CDDpress

ARTICLE

www.nature.com/cddis

W) Check for updates

Plasma proteomic and metabolomic characterization of COVID-
19 survivors 6 months after discharge

Hongwei Li'®, Xue Li
Huaiyong Chen (%357

© The Author(s) 2022

238 Qian Wu'?®, Xing Wang'®, Zhonghua Qin* Yaguo Wang®, Yanbin He®, Qi Wu

X e >}
% Li Li®"”™ and

Coronavirus disease 2019 (COVID-19) has gained prominence as a global pandemic. Studies have suggested that systemic
alterations persist in a considerable proportion of COVID-19 patients after hospital discharge. We used proteomic and metabolomic
approaches to analyze plasma samples obtained from 30 healthy subjects and 54 COVID-19 survivors 6 months after discharge
from the hospital, including 30 non-severe and 24 severe patients. Through this analysis, we identified 1019 proteins and 1091
metabolites. The differentially expressed proteins and metabolites were then subjected to Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes pathway enrichment analysis. Among the patients evaluated, 41% of COVID-19 survivors reported at least
one clinical symptom and 26.5% showed lung imaging abnormalities at 6 months after discharge. Plasma proteomics and
metabolomics analysis showed that COVID-19 survivors differed from healthy control subjects in terms of the extracellular matrix,
immune response, and hemostasis pathways. COVID-19 survivors also exhibited abnormal lipid metabolism, disordered immune
response, and changes in pulmonary fibrosis-related proteins. COVID-19 survivors show persistent proteomic and metabolomic
abnormalities 6 months after discharge from the hospital. Hence, the recovery period for COVID-19 survivors may be longer.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has emerged as
a global pandemic. The disease has been responsible for more
than 336 million infections and >5.5 million deaths worldwide by
January 19, 2022. Supportive care has been provided for the
treatment of patients with COVID-19 [1]. With quick and focused
research, a variety of antiviral treatments have been clinically
tested and a large-scale COVID-19 vaccination program has been
implemented. Thus, the global response to COVID-19 prevention,
diagnosis, and treatment has made certain progress [2-6].
However, it is important to investigate the long-term effects of
SARS-CoV-2 infection and associated clinical treatments. Patients
who survived the SARS pandemic of 2003 were reported to exhibit
a poor quality of life 12 years after infection; they were susceptible
to lung infections and presented with hyperlipidemia, cardiovas-
cular abnormalities, and other sequelae [7]. Approximately 1 in 10
COVID-19 survivors presented with weakness, palpitation, and
dyspnea 3 months after hospital discharge, with half of them
exhibiting decreased pulmonary diffusion function [8]. A bidirec-
tional cohort study comprising 1733 COVID-19 survivors indicated
that three-quarters of the survivors presented with at least a single
typical symptom associated with SARS-CoV-2 infection, such as
sleep disorders and psychological problems, in addition to fatigue

or muscle weakness, 6 months after hospital discharge [9]. A study
of more than 87,000 patients with COVID-19 and nearly 5 million
healthy controls showed that the risk of death of COVID-19
survivors in the following 6 months is increased by nearly 60% in
addition to the presence of long-term effects affecting almost
every system such as the respiratory system, nervous system,
mental health, metabolism, cardiovascular system, gastrointestinal
system, kidney, blood coagulation regulation, and musculoskeletal
system [10]. These studies strongly suggested that systemic
alterations continued in a considerable proportion of patients with
COVID-19 after hospital discharge. It is thus essential to determine
the molecular mechanisms underlying these alterations. Omics
technologies, including proteomics and metabolomics, can
provide a powerful platform for the study of disease-associated
changes in proteins and metabolites in human tissues and fluids,
including plasma and urine [11]. Proteomics and metabolomics
have important applications in the study of viral infections and
communicable diseases [11-13]. The use of proteomics and
metabonomic technology can help reveal the pathogenesis of
viral infections and provide new targets for the development of
treatment strategies and biomarkers. Using these quantitative
omics tools, researchers have successfully explored many lesser-
known aspects of COVID-19 [14-16]. Tian et al. revealed
the occurrence of immunosuppression in patients shortly after
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Overview of the study design. A Flow chart of inclusion and exclusion for COVID-19 patients enrolled in this study. B Schematic

summary of the study design and patient cohort. C PCA plot of the proteomics data from the plasma samples. Each dot represents one
plasma sample, color-coded for the different groups. Green, yellow, and red data points are healthy control subjects and non-severe and
severe COVID-19 survivors at 6 months after discharge, respectively. D PCA plot of the metabolomics data from the plasma samples. Each dot
represents one plasma sample, color-coded for the different groups as described for panel (C).

SARS-CoV-2 infection, followed by immune overactivation, which
contributed to multiple organ damage, especially in patients with
severe COVID-19 [17]. The plasma metabolomics of survivors with
abnormal pulmonary function derived from COVID-19 is signifi-
cantly different from that of healthy controls or those with normal
pulmonary function after 3 months of discharge [18].

In this study, we used a quantitative proteomic and metabo-
lomic approach to analyze plasma samples obtained from healthy
subjects and COVID-19 survivors 6 months after discharge.
Proteomic analysis results revealed that the extracellular matrix,
immunity, and homeostasis showed abnormalities in COVID-19
survivors compared with healthy subjects. Moreover, metabolo-
mics analysis results indicated the existence of altered lipid
metabolism in COVID-19 survivors. These results suggested that
long-term recovery might occur in COVID-19 survivors.

RESULTS

Demographic and clinical features of COVID-19 survivors

6 months after discharge

We collected the information on 54 COVID-19 survivors 6 months
after discharge, including 30 non-severe and 24 severe patients
(Fig. TA). We observed that the mean age of patients with COVID-
19 was 48+ 15.88 years; 31 patients (57%) were men and 23
patients (43%) were women. The main comorbidity was hyperten-
sion (20%), followed by diabetes (13%) and coronary heart disease
(9%).

At follow-up examination 6 months after discharge, we found
that 22 patients with COVID-19 continued to exhibit at least a
single clinical symptom (41%), including 13 severe patients (54%)
and 9 non-severe patients (30%). The main symptoms among the
patients were fatigue (22%), exertional dyspnea (20%), muscular
soreness (17%), and smell and taste dysfunction (9%). Other
symptoms included cough (7%), loss of appetite (7%), sore throat
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(6%), nausea (6%), and abdominal pain and diarrhea (6%). Seven
COVID-19 survivors at 6 months after discharge showed an mMRC
score of =1 (13%), including 1 non-severe (3%) and 6 severe
patients (25%). Fourteen COVID-19 survivors at 6 months after
discharge showed a Borg score [19] of =1 (26%), including 4 non-
severe (13%) and 10 severe patients (42%).

In terms of treatment, the proportions of antibiotics and
hormones used in severe patients (96%, 42%, respectively), were
higher than that in non-severe patients (43%, 7%, respectively).

We also matched 30 healthy subjects with similar demographic
characteristics for establishment of the healthy control group. The
demographic characteristics and clinical symptoms of the 54
patients and 30 healthy controls have been summarized in Table 1.
Thirteen COVID-19 patients (26.5%) still had chest high-resolution
computed tomography abnormalities at 6 months after discharge,
including 1 non-severe patient (3.6%) and 12 severe patients
(57.1%). The difference between the two groups was significant
(Table 2).

Plasma proteomic and metabolomic profiling of COVID-19
survivors 6 months after discharge

We used the data-independent acquisition (DIA) proteomics
strategy and targeted metabolomics approach to analyze
undepleted plasma from 84 individuals (Fig. 1B). Overall, 1019
proteins were quantified and 1091 metabolites were identified
through a compound library search. The coefficient of variation
(CV) values of 92% of proteins were demonstrated to be <30%
(Fig. S1A) in QC samples and meanwhile, the CV values of 82 and
95% metabolites were <20 and 30%, respectively (Fig. S1B). The
median CVs for the proteomic and metabolomic data were 12 and
10%, respectively (Fig. S1C). These results indicate that the MS
data were highly consistent and reproducible. PCA of quantified
proteins revealed that there were significant alterations in the
COVID-19 survivors’ group (including severe and non-severe
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Table 1.

