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ABSTRACT: The coronavirus disease 2019 (COVID-19) pandemic caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become a worldwide health
emergency. Patients infected with SARS-CoV-2 present with diverse symptoms related to
the severity of the disease. Determining the proteomic changes associated with these
diverse symptoms and in different stages of infection is beneficial for clinical diagnosis and
management. Here, we performed a tandem mass tag-labeling proteomic study on the
plasma of healthy controls and COVID-19 patients, including those with asymptomatic
infection (NS), mild syndrome, and severe syndrome in the early phase and the later
phase. Although the number of patients included in each group is low, our comparative
proteomic analysis revealed that complement and coagulation cascades, cholesterol
metabolism, and glycolysis-related proteins were affected after infection with SARS-CoV-
2. Compared to healthy controls, ELISA analysis confirmed that SOD1, PRDX2, and
LDHA levels were increased in the patients with severe symptoms. Both gene set
enrichment analysis and receiver operator characteristic analysis indicated that SOD1
could be a pivotal indicator for the severity of COVID-19. Our results indicated that plasma proteome changes differed based on the
symptoms and disease stages and SOD1 could be a predictor protein for indicating COVID-19 progression. These results may also
provide a new understanding for COVID-19 diagnosis and treatment.

■ INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by the newly
identified severe acute respiratory distress syndrome-associated
coronavirus-2 (SARS-CoV-2), is threatening the whole human
population worldwide. The virus was declared a global
pandemic by the World Health Organization (WHO) in
March 2020.1 As of March 16, 2021, more than 120 million
people have been infected by the virus and more than 2 million
people have lost their lives, according to CDC reports.2 A
comprehensive understanding of the molecular characteristics
of patients with different symptoms after infection with SARS-
CoV-2 is vital for effective management of the disease.
Patients with confirmed SARS-CoV-2 infection develop

diverse symptoms, including fever, cough, and fatigue.3,4

Although chest radiography and reverse transcriptase-polymer-
ase chain reaction are effective and widely used methods for
the confirmation of SARS-CoV-2 infection, these techniques
cannot be used to reveal the molecular mechanism or predict
disease progression. Proteomics has been widely used to
identify biomarkers and disease progression for various
diseases, including infectious diseases.5−7 The serum bio-
markers from patients with severe acute respiratory syndrome
(SARS) were also identified by proteomics.8,9 Thus,
proteomics is a promising approach to identify biomarkers of
COVID-19.

It has been widely accepted that plasma could be used to
reflect pathophysiological alterations in disease progression.
The illness of COVID-19 is classified as asymptomatic, mild
symptoms, or severe symptoms based on the clinical status.10

Age and coexisting illness have been reported to increase the
severity of pneumonia.11,12 A combination of biomarkers for
the prediction of different clinical outcomes of COVID-19
patients has been revealed by the proteomic study.13 Another
elegant proteomic study also reported that the dysregulation of
macrophages, platelet degranulation, and complement system
pathways were detected in the sera of COVID-19 patients.14

Recently, a number of proteomic and metabolic studies
extended our knowledge of the plasma proteome and
metabolite changes in COVID-19 patients.9,15,16 However,
our knowledge on the prediction and treatment of COVID-19
is still limited.
In this study, we fully investigated the proteome changes in

COVID-19 patients with asymptomatic infection, mild
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syndrome (MS), and severe syndrome in the early phase and
later phase. We identified changes in hundreds of plasma
proteins in these patients and for the first time we provided
evidence that SOD1 can be used to predict COVID-19
progression. These results increase our understanding of
SARS-CoV-2 infection and its diagnosis.

