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SUMMARY
The immunogenicity of the SARS-CoV-2 proteome is largely unknown, especially for non-structural proteins
and accessory proteins. In this study, we collect 2,360 COVID-19 sera and 601 control sera.We analyze these
sera on a protein microarray with 20 proteins of SARS-CoV-2, building an antibody response landscape for
immunoglobulin (Ig)G and IgM. Non-structural proteins and accessory proteins NSP1, NSP7, NSP8, RdRp,
ORF3b, and ORF9b elicit prevalent IgG responses. The IgG patterns and dynamics of non-structural/acces-
sory proteins are different from those of the S and N proteins. The IgG responses against these six proteins
are associated with disease severity and clinical outcome, and they decline sharply about 20 days after
symptom onset. In non-survivors, a sharp decrease of IgG antibodies against S1 and N proteins before death
is observed. The global antibody responses to non-structural/accessory proteins revealed heremay facilitate
a deeper understanding of SARS-CoV-2 immunology.
INTRODUCTION

COVID-19, caused by SARS-CoV-2 (Wu et al., 2020c; Zhou

et al., 2020), has become one of the most threatening crises to

global public health. By November 4, 2020, 47,328,401 cases

were diagnosed and 1,212,070 lives were claimed (https://

coronavirus.jhu.edu/map.html) (Dong et al., 2020). SARS-

CoV-2 belongs to the betacoronavirus genus, and its genome

encodes 4 major structural proteins, i.e., spike (S), envelope

(E), membrane (M), and nucleocapsid (N), and 16 non-structural

proteins (Nsp1–16) and 9 accessory proteins (Gordon et al.,

2020; Wu et al., 2020a). Among them, the S protein consists of

an N-terminal S1 fragment and a C-terminal S2 fragment, and

it plays an essential role in viral attachment, fusion, and entry

into the target cells that express the viral receptor, i.e., angio-

tensin-converting enzyme 2 (ACE2) (Ge et al., 2013; Hoffmann

et al., 2020; Lan et al., 2020; Wrapp et al., 2020; Yan et al.,

2020). However, the function, including immunogenicity, of
This is an open access article under the CC BY-N
most of the non-structural proteins and accessory proteins is still

elusive.

One of the major features of patients with COVID-19 is the

extreme variability of clinical severity from asymptomatic to

death (Shrock et al., 2020). However, the factors that cause

this variability are still largely unknown. Humoral immune

responses elicited by SARS-CoV-2 play essential roles, espe-

cially in diagnosis, neutralizing antibody production, and vac-

cine development (Jiang et al., 2020c; Long et al., 2020a; Vab-

ret et al., 2020). Among all the SARS-CoV-2 proteins, the S

protein and N protein exhibit high immunogenicity. Antibodies

against the S protein and N protein are elicited in most pa-

tients, with higher titers in severe patients, demonstrating

the association between severity and humoral immune re-

sponses (Jiang et al., 2020a, 2020b). It was reported that

the antibodies against peptides derived from non-structural

and accessory proteins were also detectable in patients (Li

et al., 2020; Shrock et al., 2020; Wang et al., 2020). However,
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the prevalence, clinical relevance, and the dynamics of non-

structural proteins and accessory proteins in patients are still

largely unknown.

Recently, we constructed a SARS-CoV-2 proteome microar-

ray, containing S protein, N protein, and most of the non-struc-

tural and accessory proteins (Jiang et al., 2020b). Themicroarray

is a powerful tool to systematically study the humoral immune

response, especially the immunoglobulin (Ig)G and IgM re-

sponses against the SARS-CoV-2 proteome. Based on this plat-

form, we have successfully characterized the humoral immune in

convalescent patients (Jiang et al., 2020b) and asymptomatic

patients (Lei et al., 2021).

In this study, we adopted an updated SARS-CoV-2 prote-

ome microarray that contains 20 proteins, and we profiled

2,360 sera from 783 patients with COVID-19 and 601 control

sera. We identified that NSP1, NSP7, NSP8, RdRp, ORF3b,

and ORF9b can strongly elicit antibodies in patients with

COVID-19. Further analysis revealed that the patterns of hu-

moral immunity of these non-structural/accessory proteins

were distinct from those of S and N proteins. The global anti-

body responses to non-structural proteins and accessory pro-

teins revealed in this study will facilitate the comprehensive

understanding of SARS-CoV-2 humoral immunity, and they

may provide potential biomarkers for precise monitoring of

COVID-19 progression.

RESULTS

COVID-19 severity and clinical outcome are associated
with a set of clinical parameters
To systematically analyze the clinical characteristics of SARS-

CoV-2 infection, we first analyzed the correlations between

severity and each of the available laboratory parameters of 783

patients with COVID-19 monitored when admitted (Table S1).

According to the severity and clinical outcome, the patients

were divided into three groups, i.e., non-severe patients (all of

whom were recovered), severe but survived patients, and non-

survivors. Statistical comparisons among these three groups

enable us to investigate the features either related to the severity

for survivors or to the outcome under similar severity (Table 1).

