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Objective: We used public data to analyze the proteomics, metabolomics and transcrip-
tomics characteristics of COVID-19 patients to identify potential therapeutic targets. More
importantly, we also collected clinical data for verification to make the analysis results more
reliable.

Methods: Download the serum proteomics and metabolomics data of COVID-19 patients
and describe their changes in serum proteins and metabolites, and use bioinformatics analysis
methods to identify potential biomarkers and therapeutic targets. Finally, clinical data and
experimental data of cell infection were combined for verification.

Results: It was found that the serum apolipoprotein A1 (APOAL1) protein level in COVID-19
patients was down-regulated (log2FC =—0.39, false discovery rate (FDR) <0.001), and the degree
of reduction in the severe group was more significant (kruskal-test p = 2.5e-05). What is more,
APOAL was not only expressed lower in male patients (Wilcox-test p = 0.012), but also negatively
correlated with C-reactive protein (CRP, r =—0.37, p = 0.019). The experiment data from SARS-
CoV-2 infected cells further showed that the protein and transcript level of APOA1 gradually
decreased as the infection time increased, and the transcription level (log,FC=-8.3, FDR =0.0015)
was more down-regulated than protein level (log2FC = —0.95, FDR = 0.0014). More importantly,
the collected clinical data also confirmed that APOA1 was down-regulated in COVID-19 patients
(kruskal-test p = 0.001), and APOAL levels are negatively correlated with IL6 (r = —0.396, p =
2.22e-07), D-dimers (DD, r = —0.262, p = 8.19¢-04), prothrombin time (PT, r =—0.464, p = 6.68e-
10) and thrombin time (TT, r =—0.279, p = 3.46e-04).

Conclusion: The degree of down-regulation of APOAL1 is positively correlated with the
severity of COVID-19, and the expression level of APOA1 is negatively correlated with
CRP, IL6, DD, PT, TT, and positively correlated with HD and LDL. This indicates that
APOA1 may be a key molecule in tandem acute inflammatory response, coagulation
abnormalities and cholesterol metabolism disorder in COVID-19, and could be a potential
therapeutic target.
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Introduction

Coronavirus disease 2019 (COVID-19) is a rapidly spreading disease caused by severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2). It was first discovered in
Wuhan, China, and has rapidly spread and become a major global disease." According
to the World Health Organization (WHO, https://www.who.int/emergencies/diseases/
novel-coronavirus-2019), as of October 30, 2020, there were 44,351,506 confirmed

cases in 219 countries, including 1,171,255 deaths, and the number of infections is still

rising rapidly. While there are many clinical trials underway for COVID-19, there is no
specific vaccine or effective treatment.
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One of the known pathogenesis of COVID-19 is an exces-
sive inflammatory response,” a sharp increase in pro-
inflammatory cytokines, known as “cytokine storms”, leading
to respiratory distress and coagulation disorders in patients.
The patient developed elevated D-dimer, deep vein
thrombosis.* Cardiovascular injury has been reported in 20—
30% of COVID19 patients.” And hyperlipidemia and diabetes
impair immune responses and lead to persistent chronic
inflammation, which increases the risk of cardiovascular dis-
ease (CVD).%®

The application of proteomics and metabolomics research
technology has greatly promoted the progress of biological
research and is of great significance for the identification of
biomarkers.” " In this study, we performed a series of statis-
tical analyses based on the serum proteomics and metabolo-
mics data of COVID-19 patients to determine potential
therapeutic targets and find diagnostic biomarker. And verify
it in the proteome and transcriptome data of the SARS-CoV-2
infected cell experiment. Finally, combined with the clinical
data of the hospital, we successfully verified that the expression
of APOALI in the patient’s serum was significantly down-
regulated, and that the degree of decline was positively corre-
lated with the severity of the disease. This indicates that
APOAL1 is likely to be a potential therapeutic target for
COVID-19.

Methods
Publicly Available Data

Serum proteomic and metabolomic data for COVID-19
was downloaded from Shen et al.'' Only 41 COVID-19
patients and 18 healthy controls with both proteomic and
metabolomic data were included in the follow-up analysis.
Urine proteomic data for COVID-19 were downloaded
from Li et al,'? data from 6 patients and 32 healthy control
samples were included. Proteomic data and transcriptomic
data from SARS-CoV-2 infected cell experiments were

downloaded from Bojkova et al."?

