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SARS-CoV-2 proteome microarray for global
profiling of COVID-19 specific IgG and IgM
responses
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We still know very little about how the human immune system responds to SARS-CoV-2.

Here we construct a SARS-CoV-2 proteome microarray containing 18 out of the 28 predicted

proteins and apply it to the characterization of the IgG and IgM antibodies responses in the

sera from 29 convalescent patients. We find that all these patients had IgG and IgM anti-

bodies that specifically bind SARS-CoV-2 proteins, particularly the N protein and S1 protein.

Besides these proteins, significant antibody responses to ORF9b and NSP5 are also identified.

We show that the S1 specific IgG signal positively correlates with age and the level of lactate

dehydrogenase (LDH) and negatively correlates with lymphocyte percentage. Overall, this

study presents a systemic view of the SARS-CoV-2 specific IgG and IgM responses and

provides insights to aid the development of effective diagnostic, therapeutic and vaccination

strategies.
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COVID-19 is caused by the coronavirus SARS-CoV-21,2. It
is presently recognized by the World Health Organization
as a global pandemic, and as of June 28, 2020, 9,653,066

diagnosed cases have been reported from 214 countries, areas or
territories (http://2019ncov.chinacdc.cn/2019-nCoV/). Sequence
analysis suggested that SARS-CoV-2 is most closely related to the
BatCoV RaTG13 and belongs to the subgenus, sarbecovirus, of
the beta coronaviruses, together with the Bat-SARS-like cor-
onavirus and the SARS coronavirus1,2. By comparing SARS-CoV
to the other related coronaviruses, it was predicted that there are
28 proteins encoded in the genome of SARS-CoV-23. Further,
such comparisons suggested that SARS-CoV-2 might utilize the
same mechanism to enter the host cells, namely via high-affinity
binding between the receptor-binding domain (RBD) of the
spike protein (S protein) and angiotensin converting enzyme 2
(ACE2)4–9.

Though there is presently tremendous worldwide effort to
identify and develop effective therapeutic approaches against this
virus, none of this work has been successful at the moment. One
possible approach that has shown some positive results is by
treating infected patients with the plasma collected from con-
valescent COVID-19 patients10,11. Here, it is believed that the
humoral antibody response in these convalescent patients played
an important role in their recovery, and so might likewise prove
effective in other, presently infected patients. Indeed, it is known
that in combating many viral infections, including SARS-CoV
and MERS-CoV, IgG, and IgM antibodies play many critical
roles12–15.

However, because SARS-CoV-2 is a newly emerged pathogen,
the precise IgG and IgM responses in the COVID-19 patients are
very poorly understood. Indeed, in this regard, there are many
important questions that need to be experimentally addressed: (1)
What is the variation among different patients, especially for
antibodies against the nucleocapsid protein (N protein) and S
protein? (2) Are there any other viral proteins that could trigger
significant antibody responses in at least some of the patients? (3)
Is it possible to link the magnitude of the overall IgG and IgM
response to the severity of the disease in patients? Resolution of
these questions is fundamental to the development of an under-
standing of the global IgG and IgM responses against SARS-CoV-2
and for the possibility to use this material in the development of
effective therapeutic or diagnostic approaches.

Conventional techniques for studying patient IgG and IgM
responses include ELISA16–18 and the immune-colloidal gold
strip assay17,19,20. However, these techniques usually can only test
a single target protein or antibody in a single reaction. By con-
trast, protein microarrays enable proteome-wide characterization
of antibody responses in a high-throughput format, providing a
more systemic description of these vital antibody responses.
Indeed, a variety of protein microarrays have already been con-
structed and successfully applied to serum antibody profiling,
such as the Mycobacterium tuberculosis proteome microarray21,
the SARS-CoV protein microarray12, the Dengue virus protein
microarray22 and the influenza virus protein microarray23.

Here, we describe the construction of the SARS-CoV-2 pro-
teome microarray and its application in the characterization of
the global IgG and IgM responses from 29 COVID-19 con-
valescent patients. In this way, we provide a systemic view of
these responses, revealing both common and unique features of
these patients, which may aid future diagnostic and therapeutic
efforts against this virus.

Results
Schematic diagram and workflow. The genome of SARS-CoV-2
is ~29.8 kb and is predicted to encode for 28 proteins3:

5 structural proteins (treating the S protein as two separate
proteins, S1 and S2), 8 accessory proteins, and 15 non-structural
proteins (nsp) (Fig. 1a). The corresponding nucleotide sequences
of all of these proteins and the receptor-binding domain (RBD) of
the S1 protein were synthesized and cloned into appropriate
vectors for expression in E. coli, and the expressed proteins were
purified by affinity chromatography. To obtain any even broader
range of proteins that were produced from different prokaryotic
and eukaryotic systems, we also acquired a number of recombi-
nant SARS-CoV-2 proteins from commercial sources (Supple-
mentary Data 1). After evaluating the proteins for quality control,
these proteins were printed on appropriate substrate slides.
Convalescent sera were collected from 29 patients on the day of
their discharge and were applied to the proteome microarray. We
detected the SARS-CoV-2-specific IgG and IgM proteins bound
to the array using fluorescent-labeled anti-human antibodies,
thereby generating a global assessment of each patient’s humoral
antibody response.

Generation of the predicted SARS-CoV-2 proteins. To produce
the recombinant proteins of SARS-CoV-2 for the microarray, we
first determined the amino-acid sequences of the predicted pro-
teins3 based on the reference genome (Genbank accession No.
MN908947.3). We split S protein into S1 and S2, as suggested
previously3, to enable a more precise analysis and also included
the RBD alone owing to its critical role during the entry of SARS-
CoV-2 into the cells. The protein sequences were converted to the
corresponding nucleotide sequences, followed by optimization of
the sequences, and then insertion of the sequences into expression
vectors (pET32a or pGEX-4T-1). The final expression library
included 31 clones. Further information about these clones is
included in Supplementary Data 1. After several rounds of opti-
mization, we successfully purified 17 of these proteins (Supple-
mentary Fig. 1). Western blotting with an anti-6xHis antibody
and Coomassie staining showed that most of the SARS-CoV-2
proteins exhibit clear bands with the expected size (±10 kDa) and
good purity.

To cover the proteome of SARS-CoV-2 as complete as possible,
and to include proteins with post-translational modifications
(PTM), especially glycosylation, we also acquired recombinant
SARS-CoV-2 proteins produced using yeast cell-free systems or
mammalian cell expression systems from a variety of commercial
sources (Supplementary Fig. 1). Among the collected proteins,
there are several different full length and fragmented versions of
the S and N proteins (Supplementary Data 1). In this way, we
finally obtained 37 proteins from different sources, covering 18
out of the 28 predicted proteins of SARS-CoV-2, that were of
suitable concentration and purity for microarray construction.

Fabrication of the SARS-CoV-2 protein microarray. A total of
37 proteins along with positive and negative controls were printed
on the microarray slide (Fig. 2a). Since most of the proteins were
tagged with the 6xHis peptide, we examined the overall quality of
the microarray by probing with an anti-6xHis antibody, which
revealed uniform, spot-limited labeling across the entire micro-
array, thus attesting to the quality of the array (Fig. 2a). In
addition, we noticed that NSP7 was contaminated during the
microarray manufacturing process. Thus, we decided not to
include NSP7 for further analysis.

When probed with convalescent sera from COVID-19 patients,
we generally observed high, multi-spot antibody responses, which
were not observed with the control sera (Fig. 2b). To prevent or
largely decrease nonspecific signals generated from the back-
ground of the expression system and minimize any influence
from possible protein impurity, E. coli lysates and eGFP were
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added during the incubation with serum samples, which
significantly reduced nonspecific signals (Supplementary Fig. 2a).
To test the experimental reproducibility of the serum profiling
using the microarray, we randomly selected two COVID-19
convalescent sera and probed them on three separate micro-
arrays. The Pearson correlation coefficients from the measured
intensities over the entire array between two samples were 0.988
and 0.981 for IgG and IgM, respectively. Further, the overall
fluorescence intensity ranges of the repeated experiments
were quite similar, demonstrating a high reproducibility of
the microarray-based serum profiling both for IgG and IgM
(Fig. 2c–e).

SARS-CoV-2-specific serum antibody profiles revealed by
proteome microarray. To globally profile the antibody response
against the SARS-CoV-2 proteins from the serum of COVID-19
patients, we screened sera from 29 convalescent patients, along
with 21 controls, using the SARS-CoV-2 proteome microarray.
The patients were hospitalized in Foshan Fourth hospital in
China from 2020-1-25 to 2020-2-27 for various durations. Patient
information is summarized in Table 1. Serum from each patient
was collected on the day of hospital discharge when standard
criteria were met. All of the samples and the controls were probed
on the proteome microarray, and after data filtering and nor-
malization, we constructed the IgG and IgM profile for each
serum and performed clustering analysis to generate heatmaps

(Figs. 3–4 and Supplementary Figs. 3–4). The patients and con-
trols formed clearly separate clusters for both IgG and IgM data.
As expected, the N and S1 proteins elicited high antibody
responses in almost all patients but were associated with only
weak signals in control groups, confirming the efficacy of these
two proteins for diagnosis. Interestingly, we also found that in
some cases, proteins such as ORF9b or NSP5 can generate sig-
nificantly high signals compared with that in the control groups.
To further prove the specificity, we performed an
immunoblotting-based serum analysis. As expected, the serum
specifically recognized ORF9b, S proteins and N proteins (Sup-
plementary Fig. 2b).