Because for some patients some laboratory examinations were

missing, for each clinical parameter only the effective patient

numbers were given. As expected, sex, age, and the comorbid-

ities of hypertension and diabetes are associated factors of

severity; however, only age is significantly associated with clin-

ical outcome for severe patients. In addition, consistent with

many previous studies (Garcı́a, 2020; Huang et al., 2020; Wu

et al., 2020b), we identified a set of clinical and laboratory param-

eters that are highly related to severity or outcome, such as

lymphopenia, increased CRP (C reaction protein), and factors

associated with blood coagulation, cardiac injury, liver injury,

and kidney injury. Most of these factors are associated both

with severity and outcome, while some are likely associated

either with severity or outcome. For instance, thrombocytopenia

and some kidney injury-related factors aremore common in non-

survivors as compared to the other two groups, while most liver

injury-related factors are only associated with severity but not

outcome.
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Several non-structural and accessory proteins elicit
highly prevalent antibody responses
Previously, we constructed a SARS-CoV-2 proteomemicroarray

(Figures S1A and S1B; Table S2) and screened a small cohort of

convalescent patients (Jiang et al., 2020b). In this study, we

aimed to systematically analyze the immune responses and their

dynamic changes against SARS-CoV-2 proteins with a much

larger cohort of samples. In total, we collected 2,360 sera from

783 laboratory-confirmed patients with COVID-19 as well as

601 control sera (Table S1). All of these sera were analyzed on

the SARS-CoV-2 protein microarray. To acquire high-quality

data for themicroarray experiments, we prepared a positive con-

trol by mixing 50 randomly selected COVID-19 sera. This control

was then probed on each microarray to assess and normalize

the data. It turns out that high reproducibility is achieved in our

assay (Figures S1C and S1D). To construct the antibody

response landscape against the whole proteome, a subset of

the sera collection was selected. Since seroprevalence would

gradually increase to a plateau until about 2 weeks after symp-

tom onset (Long et al., 2020a), the samples collected within

14 days were excluded. For patients with more than one sample,

the serum collected at the earliest time point after 2 weeks of

symptom onset was selected. A total of 756 serum samples

were selected to construct the landscape (Figure 1). Immune

response frequency was calculated for each protein with the cut-

off value set by mean + 2 3 SD of the control group. Except for

S1 and N, which are known to be highly antigenic, we found that

several non-structural and accessory proteins elicited prevalent

antibody responses, especially for IgG, including NSP1, NSP7,

NSP8, RdRp, ORF3b, and ORF9b, for which the positive rates

were 38%, 48.4%, 27.9%, 30.3%, 52.1%, and 28%, respec-

tively. Although the IgM responses were high in some cases,

the overall responses were much lower than those of IgG. We

then decided to focus on IgG for in-depth analysis.

The IgG pattern of non-structural and accessory
proteins is distinct from that of S1 and N protein
Wenext askedwhether the IgG responses to these proteins were

associated with each other. We first chose NSP7 as a reference.

The samples were divided into two groups depending on positive

or negative NSP7 IgG. Positive rates of the rest of the proteins

were calculated for the two groups. Unexpectedly, for all of the

non-structural and accessory proteins, except for ORF3a,

ORF6, and ORF7a, which barely elicit antibodies, the positive

rates in the NSP7-IgG-positive group were significantly higher

than those in the NSP7-IgG negative group, demonstrating high

correlations (Figure 2A). Interestingly, there is no clear difference

for the IgG responses of S1 and N. Similar observations were

shown for NSP1, RaRp, and ORF3b as references (Figure S2).

To further confirm our observation, we reversely compared the

positive rates of IgG to non-structural/accessory proteins be-

tween the groups of S1-IgG-positive and -negative (Figure 2B).

The positive rates of the IgG response to N protein are signifi-

cantly different between these two groups, while no clear differ-

ence was shown for the non-structural/accessory proteins.

These observations demonstrate that the structural proteins elicit

antibodies with a distinct pattern to that of the non-structural and

accessory proteins, suggesting that the underlying mechanisms



Table 1. Clinical parameters related to severity of patients with COVID-19

Related

functions Clinical parametersa

Non-severe Severe (survivors) Severe (non-survivors)

p value 1b p value 2b
Samples

(n) n, % (95% CI)

Samples

(n) n, % (95% CI)

Samples

(n) n, % (95% CI)

Gender sex (male) [/ 369 156, 42.3%

(37.3%–47.4%)

354 193, 56.2%

(51.6%–60.7%)

60 38, 58.2%

(47.2%–68.5%)

<0.0001 0.733

Complication hypertension [/ 369 106, 28.7%

(23.3%–33.5%)

354 176, 49.7%

(42.6%–51.7%)

60 24, 40.0%

(28.6–52.6%)

<0.0001 0.164

diabetes [/ 369 49, 13.3%

(10.2%–17.1%)

354 82, 23.2%

(19.1%–27.8%)

60 15, 25.0%

(15.8%–37.2%)

0.0006 0.756

Related functions Clinical parameters Samples (n) Median (IQR) Samples (n) Median (IQR) Samples (n) Median (IQR) p value 1 p value 2

Age age [[ 369 58 (47, 67.5) 354 65 (56, 72) 60 68 (59.5, 78) 2.74E�14 2.27E�03

Infection lymphocyte (no.) YY 246 1.115 (0.7875,

1.5525)

