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A B S T R A C T   

We present an integrated analysis of urine and serum proteomics and clinical measurements in asymptomatic, 
mild/moderate, severe and convalescent cases of COVID-19. We identify the pattern of immune response during 
COVID-19 infection. The immune response is activated in asymptomatic infection, but is dysregulated in mild 
and severe COVID-19 patients. Our data suggest that the turning point depends on the function of myeloid cells 
and neutrophils. In addition, immune defects persist into the recovery stage, until 12 months after diagnosis. 
Moreover, disorders of cholesterol metabolism span the entire progression of the disease, starting from asymp
tomatic infection and lasting to recovery. Our data suggest that prolonged dysregulation of the immune response 
and cholesterol metabolism might be the pivotal causative agent of other potential sequelae. Our study provides 
a comprehensive understanding of COVID-19 immunopathogenesis, which is instructive for the development of 
early intervention strategies to ameliorate complex disease sequelae.   

1. Introduction 

The outbreak of coronavirus disease 2019 (COVID-19) since late 
December 2019 has brought significant harm and major challenges to 
over 200 countries and regions world-wide. COVID-19 is caused by se
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which 

infects the lungs, leading to fever, cough, and dyspnea, etc. [1]. Most 
patients present with mild disease symptoms but some go on to develop 
acute respiratory distress syndrome and multi-organ dysfunction, which 
may lead to death [2]. The whole COVID-19 pandemic has resulted in 
more than 145 million confirmed infections with more than 3 million 
deaths and has been documented as a public health emergency of 
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international concern. 
Since the outbreak of COVID-19, research has moved rapidly to 

develop diagnostic kits and test candidate vaccines [3]. Unfortunately, 
key questions about the pathogenic mechanisms underlying COVID-19 
have not been satisfactorily answered. This information is crucial for 
the design of rational therapeutic strategies. Inflammation and immune 
activation are expected to accompany a viral infection, and these pro
cesses have been extensively studied in SARS-CoV-2 infection. It has 
been suggested that COVID-19 is characterized by lymphopenia and 
increased numbers of neutrophils [4–6]. A growing body of evidence 
indicates that most patients with severe COVID-19 have high levels of 
proinflammatory cytokines including interleukin-6 (IL-6) [7–9]. More 
detailed analysis using single-cell transcriptomics of peripheral-blood 
mononuclear cells (PBMCs) accompanied by targeted serum prote
omics showed that severe COVID-19 is marked by dysregulation of blood 
myeloid cells, including accumulation of immature neutrophils with an 
immunosuppressive profile, and repressed monocyte activation, 
accompanied by release of massive amounts of calprotectin (S100A8/ 
S100A9) [10–14]. Multiple untargeted quantitative proteomic studies of 
serum or urine samples showed that COVID-19 patients have significant 
immune dysregulation [15–20]. However, current studies are mostly 
focused on the shift between mild/moderate and severe COVID-19, and 
therefore lack a panoramic view of the pathogenicity of the whole dis
ease process. 

An important feature of COVID-19 is the existence of asymptomatic 
carriers who are able to transmit the virus to others. These asymptom
atic carriers make the diagnosis, control and prevention of COVID-19 
even more complicated. Asymptomatic infections are reported to be 
more common in populations of young and middle-aged individuals 
with functional performance status and no underlying diseases [21]. 
However, the pathogenesis of asymptomatic infection is not clear. In 
addition, it was not until recently that COVID-19 survivors were re
ported to be troubled with fatigue or muscle weakness, sleep difficulties, 
and increased neurological and psychiatric morbidity in the 6 months 
after COVID-19 infection. More strikingly, patients discharged from 
hospital after COVID-19 had increased rates of multiorgan dysfunction 
[22–24]. How these sequelae are related to disease pathogenesis is 
completely unknown, which makes it impossible to design early and 
rational interventions to prevent long-term symptoms in survivors. 
Thus, urgent research is needed to establish the risk factors for sequelae. 