Strong antibody responses against S and N proteins. Since S
and N proteins have been widely used as antigens for diagnosis of
COVID-19, we next characterized the serum antibody responses
against these two proteins in more detail. With the present
cohort, the signals from both the N and S proteins, except for the
S1-4 fragment, exhibited strong discriminatory ability between
the COVID-19 patients and controls using either IgG or IgM
response (Fig. 5a, b, Supplementary Fig. 6a, b). Notably, two sera
from the control group exhibited a significant IgG antibody
response to the N proteins, with one to N-Nter and the other to
N-Cter (Fig. 5g), suggesting that the N protein might generate a
higher false-positive measurement than the S protein, especially
the S1 protein. To investigate the consistency of signal intensities

Fig. 1 The workflow of SARS-CoV-2 proteome microarray fabrication and serum profiling. a The genome of SARS-CoV-2 and the 28 predicted proteins.
b The workflow of proteome microarray fabrication and serum profiling on the microarray.
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among the different sources, full length or fragments of these
proteins, we calculated the Pearson correlation coefficients among
the S proteins (Fig. 5c, Supplementary Fig. 6c) and N proteins
(Supplementary Fig. 5f) using data of the convalescent sera. High
correlations were observed among different concentrations of the
same proteins as well as the same protein from different sources

(Fig. 5d, h, Supplementary Figs. 5a–c, g and 6d, g), although the N
protein at high concentrations generated almost saturated IgG
signals (Supplementary Fig. 5g). In particular, for the full-length
S1 proteins from different sources, whether from E. coli (S1_T) or
293 T (S1_B and S1_S) expression systems, a high correlation
between these proteins were observed (Fig. 5c–d, Supplementary

Fig. 2 SARS-CoV-2 proteome microarray layout and quality control. a There are 14 identical subarrays on a single microarray. A microarray was
incubated with an anti-6xHis antibody to demonstrate the overall microarray quality (green). One subarray was shown. The proteins were printed in
quadruplicate. The triangles indicate dilution titers of the same proteins. b Representative subarrays probed with sera of a COVID-19 convalescent and
healthy control. The IgG and IgM responses were shown in green and red, respectively. c, d The correlations of the overall IgG and IgM signal intensities
between two repeats probed with the same serum. Proteins (n= 93) on the microarray were examined. e Statistics of the Pearson correlation confidence
among repeats probed with the same serum. Two serum samples from the convalescent group was examined in three independent experiments. NC
negative control, PC positive control; 0.1, 0.2, 0.25, and 0.5 indicate the concentration of these proteins for microarray printing. T Tao Lab, B Hangzhou
Bioeast biotech. Co.,Ltd., K Healthcode Co., Ltd., S Sanyou biopharmaceuticals Co.,Ltd., W VACURE l Biotechnology Co.,Ltd., Y Sino biological Co.,Ltd.
Expression system: (1) E. coli: All proteins from Tao Lab (T), N Protein _S, N Protein_W; (2) Cell-free: All proteins from Healthcode Co., Ltd. (K), (3)
Mammalian: S1_B, S1_S, S-RBD_S, S-RBD_Y.
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Fig. 6c, d), indicating that the S1 proteins from different sources
that we have tested are all similarly effective for detection.
However, the background signals in the control group were much
lower for proteins purified from mammalian cells (such as 293 T)
(Fig. 5a, Supplementary Fig. 6a), suggesting that these samples
might possess a higher specificity and could serve as better
reagents for developing immune diagnostics. The signals of the
full-length S1 protein were highly correlated with that of the S-

RBD (Fig. 5e, Supplementary Fig. 6e) but with much stronger
signals. In contrast, the correlation levels of the S1-4 fragment
with the full-length S1 or RBD were lower (Fig. 5c, Supplemen-
tary Fig. 5d). Also, the S1 signals were poorly correlated with S2
proteins, although significant S2 signals were observed for many
of the patients (Fig. 5f, Supplementary Figs. 5e and 6f). These data
might reflect a difference in the immunogenicity of different
regions of the S protein, which could be resolved in the future
with more refined epitope mapping. Similar results were also
observed for the N proteins (Supplementary Fig. 5h, i). Inter-
estingly, a moderate but significant linear correlation was
observed between the IgG responses against the N and S1 pro-
teins (Fig. 5i) but not the IgM responses (Supplementary Fig. 6h),
while the correlations between the IgG and IgM signals for the
same protein were low (Fig. 5j, k). This might partially be a
consequence of overall lower IgM signals than the IgG signals
(Supplementary Fig. 6a, b) at the convalescent stage.

Antibody responses against other proteins. To statistically
analyze the IgG responses against SARS-CoV-2 proteins, we
calculated the p-values followed by multiple testing correction (or
q-values), and applied significant analysis of microarray (SAM) to
identify significant positive proteins (Supplementary Fig. 7 and
Data 2). Besides S and N proteins, ORF9b and NSP5 also had
significant positive responses. Particularly, 44.8% (13/29) and
10.3% (3/29) patients exhibited a “positive” IgG antibody signal
to ORF9b and NSP5, respectively (Fig. 6a–c). Although E protein
and ORF7b were statistically positive, the fluorescent intensities
in both patient and control groups were too low, further ver-
ification is needed for these two proteins. To investigate if the IgG
responses against ORF9b or NSP5 depended on the IgG
responses to the N or S proteins, we calculated the correlations
between these measurements. We observed no obvious correla-
tion between the IgG signals to ORF9b or NSP5 and the IgG

Fig. 3 The overall SARS-CoV-2-specific IgG profiles of the 29 convalescent sera against the proteins. Each square indicates the IgG antibody response
against the protein (row) in the serum (column). Proteins were shown with names along with concentrations (μg mL−1) and sources. Sera were shown
with group information and serum number. NCP Novel Coronavirus Patients or COVID-19 patients, LC lung cancer, NC normal control. Blank means no
serum. Three repeats were performed for serum P534 and P535. FI fluorescence intensity.

Table 1 Detailed information on serum samples tested in
this study.

Patient group n= 29

Gender Male 13
Female 16

Age (years) 42.3 ± 13.8
Severity Mild cases 3

Moderate cases 26
Days after onset 22.3 ± 5.4
Hospital stay (days) 17.9 ± 5.7
Sample collection data 20200125–20200227

Control group n= 21

Lung cancer
patients

10

Gender Male 5
Female 5

Age (years) 55.9 ± 7.3
Sample collection data (year) 2017
Health control 11
Gender Male 6

Female 5
Age (years) 45.1 ± 12.9
Sample collection data (year) 2017–2018
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signals to the N or S proteins (Fig. 6d, e), suggesting these two
proteins might provide complementary information to that gen-
erated from the N or S proteins, either for diagnosis or efforts to
understand the specific immune response to this virus.

IgG responses were correlated with age, LDH, and lymphocyte
percentage. It is known that the immune response is closely
related to the development of the disease in individual patients.
To study the relationship between the antibody response and the
course of the disease, we examined the correlations between the
S1 IgG responses to various proteins with clinical characteristics.
Not surprisingly, the time after disease onset correlated with the
IgG response against the S1 (Fig. 7a) as the IgG response usually
increases over time and reaches a maximum several weeks after
disease onset, as observed in other studies24 and SARS patients25.
We also found that age also correlated with the IgG response to
the S1 (Fig. 7b).

We also found that the IgG responses against S1 protein were
positively correlated with peak lactate dehydrogenase (LDH)
levels and inversely correlated with percentage of lymphocyte (Ly
%) (Fig. 7c, d). It was also demonstrated that the IgG responses
were slightly different between male and female patients (Fig. 7e).

We further performed multiple linear regression to investigate
the relationship among S1 IgG level, age, gender, days after onset,
peak LDH and Ly% (Fig. 7f). Consistent with above correlation
analysis, age and peak LDH were statistically significant (both
with p-values <0.05) and gender showed marginally significance
(p= 0.059). As expected, days after onset, identified as a
confounding factor, showed no statistically significant difference
(p= 0.514) and was removed from the regression. Ly% was
still kept in the model as its low significant (p= 0.106) was
probably due to the small sample size. The final equation
(adjusted R-squared= 0.60, p-value < 0.001) is as follows: y=
1318+ 6155*x1+ 2166*x2–4548*x3+ 6842*x4, where y repre-
sents S1 IgG level and x1, x2, x3, x4 represents the normalized
values (between 0 and 1) of age, gender, Ly%, and peak LDH,
respectively.

Discussion
To profile the SARS-CoV-2-specific IgG and IgM responses, we
have constructed a SARS-CoV-2 proteome microarray with 18 of
the 28 predicted proteins. A set of 29 convalescent sera were
analyzed on the microarray, global IgG and IgM profile were
obtained simultaneously through a dual color strategy. Our data
clearly showed that both N protein and S1 were suitable for
diagnostics, while S1 purified from the mammalian cell might
possess better specificity. When we were preparing this work, a
preprint also found better specificity with mammalian versus
insect cell expressed proteins26. Meanwhile, significant antibody
responses were identified for ORF9b and NSP5. We further
showed that the level of S1 IgG positively correlated to age and
the level of LDH while negatively correlated to Ly%.