■ MATERIALS AND METHODS
Reagents. The following reagents were used in this study:

proteinase inhibitor cocktail (Roche, BS, CH), tandem mass
tag (TMT)-labeling kits (Thermo Scientific, NJ, USA),
sequencing-grade trypsin/LyC mixture (Promega, WI, USA),
and enzyme-linked immunosorbent assay (ELISA) kits for
SOD1, LDHA, and PRDX2 (Cloud-Clone Corporation,
Wuhan, China).
Plasma Sample Collection. Disease severity classification

was defined according to the China National Health
Commission Guidelines for Diagnosis and Treatment of
2019-nCoV infection.17 Patients with symptomatic infection
(NS, n = 6), MS (n = 6), severe syndrome in the early phase
(SSEP, n = 4), severe syndrome in the later phase (SSLP, n =
5), and healthy controls (HCs, n = 6) were enrolled in the
proteomic study (Table 1). Detailed information for the

patients used in the proteomic and ELISA analysis is listed in
Supporting Information Table S6. All plasma samples from
COVID-19 patients and HCs were collected from the
Shenzhen Center for Disease Control and Prevention. All
the experiments were performed in BSL-3 facilities before the
virus was inactivated in accordance with management
practices. This research was approved by the ethics committee
of the Shenzhen Center for Disease Control and Prevention
[approval number: 2020-025A; 2021-001A].
High-Abundance Protein Removal. High-abundance

proteins were isolated using a PureProteome Human
Albumin/Immunoglobulin Depletion kit (Millipore) according
to the manufacturer’s instructions. Plasma protein concen-
tration was detected using a NanoDrop 2000C (Thermo
Scientific, NJ, USA).
TMT Labeling. TMT labeling was performed according to

a previously published method, with slight modifications.18 As
shown in Figure 1A, each individual plasma sample is
processed for the TMT-labeling study. Samples of proteins
from each group (50 μg) were reduced with 10 mM
dithiothreitol for 1 h at 37 °C, followed by the addition of
25 mM 2-iodoacetamide for 30 min in the dark at room
temperature. Samples were then digested with trypsin (1:100

w/w) and desalted by reversed-phase column chromatography
(Oasis HLB; Waters, MC, USA) according to the manufac-
turer’s instructions. After drying using a vacuum concentrator,
each protein digest sample was redissolved in 100 μL of
triethylammonium bicarbonate buffer (200 mM, pH 8.5).
Peptides were labeled using TMT reagents as follows: HC,
TMT-126; NS, TMT-127; MS, TMT-128; SSEP, TMT-129;
and SSLP, TMT-130. The reaction was kept at room
temperature for 1 h and quenched by the addition of 5%
hydroxylamine for 15 min. All the labeled peptides in each set
were combined and then desalted, dried, and dissolved in 100
μL of 0.1% formic acid (FA). Six sets of samples were
subsequently separated into fractions using high-performance
liquid chromatography (HPLC), respectively (Figure 1A).

HPLC Separation. TMT-labeled peptides were fraction-
ated by HPLC (UltiMate 3000 UHPLC, Thermo Scientific).
The gradient elution buffer consisted of 100% Milli-Q H2O
(phase A, pH 10.0) and 98% acetonitrile (phase B, pH 10.0).
An XBridge BEH300 C18 column (4.6 × 250 mm, 2.5 μm,
Waters) was used for peptide separation at a flow rate of 1
mL/min. The column was maintained at 45 °C, and peptide
detection was performed by UV absorbance at 214 nm.
Fractions were collected every 1.5 min in 45 tubes, dried, and
combined into 15 tubes before being dissolved in 20 μL of
0.1% FA for further liquid chromatography (LC)−tandem
mass spectrometry (MS/MS) analysis.

Peptide Analysis by LC−MS/MS. The peptide fractions
were analyzed by LC−MS/MS using a Q Exactive mass
spectrometer (Thermo Scientific, NJ, USA) with a silica
capillary column [75 μm internal diameter (ID), 150 mm
length; Upchurch, WA, USA] packed with C18 resin (300 Å, 5
μL; Varian, Lexington, MA, USA). The Q Exactive mass
spectrometer was operated with Xcalibur 2.1.2 software in the
data-dependent acquisition mode. A single full-scan mass
spectrum in Orbitrap (400−1, 800 m/z, 70,000 resolution)
was followed by the top 20 data-dependent MS/MS scans at
27% normalized collision energy (higher-energy C-trap
dissociation).
MS/MS spectra were searched against the UniProt_Homo

