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At the end of 2019, the COVID-19 pandemic, caused by severe acute
respiratory syndrome coronavirus type 2 (SARS-CoV-2) infection, seriously
damaged world public health security. Several protein markers associated
with virus infection have been extensively explored to combat the ever-
increasing challenge posed by SARS-CoV-2. The proteomics of COVID-19
deepened our understanding of viral particles and their mechanisms of host
invasion, providing us with information on protein changes in host tissues, cells
and body fluids following infection in COVID-19 patients. In this review, we
summarize the proteomic studies of SARS-CoV-2 infection and review the
current understanding of COVID-19 in terms of the quantitative and qualitative
proteomics of viral particles and host entry factors from the perspective of
protein pathological changes in the organism following host infection.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified as a
new type of 3 coronavirus in 2019. Infection with SARS-CoV-2 in humans has rapidly
spread around the globe (1, 2). The WHO named the resulting disease coronavirus disease-
19 (COVID-19) in March 2020 (3, 4), and later declared the COVID-19 outbreak to have
reached pandemic status, which attracted worldwide attention. At the genomic level, SARS-
CoV-2 is highly similar to SARS-CoV, but it is far more transmissible (1). The virus spreads
mainly via respiratory droplets and invades human bronchial and lung epithelial cells.
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SARS-CoV-2 usually causes lower respiratory tract infections (4,
5), which can progress to severe acute respiratory syndrome and
even multiple organ failure (6, 7). Since reaching epidemic status,
SARS-CoV-2 has continuously mutated from the initially
discovered wild-type strain to produce alpha, beta, gamma,
delta, and the recently emerged OMICRON variants due to the
instability of RNA viruses (8). Epidemiology data reported to the
WHO (https://covid19.who.int/) showed 590,659,276 confirmed
cases of COVID-19 globally as of 5:15 pm CET on 18 August
2022, including 6,440,163 deaths, and these cases have seriously
impacted public health security worldwide. Thus, effective
preventive, control, and intervention measures are urgently
needed. Exploring the pathogenic mechanism of the virus and
the physiological and pathological state of the human body after
infection by proteomic methods will help deepen our
understanding of COVID-19 and will be beneficial for
subsequent treatments and vaccine development (9-11).

Overview of COVID-19 proteomics

The infection mechanism and clinical symptoms of COVID-
19 are complex, and scientists around the world have been
devoted to exploring the scientific answers behind these complex
clinical questions since the epidemic began. The symptoms of
SARS-CoV-2 infection range from single respiratory symptoms
to dysfunction involving multiple organs throughout the body,
and asymptomatic infection poses challenges to research and
clinical practice (12-15). At present, a variety of omics methods
have been used to explore COVID-19, and genome,
transcriptome, proteome, and metabolome analyses have
jointly improved our understanding of this virus and its
associated diseases, providing us with a multidimensional
perspective (16-19). In particular, proteomics uses proteomic
approaches to focus on annotation, posttranslational
modifications, and the interactions of proteins encoded by
genomic sequences (20). Mass spectrometry is the most widely
used proteomics technology in proteomics research, especially
matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-TOF MS) (21, 22) and electrospray ionization mass
spectrometry (ESI-MS) (23, 24), which are biological mass
spectrometry technologies and play an extremely important
role in the detection of SARS-CoV-2 infection-related markers.

Qualitative and
quantitative proteomics

Basic qualitative proteomics and quantitative proteomics
studies provided us with the relevant polypeptide levels of
SARS-CoV-2 and its host entry factors, as well as the
distribution and changes of host entry factors. These data
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allow us to characterize viral and host entry factor peptides. In
an earlier study, tryptic viral peptides and tryptic host cell
peptides were characterized to recommend a list of peptides
that can be used for the targeted detection and parallel reaction
monitoring of viral proteins (23, 25). Peptide detection of ACE2
and TMPRSS2, the main host entry factors of SARS-CoV-2, has
also been attempted (25, 26), but the outcome was not
satisfactory. This failure may be attributed to the different
expression profiles of ACE2 and TMPRSS2 in various tissues
and cell lines (25-28), and most current studies suggest that the
severity of SARS-CoV-2 infection differs from receptor
expression (29). Collectively, existing studies have shown that
ACE2 and TMPRSS2 are difficult to detect in upper respiratory
tract and lung tissue samples (27, 28, 30). For example, in the
human lung, adenocarcinoma H522 cells do not express ACE2
(31),but ACE2, a SARS-CoV-2 receptor, is often affected by
different factors during infection, such as the dysregulation of
interferon signaling pathways (32, 33). Another typical example
is intestinal tissue. The Caco-2 cell line is often used to study the
mechanisms and symptoms of SARS-CoV-2 infection, and
ACE2 and TMPRSS2 can be codetected in multiple intestinal
samples (27, 28, 30).

A major goal of qualitative proteomics is to find markers
with clinical diagnostic potential, while quantitative proteomics
can quickly provide us with useful information because of its
simple operation and easy interpretation of results (34). The
general quantitative methods for protein biomarker
identification are usually divided into targeted and nontargeted
methods. Targeted quantification is a biased strategy that only
focuses on the identification of a small subset of candidate
biomarkers. Targeted quantification is available to provide a
complete secondary mass spectral profile for confirming the
identity of the target and quantitative information. For example,
parallel reaction monitoring (PRM) can selectively quantify
target proteins and peptides in absolute or relative terms with
a high level of accuracy, reproducibility and sensitivity (35, 36).
Nontargeted quantification can be divided into two categories:
labeled and unlabeled. Widely used tags are isobaric tags for
relative and absolute quantification (iTRAQ) and tandem mass
tags (TMTs). TMTs are often combined with high-throughput
mass spectrometry platforms for the analysis of a wide range of
clinical samples, such as liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (37, 38). Simultaneous marker
quantification is now possible for up to 16 markers, making it
particularly suitable for differential proteomic analysis of
COVID-19 samples using multiple treatments or from
multiple treatment times. Data-independent acquisition (DIA)
is a commonly used label-free quantification method, such as the
sequential window acquisition of all theoretical fragment ions
(SWATH) for large-scale label-free quantification, which can
efficiently determine protein molecules of very low abundance in
complex samples with good reproducibility (39). The advent of
another revolutionary new method, parallel accumulation serial
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fragmentation (PASEF), has endowed shotgun proteomics with
greater speed and sensitivity, making it more suitable for the
analysis of microsamples (40). In addition, patented proximity
extension assay (PEA)-based technology empowers Olink
proteomics solutions to combine the high specificity of
antibody immunoassays with the high sensitivity and
throughput of genomics (41). Furthermore, this method is
particularly suitable for the analysis of plasma serum samples.
These multiple proteomics strategies and technologies all
provide powerful tools for us to explore the SAS-CoV-2
infection pathway, identify therapeutic targets and screen drugs.