305 0.85 (0.5825, 1.17) 48 0.64 (0.45, 0.86) 7.39E�14 1.86E�04

lymphocyte (%) YY 246 22.5 (15.25, 29.625) 305 13.4 (9.1, 20.275) 48 8.4 (4.9, 12.2) 4.07E�25 3.42E�07

neutrophils (no.) [[ 246 3.57 (2.49, 4.94) 305 4.795 (3.4175, 6.7825) 48 6.77 (4.5, 11.38) 6.63E�15 3.33E�05

neutrophils (%) [[ 246 66.9 (58.6, 76.1) 305 77.75 (70.05, 85) 48 86.4 (80.8, 90.1) 8.47E�24 3.42E�07

eosinophils (no.) YY 246 0.03 (0, 0.08) 305 0.01 (0, 0.0575) 48 0 (0, 0.01) 3.27E�04 3.30E�04

eosinophils (%) YY 246 0.5 (0, 1.4) 305 0.2 (0, 0.9) 48 0 (0, 0.2) 2.51E�05 5.20E�05

basophils (%) YY 246 0.2 (0.1, 0.4) 305 0.2 (0.1, 0.2) 48 0.1 (0, 0.2) 2.39E�06 0.01

monocytes (%) YY 246 8.4 (6.6, 10.1) 305 7.3 (4.825, 9.6) 48 4.9 (2.7, 7.2) 1.98E�06 3.89E�05

white blood cells [[ 246 5.375 (4.1775, 6.95) 305 6.29 (4.8625, 8.405) 43 8.03 (5.49, 13.08) 1.19E�08 1.27E�04

CRP [[ 228 20.15 (5.3, 57.95) 277 55.5 (20.1, 102.4) 38 86.25 (50.85, 170.15) 2.42E�14 5.26E�05

procalcitonin [[ 197 0.05 (0.03, 0.09) 236 0.07 (0.04, 0.18) 43 0.18 (0.09, 0.9) 2.18E�09 2.20E�07

globulin [/ 228 33.3 (30.1, 36.8) 284 35.05 (32.025, 38.7) 40 35.8 (31.55, 40.05) 7.61E�06 0.45

Blood

coagulation

D-dimer [[ 216 0.68 (0.36, 1.55) 251 1.29 (0.68, 2.47) 41 2.82 (1.41, 13.545) 1.87E�11 1.84E�07

prothrombin activity YY 218 92 (85, 101) 256 88 (80, 96.25) 41 78 (69, 89) 7.64E�06 4.51E�06

prothrombin time [[ 218 13.8 (13.3, 14.375) 256 14.1 (13.5, 14.825) 36 15 (14.1, 15.9) 1.23E�06 8.27E�06

fibrinogen [/ 200 4.935 (3.975, 5.76) 211 5.47 (4.64, 6.47) 23 5.215 (3.4, 6.525) 1.91E�06 0.12

FDP [[ 102 4 (4, 5.3) 99 4.4 (4, 7.8) 48 13.6 (6.8, 51.55) 1.10E�03 1.66E�06

platelet count / Y 246 219 (162, 278) 305 222 (165, 295) 46 179 (119, 247) 0.51 1.88E�04

Plateletcrit / 239 0.23 (0.18, 0.29) 300 0.24 (0.18, 0.31) 43 0.2 (0.14, 0.26) 0.29 6.67E�04

Cardiac

injury

LDH [[ 229 251 (210, 306) 284 330.5 (270.25, 443) 41 480 (364, 552.5) 7.19E�23 1.95E�07

hs-cTnI [[ 167 4 (1.9, 8.525) 211 7.25 (3.8, 15.025) 37 24.4 (8.1, 103.7) 4.00E-09 2.35E-08

NT-proBNP [[ 142 99.5 (33.75, 281.25) 189 269 (113.75, 569.25) 23 942.5 (349.25, 2,794.25) 1.82E-11 7.08E-08

myoglobin [[ 66 40.1 (29.825, 76.625) 93 75.3 (46.625, 124.325) 43 157.7 (85.5, 344.85) 4.71E�06 2.50E�04

(Continued on next page)
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Table 1. Continued

Related

functions Clinical parametersa

Non-severe Severe (survivors) Severe (non-survivors)

p value 1b p value 2b
Samples

(n) n, % (95% CI)

Samples

(n) n, % (95% CI)

Samples

(n) n, % (95% CI)

Liver Injury aspartate

aminotransferase [[

229 25 (18, 37) 284 31 (22, 48) 43 38 (25.5, 55.5) 4.57E�07 0.02

alanine

aminotransferase [/

229 21 (13, 39.5) 284 28 (18, 44) 43 29 (18, 39) 3.10E�04 0.56

g-GT [/ 228 29 (18, 53) 284 35 (22, 71) 43 40 (27, 87.5) 8.74E�04 0.11

total bilirubin [[ 228 8.6 (6.4, 11.7) 284 10.05 (8, 13.875) 43 12 (9.4, 18.1) 1.39E�07 5.85E�03

direct bilirubin [[ 228 3.7 (2.7, 5) 284 4.65 (3.5, 6.475) 41 5.4 (4.1, 9.7) 5.39E�10 5.39E�03

indirect bilirubin [/ 224 4.8 (3.5, 6.425) 283 5.2 (4, 7.6) 43 5.8 (4.325, 7.475) 9.45E�04 0.34

albumin YY 228 35.7 (32.8, 38.7) 284 32.6 (30.025, 35.4) 43 32 (29.3, 34.3) 3.13E�16 0.07

albumin-to-

globulin ratio YY

228 1.06 (0.92, 1.26) 284 0.92 (0.8, 1.0775) 43 0.87 (0.775, 0.995) 2.51E�15 0.12

total protein Y/ 228 69.3 (65.8, 72.9) 284 67.8 (64.325, 72.125) 43 68.5 (62.9, 72.65) 8.14E�03 0.72

total cholesterol Y/ 228 3.81 (3.24, 4.41) 284 3.55 (3.0625, 4.04) 30 3.48 (2.975, 4.1) 6.30E�05 0.84

ferritin [[ 119 488.5 (303.85, 745.95) 121 852.85 (525.5,

1,542.975)