It remains unclear to what extent immune responses are causative or 
exacerbated factors to the disease and could be used for accurate patient 
stratification, as in asymptomatic, mild/moderate, severe and conva
lescent cases. Alterations of proteins in human body fluids are well 
recognized as direct indicators of pathophysiological changes caused by 
diseases. In this study we profiled the protein level of urine samples from 
asymptomatic carriers and of serum sample from recovered patients for 
6 or 12 months through the data-independent acquisition (DIA) prote
omics approach. We integrated the previously acquired proteomics data 
from urine of mild and severe COVID-19 patients and from serum of 
recovered patients for less than 1 month to get a whole picture of the 
disease progress on molecular level. We found that distinct changes in 
the levels of proteins related to immune function marked the different 
clinical trajectories of the disease. We also identified prolonged changes 
in proteins related to cholesterol transport, myocardial and coagulation 
disorders, which provides hints to explain the fatigue or neurological 
outcomes in convalescing patients. More importantly, the differentially 
expressed proteins identified and validated among multiple groups 
could contribute to diagnosis or prognosis and might be potential 
therapeutic targets. 

2. Results 

2.1. Study design and patient cohorts 

We aimed to obtain comprehensive understanding of the entire 

COVID-19 disease process from acute to convalescent phase including 
asymptomatic, mild/moderate, severe cases. We collected urine samples 
from 70 asymptomatic carriers and 36 healthy controls (cohort 1) 
(Table S1, Fig. 1a). Asymptomatic carriers refer to people with positive 
detection of SARS-CoV-2 nucleic acid by reverse transcriptase- 
polymerase chain reaction (RT-PCR), but with no typical clinical 
symptoms or signs, and no apparent abnormalities. We also collected 
serum samples from 30 healthy controls, 60 patients (7 severe) recov
ered from COVID-19 for 6 months and 58 (7 severe) patients recovered 
from COVID-19 for 12 months (cohort 2) (Table S1, Fig. 1a). For the 
recovered patients, serum samples were taken at 6 or 12 months after 
diagnosis. Serum samples were first subjected to depletion of high- 
abundance serum proteins. Total proteins from the low-abundance 
fraction of serum samples or from urine samples were extracted, dena
tured, and digested into peptides by trypsin for data-independent 
acquisition (DIA) mass spectrometry. The resulting quantitative prote
omic data were subsequently analyzed for differentially expressed pro
teins (DEPs) and enriched pathways and further validated by ELISA 
(Fig. 1a). 

2.2. Quantitative proteomic profiling of urine and serum samples from 
asymptomatic carriers and convalescent patients 

The raw data were firstly processed using a double boundary Bayes 
(DBB) imputation method and were standardized for further analysis. 
The data showed clear stratification of the different patient/control 
groups according to principal components analysis (PCA) (Fig. 1b, d). A 
total of 4930 and 1311 proteins were identified across all urine samples 
and across all serum samples, respectively. Volcano plot showed iden
tified proteins that were significantly increased or decreased in asymp
tomatic carriers or recovered patients compared to healthy controls 
(Fig. 1c, e). The DEPs are mainly related to infection and metabolisms. 

It is surprising that there are significantly more down-regulated 
proteins than up-regulated proteins in recovered patients, both at 6 
months and 12 months (Fig. 1e). Subclustering analysis was performed 
on the significantly changed proteins to analyze their variation at 
healthy controls, and recovered patients for 6 or 12 months. Differen
tially expressed proteins (DEPs) were subjected to 2 unique subclusters, 
which showed long lasting changes (Fig. 1f). The enriched pathways of 
these proteins are related to infection and immune responses, in addition 
to complement and coagulation cascades and arrhythmogenic right 
ventricular cardiomyopathy (Fig. 1g). This long-lasting cardiomyopathy 
is in consistent with previous observation on COVID-19 patients recov
ered within 2 months [25]. 

We found that many proteins involved in viral latency, viral genome 
replication, viral entry into host cells and lysosome functions are 
increased in urine samples from asymptomatic carriers (Fig. S1a, b). 
This suggests an infection stress response as expected. In asymptomatic 
carriers, many proteins involved in tight junction organization and tight 
junction assembly are increased except for FZD5 (Fig. S1c). We previous 
observed that tight junction proteins are significantly decreased in urine 
samples of symptomatic COVID-19 patients [20]. This difference in tight 
junction protein levels between asymptomatic carriers and symptomatic 
COVID-19 patients might indicate a defense process at the very early 
stage of infection. 