sapiens database (download from the UniProt database on
May 13th, 2020) using the SEQUEST search algorithms
embedded into Proteome Discoverer 2.1 (Thermo Scientific).
The search criteria were set according to the recommended
parameters with the following alterations: trypsin was selected
for protein digestion, two missed cleavage sites were allowed,
static modifications were set as carbamidomethylation (C,
+57.021 Da) and TMT6-plex (lysine [K] and any N-terminus
of peptides), and oxidation (methionine, M) was set as
dynamic modification. Additionally, 20 ppm was set as the
precursor ion mass tolerance for all the mass spectrometry data
acquired using the Orbitrap mass analyzer, and 20 mmu was
used for the MS2 spectral data. Proteins were used for a
subsequent analysis when at least one unique peptide was
identified, the false discover rate (FDR) was less than 1% and
three replicates were quantified. Protein changes were
evaluated by comparison of reporter ions from each group
and the ratios were transformed into log2(ratio), with 0.5 and
−0.5 set as increased and decreased thresholds, respectively.
The mass spectrometry proteomics data have been deposited
in the ProteomeXchange Consortium via the PRIDE19 partner
repository with the dataset identifier PXD024728 and
10.6019/PXD024728.

Table 1. COVID-19 Patient Information for Proteomic
Study

experiment groups
mean age
(SD)

sex
M/F

TMT healthy control (n = 6) 29.50 (16.92) 2/4
asymptomatic (n = 6) 19.33 (14.46) 4/2
mild symptom (n = 6) 39.83 (13.64) 3/3
severe symptom in early phase
(n = 4)

54.25 (12.42) 1/3

severe symptom in later phase
(n = 5)

57.60 (13.11) 2/3

ELISA healthy control (n = 19) 37.63 (8.88) 13/6
asymptomatic (n = 24) 23.25 (12.10) 9/15
mild symptom (n = 20) 43.35 (16.89) 10/10
severe symptom (n = 15) 59.07 (12.54) 6/9
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Bioinformatics Analysis. All the scaled protein abundan-
ces were submitted to Peruses software for analysis. Z-score
was used for protein abundance normalization and the
subsequent heatmap and volcano plot analysis. The WEB-
based GEne SeT AnaLysis Toolkit was used for Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis. All the changed proteins were analyzed using gene
ontology (GO) web-based searching. STRING database
version 10.0 (http://string-db.org) was used for protein−
protein interaction (PPI) analysis with a confidence threshold
of 0.7. The interaction network was mapped using Cytoscape
(3.8.2).
Gene Set Enrichment Analysis. To interpret the alerted

biological functions among the progressive stages of COVID-
19 in a protein-expression-dependent manner, we performed
gene set enrichment analysis (GSEA). Briefly, proteins were

ranked according to their differences in expression between
two categories of clinical disease status (SSEP vs MS, MS vs
HC, or SSEP vs HC) and subsequently used as input data for
GSEA. First, the protein list was queried against pre-defined
gene sets in the GO database to associate gene expression with
biological functions. By sequential analysis of the listed
proteins, the running-sum statistic was elevated by the GSEA
algorithm in a protein-expression-dependent fashion when
encountering a protein belonging to a gene set; otherwise, the
preceding statistic was reduced at a constant rate. Enrichment
score (ES) was defined as the maximum deviation of the
running-sum statistic from zero. The P-value (without
multiplicity adjustment) cutoff was set to 0.1 for determining
the significantly enriched pathways. GO terms with the top 10
most significant P-values were considered to be the pivotal
pathways responsible for the progression of COVID-19, and

