PCR-positive samples, the rapid antigen test only detected 47 speci-
mens, resulting in a sensitivity of 50.0% (95% confidence interval [Cl], 39.5 to 60.5). The
specificity of the test was 100% (95% Cl, 91.8 to 100) (28). In another study, among the
106 positive samples, the COVID-19 Ag Respi-Strip detected 32 samples. For samples
with a cycle threshold (C;) of <25 (n=10), <30 (n=34), and <35 (n=64), there were
1.8 x 10, 9.4 x 103, and 494.8 copies/ml, respectively. The COVID-19 Ag Respi-Strip had
sensitivities of 100%, 70.6%, and 46.9%, respectively. However, the overall sensitivity
was 30.2% (95% Cl, 21.7 to 39.9) (29). Similarly, another study involved 75 swabs from
patients tested positive by SARS-CoV-2 PCR and 75 swabs negative by SARS-CoV-2
PCR. The assay’s sensitivity with samples with a cycle threshold of <25, 25 to 29, 30 to
34, and =35 was 100%, 95%, 44.8% and 22.2%, respectively. The overall sensitivity is
70.7% and the specificity is 96% (30). Of 127 samples from patients with suspected
SARS-CoV-2, 82 were RT-PCR positive for SARS-CoV-2, and the overall sensitivity and
specificity of the evaluated antigen detection was 93.9% (95% Cl, 86.5 to 97.4) and
100% (95% Cl, 92.1 to 100), respectively (31); from this study, the evaluated antigen
detection showed high sensitivity (>90%) in samples mainly obtained during the first
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TABLE 3 Sensitivity and specificity of SARS-CoV-2 antigen (N protein) detection?
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Country and

Sensitivity and specificity

reference Test and manufacturer Sample type Method (%) (95% ClI)

France; 28 COVID-19 Ag Respi-Strip Coris Nasopharyngeal secretions  Immunochromatographic test Sensitivity, 50.0 (39.5-60.5)
(BioConcept, Gembloux, Belgium) Specificity, 100 (91.8-100)

Belgium; 29  COVID-19 Ag Respi-Strip (Coris Nasopharyngeal secretions  Immunochromatographic test Sensitivity, 30.2 (21.7-39.9)
BioConcept, Gembloux, Belgium) Specificity, 100

Germany; 30  SARS-CoV-2 rapid antigen test (Roche,  Nasopharyngeal swabs Lateral flow assay Sensitivity, 70.7 (59.0-81.0)
Switzerland) Specificity, 96 (89.0-99.0)

Chile; 31 SARS-CoV-2 antigen test (Bioeasy Nasopharyngeal, Fluorescence Sensitivity, 93.9 (86.5-97.4)
Biotechnology Co., Shenzhen, China) oropharyngeal swabs immunochromatographic Specificity, 100 (92.1-100)

Belgium; 32 COVID-19 Ag Respi-Strip assay (Coris Nasopharyngeal secretions  Immunochromatographic test Sensitivity, 30 (16.7-47.9)
Bioconcept, Gembloux, Belgium) Specificity, 100

USA; 34 Sofia 2 SARS antigen FIA (Quidel Nasopharyngeal swabs Lateral flow immunofluorescent  Sensitivity, 80 (68-88)
Corporation) sandwich assay

aThe enrolled positive cases were confirmed to be infected with SARS-CoV-2 through real-time RT-PCR from oropharyngeal or nasopharyngeal swabs. All the controls had

negative real-time RT-PCR results.

week of symptom onset with high viral loads. The forest plots for the sensitivity and
specificity of SARS-CoV-2 antigen detection are shown in Fig. S2. However, among the
714 antigenic-negative strips, there were 159 positive PCR samples. This shows that
there is a certain false-negative rate (approximately 22.3%) in the antigen detection of
SARS-CoV-2 (32).

Compared with molecular technology, the rapid antigen detection tests were less
sensitive than RT-PCR (33). Only when the samples have high viral loads, for example,
in the first week of a patient’s illness or the samples with a C; of <25, the sensitivity
and specificity of antigen detection may be high (>90%) (29-31). Collectively, the
sensitivity of antigen detection is relatively low. And the low prevalence of high viral
load samples further limits the use of rapid antigen detection in clinical settings.
Additionally, the negative results from this rapid antigen detection method cannot
exclude SARS-CoV-2 virus infection confidently, and thus, results should be verified by
further RT-PCR testing. The rapid antigen test serves only as an adjunct to the RT-PCR
test because of the potential for false-negative results. The rapid antigen test alone
is not recommended for initial COVID-19 diagnosis because of its low sensitivity.
However, antigen detection (LFAs) has the advantages of simple operation, rapidity,
low cost, and no need for specialist equipment. LFA antigen tests may be a scalable so-
lution to population-scale diagnosis of SARS-CoV-2. Antigen detection kits that have
undergone rigorous performance evaluation and meet the requirements may be used
as preliminary tests to quickly identify affected patients.

Recently, most antigen tests have been approved by the United States Food
and Drug Administration (FDA) under emergency use authorization (EUA) and are
Conformité Européenne (CE) (https://www.finddx.org/covid-19/pipeline), as shown in
Table S1. This is an excellent start, and further research is needed to validate the sensi-
tivity of the antigen assays. In view of the limited data currently available, although the
World Health Organization encourages research on the performance and potential
diagnostic utility of antigen rapid detection tests, they are not currently recommended
for the diagnosis and treatment of patients infected with SARS-CoV-2.

CONCLUSION

Serological testing is conventionally defined as a diagnostic procedure used to
identify the presence of an immune response against an infectious agent. Serology
testing for SARS-CoV-2 can be defined as the analysis of plasma, serum, or whole blood
for the detection of antibodies, which are specific for SARS-CoV-2 antigens, including
the S glycoprotein and N protein. The S2 subunit is more conserved and plays a role in
the cross-reactivity seen when the whole S protein is used as an antigen. S1 is more
specific than the S protein as an antigen for SARS-CoV-2 serologic diagnosis. Antigen
combinations, including both S protein and N protein, have demonstrated improved
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performance compared to each individual antigen through multiantigen protein
arrays. In addition to antibody detection, SARS-CoV-2 antigen detection is also impor-
tant, and SARS-CoV-2 antigen detection primarily detects N protein by LFAs. The sensi-
tivity of the test is higher when the virus content of the specimen is high. More work
needs to be done to understand the utility and performance of antigen-based detec-
tion for SARS-CoV-2.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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