Most interestingly, we found that DEPs in asymptomatic carriers are 
highly enriched in immune response functions. Many proteins involved 
in the innate immune response, leukocyte-mediated immunity, 
neutrophil-mediated immunity and cytokine production were increased 
in urine samples from asymptomatic carriers (Fig. 2a). The individual 
scatter plots of differentially expressed proteins which are identified in 
all analyzed samples are shown in Supplementary Fig. 2. 

We calculated the fold change of the DEPs involved in the immune 
response in asymptomatic carriers, in COVID-19 patients and in non- 
COVID-19 pneumonia patients (Cohort 3 in Fig. 1a) to their respective 
health controls, the proteomics data of whom we reported before [20]. 
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Fig. 1. Summary of COVID-19 patient samples and experimental design. 
a. Experimental design for the quantitative proteomic analysis in this study. In cohort 1, a total of 106 urine samples were analyzed from 2 groups: healthy controls, n 
= 36; asymptomatic carriers, n = 70. In cohort 2, a total of 148 serum samples were taken from 3 groups: healthy controls, n = 30; convalescent patients (7 severe 
cases) recovered for 6 months, n = 60; convalescent patients (7 severe cases) recovered for 12 months, n = 58. The cohort 3 and 4 are data from other studies. All 
differentially expressed proteins (DEPs) selected for further analysis meet the criteria that fold change >2 or < 0.5, two-tailed t-test; p < 0.05). 
b. Principal components analysis (PCA) showing the inter-group differences in cohort 1. Individuals in the healthy control group and the asymptomatic carrier group 
are indicated by coloured symbols in the figure. 
c. Volcano plot of identified urine DEPs comparing asymptomatic carriers with the healthy control group in cohort 1 (two-tailed t-test; p < 0.05, fold change >2 or <
0.5). 
d. Principal components analysis (PCA) showing the inter-group differences in cohort 2. Individuals in the healthy control group, and patients recovered for 6 or 12 
months are indicated by coloured symbols in the figure. 
e. Volcano plot of identified serum DEPs comparing patients recovered for 6 or 12 months with the healthy control group (cohort 2). 
f. Hierarchical clustering shows 2 distinct groups differentiated according to similarity. 
g. KEGG-based enrichment analysis of DEPs in the subclusters shown in f. KEGG terms were sorted by P value. 
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Fig. 2. Immune response transition from activation to suppression in asymptomatic carriers and symptomatic patients of COVID-19. 
a. Interaction diagrams of the indicated pathways when urine proteins from asymptomatic carriers are compared to those from healthy controls (cohort 1). The 
significance of the pathways, represented by -log(P-Value) (Fisher's exact test), is shown by the color scale, with dark blue representing the highest significance. Color 
bar from orange to green represents the fold change of protein level from increasing to decreasing. Fold change indicates the protein level in asymptomatic carriers 
compared to healthy controls. 
b. c. Fold change of urine DEPs related to the immune related pathways are shown comparing asymptomatic carriers to healthy controls (cohort 1) and comparing 
COVID-19 patients to healthy controls (cohort 3) (b); or comparing asymptomatic carriers to healthy controls (cohort 1) and comparing non-COVID patients to 
healthy controls (cohort 3) (c). X-axis is individual proteins represented by different bar colours. Only proteins of fold-change >2 or < 0.5, P < 0.05 (t-test) were 
selected. 
d. Interaction diagrams of indicated pathways enriched by proteins with opposite expressing pattern as in asymptomatic carriers (left panel) and COVID-19 patients 
(right panel) for urine samples. 
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We compared the fold change of DEPs in asymptomatic carriers and in 
COVID-19 patients or fold change of DEPs in COVID-19 patients and 
non-COVID-19 pneumonia. Interestingly, the pattern in asymptomatic 
carriers is similar to non-COVID-19 pneumonia patients, but are sharply 
different to COVID-19 patients. Proteins that are elevated in urine from 
asymptomatic carriers are mostly decreased in COVID-19 patients 
(Fig. 2b, c). The biological functions of these proteins were related to 
neutrophil- and myeloid cell- mediated immunity and cellular response 
to cytokine stimulus (Fig. 2d). Specifically, calpain (CAPN1) is impli
cated in the expansion of the neutrophil plasma membrane that ac
companies cell spreading and phagocytosis [26]. S100A12 (EN-RAGE) is 
mainly expressed and secreted by neutrophil granulocytes and is the 
ligand for the cell surface receptor RAGE (receptor for advanced gly
cation end products) and TLR4 (Toll-like receptor 4) on macrophages, 
endothelium, and lymphocytes [27] (Fig. S2). Thus, reduced neutrophil 
and myeloid cell functions might be the SARS-CoV-2-specific risk factors 
which determine the switch from asymptomatic infection to symptom
atic COVID-19. This is partially consistent with other studies showing 
that altered neutrophil function may be a potential driver of COVID-19 
and a predictor of poor outcome [28–31]. Neutrophilia was reported in 
COVID-19 patients [7]. Although leukocytosis and neutrophilia are 
hallmarks of acute infection, in the case of COVID-19, we propose that 
neutrophilia is a sign of neutrophil anergy in SARS-CoV-2 infection. 