Figure 1. Proteomic landscape of plasma from COVID-19 patients. (A) TMT-labeling proteomic study on plasma of COVID-19 patients; plasma
samples were divided into HC, asymptomatic (NS), MS, SSEP and SSLP groups. (B) Heatmap analysis of the identified and quantified proteins.
High-abundance proteins are shown in red and low-abundance proteins are shown in blue. (C) Volcano plot analysis of the dysregulated proteins
of NS patients. (D) Volcano plot analysis of dysregulated proteins of MS patients. (E) Volcano plot analysis of dysregulated proteins of SSEP
patients. (F) Volcano plot analysis of dysregulated proteins of SSLP patients. The downregulated proteins are shown in blue and the upregulated
proteins are shown in red.
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the proteins that presented in the leading-edge subsets of the
pivotal pathways were defined as core proteins.
ELISA and Receiver Operating Characteristic (ROC)

Curve Analysis. ELISA analysis was performed in a BSL-3
laboratory using commercially available kits according to the
manufacturer’s instructions. Briefly, the plasma samples were
diluted to 1:10 for SOD1 (Cloud-Clone, Wuhan China), 1:20
for LDHA (Cloud-Clone, Wuhan China), and 1:250 for
PRDX2 (Cloud-Clone, Wuhan China). The samples were
added into 96-well plates and incubated with immobilized
antibodies. The results were read with a microplate reader
(Tecan, Infinite M1000, Switzerland) at an absorbance of 540
nm. Data analysis was performed using GraphPad Prism

(GraphPad Software, San Diego, CA, USA, version 8.2.1).
Receiver operating characteristic (ROC) curves were con-
structed for analysis of the discriminatory power of the
candidate markers. Pearson correlation analysis was performed
to evaluate the associations between SOD1 and the clinical
indicators. Wilcoxon signed-rank tests were used to evaluate
the statistical significance of changes in SOD1, LDHA, and
PRDX2 expression between HC individuals and patients in the
different stages of COVID-19 infection.

Statistical Analysis. For the TMT-labeled proteomic data,
paired t-tests were used to evaluate the differences between
each disease status group and the HC group. Differences
among the ELISA results for the groups were evaluated by one-

Table 2. List of Proteins Dysregulated in All the SARS-CoV-2 Infected Patients

accession
unique
peptides gene

−log
(P-value)

log
(2, NS/HC)

−log
(P-value)

log
(2, MS/HC)

−log
(P-value)

log
(2, SSEP/HC)

−log
(P-value)

log
(2, SSLP/HC)

O75882 50 ATRN 3.355 −1.500 6.052 −2.077 3.142 −1.981 7.019 −2.437
P01042 46 KNG1 3.870 −1.987 2.755 −1.616 3.286 −1.987 4.045 −1.957
P02652 14 APOA2 2.839 −1.238 3.365 −1.697 2.571 −1.911 3.994 −2.280
P02747 7 C1QC 2.494 −1.804 3.109 −1.962 1.986 −1.773 3.130 −2.137
P02760 27 AMBP 2.606 −1.717 1.871 −1.472 2.451 −2.007 2.525 −1.846
P04180 9 LCAT 2.166 −1.346 3.605 −1.863 2.404 −1.615 4.637 −2.115
P05546 29 SERPIND1 2.342 −1.620 2.160 −1.420 2.718 −2.266 2.405 −1.870
P06276 14 BCHE 2.238 −1.643 3.680 −1.532 3.160 −1.974 4.902 −2.230
P06396 41 GSN 2.459 1.476 1.600 1.569 2.526 0.779 1.629 0.668
P06727 67 APOA4 1.787 −1.486 3.230 −2.089 2.438 −1.524 2.399 −1.391
P07225 30 PROS1 2.021 −1.478 2.275 −1.732 2.023 −1.862 2.888 −1.980
P08185 11 SERPINA6 1.912 −0.823 3.083 −1.517 3.450 −2.267 4.501 −2.322
P19823 51 ITIH2 3.248 −1.808 4.076 −1.851 2.760 −2.099 4.434 −2.104
P19827 38 ITIH1 2.582 −1.590 3.601 −1.409 2.670 −1.845 3.347 −2.096
P43652 58 AFM 2.919 −1.767 4.027 −1.817 2.965 −1.933 3.603 −2.014
P54108 7 CRISP3 2.112 −1.280 1.701 −1.212 2.596 −1.797 1.183 −1.315
Q12913 6 PTPRJ 1.768 −0.928 1.958 −1.009 2.546 −2.063 3.622 −2.271
Q5VZ66 2 JAKMIP3 4.319 2.310 5.323 1.350 3.331 1.906 2.290 0.921
Q9NQW8 1 CNGB3 2.333 −1.339 3.315 −1.384 2.365 −1.828 5.941 −2.533