Healthy
Control (n = 30)

Characteristics

Sex - no. (%)

Male 17 (57%)
Female 13 (43%)
Age - year

Mean =+ SD. 46 + 6.47
Range 36-59

Smoke - no. (%)
Alcohol - no. (%)
Comorbidity - no. (%)
Hypertension

Diabetes

Coronary heart disease
Symptoms - no. (%)
Fatigue

Exertional dyspnea
Muscular soreness
Smell and taste dysfunction
Cough

Loss of appetite

Sore throat

Nausea

Abdominal pain and diarrhea
mMRC score

0

21

Borg score

0

21

Treatment - no. (%)
Antibiotics

Antiviral drug

Chinese medicine
Hormone

Table 2. Comparison of Chest HRCT between Non-severe and Severe
Groups 6 months after discharge.

Chest HRCT  Non-severe Severe p value
(N = 28) (%) (N =21) (%)
Abnormal 1 (3.6%) 12 (57.1%) 2.63
E-05

group) compared to the healthy controls (Fig. 1C). However, the
distinction between severe survivors and non-severe survivors
among COVID-19 patients was not significant. Metabolome
analysis also showed that the COVID-19 survivor and healthy
groups were obviously distinct, and the difference between the
non-severe and severe groups was relatively small (Fig. 1D).

A total of 272 differentially expressed proteins (DEPs) were
identified between the COVID-19 survivors (including severe and
non-severe) and healthy control group, of which 35 were up-
regulated and 137 were down-regulated (Fig. S2A). The result of
PCA analysis indicated that the DEPs generated by the compar-
isons could effectively distinguish between the COVID-19 survivors
and the healthy controls (Fig. S2B). In the COVID-19 survivors, the
heterogeneity of patients is large, and it is difficult to distinguish
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Demographics and Clinical Characteristics of COVID-19 Patients 6 months after discharge and Healthy Control.

COVID-19
Total Non-sever (n =30) Severe
(n=54) (n=24)
31 (57%) 17 (57%) 14 (58%)
23 (43%) 13 (43%) 10 (42%)
48 + 15.88 43+15.18 55+ 14.28
19-89 19-89 28-79
5 (9%) 2 (7%) 3 (13%)
5 (9%) 2 (7%) 3 (13%)
18 (33%) 6 (20%) 12 (50%)
11 (20%) 5 (17%) 6 (25%)
7 (13%) 1 (3%) 6 (25%)
5 (9%) 0 (0%) 5 (21%)
22 (41%) 9 (30%) 13 (54%)
12 (22%) 5 (17%) 7 (29%)
11 (20%) 4 (13%) 7 (29%)
9 (17%) 4 (13%) 5 (21%)
5 (9%) 1 (3%) 4 (17%)
4 (7%) 2 (7%) 2 (8%)
4 (7%) 0 (0%) 4 (17%)
3 (6%) 3 (10%) 0 (0%)
3 (6%) 1 (3%) 2 (8%)
3 (6%) 1 (3%) 2 (8%)
47 (87%) 29 (97%) 18 (75%)
7 (13%) 1 (3%) 6 (25%)
40 (74%) 26 (87%) 14 (58%)
14 (26%) 4 (13%) 10 (42%)
36 (67%) 13 (43%) 23 (96%)
53 (98%) 29 (97%) 24 (100%)
53 (98%) 30 (100%) 23 (96%)
12 (22%) 2 (7%) 10 (42%)

between severe and non-severe patients. To further understand
the function of DEPs and their involvement in biological
processes, GO biological processes (BP) and Reactome gene sets
were applied using Metascape (Fig. S3 and Table S4). The top 20
enrichment function terms showed that the DEPs in COVID-19
survivors compared to in healthy controls were mainly involved in
biological processes associated with the extracellular matrix (ECM),
immunological response, and hemostasis (Fig. S3A). The ECM
pathway includes extracellular structure organization, collagen
metabolic process, and regulated exocytosis. Immunological
responses include humoral immune response, leukocyte migra-
tion, acute-phase response, and initial triggering of complement.
Hemostasis includes the formation of a fibrin clot (clotting
cascade) and complement and coagulation cascades. The network
result of enriched function terms showed that the functions of
hemostasis, immunological responses, and ECM are closely related
(Fig. S3B), and some key proteins are involved in these processes.
Heatmap visualization of the DEPs revealed that three main
pathways were enriched (Fig. 2A).

In COVID-19 survivors compared with healthy controls, 453
metabolites with VIP values >1 accounted for 41.52% of all
metabolites detected. Then, according to the screening criteria for
significantly differential metabolites (DEMs) discussed in the
Methods section, a total of 135 significant DEMs were detected
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Fig.2 Proteomic profiling of plasma samples obtained from COVID-19 survivors 6 months after discharge and healthy control subjects.
A Heatmap visualization of significantly differentially expressed proteins (DEPs) whose regulation concentrated on three enriched pathways. The
graphs show the relative intensity of DEPs. Proteins included in the heatmap meet the requirement that fold-change >1.5 or <0.67 and p value (t
test) of <0.05. p values were then adjusted using the Benjamini-Hochberg correction (false discovery rate, <0.05). The color bar represents the
relative intensity of identified proteins from —6 to 6. B The boxplots show six proteins, which are significantly different between COVID-19 survivors
6 months after discharge and healthy control subjects. Healthy group, n = 30; non-severe group, n = 30; severe group, n = 24. APOD apolipoprotein
D; APOM apolipoprotein M; C3 complement 3; FN1 fibronectin 1; NRP1 Neuropilin-1; TGFf1 transforming growth factor beta 1.
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Table 3. The Class of significantly different metabolites.

Class Count Proportion (n = 135)
Glycerides 103 76.3%

Oxidized lipids 16 11.85
Glycerophospholipids 6 4.44%

Amino acid and Its metabolisms 5 3.70%

Organicacid and Its derivatives 2 1.48%

Other 3 2.22%

between COVID-19 survivors and healthy controls, of which 118
were up-regulated and 17 were down-regulated (Fig. S4A). The
results of PCA were similar to those of plasma proteomics, and the
DEMs generated by the comparisons effectively distinguished
between COVID-19 survivors and healthy controls (Fig. S4B). These
DEMs included glycerides (76.30%), oxidized lipids (11.85%),
glycerophospholipids (GP, 4.44%), and amino acids and their
metabolites (3.70%) (Fig. S4C, Table 3). The results of the top 20
metabolites with high VIP values are shown in Fig. S4D. Heatmap
visualization of the DEMs showed the altered metabolites (Fig. 3A).

Altered lipid metabolism and disordered immune responses

Previous research showed that immunological responses and
hemostasis were associated with pathological processes in
patients with COVID-19 [20-24]. Our results suggested that
abnormalities in those pathways or processes persisted in
COVID-19 survivors 6 months after discharge and were thus
considered to be responsible for the occurrence of persistent
symptoms or increased risk associated with the symptoms
reported in those patients after recovery [9, 25]. As an important
constituent of humoral immunity, the complement system is
known to play a crucial role in COVID-19 infection. The present
study highlighted a decrease in the levels of complement C3 in
COVID-19 survivors 6 months after discharge (Fig. 2B). Interest-
ingly, a retrospective cohort study showed that reduced levels of
complement C3 were associated with poor prognosis in patients
with COVID-19 [26]. Neuropilin-1 (NRP1) is a host factor involved in
the establishment of SARS-CoV-2 infection and has been reported
to promote SARS-CoV-2 cell entry and increased infectivity
[27, 28]. Our study found that the levels of NRP1 were higher in
COVID-19 survivors compared with those in healthy controls
(Fig. 2B). Both leukotriene B4 (LTB4) and prostaglandin E2 (PGE2)
are derived from arachidonic acid and have been demonstrated to
affect the antiviral immune response [29]. Our analysis revealed
the downregulation of LTB4 expression and upregulation of PGE2
expression in COVID-19 survivors (Fig. 3B).

