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ABSTRACT: Severe coronavirus disease 2019 (COVID-19) infection may
lead to lung injury, multi-organ failure, and eventually death. Cytokine storm
due to excess cytokine production has been associated with fatality in severe
infections. However, the specific molecular signatures associated with the
elevated immune response are yet to be elucidated. We performed a mass-
spectrometry-based proteomic and metabolomic analysis of COVID-19
plasma samples collected at two time points. Using Orbitrap Fusion LC−
MS/MS-based label-free proteomic analysis, we identified around 10
significant proteins, 32 significant peptides, and 5 metabolites that were
dysregulated at the severe time points. Few of these proteins identified by
quantitative proteomics were validated using the multiple reaction monitoring
(MRM) assay. Integrated pathway analysis using distinct proteomic and
metabolomic signatures revealed alterations in complement and coagulation
cascade, platelet aggregation, myeloid leukocyte activation pathway, and
arginine metabolism. Further, we highlight the role of leukocyte activation and arginine metabolism in COVID-19 pathogenesis and
targeting these pathways for COVID-19 therapeutics.
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■ INTRODUCTION

SARS-CoV-2, a highly infectious virus, is responsible for the
coronavirus disease 2019 (COVID-19) pandemic, which has
substantially impacted the global health and economy. The
spectrum of clinical manifestations of COVID-19 ranges from
mild or nonsevere to severe life-threatening conditions in a few
people. Previous research has revealed the clinical character-
istics of COVID-19 and its progression.1 Patients with mild
infection present with common symptoms such as fever,
cough, and general weakness, whereas some present with
hemoptysis, headaches, and diarrhea. Patients with severe
infection exhibit symptoms such as breathlessness with
bilateral pneumonia and acute respiratory distress syndrome
(ARDS), and in some extreme cases, multiple organ failure due
to viremia may eventually lead to death.2

The management of COVID-19 includes symptomatic and
supportive treatment.3 The unavailability of drugs targeting
COVID-19 led to the reuse of already existing drugs.
Moreover, many countries have established evidence-based
guideline initiatives that are updated regularly. The most
commonly followed strategy is combination therapy, consisting
of antiviral (remdesivir, favipiravir), antibiotic (azithromycin),
antirheumatic (hydroxychloroquine), antihistamine (cetiri-
zine), anticoagulants (enoxaparin and heparin), anti-inflam-

matory (dexamethasone), and immunomodulatory (tocilizu-
mab and sarilumab) drugs, which simultaneously inhibits the
viral activity and alleviates the symptoms.4 Moreover, 75% of
the hospitalized patients require oxygen supplementation.
Thus, oxygen supplementation using noninvasive and invasive
ventilation is administered to the patients.5

Many patients are likely to undergo nonsevere to severe
transitions during their infection period. Previous studies have
shown that underlying medical conditions such as diabetes
mellitus, hypertension, and other chronic diseases can be the
major risk factors for severity progression in some people.6

Elevated levels of some inflammatory markers such as
interleukin-6 (IL-6), D-dimer, C-reactive protein (CRP), and
ferritin have been highly correlated with the severity of the
disease. Physicians are also considering dynamic changes in
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other hematological and biochemical markers for determining
the condition of COVID-19 patients.7

Several omics-based studies have recently increased our
understanding of COVID-19 pathophysiology and disease
progression and provided a way toward developing better
diagnostic and therapeutic approaches.8,9 Mass spectrometry
(MS)-based proteomic and metabolomic approaches have
been actively explored to identify biomarkers and therapeutic
targets associated with the COVID-19 severity.10 In our
previous study, the comprehensive proteomic analysis of
COVID-19 patients revealed significant dysregulation in the
pathways related to peptidase activity, regulated exocytosis,
blood coagulation, complement activation, and leukocyte
activation involved in immune response in severe cases of
SARS-CoV-2 infection.11 Messner et al. used an ultra-high-
throughput MS platform for serum and plasma proteomics and
identified around 27 potential biomarkers that were differ-
entially expressed in severe cases of COVID-19.12 Further,
Shen et al. performed a comprehensive proteomic and
metabolomic analysis of COVID-19 sera and identified
dysregulation of multiple immune and metabolic components
in severe patients.13 Although researchers have revealed
significant dysregulation of several pathways and biomolecules
related to the immune system in severe COVID-19 patients,
the key mechanism to be targeted remains unclear.14