It is well known that S1 and N proteins are the dominant
antigens of SARS-CoV and SARS-CoV-2 that elicit both IgG and
IgM antibodies, and antibody response against N protein is
usually stronger. However, we found for two of the control sera,
strong IgG bindings were observed for N protein, and specifically,
one control recognizing N protein at the N-terminal while the
other at the C-terminal. This may be due to the high conserved N
protein sequences across the coronavirus species. This indicating
we should be aware of the false-positive when applying N protein
for diagnosis. In contrast, S1 protein demonstrated a higher
specificity. Thus, an ideal choice of developing immuno-
diagnostics might be the combining of both N protein and S1.

We also compared the antibody responses against a variety
version of S1, including the full length, the RBD domain, the
N-terminal, and the C-terminal. The antibody response to the
RBD region was highly correlated with that to full-length protein
but with weaker signals which is consistent with a recent study26,
however, the correlations among other S1 versions were not
significant, suggesting dominant epitopes that elicit antibodies
might differ among individuals. Further study of detailed epitope
mapping might give us a clear answer.

In this study, we also found the significant presence of IgG and
IgM against ORF9b (13 out of 29 cases) and NSP5 (3 out of 29
cases). ORF9b is predicted as an accessory protein, exhibiting

Fig. 4 The overall SARS-CoV-2-specific IgM profiles of the 29 convalescent sera against the proteins. Each square indicates the IgM antibody response
against the protein (row) in the serum (column). The rest was the same as that of Fig. 3.
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high overall sequence similarity to SARS and SARS-like COVs
ORF9b (V23I)3, and is likely to be a lipid-binding protein27.
Previous studies showed that SARS ORF9b suppressed innate
immunity by targeting mitochondria28. Two previous studies
have found antibodies against SARS ORF9b presented in the sera
of patients recovering from SARS29,30. Our study also demon-
strates the potential of antibodies against ORF9b for the detection

of convalescent COVID-19 patients. COVID-19 NSP5 is also
highly homologous to SARS NSP5 (96% identity, 98% similarity).
Its homologous proteins in a variety of coronaviruses have been
proven to impair IFN response31–33. Our study provide experi-
mental evidence to show the existence of NSP5-specific anti-
bodies in convalescents. Since NSP5 is a non-structural protein,
theoretically, it should present only in the infected cells but not in
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virions. Hence, antibody against NSP5 has the potential to be
applied to distinguish between COVID-19 patients and healthy
people immunized with the inactivated virus.

We have analyzed the correlations between the COVID-19
specific IgG responses with clinical characteristics as well. It is
expected that IgG responses improve over time within one or two
months after onset24,34,35 and we indeed have observed a sig-
nificant correlation between IgG signals with days after onset. We
also found peak LDH was highly correlated with IgG response,
especially for female patients. As many studies reported, LDH
tends to have a higher level in severe COVID-19 patients and
could be an indicator of severity25,36. In fact, it has been observed
in SARS patients that more severe SARS is associated with more

robust serological response25,37, a similar association was con-
firmed in COVID-19 patients.

There are some limitations to the current SARS-CoV-2 pro-
teome microarray. Firstly, due to the difficulty of protein
expression and purification, there are still 10 proteins missing3.
We will try to obtain these proteins through vigorous optimiza-
tion or other sources. An interesting finding is anticipated in the
near future for these missing proteins. Secondly, most of the
proteins on the microarray are not expressed in mammalian cells,
critical post-translational modifications, such as glycosylation is
absent. It is known that there are 23 N-glycosylation sites on S
protein, which is heavily glycosylated, and the glycosylation may
play critical roles in antibody-antigen recognition5,38. Only a few

Fig. 6 IgG response to other SARS-CoV-2 proteins. a Other SARS-CoV-2 proteins that were recognized by IgG from the convalescent sera, in comparison
to that of the controls. b, c Anti-ORF9b IgG (b) or anti-NSP5 IgG (c) in the patient and control group. For b, c, each dot indicates one serum sample either
from the convalescent group (n= 29) or the control group (n= 21). Data are presented as mean values ± SD. The dashed line indicates cutoff value
calculated as mean + 3x SD of the control group. P-values were calculated by the two-sided t-test and q-values were adjusted p-values using BH method.
d, e Correlations of the overall IgG responses for N or S1 protein vs. ORF9b (d) or NSP5 (e). For d, e, each dot indicates one serum sample from the
convalescent group (n= 29) and p-values were calculated by the two-sided t-test.

Fig. 5 IgG responses to S and N proteins. a Box plots of IgG response for S1 and S2 proteins. The proteins labeled with bold and red were overexpression
in mammalian cell lines. b Box plots of IgG response for N proteins. For a, b, each dot indicates one serum sample either from the convalescent group
(green, n= 29) or the control group (brown, n= 21). Data are represented as boxplots where the middle line is the mean value. The upper and lower
hinges are mean values ± SD. P values were calculated by the two-sided t-test. Q values were adjusted p-values using BH method. ***q < 0.001. The
exact p-values were shown in Supplementary Data 2. c Pearson correlation coefficient matrix of IgG responses among different S1 and S2 proteins.
d–f Correlations of overall IgG responses among different S1 proteins (d), S1 vs. RBD (e) and S1 vs. S2 (f). g One part of a sub-microarray showed the IgG
responses of two controls, i.e., LC169 and NC96 against N proteins, N-Cter and N-Nter indicates the C-terminal and N-terminal of N protein, respectively.
h, i Correlations of the overall IgG responses among different N proteins (h) and N protein vs. S protein (i). j Statistics of the Pearson correlation
coefficients between IgG and IgM profile against constructs of S1 (n= 7), S-RBD (n= 2), S2 (n= 2), and N (n= 9). Data are presented as mean values ±
SD. k Correlations between IgG and IgM profile against S1_0.1_W. For d–f, h–k, each dot indicates one serum sample from the convalescent group (n= 29).
For f and i, p-values were calculated by the two-sided t-test.
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proteins on the current protein microarray were prepared using
mammalian cell systems. We are trying the rest of the proteins.
Once the microarray is upgraded with many or all proteins
purified from mammalian cells, PTM-specific IgG and IgM
response may be better elicited. Thirdly, only 29 samples at col-
lected at a single time point were analyzed. Though there are
some interesting findings, we believe some of the current con-
clusions could be strengthened by including more samples. Fur-
thermore, longitudinal samples39,40 collected at different time
points from the same individual after diagnosis or even after
cured may enable us to reveal the dynamics of the SARS-CoV-2-
specific IgG and IgM responses. The data may be further linked to
the severity of COVID-19 among different patients.

The application of the SARS-CoV-2 proteome microarray is
not limited to serum profiling. It could also be explored for
host-pathogen interaction41, drug or small molecule target
identification42,43, and antibody specificity assessment44. Through
the same construction procedure, we could easily expand the
microarray to a pan-human coronavirus proteome microarray by
including the other two severe coronaviruses, i.e., SARS-
CoV12,45,46 and MERS-CoV45, as well as the four known mild
human coronaviruses47,48, i.e., CoV 229E, CoV OC43, CoV HKU-
1, and CoV NL63. By applying this microarray, we can assess the
immune response to coronavirus at a system level, and the possible
cross-reactivity could be easily judged.

Taken together, we have constructed the SARS-CoV-2 pro-
teome microarray, this microarray could be applied for a variety
of applications, including but not limited to in-depth IgG and
IgM response profiling. Through the analysis of convalescent sera
on the microarray, we obtained the overall picture of the SARS-
CoV-2-specific IgG and IgM profile. We believe that the findings
in this study will shed light on the development of the more
precise diagnostic kit, more appropriate treatment and effective
vaccine for combating the global crisis that we are facing now.

Methods
Construction of expression vectors. The protein sequences of SARS-CoV-2 were
downloaded from GenBank (Accession number: MN908947.3). According to the
optimized genetic algorithm49, the amino-acid sequences were converted into
E. coli codon-optimized gene sequences. Subsequently, the sequences of optimized
genes were synthesized by Sangon Biotech. (Shanghai, China). The synthesized
genes were cloned into pET32a or pGEX-4T-1 and transformed into E. coli
BL21 strain to construct the transformants. Detailed information (the DNA
sequence, the protein sequence, the size of the protein, the system for protein
expression, and etc.) of the clones constructed in this study was given in Supple-
mentary Data 1.