Levels of a variety of polyunsaturated fatty acid metabolites,
including 5-hydroxyeicosatetraenoic acid (5-HETE), 12-hydroxyeicos
atetraenoic acid (12-HETE), and 15-oxoeicosatetraenoic acid (15-
oxoETE), were downregulated in COVID-19 survivors (Fig. 3B).
Particularly, 5-HETE, which is the major metabolite produced by 5-
lipoxygenase, is involved in the biosynthesis of human leukocytes
[30, 31]. Furthermore, 12-HETE has been shown to exert anti-
inflammatory activity and to block the TNF-a induced secretion of IL-
6 by macrophages [32, 33]. Changes in the levels of 12-HETE have
also been observed in animal models of influenza A virus infection
[34]. 12-HETE may be involved in the inflammatory reaction process
after viral infection. Additionally, 15-oxoETE has been reported to
inhibit the proliferation of endothelial cells [35] and to mediate the
adhesion of monocytes to endothelial cells [36].

Patients with COVID-19 6 months after discharge exhibited
significantly higher levels of triglycerides (TG) than healthy
controls (Fig. 3B). Metabonomic studies of patients with acute
COVID-19 infection have also reported the existence of abnormal
levels of TG [16, 37]. We also found abnormalities in apolipopro-
tein levels in COVID-19 survivors 6 months after discharge;
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specifically, apolipoprotein D (APOD) and apolipoprotein M
(APOM) levels were demonstrated to be reduced (Fig. 2B). The
decrease in the levels of these two types of apolipoproteins was
also found in the proteomic analysis of patients with acute COVID-
19 infection [15]. Further, animal studies have found that APOD
deficiency is associated with elevated levels of triglycerides [38].

Abnormality of pulmonary fibrosis-related protein levels
Both transforming growth factor beta 1 (TGFf1) and fibronectin 1
(FN1) are known to be drivers of pulmonary fibrosis [39]. TGF31
expression was downregulated, whereas FN1 expression was
upregulated in COVID-19 survivors 6 months after discharge
(Fig. 2B). Particularly, TGFB1 has been found to promote the
differentiation of fibroblasts into myofibroblasts that produce
excessive extracellular matrix [40]. Excessive deposition of FN in
the extracellular matrix is known to be a major feature of
pulmonary fibrosis. The upregulation of the FN1 metabolite in
COVID-19 survivors may explain the residual imaging abnormal-
ities observed during the conduction of follow-up of patients with
COVID-19 [41-43].

Distinct profiles of severe and non-severe COVID-19 survivors
The protein and metabolic abundance matrix were processed
using the Mfuzz package to reveal the presence of 6 clusters each.
According to the experimental design, we only selected 2 types of
clusters for analysis. We observed that a single type of clusters
showed continuous and abundant upregulated (proteins: cluster-
up; and metabolite: cluster-up) expression in accordance with the
change in processing conditions (healthy-non-severe-severe)
(containing a total of 131 proteins that were included in the P1
protein set (Fig. 4A) and 152 metabolites that were included in the
M1 metabolite set (Fig. 4C)). We separately subjected proteins in
the P1 protein set to functional and pathway enrichment analyses.
GO and KEGG enrichment analysis results revealed that these
proteins played major roles in exocytosis regulation, response to
wounding, regulation of cell-substrate adhesion, positive regula-
tion of blood coagulation, and other processes (Fig. 4E, Table S5).
Hierarchical clustering results showed evident group differentia-
tion based on multiple components, including glycerides (GL), GP,
saccharolipids (SL), and organic acids and their derivatives,
according to the metabolites in the set with an abundance of
the M1 metabolite (Fig. 4G). We observed that another type of
clusters included those whose expression levels were significantly
downregulated (protein: cluster-down; and metabolite: cluster-
down) (containing a total of 135 proteins that were included in the
P2 protein set (Fig. 4B) and 20 metabolites that were included in
the M2 metabolite set M2 (Fig. 4D)). GO and KEGG enrichment
analysis revealed that these proteins played major roles in wound
healing, regulation of cell adhesion and platelet activation,
signaling, and aggregation (Fig. 4F, Table S6). Moreover, we found
that the expression of metabolites in the M2 metabolite set,
mainly including nucleotide and its metabolites (7 compounds),
GP (5 compounds), carnitine (3 compounds), which were low in
the severe group (Fig. 4H).

DISCUSSION
In this study, we analyzed the changes in plasma proteomics and
metabolomics of COVID-19 survivors 6 months after discharge
from the hospital and found that COVID-19 survivors exhibited
significant differences in the extracellular matrix, immune
response, and hemostasis pathways compared to the healthy
control subjects. COVID-19 survivors presented with abnormal
lipid metabolism, disordered immune responses, and changes in
pulmonary fibrosis-related proteins, 6 months after discharge.
Adults often present with an overexuberant systemic inflammation
in response to SARS-CoV-2 infection [44, 45], especially a severe
SARS-CoV-2 infection, which is dominated by a hyperactivated/
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exhausted immune response [20]. Single-cell sequencing was used to SARS-CoV-2 were not resolved in 6 months after discharge.
determine the dynamic nature of immune responses during the Arachidonic acid and other unsaturated fatty acids are proinflamma-
progression of COVID-19 [46]. COVID-19 survivors exhibited abnorm- tory components of the innate immune response and are known to
alities in immune response, complement, and hemostasis 6 months inactivate enveloped viruses and inhibit the proliferation of various
after discharge, suggesting that the immune abnormalities caused by microbial organisms [47, 48]. Leukotrienes can enhance the ability of
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Fig. 4 Expression profiles were analyzed according to protein and metabolic abundance between severe and non-severe COVID-
19 survivors 6 months after discharge. A-D The result of cluster analysis in processing conditions (Healthy-Non-severe-Severe) by the Mfuzz
package. The result of continuous up-regulation proteins (A) and continuous down-regulation proteins (B). Results of continuously up-
regulated metabolites (C) and continuously down-regulated metabolites (D). Numbers of proteins and metabolites are indicated for each
cluster. Color bar represents Z score change from —1 to 1. E, F Barplot for function enrichment result (including KEGG and GO) for up-
regulated proteins (E, protein cluster-up) and down-regulated proteins (F, protein cluster-down) (Top20); p value < 0.05 was identified as
significantly changed terms. The X axis shows the p value of each term, and Y axis shows the function terms. G, H Heatmap visualization of up-
regulated metabolites (G, metabolites cluster-up) and down-regulated metabolites (H, metabolites cluster-down) under the processing

conditions (healthy, non-severe, severe).

the immune system to eliminate microorganisms and to produce
antibacterial agents by regulating the innate immune response [49],
and may thus be potential therapeutic targets for COVID-19 [50]. The
production of PGE2 was found to increase in response to COVID-19,
suggesting the existence of a possible direct relationship between
the levels of PGE2 and the severity of the disease [51]. Likewise, the
abnormal arachidonic acid metabolites observed in our study might
have an impact on the prognosis of COVID-19 survivors.

COVID-19 survivors 6 months after discharge exhibited significant
lipid metabolism abnormalities. Studies have found that high levels
of TG might affect the progression and prognosis of COVID-19 [52].
The level of TG in severe and non-survivors of COVID-19 was
significantly higher than that in mild and survivors [53, 54]. Elevated
levels of TG have been reported to reduce the level of
immunoglobulin G that confers protection against COVID-19 [55]. A
decrease in the plasma level of APOM was associated with impaired
endothelial function, while a lack of APOM in mice caused
dysfunctional endothelial barrier function in the lungs [56]. Based
on these findings, lipid metabolism disorders observed in both acute
and survivors of COVID-19 infections warrant extensive investigation.