Figure 2. Biological process analysis of the dysregulated plasma proteins of COVID-19 patients. GO analysis of the dysregulated proteins identified
in the (A) asymptomatic (NS), (B) MS, (C) SSEP, and (D) SSLP patients. The top 10 items of biological process are listed based on P-values
together with related protein counts.
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way ANOVA. P-values < 0.05 were considered to indicate
statistical significance.

■ RESULTS

Hundreds of Plasma Proteins Were Changed after
Infection with SARS-CoV-2. To investigate the changes in
the plasma proteome after infection by SARS-CoV-2, the high-
abundance plasma proteins were isolated and prepared for
proteomic analysis as shown in Figure 1A. In total, 630 plasma
proteins from COVID-19 patients and HC individuals were
identified and quantified by mass spectrometry with a false
discovery rate (FDR) < 1%. 469 plasma proteins were
quantified and identified in at least three replicates for data
analysis (see Supporting Information Table S1). In order to
quantify more peptides, the samples in each batch were split
into 15 fractions. Totally, 7944 grouped peptides were
quantified and identified from six batches of experiments.
Compared with the HC group, hundreds of dysregulated
proteins (upregulated and downregulated) were identified in
the COVID-19 patient groups. 120 proteins were dysregulated
in the NS group compared with those in the HC group, among
which 33 proteins were downregulated. The numbers of
dysregulated proteins in the MS, SSEP, and SSLP groups were
61, 48, and 249, respectively (see Supporting Information
Table S1). Compared with the HC group, two proteins
(Gelsolin and Janus kinase and microtubule-interacting protein
3, JAKMIP3) were significantly upregulated and 17 proteins

were downregulated in all the SARS-CoV-2-infected patients.
As shown in Figure 1B−F, the plasma proteome was highly
dysregulated in all patients after infection by SARS-CoV-2,
except in the SSEP group. The significantly dysregulated
proteins are shown in Figure 1 and listed in Table 2.

GO Analysis of the Dysregulated Proteins. To
understand their functional roles, we performed GO enrich-
ment analysis of all the dysregulated proteins. The top 10
enriched items from the biological process category with a P-
value < 0.01 are shown in Figure 2, and those from the cellular
component and molecular function categories are shown in
Figure S1. GO biological process analysis revealed a high level
of similarity among the enriched items in the NS and SSLP
groups. The top enriched biological process items in these two
groups were platelet degranulation, cell−cell adhesion, move-
ment of cell or subcellular components, and negative
regulation of endopeptidase activity. The enriched biological
process items in the SSEP group were negative regulation of
endopeptidase activity, platelet degranulation, and lipoprotein
metabolic process. The cellular component analysis revealed
that the dysregulated proteins were enriched in the
extracellular exosome, blood microparticles, and the extrac-
ellular region in all the investigated groups. The enriched items
in the SSLP group were very similar to those in the NS group
(Figure S1). Cadherin binding involved in cell−cell adhesion,
actin binding, and serine-type endopeptidase inhibitor activity
were enriched in the NS, MS, and SSLP groups. Thus, GO