Protein preparation. The recombinant proteins were expressed in E. coli BL21 by
growing cells in 200 mL LB medium to an A600 of 0.6 at 37 °C. Protein expression
was induced by the addition of 0.2 mM isopropyl-β-d-thiogalactoside (IPTG)
before incubating cells overnight at 16 °C. For the purification of 6xHis-tagged
proteins, cell pellets were re-suspended in lysis buffer containing 50 mM Tris-HCl
pH 8.0, 500 mM NaCl, 20 mM imidazole (pH 8.0), then lysed by a high-pressure
cell cracker (Union-biotech, Shanghai, China). Cell lysates were centrifuged at
12,000 × g for 20 min at 4 °C. Supernatants were purified with Ni2+ Sepharose
beads (Senhui Microsphere Technology, Suzhou, China), then washed with lysis
buffer and eluted with buffer containing 50 mM Tris-HCl pH 8.0, 500 mM NaCl
and 300 mM imidazole pH 8.0. For the purification of GST-tagged proteins, cells
were harvested and lysed by a high-pressure cell cracker in lysis buffer containing
50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 1 mM DTT. After centrifugation, the
supernatant was incubated with GST-Sepharose beads (Senhui Microsphere
Technology, Suzhou, china). The target proteins were washed with lysis buffer and
eluted with 50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 1 mM DTT, 40 mM glu-
tathione. The purified proteins were analyzed by SDS-PAGE followed by western
blotting using an anti-His antibody (Merck Millipore, USA, Cat#05-949) and
Coomassie brilliant blue staining. Recombinant SARS-CoV-2 proteins were also
collected from commercial sources. Detailed information on the recombinant
proteins prepared in this study was given in Supplementary Data 1.

Protein microarray fabrication. The proteins, along with the negative (BSA) and
positive controls (anti-Human IgG, Cat#I2136 and IgM antibody, Cat#I2386), were
printed in quadruplicate on PATH substrate slide (Grace Bio-Labs, Oregon, USA)
to generate identical arrays in a 2 × 7 subarray format using Super Marathon
printer (Arrayjet, UK). Protein microarrays were stored at −80 °C until use.

Fig. 7 Correlations with clinical characteristics. a–d Correlations of S1 IgG responses with Days after COVID-19 onset (a), Age (b), peak LDH (c), and Ly%
(d). For a–d, each dot indicates one serum sample from the convalescent group (n= 29). e S1 IgG responses in male (M, n= 13) and female (F, n= 16)
groups. t-test Data are presented as mean values ± SD. For a–e, p-values were calculated by two-sided t-test. f multiple linear regression model for S1 IgG.
P-values for coefficient was calculated by two-sided t-test and p-value for regression model was calculated by one-sided F-test. *p < 0.05.
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Patients and samples. The Institutional Ethics Review Committee of Foshan
Fourth Hospital, Foshan, China approved this study and the written informed
consent was obtained from each patient. COVID-19 patients were hospitalized and
received treatment in Foshan Forth hospital during the period from 2020-1-25 to
2020-2-27 with variable stay time (Table 1). Serum from each patient was collected
on the day of hospital discharge when the standard criteria were met according to
Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (Trial
Version 5), released by the National Health Commission & State Administration of
Traditional Chinese Medicine. The basic criteria are the same with that in the
Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (Trial
Version 7)50. Briefly, the key points of the discharge criteria are: (1) Body tem-
perature is back to normal for more than three days; (2) Respiratory symptoms
improve obviously; (3) Pulmonary imaging shows obvious absorption of inflam-
mation; (4) Nuclei acid tests negative twice consecutively on respiratory tract
samples such as sputum and nasopharyngeal swabs (sampling interval being at
least 24 h). Sera of the control group from Lung cancer patients and healthy
controls were collected from Ruijin Hospital, Shanghai, China. All sera were stored
at −80 °C until use.

Microarray-based serum analysis. A 14-chamber rubber gasket was mounted
onto each slide to create individual chambers for the 14 identical subarrays. The
microarray was used for serum profiling as Li, Y. et al.39 with minor modifications.
Briefly, the arrays stored at −80 °C were warmed to room temperature and then
incubated in blocking buffer (3% BSA in 1 × PBS buffer with 0.1% Tween 20) for 3 h.
Serum samples were diluted 1:200 in PBS containing 0.1% Tween 20, added with
0.1mgmL−1 eGFP purified in the same manner as the eGFP tagged proteins and
0.5mgmL−1 total E. coli lysate. A total of 200 μL of diluted serum or buffer only was
incubated with each subarray overnight at 4 °C. The arrays were washed with 1 ×
PBST and bound antibodies were detected by incubating with Cy3-conjugated goat
anti-human IgG and Alexa Fluor 647-conjugated donkey anti-human IgM (Jackson
ImmunoResearch, PA, USA, Cat#109-165-008 and Cat#709-605-073 respectively),
which were diluted 1: 1000 in 1 × PBST and incubated at room temperature for 1 h.
The microarrays were then washed with 1 × PBST and dried by centrifugation at
room temperature and scanned by LuxScan 10K-A (CapitalBio Corporation, Beijing,
China) with the parameters set as 95% laser power/PMT 550 and 95% laser power/
PMT 480 for IgM and IgG, respectively. The fluorescent intensity data was extracted
by GenePix Pro 6.0 software (Molecular Devices, CA, USA).

Immunoblotting-based serum analysis. The selected proteins were analyzed by
SDS-PAGE followed by western blotting using a serum overnight at 4 °C. To assure
the quality of the proteins, an anti-His antibody (Merck Millipore, USA, Cat#05-
949) was also blotted. The serum for immunoblotting was diluted 1:200 in PBS
containing 0.1% Tween 20, with the addition of 0.1 mgmL−1 eGFP purified in the
same manner as the eGFP tagged proteins and 0.5 mgmL−1 total E. coli lysate as
mentioned before.

Statistics. Signal Intensity was defined as the median of the foreground subtracted
by the median of background for each spot and then averaged the quadruplicate
spots for each protein. IgG and IgM data were analyzed separately. Before pro-
cessing, data from some spots, such as NSP7_0.1_T and NSP9_K, were excluded
for probably printing contamination. Pearson correlation coefficient between two
proteins or indicators and the corresponding p-value was calculated by SPSS
software under the default parameters. Cluster analysis was performed by pheat-
map package in R51. P-values for statistical analysis were calculated by two-way
t-test and q-values or adjusted p-values were obtained using BH (Benjamini and
Hochberg) method. Significant analysis of microarray (SAM) was performed by
“samr” package of the R language with default parameters52. To calculate the
positive rate of antibody response for each protein, mean signal + 3* standard
deviation (SD) of the control sera were used to set the threshold. The multiple
linear regression was perfomed with the function “lm” from the “stats” package of
the R language. To make the cofficients in the regression model more comparable
with each other, the values of all predictor vairables (x) have been normalized as
follows: (x –min(x))/(max(x) –min(x)).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The protein sequences of SARS-CoV-2 were downloaded from GenBank (Accession number:
MN908947.3). The SARS-CoV-2 proteome microarray data are deposited on Protein
Microarray Database under the accession number PMDE241 (http://www.proteinmicroarray.
cn/index.php?option=com_experiment&view=detail&experiment_id=241). Additional data
related to this paper may be requested from the authors.
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Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

This is a good paper showing that protein microarrays can be applied to rapidly generate 

outbreak data relevant to the development of diagnostic test, serosurveillance, and vaccine 

discovery. 

Figure 3 has much of the data from this study in a heat map. Most of the antigen features on 

the array are either non-structural or the N protein or S1. The antigen feature labels are not 

clear enough and a reviewer can’t translate what each one is. The proteins should all be given 

in a table or spreadsheet with their amino acid coordinates. All of the N protein variants 

discriminate between COVID cases and non-COVID controls. The non-structural proteins are 

not immunogenic and they don’t recognized antibodies that differentiate cases and controls. 

It’s not clear from the antigen labels what each feature is. The authors conclude that S2 is not 

reactive, but the heatmap seems to show that it is differentially reactive. The data in this 

paper is very good and it highlight that the protein microarray can be used to rapidly generate 

data relevant to the COVID-19 outbreak, and other outbreaks in the future. But the 

interpretation and generalizations in this draft are misleading and may cause future confusion. 

The amino acid sequences and their exact position in the genome need to be clearly labeled. 

 

 

 

Reviewer #2: 

Remarks to the Author: 

In their manuscript Jiang and colleagues constructed a protein microarray that allows to 

interrogate the immune response to the majority of SARS-CoV-2 proteins. The work is very 

interesting and should be published asap. However, there are many points that need the 

authors’ attention. 

 

Major points 

 

1) The language needs editing by a professional editing service. In addition, many 

abbreviations are not defined. 

 

2) The data are nice but the figures are chaotic. The following should be changed: 

 

a) The labelling of the proteins throughout needs to be more systematic. It needs to be clear 

what is what, the codes used are not helpful. The expression system used needs to be 

indicated as well. 

 

b) In general, it would be good if the graphs in the different panels would have labels so that 

the reader understands what she/he is looking at. 

 

c) Figures 3 and 4 need to be restructured. To allow comparison of reactivity to different 



constructs for each protein, the reactivity should be clustered by protein. 

 

d) eGFP has signal in some samples/rows. Is this a contamination? 

 

3) The negative controls need to be shown in Figures 3 and 4 as well. 

 

 

Minor points 

 

1) Line 51 and 52: The numbers should be updated. 

 

2) The S protein should only count as one protein. Also, recombinant full length S protein 

should be included in the analysis. 

 

3) Line 67: Remdesivir has gotten EUA by the FDA. 

 

4) Lines 79, 80 etc.: Is it really ‘nucleocapsid’? Isn’t it really a nucleoprotein? 

 

5) Line 95: This has also been used nicely for influenza virus. A good reference would be 

https://www.ncbi.nlm.nih.gov/pubmed/31964741 

 

6) Line 112: The headline is unclear. 