Residual lung lesions, especially pulmonary fibrosis, in patients
recovered from COVID-19, are noteworthy issues. Several studies
have reported the occurrence of lung injury in patients with acute
COVID-19 infection and early recovery [57]. The autopsy results of
COVID-19 cases have also revealed the presence of alveolar
damage and pulmonary fibrosis [58, 59]. Moreover, TGF(
expression was shown to be significantly increased in the serum
samples of patients with acute COVID-19 infection, especially in
severe type patients [60]. Furthermore, the concentration of FN
did not significantly increase in the serum of patients with acute
SARS-CoV-2 infection [61]. However, the mRNA and protein levels
of TGFB1 and FN1 were found to be increased in human epithelial
cells after 24 h of SARS-CoV-2 infection [39]. In the present study,
26.5% of COVID-19 survivors showed lung imaging abnormalities
at 6 months after discharge. While the serum proteomics showed
a decrease in the levels of TGFB1 and an increase in the levels of
FN1 in COVID-19 survivors 6 months after discharge. This might be
attributable to the fact that after half a year of SARS-CoV2
infection, although the profibrotic effect might have gradually
weakened, the increase in FN1 levels caused by early infection
might require more time to return to normalcy. Therefore, residual
lesions could be observed in the follow-up imaging of patients
6 months after discharge [9]. Hence, the follow-up imaging of
discharged patients with COVID-19 should be conducted for a
longer period.

This study had several limitations. First, due to the limited
number of follow-up patients, the sample size was small. Second,
we did not perform proteomics and metabolomics correlation
analysis in our patients during the phase of acute infection, and
thus we could not exactly evaluate whether there were differences
in proteomics or metabolomics results between these patients
during the acute infection and 6 months after discharge from the
hospital. However, our results show that apolipoprotein D (APOD)
and APOM levels were reduced in COVID-19 survivors 6 months
after discharge. A decrease in the levels of these two types of
apolipoproteins was also found in severe COVID-19 patients
during infection stage [15, 62]. This suggested that triglyceride
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metabolism is reduced in COVID-19 survivors until 6 months after
discharge. Compared with the healthy individuals, the level of
TGFB1 increased in the plasma of COVID-19 patients during acute
infection stage but decreased in COVID-19 survivors 6 months
after discharge [62]. Nonetheless, the high level of FN1 after
discharge indicated that fibrotic progression might still be a
concern. In addition, leukocyte migration, extracellular matrix
organization, and complement and coagulation cascades were all
altered during both the acute infection stage and 6 months after
discharge [14, 15].

In conclusion, findings of the present study suggest that COVID-
19 survivors show persistent proteomic and metabolomic
abnormalities 6 months after discharge from the hospital. Hence,
the recovery period for COVID-19 survivors may be longer.

MATERIALS AND METHODS

Subjects and study design

All participants were from the Haihe Hospital (Tianjin, China). We collected
a total of 84 plasma samples from 30 healthy people, 30 recovered non-
severe patients and 24 recovered severe patients. All the enrolled patients
met the diagnostic criteria, clinical classification, and discharge criteria of
the “Chinese Clinical Guidance for COVID-19 Pneumonia Diagnosis and
Treatment (7th edition)” published by the China National Health
Commission. According to the clinical symptoms, confirmed patients with
COVID-19 can be divided into the following 4 types: mild, moderate,
severe, and critical. Mild type: mild clinical symptoms without signs of
pneumonia on chest imaging; moderate type: fever and respiratory
symptoms, and radiologic signs of pneumonia; severe type: any of the
following four conditions: (1) shortness of breath, RR>30 times/min; (2)
oxygen saturation <93% at rest; (3) alveolar oxygen partial pressure/
fraction of inspiration O, (PaO,/FiO,) <300 mmHg (1 mmHg = 0.133 kPa);
(4) radiologic signs of significant progression of lesion >50% within
24-48 h; critical type: any of the following conditions: (1) respiratory failure
with a necessity of mechanical ventilation; (2) shock; (3) other organ
failures with a necessity of subjection to ICU monitoring and treatment. In
this study, 22 severe and 2 critical patients were included and categorized
as the severe group, whereas 30 moderate patients were categorized as
the non-severe group. Finally, 30 age-matched medical staff from the
Tianjin Haihe Hospital were recruited as healthy volunteers; subjects in this
group showed negative results in nucleic acid and antibody tests for SARS-
CoV-2 and without lung abnormalities (Fig. 1A).

General participant information, including age, sex, comorbidity, and
clinical treatment, was collected using a standard form. Furthermore, each
patient completed a symptom questionnaire regarding his or her clinical
symptoms at the follow-up examination 6 months after discharge. The
modified Medical Research Council (MMRC) scale and Borg scores were
also collected through a combination of questionnaires, as described
previously [63]. The mMRC scale was used to assess the degree of dyspnea
in a variety of respiratory diseases on a scale from 0 to 4. The Borg scores
showed verbal descriptions of the severity of dyspnea or fatigue, which
corresponded to specific numbers for intensities [19]. High-resolution
computed tomography (HRCT) of the chest was performed for 49 patients,
including 28 patients in the non-severe group and 21 in the severe group
using a Canon 64-slice helical CT scanner (Aquilion Prime 128, Canon
Medical Systems, Otawara, Japan). The acquired chest HRCT images were
interpreted by three radiologists.

Sample collection
All enrolled subjects were strictly fasted for 12 h and were prohibited from
drugs for 48 h before the collection of plasma samples. In the early

Cell Death and Disease (2022)13:235



morning, 5mL of venous blood was collected and the plasma was
obtained by centrifugation at 4 °C (2000 rpm, 10 min). Each plasma sample
was split into four fractions, two of them for proteome analysis (library
construction and sample assay) and two for metabolome analysis
(hydrophilic and hydrophobic analysis). Then, all plasma samples were
stored in a refrigerator at —80 °C for proteomic and metabolomic analysis
(Fig. 1B).

Sample preparation for proteome analysis

Plasma from each sample was mixed with the reaction solution buffer (1%
sodium deoxycholate, 10 mM tris(2-carboxyethyl) phosphine hydrochlor-
ide, 40 mM 2-chloroacetamide). The reaction was carried out at 56 °C for
30 min for protein denaturation, disulfide bond reduction, and cysteine SH
alkylation. The protein concentration was determined by Bradford method.
Then, each sample was diluted with an equal volume of H,0, and trypsin
was added at a ratio of 1:50 (enzyme: protein, w/w) and incubated
overnight at 37 °C for digestion. After centrifugation (12,000 x g, 15 min),
the supernatant was subjected to peptide purification using self-made
desalting columns. The peptide eluate was vacuum-dried and stored at
—20°C until use.

Construction of a COVID-19 plasma proteome spectral library
We constructed a COVID-19 plasma spectral library by pooling an equal
amount of peptide from each sample and re-dissolving them in buffer A
(2% acetonitrile, 0.1% formic acid). To ensure the cleanliness and high
quality of the library, the peptide mixture was desalted again using a
Gemini C18 column (5 um, 4.6 X 250 mm) and was eluted using high-pH
reverse-phase chromatography (LC-20AB liquid phase system). The
gradient elution was carried out at a flow rate of 1 mL/min: 5% mobile
phase B (95% acetonitrile, pH 9.8) for 10 min, 5-35% for 40 min, 35-95% for
1 min, 100% for 3 min, 5% mobile phase B equilibrated for 10 min. The
elution peak was monitored at 214 nm and a fraction was collected every
minute. Eluates were concatenated into 54 fractions, with which two or
three fractions every 20 fractions were mixed. For the resulting 20
fractions, each fraction was then analyzed in the data-dependent
acquisition (DDA) mode to construct a COVID-19 plasma spectral library.