2.3. Persistent immune suppression in convalescent patients 

Reports of long-term consequences of COVID-19 in adult patients 
after discharge from hospital have raised serious concerns. In our study, 
more than 50% of discharged patients reported feeling unwell at 12 
months (Supplementary Table 2). There is no molecular clue to how 
these sequelae occur, which makes diagnosis and intervention very 
difficult. Altered immune responses seem to play a vital role in the 
clinical trajectories of COVID-19. This prompted us to explore the 
mechanism, from the perspective of the immune response, underlying 
the sequelae in mild/moderate or severe COVID-19 patients after 6 or 
12 months of recovery. To our surprise, immune pathways such as the 
innate immune response, the adaptive immune response, neutrophil- 
mediated immunity, lymphocyte-mediated immunity, regulation of 
cytokine production and complement activation are significantly sup
pressed in patients recovering from both mild/moderate and severe 
COVID-19, especially at the 12-month time point (Fig. 3a, b, c, d). It is 
worth mentioning that some proteins related to the cell surface receptor 
signalling pathway are up-regulated at 6 months, but this pathway is 
down-regulated at 12 months (Fig. 3a, c). 

In another study by our group, we carried out quantitative proteomic 
analysis of serum samples from patients diagnosed with mild/moderate 
or severe COVID-19 at 2 distinct time points, shortly after diagnosis with 
COVID-19 and before discharge from hospital (cohort 4 in Fig. 1a) [32]. 
The immune response of mild/moderate patients is largely repressed at 
both time points (Fig. 3e, g). However, severe patients showed signs of 
an activated immune response (Fig. 3f, h). Up-regulated proteins include 
subunits of the proteasome system for protein degradation and antigen 
presentation. These results are consistent with previous proteomic 
studies on urine samples from mild/moderate and severe patients [20]. 
The increased level of α-Synuclein (SNCA) might also be informative. 
SNCA has been well studied for its neuropathological roles, and extra
cellular α-synuclein also triggers immune cell activation, proliferation, 
secretion of cytokines and other immune mediators, and phagocytosis 
[33–36]. Interestingly, there is difference between the upregulated im
mune response proteins in severe patients and in asymptomatic carriers. 
It is still not clear, however, how these molecules determine the switch 
from asymptomatic infection to mild/moderate COVID-19 or from mild/ 

moderate to severe status. 

2.4. The persistent alteration cholesterol metabolism, blood coagulation 
and cardiomyopathy in convalescent patients 

We and others have shown that cholesterol metabolism is directly 
related to the pathogenesis and severity of COVID-19, and an increased 
serum total cholesterol level seems to be specific for COVID-19 [32,37]. 
Interestingly, we found that cholesterol metabolism pathways all 
showed some degree of alteration with Apolipoprotein A-I (ApoA1) 
down regulated in asymptomatic patients, COVID-19 patients, and 
convalescent patients (Fig. 4a-e) [20,32]. ApoA1 is a major component 
of high-density lipoproteins (HDL), which are important for reverse 
cholesterol transport. The disturbance of serum HDL may suggest a 
defect in cholesterol reverse transport and cholesterol functions. We 
found that HDL-C levels were reduced at both 6 and 12 months of re
covery (Fig. 4f), which further supports the notion that cholesterol 
transport is disrupted along the entire progression of COVID-19, 
including recovery. HDL also has major pleiotropic functions that 
could play a pivotal role in acute inflammatory conditions. Evidence 
suggests that HDLs are globally protective for the endothelial layer. One 
study reported that HDLs from COVID-19 patients were less protective 
for endothelial cells stimulated with TNFα than HDLs from healthy 
subjects [37]. Thus, we hypothesize that disrupted HDL involved 
cholesterol transport, which occur at the earliest stage of infection and 
persist throughout the entire period, might be an early inducing factor as 
well as a long-lasting adverse factor which determines disease outcome. 