 

7) Line 163: Please separate the two words here. 

 

8) Line 320 and 342: Better specificity with mammalian versus insect cell expressed proteins 

and better signal with full length S than with RBD was also recently demonstrated by Amanat 

et al.: https://www.medrxiv.org/content/10.1101/2020.03.17.20037713v2 

 

9) Figure 1 could certainly be a supplementary figure. 

 

 

 

Reviewer #3: 

Remarks to the Author: 

The manuscript by He-wei Jiang et al. describes a study in which 18 of the SARS-CoV-2 

proteins were analyzed (38 proteins in total because some proteins were added multiple 

times, when they were obtained from different sources or when parts where expressed). Most 

were expressed as his- or GST-tagged recombinant proteins, followed by quality control and 

printing onto a protein microarray. Convalescent sera from 29 COVID-19 patients and 21 

controls were analysed to profile the IgG and IgM responses to these proteins. All COVID-19 

patients showed responses to especially N and S1. 

 

The manuscript addresses a currently very relevant issue regarding immunological responses 



to SARS-CoV-2 infection and their correlation with the outcome of infection, which is of 

interest to a broad audience involved in SARS-CoV2 research, diagnostics and patient care. 

 

Language could be improved and the manuscript requires editing by a native speaker before 

it could be published (do not forget the titles of the Results section). For example, it is not 

easy to understand what the authors mean with sentences like line 215-217. 

 

A strong point of the study is that the quality of the arrays and reproducibility is first assessed 

(line 142-147). 

 

Overall, the IgG and IgM responses to S1, S-RBD and N that are observed for the COVID-19 

patients look convincing. However, there are some concerns about the data analysis, 

especially regarding the number and type of statistical tests that were performed. 

Consequently, the claims that are made about correlations of the antibody response with age, 

LDH and lymphocyte percentage are not that convincing (yet). 

 

 

Specific issues 

 

In the statistical analysis there is no correction performed for multiple testing which is 

standard practice in the microarray field. In this manuscript many different tests are 

performed so a correction is really essential to be able to determine whether the differences 

or correlations that are found are truly relevant. From the materials and methods section it is 

also unclear which type of statistical test was used to test differential antibody response. A list 

with the test results for all proteins would be very useful. 

 

In Figure 7 and Figure S4 Pearson correlations are used to determine relationships between 

certain clinical characteristics and the IgG response. A regression model would be more 

suitable for this purpose. A regression model can also be used to test the influence of certain 

confounding factors such as age or sex on the outcome instead of using only a data subset in 

an analysis (as was e.g. done with only males or females, or a subset of the females). The 

amount of tests that are performed using subsets of already quite small numbers of patients 

poses the question whether the reported correlations are truly significant/relevant. 

 

Including a table listing all the proteins that were used, in particular which variants were 

included would help the reader to more easily get the overview of what was tested. E.g. nsp7 

is shown in the gels of Figure S1 and the array in Figure 2, but in the heatmap it isn’t present. 

From the methods section (Line 309) it appears that this protein was removed from the 

analysis due to technical issues. So was this one of the 18 proteins that was analysed 

according to the text, or are there actually only 17 for which data was obtained? 

 

Please explain the choice for the control sera, why are healthy controls and lung cancer 

patients combined? The lung cancer patients do not seem to be a very good match in age with 

the COVID-19 patients. These control sera were obtained from another hospital, were they 



collected and treated in the same manner? Were they collected in the same period or 

obtained from a biobank? 

 

Based on what do the authors conclude (e.g. in line 173) that the IgG response is much 

stronger? IgG and IgM are detected with different secondary antibodies which might have 

different affinities and are also coupled to different fluorophores. Was some kind of calibrator 

(standard curve) used? The IgM and IgG signal cannot be compared (unlike e.g. all IgM 

signals of different sera). 

 

Based on Fig S1, the purity of several proteins appears to be rather low (e.g. nsp8 and nsp10). 

This raises questions regarding the specifity of some of the signals. Were negative control 

'lysates' (purification of empty vector or GFP) included as controls? Western blots with some 

patient sera could also be done to show that the sera recognize proteins of the correct size. 

 

Line 27: a causal relationship between IgG & IgM response and outcome of disease 

(correlates of protection) has not been proven, so authors cannot claim that "patients were 

recovered due to their IgG and IgM" response. 

 

Line 83: Please remove “And, etc.” When there are more questions that are important for the 

reader to know about please write these out and do not leave them up to the imagination. 

 

Line 121/122: It would be helpful to the reader to list somewhere what the expected sizes of 

the proteins is. 

 

Line 157: What were the standard criteria? Please add a reference or briefly describe. 

 

Line 165 and 204/205: Please indicate in the text which other proteins also elicited responses. 

 

Line 185: Based on what criteria did the authors conclude that "proteins were all good 

performance for detection"? 

 

Line 206: Should under be above? How were these thresholds determined? Please add this to 

the methods section, it can be found in the figure legend, but that is not sufficient. 

 

Line 123 and Line 380-382: Line 380-382 is confusing because according to line 123 and 

table S1 several of the S proteins in the array were already produced in a mammalian system 

so these samples are already expected to be glycosylated. Was the presence of 

N-glycosylation sites on these proteins tested? E.g. through digestion with PNGaseF? 

 

Figure 2B: It would be useful to also have the layout of the microarray indicated for the 

COVID-19 patient and normal control arrays. This would make it easier for the reader to see 

which of the green dots correspond to which protein. This could be done by breaking the array 

up as is done in Figure 2A or these examples can be combined with Figure 2A by showing the 

corresponding parts of the arrays that are now Figure 2B below the array parts of Figure 2A. 



 

In many of the figures differently coloured dots (red, blue and green) are used to indicate that 

data points belong to different data sets. The use of different shapes instead of different 

colours, e.g. dots, triangles and squares, might help (colour blind) readers to more easily 

distinguish which data point belongs to which data set, in particular when the paper is printed 

in black and white. 
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Reviewer #1 (Remarks to the Author): 
 
This is a good paper showing that protein microarrays can be applied to rapidly 
generate outbreak data relevant to the development of diagnostic test, serosurveillance, 
and vaccine discovery.  
Figure 3 has much of the data from this study in a heat map. Most of the antigen 
features on the array are either non-structural or the N protein or S1. The antigen 
feature labels are not clear enough and a reviewer cannot translate what each one 
is.  The proteins should all be given in a table or spreadsheet with their amino acid 
coordinates.  

Response：We thank this reviewer for the appreciation of our work. Indeed, Fig. 3 

was somewhat complicate with lot of detailed information. To clarify, we have now 
simplified and rearranged Fig. 3 and Fig. 4. The previous version of the two 
heatmaps are rich of information, which may facilitate the understanding of our 
findings at a global level, thus, we decided to keep them, but as supplementary 
Figures (Supplementary Fig. 3 and 4). The detailed information of the proteins are 
shown in Supplementary Table 1, including nucleotide sequences, amino acid 
sequences, the expected sizes of the proteins and etc. We have now emphasized this 
information in the revision (Marked Version line 128). 
 
All of the N protein variants discriminate between COVID cases and non-COVID 
controls. The non-structural proteins are not immunogenic and they do not recognized 
antibodies that differentiate cases and controls. It is not clear from the antigen labels 
what each feature is. The authors conclude that S2 is not reactive, but the heatmap 
seems to show that it is differentially reactive. 

Response：We thank the reviewer for pointing this out. As shown in Fig. 6a, some of 

the non-structural proteins, for example NSP5 and NSP14 were immunogenic in some 
of the patients. However, they may not be good candidates for diagnostic purpose. The 
labels was not that clear, to clarify, we have now added a layout table to Fig. 2a. and 
rearranged Fig. 2. For S2, I guess what the reviewer referred is the description “the 
S1 signals were poorly correlated with S2 proteins” on previous line 192. Actually, 
significant IgG/IgM responses were observed for S2, though not for 100% of the 
patients. We have now modified the description as “the S1 signals were poorly 
correlated with S2 proteins, though significant S2 signals were observed for many of 
the patients”. (Marked Version line 210-212). 
 
 
The data in this paper is very good and it highlight that the protein microarray can be 
used to rapidly generate data relevant to the COVID-19 outbreak, and other outbreaks 
in the future. But the interpretation and generalizations in this draft are misleading and 
may cause future confusion. The amino acid sequences and their exact position in the 
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genome need to be clearly labeled.  

Response： We thank the reviewer for the appreciation of the protein microarray. We 

guess what the reviewer referred is Fig. 1a, the purpose of this panel is to show the 
relative locations and sizes of the proteins encoded by the SARS-CoV-2 genome. We 
would like to keep it as is. However, we agree with this reviewer that the position 
information of the protein coding gene will be useful, thus we have now added this 
information to Supplementary Table 1, which already contains the amino acid 
sequences of all the proteins. 
 
 
 
 

Reviewer #2 (Remarks to the Author): 
 
In their manuscript Jiang and colleagues constructed a protein microarray that allows 
to interrogate the immune response to the majority of SARS-CoV-2 proteins. The 
work is very interesting and should be published asap. However, there are many 
points that need the authors’ attention. 
 
Major points 
1) The language needs editing by a professional editing service. In addition, many 

abbreviations are not defined. 