Moreover, most of the studies have been conducted on
cohorts of nonsevere and severe patients. A longitudinal study
including different time points during the disease progression
from the same patients might give us important insights on the
potential markers at the individual level.
Longitudinal studies are being conducted globally to provide

unique insights about the different stages of their infection,
progression toward severe disease, and the mechanism behind
these developmental shifts over some time. Demichev et al., in
a time-resolved longitudinal proteomic study, identified an age-
specific molecular response to COVID-19 involving increased
inflammation and lipoprotein dysregulation in older patients.15

Geyer et al. analyzed serum proteomes of COVID-19 patients
in a time-resolved manner. An early decrease in proteins of the
innate immune system such as CRP, serum amyloid A1
(SAA1), cluster of differentiation 14 (CD14), lipopolysacchar-
ide-binding protein (LBP), and galectin 3 binding protein
(LGALS3BP) was observed during the infection. In contrast,
regulators of coagulation [beta-2-glycoprotein 1 (APOH),
profilin-1 (PFN1), histidine-rich glycoprotein (HRG), kini-
nogen 1 (KNG1), and plasminogen(PLG)] and lipid homeo-
stasis [apolipoprotein AII (APOA1), APOC1, APOC2,
APOC3, and serum paraoxonase/arylesterase 1 (PON1)]
increased throughout the disease.16 Bernardes et al., using a
longitudinal multi-omics approach, identified that megakar-
yocyte and erythroid-cell-derived co-expression modules were
predictive of fatal COVID-19 outcome.17

Here, we performed a longitudinal analysis of COVID-19
plasma samples collected at two time points: nonsevere and
severe. We investigated the changes in the proteome and
metabolome at the two time points using MS-based analysis.
This is the first longitudinal multi-omics study on the Indian
population studying molecular changes during the transition to
severe COVID-19. Integrated pathway analysis using distinct
metabolomic and proteomic signatures revealed alterations in
the complement and coagulation cascade, platelet aggregation,
myeloid leukocyte activation pathway, and arginine and proline
metabolism at the severe stage of COVID-19 infection. We

further highlight the role of leukocyte activation and arginine
metabolism in the COVID-19 pathogenesis and targeting these
pathways for COVID-19 therapeutics.

■ MATERIALS AND METHODS

Plasma Sample Collection and Clinical Details

For this study, we procured leftover plasma samples from 13
patients admitted to Kasturba Hospital for Infectious Diseases,
Mumbai. The study was approved by the Institute Ethics
Committee, IIT Bombay, and Kasturba Hospital for Infectious
Diseases Institutional Review Board. The patients were
classified as COVID-19 positive based on the COVID-19
RT-PCR test results. As advised by clinicians, based on the
progression of the disease, the patients were categorized into
the nonsevere to severe transition group. The disease
progression was evaluated based on general symptoms, severe
respiratory symptoms, SpO2 levels, and need for mechanical
ventilation. The nonsevere and severe time points are
represented as T1 and T2, respectively. The patient character-
istics at different time points are shown in Table S1. The
detailed demographic characteristics of the patients are shown
in Table S2. After the biochemical tests were performed, the
leftover blood (∼1 mL) was collected and centrifuged at 3000
rpm for 10 min to separate plasma. The separated plasma was
then incubated at 56 °C for 30 min for viral inactivation and
further stored at −80 °C in cryovials until further processing.
The schematics for sample collection and workflow are shown
in Figure 1.

Sample Preparation for Metabolomic Analysis

Plasma samples were collected from nine patients showing
nonsevere to severe transition. For severe transitions, we
analyzed multiple-time-point plasma samples, which differed
from patient to patient. Around 100 μL of plasma separated
from the leftover blood sample was dispensed into a sterile
tube, and 200 μL of prechilled absolute ethanol was added to
the plasma sample. The tube was incubated in a biosafety
cabinet for 1.5 h until ethanol was evaporated. To the semi-
dried sample, 4× (400 μL) absolute methanol was added and
vortexed briefly. The tube was incubated at −20 °C overnight.
The next day, the sample was centrifuged at 4 °C for 30 min at
12,000g. The supernatant was collected in a fresh tube and
stored at −20 °C (Figure 1). Samples were transported at 4 °C
to the Proteomics Lab, IIT Bombay. A total of 250 μL of the
supernatant was concentrated using a SpeedVac up to a final
volume of approximately 80 μL. Fifty microliters of the
concentrated sample was dispensed in the glass vial for the MS-
based metabolomic profile run. To each glass vial containing
50 μL of the metabolite extract, 0.5 μL of reserpine (10 μg/
mL) was added as an internal control for capturing
instrumental variation. Vials containing metabolite extract
were then placed in an autosampler for metabolite profiling
using Q Exactive (Thermo Fisher Scientific, USA).

