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Proteomics in the COVID-19 Battlefield: First Semester
Check-Up

Lucia Grenga and Jean Armengaud*

Proteomics offers a wide collection of methodologies to study biological
systems at the finest granularity. Faced with COVID-19, the most worrying
pandemic in a century, proteomics researchers have made significant
progress in understanding how the causative virus hijacks the host’s cellular
machinery and multiplies exponentially, how the disease can be diagnosed,
and how it develops, as well as its severity predicted. Numerous cellular
targets of potential interest for the development of new antiviral drugs have
been documented. Here, the most striking results obtained in the proteomics
field over this first semester of the pandemic are presented. The molecular
machinery of SARS-CoV-2 is much more complex than initially believed, as
many post-translational modifications can occur, leading to a myriad of
proteoforms and a broad heterogeneity of viral particles. The interplay of
protein–protein interactions, protein abundances, and post-translational
modifications has yet to be fully documented to provide a full picture of this
intriguing but lethal biological threat. Proteomics has the potential to provide
rapid detection of the SARS-CoV-2 virus by mass spectrometry proteotyping,
and to further increase the knowledge of severe respiratory syndrome
COVID-19 and its long-term health consequences.

1. The Unanticipated COVID-19 Tsunami

The world is dealing with one of the most pernicious respi-
ratory diseases ever seen, COVID-19. Over 51 million diag-
nosed cases were logged as of November 9th, 2020, along-
side a dramatic and disheartening more than 1.2 million
deaths. The first description of COVID-19 was linked to its
emergence in December 2019 in Wuhan, China.[1] Its subse-
quent fulminant spread around the world within just a few
weeks led the WHO (www.who.int) to qualify it as a pan-
demic on March 11, 2020. This scenario was facilitated by
i) unusual infectious features such as a diversity of symp-
toms, a high ratio of asymptomatic but nevertheless infectious
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cases, and infectiousness before the on-
set of symptoms, ii) a lack of knowl-
edge about the disease and of tools to de-
tect the causative pathogen, but also iii)
a vast global playground with overdensi-
fied habitats and extensive travel facili-
ties which contributed to the multiplica-
tion of human-to-human contacts. Due
to its relatively high fatality rate and ef-
fective infectious properties, COVID-19
quickly raised huge concerns, triggered
unprecedentedmeasures including long-
term lockdowns around the world, and
had an enormous impact on human so-
ciety, with dramatic economic and so-
cial consequences. The pathogen caus-
ing COVID-19, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2),
was isolated and its genome sequence
was published on February 3rd, 2020.[1,2]

SARS-CoV-2 is a Sarbecovirus belonging
to the coronavirus family lineage, which
was known from previous outbreaks
of SARS-CoV and MERS-CoV to often
cause severe human disease. Once its
genome sequence had been established,

diagnostic RT-qPCR assays were promptly designed to detect the
virus and facilitate diagnosis, helping to curtail chains of contam-
ination. Unprecedented efforts were rapidly implemented by the
scientific community to better characterize the infectious mech-
anisms of SARS-CoV-2, to understand the disease and its conse-
quences, propose new antiviral solutions, and more importantly
to develop vaccines.[3] A collective mass spectrometry effort was
launched to study COVID-19 and propose alternative solutions
for the detection of SARS-CoV-2. In their letter of intent,[4] this
coalition of nearly 600 primed scientists from sixty countries an-
ticipated that proteomics could play a key role in understanding
COVID-19. Table 1 shows the first 26 proteomics datasets pro-
duced by this community, which are currently publicly available
through the PRIDE repository (https://www.ebi.ac.uk/pride/),
thus offering new opportunities for data scientists. These re-
sults illustrate the different aspects to which proteomics can con-
tribute. Some of these works were commented in a recent re-
view focussed on olfactory proteomics[5] and the most common
methodologies used for these works were presented.[6] Now, six
months on from the start of the pandemic, we propose an anal-
ysis of the main findings gathered by proteomists over this first
semester, and discuss how they could represent game-changers
in the COVID-19 battlefield.
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Table 1. List of COVID-19-related PRIDE datasets available on 2020, September 30th.