Host cell proteomics
Cell- and tissue-based studies

Although SARS-CoV-2 invades the respiratory tract, with
the lungs and bronchi being the most important sites of
infection, a growing number of studies of tissue and autopsy
collected from infected individuals have shown that SARS-CoV-
2 infection is present in multiple organs due to viral replication,
including the gut, liver, kidney, myocardium, brain and nerves
(4, 42-46). Numerous studies have shown variations in protein
expression in different organs infected with SARS-CoV-2
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(Figure 1). By conducting a comprehensive investigation of the
pathways by which viruses destroy cells, Chen et al. (47)
established a unique cell culture model of six human cell lines
to analyze the cellular response to of infection in the lung, liver,
intestine, kidney, heart, and brain based on proteomics. They
found that SARS-CoV-2 targeted proximal jak-stat pathway
components and destabilized type-I interferon receptors
through ubiquitination, thereby making infected cells resistant
to type-I interferons, revealing the immune evasion strategy of
SARS-CoV-2. By analyzing the SARS-CoV-2-infected cell
landscape, Pablos et al. (48) identified more than 100
substrates in human lung and kidney cells and delineated the
human protein substrates of 3clpro by tail substrate-targeting N-
terminal omics. They found that 3clpro targeted the Hippo
pathway, including MAP4KS5 inactivation and the key effectors
of mRNA transcription, mRNA processing, and mRNA
translation. They demonstrated that the spike glycoprotein
directly bound galectin-8, and galectin-8 cleaved CALCOCO2/
NDP52 to decouple antiviral autophagy.

The symptoms of SARS-CoV-2 infection are not limited to
the respiratory tract. Common symptoms include fever, cough,
fatigue, dyspnoea, and decreased taste/smell. Multiple organ
damage is a major complication of COVID-19. Qiu et al. (49)
used tandem mass tag (TMT) 11-plex labeling and liquid
chromatography with tandem mass spectrometry (LC-MS/
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MS) to analyze different tissues and organs of deceased patients.
They identified potential tissue-specific proteins and different
molecular markers for different tissue types. The most typical of
these markers is SI00A8/9, which is significantly elevated in the
lung tissues of patients with severe COVID-19. In addition,
dermatological manifestations are widely reported among the
extrapulmonary signs associated with COVID-19 (50). In an
interesting study, the impact of COVID-19 on the development
of macular drug eruption (MDR) was explored in an attempt to
address the difference between COVID-19 patients suffering
from MDR (COVID-MDR) and non-COVID-19 patients
suffering from MDR or patients with drug rash with
eosinophilia and systemic symptoms (DRESS) (51). Proteomic
analysis showed that a large-scale systemic cytokine storm
emerged in COVID-MDR, which was distinct from MDR and
DRESS. However, SARS-CoV-2 RNA was not detected in the
skin of patients with COVID-MDR, and ACE2 was regulated at
the mRNA rather than the protein level (51). One of the
significant findings is that the COVID-MDR cases were all
severe COVID-19, and all patients developed MDR
approximately one month after the initial COVID-19
diagnosis. The results of this study suggest that MDR in
critically ill COVID-19 patients may be attributed to a
hyperinflammatory immune response that ultimately leads to
the activation of Mos/Macs and highly cytotoxic CD8+ T cells.
Further studies in larger patient populations are needed in the
future. In a recent study of SARS-CoV-2 infection in skin tissues
and organs, Ma et al. (52) investigated the pathological
mechanism of SARS-CoV-2 infection based on a 3D skin
model for the first time. The authors constructed a human-
induced pluripotent stem cell (hiPSC)-derived skin organoid
model with hair follicles and a nervous system and developed a
skin proteomics atlas of SARS-CoV-2 patients by quantification
methods. They found that many organs and tissues were affected
by COVID-19 infection, including the extracellular matrix,
epithelial development, the nervous and circulatory systems,
and the cellular connections of the skin. Their results show that
SARS-CoV-2 can directly attack hair follicles, which provides
evidence for an association between COVID-19 and the sequelae
of hair loss. They also found that SARS-CoV-2 can attack
neurons in the skin. These findings demonstrate the great
potential and value of skin organoids in pathological
mechanism research and drug screening.

Severe SARS-CoV-2 infection triggers a series of
pathophysiological processes in the body. Thus, elucidating the
pathogenic mechanisms of infection and controlling host
immunity during infection are vital to resist viral infection
without overreaction. Innate and adaptive immunity interact
and counteract each other and defend against viral invasion. A
recent study showed that extensive T-cell apoptosis may be a key
factor in T-cell homeostasis and dysfunction in severe COVID-
19 patients. Adamo et al. (53) analyzed T-cell phenotype and
function in severe COVID-19 patients using flow cytometry and

Frontiers in Immunology

04

10.3389/fimmu.2022.923387

targeted proteomics and found a significant loss of peripheral T
lymphocytes in naive and memory populations in patients
suffering from severe COVID-19 infection, particularly an age-
related loss in CD8+ T cells, accompanied by an increase in
interleukin-7 and increased T-cell proliferation, which are
consistent with previous findings (54-56). These findings
revealed the importance of COVID-19-induced disorders of
CD4+ and CD8+ T cells and demonstrated the association of
age and T lymphocytes with COVID-19 severity. Therefore,
targeting T lymphocytes and inflammation has great potential
for therapeutic value. Two studies have focused on NK-cell
immunity (57, 58). By analyzing the relationship between NK-
cell-related immune signatures and viral load using a single-cell
count-based proteomics platform, Hsieh et al. (57) showed that
the diversity of NK receptors was negatively correlated with viral
clearance and that patients with a higher abundance of the NK
subset expressing DNAMI and its paired coinhibitory receptor
TIGIT had faster viral clearance than patients with lower levels
of these receptors. Furthermore, CD155 and nectin-4
preferentially bound to the ligands of DNAM 1 paired
receptors, which are upregulated after SARS-CoV-2 infection
and can regulate the interaction between NK cells and virus-
infected cells. Kramer et al. (58) further explored the impact of
SARS-CoV-2 infection on the function and composition of NK
cells and found that differences in ifn-o. and TNF responses were
an important mechanism in the early stages of COVID-19. The
authors described the link between excessively prolonged ifn-o.-
induced NK-cell responses and persistent NK cells with cellular
dysfunction of adverse courses, such as pulmonary fibrosis in
severe COVID-19.

