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ABSTRACT: The disease progression of COVID-19 varies from mild to severe, even death. However, the link
between COVID-19 severities and humoral immune specificities is not clear. Here, we developed a multiplexed
spike variant protein microarray (SVPM) and utilized it for quantifying neutralizing activity, drug screening, and
profiling humoral immunity. First, we demonstrated the competition between antispike antibody and ACE2 on
SVPM for measuring the neutralizing activity against multiple spike variants. Next, we collected the serums from
healthy subjects and COVID-19 patients with different severities and profile the neutralizing activity as well as
antibody isotypes. We identified the inhibition of ACE2 binding was stronger against multiple variants in severe
compared to mild/moderate or critical patients. Moreover, the serum IgG against nonstructural protein 3 was
elevated in severe but not in mild/moderate and critical cases. Finally, we evaluated two ACE2 inhibitors,
Ramipril and Perindopril, and found the dose-dependent inhibition of ACE2 binding to all the spike variants
except for B.1.617.3. Together, the SVPM and the assay procedures provide a tool for profiling neutralizing
antibodies, antibody isotypes, and reagent specificities.

■ INTRODUCTION

The recently discovered coronavirus disease (COVID-19),
induced by the novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has put a burden on healthcare
systems across the globe. The viral transmission has been
accelerated not only by the incidence of asymptomatic
outbreaks but also by the lack of broad screening and
protective equipment for healthcare professionals worldwide.1

The massive surge of COVID19-infected patients into many
hospitals necessitates a detailed understanding of the clinical,
radiological, and laboratory findings linked to increased
pathogenicity and fatality. The development of effective
vaccines, on the other hand, has resulted in unprecedented
confidence that the pandemic’s end is near.2 Unsurprisingly,
the delayed vaccine rollout, the emergence of variants,3

combined with the lack of potent antiviral therapies, have
left the world with the responsibility of managing the disease’s
uncertain nature. As a result, there is an immediate and
continuous need to characterize the humoral antibody
responses to this disease and its association with disease
outcomes.
Patients infected with SARS-CoV-2 exhibit a wide variety of

clinical symptoms ranging from mild infection to severe disease
that can develop and lead to acute respiratory distress
syndrome and, eventually, death.4 Nevertheless, while age5

and comorbidities have been associated with the progression of
the disease,6,7 the course of SARS-CoV-2 infection remains
uncertain. Since the first antibody tests were granted
Emergency Use Authorization (EUA), most studies have
focused on detecting SARS-CoV-2 specific immunoglobulin-M

(IgM) and immunoglobulin-G (IgG) antibodies mostly against
one or two antigens: spike protein (S) and/or nucleoprotein
(N),8−10 with far less investigating the immunoglobulin-A
(IgA) antibody response in SARS-CoV-2 infected individu-
als.11,12 In addition to antibody isotypes, the neutralizing
antibody represents the humoral defense against SARS-CoV-2
infections.13,14 Emerging immunological correlate analysis has
revealed that initial strong neutralizing antibody responses,8,14

innate immune responses,15 and variable T cell and B cell
populations16 and virus loads17 are all associated with different
outcomes. Among such growing correlates, antibodies are
linked to both the natural resolution of infection and the
spread of disease.15,18 There is limited data on the extent and
severity of symptoms in COVID-19 individuals and even less
about the antibody profiles of the different disease severity
(mild/moderate, severe, and critical). Therefore, a platform
other than ELISA or lateral flow assays is needed to evaluate
the complicated antibody specificity against multiple antigens
from SARS-CoV-2 and their variants.
Protein microarray technologies can help address this gap,

which could be used to aid in the development of vaccines or
immunotherapies as treatment options.19,20 It is a great tool for
studying the humoral immune responses, particularly the IgG,

Received: December 25, 2021
Accepted: April 11, 2022
Published: April 20, 2022

Articlepubs.acs.org/ac

© 2022 American Chemical Society
6529

https://doi.org/10.1021/acs.analchem.1c05567
Anal. Chem. 2022, 94, 6529−6539

This article is made available via the ACS COVID-19 subset for unrestricted RESEARCH re-use
and analyses in any form or by any means with acknowledgement of the original source.
These permissions are granted for the duration of the World Health Organization (WHO)
declaration of COVID-19 as a global pandemic.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen-Yu+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pin-Xian+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harvey+M.+Santos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tzong-Shiann+Ho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Batuhan+Birol+Keskin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chi+Ho+Pau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chi+Ho+Pau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="An-Ming+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Yu+Chou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hsi-Chang+Shih"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guan-Da+Syu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.1c05567&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05567?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05567?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05567?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05567?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05567?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancham/94/17?ref=pdf
https://pubs.acs.org/toc/ancham/94/17?ref=pdf
https://pubs.acs.org/toc/ancham/94/17?ref=pdf
https://pubs.acs.org/toc/ancham/94/17?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.1c05567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/page/vi/chemistry_coronavirus_research
https://pubs.acs.org/page/vi/chemistry_coronavirus_research