PXD accession
number

Submission date Subject Instrument Reference

PXD017710 2020-02-25 Infection mechanisms-shotgun Q Exactive HF [25]

PXD018117 2020-03-20 Infection mechanisms-shotgun Q Exactive Plus [31]

PXD018241 2020-03-29 Infection mechanisms-shotgun Fusion Lumos -

PXD018357 2020-04-04 Infection mechanisms-shotgun Fusion Lumos [25]

PXD018581 2020-04-15 Infection mechanisms-shotgun
& PTMs

Q Exactive HF X -

PXD018594 2020-04-16 Infection mechanisms Q Exactive HF [9]

PXD018682 2020-04-20 Virus detection Fusion [15]

PXD018760 2020-04-23 Virus detection Eclipse & Fusion Lumos -

PXD018804 2020-04-26 Virus detection Q Exactive HF [13]

PXD018983 2020-06-26 Infection
mechanisms-interactants

Fusion Lumos [52]

PXD019113 2020-05-12 Infection mechanisms-shotgun
& PTMs

Exploris 480 [26]

PXD019163 2020-05-13 Analytical control Q Exactive Plus [53]

PXD019423 2020-06-25 Virus detection Fusion [15]

PXD019645 2020-07-15 Infection mechanisms-shotgun Fusion Lumos [10]

PXD019648 2020-06-08 Virus detection timsTOF Pro [49]

PXD019686 2020-06-10 Virus detection Q Exactive HF [14]

PXD019937-40 2020-06-22 Infection mechanisms-shotgun Orbitrap Fusion Lumos [54]

PXD020019 2020-06-26 Infection mechanisms-PTMs Q Exactive HF -

PXD020222 2020-07-06 Infection
mechanisms-interactants

Q Exactive HF -

PXD020394 2020-07-16 Virus detection Q Exactive Plus -

PXD020601 2020-07-28 COVID-19 pathology timsTOF Pro [55]

PXD020644 2020-07-30 Virus detection Orbitrap Eclipse -

PXD021388 2020-09-10 Virus detection Microflex/Autoflex [45]

2. The SARS-CoV-2 Machinery Landscape

Based on the genomic sequences of the first cultivated isolates
and viruses present in bronchoalveolar lavage fluids from pa-
tients, similarities were found between SARS-CoV-2 and other
coronaviruses.[7] Since then, a total of 113 252 genomes have
been sequenced and shared (www.gisaid.org), providing a unique
resource for tracking and tracing the ongoing outbreak. The
SARS-CoV-2 single-strand RNA genome has a median GC per-
centage of 38% and a median total length of 29 882 nucleotides,
which ranks it among the largest known RNA genomes. Its
14 open reading frames (ORFs) are quite similar to those
of the closest known sarbecoviruses in terms of sequence and
length.[8] The four structural proteins encoded at the 3′ end of the
genome—the spike (S), membrane (M), envelope (E), and nucle-
ocapsid (N) proteins—make up the protective shell surrounding
the RNA molecule. The remaining 25 proteins help to hijack
the molecular machinery of the host to ultimately assemble
myriad viral particles. ORF1a encodes the replicase polyprotein
1a. From the huge polyprotein 1ab, protease cleavage produces
16 smaller non-structural proteins (Nsp1-16). In addition, nine
accessory proteins have been delineated, but their roles remain
to be established (Figure 1). While structural proteins N, S, and
M can be robustly detected by mass spectrometry, the number of

peptides for other viral proteins and their detection levels depend
on their abundance, size, and the sample preparation method
used.[9,10] However, the architecture of the viral transcriptome
and translatome can be much more complex, as indicated by
non-canonical transcripts, RNA modifications, and polypeptides
generated by unannotated viral ORFs revealed by deep sequenc-
ing technologies.[11] Moreover, a recent N-terminomics analysis
identified a variety of SARS-CoV-2 proteolytic proteoforms in
the context of viral infection,[12] thus further increasing the
molecular complexity of this biological entity.
In line with variations in the number of SARS-CoV-2 RNA

molecules measurable by RT-qPCR and the number of infec-
tious virus particles, determined by plaque assay titration, virus
profiling by mass spectrometry can be used to monitor the ki-
netics of SARS-CoV-2 infection, thus contributing to the opti-
mization of the production of whole viral particle antigens for
vaccines.[9] In combination with this, efficient detection of al-
most all 29 annotated possible proteolytically mature SARS-CoV-
2 proteins bymass spectrometry provided a library of high-quality
virus peptide spectra for targeted proteomics approaches.[13–15]