It has been reported by multiple groups that blood coagulation is 
disturbed in COVID-19 patients [38]. We found that levels of the coag
ulation factors IX and FBLN1 were significantly increased at both 6 and 
12 months of recovery (Fig. 4g, h). Blood coagulation and inflammation 
are universal responses to infection and there is close crosstalk between 
them. For instance, inflammatory cytokines and leukocyte elastase can 
down-regulate natural anticoagulant proteins that help to maintain 
endothelial-cell integrity and control clotting [39]. Thus, immune sup
pression might contribute to the tendency for clot formation during 
recovery. 

Several studies have reported major cardiac complications in COVID- 
19 patients including COVID-19-related myocarditis [40–42]. Moreover, 
recovered patients also present impaired cardiac function independent 
of preexisting conditions, which indicates that COVID-19 results in long- 
term heart sequelae. We found DEPs enriched in cardiovascular system 
development at 6 and 12 months of recovery (Fig. 4i, j). Specifically, the 
level of junction plakoglobin (JUP) is significantly reduced. JUP is a 
binding partner for major proteins in desmosomes, which are junction 
structures important in cardiomyopathy. Evidence shows that impaired 
desmosome assembly reduces incorporation of JUP into the cell mem
brane in arrhythmogenic right ventricular cardiomyopathy (ARVC) 
[43]. The reduced level of JUP detected in serum might be a sign of 
disturbed JUP localization and junction structure disorders. OPN is an 
extracellular matrix protein that takes a role in increase of macrophage 
and T cells on inflammation areas [44]. Moreover, OPN increased the 
risk of atherosclerosis by leading vascular inflammation through 
increasing macrophage activation and release of other cytokines [45]. 
More evidence of cardiomyopathy comes from that the level of creatine 
kinase, MB form (CK-MB) increased significantly from 6 months to 12 
months of convalescence (Fig. 4k) compared to healthy controls. This 
further raised awareness that ongoing investigation of the long-term 
cardiovascular consequences of COVID-19 is urgently needed. Among 
all identified DEPs of multiple functions, the Apolipoprotein A-I 
(APOA1), Osteopontin (SPP1), Haptoglobin (HP), Alpha-1-antitrypsin 
(SERPINA1), Neutrophil elastase (ELANE) level in recovered patients 
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Fig. 3. Persistent immune suppression in convalescent patients. 
a, b. Interaction diagram of the indicated pathways when serum proteins from mild/moderate COVID-19 patients after 6 months recovery (a) or 12 months recovery 
(b) are compared to healthy controls (cohort 2). 
c, d. Interaction diagram of the indicated pathways when serum proteins from severe COVID-19 patients after 6 months recovery (c) or 12 months recovery (d) are 
compared to healthy controls (cohort 2). 
e, f. Interaction diagrams of the indicated pathways when serum proteins from mild/moderate patients (e) or severe patients (f) are compared to healthy controls 
(cohort 4). 
g, h. Interaction diagrams of the indicated pathways when serum proteins from convalescent patients after about 10 days recovery from mild/moderate (g) or severe 
(h) COVID-19 are compared to healthy controls (cohort 4). The significance of the pathways represented by -log(P-Value) (Fisher's exact test) is shown by the color 
scale, with dark blue representing the highest significance. Color bar from orange to green represents the fold change of protein level from increasing to decreasing. 
Fold change indicates the protein levels in patients compared to healthy controls. 
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was validated by Elisa, which are proteins important in cholesterol 
transport, cardiovascular system and immune responses (Fig. S3). 