Data Standardization
The “Metaboanalyst” website (https://www.metaboanalyst.

ca/)'* was used for data standardization. We removed the
feature of missing > 50% values, and replaced the missing
values with 1/5 of the minimum positive value of each
variable. Finally, we perform log transformations to stan-
dardize the data for subsequent analysis.

Gene Set Enrichment Analysis (GSEA)
GSEA (https://www.gsea-msigdb.org/gsea/msigdb)'® uses

gene expression matrices and gene function annotation
files to compare differences in gene function enrichment
between the two groups. In order to explore the potential
molecular mechanism of COVID-19 infection, GSEA was
used to compare the differences in the KEGG signaling
pathway between COVID-19 patients and healthy people.
Nominal p-value < 0.05 was considered statistically

significant.

Differential Analysis
“Limma” package'® was used for differential analysis, |
log2FC| > 0.25 and FDR < 0.05 were considered as the
cutoff values for differentially expressed proteins (DEPs)
screening. Volcano plot and heatmap were performed
through the corresponding package of R (version 3.6.3).
In addition, function enrichment analysis was carried out
by the Metascape website (https://metascape.org/gp/index.

html)."”

Weighted Gene Co-Expression Network

Analysis (WGCNA)
WGCNA'® can identify highly synergistically altered gene

sets and identify potential biomarker genes or therapeutic
targets based on their internal connectivity and association
with phenotypes. Therefore, the “WGCNA” package was
used to put the features with similar expression patterns
into the module by average linkage clustering to identify
gene modules related to clinical traits.

Protein-Protein Interaction Networks
(PP)

The intersection of the significant module and the differentially
expressed proteins were used for subsequent analysis. The PPI
network was retrieved from STRING (https:/string-db.org/)"’
website and visualized by Cytoscape software (version
3.6.0).%° The “CytoHubba™*' plug-in, which can use 12 differ-
ent algorithms to calculate the importance of each point, were

used to find important features. Besides, the plug-in of
“MCODE"** was used to find clusters based on topology to
locate densely connected regions. SPSS (Version 24.0) was
used to calculate the poisson correlation. |Correlation coeffi-
cient (r)| > 0.2 and p < 0.05 were selected.
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Clinical Data Collection

We retrospectively collected blood test data of inpatients
in Zhongnan Hospital of Wuhan University from
January 20 to March 20. First, we screened patients with
confirmed COVID-19. Then we screened out the data of
160 COVID-19 patients who have tested APOA1, APOB,
HDL, LDL, APTT, TT, PT, DD and IL6 at the same time,
of which 6 patients were diagnosed with severe pneumo-
nia. At the same time, we also collected 31 healthy control
of ApoAl, APOB, HDL and LDL blood test data during

routine health examination in January 2020.

Ethical Approval

This study was reviewed and approved by the Ethical
Committee of Zhongnan Hospital of Wuhan University.
This was a retrospective study, written informed consent
was waived by the Ethics Commission of the designated
hospital for emerging infectious diseases. The data was
kept confidential and complies with the Declaration of
Helsinki.

Results
GSEA: Changes in Signaling Pathways in
COVID-19 Patients

The serum proteome data of Shen et al were analyzed by
GSEA to explore the changes in the KEGG signaling
pathway between COVID-19 patients and healthy con-
trols. Among them, 7 pathways were significantly differ-
ent. The two KEGG signaling pathways, complement and
coagulation cascade and systemic lupus erythematosus,
were significantly up-regulated in COVID-19 patients
(Figure 1A and B). Pathways in cancer, ECM receptor
interaction, focal adhesion, chemokine and TGF- signal-
ing pathway were significantly down-regulated in healthy
people (Figure 1C—G). This indicates that these signaling
may be

pathways related to the pathogenesis of

COVID-19.

Differentially Expressed Proteins (DEPs)
Analysis of the differential expression of serum proteins in
COVID-19 patients showed that 67 proteins were up-

regulated and 44 proteins were down-regulated

(Figure 1H and I). Enrichment analysis showed that the
top three significantly enriched terms in up-regulated pro-

LR

teins were “acute inflammatory response”, “acute-phase

response” and ‘“negative regulation of proteolysis”

(Figure 1J). While in down-regulated proteins were

EEINNT3

“platelet degranulation”, “extracellular structure organiza-
tion” and “high-density lipoprotein particle remodeling”
(Figure 1K). These were consistent with the known exces-
sive inflammatory response and coagulation dysfunction in

patients with COVID-19.