Tandemmass spectrometry, by allowing the identification of pep-
tides unique to variants of SARS-CoV-2 proteins has notably
started to reveal significant findings with regard to protein cleav-
age, cell tropism, and infectivity.[16] Post-translational modifica-
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Figure 1. SARS-CoV-2 machinery. Genomic organization and main characteristics of the SARS-CoV-2 structural proteins S, M, E, and N. A schematic
overview of the protein domains and identified PTMs onN and S as described in Supekar et al., 2020 andWatanabe et al., 2020, respectively, is illustrated.
N-terminal domain, C-terminal domain (CTD), RBD, fusion peptide (FP), heptad repeat 1 (HR1), central helix (CH), connector domain (CD), and
transmembrane domain (TM).

tions of structural proteins have also been studied. The trimeric
S protein, which binds to the host’s cell surface receptor, is heav-
ily glycosylated. The exact structures of at least 22 N-linked gly-
cans were successfully established by mass spectrometry[17] and
independently confirmed.[18] In addition, the nucleocapsid pro-
tein is decorated with O-glycans and N-glycans, at 7 and 2 con-
firmed sites, respectively.[19] The glycans of the spike protein act

as a shield to thwart the host immune response, but a recent
study has shown that N-glycans at two sites (N165 & N234) mod-
ulate the conformational dynamics of the receptor-binding do-
main (RBD).[20] The structure of the viral particle, established in
exceptional detail using cryo-electron tomography, revealed its ex-
tensive heterogeneity.[21] For example, the S protein is randomly
distributed on each virion in 26 (±15) copies. Similarly, 26 (±11)
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copies of the ribonucleoprotein N are present, but how it con-
tributes to the packing of the ≈30 kb RNA within the ≈80 nm
diameter viral lumen, and whether it is involved in virus assem-
bly remain to be clarified (Figure 1).
Due to their rather small number, to fulfill a variety of critical

functions during the viral life cycle, viral proteins form various
combinations of protein complexes. Li et al.[22] characterized 58
distinct intraviral protein–protein interactions (PPIs) among the
28 SARS-CoV-2 proteins potentially involved in virus replication.
Among them, 20 overlap those of the SARS-CoV PPI network,
suggesting critical roles for these specific interactions in the Sar-
becovirus family.

3. How Does SARS-CoV-2 Hijack the Host Cell
Machinery so Efficiently?

Efforts to diagnose, treat, and produce a vaccine to prevent SARS-
CoV-2 infection all benefit from an improved understanding of
the basic biology of this pathogen. In a matter of months, the
molecular examination of infected cells by unbiased proteomics
approaches (Figure 2), including analysis of the infectome, phos-
phoproteome, ubiquitome, and interactome of SARS-CoV-2, un-
raveled themechanisms employed by SARS-CoV-2 to bind, enter,
hijack, and exit host cells. Similar to SARS-CoV, the spike pro-
tein of SARS-CoV-2 interacts directly with the human ACE2 re-
ceptor to facilitate virus entry into host cells.[22,23] Interestingly,
ACE2 and other potential entry factors such as TMPRSS2, TM-
PRSS4, CTSB, CTSL, BSG, and FURIN are expressed at different
levels across cell lines. ACE2 and TMPRSS2 were reported not to
be co-expressed, even though these two proteins have been re-
ported to act in concert to facilitate viral entry.[10] Very recently,
neuropilin-1 (NRP1) was also shown as a facilitator of SARS-
CoV-2 cell entry and infectivity,[24] and maybe other alternative
receptors/facilitators could be uncovered.
Quantitative mass spectrometry with or without the use of