Body fluid-based studies

Plasma-based proteomics can be a rapid, noninvasive
method for understanding the SARS-CoV-2 infection process
and its physiological effects on the host (59). Plasma and
circulating markers have previously been used to study protein
differences between healthy individuals and COVID-19 patients
with varying severity and to serve as the predictors of COVID-19
surveillance (37, 38, 60). Several new research advances are
emerging to focus on this aspect (Table 1). Alaiya et al. (66)
provided a method to objectively predict disease outcome in
severe COVID-19 patients using LC-MS/MS for identifying and
quantifying proteomic expression in different degrees of
COVID-19 peripheral blood samples from patients. They
identified 49 differentially expressed proteins that were
upregulated in the peripheral blood of critically ill patients; 9
of them were upregulated in asymptomatic patients, and 12 of
them had predictive value for recovery from severe disease.
Further analysis revealed that these proteins are associated with
several pathways, such as humoral limmunity, inflammation,
acute-phase response signaling, liver X receptor/retinol X
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TABLE 1 Potential body fluid Protein Biomarkers of COVID-19.

10.3389/fimmu.2022.923387

Matrix Platform Biomarker Potential Reference
Plasma TMT 11-plex and ~ ORMI, ORM2, S100A9, SERPINA3, PI16, LCP1, FETUB, AZGP1, CRP, CFI, CETP Distinguished and predicted 37
LC-MS/MS, ELISA COVID-19 results
Serum TMTpro (16plex) SAA2, ALB, CRP, SAA1, HABP2, HP, SERPINA10, CPN1, F5, SERPINGI, SERPINA3, Disease severity evaluation 38
and UPLC-MS/MS LUM, LRGI, ITIH3, CLEC3B, LBP, PGLYRP2, CFB, C6, LCP1, OAF, C9
Serum A redesigned high- A1BG, ACTB, ACTGI, ALB, APOA1, APOCI, CIR, C1S, C8A, CD14, CFB, CFH, CFI, Disease severity evaluation 60
and throughput MS CRP, FGA, FGB, FGG, GSN, HP, ITIH3, ITIH4, LBP, LGALS3BP, LRGI, SAA1, SAA1,
plasma platform SAA2, SERPINA10, TF
Serum SWATH-MS SELENOP and PON1, CBP2, PZP predictive value for disease 61
recovery, severity and
symptomatology
Plasma  LC-MS/MS suPAR Clinical outcomes stratification 62
SWATH in severe COVID-19 patients
with ARDS
Plasma PEA, Olink ADM, IL-6, MCP-3, TRAIL-R2, PD-L1 Prediction of COVID-19 Death 63
Outcomes
Urine TIMS-TOF MS MTI1G, LPL, 2M, PRKACA, FOLR2, APOA4, IGLV3-25, EEF1A1 potential diagnostic markers 64
with PASEF
Urine PRM-based IGF1, SAA1, FBLN5, APMAP, F9, SERPINA3, VWEF, LEAP2, IGFBP3, IL1R2, TKT, classifying and predicting 65
and targeted MS VSIG4, IL6R, ALB, IGFBP2, RNASE4, MRC1, AGT, CR2, SHH COVID-19 severity
Serum

receptor (LXR/RXR) activation, coagulation, and the
complement system. In another study, Villar et al. (61)
employed sequential windowed data independent acquisition
of the total high-resolution mass spectra (SWATH-MS)
quantitative serum proteomics and multiple data analysis
algorithms to investigate the host response to SARS-CoV-2
infection in different cohorts ranging from asymptomatic
individuals to critically ill patients. They identified immune-
related prognostic biomarkers and physiological processes
associated with the symptoms of COVID-19 infection. Their
results showed that the disease recovery biomarkers SELENOP
and PONI, the severity marker CBP2, and the symptomatic
marker PZP can be used for disease prognosis. Sarif et al. (62)
proposed that soluble uPAR could be a useful biomarker for
prognostic stratification of Indian COVID-19 patients who
progressed to acute respiratory distress syndrome (ARDS).
Systemic hyperinflammation is a feature of severe COVID-19
disease and is often associated with ARDS (67). Their study
showed that patients with severe COVID-19 ARDS had higher
plasma suPAR abundance and that suPAR levels are associated
with characteristic plasma proteomes, coagulation disorders and
complement activation. Soluble uPAR may be the key link
between the abnormally enlarged circulating myeloid cell
compartment in critically ill COVID-19 patients and the
systemic hyperinflammatory and hypercoagulable states
encountered in these patients. However, influencing factors,
including ethnic differences, remain to be further validated. A
recent study identified an intriguing characterization of the
pathophysiology of SARS-CoV-2 infection through multiplex
and ultrasensitive proteomic analysis with inflammatory and
cardiometabolic processes (63). They classified the plasma
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specimens of COVID-19 patients in the emergency
department (ED) as undiagnosed suspected patients,
confirmed but nonhospitalized patients, confirmed
hospitalized patients, and patients with minor illnesses not
related to SARS-CoV-2 and analyzed the correlation between
177 inflammation-related circulating proteins and
cardiovascular disease using the proximity extension assay
(PEA, Olink) technique. The results showed that 14 proteins
were highly related to SARS-CoV-2 infection, and 12 proteins
were further screened with highly significant levels (p < 0.001)
that were closely related to hospitalization outcomes; among
them, the proteins ADM, IL-6, MCP-3, TRAIL-R2, and PD-L1
can be used as predictors of death. Based on these markers, they
constructed a composite risk fingerprint that effectively
predicted mortality in their cohort of COVID-19 patients.
Notably, they highlighted several hitherto unrecognized
proteins: including the immunosuppressive receptor ligand
PD-L1 which was specific to COVID-19, and the circulating
hormone ADM which was recognized as the strongest single
predictive markers in lethal progression. These findings provide
the basis for informed risk stratification and alternative
intervention, and give us a broader perspective at the level of
monitoring inflammatory mediators.