Metabolomic Analysis Using Ultra-High-Performance
Liquid Chromatography

The extracted metabolites with added internal standards were
analyzed by an ultra-high-performance liquid chromatography
(UHPLC)-MS/MS setup, UHPLC Instrument (Ultimate
3000), coupled with a tandem mass spectrometer (Q Exactive,
Thermo Fisher Scientific, USA) with methods using only
positive ion electrospray ionization (ESI) mode and a system
comprising a HESI (heated ESI) source and an Orbitrap mass
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analyzer. The resolution for the mass spectrometer was set to
be 140,000 and 17,500 for full MS and ddMS2, respectively,
and was scanned within 100 to 700 m/z mass range. A
Hypersil Gold column (C18, 100 × 2.1 mm, 1.9 μm particle
size, Thermo Fisher Scientific, USA) was used along with
water and absolute methanol with 0.1% formic acid (FA) as
the eluent solvent. The capillary temperature was set at 34 °C
with aux gas rate at 10 and sheath gas flow at 42. A 20 min
gradient was used with different concentrations of methanol
flowing at 0.350 mL/min, reaching at different times are as
follows: 1% at 2 min, 50% at 5 min, 98% at 14 min, and
maintained till 17th min, 1% at 17.2 min and maintained till
20th min. Samples were run in batches, with every batch
having an initial blank of resolving solvent (50% methanol),
and the same blank was run after all samples of a particular
patient. Every sample was run in technical triplicates in both
MS only and MS2 modes. Quality check control samples were
also run after every five sets of sample technical replicates,
which were made from the pool of the samples run in the
batch.
Metabolomic Data and Statistical Analysis

The raw data acquired from the mass spectrometer were
primarily analyzed in the Compound Discoverer (CD) 3.0
software (Thermo Fisher) for metabolite identification/

quantitation, chromatography peak alignment, mass spectrum
visualization, and further statistical analysis. The standard
workflow template was used in CD having unknown
compound detection with a signal-to-noise (S/N) ratio of 3,
peak alignment keeping a minimum peak intensity threshold at
106, predicting the composition of the compound, and
database searching against ChemSpider, comprising of BioCyc,
KEGG, and Human Metabolome Database (HMDB) with a
mass tolerance of 5 ppm. Apart from ChemSpider, mzCloud
and Metabolika were also used as the data sources for
compound annotation. Further, statistical analysis was
performed mostly using the MetaboAnalyst web-based
software. Different batches of QC pools and internal standards
were used to determine the further normalization strategies.
Spearman rank correlation analyses were used to check data
quality, and samples that have an R2 of at least 0.5 were further
considered. Features having less than 30% missing values in
each cohort were considered further with imputing missing
values with KNN (k-nearest neighbors). After merging the
imputed data of both cohorts, the data were median-
normalized and log-transformed followed by a two-tailed
unpaired t test with false discovery rate (FDR) adjusted values,
a p value threshold less than 0.05, and log2 fold-changes with a
minimum threshold of 1.5 to determine statistically significant
differentially expressed metabolites. These significant metabo-
lites were further checked for their correlations with heat maps
and principal component analysis (PCA) plots.

Sample Preparation for Proteomic Analysis

For plasma proteomic analysis of COVID-19-infected patients,
samples from seven patients showing nonsevere to severe
transition were taken forward. Around 15 μL of plasma
samples were first subjected to a Pierce Top 12 Abundant
Protein Depletion Spin Column (Thermo Fisher Scientific) to
deplete highly abundant proteins and incubate for 1 h using a
rotating shaker. The depleted plasma samples were eluted by
centrifugation at 1500g for 2 min. The samples were further
concentrated to one-fourth of their initial volume using a
SpeedVac (Thermo Fisher Scientific). The protein concen-
tration in the depleted plasma samples was quantified using the
Bradford assay. Then, approximately 30 μg of the depleted
plasma sample was taken forward for in-solution digestion. The
samples were dried using a SpeedVac and dissolved in 10 μL of
6 M urea buffer. The plasma proteins were reduced with TCEP
(final concentration 20 mM) at 37 °C for 1 h and then
alkylated with iodoacetamide (final concentration 40 mM) for
15 min under dark conditions. The samples were diluted six
times with 50 mM ammonium bicarbonate before digestion.
Proteins were subjected to enzymatic digestion using trypsin at
an enzyme/substrate ratio of 1:30 for 16 h at 37 °C. The
digested peptide was then vacuum dried and reconstituted in
0.1% (v/v) FA. Further, the digested peptides were desalted
using the C18 column. The desalted peptides were further
dried and dissolved in 0.1% (v/v) FA. The peptide
concentration was calculated using the Scopes method using
absorbance at 205 and 280 nm.