stable isotopes has started to uncover the intricate mechanisms
underlying SARS-CoV-2 infection, revealing details of several
key processes used by the virus to adapt their host hijacking
approach. Widespread changes observed in multiple metabolic
pathways and biological processes, such as those related to in-
nate immunity, RNA metabolism, and the cell cycle, led to the
identification of signatures defining and driving COVID-19, in-
cluding a reduced antiviral response.[9,10,25–27] The extent to which
SARS-CoV-2 suppresses the interferon (IFN) response is a key
characteristic of COVID-19.[28] Compared to other coronaviruses,
SARS-CoV-2 fails to counteract phosphorylation of signal trans-
ducers and activators of transcription (STAT1 and STAT2) and
expression of IFN-stimulated genes proteins. The consequences
of a dramatic rewiring of phosphorylation on host proteins were
highlighted also by Bouhaddou et al.[26] Their quantitative mass
spectrometry-based phosphoproteomics survey of SARS-CoV-2
infected cells revealed how viral infection promotes casein ki-
nase II (CK2) and p38 MAPK activation, production of diverse
cytokines, shutdown of mitotic kinases, resulting in cell cycle ar-
rest as well as a marked induction of CK2-containing filopodial
protrusions possessing budding viral particles. As an additional
strategy to inhibit the innate immune response, once inside host
cells, not only does the virus hijack the cell translational machin-
ery, but the virulence factor non-structural protein 1 (Nsp1) also

shuts down translation of host messenger RNA.[29] Nonetheless,
the extent to which SARS-CoV-2 uses these or other strategies
and how they may be executed at a molecular level remains un-
clear.
Further insights into virus–host interplay and protein func-

tion during viral infections were obtained by the ambitious
implementation of the complementary affinity purification
(AP-MS) and proximity-dependent biotinylation (BioID) -based
proteomics approaches. A successful intracellular viral life
cycle relies indeed on molecular interactions with host proteins
that are repurposed to support viral replication. The identifi-
cation of high confidence PPIs, and their comparison with the
SARS-CoV interactome, brought to light potential virus-specific
interactions and the multitude of biological processes involved,
for example, DNA replication, vesicle trafficking, signaling,
and mitochondria-related pathways.[27,30–32] Besides, the iden-
tification of common SARS-CoV-2 protein and human protein
interactions following different approaches in several cell models
suggest that these cellular processes are vital molecular targets of
SARS-CoV-2 infection (Figure 3). Among these, associations be-
tween viral proteins and host ubiquitin pathway components like
the E3 ligases TRIM59 andMYCBP2 suggest the potential modu-
lation of the host ubiquitin system by SARS-CoV-2. Interestingly,
the existence of an interplay between various functional control
modes (e.g., PPI, protein abundance, and post-translational
modifications) is emerging as a strategy used by SARS-CoV-2
for concerted fine-tuning of its regulation of these pathways.
Additional links between viral polypeptides and host factors
involved in multiple COVID19-associated mechanisms, such as
avoiding the innate immune response and manipulation of lipid
trafficking, were revealed by BioID analyses which complement
the potential lack of detection of poorly soluble protein partners
or low-affinity interactors of AP-MS. Similar analyses in the
context of human viral infection, and at various times during
infection, could help to circumvent the limitations associated
with artificial overproduction of individual viral proteins, paving
the way for the discovery of time-specific interactions to further
refine our understanding of the SARS-CoV-2 infection profile.
Overall, through the insights they provide into how SARS-

CoV-2 proteins operate to hijack host cells, these multi-level
proteomics datasets represent a valuable resource which could
be mined to identify attractive targets for therapeutic interven-
tion. As an example, clinically actionable drugs targeting hu-
man interactors of SARS-CoV-2 proteins and inhibiting mRNA
translation or regulating the activity of Sigma1/2 receptors were
identified following a chemo-proteomic analysis.[31] 87 additional
drugs and compounds, representing potential COVID-19 thera-
pies, were shortlisted bymapping global phosphorylation profiles
to dysregulated kinases like p38, CK2, CDK, AXL, and PIKFYVE
and their pathways.[26]