43 1,340.4 (953.3,

2,005.45)

3.38E�10 6.39E�03

alkaline

phosphatase /[

228 65 (54, 82) 284 67 (55.25, 86) 43 80 (60, 102) 0.30 3.46E�03

Kidney injury creatinine /[ 228 67 (57, 82) 282 69 (56.75, 86) 23 82 (66.5, 102.5) 0.15 3.25E�04

creatine kinase [[ 61 0.6 (0.4, 1.425) 89 1 (0.675, 1.9) 41 1.8 (1, 2.95) 1.77E�03 2.70E�03

eGFR YY 225 92.7 (79.1, 104.45) 272 89.7 (76.3, 99.3) 43 69.9 (47.7, 91) 7.70E�03 1.96E�05

bicarbonate /Y 228 24.3 (22.9, 26.1) 282 24.1 (22.4, 26.1) 43 21.9 (19.5, 24) 0.35 1.95E�06

urea [[ 228 4.2 (3.3, 5.4) 282 4.9 (3.575, 6.325) 43 8 (5.75, 12.2) 6.21E�05 2.02E�11

uric acid /[ 228 253 (198.1, 309) 282 236 (181.75, 298.125) 11 270 (184.5, 388) 0.05 0.03

Thyroid

function

free T3 YY 56 4.38 (3.57, 4.82) 62 3.67 (3.3, 4.32) 11 2.94 (2.6475, 3.22) 2.66E�03 6.31E�05

free T4 [/ 56 17.5 (15.07, 20.08) 62 19.63 (16.89, 21.35) 13 17.25 (16.25, 17.985) 1.49E�03 0.10

Cytokines IL-6 [[ 47 6.025 (2.6225, 28) 32 24.785 (5.5575,

59.565)

12 89.47 (16.82, 283.7) 1.17E�03 8.65E�03

IL-8[[ 40 7.5 (5, 13.4) 29 10.9 (6.275, 21.9) 12 30.95 (16.975, 156.175) 0.02 7.67E�04

IL-10 /[ 40 5 (5, 5.7) 29 5 (5, 9.2) 12 10.8 (6.9, 22.6) 0.09 8.60E�04

IL-2R [[ 40 395 (243, 676) 29 731.5 (413, 1,007) 12 1,321.5 (811.5, 2,083.5) 4.77E-04 7.05E-04

TNF-a [[ 40 7.3 (5.3, 9.2) 29 8.55 (6.375, 12.25) 42 14.15 (10.15, 21.15) 0.04 9.69E�04

(Continued on next page)
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by which the antibodies are triggered are different for these two

groups of proteins. To further study the correlations of IgG signal

intensity among the proteins, Pearson correlation coefficients be-

tween any two of these proteins were calculated and then clus-

tered. The proteins with positive rate less than 10% were not

included due to statistical limits (Figure 2C).

Consistently, the S and N proteins have lower correlations with

the non-structural/accessory proteins, while the non-structural/

accessory proteins were clustered together. In addition, several

subclusters were shown among the non-structural/accessory

proteins. Interestingly, NSP8 and RdRp have a high correlation

(Figure 2D). It is known that RdRp, NSP8, and NSP7 could

form a tight complex (Gao et al., 2020; Yin et al., 2020), which

might contribute to the high correlation. However, the correlation

between NSP8 and NSP7 is less significant (Figures 2C and 2E).

The structure of the complex shows NSP7 physically connect to

RdRp and NSP8, but with most of the protein surface blocked

(Figure 2F), while NSP8 and RdRp are more accessible. Howev-

er, NSP7 elicits antibody in a higher rate (Figure 1A), suggesting

that NSP7 might mainly exist in other forms rather than in a com-

plex with NSP8 and RdRp, and thus it has other biological func-

tions to be discovered. In addition, the IgG responses of NSP2

and NSP16 also have a high correlation (Figures 2C–2G). It

was reported that PPI (protein-protein interaction) was detected

between NSP2 and NSP16 (Li et al., 2021). However, we did not

detect any direct binding signals between NSP2 and NSP16

in vitro (data not shown), suggesting that NSP2 andNSP16might

form a complex through the bridging of other proteins. In addi-

tion, differences of the positive rates among the proteins are

not associated with the in vivo protein expression level (Finkel

et al., 2021) and the protein length (Figure S3).