Urine is a more accessible source of body fluids and serves as
a noninvasive biological sample from the peripheral circulation.
Urinary proteomics has previously been reported in COVID-19
infection studies (64, 68). A recent study found that more
detectable proteins and cytokines could be obtained in urine
samples than in serum samples. Although some proteins that
overlapped with serum showed opposite expression patterns,
urine was comparable to serum in terms of the classification of
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COVID-19 as mild and severe (65). The study found that the
levels of two important regulators involved in renal tubular
reabsorption, megalin (LRP2) and cubilin (CUBN), showed a
decreasing trend in the urine of patients with COVID-19. The
researchers speculated that the renal tubular reabsorption
process in COVID-19 patients may be disturbed, resulting in
certain protein changes in urine and showing different
expression patterns from those in blood. This phenomenon
may also exist in other diseases, and further research is
needed. In urine, CXCL14 was significantly correlated with
lymphocyte counts in COVID-19 patients, which may be used
to indicate the severity of COVID-19. Strikingly, the study also
found that some proteins related to viral budding in the urine
proteome showed significantly decreased levels in the urine of
COVID-19 patients and were not detected in the serum. The
above results indicate that the urine proteome showed higher
detection sensitivity than the blood proteome in this study, and
the urine proteomic analysis described in this study provides a
novel and convincing platform for evaluating the
immunopathobiology and clinical course of COVID-19.

Conclusion and perspectives

Numerous studies have searched for proteomic biomarkers
that are associated with the diagnostics and prognostics of
COVID-19. Because mass spectrometry (MS)-based
proteomics has been recognized as an ideal technique to detect
infection-related changes in proteins (59) the MS technique has
been widely used to explore various aspects of viral and host
infection during the SARS-CoV-2 pandemic to date. A focus of
proteomic research is protein—protein interactions (PPIs), and
multiple studies have revealed extensive SARS-CoV-2 virus
—host protein interaction networks through MS techniques,
such as affinity purification mass spectrometry (AP-MS) and
the complementary proximity-based labeling MS method
(BioID-MS) (25, 69-77). Taken together, these studies have
broadened our knowledge and understanding of the
physiopathological profiles of SARS-CoV-2 infection and have
provided large public data resources for reference.

At present, nucleic acid detection technology remains the
mainstream method and gold standard for the diagnosis of
SARS-CoV-2 infection. However, protein-based detection
methods have been attempted, such as the SARS-CoV-2
antigen self-test kit, which is gradually becoming popular in
some countries and regions. The SARS-CoV-2 antigen self-test
kit principally consists of a rapid test for N protein antigen on
the surface of virus particles (78). Compared with nucleic acid
testing, antigen testing is a rapid and convenient test that can
save labor costs associated with medical personnel and thus
reduce the pressure on the health care system, especially during
large-scale outbreaks. For the continuous emergence of new
variants, the protective efficacy of existing vaccines is limited;
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thus, the design of new vaccines and preventive and control
measures remain a hot issue for research. Several neutralizing
antibodies and oral antivirals have been introduced for the
treatment of COVID-19, and several other highly anticipated
therapeutic agents have been reported to be in mid-stage clinical
trials. Possible therapeutic agents and drug targets with potential
for SARS-CoV-2 infection are still being explored (79-81).
Proteomics and technology, as important weapons, will
continue to play a great role in challenging disease and
research fields.

The worldwide infection of SARS-CoV-2 and the various
complications and sequelae caused by COVID-19 are still huge
challenges faced by the world. As a recent article published in
The Lancet pointed out, ‘the epidemic may end but COVID-19
will not’ (82). A number of COVID-19 proteomic markers have
been identified since late 2019, and the combination of viral
particle-based mass spectrometry studies, cell- and tissue-based
studies of infection mechanisms, fluid- and disease-course-based
studies, and studies of organismal immunity and cytokines have
brought a clearer perspective. However, our understanding of
the virus is still limited; with the emergence of OMICRON
variants, there will be more mysteries to be explored further.
Additionally, as the pandemic enters its third year, there is still
limited understanding of the long-term health effects and
sequelae of COVID-19 in patients who have recovered from
the infection. Since proteomics can provide detailed information
on SARS-CoV-2 structure and function with a comprehensive
protein interaction network, and mass spectrometry-based
proteomics has the advantage of high throughput without bias,
proteomics will remain a powerful tool for fighting COVID-19
in the future.

Author contributions

SY and JS conceived the idea and drafted the original
manuscript. ZX and SY prepared the figure and table. XL and
LS provided critical feedback. All authors contributed to the
article and approved the submitted version.

Funding
This work was supported by the Science and Technology

Research Project of the Education Department of Jilin Province
(JJKH20211181KJ/JJKH20201027K]/JJKH20211149K)).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.923387
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel coronavirus
from patients with pneumonia in China, 2019. N Engl ] Med (2020) 382(8):727-33.
doi: 10.1056/NEJMo0a2001017

2. Zhao S, Lin Q, Ran J, Musa SS, Yang G, Wang W, et al. Preliminary
estimation of the basic reproduction number of novel coronavirus (2019-nCoV)
in China, from 2019 to 2020: A data-driven analysis in the early phase of the
outbreak. Int J Infect Dis (2020) 92:214-7. doi: 10.1016/j.ijid.2020.01.050

3. Lai CC, Shih TP, Ko WC, Tang HJ, Hsueh PR. Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and coronavirus disease-2019 (COVID-
19): The epidemic and the challenges. Int ] Antimicrob Agents (2020) 55(3):105924.
doi: 10.1016/j.ijantimicag.2020.105924

4. Park J, Foox J, Hether T, Danko D, Warren S, Kim Y, et al. Systemic tissue and
cellular disruption from SARS-CoV-2 infection revealed in COVID-19 autopsies and
spatial omics tissue maps. bioRxiv (2021). Available at: https://www.biorxiv.org

5. Ravindra NG, Alfajaro MM, Gasque V, Huston NC, Wan H, Szigeti-Buck K,
et al. Single-cell longitudinal analysis of SARS-CoV-2 infection in human airway
epithelium identifies target cells, alterations in gene expression, and cell state
changes. PloS Biol (2021) 19(3):e3001143. doi: 10.1371/journal.pbio.3001143

6. Huang C, Wang Y, Li X, Ren L, Cao B. Clinical features of patients infected
with 2019 novel coronavirus in wuhan, China. Lancet (2020) 395(10223):497-506.
doi: 10.1016/S0140-6736(20)30183-5

7. Yang X, Yu'Y, Xu ], Shu H, Xia J, Liu H, et al. Clinical course and outcomes of
critically ill patients with SARS-CoV-2 pneumonia in wuhan, China: a single-
centered, retrospective, observational study. Lancet Respir Med (2020) 8(5):475-81.
doi: 10.1016/S2213-2600(20)30079-5