Liquid chromatography-mass spectrometry for proteome
analysis

The peptides were redissolved in mobile phase A (2% acetonitrile, 0.1%
formic acid), centrifuged at 20,000 x g for 10 min and the supernatant was
separated using an UltiMate 3000 UHPLC system (Thermo, USA). Briefly,
the peptides entered the trap column for enrichment, then entered the
connected self-packed C18 column (1.8 um, 150 um x 350 cm) and were
separated at a flow rate of 500 nL/min. The peptides were eluted using the
following gradient: 0-5 min, 5% mobile phase B (98% acetonitrile, 0.1%
formic acid); 5-90 min, 5-25% mobile phase B; 90-100 min, 25-35%
mobile phase B; 100-108 min, 35-80% mobile phase B; 108-113 min, 80%
mobile phase B; 113-120 min, 5% mobile phase B. The peptides separated
by liquid phase were ionized using a nano ESI source and then connected
to a Q-Exactive HF tandem mass spectrometer (MS) (Thermo, USA).

To construct a COVID-19 plasma proteome spectral library, the
Q-Exactive HF instrument was operated in the DDA mode. The m/z range
of MS1 was 350-1500, the resolution was 120,000, and the maximum ion
injection time (MIT) was 100 ms. The top 20 precursors were selected for
the MS/MS experiment by higher-energy collision dissociation (HCD) with a
resolution of 30,000, MIT of 100 ms, and dynamic exclusion time of 30s.
The automatic gain control (AGC) was MS 3e6, MS/MS 1e5.

To analyze the plasma proteome in each subject, the Q Exactive HF
instrument was operated in the data-independent acquisition (DIA) mode
to switch between full-scan MS and MS/MS acquisition. The m/z range of
MS1 was 400-1250, with a resolution of 120,000 and an MIT of 50 ms. All
precursor ions were selected for collision cells for fragmentation by HCD.
The MS/MS resolution was set at 30,000, the maximum fill time at
automatic, and the AGC target at 1e6. DIA was performed with a variable
isolation window, with 45 windows in total.

For quality control (QC) of the proteomic analysis, 10 pL of each sample
was pooled as a QC sample. Then, 10 QC samples were randomly
evaluated by calculating the CV of proteins in the QC samples.

Protein identification and quantitation
DDA data were identified using MaxQuant (version 1.5.3.30) [64]. The
reference database sequences were obtained from the UniProt Homo
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sapiens proteome database (172,419 sequences). The spectral library was
built using peptide/protein entries that satisfied a false discovery rate
(FDR) < 1%. Carbamidomethyl (C) was set as a fixed modification, and
oxidation (M) and acetyl (protein N-term) were set as variable modifica-
tions. DIA data were processed using Spectronaut software (Biognosys,
https://biognosys.com/shop/spectronaut) [65] against the self-built plasma
spectral library to achieve deeper proteome identification and quantifica-
tion. The FDR was estimated using the mProphet scoring algorithm with
1% FDR control at the peptide-spectrum match, peptide, and protein
levels. Next, the R package Msstats was used for log2 transformation,
normalization, and p value calculation of the data [66]. Differentially
expressed proteins (DEPs; p <0.05 and fold-change >1.5 or p <0.05 and
fold-change <0.67) were identified for further analysis. The p values were
then adjusted using the Benjamini-Hochberg correction (p adjust <0.05).
The DEPs are listed in Supplementary Table S1.

Extraction of hydrophilic and hydrophobic compounds for
metabolome analysis

To detect the maximum possible metabolites, both the hydrophilic and
hydrophobic metabolites were respectively extracted and analyzed as per
a previously reported method [67]. To extract hydrophilic compounds, the
plasma samples were thawed on ice and vortexed for 10 s. Six volumes of
pure methanol was added to one volume of plasma samples, the mixture
was thoroughly mixed for 3 min and centrifuged (10 min at 12,000 rpm,
4°C). The supernatant was collected and centrifuged again (5min at
12,000 rpm, 4°C). The final supernatant was collected for LC-MS/MS
analysis.

To extract hydrophobic compounds, the plasma samples were thawed
on ice, vortexed for 10's, and centrifuged (5 min at 3000 rpm, 4 °C). Then,
the plasma samples were thoroughly mixed with 1 mL of lipid extract
mixture (methanol, tert-butyl methyl ether, and internal standard mixture)
for 15 min. This mixture was added with 200 uL of water, vortexed for
1 min, and centrifuged again (10 min at 12,000 rpm, 4 °C). The supernatant
was extracted and concentrated, dissolved in 200 uL mobile phase B
(acetonitrile/isopropanol (10%/90%, v/v) containing 0.04% acetic acid and
5mM ammonium formate) and subjected to LC-MS/MS analysis.

Ultra-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS)
The hydrophilic compounds were injected into a Waters ACQUITY UPLC
HSS T3 column (1.8 um, 2.1 mm x 100 mm). The column temperature, flow
rate, and injection volume were 40 °C, 0.4 mL/min, and 2 yL, respectively.
The mobile phase consisted of water containing 0.1% formic acid (A) and
acetonitrile containing 0.1% formic acid (B). The gradient was as follows:
from 5% B to 90% B in 11 min, then held for 1 min, and finally decreased to
5% B for 2 min. Mass spectrometric scans were acquired with a 6500+
QTRAP® LC-MS/MS System equipped with an electrospray ionization (ESI)
Turbo lon-Spray interface, operating in positive and negative ion mode
and controlled by Analyst 1.6.3 software (Sciex). The ESI source operation
parameters were as follows: source temperature was 500 °C; ion spray
voltage was 5500V in positive ion mode (or —4500V in negative ion
mode); ion source gas |, gas Il, and curtain gas set at 55, 60, and 25 psi,
respectively; and collision-activated dissociation (CAD) set to high.
Meanwhile, the hydrophobic compounds were injected into a Waters
Accucore™ C30 column (2.6 pm, 2.1 mm x 100 mm). The column tem-
perature, flow rate, and injection volume were 45°C, 0.35 mL/min, and
2 pL, respectively. The mobile phase consisted of acetonitrile/water (60%/
40%, v/v, 0.1% formic acid, 10 mmol/L ammonium formate) (A) and
acetonitrile/isopropanol  (10%/90% v/v, 0.1% formic acid, 10 mmol/L
ammonium formate) (B). The gradient was as follows: from 20 to 95% B
in 15.5 min, then held for 2 min, and finally decreased to 20% B for 2.5 min.
Mass spectrometric scans were acquired with a 65004+ QTRAP® LC-MS/MS
System equipped with an ESI Turbo lon-Spray interface, operating in
positive and negative ion mode and controlled by Analyst 1.6.3 software
(Sciex). The ESI source operation parameters were as follows: source
temperature was 500 °C; ion spray voltage was 5500 V in positive ion mode
(or —4500V in negative ion mode); ion source gas |, gas I, and curtain gas
set at 45, 55, and 35 psi, respectively; and CAD set to medium.
Instrument tuning and mass calibration were performed with 10 and
100 umol/L polypropylene glycol solutions in the triple quadrupole (QQQ)
mode. Based on the self-built database and metabolite information in the
public database, the materials were qualitatively analyzed according to the
secondary spectrum information and the isotope signal was removed
during the analysis. QQQ scans were acquired as multiple reaction
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monitoring (MRM) experiments with the collision gas (nitrogen) set to 5 psi
[68]. The de-clustering potential (DP) and collision energy (CE) for
individual MRM transitions were obtained with further DP and CE
optimization. The quantification of metabolites was accomplished using
the targeted MRM approach [69]. A specific set of MRM transitions were
monitored for each period according to the metabolites within this period.
Each sample analysis was conducted on both the positive and the negative
modes, and the MRM transitions are listed in Supplementary Table S2.

Metabolite identification and quantitation

The MS data were processed using Software Analyst 1.6.3. The repeatability of
metabolite extraction and detection was evaluated using the total ion current
(TIC) and multiple peaks of MRM. Qualitative analysis of the first-order and
second-order spectra detected by mass spectrometry was carried out on the
basis of a home-made metadata database and existing metabolomic
databases, including MassBank (http://www.massbankjp/) [70], HMDB
(http://www.hmdb.ca/) [71], LIPID MAPs (www.lipidmaps.org/data/structure/)
[72, 73] and Metlin (http://metlin.scripps.edu/index.php) [74].