IgA, and IgM responses to SARS-CoV-2. Previously, we
established a coronavirus array containing multiple antigens
from various respiratory viruses and identified important
markers for SARS-CoV-2 infections.12 Other researchers also
developed SARS-CoV-2 protein microarrays for profiling IgG
and IgM responses in COVID-19 patients.20−22 However, the
multiplexed platform for SARS-CoV-2 variants or for
neutralizing assays is still missing. In the current study, we
fabricated a multiplexed spike variant protein microarray
(SVPM) containing spike proteins from different SARS-CoV-
2 variants. By using the SVPM, we used a competition assay to
evaluate the bindings of ACE2 to spike variants. Using this
assay, we evaluated the efficacy of an antispike antibody, two
ACE2 inhibitors, and profiled the serum antibodies in COVID-
19 patients with different severities.

■ EXPERIMENTAL SECTION
Fabrication of Spike Variant Protein Microarrays

(SVPMs). Fourteen blocks per slide were precoated with
aldehyde and stored at 4 °C as previously described.12 Each
block on the slides was printed with 23 variant viral proteins
including alpha/beta/gamma mutant type coronavirus, 5 cell
lysates, and 8 control mix with 30% glycerol (Table S1) in
technical triplicates to generate 9 × 12 formats by using a
contact printer (CapitalBio SmartArrayer 136, China) at 4 °C.
After printing, the SVPM was immobilized for 8 h, vacuum-
sealed, and stored at −80 °C for future usage. The SVPM was
stable at −80 °C for at least 6 months. The quality control of
the SVPM was done by the fluorescence staining of his tagged
proteins with 647-conjugated antihis (Jackson ImmunoR-
esearch, no. 300-605-240) and showed 100% positive signals
compared to the BSA and buffer control.
Competition between ACE2 and Antispike mAbs on

SVPMs. The competition assay and the standard curve were
described previously.23 Briefly, the SVPMs stored at −80 °C
were warmed to room temperature, added with 16-well
cassettes, and then washed with TBST (TBS buffer with
0.1% Tween 20) for 10 min. The SVPMs were blocked with
SuperBlock blocking buffer (ThermoFisher, no. 37515) for 15
min and incubated with serial dilutions of antispike antibody
(Sino Biological, no. 40150-D001) for an hour. The arrays
were washed with TBST and incubated with 50 μL of
biotinylated human ACE2 125 pg/mL (Sino Biological, no.
10108-H08H-B), Cy5-conjugated streptavidin 2 ng/mL
(Jackson ImmunoResearch, no. 016-170-084), and Cy3-
conjugated antihuman IgG 1.5 μg/mL (Jackson ImmunoR-
esearch, no. 109-165-003) for an hour. The arrays were
washed, dried, and scanned for Cy3 and Cy5 signals with
powers of 25% and 30% (Caduceus Biotechnology, #Spin-
Scan).
Subjects and Ethical Statement. The protocol was

reviewed according to the Declaration of Helsinki and
approved by the Human Ethics Committee of National
Cheng Kung University Medical College (IRB No.: A-ER-
109-225). Serum samples were collected with the standard
aseptic phlebotomy technique. The sera from healthy subjects
were collected in 2019, before the COVID-19 pandemic. The
sera from COVID-19 patients were collected without COVID-
19 vaccination. The severity of the COVID-19 was classified
based on the COVID-19 treatment guidelines panel, National
Institutes of Health, United States (available at https://www.
covid19treatmentguidelines.nih.gov/. Accessed 2022-03-02).
Briefly, the subjects defined with mild/moderate COVID-19

were positive in PCR tests without admission to the hospital
and shortness of breath, dyspnea, or abnormal chest imaging.
The subjects defined with severe COVID-19 were positive in
PCR tests with lowered oxygen saturations, with ventilators,
and admission to the hospital but not in the intensive care unit.
The subjects defined with critical COVID-19 were positive in
PCR tests with lowered oxygen saturations, with ventilators,
and admission to the intensive care unit. The COVID-19
serums were collected at least 5 days and a maximum of 60
days postsymptom onset. The sampling time after symptom
onset for mild/moderate, severe, and critical COVID-19 were
31 ± 16 days, 27 ± 9 days, and 10 ± 11 days, respectively.