8. LiJ, Lai S, Gao GF, Shi W. The emergence, genomic diversity and global spread
of SARS-CoV-2. Nature (2021) 600(7889):408-18. doi: 10.1038/541586-021-04188-6

9. Shang J, Wan Y, Luo C, Ye G, Geng Q, Auerbach A, et al. Cell entry
mechanisms of SARS-CoV-2. Proc Natl Acad Sci U.S.A. (2020) 117(21):11727-34.
doi: 10.1073/pnas.2003138117

10. Parasher A. COVID-19: Current understanding of its pathophysiology,
clinical presentation and treatment. Postgrad Med ] (2021) 97(1147):312-20.
doi: 10.1136/postgradmed;j-2020-138577

11. Wen L, Kai L, Yan Z, Liang W, Meng Y, Jing L. The mechanism of
glycosylation in SARS-CoV-2 infection and application in drug development.
Prog IN Chem (2021) 33(4):524-32. doi: 10.7536/PC200647

12. Prasad A, Prasad M. Single virus targeting multiple organs: What we know
and where we are heading. Front Med (Lausanne) (2020) 7:370. doi: 10.3389/
fmed.2020.00370

13. Emmerich P, von Possel R, Hemmer CJ, Fritzsche C, Geerdes-Fenge H, Menge B,
et al. Longitudinal detection of SARS-CoV-2-specific antibody responses with different
serological methods. J Med Virol (2021) 93(10):5816-24. doi: 10.1002/jmv.27113

14. Rauti R, Shahoha M, Leichtmann-Bardoogo Y, Nasser R, Paz E, Tamir R,
et al. Effect of SARS-CoV-2 proteins on vascular permeability. Elife (2021) 10:
€69314. doi: 10.7554/eLife.69314

15. Zou M, Su X, Wang L, Yi X, Qiu Y, Yin X, et al. The molecular mechanism
of multiple organ dysfunction and targeted intervention of COVID-19 based on
time-order transcriptomic analysis. Front Immunol (2021) 12:729776. doi: 10.3389/
fimmu.2021.729776

16. WuF, Zhao S, Yu B, Chen YM, Wang W, Song ZG, et al. A new coronavirus
associated with human respiratory disease in China. Nature (2020) 579(7798):265—
9. doi: 10.1038/s41586-020-2008-3

17. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia
outbreak associated with a new coronavirus of probable bat origin. Nature (2020)
579(7798):270-3. doi: 10.1038/s41586-020-2012-7

18. Wang X, Xu G, Liu X, Liu Y, Zhang S, Zhang Z. Multiomics: Unraveling the
panoramic landscapes of SARS-CoV-2 infection. Cell Mol Immunol (2021) 18
(10):2313-24. doi: 10.1038/s41423-021-00754-0

19. LuR, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterisation and
epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor
binding. Lancet (2020) 395(10224):565-74. doi: 10.1016/S0140-6736(20)30251-8

Frontiers in Immunology

07

10.3389/fimmu.2022.923387

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

20. Praissman JL, Wells L. Proteomics-based insights into the SARS-CoV-2-
Mediated COVID-19 pandemic: A review of the first year of research. Mol Cell
Proteomics (2021) 20:100103. doi: 10.1016/j.mcpro.2021.100103

21. Iles RK, Zmuidinaite R, Iles JK, Carnell G, Sampson A, Heeney JL.
Development of a clinical MALDI-ToF mass spectrometry assay for SARS-CoV-
2: Rational design and multi-disciplinary team work. Diagn (Basel) (2020) 10
(10):746. doi: 10.3390/diagnostics10100746

22. Nachtigall FM, Pereira A, Trofymchuk OS, Santos LS. Detection of SARS-
CoV-2 in nasal swabs using MALDI-MS. Nat Biotechnol (2020) 38(10):1168-73.
doi: 10.1038/s41587-020-0644-7

23. Gouveia D, Grenga L, Gaillard JC, Gallais F, Bellanger L, Pible O, et al.
Shortlisting SARS-CoV-2 peptides for targeted studies from experimental data-
dependent acquisition tandem mass spectrometry data. Proteomics (2020) 20(14):
€2000107. doi: 10.1002/pmic.202000107

24. Thling C, Tinzler D, Hagemann S, Kehlen A, Hiittelmaier S, Arlt C, et al.
Mass spectrometric identification of SARS-CoV-2 proteins from gargle solution
samples of COVID-19 patients. | Proteome Res (2020) 19(11):4389-92.
doi: 10.1021/acs.jproteome.0c00280

25. Zecha], Lee CY, Bayer FP, Meng C, Grass V, Zerweck J, et al. Data, reagents,
assays and merits of proteomics for SARS-CoV-2 research and testing. Mol Cell
Proteomics (2020) 19(9):1503-22. doi: 10.1074/mcp.RA120.002164

26. Stanley KE, Thomas E, Leaver M, Wells D. Coronavirus disease-19 and
fertility: viral host entry protein expression in male and female reproductive tissues.
Fertil Steril (2020) 114(1):33-43. doi: 10.1016/j.fertnstert.2020.05.001

27. Hikmet F, Méar L, Edvinsson A, Micke P, Uhlén M, Lindskog C. The
protein expression profile of ACE2 in human tissues. Mol Syst Biol (2020) 16(7):
€9610. doi: 10.15252/msb.20209610

28. Wang Y, Wang Y, Luo W, Huang L, Xiao J, Li F, et al. A comprehensive
investigation of the mRNA and protein level of ACE2, the putative receptor of
SARS-CoV-2, in human tissues and blood cells. Int ] Med Sci (2020) 17(11):1522—
31. doi: 10.7150/ijms.46695

29. Zhao P, Praissman JL, Grant OC, Cai Y, Xiao T, Rosenbalm KE, et al. Virus-
receptor interactions of glycosylated SARS-CoV-2 spike and human ACE2 receptor.
Cell Host Microbe (2020) 28(4):586-601.e6. doi: 10.1016/j.chom.2020.08.004

30. Aguiar JA, Tremblay BJ, Mansfield MJ, Woody O, Lobb B, Banerjee A, et al.
Gene expression and in situ protein profiling of candidate SARS-CoV-2 receptors
in human airway epithelial cells and lung tissue. Eur Respir ] (2020) 56(3):2001123.
doi: 10.1183/13993003.01123-2020

31. Puray-Chavez M, LaPak KM, Schrank TP, Elliott JL, Bhatt DP, Agajanian
M]J, et al. Systematic analysis of SARS-CoV-2 infection of an ACE2-negative
human airway cell. Cell Rep (2021) 36(2):109364. doi: 10.1016/j.celrep.2021.109364