WGCNA: Screening of Significant

Proteins

WGCNA was used to put the proteins with similar expres-
sion patterns into modules and analyzed the correlation
between each module and disease severity, gender, age and
BML. It was found that turquoise module was significantly
positively correlated with disease severity (r = 0.87, p =
2¢-18) and had the highest connectivity (r = 0.94, p =1.8e-
115) (Figure 2A-D). The turquoise module contains 245
proteins, of which 116 proteins with p < 0.05 were con-
sidered as significant proteins. The enrichment analysis
showed that the top three biological functions of signifi-
cant enrichment were “acute inflammatory response”,
“platelet degranulation”, and “regulation of insulin-like
growth factor (IGF) transport and uptake by insulin-like
growth factor Bi” (Figure 2E). These results further con-
firmed the important role of acute inflammation and plate-
let degranulation in the pathogenesis of COVID-19.

PPl Networks: Identify the Most

Important Protein

A total of 73 proteins with 111 DEPs and 116 significant
proteins intersections were used for subsequent analysis
(Figure 3A). The protein interaction network was con-
structed through the “String” website and introduced into
“Cytoscape” for visualization. “CytoHubba” plug-in was
used to screen the key genes in the PPI network. It was
found that APOA1 have the most significant among var-
ious algorithms. Figure 3B showed the top 5 notable
proteins in degree, betweenness, closeness, EcCentricity
and maximal clique centrality (MCC). Through the
“MCODE” plug-in, we obtained 3 modules. APOA1 was
present in MCODEI, which contains 22 proteins, and
enrichment analysis showed that it was significantly
related to “platelet degranulation” and ‘“acute phase
response” (Figure 3C and D). We further compared the
expression of APOA1 protein between different groups,
and found that the expression level of severe group was
the lowest (kruskal-test p = 2.5¢-05, Figure 3E). Moreover,
the APOA1 protein level of men was lower than that of

women (Wilcox-test p = 0.012, Figure 3F), and the
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Figure | Gene set enrichment analysis and differential analysis. (A—G) Significantly enriched KEGG signaling pathway between COVID-19 patients and healthy people. (H)
Serum proteome difference analysis volcano plot, the red dots indicate up-regulated, and the green dots indicate down-regulated (|log2FC| > 0.25 and FDR < 0.05). (I)
Heatmap, differentially expressed genes in COVID-19. (J) Functional enrichment analysis of 67 up-regulated proteins. (K) Functional enrichment analysis of 44 down-

regulated proteins.

expression of APOA1 was negatively correlated with CRP
(r=-0.37, p = 0.019, Figure 3G).

Serum Metabolome Analysis

In order to further understand the changes of related meta-
bolites, a difference analysis was carried out on the meta-
bolome data. 224 metabolites were differentially expressed
(DEMs, [log2FC| > 0.25, FDR < 0.05), of which 32 were
up-regulated and 192 were down-regulated (Figure 3H).

Subsequently, we analyzed the correlation between the
DEMs and APOAI1. 25 DEMs were significantly posi-
tively correlated with APOAI, and 3 were significantly
negatively correlated (r] > 0.2, p < 0.05, Figure 3I).
Among them, the top three with the highest correlation
are  docosahexaenoylcholine, 1-(1-alkenyl-palmitoyl)
-2-linoleoyl-GPC (P-16:0/18:2) and 1-(1-alkenyl-stearoyl)
-2-linoleoyl-GPE (P-18:0/18:2). These metabolites were
closely related to cholesterol metabolism.
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Urine Proteomic Verification

In the urine proteomic data of COVID-19 patients,
APOA1 was down-regulated as well (Wilcox-test p =
0.00058), which further confirms the analysis results of
plasma proteomics (Figure 4A).