One of the most practicable strategies for the rapid iden-
tification and deployment of treatments for COVID-19 is to
reposition clinically evaluated drugs (Figure 2). To this end, an
extraordinary number of investigational programs and clinical
trials have been initiated since January 2020. While approved
antiviral therapies, including inhibitors of HIV-1, and hepati-
tis C virus proteases or the viral RNA polymerase inhibitor
remdesivir, have been the focus of clinical investigations,[33] the
elucidation of additional candidate therapies has been proposed
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Figure 2. Proteomics in the COVID-19 battlefield. Examination of infected cell models and clinical samples by system-wide unbiased discovery pro-
teomics approaches is used to unravel the mechanisms employed by SARS-CoV-2 to bind, enter, hijack, and exit the host. Together with data from
the SARS-CoV-2 profiling by mass spectrometry, these analyses provided a library of high-quality viral peptide spectra that can be used for targeted pro-
teomics detection. In addition, insights from the various multi-level proteomics datasets represent a valuable resource for the identification of promising
targets for therapeutic intervention. Besides, quantitative proteomics represents a promising tool to support the screening of drug repurposing libraries
and for the understanding of cellular changes in metabolism occurring following initiation of anti-SARS-CoV-2 treatment.
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Figure 3. SARS-CoV-2-host interactome. SARS-CoV-2-Human PPIs commonly identified by both affinity purification (AP-MS) and proximity-dependent
biotinylation (BioID) -based proteomics approaches. The network depicts PPIs described in[22,27,30,31] and,[32,56] respectively. The data are derived from
BioGRID COVID-19 Coronavirus Project.[57] The subcellular localization of human proteins is labeled with the indicated colors. Viral proteins are repre-
sented by red hexagons. PPIs described only following one of the proteomics approaches[27,31,32] are omitted.

to enable the development of combinatorial regimens. Toward
this end, the high-throughput analysis of nearly 12 000 known
drugs either FDA approved or at different stages of clinical
development foregrounded 21 molecules, including remdesivir,
that inhibit SARS-CoV-2 in mammalian cells and with a dose–
response relationship with their antiviral activity.[34] As part of
these programs, quantitative proteomics analyses represent a
new and promising tool with the potential to contribute to our
understanding of the cellular changes in metabolism that occur
following initiation of anti-SARS-CoV-2 treatment.[35]

4. COVID-19 Translational Proteomics

Obtaining an efficient vaccine to prevent infection was quickly
a priority for public and private specialized laboratories. At the
earliest stage of this development, in silico predictions based on
immunoinformatics and structural analysis were proposed to
identify the most probable immunogenic peptide targets.[36] The
serological response of patient sera to SARS-CoV-2 infection can

be probed with microarrays,[37] but mass spectrometry could be
an interesting complementary tool in this quest.
Most COVID-19 studies have focused on its epidemiological

and clinical characteristics. Transcriptomics and proteomics of
human lung tissue of fatal cases confirmed that neutrophil activa-
tion and pulmonary fibrosis are major upregulated pathways.[38]

About 80% of patients infected with SARS-CoV-2 display mild
symptoms and have good prognosis. Up to 10% suffer from res-
piratory distress which rapidly progresses to clinically severe dis-
ease. According to Zhang et al.,[39] disease severity appears to
stem mostly from host factors, and viral genetic variation does
not significantly affect outcomes. Even though our understand-
ing of the pathophysiology of COVID-19 is continuously improv-
ing, the clinical management of patients infected with SARS-
CoV-2 remains challenging. To apply preventive measures and
reduce the severity of outcomes, we crucially need to be able to
stratify patients at diagnosis to better manage those who will de-
velop critical disease. In this context, although COVID-19 can
be diagnosed by nucleic acid-based methods at an early stage,
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the need to identify patients who will develop a severe disease
form before their symptoms become manifest was rapidly raised
by numerous researchers. With the help of machine learning,
proteomic and metabolomic profiling of molecular changes in-
duced by SARS-CoV-2 shed some light on the indicators asso-
ciated with severe cases, based on expression levels for serum
and urinary proteins and metabolites.[40] The potential of the var-
ious biomarkers shortlisted was further confirmed in a richer
molecular compendium resulting from a large-scale multi-omics
analysis.[41] The medical relevance of this predictive approach re-
mains to be confirmed because these studies include restricted
sample size, lack of longitudinal severity correlation, show older
median age, and comorbidities of severe patients compared to
patients with less severe disease. The challenges for establishing
valuable protein biomarkers to assess COVID-19 disease progres-
sion were recently discussed.[42]

Because disease severity varies considerably between patients,
it is also essential to be able to identify infected individuals that
develop no obvious symptoms. Serology may be a promising
way to assess SARS-CoV-2 infection, but it remains unclear if all
asymptomatic patients produce measurable antibody titers upon
infection,[43] further stressing the need for biomarkers reflecting
the healthy or diseased status.