For the quality control (QC) of metabolomic analysis, we pipetted 10 pL
of each sample to pool a QC sample. One QC sample was analyzed after
every 10 samples in the LC-MS/MS running sequence. The CV value of the
peak area for each metabolite in QC samples was calculated to evaluate
the stability of the LC-MS/MS analysis. The quantitation of metabolites was
accomplished using MRM triple quadrupole mass spectrometry. The
intensity-based abundances of each metabolite were calculated by e peak
area of each chromatographic peak. After obtaining the mass spectral
analysis data of different samples, the peak areas of all the mass spectral
peaks were integrated, and the mass spectral peaks of the same
metabolites in different samples were integrated and corrected. We
calculated the CV values of the metabolites in the QC sample, and
metabolites whose CV values were larger than 0.5 were excluded.

The supervised multivariate method, PLS-DA, was used to resolve the
metabolome differences among the two groups (Brereton RG et al.,, 2014).
The relative importance of each metabolite to the PLS-DA model was
checked using the parameter called variable importance in projection (VIP).
Based on the VIP of the PLS-DA model, the p value or fold change of
univariate analysis was applied to further screen the differential
metabolites [75]. The screening criteria were as follows: fold change >2
or fold change <0.5, p<0.05, and VIP > 1. If the above three conditions
were satisfied, the metabolite was considered significantly different
between the groups. DEMs are listed in Supplementary Table S3.

Pathway analysis

Using the Gene Ontology (GO, http://geneontology.org/) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/)
databases, we performed GO and KEGG pathway enrichment analysis
based on differential proteins and metabolites to explore the biological
process of the disease [76, 77]. The GO analysis included biological process
(BP), cellular component (CC), and molecular function (MF) as the three
main categories. A p < 0.05 was considered significant. Cluster analysis of
protein expression or metabolite intensity from the different patients was
performed using Mfuzz v.2.46.0 [78], which can identify underlying time-
series patterns of expression profiles and cluster proteins or metabolites
with similar patterns to clarify the dynamic patterns of proteins or
metabolites and their functional linkages.

Statistical analysis

Principal component analysis (PCA) and hierarchical cluster analysis were
performed using the distance matrix calculated using the R statistical
language (v3.6.1; https://CRAN.R-project.org) [79], pheatmap (Version
1.0.12, https://cran.r-project.org/web/packages/pheatmap/index.html),
and ggord (Version 1.1.5). The normality of the data distributions was
assessed using the Kolmogorov-Smirnov test. Normally distributed data
are presented as the mean (+ standard deviation), whereas abnormally
distributed data are presented as the median (+ interquartile range), and
categorical variables are presented as frequencies (%). Differences
between groups were analyzed using Student’s t test or Mann-Whitney
test (for continuous data) and Fisher's exact test or chi-squared test (for
categorical data). The statistical significance was calculated for reserved
proteins and metabolites using the unpaired two-sided Student’s t test,
and the adjusted p value was calculated using the Benjamini-Hochberg
correction (adjusted p < 0.05).
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DATA AVAILABILITY

The data that support the findings of this study will be available from the
corresponding author upon reasonable request. The MS proteomics and metabo-
lomics data have been deposited to the ProteomeXchange Consortium (http:/
proteomecentral.proteomexchange.org) via the iProx partner repository [80] with the
dataset identifier PXD025148 (https://www.iprox.org//page/project.html?
id=IPX0002924000).

REFERENCES

1. Siemieniuk RA, Bartoszko JJ, Ge L, Zeraatkar D, Izcovich A, Kum E, et al. Drug
treatments for covid-19: living systematic review and network meta-analysis.
BMJ. 2020;370:m2980.

2. Anka AU, Tahir MI, Abubakar SD, Alsabbagh M, Zian Z, Hamedifar H, et al. Cor-
onavirus disease 2019 (COVID-19): an overview of the immunopathology, ser-
ological diagnosis and management. Scand J Immunol. 2021;93:e12998.

3. Bakadia BM, He F, Souho T, Lamboni L, Ullah MW, Boni BO, et al. Prevention and
treatment of COVID-19: Focus on interferons, chloroquine/hydroxychloroquine,
azithromycin, and vaccine. Biomed Pharmacother. 2021;133:111008.

4. Berekaa MM. Insights into the COVID-19 pandemic: Origin, pathogenesis, diag-
nosis, and therapeutic interventions. Front Biosci (Elite Ed). 2021;13:117-39.

5. Mohamadian M, Chiti H, Shoghli A, Biglari S, Parsamanesh N, Esmaeilzadeh A.
COVID-19: Virology, biology and novel laboratory diagnosis. J Gene Med. 2021;23:
e3303.

6. Salian VS, Wright JA, Vedell PT, Nair S, Li C, Kandimalla M, et al. COVID-19
transmission, current treatment, and future therapeutic strategies. Mol Pharm.
2021;18:754-71.

7. Wu Q, Zhou L, Sun X, Yan Z, Hu C, Wu J, et al. Altered lipid metabolism in
recovered SARS patients twelve years after infection. Sci Rep. 2017;7:9110.

8. Qin W, Chen S, Zhang Y, Dong F, Zhang Z, Hu B, et al. Diffusion capacity
abnormalities for carbon monoxide in patients with COVID-19 at three-month
follow-up. Eur Respir J. 2021;58:2003677.

9. Huang C, Huang L, Wang Y, Li X, Ren L, Gu X, et al. 6-month consequences of
COVID-19 in patients discharged from hospital: a cohort study. Lancet.
2021;397:220-32.

10. Al-Aly Z, Xie Y, Bowe B. High-dimensional characterization of post-acute sequelae
of COVID-19. Nature. 2021;594:259-64.

11. Eckhardt M, Hultquist JF, Kaake RM, Huttenhain R, Krogan NJ. A systems approach
to infectious disease. Nat Rev Genet. 2020;21:339-54.

12. Sintchenko V, Iredell JR, Gilbert GL. Pathogen profiling for disease management
and surveillance. Nat Rev Microbiol. 2007;5:464-70.

13. Manchester M, Anand A. Metabolomics: strategies to define the role of meta-
bolism in virus infection and pathogenesis. Adv Virus Res. 2017;98:57-81.

14. Shu T, Ning W, Wu D, Xu J, Han Q, Huang M, et al. Plasma proteomics identify
biomarkers and pathogenesis of COVID-19. Immunity. 2020;53:1108-1122
e1105.

15. Shen B, Yi X, Sun Y, Bi X, Du J, Zhang C, et al. Proteomic and metabolomic
characterization of COVID-19 patient sera. Cell. 2020;182:59-72 e15.

16. Song JW, Lam SM, Fan X, Cao WJ, Wang SY, Tian H, et al. Omics-driven systems
interrogation of metabolic dysregulation in COVID-19 pathogenesis. Cell Metab.
2020;32:188-202 e185.

17. Tian W, Zhang N, Jin R, Feng Y, Wang S, Gao S, et al. Immune suppression in the
early stage of COVID-19 disease. Nat Commun. 2020;11:5859.

18. Xu J, Zhou M, Luo P, Yin Z, Wang S, Liao T, et al. Plasma metabolomic profiling of
patients recovered from COVID-19 with pulmonary sequelae 3 months after
discharge. Clin Infect Dis. 2021;73:2228-39.

19. Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc.
1982;14:377-81.

20. Varchetta S, Mele D, Oliviero B, Mantovani S, Ludovisi S, Cerino A, et al. Unique
immunological profile in patients with COVID-19. Cell Mol Immunol.
2021;18:604-12.