There is evidence showing that immune responses are critical com
ponents of the host reaction to myocardial injury and subsequent 
remodeling [46]. The persistent immune dysregulation caused by SARS- 
CoV-2 infection prompt us to speculate that this might be an important 
causative agent of long-term myocardial disorders. Interestingly, we did 
not detect cardiovascular-related pathway disorders in asymptomatic 
infection (data not shown), possibly because the earliest infection has 
not yet exerted profound influence. 

3. Discussion 

Increasing evidence suggests that the heterogeneity of clinical 
manifestations and the complexity of host responses of COVID-19 
require detailed analyses using high-resolution techniques and well- 
characterized clinical cohorts. Here, we profiled the serum proteome 
from 118 convalescent COVID-19 patients and the urine proteome from 
70 asymptomatic COVID-19 patients using the DIA proteomics 
approach. This is the first MS-based body fluid proteomics study of 
asymptomatic infection and convalescent COVID-19 patients at 6- and 

12- months after diagnosis. With a total of 106 urine samples and 148 
serum samples, this is one of the largest untargeted proteomic studies on 
COVID-19. 

When we integrated the proteomics analysis of asymptomatic, mild/ 
moderate, severe and convalescent cases, our main finding is that im
mune responses are activated in asymptomatic infection, suppressed in 
mild/moderate COVID-19 patients, and abnormally activated in severe 
COVID-19 patients (Fig. 5). The turning point might be defective func
tion of myeloid cells and neutrophils, since proteins related to these 
functions were identified to switch from increasing to decreasing 
(Fig. 2d). Interestingly, the immune response activation in severe pa
tients involves the proteasome system, which contrasts with the immune 
response activation seen in asymptomatic infection. Surprisingly, both 
mild/moderate and severe patients show prolonged immune suppres
sion at 6 and 12 months of recovery. It is interesting to explore how the 
distinct immune patterns determine the disease trajectory. Tight junc
tions are partially activated in asymptomatic infection but are disrupted 
in COVID-19 patients, providing another line of evidence for disease 
progression. Cholesterol metabolism was disrupted throughout the 
entire progress from asymptomatic infection to recovery. Cardiovascular 
function and blood coagulation pathway was not significantly affected 

Fig. 4. The immune system dysregulations are linked with cholesterol metabolism, blood coagulation and cardiomyopathy. 
a. Interaction diagrams of the indicated pathways when urine proteins from asymptomatic carriers are compared to healthy controls (cohort 1). 
b. Interaction diagrams of the indicated pathways when urine proteins from COVID-19 patients are compared to healthy controls (cohort 3). 
c. Interaction diagrams of the indicated pathways when serum proteins from COVID-19 patients after recovery for 6 months are compared to healthy controls (cohort 
2). 
d, e. Scatter plot graphs showing DEPs from a-c. One-way ANOVA was used to analyze the data. Data are presented as mean ± SEM. * P-value <0.05, ** P-value 
<0.01, *** P-value <0.001, **** P-value <0.0001, t-test. 
f. HDL-C levels in convalescent COVID-19 patients after recovery for 6 or 12 months (cohort 2). Data are presented as mean ± SEM. * P-value <0.05, ** P-value 
<0.01, *** P-value <0.001, **** P-value <0.0001, t-test. 
g, i. Interaction diagrams of blood coagulation, fibrin clot formation (g) or cardiovascular system development (i) when serum proteins from convalescent COVID-19 
patients after recovery for 6 months are compared to healthy controls (cohort 2). 
h, j. Scatter plot graphs showing DEPs from g and i. One-way ANOVA was used to analyze the data. Data are presented as mean ± SEM. * P-value <0.05, ** P-value 
<0.01, *** P-value <0.001, **** P-value <0.0001, t-test. 
k. Quantitative level of Creatine Kinase, MB Form in convalescent COVID-19 patients after 6 or 12 months of recovery. 