Experimental Verification of SARS-CoV-2
Infected Cells

The analysis of the proteome and transcriptome data of the
SARS-CoV-2 infection cell experiment found that with the
increase of infection time, the protein and transcription
levels of APOA1 decreased significantly (Figure 4B and
C). In order to further understand the relevant transcrip-
tional regulation mechanism, the differential expression
analysis was carried out on the transcription data of trans-
fection 24h, and 99 genes were differentially expressed
(DEGs, [log2FC| >2, FDR < 0.05, Figure 4D). Next, the

correlation between DEGs and APOA1 protein expression
was analyzed (Jr] > 0.5, p < 0.05). It was found that these
DEGs were significantly correlated with APOA1 protein
expression, of which 77 down-regulated genes were sig-
nificantly positively correlated, and 22 up-regulated genes
were significantly negatively correlated (Figure 4E).
Enrichment analysis showed that “cholesterol homeosta-
sis”, “lysosome” and “signaling by WNT” were signifi-
cantly enriched in 77 genes positively correlated with
APOAL1 protein expression (Figure 4F). Meanwhile, “sig
regulation of the actin cytosketon by rho gtpases”, “plate-
let activation” and “salmonella infection” were signifi-

cantly enriched in 22 negatively related genes (Figure 4G).

Clinical Data Validation
In order to clinically verify the analysis results, blood test
data were collected from inpatients confirmed with
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turquoise module (p < 0.05). (B) The top 5 notable proteins in degree, betweenness, closeness, EcCentricity and maximal clique centrality (MCC). (C) The MCODEI
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COVID-19 in Zhongnan Hospital (Supplementary Data).
It was found that APOA1, APOB and LDL were all down-
regulated in patients, and the down-regulation was more

significant in severe patients (Figure 4H). The correlation
analysis of examination indexes of patients showed that

APOA1 was positively correlated with HDL (r = 0.876,
p = 7.45e-52) and LDL (r = 0.207, p = 0.0085), and
negatively correlated with IL6 (r = —0.396, p = 2.22e-
07), DD (R = —-0.262, p = 8.19¢-04), PT (r = —0.464, p =
6.68e-10) and TT (r = —0.279, p = 3.46e-04) (Figure 41).
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Figure 4 SARS-CoV-2 infection cell experiment and clinical data verification. (A) The expression level of APOALI in urine proteome (transformed by logl0). (B) Changes of
APOAL protein level in SARS-CoV-2 infection cell experiment with infection time. (C) Changes of APOAI transcription level in SARS-CoV-2 infection cell experiment with
infection time. (D) Transcriptome difference analysis volcano plot, red dots indicate up-regulated, green dots indicate down-regulated (|log2FC| > 2, FDR < 0.05). (E) 99
DEGs significantly related to APOAI protein expression. The color of the dot represents the value of log2FC, blue means down regulation, and red means up regulation.
Point size is negatively correlated with APOAI correlation p-value. (F) Functional enrichment analysis of 77 genes positively correlated with APOAI protein expression. (G)
Functional enrichment analysis of 22 genes negatively related to APOAI protein expression. (H) The expression levels of APOAI, APOB, HDL and LDL in different groups
in clinical data. (I) Correlation analysis of patient examination indexes in clinical data (|r] > 0.2, p < 0.05). The heatmap in the bottomleft represents -logl0 (p-value), the pie

chart in the topright represents the correlation coefficient, red represents positive correlation, blue represents negative correlation, and size represents |r|. *p<0.05,
##p<0.01, ***p<0.001.
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As we all known excessive inflammation, coagulation
dysfunction, and elevated IL6 and D-dimers were the
most common pathological features in patients with
COVID-19. This means that APOA1 was closely related
to the pathogenesis of COVID-19 and was likely to be
a potential therapeutic target.

Discussion
At present, COVID-19 has caused millions of deaths.
Although there are a large number of clinical trials in
progress, there is still a lack of effective treatment
methods.”> What is exciting is that many breakthrough
results have been achieved in the research of COVID-
19,*% but it is undeniable that we have not fully grasped
the pathogenic mechanism of this new virus.*® In this
study, we comprehensively analyzed the changes in the
serum proteome and metabolome of COVID-19 to explore
the underlying pathogenesis and therapeutic targets.
Moreover, we also used SARS-CoV-2 infected cell experi-
mental data and COVID-19 patient’s clinical examination
data for experimental and clinical verification. It was
found that the APOA1 protein level and transcription
level of patients were down-regulated, and the transcrip-
tion level was down-regulated more significantly. What’s
more, the more severe the disease, the lower the expres-
sion level of APOAL.