Profiling ACE2, IgG, IgA, and IgM Bindings in Serums.
The SPVMs stored at −80 °C were warmed to room
temperature, added with 16-well cassettes, and then washed
with TBST for 10 min. Arrays were blocked with SuperBlock
blocking buffer for 15 min and incubated with 50 μL of 50-fold
diluted serum in TBST supplement with 1% BSA for an hour.
After 1 h, the arrays were washed with TBST and incubated
with 50 μL of biotinylated human ACE2 125 pg/mL, Cy5-
conjugated streptavidin 2 ng/mL, and Cy3-labeled antihuman
IgG/A/M antibodies (Jackson Laboratory, 75 ng/mL no. 109-
165-008, 150 ng/mL no. 109-165-011, and 1.5 μg/mL no.
109-165-043) for an hour. The arrays were washed, dried, and
scanned for Cy3 and Cy5 signals with power of 25% and 30%.

ACE2 Inhibitor Binding Assay. Tow ACE2 inhibitors,
Ramipril and Perindopril,24 were dissolved in PBS (Sigma-
Aldrich, no. R0404, no. P0094). The SPVMs stored at −80 °C
were warmed to room temperature, added with 16-well
cassettes, washed with TBST for 10 min, and blocked by
SuperBlock for 15 min. The biotinylated ACE2 125 pg/mL
was preincubated with serial dilutions of inhibitors in PBS for
10 min and then added to the blocked SVPMs for an hour.
After 1 h, the arrays were washed with TBST and incubated
with 50 μL of Cy5-conjugated streptavidin 2 ng/mL for
another hour. The arrays were then washed, dried, and scanned
for Cy3 and Cy5 signals with power of 25% and 30%.

Data Analysis. The fluorescence signals were analyzed by
GenePix Pro software as foreground minus background. ACE2
binding was defined by the percentage of ACE2 fluorescence
intensity with sample divided by ACE2 fluorescence intensity
without sample. For IgG/A/M profiling, the signals from viral
proteins were divided by their antihis signals to normalize the
protein amounts. A few outliers were identified and removed
by Grubbs’ method with alpha 0.0001. One-way ANOVA with
Tukey’s multiple comparisons and two-way ANOVA with
Dunnett’s multiple comparisons were used to compare
multiple groups. For the baseline characteristics, data were
analyzed by Mann−Whitney tests for continuous variables or
by Chi-square tests for categorical variables. Data were
calculated by GraphPad Prism 8 where p < 0.05 was the
threshold for significance. All data and figures were presented
as mean ± SD.

■ RESULTS AND DISCUSSION
Design and Fabrication of Spike Variant Protein

Microarray (SVPM). To profile the antibody responses in
COVID-19, our team and others have previously focused on
the antigens from wild-type SARS-CoV-2 and built SARS-
CoV-2 protein microarrays or bead arrays.10,12,20−22 However,
the SARS-CoV-2 has mutated through time, leading to
widespread viral variants with different transmission efficiency,
fatality, and resistance to antibody neutralization.25 Hence, our
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Figure 1. Profiling the neutralizing activity for antispike mAb by using an in vitro spike variant protein microarray (SVPM). SVPM was first
incubated with antispike mAb and then incubated with Cy3-labeled antihuman antibody and Cy5-labeled ACE2 to mimic the attachment of
viruses. (a) Images of ACE2 bound to spike variants in the presence or absence of antispike mAb. (b) Images of antispike bound to spike variants in
a dose-dependent manner. (c−k) Dual quantification of the ACE2 and antispike bindings against spike proteins from SARS-CoV-2 wildtype and
variants, including D614G, B.1.1.7, B1.1.351, P.1, B.1.617, B.1.617.1, B.1.617.2, and B.1.617.3. The ACE2 binding was normalized by the antibody-
free group for indicating the full attachment of viruses. Data were analyzed by two-way ANOVA with Dunnett’s multiple comparisons. *p < 0.05,
**p < 0.01, ***p < 0.005, and ****p < 0.001 compared with the zero dose of anti-S.
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current work is to build a high-throughput platform for the
detection, prevention, and therapeutic interventions of
COVID-19 infected people with SARS-CoV-2 variants.
The spike variant protein microarray (SVPM) was fabricated