Figure 3. PPIs among the dysregulated proteins in each group analyzed using STRING and the KEGG pathway database. The differentially
expressed proteins in the (A) asymptomatic (NS), (B) MS, (C) SSEP, and (D) SSLP groups were analyzed using STRING and the KEGG
pathway database compared with the HC group. The upregulated proteins are shown in red and the downregulated proteins are shown in blue.
Significantly enriched KEGG pathways are annotated.
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analysis indicated that the dysregulated proteins in the SSEP
group were distinct from those in the other groups.
Dysregulated Proteins Indicated Close PPIs. To

investigate the relationship between the PPI connectivity and
functional significance, we also performed KEGG pathway
analysis of the dysregulated proteins. The dysregulated
proteins showed close interactions in the PPIs. The most
significantly changed pathway in all groups was complement
and coagulation cascades (Figure 3). Glycolysis/gluconeo-
genesis related proteins were also significantly changed in the
NS group (Figure 3A). In the MS group, cholesterol
metabolism-related proteins were downregulated, including

APOA1, APOA2, APOC, APOM, and LCAT. Fewer proteins
were dysregulated in the SSEP group and cholesterol
metabolism related proteins were also enriched as in the MS
group (Figure 3C). More proteins were dysregulated in the
SSLP group, and complement and coagulation cascades,
Staphylococcus aureus infection, and focal adhesion were
identified as the dysregulated KEGG pathways (Figure 3D).
All the dysregulated KEGG pathway analyses are shown in
Figure S2 and Table S2.

SOD1 as a Pivotal Indicator for the Severity of
COVID-19. To compare the dysregulated proteins among the
different clinical disease status groups, we performed the GSEA

Figure 4. GSEA of the dysregulated proteins in the different clinical stages of COVID-19. Plots of running-sum statistics are shown. (A) GSEA of
MS vs HC groups, (B) GSEA of SSEP vs HC groups, and (C) GSEA of SSEP vs MS groups; the bar codes indicate the encountered proteins in the
pivotal pathways. (D) Venn diagram showing the intersections of the core proteins identified by GSEA between (among) the three pairs of disease
stages. SOD1 is the only core protein that contributed to the core enrichment of all the pivotal pathways in GSEA of both SSEP vs MS and MS vs
HC groups.
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on the MS versus HC groups, the SSEP versus HC groups, and
the SSEP versus MS group. The top 10 enriched pathways
(with the highest P-value) in the three GSEAs were designated
as the pivotal pathways; the corresponding running enrichment
scores are shown in Figure 4A−C. These results indicated that
biological alterations across different COVID-19 stages were
clustered in the cytoplasm-associated pathways; details of the
core enrichment sites are provided in Supporting Information
Tables S3−S5. We defined the proteins present in the core
enrichment sites of all the pivotal pathways of a GSEA as the
core proteins, and then focused on the intersections of core
proteins between any two GSEAs. As shown in Figure 4, SOD1
was the only protein that contributed to the core enrichment
of the pivotal pathways in GSEA of both the MS versus HC
groups and the SSEP versus MS groups, suggesting that SOD1
was a pivotal indicator for the severity of COVID-19.
Verification of Protein Expression Levels by ELISA. To

validate the accuracy of the MS data, we analyzed the levels of
three proteins (SOD1, LDHA, and PRDX2) in individual
plasma samples by ELISA. Detailed information for the
samples is listed in Tables 1 and S6. We found that SOD1
levels were significantly changed in the MS and SS groups, but
not in the NS group. PRDX2 and LDHA levels were increased
in the SS group, but not in the other groups (Figure 5). Thus,
the results of the ELISA analyses were consistent with the MS
data.
SOD1 was Used to Distinguish Patients with