IgG responses are associated with severity
It is known that IgG responses against S andN proteins are asso-

ciated with disease severity and clinical features (Jiang et al.,

2020b; Long et al., 2020a), however, the correlations to other

SARS-CoV-2 proteins, especially non-structural and accessory

proteins, have not been revealed before. As described above,

we divided the patient population into three groups, i.e., non-se-

vere, severe survivors, and severe non-survivors. Two statistical

methods were applied to assess the correlations. One is to

analyze the positive rate of IgG against each protein, and the

other is to compare the signal intensity distribution among

groups (Figure 3). For the N protein, no significant difference

was found among the three groups, whereas for the S1 protein,

the only statistically significant difference was observed be-

tween the severe and non-severe groups (Figures 3A and 3B).

In contrast, the non-structural/accessory proteins with high pos-

itive rates/signal intensities are more significantly correlated with

severity. It is noteworthy that for the six non-structural and

accessory proteins, both the positive rates and signal intensities

are significantly higher in more severe groups (Figures 3C–H).

These results indicate that the IgG responses against non-struc-

tural/accessory proteins have higher correlations with disease

severity, and they may serve as a better predictor of COVID-19

severity than those of S1 and N proteins.

We next analyzed the correlation between antibody response

and clinical parameter. The clinical parameters, which have
Cell Reports 36, 109391, July 13, 2021 5



Figure 1. Antibody response landscape against SARS-CoV-2 proteins

(A and B) IgG (A) and IgM (B) responses against each SARS-CoV-2 protein are depicted as boxplots according to the signal intensity of each sample on

the proteomemicroarray. The data are presented asmedian with quintiles and the hinges (n = 756). Cutoff values (the red line) for each protein were set as mean +

2 3 SD of the control group (n = 601). The positive rates of the patient group were labeled for each protein; positive rates >25% are labeled as red.
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statistical correlations with IgG against S1, N, NSP7, NSP8,

RdRp, ORF3b, and ORF9b, were determined (Table S3;

Figure S4). All of these parameters are related to severity, sug-

gesting that severity is a major factor and confounder that

contributes to the correlations. Interestingly, thrombocytopenia

is related with clinical outcome but not severity (Table 1), and it

is significantly correlated with NSP7 and ORF3b but not S1

and N, further confirming the higher correlations among anti-

bodies of non-structural/accessory proteins and clinical

outcome.

IgG responses of S1 and N proteins decrease several
days before death in non-survivors
The preservation of high-level neutralizing antibodies is essential

for protecting patients from re-infection. One critical question
6 Cell Reports 36, 109391, July 13, 2021
concerns how long the antibodies against SARS-CoV-2 can

last. A recent study found that antibody titers did not decline

within 4 months after diagnosis (Gudbjartsson et al., 2020), while

other studies observed rapid decay of antibodies in patients with

mild cases (Ibarrondo et al., 2020; Long et al., 2020b). Accord-

ingly, we analyzed the antibody dynamics with our sample set

in which the sera were collected from 0 to about 60 days after

initial symptom onset. The seroprevalence or positive rates for

both S1 andN reached a plateau at about 20 days after symptom

onset and were maintained afterward for at least 2 months for all

three groups (Figures 4A and 4B). However, with regard to signal

intensity, a dramatic decrease was observed for the non-survivor

group, but not for other two groups, although a slight decline was

observed for the severe survivor group (Figures 4C and 4D). The

sharp decline in non-survivors might be related to death. To



Figure 2. Antibodies against structural proteins and other proteins are in different patterns

(A) Antibody-positive rates for the SARS-CoV-2 proteins in two patient groups divided according to NSP7 IgG signal, either positive or negative.

(B) Antibody-positive rates for selected proteins in two patient groups; the patient groups were divided according to the S1 IgG signal, either positive or negative.

(C) The Pearson correlation coefficients of the IgG responses among the proteins were calculated and clustered.

(D and E) Correlations of the IgG responses against RdRp and NSP8 (D) and NSP8 and NSP7 (E).

(F) Location and accessibility of NSP7, NSP8, and RdRp in the SARS-CoV-2 RNA polymerase complex (PDB: 7BV1).

(G) Correlations of the IgG responses against NSP2 and NSP16.

For (A) and (B), the error bar is given as the 95% confidential interval. p values were calculated by a two-sided c2 test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001; n.s., not significant.
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confirm this possibility, we analyzed 35 patients with serum

available 0–2 days before death, and 108 survivors with serum

available 0–2 days before discharge served as control. For

each patient, we defined the relative signal for each sample to

the sample immediately before death or discharge. Overall, the

relative signals declined gradually during the disease progres-
sion from about 10 days before death (Figure 4E) for non-survi-

vors, although the trend differed among individuals. In contrast,

there was no significant change for the survivors (Figure 4F).

These observations might imply a collapse in SARS-CoV-2-

related humoral immunity in most patients before death, and

further studies are needed to confirm this.
Cell Reports 36, 109391, July 13, 2021 7



Figure 3. IgG responses are associated with disease severity

(A–H) IgG-positive rate and signal intensity distribution among three patient groups, i.e., non-severe, severe (survivors), and severe (non-survivors) patients for S1

(A), N protein (B), NSP1 (C), NSP7 (D), NSP8 (E), RdRp (F), ORF3b (G), and ORF9b (H). For positive rate analyses, the error bar is given as the 95% confidential

interval. The p valueswere calculated by a two-sided c2 test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n.s., not significant. For signal intensity analysis, the

middle line is the median value; the upper and lower hinges are the values of the 75% and 25% percentile. The p value was calculated by a two-sided t test.