5. The Potential of Mass Spectrometry for a Quick
Detection of SARS-CoV-2

RT-qPCR, the current reference method to identify SARS-
CoV-2, is reliable, robust, and widely used in clinical settings.
However, it requires specific oligonucleotide primers and is
relatively expensive and time-consuming as it requires RNA
isolation and sample processing. The perfect diagnostic tool
should give an accurate response within minutes of sampling,
allowing immediate isolation of the affected patient and im-
plementation of therapeutic actions. Protein mass profiling by
MALDI-TOF mass spectrometry became the gold standard in
bacteriology a decade ago, but this approach is limited to pure
isolate material.[44] An adaptation of the method was developed,
acquiring MALDI-TOF mass fingerprints for many nasal swab
samples without prior sample purification.[45] In these data,
the intensities of 88 peaks detected in the 3000–15500 m/z
range were shown to discriminate between positive and negative
SARS-CoV-2 samples but the methodology is not based on
detection of SARS-CoV-2 proteins but rather host response, and
has not been challenged against other infections. Interestingly,
this approach had the same sensitivity as RT-qPCR in the most
informative range (Cycle threshold values below 37). Two other
reports documented the potential of MALDI-TOF for COVID-19
diagnostics.[46] As recently commented,[47] further ongoing
studies including a large number of samples should help es-
tablish this methodology and prove its performance capacity.
Alternatively, viral peptide biomarkers could be monitored by
tandem mass spectrometry, and this approach is likely to be
relevant due to its high precision and sensitivity (Figure 2). A
pioneering study short-listed SARS-CoV-2 peptides for targeted
proteomics detection, based on their abundance, ionizability,
and detectability, and conservation across SARS-CoV-2 genome
variants.[13] Targeted proteomics assays can be rapid, as dis-
criminating peptides could be resolved and detected within

a 3-min chromatographic window.[14] This performance has
recently been further improved, and the potential throughput
of targeted proteomics has been convincingly documented.[48]

Tandem mass spectrometry detection of SARS-CoV-2 has been
applied successfully to nasal swabs and gargle samples[9,15,49] but
on a limited number of clinical samples. Significantly, tandem
mass spectrometry-based proteotyping can easily be adapted to
new variants of SARS-CoV-2 that might appear as the pandemic
progresses,[50] and protocols could be rapidly adjusted to detect
other respiratory viruses that may raise concerns in the future.
The major current drawbacks of the methodology—sample
preparation time, mass spectrometry expertise, throughput, and
cost of high-resolution instruments—were recently discussed,[51]

but in our opinion could be mitigated through investments, as
the current outlook for the diagnostics market is excellent. Fol-
lowing targeted investment, proteomics-based diagnosis could
become much more common in the near future.

6. Perspectives

The COVID-19 pandemic has been the most serious infectious
threat in a century. After a difficult first semester, with un-
precedented lockdowns and massive changes in social behavior
around the world, the current situation shows that viral resur-
gence can be swift and devastating. Better and earlier detection
of the SARS-CoV-2 virus in infected patients is necessary to break
chains of transmission. New antiviral drugs will also be needed
to improve the status of patients whose bodies cannot cope with
the infection. We believe that proteomics has a lot to offer in this
fight. In this review, we have highlighted the most recent works
in this area as summarized in Figure 1. In the near future, other
approaches may provide complementary information related to
the SARS-CoV-2 virus, the disease itself COVID-19, and its long-
term consequences on human health. Comparative proteomics
could help to establish which types of cells are susceptible to viral
infection, depending on the mode of infection. The many facets
of proteomics could provide new information to understand and
more efficiently treat COVID-19. Thus, top-down proteomics ap-
proaches would be useful to better assess post-translational mod-
ifications of viral components while also shedding light on their
heterogeneity and roles. Thermal proteome profiling could be
used to further describe the various complexes in which viral
proteins are involved, and to determine how viral proteins hijack
the host cell’s metabolism. Metaproteomics could help decipher
the long-term consequences on the lung microbiota in severe or
mild cases. More than ever, international collaborative pluridis-
ciplinary efforts must be considered if we are to win this crucial
battle.
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