Proteomic Analysis Using Label-Free Quantification

One microgram of the peptide sample was run in the Orbitrap
Fusion Tribrid Mass Spectrometer (Thermo Fisher Scientific)
with the EASY-nLC 1200 system with a gradient of 80%
acetonitrile (ACN) and 0.1% FA for 120 min with blanks after
every sample. Bovine serum albumin (BSA) was run at the
start and end point of each set of the run to check the

Figure 1. Schematic workflow of the multi-omics-based longitudinal
study of COVID-19-infected patient plasma samples. The figure
depicts the collection of the longitudinal plasma samples from
COVID-19 patients at two time points (T1 and T2), namely,
nonsevere and severe, respectively. It also shows the workflow for
plasma sample processing for proteomic and metabolomic analysis.
For metabolomics, plasma samples were collected from nine patients
showing nonsevere to severe transition. We analyzed multiple plasma
samples at the severe time point, which differed from patient to
patient. The samples were inactivated using ethanol, further processed
by the addition of methanol, and analyzed on a Q Exactive mass
spectrometer. For plasma proteomic analysis of COVID-19-infected
patients, samples from seven patients showing nonsevere to severe
transition were taken forward. The plasma was heated at 56 °C for 30
min for viral inactivation, and depletion of highly abundant proteins
was performed. The samples were further in-sol digested and
processed for label-free quantification using an Orbitrap Fusion
mass spectrometer.
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instrument quality. All samples were loaded onto the LC
column at a flow rate of 300 nL/min. Mass spectrometric data
acquisition was done using the data-dependent acquisition
mode with a mass scan range of 375−1700 m/z and mass
resolution of 60,000. A mass window of 10 ppm was set with a
dynamic exclusion of 40 s. All MS/MS data were acquired by
the high energy collision dissociation method of fragmentation,
and data acquisition was performed using the Thermo Xcalibur
software version 4.0.

Proteomic Data Analysis and Statistical Analysis

All the raw data sets obtained from the instrument were
processed with MaxQuant (v1.6.6.0)18 and searched with the
built-in Andromeda search engine against the Human Swiss-
Prot database (downloaded on 09/07/2020), which contains a
total of 20,353 proteins. The label-free-quantification param-
eters were used to process the raw files and label-type setting as
″standard″ with a multiplicity of one. Fusion mode was set in
the Orbitrap, and trypsin was used for digestion with a
maximum missed cleavage of two. The carbamidomethylation
of cysteine (+57.021464 Da) was set as the static modification,
and the oxidation of methionine (+15.994915 Da) was set as
the variable modification. FDR was set as 1% for the
identification of protein and peptide with high reliability.
The decoy mode was set to ″reverse″, and the type of
identified peptides was set as ″unique + razor″ (Table S3). The
MaxQuant output file included data for seven patients at two
time points used for the statistical analysis. A sample-wise
correlation was performed to understand the data quality.
Subsequently, data were taken forward for the 50% missing
value imputation using the k-nearest neighbor (KNN) method
in MetaboAnalyst.19 Further, analysis was performed using
Microsoft Excel, log2 fold-change in the intensities was taken
forward, and Welch’s t test was calculated. The proteins having
a p value less than 0.05 and log2 fold-change greater than ±1.2
were considered significant proteins. Further, the peptide
analysis was done using MetaboAnalyst without any missing
value imputation, and the peptides having a p value less than
0.05 were taken forward.

Targeted Proteomics by Multiple Reaction Monitoring
(MRM) Assay

The proteins found to be of statistical significance during the
LFQ were selected and used for a targeted MRM study. The
list of transitions was prepared for unique peptides of these
selected proteins using Skyline-daily (version 20.2.1.404). The
missed cleavage criterion was 0. In the transition settings
precursor charges were +2, +3, and product charges were set at
+1 and +2. Only ion transitions were included in the list.
Pooled samples of both time points were run against the
generated transitions. Based on these runs, a list was finalized.
This l ist included a spiked-in synthetic peptide
(THCLYTHVCDAIK) essential for monitoring the consis-
tency of the MS runs. A Vanquish UHPLC system (Thermo
Fisher Scientific, USA) connected to a TSQ Altis Mass
Spectrometer (Thermo Fisher Scientific, USA) was used for
the experiment. The peptides were separated using a Hypersil
Gold C18 column (1.9 μm, 100 × 2.1 mm, Thermo Fisher
Scientific, USA) at a flow rate of 0.45 mL/min for a total time
of 10 min. The binary buffer system consisted of 0.1% FA as
buffer A and 80% ACN in 0.1% FA as buffer B. Approximately
300 ng of BSA was also run with the samples to check for
uniformity in the instrument response.