8 Cell Reports 36, 109391, July 13, 2021
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Figure 4. S1 and N IgG decrease several days

before death in non-survivors

(A and B) The trends of median signal intensities

of IgG at different time points for S1 (A) and N (B),

among three sample groups, i.e., non-severe,

severe (survivors), and severe (non-survivors).

Samples were grouped per day, and the time

points with a sample number less than four were

excluded due to lack of statistical significance.

(C and D) Relative S1 IgG signal levels were

calculated for each patient by dividing the signal

intensity of the samples collected at other time

points versus samples collected at 0–2 days

before the death of non-survivors (C, n = 35) or

the discharge of survivors (D, n = 108). The

samples were grouped per 3 days. For each pa-

tient, the signals were averaged when there was

more than one sample during each 3-day period.

The p values were calculated by a two-sided

t test between the indicated group and the first

group (0–2 days). *p < 0.05, **p < 0.01, ***p <

0.001; n.s., not significant.
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IgG against the six non-structural/accessory proteins
decline rapidly during COVID-19 progression
We next analyzed the dynamic of IgG responses for the six non-

structural/accessory proteins. Surprisingly, the IgG responses,

i.e., the signal intensities and positive rates, against the six pro-

teins reached a plateau in all the three groups at about 20 days

after the symptom onset, and then they decreased rapidly for

all three groups (Figures 5A and 5B); this is largely different

from S1 and N protein (Figure 4). We next selected NSP7 IgG

as an example for further analysis and depicted the change for

each patient (Figures 5C–5E). A continuous and dramatic decline

of IgG against NSP7 for most patients was observed (Figures 5D

and 5E). These results imply that the B cells that produce IgG an-

tibodies against non-structural/accessory proteins might be

short-lived and/or the underlying mechanism of generating IgG

antibodies against non-structural/accessory proteins may differ

from that of S1 and N proteins.

DISCUSSION

In this study, we profiled 2,360 sera from 783 patients with

COVID-19 and 601 control sera using a SARS-CoV-2 proteome

microarray. We found that six non-structural/accessory proteins

elicit strong antibody responses in patients with COVID-19,

including NSP1, NSP7, NSP8, RdRp, ORF3b, and ORF9b.

It is broadly reported that a batch of clinical laboratory param-

eters are associated with disease severity of patients with

COVID-19, such as lymphopenia, neutrophilia, increased value

of CRP, lactate dehydrogenase (LDH), and D-dimer (Garcı́a,

2020; Huang et al., 2020; Wu et al., 2020b). What we observed

is mostly consistent with these reports. We also found some pa-

rameters that were more related with clinical outcome. For

example, there is no clear difference in the levels of thrombocy-

topenia between non-severe and severe survivors, but there was

a significant decline in levels in non-survivors, suggesting that
the issue of blood coagulation in patients with COVID-19 should

be carefully monitored during therapy and fully evaluated for its

contribution to death.

NSP1 is a major virulence factor that binds with the small sub-

unit of host ribosome to suppress host gene expression (Thoms

et al., 2020). NSP7, NSP8, and RdRp (NSP12) form a complex

that is involved in the replication and transcription of the

SARS-CoV-2 genome, playing an essential role for virus replica-

tion. RdRp is the target of a promising drug, remdesivir (Yin et al.,

2020). ORF3b is reported to be a potent interferon (IFN) antago-

nist (Konno et al., 2020) and was identified to elicit antibodies in

patients with COVID-19 (Hachim et al., 2020). ORF9b can sup-

press type I IFN production by targeting host protein TOM70

(Jiang et al., 2020a). Previous studies have found the presence

of antibodies against SARS ORF9b (Guo et al., 2004; Qiu et al.,

2005), and the ORF9b IgG antibody was identified in sera from

convalescents, although from a small cohort of sera (Jiang

et al., 2020b). However, to our knowledge, all of these findings

are based on small cohorts of samples. In the present study,

by analyzing a large cohort of samples, we actually constructed

an antibody response landscape of the SARS-CoV-2 proteome.

This landscape extends our knowledge of the interaction be-

tween SARS-CoV-2 and the immune system. However, due to

the difficulty of protein preparation, there are still some proteins

that are missing on the SARS-CoV-2 proteome microarray, such

as ORF8, which has recently been reported to be able to elicit a

strong antibody response (Hachim et al., 2020). Some of these

missing proteins will be added when we update the microarray.

Comparison of the IgG responses among the antigenic pro-

teins revealed the possibility that the antibodies generated

against the non-structural/accessory proteins are not indepen-

dent of one another, which means for a patient who is positive

for one protein tends to have a significant chance to be positive

for other proteins. This is expected since these proteins may

be simultaneously exposed or not to the immune system.
Cell Reports 36, 109391, July 13, 2021 9



Figure 5. Antibody responses against non-structural proteins and accessory proteins decrease rapidly after 20 days of symptom onset

(A) Trends of median signal intensities of IgG at different time points for NSP1, NSP7, and ORF3b among three samples groups, i.e., non-severe, severe (sur-

vivors), and severe (non-survivors). Samples were grouped per day, and the points with sample number less than four were excluded.