32. South AM, Diz DI, Chappell MC. COVID-19, ACE2, and the cardiovascular
consequences. Am ] Physiol Heart Circ Physiol (2020) 318(5):H1084-90.
doi: 10.1152/ajpheart.00217.2020

33. Saccon E, Chen X, Mikaeloff F, Rodriguez JE, Szekely L, Vinhas BS, et al.
Cell-type-resolved quantitative proteomics map of interferon response against
SARS-CoV-2. iScience (2021) 24(5):102420. doi: 10.1016/j.is¢i.2021.102420

34. Bojkova D, Klann K, Koch B, Widera M, Krause D, Ciesek S, et al.
Proteomics of SARS-CoV-2-infected host cells reveals therapy targets. Nature
(2020) 583(7816):469-72. doi: 10.1038/s41586-020-2332-7

35. Peterson AC, Russell JD, Bailey DJ, Westphall MS, Coon J]J. Parallel reaction
monitoring for high resolution and high mass accuracy quantitative, targeted
proteomics. Mol Cell Proteomics (2012) 11(11):1475-88. doi: 10.1074/mcp.0112.020131

36. Schilling B, MacLean B, Held JM, Sahu AK, Rardin MJ, Sorensen D], et al.
Multiplexed, scheduled, high-resolution parallel reaction monitoring on a full scan
QqTOF instrument with integrated data-dependent and targeted mass
spectrometric workflows. Anal Chem (2015) 87(20):10222-9. doi: 10.1021/
acs.analchem.5b02983

37. Messner CB, Demichev V, Wendisch D, Michalick L, White M, Freiwald A,
et al. Ultra-High-Throughput clinical proteomics reveals classifiers of COVID-19
infection. Cell Syst (2020) 11(1):11-24.e4. doi: 10.1016/j.cels.2020.05.012

frontiersin.org


https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/j.ijid.2020.01.050
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://www.biorxiv.org
https://doi.org/10.1371/journal.pbio.3001143
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S2213-2600(20)30079-5
https://doi.org/10.1038/s41586-021-04188-6
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1136/postgradmedj-2020-138577
https://doi.org/10.7536/PC200647
https://doi.org/10.3389/fmed.2020.00370
https://doi.org/10.3389/fmed.2020.00370
https://doi.org/10.1002/jmv.27113
https://doi.org/10.7554/eLife.69314
https://doi.org/10.3389/fimmu.2021.729776
https://doi.org/10.3389/fimmu.2021.729776
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41423-021-00754-0
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1016/j.mcpro.2021.100103
https://doi.org/10.3390/diagnostics10100746
https://doi.org/10.1038/s41587-020-0644-7
https://doi.org/10.1002/pmic.202000107
https://doi.org/10.1021/acs.jproteome.0c00280
https://doi.org/10.1074/mcp.RA120.002164
https://doi.org/10.1016/j.fertnstert.2020.05.001
https://doi.org/10.15252/msb.20209610
https://doi.org/10.7150/ijms.46695
https://doi.org/10.1016/j.chom.2020.08.004
https://doi.org/10.1183/13993003.01123-2020
https://doi.org/10.1016/j.celrep.2021.109364
https://doi.org/10.1152/ajpheart.00217.2020
https://doi.org/10.1016/j.isci.2021.102420
https://doi.org/10.1038/s41586-020-2332-7
https://doi.org/10.1074/mcp.O112.020131
https://doi.org/10.1021/acs.analchem.5b02983
https://doi.org/10.1021/acs.analchem.5b02983
https://doi.org/10.1016/j.cels.2020.05.012
https://doi.org/10.3389/fimmu.2022.923387
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al.

38. 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(1):59-72.el5.
doi: 10.1016/j.cell.2020.05.032

39. Kitata RB, Yang JC, Chen YJ. Advances in data-independent acquisition
mass spectrometry towards comprehensive digital proteome landscape. Mass
Spectrom Rev (2022) €21781. doi: 10.1002/mas.21781

40. Meier F, Brunner AD, Frank M, Ha A, Bludau I, Voytik E, et al. diaPASEF:
parallel accumulation-serial fragmentation combined with data-independent
acquisition. Nat Methods (2020) 17(12):1229-36. doi: 10.1038/s41592-020-
00998-0

41. Ding Z, Wang N, Ji N, Chen ZS. Proteomics technologies for cancer liquid
biopsies. Mol Cancer (2022) 21(1):53. doi: 10.1186/s12943-022-01526-8

42. Lindner D, Fitzek A, Brauninger H, Aleshcheva G, Edler C, Meissner K, et al.
Association of cardiac infection with SARS-CoV-2 in confirmed COVID-19 autopsy
cases. JAMA Cardiol (2020) 5(11):1281-5. doi: 10.1001/jamacardio.2020.3551

43. Puelles VG, Liitgehetmann M, Lindenmeyer MT, Sperhake JP, Wong MN,
Allweiss L, et al. Multiorgan and renal tropism of SARS-CoV-2. N Engl ] Med
(2020) 383(6):590-2. doi: 10.1056/NEJMc2011400

44. Wang Y, Liu S, Liu H, Li W, Lin F, Jiang L, et al. SARS-CoV-2 infection of
the liver directly contributes to hepatic impairment in patients with COVID-19. J
Hepatol (2020) 73(4):807-16. doi: 10.1016/j.jhep.2020.05.002

45. Zhang BZ, Chu H, Han S, Shuai H, Deng J, Hu YF, et al. SARS-CoV-2
infects human neural progenitor cells and brain organoids. Cell Res (2020) 30
(10):928-31. doi: 10.1038/s41422-020-0390-x

46. Qian Q, Fan L, Liu W, Li ], Yue ], Wang M, et al. Direct evidence of active
SARS-CoV-2 replication in the intestine. Clin Infect Dis (2021) 73(3):361-6.
doi: 10.1093/cid/ciaa925

47. Chen DY, Khan N, Close BJ, Goel RK, Blum B, Tavares AH, et al. SARS-CoV-2
disrupts proximal elements in the JAK-STAT pathway. J Virol (2021) 95(19):¢0086221.
doi: 10.1128/JV1.00862-21

48. Pablos I, Machado Y, de Jesus H, Mohamud Y, Kappelhoft R, Lindskog C,
et al. Mechanistic insights into COVID-19 by global analysis of the SARS-CoV-2
3CL(pro) substrate degradome. Cell Rep (2021) 37(4):109892. doi: 10.1016/
j.celrep.2021.109892