containing 23 viral antigens including the spike proteins,
nonstructural proteins, nucleocapsid proteins, 5 cell mem-
branes, and 8 controls. The viral antigens printed and
immobilized on this protein microarray were from epidemic
coronaviruses which included SARS-CoV-2, SARS-CoV,
MERS-CoV, common cold coronaviruses (HKU1-CoV,
229E-CoV, and NL63-CoV), and the eight common SARS-
CoV-2 variants. The complete list of the proteins and control
samples that were used in this study is presented in Table S1.
The viral antigens and control samples were then spotted on
the aldehyde slides in triplicate with 14 identical blocks and
formed a multiplexed SVPM (Figure S1).
Dual Profiling of ACE2 and Antispike Bindings with

the SVPM. A neutralizing antibody (NAb) is an antibody that
is responsible for blocking infections. In COVID-19, NAbs are
generally referred to antispike antibodies which can prevent
the bindings to the host ACE2 receptors.23,26 Three steps were
used to confirm the protein function on the arrays and
establish the neutralizing assays in vitro. First, we confirmed the
binding of ACE2 to the wild-type and eight spike variants on
the SVPM (Figure 1A, first raw). Given that the viral antigens
in the SVPM were functional, we aimed to quantify both
antispike and ACE2 bindings by using two independent
fluorescence signals. Next, we utilized a humanized antispike
monoclonal antibody (mAb) as a proof of concept to detect
the specificity of antibody affinities. We established the dose-
dependent bindings of antispike mAb to the wild-type and
eight spike variants on the SVPM (Figure 1b−k). Finally, we
demonstrated the competition between antispike mAb and
ACE2 to the wild-type and eight spike variants on the SVPM
(Figure 1a,c−k). The antispike mAb that we tested here
showed broad NAb capabilities against wild-type and eight
common SARS-CoV-2 variants.
Profiling the ACE2 Binding in Subjects with Different

COVID-19 Severities. To investigate the antibody responses
in subjects with different COVID-19 severities, we collected
sera from mild/moderate (M), severe (S), and critical (C) as
well as healthy (H) subjects. The average data for blood
sampling after symptom onset was 31 ± 16 days for the M
group, 27 ± 9 days for the S group, and 10 ± 11 days for the C
group. The sampling time for the C group was earlier than
other groups due to the multiple organ failure. It is worth
noting that the sampling time was not correlated with any
antibody data observed in this study. The baseline character-
istics, including age, gender, deceased, diabetes, hypertension,
and cardiovascular disease, were listed and analyzed in Table 1.
For the detailed clinical data, please see the Supporting
Information. Among those baseline characteristics, age,

deceased, and diabetes were significant factors in the critical
cases (Table 1). Our findings align with other clinical meta-
analyses.27

Considering SARS-CoV-2 relies predominantly on ACE2 for
fusion and entry, distinct genetic variants of spike proteins may
change binding interactions and susceptibility to the disease.28

Thus, we investigated the bindings of ACE2 in wild-type and
eight spike variants in patients with different COVID-19
severities (Figure 2 and Figure S2). The SVPMs were first
incubated with sera for an hour, washed, incubated with Cy3-
labeled antihuman and Cy5-labeled ACE2 for another hour,
washed, dried, and scanned for the fluorescent images (Figure
2a and Figure S1). All the COVID-19 subjects showed
significant inhibition of the ACE2 bindings compared to the H
group (Figure 2b−j). Compared with the M group, the S
group showed more inhibition of the ACE2 bindings in wild-
type, B.1.1.7, P.1, and B.1.617 (Figure 2b,d,f,g). Compared
with the C group, the S group showed more inhibition of the
ACE2 bindings in D614G, B.1.351, P.1, B.1.617, B.1.617.1,
B.1.617.2, and B.1.617.3 (Figure 2c,e−j). The detailed ACE2
data were listed in the Supporting Information. ACE2 binding
is a good marker to distinguish healthy from COVID-19
patients. The increment of neutralizing antibody against wild-
type SARS-CoV-2 has been linked with clinical severities.15

Here, we demonstrated a broad spectrum of neutralizing
antibodies against multiple variants in the COVID-19 patients
and more enhanced in the severe cases. It could be the key that
COVID-19 patients with severe symptoms did not undergo
critical symptoms.