(B) Trends of positive rate of IgG at different time points for NSP1, NSP7, andORF3b among three samples groups, i.e., non-severe, severe (survivors), and severe

(non-survivors). Samples were grouped per 3 days.

(C–E) NSP7-IgG signal dynamic changes for the patients with four to five samples (C) or more samples (D) or for some representative individuals (E). Each line

represents one person.
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Interestingly, high correlations were shown between some

particular proteins, likely revealing the high associations of these

proteins during infection and disease progression. For instance,

it is known that RdRp, NSP7, and NSP8 form a complex for repli-

cation and translation of the viral genome. Correspondingly, high

correlations of their elicited antibody responses, particular for

NSP8 and RdRp, were observed. We also observed high corre-

lations between NSP2 and NSP16, suggesting that the two pro-

teins might associate in vivo.

The functions of the antibodies to non-structural/accessory

proteins are still largely unknown. Our results reveal that the

antibody levels are more associated with disease severity,

particularly with the final outcome. These findings imply that

the antibodies against non-structural/accessory proteins may

play more important roles, which are worth further and in-depth

investigation. One concern about the antibody against S protein

is the possible ADE (antibody-dependent enhancement) (Wu

et al., 2020d), which causes uncontrolled release of proinflam-

matory cytokines, such as interleukin (IL)-1, IL-6, IFN-g, and tu-

mor necrosis factor (TNF)-a (Liu et al., 2019; Ragab et al., 2020).

Meanwhile, the severity of COVID-19 is highly associated with

cytokine release syndrome or cytokine storm (Mangalmurti and

Hunter, 2020; Ragab et al., 2020). One possible role of these an-

tibodies against the non-structural/accessory proteins might be

to trigger production of more cytokines when they bind the

released antigens from the infected cells.

The duration of the protective antibodies in patients is still

controversial (Gudbjartsson et al., 2020; Ibarrondo et al., 2020).

Our data reveal that there is no significant decline of IgG anti-

bodies against S or N protein for mild and severe survivors within

60 days after symptom onset. Also, the IgG antibodies against

non-structural/accessory proteins rapidly decline when they

reach the plateau about 20 days after symptom onset. This

may be explained by the gradual decline of virus load, which is

usually detectable about 20 days after symptom onset (Azkur

et al., 2020; He et al., 2020). A recently published study showed

that ORF3b can elicit antibodies and that the antibodies can last

for 2–3 months (Hachim et al., 2020). In fact, for most of the pa-

tients, a clear trend of decline is observed. The decline of the

antibody response might be associated with a decrease of the

protein expression level of these proteins when the viral replica-

tion is inhibited; however, it cannot fully explain the distinct

patterns of antibody responses between the structural and

non-structural/accessory proteins. The duration of an antibody

is largely dependent on the type of the corresponding B cells

or antibody-secreting plasma cells, either long-lived or short-

lived (Cyster and Allen, 2019; Nutt et al., 2015). The clear short

lifetime of the antibodies against non-structural/accessory pro-

teins might due to the suppressed production of long-lived

B cells or the tendency to generate short-lived B cells with an un-

known mechanism (Nutt et al., 2015). It seems that there are two

distinct mechanisms through which the proteins of SARS-CoV-2

elicit host humoral immune responses. (1) The viral particle is

involved as an antigen resource, specifically S and N proteins,

which elicit potent antibody responses and tend to generate

long-lived B cells. These antibodies mainly play a protective

role. (2) The infected cell is involved as an antigen resource

with non-structural/accessory proteins, which elicit weaker anti-
body responses and tend to be suppressed to generate

long-lived B cells. These antibodies might be stronger to induce

cytokines to contribute to more severe outcomes. However, this

hypothesis should be confirmed by further studies.

In contrast to the antibody levels of S and N proteins that are

stable for survivors, we observed the overall antibody levels start

to decline in non-survivors at about 10 days before death. This

observation implies the possible protective function of these

antibodies in patients, and a collapse of humoral immunity

might occur for most patients immediately before death. Further

studies are needed to confirm this observation with more

samples.

Taken together, we revealed a comprehensive antibody land-

scape against the SARS-CoV-2 proteome. The results were

assured by a large cohort of 2,360 COVID-19 sera. Distinct char-

acteristics of the antibodies against non-structural/accessory

proteins and structural proteins were shown for the first time,

with regard to patterns of antibody responses, associations

with severity/outcome, and the dynamics. We strongly think

that the antibody landscape revealed in this study will facilitate

a deeper understanding of immunity related to SARS-CoV-2,

predict the final outcome, may provide potential biomarkers for

precise monitoring of COVID-19 progression, and may guide

the development of effective vaccines.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw data of the protein microarray This paper http://www.proteinmicroarray.cn

(PMD: PMDE259)

Structure of RdRp, NSP8 and NSP7 complex Yin et al., 2020 PDB: 7BV1

SARS-CoV-2 gene sequences GenBank GenBank: MN_908947.3

Software and algorithms

SPSS IBM https://www.ibm.com/cn-zh/analytics/spss-

statistics-software

Pymol Pymol https://pymol.org/2/

Pheatmap package R https://cran.r-project.org/web/packages/

pheatmap/index.html

Other

PATH protein microarray slides Grace Bio-Labs Cat# 805025
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead contact, Sheng-ce

Tao (taosc@sjtu.edu.cn).