Infections from HCs. The ROC analysis demonstrated the
value of SOD1 for distinguishing patients with SARS-CoV-2
infection from HCs, with a specificity and sensitivity of 89.5%
and 88.9%, respectively, and an area under curve (AUC) of
90.9% (Figure 6A). Furthermore, SOD1 was shown to
distinguish the MS group from the HC group with a specificity
and sensitivity of 89.5 and 81.0%, respectively. SOD1 was also
shown to distinguish the SS group from the HC group with a

specificity and sensitivity of 100% (Figure 6B,C). In contrast,
the ROC curve analysis showed that the specificity and
sensitivity of PRDX2 and LDHA for distinguishing patients
with SARS-CoV-2 infection from HCs were less than those of
SOD1 (Figure S3). Pearson correlation analysis of plasma
SOD1 levels and the clinical stages of COVID-19 indicated
that the plasma SOD1 was negatively correlated with
potassium (R = −0.58, P = 0.012), but positively correlated
with γ-glutamyl transpeptidase (GGT) (R = 0.67, P = 0.024)
and PaCO2 (R = 0.57, P = 0.013) in SARS-CoV-2-infected
patients (Figure 5D−F). These results indicated that plasma
SOD1 levels can be used to distinguish patients with COVID-
19 from HCs.

■ DISCUSSION

In this study, we used the TMT-labeling approach to analyze
the correlation between the proteomic changes and clinical
symptoms of patients with SARS-CoV-2 infection, including
those in asymptomatic, mild symptoms, and severe symptoms
in the early and later phases. Compared with HCs, we detected
changes in hundreds of plasma protein levels in patients with
SARS-CoV-2 infection, even in the NS group. Age was one of
the important risk factors for the severity of COVID-19
disease;20 while average age in each group we used was
different, this could be a potential limitation for this study.
Further analysis revealed a high level of similarity in the GO
annotations for the changed proteins in the NS, MS, and SSLP
groups. The roles of these proteomic changes in SARS-CoV-2-
infected individuals, including asymptomatic individuals,
require further clarification.
It was reported that oxidative stress-induced cellular damage

serves an important role in the respiratory viral infection.21

Oxidative stress is considered as one of the key mechanisms
responsible for disease severity of COVID-19.22,23 Only little
information was available about the relationship between

Figure 5. ELISA validation of dysregulated proteins identified by mass spectrometry. Plasma proteins from HCs (n = 19), asymptomatic (NS, n =
24), and MS (n = 20), and severe syndrome (SS, n = 15) patients were verified by ELISA analysis. (A) SOD1, (B) PRDX2, and (C) LDHA were
analyzed using an unpaired student’s t-tests for the significance comparison; *P < 0.05, **P < 0.01.
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oxidative stress and COVID-19 disease.24,25 SARS-CoV-2
enters the host cell mainly via the cell surface enzyme
angiotensin-converting enzyme 2 (ACE2), which plays a
pivotal role in the conversion of angiotensin II (ANG II) to
ANG-(1−7). The interaction of Ang-(1−7) with its receptor
Mas plays an important role in the balance between reactive
oxygen species (ROS) production and antioxidant capacity.26

Endocytosis of SARS-CoV-2 particles results in the down-
regulation of active ACE2 and increased ANG II.27 Thus,
SARS-CoV-2 infection induces severe inflammation and ROS
production, which trigger damage to the infected organs.
Superoxide dismutases (SODs) and peroxiredoxin family
members (PRXs) function as antioxidant enzymes.28 A recent
study using a single-cell RNA sequencing method indicated
that SOD3 was downregulated in lung cells from COVID-19
patients.24 However, the roles of antioxidant enzymes in the
human body after infection with SARS-CoV-2 remain to be
fully elucidated. In our study, we found that SOD1 and
PRDX2 were enriched in the plasma of COVID-19 patients,
especially in severe cases. Our GSEA of both the MS versus
HC groups and the SSEP versus MS groups also revealed
dysregulation of SOD1. Given that SOD1 was the only protein
found to contribute to the pivotal pathways in GSEA of both
the SSEP versus MS groups and the MS versus HC groups, we
hypothesized that SOD1 is the crucial link between the
different progressive stages of COVID19. Experimental
validation (ELISA) of SOD1 levels also showed that SOD1