49. Qiu Y, Wu D, Ning W, Xu J, Shu T, Huang M, et al. Post-mortem tissue
proteomics reveals the pathogenesis of multi-organ injuries of COVID-19. Natl Sci
Rev (2021) 8(11):nwab143. doi: 10.1093/nsr/nwab143

50. Genovese G, Moltrasio C, Berti E, Marzano AV. Skin manifestations
associated with COVID-19: Current knowledge and future perspectives.
Dermatology (2021) 237(1):1-12. doi: 10.1159/000512932

51. Mitamura Y, Schulz D, Oro S, Li N, Kolm I, Lang C, et al. Cutaneous and
systemic hyperinflammation drives maculopapular drug exanthema in severely ill
COVID-19 patients. Allergy (2022) 77(2):595-608. doi: 10.1111/all.14983

52. Ma J, Liu J, Gao D, Li X, Zhang Q, Lv L, et al. Establishment of human
pluripotent stem cell-derived skin organoids enabled pathophysiological model of
SARS-CoV-2 infection. Adv Sci (Weinh) (2022) 9(7):e2104192. doi: 10.1002/
advs.202104192

53. Adamo S, Chevrier S, Cervia C, Zurbuchen Y, Raeber ME, Yang L, et al.
Profound dysregulation of T cell homeostasis and function in patients with severe
COVID-19. Allergy (2021) 76(9):2866-81. doi: 10.1111/all.14866

54. Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction and
functional exhaustion of T cells in patients with coronavirus disease 2019 (COVID-
19). Front Immunol (2020) 11:827. doi: 10.3389/fimmu.2020.00827

55. Feng Y, Ling Y, Bai T, Xie Y, Huang J, Li J, et al. COVID-19 with different
severities: A multicenter study of clinical features. Am ] Respir Crit Care Med
(2020) 201(11):1380-8. doi: 10.1164/rccm.202002-04450C

56. Hadjadj ], Yatim N, Barnabei L, Corneau A, Boussier J, Smith N, et al.
Impaired type I interferon activity and inflammatory responses in severe COVID-
19 patients. Science (2020) 369(6504):718-24. doi: 10.1126/science.abc6027

57. Hsieh WC, Lai EY, Liu YT, Wang YF, Tzeng YS, Cui L, et al. NK cell receptor
and ligand composition influences the clearance of SARS-CoV-2. ] Clin Invest (2021)
131(21):e146408. doi: 10.1172/JCI146408

58. Kramer B, Knoll R, Bonaguro L, ToVinh M, Raabe ], Astaburuaga-Garcia R, et al.
Early IFN-o signatures and persistent dysfunction are distinguishing features of NK cells
in severe COVID-19. Immunity (2021) 54(11):2650-2669.e14. doi: 10.1016/
jimmuni.2021.09.002

59. Memon D, Barrio-Hernandez I, Beltrao P. Individual COVID-19 disease
trajectories revealed by plasma proteomics. EMBO Mol Med (2021) 13(8):e14532.
doi: 10.15252/emmm.202114532

60. 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(5):1108-
1122.e5. doi: 10.1016/j.immuni.2020.10.008

61. Villar M, Urra JM, Rodriguez-Del-Rio FJ, Artigas-Jeronimo S, Jiménez-Collados
N, Ferreras-Colino E, et al. Characterization by quantitative serum proteomics of

Frontiers in Immunology

08

10.3389/fimmu.2022.923387

immune-related prognostic biomarkers for COVID-19 symptomatology. Front
Immunol (2021) 12:730710. doi: 10.3389/fimmu.2021.730710

62. Sarif ], Raychaudhuri D, D’Rozario R, Bandopadhyay P, Singh P, Mehta P,
et al. Plasma gradient of soluble urokinase-type plasminogen activator receptor is
linked to pathogenic plasma proteome and immune transcriptome and stratifies
outcomes in severe COVID-19. Front Immunol (2021) 12:738093. doi: 10.3389/
fimmu.2021.738093

63. Bauer W, Weber M, Diehl-Wiesenecker E, Galtung N, Prpic M,
Somasundaram R, et al. Plasma proteome fingerprints reveal distinctiveness and
clinical outcome of SARS-CoV-2 infection. Viruses (2021) 13(12):2456.
doi: 10.3390/v13122456

64. LiY, Wang Y, Liu H, Sun W, Ding B, Zhao Y, et al. Urine proteome of COVID-
19 patients. Urine (Amst) (2020) 2:1-8. doi: 10.1016/j.urine.2021.02.001

65. Bi X, Liu W, Ding X, Liang S, Zheng Y, Zhu X, et al. Proteomic and
metabolomic profiling of urine uncovers immune responses in patients with
COVID-19. Cell Rep (2022) 38(3):110271. doi: 10.1016/j.celrep.2021.110271

66. Alaiya A, Alshukairi A, Shinwari Z, Al-Fares M, Alotaibi J, AlOmaim W,
et al. Alterations in the plasma proteome induced by SARS-CoV-2 and MERS-CoV
reveal biomarkers for disease outcomes for COVID-19 patients. ] Inflammation Res
(2021) 14:4313-28. doi: 10.2147/JIR.S322430

67. WHO Working Group on the Clinical Characterisation and Management of
COVID-19 infectionA minimal common outcome measure set for COVID-19 clinical
research. Lancet Infect Dis (2020) 20(8):e192-7. doi: 10.1016/S1473-3099(20)30483-7

68. 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(1):5859.
doi: 10.1038/s41467-020-19706-9

69. Appelberg S, Gupta S, Svensson Akusjirvi S, Ambikan AT, Mikaeloff F,
Saccon E, et al. Dysregulation in Akt/mTOR/HIF-1 signaling identified by proteo-
transcriptomics of SARS-CoV-2 infected cells. Emerg Microbes Infect (2020) 9
(1):1748-60. doi: 10.1080/22221751.2020.1799723

70. Bouhaddou M, Memon D, Meyer B, White KM, Rezelj VV, Correa Marrero
M, et al. The global phosphorylation landscape of SARS-CoV-2 infection. Cell
(2020) 182(3):685-712.€19. doi: 10.1016/j.cell.2020.06.034

71. Feng L, Yin YY, Liu CH, Xu KR, Li QR, Wu JR, et al. Proteome-wide data
analysis reveals tissue-specific network associated with SARS-CoV-2 infection. J
Mol Cell Biol (2020) 12(12):946-57. doi: 10.1093/jmcb/mjaa033