Response：We thank this reviewer for the appreciation of our work. We added some 

abbreviations definition to the revised manuscript and invited a professional of native 
English speaking to edit our manuscript. 
 
2) The data are nice but the figures are chaotic. The following should be changed: 
a) The labelling of the proteins throughout needs to be more systematic. It needs to 

be clear what is what, the codes used are not helpful. The expression system used 
needs to be indicated as well. 

Response： We have checked the labeling of proteins throughout the manuscript and 

made appropriate modifications to make them consistent. We guess what “codes” that 
the reviewer referred to is “T: Tao Lab; B: Hangzhou Bioeast biotech. Co.,Ltd.; K: 
Healthcode Co., Ltd.; S: Sanyou biopharmaceuticals Co.,Ltd.; W: VACURE l 
Biotechnology Co.,Ltd. Y:  Sino biological Co.,Ltd.” . We think it will be too busy to 
keep these information directly in the Figures, thus, we would like to keep these 
“codes”. However, to faciliate the understanding of our work, we have now added the 
annotations of these codes “T: Tao Lab; B: Hangzhou Bioeast biotech. Co.,Ltd.; K: 
Healthcode Co.,Ltd.; S: Sanyou biopharmaceuticals Co.,Ltd.; W: VACURE l 
Biotechnology Co.,Ltd. Y:  Sino biological Co.,Ltd.” to the figure legend of Fig. 2. 
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And also the expression system. For more detailed information, the reviewer may 
check Supplementary Table 1. 
 
b) In general, it would be good if the graphs in the different panels would have labels 

so that the reader understands what she/he is looking at. 

Response：  We thank the reviewer for this suggestion. We have now added 

appropriate labels to many of the panels. 
 
c) Figures 3 and 4 need to be restructured. To allow comparison of reactivity to 
different constructs for each protein, the reactivity should be clustered by protein. 

Response：Indeed, Fig. 3 and Fig. 4 was somewhat complicate with lot of detailed 

information. To clarify, we have now simplified and rearranged Fig. 3 and Fig. 4. The 
previous version of the two heatmaps are rich of information, which may facilitate the 
understanding of our findings at a global level, thus, we decided to keep them, but as 
supplementary Figures (Supplementary Fig. 3 and 4). More detailed comparisons of 
reactivity to different constructs for each protein were shown in Fig. 5, 
Supplementary Fig. 5 and 6. 
 
 
d) eGFP has signal in some samples/rows. Is this a contamination? 

Response：  

The eGFP at 0.5 mg/ml printing concentration has some moderate signals in some 
samples, while the same protein with 0.25 and 0.1 mg/ml do not. It might be from 
contamination. Actually, in the serum incubation buffer, eGFP and E. coli lysates 
were added to eliminate the otherwise observed unspecific signals for eGFP tagged 
proteins. We added a supplementary Figure 2 to demonstrate this point in the revised 
manuscript. In addition, for other proteins with eGFP tag, the spots with different 
concentrations have consistently signals in the samples and the proteins at 0.5 mg/ml 
are occasionally positive in the samples which have moderate signals for eGFP at 0.5 
mg/ml. These observations demonstrate the signals for the proteins with eGFP tag are 
majorly due to the target proteins, but not eGFP tag. 
 
3) The negative controls need to be shown in Figures 3 and 4 as well. 

Response：We are sorry for confusion. Indeed, there are some negative controls, such 

as eGFP and GST. To improve the clarity, we have now simplified Fig. 3 and Fig. 4. 
 
Minor points 
1) Line 51 and 52: The numbers should be updated. 

Response：We have updated the numbers. 
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2) The S protein should only count as one protein. Also, recombinant full length S 
protein should be included in the analysis. 

Response： According to Fig. 1a，S protein was indeed counted as one protein. We 

have now checked throughout the manuscript and make it consistent. We agree with 
the reviewer that full length S protein should be included, actually, we have tried to 
purify the full length S protein, however, we failed even after several rounds of 
optimization. 
 
 
3) Line 67: Remdesivir has gotten EUA by the FDA. 

Response： Remdesivir is a promising drug candidate for treating COVID-19. There 

are several studies about its effectiveness, however, the conclusions are still 
controversial.  
Refs and links: 
1.https://www.gilead.com/news-and-press/press-room/press-releases/2020/4/gilead-an
nounces-results-from-phase-3-trial-of-investigational-antiviral-remdesivir-in-patients
-with-severe-covid-19 
2.https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)31022-9/fullte
xt 
3.https://www.niaid.nih.gov/news-events/nih-clinical-trial-shows-remdesivir-accelerat
es-recovery-advanced-covid-19 
4.https://www.nature.com/articles/d41586-020-01295-8 
 
4) Lines 79, 80 etc.: Is it really nucleocapsid? Is it really a nucleoprotein? 

Response：Yes, N protein is a nucleocapsid protein.  

 
5) Line 95: This has also been used nicely for influenza virus. A good reference 

would be https://www.ncbi.nlm.nih.gov/pubmed/31964741 

Response： We thank the reviewer for the recommendation. We have now cited this 

reference. (Marked Version line 92) 
 
6) Line 112: The headline is unclear. 

Response：We thank the reviewer for the recommendation. We revised this headline. 

 
7) Line 163: Please separate the two words here. 

Response：We revised this. 
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8) Line 320 and 342: Better specificity with mammalian versus insect cell expressed 
proteins and better signal with full length S than with RBD was also recently 
demonstrated by Amanat et al.: 
https://www.medrxiv.org/content/10.1101/2020.03.17.20037713v2 

Response：We thank the reviewer for the recommendation, we have now cited this 

reference. (Marked Version line 390 and line 414) 
 
9) Figure 1 could certainly be a supplementary figure. 

Response：Since Fig. 1 shows the overall design and workflow of this study, we prefer 

to keep it as is. 
 
 
 
 

Reviewer #3 (Remarks to the Author): 
 
The manuscript by He-wei Jiang et al. describes a study in which 18 of the 
SARS-CoV-2 proteins were analyzed (38 proteins in total because some proteins were 
added multiple times, when they were obtained from different sources or when parts 
where expressed). Most were expressed as his- or GST-tagged recombinant proteins, 
followed by quality control and printing onto a protein microarray. Convalescent sera 
from 29 COVID-19 patients and 21 controls were analysed to profile the IgG and IgM 
responses to these proteins. All COVID-19 patients showed responses to especially N 
and S1.  
 
The manuscript addresses a currently very relevant issue regarding immunological 
responses to SARS-CoV-2 infection and their correlation with the outcome of 
infection, which is of interest to a broad audience involved in SARS-CoV2 research, 
diagnostics and patient care.  
 
Language could be improved and the manuscript requires editing by a native speaker 
before it could be published (do not forget the titles of the Results section). For 
example, it is not easy to understand what the authors mean with sentences like line 
215-217.  
 
A strong point of the study is that the quality of the arrays and reproducibility is first 
assessed (line 142-147). 
 
Overall, the IgG and IgM responses to S1, S-RBD and N that are observed for the 
COVID-19 patients look convincing. However, there are some concerns about the 
data analysis, especially regarding the number and type of statistical tests that were 
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performed. Consequently, the claims that are made about correlations of the antibody 
response with age, LDH and lymphocyte percentage are not that convincing (yet).  
 
Response: We thank the reviewer for the positive evaluation of our work. 
 
 
Specific issues 
 
In the statistical analysis there is no correction performed for multiple testing which is 
standard practice in the microarray field. In this manuscript many different tests are 
performed so a correction is really essential to be able to determine whether the 
differences or correlations that are found are truly relevant. From the materials and 
methods section it is also unclear which type of statistical test was used to test 
differential antibody response. A list with the test results for all proteins would be 
very useful.  
 

Response：We agree with the reviewer it is a common practice to perform correlation/ 

normalization for microarray data as what we and others have done before (Yang Li, 
et al., EbioMedicine, 2020;53:102674; Jianbo Pan, et al., MCP, 2017;16: 2069–
2078). However, we haven’t perform any normalization between arrays in the present 
study. The reasons are as follows. Firstly, all the data that we presented were 
generated from the same batch of microarrays, all the sera were analyzed in a single 
experiment. The initial evaluation showed that microarray data were highly consistent. 

Secondly, to judge the reproducibility，two positive sera and blank controls were also 

analyzed in triplicate on the microarray. The data showed that the variation among 
these repeats was negligible.  
     
In Figure 7 and Figure S4 Pearson correlations are used to determine relationships 
between certain clinical characteristics and the IgG response. A regression model 
would be more suitable for this purpose. A regression model can also be used to test 
the influence of certain confounding factors such as age or sex on the outcome instead 
of using only a data subset in an analysis (as was e.g. done with only males or females, 
or a subset of the females). The amount of tests that are performed using subsets of 
already quite small numbers of patients poses the question whether the reported 
correlations are truly significant/relevant. 
 
Response: We appreciate the reviewer’s constructive suggestion. We have now used 
multiple linear regression to determine the relationships between the IgG response 
and the clinical characteristics (i.e., age, gender, days after onset, peak LDH and 
Ly%). Consistent with our correlation analysis, age and peak LDH are statistically 
significant (both with p-values <0.05) and gender shows margeinally significance (p 
= 0.059). Days after onset, which has been identified as a confounding factor, shows 
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no statistical significane (p =0.514) and thus, it is removed from the regression. Ly% 
is still kept in the model as its relatively low significane (p =0.106) is probably due to 
the small sample size. The regression model has an adjusted R-squared of 0.6 and a 
p-value <0.001. Overall, the results of multiple regression are in accordance with our 
previous results. We have added the regression analysis into the results and methods 
of the revised manuscript (Marked Version line 278-288 and line 376-381) . 
 