Fig. 5. Schematic overview of the molecular pattern during multiple disease stages. Molecular pattern for immune response, cardiovascular system and cholesterol 
metabolism in asymptomatic infection, COVID-19 disease, and COVID-19 recovery for 10 days, 6 months and 12 months. 
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in asymptomatic infection, but was disrupted during mild/moderate/ 
severe COVID-19 and recovery. It is worth mentioning that the results of 
blood tests (routine cell counts and biochemistry) appeared normal in 
these convalescent patients (Supplementary Table 2). Thus, the molec
ular alteration was more sensitive than blood tests for prediction of 
dysfunction. From the timeline of each observed disorders and the 
known inter-relationships of these processes, we speculate that immune 
responses and cholesterol metabolism might be the risk factors and 
pivotal causative agents of other molecular disorders, especially in the 
recovery stage, which are manifested as complex clinical symptoms. It 
remains to be explored why disorders of the immune system and 
cholesterol metabolism persist even when the virus is not detectable in 
recovering patients. 

The limitations of this study lie in the possibility that changes in 
serum or urine protein levels partially but not completely represents the 
activation or suppression of the pathways that the proteins function in. 
More rigorous mechanistic studies in cellular or mouse models are 
required to trace the origin of these proteins, how they are released, and 
how they function in disease conditions. Single cell multi-omics studies 
for cell lineage tracing of samples from convalescent patients should be 
integrated with unbiased proteomics to dissect the relationship between 
disease pathogenicity and host cell response. Isolating neutrophils or 
monocytes from convalescent patients and testing their functions in 
vitro may also provide insight into specific immune mechanism. In 
addition, more personalized study requires molecular mapping of lon
gitudinal samples from one patient across the disease progression. 

In conclusion, our work gives a whole view of disease progression at 
the proteomic level and finds that distinct immune response patterns 
and altered cholesterol metabolism constitute the central hub for clinical 
trajectories of the disease and risk factors for long-term sequelae. Our 
study provides a valuable proteomics resource at multiple disease stages 
to comprehensively understand COVID-19-associated host responses. 
Our results shed light on the pathogenesis of COVID-19 and, more 
importantly, provide insight into the urgently needed mechanism of 
sequelae and early intervention strategies. 

4. Materials and methods 

4.1. Sample collection 

Urine samples were collected based on the protocol for routine mid- 
stream urine in the morning. Serum samples were collected in pro- 
coagulation vacuum tubes using standard venepuncture protocols. 
Serum was extracted by centrifugation for 10 min at 3000 rpm. The 
urine and serum samples were inactivated at 65 ◦C for 1 h and subse
quently stored at − 80 ◦C before use. The study was approved by the 
Ethics Committee of the National Institution for Viral Disease Control 
and Prevention, China CDC (Ethical approval No.IVDC2020-021). 
Written informed consent was obtained from all participants. 

4.2. Depletion of highly abundant proteins from serum samples 

Abundant protein depletion was performed on the Agilent 1290 In
finity II liquid chromatography system coupled with the Multi Affinity 
Removal Column, Human-14. Protein concentration was measured 
using a BCA Protein Assay Kit (Thermo Scientific). 

4.3. Serum and urine sample preparation for DIA analysis 

Urine samples were processed as described previously (Tian et al., 
2020). Firstly, urine proteins were precipitated by trichloroacetic (TCA) 
acid solution at 4 ◦C for 4 h, reduced by 20 mM (2-carboxyethyl) 
phosphine hydrochloride (TCEP) and alkylated with 40 mM iodoaceta
mide. The mixture was digested with 3 μg trypsin protease overnight. 
After desalting, 1/3 lysate was used to measure peptide concentration 
while the remaining 2/3 was dissolved in Milli-Q water with 0.1% 

formic acid (FA) for mass spectrometry analysis. Serum proteins were 
also precipitated by TCA solution, reduced by 20 mM TCEP and alky
lated with 40 mM iodoacetamide. The mixture was digested with trypsin 
protease at a 1/100 (w/w) trypsin protease to protein ratio, at 37 ◦C 
overnight. The lysate was desalted using a Monospin C18 column (GL 
Science, Tokyo, Japan) and vacuum-centrifuged to dryness afterwards. 
The dried peptides were reconstituted before DIA analysis. 

4.4. Sample preparation for spectral library generation 

Peptides from each sample were mixed to obtain 100 μg purified 
mixture and then vacuum-centrifuged to dryness. The dried peptides 
were reconstituted in Milli-Q water with 2% acetonitrile (ACN) for 
fractionation. 