21. Al-Samkari H, Karp Leaf RS, Dzik WH, Carlson JCT, Fogerty AE, Waheed A, et al.
COVID-19 and coagulation: bleeding and thrombotic manifestations of SARS-
CoV-2 infection. Blood. 2020;136:489-500.

22. Kratzer B, Trapin D, Ettel P, Kormoczi U, Rottal A, Tuppy F, et al. Immunological
imprint of COVID-19 on human peripheral blood leukocyte populations. Allergy.
2021;76:751-65.

23. Ni L, Ye F, Cheng ML, Feng Y, Deng YQ, Zhao H, et al. Detection of SARS-CoV-2-
specific humoral and cellular immunity in COVID-19 convalescent individuals.
Immunity. 2020;52:971-977 €973.

24. Wen W, Su W, Tang H, Le W, Zhang X, Zheng Y, et al. Inmune cell profiling of
COVID-19 patients in the recovery stage by single-cell sequencing. Cell Disco.
2020;6:31.

Cell Death and Disease (2022)13:235


http://www.massbank.jp/
http://www.hmdb.ca/
http://www.lipidmaps.org/data/structure/
http://metlin.scripps.edu/index.php
http://geneontology.org/
http://www.genome.jp/kegg/
https://CRAN.R-project.org
https://cran.r-project.org/web/packages/pheatmap/index.html
http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org
https://www.iprox.org//page/project.html?id=IPX0002924000
https://www.iprox.org//page/project.html?id=IPX0002924000

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

Qin W, Chen S, Zhang Y, Dong F, Zhang Z, Hu B, et al. Diffusion capacity
abnormalities for carbon monoxide in patients with COVID-19 at 3-month follow-
up. Eur Respir J. 2021;58:2003677.

Fang S, Wang H, Lu L, Jia Y, Xia Z. Decreased complement C3 levels are associated
with poor prognosis in patients with COVID-19: a retrospective cohort study. Int
Immunopharmacol. 2020;89:107070.

Cantuti-Castelvetri L, Ojha R, Pedro LD, Djannatian M, Franz J, Kuivanen S, et al.
Neuropilin-1  facilitates SARS-CoV-2 cell entry and infectivity. Science.
2020;370:856-60.

Daly JL, Simonetti B, Klein K, Chen KE, Williamson MK, Anton-Plagaro C, et al.
Neuropilin-1 is a host factor for SARS-CoV-2 infection. Science. 2020;370:861-5.
Theken KN, FitzGerald GA. Bioactive lipids in antiviral immunity. Science.
2021;371:237-8.

Nagahora N, Yamada H, Kikuchi S, Hakozaki M, Yano A. Nrf2 activation by
5-lipoxygenase metabolites in human umbilical vascular endothelial cells.
Nutrients. 2017;9:1001.

Gimenez-Bastida JA, Shibata T, Uchida K, Schneider C. Roles of 5-lipoxygenase
and cyclooxygenase-2 in the biosynthesis of hemiketals E2 and D2 by activated
human leukocytes. FASEB J. 2017;31:1867-78.

Kronke G, Katzenbeisser J, Uderhardt S, Zaiss MM, Scholtysek C, Schabbauer G,
et al. 12/15-lipoxygenase counteracts inflammation and tissue damage in
arthritis. J Immunol. 2009;183:3383-9.

Tam VC. Lipidomic profiling of bioactive lipids by mass spectrometry during
microbial infections. Semin Immunol. 2013;25:240-8.

Schultz D, Methling K, KoInfekt Study G, Rothe M, Lalk M. Eicosanoid profile of
influenza A Virus Infected Pigs. Metabolites. 2019;9:130.

Wei C, Zhu P, Shah SJ, Blair IA. 15-oxo-Eicosatetraenoic acid, a metabolite of
macrophage 15-hydroxyprostaglandin dehydrogenase that inhibits endothelial
cell proliferation. Mol Pharm. 2009;76:516-25.

Ma G, Pan B, Ren S, Guo C, Guo Y, Wei L, et al. 15-oxoeicosatetraenoic acid
mediates monocyte adhesion to endothelial cell. Lipids Health Dis. 2017;16:137.
Bruzzone C, Bizkarguenaga M, Gil-Redondo R, Diercks T, Arana E, Garcia de Vicuna
A, et al. SARS-CoV-2 infection dysregulates the metabolomic and lipidomic pro-
files of serum. iScience. 2020;23:101645.

Jimenez-Palomares M, Cozar-Castellano |, Ganfornina MD, Sanchez D, Perdomo G.
Genetic deficiency of apolipoprotein D in the mouse is associated with nonfasting
hypertriglyceridemia and hyperinsulinemia. Metabolism. 2011;60:1767-74.

Xu J, Xu X, Jiang L, Dua K, Hansbro PM, Liu G. SARS-CoV-2 induces transcriptional
signatures in human lung epithelial cells that promote lung fibrosis. Respir Res.
2020;21:182.

Vallee A, Lecarpentier Y. TGF-beta in fibrosis by acting as a conductor for con-
tractile properties of myofibroblasts. Cell Biosci. 2019;9:98.

Gonzalez J, Benitez ID, Carmona P, Santisteve S, Monge A, Moncusi-Moix A, et al.
Pulmonary function and radiologic features in survivors of critical COVID-19: a
3-month prospective cohort. Chest. 2021;160:187-98.

Sonnweber T, Sahanic S, Pizzini A, Luger A, Schwabl C, Sonnweber B, et al. Car-
diopulmonary recovery after COVID-19: an observational prospective multicentre
trial. Eur Respir J. 2021;57:2003481.

Wu Q, Zhong L, Li H, Guo J, Li Y, Hou X, et al. A follow-up study of lung function
and chest computed tomography at 6 months after discharge in patients with
coronavirus disease 2019. Can Respir J. 2021;2021:66924009.

Wong LSY, Loo EXL, Kang AYH, Lau HX, Tambyah PA, Tham EH. Age-related
differences in immunological responses to SARS-CoV-2. J Allergy Clin Immunol Pr.
2020;8:3251-8.

Pierce CA, Preston-Hurlburt P, Dai Y, Aschner CB, Cheshenko N, Galen B, et al.
Immune responses to SARS-CoV-2 infection in hospitalized pediatric and adult
patients. Sci Transl Med. 2020;12:eabd5487.

Zhang JY, Wang XM, Xing X, Xu Z, Zhang C, Song JW, et al. Single-cell landscape
of immunological responses in patients with COVID-19. Nat Immunol.
2020;21:1107-18.

Dennis EA, Norris PC. Eicosanoid storm in infection and inflammation. Nat Rev
Immunol. 2015;15:511-23.

Das UN. Can Bioactive Lipids Inactivate Coronavirus (COVID-19)? Arch Med Res.
2020;51:282-6.

Peters-Golden M, Henderson WR Jr. Leukotrienes. N. Engl J Med. 2007;357:1841-54.
Citron F, Perelli L, Deem AK, Genovese G, Viale A. Leukotrienes, a potential target
for Covid-19. Prostaglandins Leukot Ess Fat Acids. 2020;161:102174.

Aliabadi F, Ajami M, Pazoki-Toroudi H. Why does COVID-19 pathology have
several clinical forms? Bioessays. 2020;42:¢2000198.

Kang Z, Luo S, Gui Y, Zhou H, Zhang Z, Tian C, et al. Obesity is a potential risk
factor contributing to clinical manifestations of COVID-19. Int J Obes (Lond).
2020;44:2479-85.

Bai Y, Huang W, Li Y, Lai C, Huang S, Wang G, et al. Lipidomic alteration of plasma
in cured COVID-19 patients using ultra high-performance liquid chromatography
with high-resolution mass spectrometry. Biosci Rep. 2021;41:BSR20204305.

Cell Death and Disease (2022)13:235

H. Li et al.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

Ouyang SM, Zhu HQ, Xie YN, Zou ZS, Zuo HM, Rao YW, et al. Temporal changes in
laboratory markers of survivors and non-survivors of adult inpatients with COVID-
19. BMC Infect Dis. 2020;20:952.