 
Including a table listing all the proteins that were used, in particular which variants 
were included would help the reader to more easily get the overview of what was 
tested. E.g. nsp7 is shown in the gels of Supplementary Fig. 1 and the array in Fig. 2, 
but in the heatmap it is not present. From the methods section (Line 309) it appears 
that this protein was removed from the analysis due to technical issues. So was this 
one of the 18 proteins that was analysed according to the text, or are there actually 
only 17 for which data was obtained?  

Response：The detailed information of the proteins on the microarray are included in 

Supplementary Table 1. The reviewer is right, nsp7 was purified and printed on the 
microarray. However, after we finished the probing of the sera, according to our 
experience, we noticed that nsp7 was contaminated during the microarray 
manufacturing process. Thus we decided not to include nsp7 for further analysis, and 
the reviewer is right, there are actually 17 for which data was obtained. To clarify, we 
have modified the manuscript wherever necessary(Marked Version line 148-150). 
This problem has already been resolved in the new version of the SARS-CoV-2 protein 
microarray. 
 
 
Please explain the choice for the control sera, why are healthy controls and lung 
cancer patients combined? The lung cancer patients do not seem to be a very good 
match in age with the COVID-19 patients. These control sera were obtained from 
another hospital, were they collected and treated in the same manner? Were they 
collected in the same period or obtained from a biobank?  

Response：These sera were collected before the outbreak of COVID-19 at Shanghai. 

(Table 1) They were collected in the same manner during 7/2018-8/2019 and initially 
for another project. Lung cancer patients were chosen with the consideration that like 
COVID-19, it is also mainly associated with lung. According to the results, there was 
no statistical difference between lung cancer patients and healthy controls in terms of 
antibody response against proteins of SARS-CoV-2, so they may could be combined as 
a negative control group. The average age of the lung cancer group is older than the 
COVID-19 and healthy control group. For the same reason as mentioned above, we 
think this might not affect our main conclusions. 
 
Based on what do the authors conclude (e.g. in line 173) that the IgG response is 



 8

much stronger? IgG and IgM are detected with different secondary antibodies which 
might have different affinities and are also coupled to different fluorophores. Was 
some kind of calibrator (standard curve) used? The IgM and IgG signal cannot be 
compared (unlike e.g. all IgM signals of different sera).  
 

Response：Because only convalescent sera were analyzed in this study, it is known 

that IgM level is generally lower than that of IgG at the later stage of infection, we 
think it is reasonable to argue we could observe the same phenomena for our 
microarray analysis. However, we agree with the reviewer, because the florescent 
secondary antibodies and the scanning settings are different for IgG and IgM, without 
an accurate calibrator, it is hard to perform quantitative comparison between IgG and 
IgM. We have now removed this sentence. 
 
 
Based on Fig S1, the purity of several proteins appears to be rather low (e.g. nsp8 and 
nsp10). This raises questions regarding the specifity of some of the signals. Were 
negative control 'lysates' (purification of empty vector or GFP) included as controls? 
Western blots with some patient sera could also be done to show that the sera 
recognize proteins of the correct size.   
 

Response：We thank the reviewer for this critical comment. Because many of the 

proteins were fused with eGFP or GST, to rule out the possibility that these two tags 
may cause non-specific signals, eGFP and GST were also included in the microarray 
as negative controls. In addition, to minimize the possible nonspecific background 
that may caused by eGFP or co-purified E. coli proteins, E.coli lysate and eGFP were 
included in the incubation buffer when probing sera on the microarray. Indeed, some 
of the nonspecific signals disappeared upon the addition of E.coli lysate and eGFP. 
We have now added this result as Supplementary Fig. 2.   The details of the 
addition of E. coli lysate and eGFP in the incubation buffer were also added to the 
methods section (Marked Version line 355-357) 
 
 
Line 27: a causal relationship between IgG & IgM response and outcome of disease 
(correlates of protection) has not been proven, so authors cannot claim that "patients 
were recovered due to their IgG and IgM" response.  

Response：We thank the reviewer for this comment. We agree with this reviewer, we 

have revised this description (Marked Version line 27-28). 
 
 
Line 83: Please remove And, etc. When there are more questions that are important 
for the reader to know about please write these out and do not leave them up to the 



 9

imagination.  
 
Response: We agree with this reviewer, we have revised this description. 
 
Line 121/122: It would be helpful to the reader to list somewhere what the expected 
sizes of the proteins is. 

Response：We agree with this reviewer, please see Supplementary Table 1 for the 

detailed information of these proteins.  
 
 
Line 157: What were the standard criteria? Please add a reference or briefly describe. 
 

Response：The standard criteria is Diagnosis and Treatment Protocol for Novel 

Coronavirus Pneumonia (Trial Version 5), released by the National Health 
Commission & State Administration of Traditional Chinese Medicine. Serum from 
each patient was collected on the day of hospital discharge when the standard criteria 
were met. We have added the description of the criteria to methods (Marked Version 
line 337-347). 
 
Briefly, the key points for the discharge criteria are: 
1) Body temperature is back to normal for more than three days; 
2) Respiratory symptoms improve obviously; 
3) Pulmonary imaging shows obvious absorption of inflammation, 
4) Nuclei acid tests negative twice consecutively on respiratory tract samples such as 
sputum and nasopharyngeal swabs (sampling interval being at least 24 hours). 
 
 
Line 165 and 204/205: Please indicate in the text which other proteins also elicited 
responses.  

Response：We agree with this reviewer, we have revised this description. (Marked 

Version line 181 and line 225) 
 
Line 185: Based on what criteria did the authors conclude that "proteins were all good 
performance for detection"?  
 
Response: We thank the reviewer for pointing this out. Because we found that for 
full-length S1 proteins from different sources, i.e., from E.coli (S1_T) or 293T (S1_B 
and S1_S) expression system, high correlations with each other were observed. Thus 
we conclude that all these S1 proteins were good for detection. To clarify, we have 
now modified the manuscript. ((Marked Version line 200-204) 
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Line 206: Should under be above? How were these thresholds determined? Please add 
this to the methods section, it can be found in the figure legend, but that is not 
sufficient. 
 
Response: We thank the reviewer for pointing this out. Should be “above”. To 
calculate the positive rate of antibody response for each protein, mean signal + 3*SD 
of the control sera were used to set the threshold. We have refined the description and 
added it to the method section ((Marked Version line 376-381). 
 
Line 123 and Line 380-382: Line 380-382 is confusing because according to line 123 
and table S1 several of the S proteins in the array were already produced in a 
mammalian system so these samples are already expected to be glycosylated. Was the 
presence of N-glycosylation sites on these proteins tested? E.g. through digestion with 
PNGaseF?  

Response：We are sorry for the confusion. Only a few proteins on the current protein 

microarray were prepared using mammalian cell systems. We are trying the rest of the 
proteins. We have not tested the glycosylation of these proteins. To clarify, we have 
modified the descriptions ((Marked Version line 454-458). 
 
Figure 2B: It would be useful to also have the layout of the microarray indicated for 
the COVID-19 patient and normal control arrays. This would make it easier for the 
reader to see which of the green dots correspond to which protein. This could be done 
by breaking the array up as is done in Figure 2A or these examples can be combined 
with Figure 2A by showing the corresponding parts of the arrays that are now Figure 
2B below the array parts of Figure 2A.  

Response：We agree with this reviewer and revised Fig. 2. 

 
In many of the figures differently coloured dots (red, blue and green) are used to 
indicate that data points belong to different data sets. The use of different shapes 
instead of different colours, e.g. dots, triangles and squares, might help (colour blind) 
readers to more easily distinguish which data point belongs to which data set, in 
particular when the paper is printed in black and white.  

Response：We thank this reviewer for this considerate suggestion. We have modified 

the Figures wherever necessary that may cause difficulties for (colour blind) readers. 
Like Fig. 5d, h, 6d, e, 7b and etc. 



Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

The authors responded in detail to all of the reviewer's comments. 

 

 

 

Reviewer #2: 

Remarks to the Author: 

The authors did a good job in addressing the reviewers comments. Some editing including in 

the figures might still be needed. 

 

 

 

Reviewer #3: 

Remarks to the Author: 

The manuscript by Jiang et al. has been improved by the authors, it has become easier to 

read and they have satisfactorily addressed most of the issues that were raised. 

The issue regarding the specificity of the signal on the microarray has been addressed, by 

supplying important information on the method (addition of E coli lysate and GFP in 

incubation buffer) that was lacking in the original manuscript and by providing supplemental 

figure 2. A supplemental figure with a simple immunoblot, similar to one already present in 

the paper with all proteins, probed with one of the patient sera to show that proteins of the 

correct size are recognized could be considered to strengthen claims on specificity. 