72. Gordon DE, Hiatt ], Bouhaddou M, Rezelj VV, Ulferts S, Braberg H, et al.
Comparative host-coronavirus protein interaction networks reveal pan-viral
disease mechanisms. Science (2020) 370(6521):eabe9403. doi: 10.1126/
science.abe9403

73. Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, O’Meara MJ, et al.
A SARS-CoV-2-Human protein-protein interaction map reveals drug targets and
potential drug-repurposing. bioRxiv (2020). Available at: https://www.biorxiv.org

74. Messina F, Giombini E, Agrati C, Vairo F, Ascoli Bartoli T, Al Moghazi S,
et al. COVID-19: viral-host interactome analyzed by network based-approach
model to study pathogenesis of SARS-CoV-2 infection. J Transl Med (2020) 18
(1):233. doi: 10.1186/s12967-020-02405-w

75. Perrin-Cocon L, Diaz O, Jacquemin C, Barthel V, Ogire E, Ramiére C, et al.
The current landscape of coronavirus-host protein-protein interactions. J Transl
Med (2020) 18(1):319. doi: 10.1186/s12967-020-02480-z

76. LiJ, Guo M, Tian X, Wang X, Yang X, Wu P, et al. Virus-host interactome
and proteomic survey reveal potential virulence factors influencing SARS-CoV-2
pathogenesis. Med (N Y) (2021) 2(1):99-112.¢7. doi: 10.1016/j.med;j.2020.07.002

77. Stukalov A, Girault V, Grass V, Karayel O, Bergant V, Urban C, et al.
Multilevel proteomics reveals host perturbations by SARS-CoV-2 and SARS-CoV.
Nature (2021) 594(7862):246-52. doi: 10.1038/541586-021-03493-4

78. Patriquin G, LeBlanc JJ, Williams C, Hatchette TF, Ross ], Barrett L, et al.
Comparison between nasal and nasopharyngeal swabs for SARS-CoV-2 rapid
antigen detection in an asymptomatic population, and direct confirmation by RT-
PCR from the residual buffer. Microbiol Spectr (2022) 10(1):e0245521. doi: 10.1128/
spectrum.02455-21

79. LiJ, Liu S, Shi J, Zhu HJ. Activation of tenofovir alafenamide and sofosbuvir
in the human lung and its implications in the development of Nucleoside/
Nucleotide prodrugs for treating SARS-CoV-2 pulmonary infection.
Pharmaceutics (2021) 13(10):1656. doi: 10.3390/pharmaceutics13101656

80. Schindell BG, Allardice M, Lockman S, Kindrachuk J. Integrating
proteomics for facilitating drug identification and repurposing during an
emerging virus pandemic. ACS Infect Dis (2021) 7(6):1303-16. doi: 10.1021/
acsinfecdis.0c00579

81. Zapatero-Belinchon FJ, Moeller R, Lasswitz L, van Ham M, Becker M,
Brogden G, et al. Fluvastatin mitigates SARS-CoV-2 infection in human lung cells.
iScience (2021) 24(12):103469. doi: 10.1016/j.is¢i.2021.103469

82. Murray C. COVID-19 will continue but the end of the pandemic is near.
Lancet (2022) 399(10323):417-9. doi: 10.1016/S0140-6736(22)00100-3

frontiersin.org


https://doi.org/10.1016/j.cell.2020.05.032
https://doi.org/10.1002/mas.21781
https://doi.org/10.1038/s41592-020-00998-0
https://doi.org/10.1038/s41592-020-00998-0
https://doi.org/10.1186/s12943-022-01526-8
https://doi.org/10.1001/jamacardio.2020.3551
https://doi.org/10.1056/NEJMc2011400
https://doi.org/10.1016/j.jhep.2020.05.002
https://doi.org/10.1038/s41422-020-0390-x
https://doi.org/10.1093/cid/ciaa925
https://doi.org/10.1128/JVI.00862-21
https://doi.org/10.1016/j.celrep.2021.109892
https://doi.org/10.1016/j.celrep.2021.109892
https://doi.org/10.1093/nsr/nwab143
https://doi.org/10.1159/000512932
https://doi.org/10.1111/all.14983
https://doi.org/10.1002/advs.202104192
https://doi.org/10.1002/advs.202104192
https://doi.org/10.1111/all.14866
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1164/rccm.202002-0445OC
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1172/JCI146408
https://doi.org/10.1016/j.immuni.2021.09.002
https://doi.org/10.1016/j.immuni.2021.09.002
https://doi.org/10.15252/emmm.202114532
https://doi.org/10.1016/j.immuni.2020.10.008
https://doi.org/10.3389/fimmu.2021.730710
https://doi.org/10.3389/fimmu.2021.738093
https://doi.org/10.3389/fimmu.2021.738093
https://doi.org/10.3390/v13122456
https://doi.org/10.1016/j.urine.2021.02.001
https://doi.org/10.1016/j.celrep.2021.110271
https://doi.org/10.2147/JIR.S322430
https://doi.org/10.1016/S1473-3099(20)30483-7
https://doi.org/10.1038/s41467-020-19706-9
https://doi.org/10.1080/22221751.2020.1799723
https://doi.org/10.1016/j.cell.2020.06.034
https://doi.org/10.1093/jmcb/mjaa033
https://doi.org/10.1126/science.abe9403
https://doi.org/10.1126/science.abe9403
https://www.biorxiv.org
https://doi.org/10.1186/s12967-020-02405-w
https://doi.org/10.1186/s12967-020-02480-z
https://doi.org/10.1016/j.medj.2020.07.002
https://doi.org/10.1038/s41586-021-03493-4
https://doi.org/10.1128/spectrum.02455-21
https://doi.org/10.1128/spectrum.02455-21
https://doi.org/10.3390/pharmaceutics13101656
https://doi.org/10.1021/acsinfecdis.0c00579
https://doi.org/10.1021/acsinfecdis.0c00579
https://doi.org/10.1016/j.isci.2021.103469
https://doi.org/10.1016/S0140-6736(22)00100-3
https://doi.org/10.3389/fimmu.2022.923387
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Proteomic insights into SARS-CoV-2 infection mechanisms, diagnosis, therapies and prognostic monitoring methods
	Introduction
	Overview of COVID-19 proteomics
	Qualitative and quantitative proteomics
	Host cell proteomics
	Cell- and tissue-based studies
	Body fluid-based studies

	Conclusion and perspectives
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