Materials availability
All unique/stable reagents generated in this study are available from the Lead contact with a completed Materials Transfer

Agreement.

Data and code availability
The SARS-CoV-2 proteome microarray data are deposited on Protein Microarray Database (PMD) under the accession number

PMDE259 (PMD: PMDE259) (http://www.proteinmicroarray.cn/index.php/experiment/detail?experiment_id=259). Any additional in-

formation required to reanalyze the data reported in this paper is available from the lead contact upon request. This paper does not

report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients and samples
The study was approved by the Ethical Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and

Technology, Wuhan, China (ITJ-C20200128). Written informed consent was obtained from all participants enrolled in this study. All

patients with COVID-19 were laboratory confirmed and hospitalized during the period from 25 January 2020 and 28 April 2020. A total

of 2,360 sera from 783 patients with COVID-19 were collected (Table S1). For the 756 patients whose samples were used to build the

antibody landscape, 377 are males and 379 are females and the average age is 61.4. Sera of the control group from healthy donors,

patients with lung cancer, patients with autoimmune diseases or other diseases were collected from Ruijin Hospital, Shanghai, China

or Tongren Hospital, Shanghai, China. The negative reference samples were from National Institutes for Food and Drug Control. All

the samples were stored at �80�C until use.

Cell lines
E.coli BL21 strain was used both for vector construction and protein expression. The bacterial strain was cultured in LB (Luria-Ber-

tani) medium at 37�C. More information can be found in the following Method details.

METHOD DETAILS

Construction of expression vectors and protein preparation
In addition to the protein library of SARS-CoV-2 we previously constructed (Jiang et al., 2020b), three more proteins, i. e., ORF3a,

ORF3b and ORF7b, were prepared according to the samemethods. Briefly, the original sequences of the proteins were downloaded
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from GenBank (Accession number: MN908947.3). The genes were optimized and synthesized by Sangon Biotech. (Shanghai, China)

followed by being cloned into pET32a or pGEX-4T-1 vector and transformed into E. coli BL21 strain to construct the transformants.

The recombinant proteins were expressed in E. coli BL21 by growing cells in 200 mL LBmedium to an A600 of 0.6 at 37�C. Protein
expression was induced by the addition of 0.2 mM isopropyl-b-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 12,0003 g for 20 min at 4�C. Supernatants were purified with Ni2+ Sepharose beads (Senhui Microsphere Tech-

nology, Suzhou, China), then washed with lysis buffer and eluted with buffer containing 50 mM Tris-HCl pH 8.0, 500 mM NaCl and

300mM 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 50mM 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 50mM Tris-HCl, pH 8.0, 500 mM NaCl, 1mM DTT, 40 mM glutathione. 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.

Protein microarray fabrication
The SARS-CoV-2 proteome microarray used this study is a updated version of the original one (Jiang et al., 2020b). Four more pro-

teins were added. Except for ORF3a, ORF3b and ORF7bthe 4th protein, RdRp was provided by H. Eric Xu (Yin et al., 2020). The pro-

tein microarray was fabricated as previously described (Jiang et al., 2020b). Briefly, the proteins with indicated concentrations, along

with the negative (GST, Biotin-control and eGFP) and positive controls (Human IgG, Human IgM and ACE2-Fc), were printed in

quadruplicate on PATH substrate slide (Grace Bio-Labs, Oregon, USA) to generate identical arrays in a 23 7 subarray format using

Super Marathon printer (Arrayjet, UK). The microarrays were used for serum profiling as described previously with minor modifica-

tions19. Protein microarrays 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 micro-

array was used for serum profiling as previously described (Li et al., 2020) 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 3 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 0.5 mg/mL-1 total E. coli lysate. A total

of 200 mL of diluted serum or buffer only was incubated with each subarray overnight at 4�C. The arrays were washed with 13 PBST

and the signals were readout by incubating with Cy3-conjugated goat anti-human IgG and Alexa Fluor 647-conjugated donkey anti-

human IgM (Jackson ImmunoResearch, PA, USA). These two fluorescent conjugated antibodies were diluted 1: 1,000 in 1 3 PBST

and incubated at room temperature for 1 h. The microarrays were then washed with 13 PBST, dried by centrifugation at room tem-

perature, 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 soft-

ware (Molecular Devices, CA, USA). A pool of 50 randomly selected patient sera was used as a standard positive control. Block #14 of

each slide was incubated with the positive control. Data normalization among slides was performed by a linear method with the data

from the positive control. Specifically, a normalization factor for each slide was calculated by a liner regression function of the signals

of the positive control of the given slide with the averaged signals of all slides, and then the signals of all the proteins from the slide

were divided by the factor.

QUANTIFICATION AND STATISTICAL ANALYSIS

Signal Intensity was defined as the median of the foreground subtracted by the median of background for each spot and then the

quadruplicate spots were averaged for each protein. IgG and IgM data were analyzed separately. Pearson correlation coefficient be-

tween two proteins or indicators and the corresponding p-value was calculated by SPSS software under the default parameters.

Cluster analysis was performed by pheatmap package of R (Kolde, 2015). To calculate the positive rate of antibody response for

each protein, mean + 2 x standard deviation (SD) of the control sera were used to set the threshold. The statistical details of exper-

iments as well as the p-values can be found in the figures or in the figure legends.
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