The question regarding multiple testing was not answered (a correction for multiple testing is 

not the same as a normalization step). I wonder whether the mean signal + 3*SD of the 

control sera threshold is the best way to analyse this dataset. For example, in figure 5A the 

Log2(FI) does not look normally distributed for all of the proteins in the control samples. This 

does not mean that the findings are incorrect; there are simply several methods available 

that were specifically developed for the analysis of microarray data, e.g. significance analysis 

of microarrays (SAM), which are probably better suited to do the analysis. 

The authors have now added a multiple linear regression model analysis to the paper which 

is good as this is a much better way to test the contribution of clinical parameters to an 

outcome. This analysis should be shown instead of the subset analyses that they did before. 

It should not be an addition to their previous analyses. The Pearson correlations in Figure 7 

and S7 should be removed. 



Reviewer #3 

The manuscript by Jiang et al. has been improved by the authors, it has become easier to 

read and they have satisfactorily addressed most of the issues that were raised. 

The issue regarding the specificity of the signal on the microarray has been addressed, by 

supplying important information on the method (addition of E coli lysate and GFP in 

incubation buffer) that was lacking in the original manuscript and by providing 

supplemental figure 2. A supplemental figure with a simple immunoblot, similar to one 

already present in the paper with all proteins, probed with one of the patient sera to show 

that proteins of the correct size are recognized could be considered to strengthen claims 

on specificity.  

 

Response: 

We thank this reviewer for this constructive suggestion. To further prove the specificity, 

we performed the immunoblot as suggested by the reviewer. Briefly, we selected 

several proteins which showed positive signals on the microarray, e.g., S protein, N 

protein and ORF9b to prepare a SDS-PAGE gel, several proteins which showed 

negative signal on the microarray were also selected, but as negative controls. A 

serum sample which showed positive binding on the microarray was included to make 

the immunoblot. According to our microarray results, the signals of S protein and N 

protein were usually much higher than that of other proteins, such as ORF9b. In order 

to avoid the subsequent signal oversaturation, we included the S and N proteins in 

one blot and the rest in another blot. As expected, the serum specifically recognized 



ORF9b, S proteins and N proteins. Interestingly, S-RBD exhibited a relatively lower 

immunoblotting signal compared to that of S1 proteins. (please see Supplementary Fig. 

2b).  

 

 

 

The question regarding multiple testing was not answered (a correction for multiple testing 

is not the same as a normalization step). I wonder whether the mean signal + 3*SD of the 

control sera threshold is the best way to analyse this dataset. For example, in figure 5A 

the Log2(FI) does not look normally distributed for all of the proteins in the control samples. 

This does not mean that the findings are incorrect; there are simply several methods 

available that were specifically developed for the analysis of microarray data, e.g. 

significance analysis of microarrays (SAM), which are probably better suited to do the 

analysis.  

 

Response:  



We thank the reviewer for this constructive suggestion. We have now applied BH 

(Benjamini-Hochberg) method for multiple testing and acquire adjusted p value or q value 

for all the proteins. We have also performed SAM analysis to identify significant positive 

proteins. A list of the proteins with adjusted p value and SAM results was added 

(Supplementary Table 2) in the revised manuscript. The results demonstrated that all the 

analysis were highly consistent among p value, q value and the score of SAM. SAM plot 

was added as well (Supplementary Fig. 7). Accordingly, the main text and figures were 

modified wherever necessary. The mean signal + 3*SD of the control sera threshold may 

not be the best way to analyze our data. However, it is very common in the protein 

microarray field (or microarray field) to call hits by using “mean signal + 3*SD of the 

control” as the cut off. 

 

 

The authors have now added a multiple linear regression model analysis to the paper 

which is good as this is a much better way to test the contribution of clinical parameters to 

an outcome. This analysis should be shown instead of the subset analyses that they did 

before. It should not be an addition to their previous analyses. The Pearson correlations in 

Figure 7 and S7 should be removed.  

 

Response:  

We thank the reviewer for this suggestion. We have now included the multiple linear 

regression model in Fig. 7. According to the reviewer’s suggestion, most of the correlation 



analysis results of the subsets were removed from Fig. 7. We think some of the correlation 

analysis may still provide meaningful information, we would like to keep them in Fig. 7. To 

focus on the major points, the previous supplementary Fig. 7 was also removed. 

 



Reviewers' Comments: 

 

Reviewer #3: 

Remarks to the Author: 

The authors have performed the suggested additional experiment and have gone a long way 

to address all previous issues that were raised, including revision of the statistical analysis. 

They have satisfactorily addressed all the issues that were raised. 
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Supplementary Figure 1. The SARS-CoV-2 proteins included in this proteome

microarray. The upper panel is western blotting with an anti-6xHis antibody. The lower

panel is Coomassie staining. These proteins were prepared and collected from different

sources. NC: negative conrol; PC: positive control; 0.1, 0.2, 0.25 and 0.5 indicate the

concentration of these proteins for microarray printing. T: Tao Lab; B: Hangzhou Bioeast

biotech. Co.,Ltd.; K: Healthcode Co., Ltd.; S: Sanyou biopharmaceuticals Co.,Ltd.; W:

VACURE l Biotechnology Co.,Ltd. Y: Sino biological Co.,Ltd. Expression system：1)

E.coli: All proteins from Tao Lab (T), N Protein _S, N Protein_W; 2) Cell-free: All proteins

from Healthcode Co., Ltd. (K), 3) Mammalian: S1_B, S1_S, S-RBD_S, S-RBD_Y. The

SDS-PAGE was independently repeated for two times with similar results.
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Supplementary Figure 2. The specificity of the microarray results. a Representative sub-

arrays probed with serum of a COVID-19 convalescent. The non-specific bindings were

reduced by the addition of E. coli lysate or eGFP in the incubation buffer. The red arrows

indicate the proteins that could generate non-specific binding when the E. coli lysates or eGFP

were not used. Red arrows indicate nonspecific binding. b The immunoblotting of selected

proteins of SARS-CoV-2. The Up panel is western blotting with an anti-6xHis antibody. The

low panel is western blotting with a serum sample of a COVID-19 convalescent, which

showed positive binding to ORF9b on the microarray with besides to S protein and N protein.

The red asterisks show the expected size of the protein. The immunoblotting was

independently repeated by the same serum sample for two times with similar results. Red stars

indicate the protein of expected size.



Supplementary Figure 3. The overall SARS-CoV-2 specific IgG profiles of the 29

sera against the proteins with variant constructs and dilutions. NC: negative

control; PC: positive control; 0.1, 0.2, 0.25 and 0.5 indicate the concentration of these

proteins for microarray printing.
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Supplementary Figure 4. The overall SARS-CoV-2 specific IgM profiles of the 29

sera against the proteins with variant constructs and dilutions. NC: negative

control; PC: positive control; 0.1, 0.2, 0.25 and 0.5 indicate the concentration of these

proteins for microarray printing.
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Supplementary Figure 5. IgG response to S and N proteins. a-e Correlations of the

overall IgG responses among different dilutions of S1_S protein (a), two RBD proteins

from different sources (b), S2-1 vs. S2-2 (c), S1 vs. S1-4 (d) and S1 vs. S2 (e). f

Pearson correlation coefficient matrix of IgG responses among N proteins. g-i

Correlations of the overall IgG responses among different dilutions of N protein_W (g),

N-Nter/ N-Cter vs. N protein (h) and N-Cter vs. N-Nter (i). For a-e, g-i, each dot

indicates one serum sample from the convalescent group (n =29). For d, e and i, p

values were calculated by two-sided t test.
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Supplementary Figure 6. IgM Antibody response to S and N proteins. a Box plots of IgM

responses to S1 and S2 proteins. The proteins labeled with bold and red were overexpression in

mammalian cell lines. b Box plots of IgM responses to N proteins. For a-b, each dot indicates one

serum sample either from the patient group (green, n =29) or the control group (brown, n =21). Data

are represented as boxplots where the middle line is the mean value. The upper and lower hinges are

mean values +/- SD. P value was calculated by two-sided t test and q values were adjusted p values

using BH method. ***, q <0.001; **, q <0.01; *, q <0.05; n.s., not significant. c Pearson correlation

coefficient matrix of IgM responses among S1 and S2 proteins of different versions from different

sources. d-h Correlations of the overall IgM responses among S1 proteins (d), S1 vs. RBD (e), S1 vs.

S2 proteins (f), different N proteins (g) and N vs. S proteins (h). For d-h, each dot indicates one

serum sample from the convalescent group (n =29). For f and h, p values were calculated by two-

sided t test.
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Data from microarray was collected by the software Genepix 6.1.

Pearson correlation coefficient between two proteins or indicators and the corresponding p-value was calculated by SPSS software

� version 22) under the default parameters. Cluster analysis was performed by pheatmap package in R 3.5.1(https://cran.r-project.org/
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hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National 
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and 
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets, 
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controlled. If this is not relevant to your study, explain why.
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Monoclonal Anti-His•Tag® produced in mouse, purified immunoglobulin, Merck Millipore, Cat.No.D48962, lot number 3256669,
dilution 1:2000, clone name not applicable; Cy3-conjugated goat anti-human IgG and Alexa Fluor 647-conjugated donkey anti-
human IgM were from Jackson ImmunoResearch, PA, USA (109-165-008 and 709-605-073, respectively)
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102674)
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Cell lines were not authenticated
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