We used bioinformatics to analyze the serum proteome
and metabolome data of COVID-19 patients from Shen
et al. GSEA analysis shown that the two KEGG signaling
pathways, “complement and coagulation cascade” and
“systemic lupus erythematosus”, were significantly
enriched in COVID-19 patients. The enrichment analysis
of DEPs showed that the up-regulated proteins were
mainly related to “acute inflammatory response”, and the
down-regulated proteins were mainly related to “platelet
degranulation”. In addition, the subsequent gene enrich-
ment results were highly consistent with these. According
to reports, invasive inflammation caused by virus replica-
tion was the main pathogenic mechanism of SARS-CoV
infection.?” In COVID-19, patients’ inflammatory markers
also increased significantly,”® and even cytokine storm
appeared.” Moreover, COVID-19 patients have also
been reported to be at high risk of thrombotic complica-
tions, especially in critically ill patients.**® These indi-
that
thromboembolism were

inflammation and
both
mechanisms of SRSA-Cov-2, which are consistent with

cated acute venous

important pathogenic

our analysis results.

Further analysis showed that APOA1 was not only
differentially expressed in COVID-19 patients, but also
negatively related to the severity of the disease, which
was a critical protein in COVID-19. The serum protein
data of Shen et al'' shown that APOA1 was down-
regulated in COVID-19 patients, and down-regulated
more significantly in critically ill patients and men, and
its expression level was negatively correlated with CRP.
Analysis of APOAI related metabolites found that these
metabolites were closely related to cholesterol metabo-
lism. Furthermore, the clinical data we collected further
showed that APOA1 was down-regulated more signifi-
cantly in severe patients, and its expression level was
positively correlated with HDL and LDL, and negatively
correlated with IL6, DD, PT, and TT. CRP reflected the
patient’s acute inflammatory response, and IL6 was a key
factor in the cytokine storm caused by excessive inflam-
mation. IL6 and CRP were important indicators to assess
the severity of patients and predict the outcome.>' DD, PT,
and TT reflected the coagulation and fibrinolysis status.
Abnormal coagulation was also a common complication of
COVID-19 patients, and it was positively related to the
risk of death.*> The most common coagulation abnormal-
ities in COVID-19 patients were elevated DD and PT.*
Low levels of HDL and LDL have been reported to
increase the risk of COVID-19 developing into a serious
event.** 3¢ Studies have suggested that targeting lipid rafts
could be a potential therapy for COVID-19.?” Excitingly,
our analysis results were completely consistent with the
reported articles, which further confirmed the correctness
of our analysis results. APOA1 was closely related to
acute inflammation, cytokine storm, coagulation abnorm-
alities and cholesterol metabolism. It concatenated non-
specific symptoms of COVID-19 and was likely to be
a key molecule in unraveling the pathogenesis of
COVID-19.

APOAL is a major protein component of HDL, which
promotes the extranodation of cholesterol from tissues to the
liver, and is involved in inflammatory response and immune
regulation.’® APOALI can regulate platelet activity and was
used in the treatment of atherosclerosis.**** Moreover, it has
been found that APOALI has antiviral activity*' which not
only shows host defense function in Yersinia enterocolitis,**
but also targets lysosomal membrane to promote the disso-
lution of trypanosomes.** However, the inhibitory effect of
APOAT1 on SARS-CoV-2 has not been realized.

In summary, using bioinformatics analysis and com-
bined with sarS-COV-2 infected cell experiments and
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clinical data, we found that the expression level of APOA
was negatively correlated with the severity of COVID-19
patients, and significantly correlated with acute inflamma-
tion, coagulation abnormalities, and cholesterol metabo-
lism disorder caused by SARS-COV-2 infection. APOA1
is likely to be a key molecule in decoding the pathogenesis
of SARS-COV-2 and a potential target for the treatment of
COVID-19. In the current study, the potential link between
APOA1 and COVID-19 pathogenesis was clearly pro-
posed for the first time. However, the research is limited
to sample size for data analysis and theoretical verifica-
tion, and further study was needed. The research can
provide new biomarker and target for diagnosis and treat-
ment of severe COVID-19.
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