offers a relatively high AUC (>0.9) in distinguishing infected
individuals from HCs, which further corroborated the GSEA
results. Thus, these findings indicate that the oxidative stress
balance is disrupted after infection with SARS-CoV-2. In
addition, it was reported that hypokalemia is associated with
the severe progression of COVID-19.29 In our study, we found
that SOD1 was negatively associated with the plasma
potassium levels in patients with COVID-19 pneumonia. It
can be speculated that the combination of plasma levels of
potassium and SOD1 may be a more sensitive indicator of the
progression of COVID-19. Thus, SOD1 could be an important
indicator for the prediction of disease severity in COVID-19.
However, only a small number of patients were enrolled in this
study and this association remains to be confirmed in a larger
cohort study.
COVID-19 research is complicated by the diversity of

symptoms exhibited by individuals infected by SARS-CoV-2.
Type 2 diabetes (T2D) and other metabolic conditions closely
related to elevated glucose levels are among the risk factors for
severe symptoms.30,31 It has been confirmed that glycolysis is
necessary for the replication of SARS-CoV-2 and glycolysis-
related genes are upregulated during infection.32 Clinical
evidence has also proven that glucose control is a useful
strategy to improve outcomes for COVID-19 patients.31 In this
study, we also found that glycolysis-related protein levels were
increased in COVID-19 patients compared with those in HCs.
Alpha-enolase (ENO1) is a multifunctional protein that is not

Figure 6. Pivotal roles of SOD1 in the progression of COVID-19. ROC curves revealed the distinguishing ability of SOD1 for COVID-19 infection.
(A) Distinguishing patients with SARS-CoV-2 infections from HCs: specificity = 89.5%, sensitivity = 88.9%, AUC = 90.9%. (B) Distinguishing
patients with MS from HCs: specificity = 89.5%, sensitivity = 81.0%, AUC = 86.0%. (C) Distinguishing severe syndrome (SS) from HCs: specificity
= 89.5%, sensitivity = 100%, AUC = 97.9%. Plasma SOD1 level was associated with potassium, GGT and PaCO2. (D) Plasma SOD1 levels were
negatively correlated with potassium (R = −0.58, P = 0.012) in SARS-CoV-2-infected individuals. (E) Plasma SOD1 level was positively correlated
with GGT (R = 0.67, P = 0.024) in SARS-CoV-2-infected individuals. (F) Plasma SOD1 levels were positively correlated with PaCO2 (R = 0.57, P
= 0.013) in SARS-CoV-2-infected individuals.
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only a glycolytic enzyme, but also functions as a heat-shock
protein and a hypoxic stress protein. The roles of ENO1 in the
replication and infection processes of different viruses are
unclear. However, ENO1 has been identified as a negative
regulatory factor for HIV-1 reverse transcription.33 Our
proteomic analysis revealed that plasma ENO1 levels were
increased in COVID-19 patients, thus indicating that ENO1
also plays a role in SARS-CoV-2 infection.
As a component of both innate and adaptive immunity, the

complement system plays a critical role in the detection and
removal of invading pathogens.34,35 Both in vivo and in vitro
studies have suggested that complement activation is involved
in the pathogenesis and severity of COVID-19.34 Compared
with wild-type mice, lung injury and weight loss were
significantly reduced in C3−/− mice after infection with
SARS-CoV-2.36 Multiple therapeutic agents that inhibit
complement activation are being investigated and show
promise for the treatment of COVID-19.37 However,
regulation of the complement system and the most appropriate
point for effective complement intervention remain to be
established. Our proteomic analysis also revealed dysregulation
of the complement system, with decreased levels of C1q and
C3 and increased levels of C9 in the plasma of COVID-19
patients compared with those in HCs. Thus, the use of
complement activation inhibitors should be applied with
caution.

■ CONCLUSIONS

In this study, we conducted a comprehensive proteomic study
on the plasma of COVID-19 patients with a range of clinical
symptoms. Our results indicated that the landscape of proteins
changes after infection with SARS-CoV-2. The dysregulated
pathways involved should be carefully considered when
COVID-19 patients are diagnosed and treated. In particular,
oxidative stress and SOD1 may play an important role in the
stage of disease after infection by SARS-CoV-2.
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