Richardson TG, Fang S, Mitchell RE, Holmes MV, Davey Smith G. Evaluating the
effects of cardiometabolic exposures on circulating proteins which may con-
tribute to severe SARS-CoV-2. EBioMedicine. 2021;64:103228.

Christoffersen C, Nielsen LB. Apolipoprotein M: bridging HDL and endothelial
function. Curr Opin Lipido. 2013;24:295-300.

Shao H, Qin Z, Geng B, Wu J, Zhang L, Zhang Q, et al. Impaired lung regeneration
after SARS-CoV-2 infection. Cell Prolif. 2020;53:e12927.

Kommoss FKF, Schwab C, Tavernar L, Schreck J, Wagner WL, Merle U, et al. The
pathology of severe COVID-19-related lung damage. Dtsch Arztebl Int.
2020;117:500-6.

Schwensen HF, Borreschmidt LK, Storgaard M, Redsted S, Christensen S,
Madsen LB. Fatal pulmonary fibrosis: a post-COVID-19 autopsy case. J Clin
Pathol. 2021;74:400-2.

Ghazavi A, Ganji A, Keshavarzian N, Rabiemajd S, Mosayebi G. Cytokine profile
and disease severity in patients with COVID-19. Cytokine. 2021;137:155323.
Peng DH, Luo Y, Huang LJ, Liao FL, Liu YY, Tang P, et al. Correlation of Krebs von
den Lungen-6 and fibronectin with pulmonary fibrosis in coronavirus disease
2019. Clin Chim Acta. 2021;517:48-53.

Chen YM, Zheng Y, Yu Y, Wang Y, Huang Q, Qian F, et al. Blood molecular markers
associated with COVID-19 immunopathology and multi-organ damage. EMBO J.
2020;39:¢105896.

Oga T, Tsukino M, Hajiro T, lkeda A, Nishimura K. Analysis of longitudinal changes
in dyspnea of patients with chronic obstructive pulmonary disease: an obser-
vational study. Respir Res. 2012;13:85.

Cox J, Mann M. MaxQuant enables high peptide identification rates, individua-
lized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat
Biotechnol. 2008;26:1367-72.

Bruderer R, Bernhardt OM, Gandhi T, Miladinovic SM, Cheng LY, Messner S, et al.
Extending the limits of quantitative proteome profiling with data-independent
acquisition and application to acetaminophen-treated three-dimensional liver
microtissues. Mol Cell Proteom. 2015;14:1400-10.

Choi M, Chang CY, Clough T, Broudy D, Killeen T, MacLean B, et al. MSstats: an R
package for statistical analysis of quantitative mass spectrometry-based pro-
teomic experiments. Bioinformatics. 2014;30:2524-6.

Wu D, Shu T, Yang X, Song JX, Zhang M, Yao C, et al. Plasma metabolomic and
lipidomic alterations associated with COVID-19. Natl Sci Rev. 2020;7:1157-68.
Khan MJ, Codreanu SG, Goyal S, Wages PA, Gorti SKK, Pearson MJ, et al.
Evaluating a targeted multiple reaction monitoring approach to global
untargeted lipidomic analyses of human plasma. Rapid Commun Mass
Spectrom. 2020;34:€8911.

Wang C, Li X, Ning W, Gong S, Yang F, Fang C, et al. Multi-omic profiling of plasma
reveals molecular alterations in children with COVID-19. Theranostics.
2021;11:8008-26.

Horai H, Arita M, Kanaya S, Nihei Y, Ikeda T, Suwa K, et al. MassBank: a public
repository for sharing mass spectral data for life sciences. J Mass Spectrom.
2010;45:703-14.

. Wishart DS, Feunang YD, Marcu A, Guo AC, Liang K, Vazquez-Fresno R, et al.

HMDB 4.0: the human metabolome database for 2018. Nucleic Acids Res.
2018;46:D608-17.

Sud M, Fahy E, Cotter D, Brown A, Dennis EA, Glass CK, et al. LMSD: LIPID MAPS
structure database. Nucleic Acids Res. 2007;35:D527-32.

Sud M, Fahy E, Cotter D, Dennis EA, Subramaniam S. LIPID MAPS-nature lipi-
domics gateway: an online resource for students and educators interested in
lipids. J Chem Educ. 2012;89:291-2.

Xue J, Guijas C, Benton HP, Warth B, Siuzdak G. METLIN MS(2) molecular stan-
dards database: a broad chemical and biological resource. Nat Methods.
2020;17:953-4.

Urpi-Sarda M, Almanza-Aguilera E, Llorach R, Vazquez-Fresno R, Estruch R, Corella
D, et al. Non-targeted metabolomic biomarkers and metabotypes of type 2
diabetes: a cross-sectional study of PREDIMED trial participants. Diabetes Metab.
2019;45:167-74.

Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new perspectives
on genomes, pathways, diseases and drugs. Nucleic Acids Res. 2017;45:D353-61.
Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al.
Metascape provides a biologist-oriented resource for the analysis of systems-
level datasets. Nat Commun. 2019;10:1523.

Kumar L, EF M. Mfuzz: a software package for soft clustering of microarray data.
Bioinformation. 2007;2:5-7.

Tusher VG, Tibshirani R, Chu G. Significance analysis of microarrays applied to the
jonizing radiation response. Proc Natl Acad Sci USA. 2001;98:5116-21.

Ma J, Chen T, Wu S, Yang C, Bai M, Shu K, et al. iProX: an integrated proteome
resource. Nucleic Acids Res. 2019;47:D1211-17.

SPRINGER NATURE

11



H. Li et al.

12

AUTHOR CONTRIBUTIONS

HL, QW, XW, and ZQ collected clinical samples and clinical data. XL, YW, and YH
conducted proteomic and metabolomics analysis. HL, XL, YW, YH, LL, and HC
analyzed and interpreted the data. QW, LL, and HC designed the study. LL and HC
drafted the manuscript. All authors edited and approved the manuscript.

FUNDING

This work was supported by the National Natural Science Foundation of China
(82070001, 81970001 and 82100077), the Natural Science Foundation of Tianjin
(20JCQNJC01790, 20JCYBJCO1250, 21JCZDJCO0430, 21JCQNJICO0550, 21JCQNICO0510
and 21JCQNJC00410), the Tianjin Health Science and Technology Project (2020XKZ02),
Science and Technology Planning Project of Tianjin Jinnan District (20200117, 20200118
and 20200112), Tianjin Haihe Hospital Science and Technology Fund (HHYY-202001,
HHYY-202012 and HHYY-202008) and Tianjin Key Medical Discipline (Specialty)
Construction Project.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

The present study was approved by the Institutional Review Board of Tianjin Haihe
Hospital (2020HHSQKT-049). Written informed consent was obtained from all study
participants.

SPRINGER NATURE

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-022-04674-3.

Correspondence and requests for materials should be addressed to Qi Wu, Li Li or
Huaiyong Chen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Cell Death and Disease (2022)13:235


https://doi.org/10.1038/s41419-022-04674-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Plasma proteomic and metabolomic characterization of COVID-19 survivors 6�months after discharge
	Introduction
	Results
	Demographic and clinical features of COVID-19 survivors 6�months after discharge
	Plasma proteomic and metabolomic profiling of COVID-19 survivors 6�months after discharge
	Altered lipid metabolism and disordered immune responses
	Abnormality of pulmonary fibrosis-related protein levels
	Distinct profiles of severe and non-severe COVID-19�survivors

	Discussion
	Materials and methods
	Subjects and study design
	Sample collection
	Sample preparation for proteome analysis
	Construction of a COVID-19 plasma proteome spectral library
	Liquid chromatography-mass spectrometry for proteome analysis
	Protein identification and quantitation
	Extraction of hydrophilic and hydrophobic compounds for metabolome analysis
	Ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
	Metabolite identification and quantitation
	Pathway analysis
	Statistical analysis

	References
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