Profiling the IgG in Subjects with Different COVID-19
Severities. To better understand the humoral immune
responses against SARS-CoV-2 and its variants as well as
COVID-19 severities, we profiled the antibody isotypes in
COVID-19 patients with different severities. Except for
immunocompromised patients, the production of specific
antibodies against SARS-CoV-2 is consistent during infection.
One of which is the high-affinity IgG responses that are
essential for long-term immunological memory.12 Since the
SVPM utilized structural proteins, e.g., spike (S) and
nucleocapsid (N), and nonstructural proteins, e.g., the largest
nonstructural protein (NSP3) and RNA-dependent RNA
polymerase (RdRp), it is essential to evaluate the IgG
responses based on these viral antigens.
The IgG against wild-type and eight spike variants were

quantified and visualized in a heatmap format (Figure S3). IgG
against spikes was generally higher in COVID-19 patients but
not in the S group (Figure 3). Lower IgG levels against B.1.1.7-
S, B.1.351-S, P.1-S, B.1.617-S, B.1.617.1-S, B.1.617.2-S, and
B.1.617.3-S were found in the S group compared to the M
group (Figure 3c−i). The IgG against NSP3 was only
increased in the S group, which could be a marker to separate
the H, M, and C groups (Figure 3k). The detailed IgG data

Table 1. Baseline Characteristics of Healthy and COVID-19 Subjectsa

classifications healthy (H) mild/moderate (M) severe (S) critical (C) M vs C p value S vs C p value M vs S p value

age (years, SD) 69 (9) 45 (15) 56 (17) 72 (11) <0.0001 0.0002 0.0237
gender (male, %) 12 (46%) 13 (52%) 13 (57%) 16 (53%) 0.9214 0.8172 0.7534
deceased (N, %) 0 (0%) 0 (0%) 0 (0%) 12 (40%) 0.0003 0.0006 1.0000
diabetes (N, %) 0 (0%) 2 (8%) 3 (13%) 15 (50%) 0.0008 0.0049 0.5677
hypertension (N, %) 0 (0%) 3 (12%) 8 (35%) 9 (30%) 0.1075 0.7116 0.0606
cardiovascular disease (N, %) 0 (0%) 0 (0%) 2 (9%) 4 (13%) 0.058 0.5974 0.132

aData were shown as means (SD) and analyzed by Mann−Whitney tests or shown as counts (%) and analyzed by Chi-square tests.
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were listed in the Supporting Information. The high level of
IgG against NSP3 may indicate broad viral replication in the
host cells and elevate the antigen presentation of this largest
nonstructural protein, NSP3. Recently, NSP3 has been

investigated as a potential antibody biomarker of severe
COVID-19 patients.29 IgG against other nonstructural proteins
has also been reported in severe COVID-19 cases.21 Although
it is unknown why antibodies against NSPs are related to

Figure 2. Profiling the neutralizing activity in healthy control (H), mild/moderate (M), severe (S), and critical (C) subjects by using SVPM. (a)
SVPM was first incubated with serums for an hour, washed, incubated with Cy3-labeled antihuman IgG/A/M and Cy5-labeled ACE2 for an hour,
washed, dried, and scanned for the fluorescent image. (b−j) Serums from healthy COVID-19 subjects were used to quantify the ACE2 bindings
against various spike proteins by using SVPM. The ACE2 bindings were normalized by the serum-free group. Data were analyzed by one-way
ANOVA with Tukey’s multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001 compared with indicated groups. The
number of subjects in the H, M, S, and C groups was 26, 25, 23, and 30, respectively.
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severe COVID-19, NSPs are implicated in key functions
including viral infection, including SARS-CoV-2 RNA
preservation, replication, transcription, polyprotein assembly,
and host innate immune inactivation.
Profiling the IgA in Subjects with Different COVID-19

Severities. The human receptor ACE2, which is produced by
alveolar epithelial cells, allows the virus to hijack and enter host
cells. Conversely, switching between antibody classes can result
in the production of IgA. Plasma cells in the lamina propria

close to mucosal membranes produce the majority of IgA.30

This isotype switching does not alter the antibody’s specificity
but rather allows for various biological effects via the antibody’s
tail region.
A systematic investigation of IgA production in COVID-19

patients is lacking, thus we further investigated the IgA
responses in COVID-19 patients at different levels of severity
(Figure 4 and Figure S4). Interestingly, in the SARS-CoV-2
variants, IgA can effectively separate COVID-19 patients