4.5. High-pH reversed-phase fractionation 

Peptides were fractionated at pH 10 on a chromatographic column 
(BEH C18, 300 Å, 1.7 μm, 1 mm × 150 mm) coupled to a Waters XevoTM 
ACQUITY UPLC (Waters, USA) as described previously (Tian et al., 
2020). Approximately 100 μg purified peptides were separated into 62 
fractions by collecting the fluid every 60 s. The fractions were mixed in 
pairs to give 31 samples and then vacuum-centrifuged to dryness. Dried 
peptides were dissolved in 10 μL Milli-Q water with 0.1% formic acid 
(FA) and then spiked with iRT peptides for chromatographic correction. 

4.6. Liquid chromatography 

Nanoflow reversed-phase chromatography was performed on a 
nanoElute liquid chromatography system (Bruker Daltonics). Peptides 
were separated with a non-linear gradient starting with 2% acetonitrile 
in 0.1% formic acid and increasing to 22% acetonitrile in 0.1% formic 
acid, then increasing to 37% within 8 min, then further increasing to 
100% within 5 min, and finally maintained at 100% for 7 min before re- 
equilibration. A homemade column (25 cm × 75 μm, 1.5 μm C18-AQ 
particles) was used. 

Mobile phases A and B were water and ACN with 0.1% formic acid 
respectively. Separation was performed at a flow rate of 300 nL/min. 

4.7. Mass spectrometry 

LC was coupled online to a timsTOF Pro (Bruker) via a CaptiveSpray 
nano-electrospray ion source. The fraction samples were analyzed in 
data-dependent mode, setting mass spectra in the range from m/z 
100–1700 in positive electrospray mode for generation of the spectral 
library. The other analysis was in data-independent mode, consisting of 
an MS1 scan from m/z 400 to m/z 1200 and 64 MS2 windows in a 
diaPASEF acquisition scheme covering the mass range from m/z 400 to 
m/z 1200. 

The ion mobility was scanned from 0.6 to 1.6Vs/cm2. The collision 
energy was ramped linearly as a function of the mobility from 59 eV at 
1/K0 = 1.6 Vs/cm2 to 20 eV at 1/K0 = 0.6 Vs/cm2. 

4.8. Generation of spectral libraries and DIA data analysis 

Spectral libraries were generated with Spectronaut version 14.2 
(Biognosys) against a UNIPROT human database (only reviewed en
tries). All the parameters were default. DIA files were processed in a 
default mode, except that correction factor of XIC IM extraction window 
was set to 0.8. 

4.9. Enzyme-linked immunosorbent assay (ELISA) 

Human protein ELISA kits were used to quantify serum levels of 
endogenous protein according to manufacturers' instructions (R and D 
system). Briefly, serum samples were diluted according to the 
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manufacturers' dilution guideline. Serum were diluted at 1: 20000 for 
detection of APOA1 and Haptoglobin, 1:10 or 1:100 for ELA2, 1:10 for 
Serpin A1and 1: 25 for OPN. Then, a total of 100 μL of fixed dilution 
plasma sample were added to the precoated plates, and the plates were 
incubated at 37 ◦C for 2 h. After washing, 100 μL Conjugate-specific 
antibody was added to each well, and the plates were incubated at 
37 ◦C for 1 h. Followed by washing, 100 μL Substrate Solution was added 
and incubated at 37 ◦C for 1 h. Finally, the OD value at 450 nm were 
determined after addition of 50 μL Tetramethyl-benzidine (TMB) re
agent and stop solution. The standard curve of each protein was 
generated by determination of OD values from serially dilutions of the 
standard samples with known protein concentrations provided by the 
manufacturers. 

4.10. Statistical analysis 

Omicsbean software was used for data analysis including data 
imputation, normalization, and principal component analysis (PCA). 
Fold-change of 2 and fold-change<0.5 and P-value (t-test) of 0.05 were 
used to filter differentially expression proteins. Mfuzz was used to detect 
different sub-clustering models of gene expression among groups. 
Network visualization was performed using the ggplot228 packages and 
Cytoscape v.3.5.129 implemented in the Omicsbean workbench. In
genuity Pathway Analysis (IPA) was performed to explore the down
stream effects in the dataset of significantly up- or down-regulated 
proteins. 
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