Figure 3. Profiling the serum IgG in healthy control (H), mild/moderate (M), severe (S), and critical (C) subjects by using SVPM. (a−i) Serums
from healthy and COVID-19 subjects were used to quantify the IgG bindings against various spike proteins by using SVPM. (j−l) Serum IgG
bindings to the structural and nonstructural proteins from SARS-CoV-2. Data were analyzed by one-way ANOVA with Tukey’s multiple
comparisons. *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001 compared with indicated groups. The number of subjects in the H, M, S, and
C groups was 26, 25, 23, and 30, respectively.
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(Figure 4a−i). However, in B.1.617 variants, the IgA was lower
in the C group but higher in the M group (Figure 4g). The
detailed IgA data are listed in the Supporting Information.
Although IgA is crucial for mucosal immunity, it is the most
critical immunoglobulin for fighting infectious pathogens in the

respiratory and digestive systems at the point of pathogen
invasion. Secretory IgA, as an immunological barrier, can
neutralize SARS-CoV-2 before it reaches and binds to
epithelial cells.6,30 In addition, IgA and IgG against N protein
were only higher in the M group which could be a marker to

Figure 4. Profiling the serum IgA in healthy control (H), mild/moderate (M), severe (S), and critical (C) subjects by using SVPM. (a−i) Serums
from healthy COVID-19 subjects were used to quantify the IgA bindings against various spike proteins by using SVPM. (j−l) Serum IgA bindings
to the structural and nonstructural proteins from SARS-CoV-2. Data were analyzed by one-way ANOVA with Tukey’s multiple comparisons. *p <
0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001 compared with the indicated groups. The number of subjects in the H, M, S, and C groups was
26, 25, 23, and 30, respectively.
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separate severe and critical patients (Figures 3j and 4j). This
could indicate a better diversity of structural protein
presentation rather than focusing on presenting the S protein.
IgA and IgG against RdRp were only higher in the S group
(Figures 3l and 4l). It is a good marker for severe COVID-19

and could be an indication that the SARS-CoV-2 is infecting a

lot of host cells.
Profiling the IgM in Subjects with Different COVID-19

Severities. Rapid and specific IgM and IgG antibody testing

in suspected SARS-CoV-2 individuals could provide informa-

Figure 5. Profiling the serum IgM in healthy control (H), mild/moderate (M), severe (S), and critical (C) subjects by using SVPM. (a−i) Serums
from healthy and COVID-19 subjects were used to quantify the IgM bindings against various spike proteins by using SVPM. (j−l) Serum IgM
bindings to the structural and nonstructural proteins from SARS-CoV-2. Data were analyzed by one-way ANOVA with Tukey’s multiple
comparisons. *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001 compared with indicated groups. The number of subjects in the H, M, S, and
C groups was 26, 25, 23, and 30, respectively.
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tion for validation or exclusion of SARS-CoV-2 infection. The
IgM against wild-type and eight spike variants were quantified
and visualized in a heatmap format (Figure S5). In our study,
the IgM can effectively separate the COVID-19 patients
(Figure 5a−i). The detailed IgM data were listed in the
Supporting Information. This COVID-19 study has some
limitations, and we do not have the patient data of which
variant they were infected. However, based on the sampling
time, the dominant variant was B.1.1.7. In this study, we only
presented the humoral immunity of COVID-19 patients with
different levels of severities which do not fully represent the
whole immunity against SARS-CoV-2.
Profiling the Neutralizing Activity for ACE2 inhibitors

by using SVPM. To provide the specificity of potential
treatments, we select two ACE2 inhibitors, e.g., Ramipril and
Perindopril.24 Both inhibitors can dose-dependently decrease
the ACE2 bindings to the spike proteins, except for the
B.1.617.3 variant (Figure 6). Compared with the antispike

mAb, the inhibitors showed much lower potency in blocking
the ACE2 and spike interactions (Figure 1).

■ CONCLUSION

In this work, we fabricated a multiplexed spike variant protein
microarray (SVPM) that enables the detection of neutralizing
antibodies and antibody isotypes against wild-type and SARS-
CoV-2 variants in a high-throughput manner. We utilized the
SVPM platform to profile an antibody drug, small molecule
inhibitors, and serum antibodies in COVID-19 patients with
different severities.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05567.

Figure 6. Profiling the neutralizing activity for ACE2 inhibitors by using SVPM. (a−i) Two ACE2 inhibitors, e.g., Penridopril and Ramipril, were
used to profile the binding of ACE2 against multiple spike variants by using SVPM. The ACE2 binding was normalized by the inhibitor-free group
for indicating the full attachment of viruses. Data were analyzed by two-way ANOVA with Dunnett’s multiple comparisons. *p < 0.05, **p < 0.01,
***p < 0.005, and ****p < 0.001 compared with the zero dose of anti-S.
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