Integrated Pathway Analysis

The integrated pathway analysis was performed using
MetaboAnalyst. The Gene Ontology (GO) enrichment
analysis was performed in Metascape,20 and the proteins
mapped on the biological pathway were taken forward for
visualization. STRING (version 11)21 and Reactome (version
73)22 were used to perform the protein−protein interaction
analysis and pathway mapping, respectively.
Data Availability

All proteomic data associated with this study are present in the
manuscript or the supplementary materials. Raw MS data and
search output files for proteomic data sets are deposited on the
Proteome Xchange Consortium via the PRIDE23 partner
repository (PRIDE ID: PXD023521). The metabolomic data
are deposited on metaboLights (ID: MTBLS2469). Targeted
proteomic data is deposited on Panorama Public, and it can be
accessed using the access URL https://panoramaweb.org/
longitudinal_plasma_MRM.url.

■ RESULTS

Trends of the Clinical Parameters during COVID-19
Progression

Laboratory tests for clinical markers aid the clinicians in the
diagnosis and management of the disease. In our study, serum
CRP, aspartate aminotransferase (AST), cell count, bilirubin,
and IL-6 levels were monitored for patients with severe disease
to better manage COVID-19 (Figure S1 and Table S2). The
blood cell counts revealed that the total cell count was elevated
during the severe stage as compared with the nonsevere stage
of the disease. Moreover, the polymorphonuclear leukocytes
were found to be increased, whereas lymphopenia was
observed to be decreased, throughout the course of the
disease. The serum AST levels were higher than the normal
values throughout the course of the disease. The CRP, IL-6, D-
dimer, and ferritin were monitored for patients showing severe
symptoms; we observed that serum levels were elevated for all
these parameters. The patients included in the study were
prescribed a combination of antibacterial or antiviral agents to
treat most patients with mild symptoms. Anticoagulants
(Clexane) and low doses of the immunomodulatory drug
methylprednisolone (MPS) were given to some patients with
mild symptoms. Remdesivir, an RNA polymerase inhibitor,
was administered mostly to patients with severe symptoms.
Almost all the patients with severe symptoms were
administered immunomodulatory drugs such as MPS and
tocilizumab. These results suggest that the trends for some of
the clinical markers remained above the normal range for
samples collected at the severe time point despite the
treatment with the immunomodulatory drugs.
A Significant Alteration of Metabolites during Nonsevere
to Severe Transition Points of COVID-19 Infection

Of the total of nine patient samples used for the metabolomic
study, one sample showed poor quality; hence, eight patient
samples were taken for analysis. On analysis of 15 multiple
severe time points and 9 nonsevere time points from 8
COVID-19 patients, 5 metabolites were found to be
differentially expressed metabolites (DEMs) and had FDR-
adjusted p values less than 0.05 and fold change cutoff >1.5
showing both upregulated and downregulated metabolites
(Table S4). QC checks for the sample run using the internal
standard (reserpine) are shown in Figure S2. The samples from

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.1c00215
J. Proteome Res. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00215/suppl_file/pr1c00215_si_001.pdf
https://panoramaweb.org/longitudinal_plasma_MRM.url
https://panoramaweb.org/longitudinal_plasma_MRM.url
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00215/suppl_file/pr1c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00215/suppl_file/pr1c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00215/suppl_file/pr1c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00215/suppl_file/pr1c00215_si_001.pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


severe and nonsevere time points were segregated as two
clusters using PCA (Figure 2A). The volcano plot showing the
significant DEMs is shown in Figure 2B. Of the eight
metabolites, all except one were adjudged noncontaminant
from the blank solvent. Additionally, five of these metabolites
(L-arginine, creatine, 3-hydroxyoctanoyl carnitine, 3,5-tetrade-
cadien carnitine, and 1-stearoyl-2-hydroxy-sn-glycero-3-PE)
were level-2 MSI, their spectra matching with online databases
of MassBank of North America (MoNA) and the Human
Metabolome Database (HMDB). The heat map showed that

five metabolites segregated the severe and nonsevere COVID-
19 sample sets (Figure 2C). These metabolites were identified
to significantly alter at the severe time point (Figure 2D and
Figure S3). In line with our findings, few researchers have also
observed an increase in the level of L-arginine and creatine in
the COVID-19 patients (Table S5). Thus, the dysregulation of
these biomolecules suggests that SARS-CoV-2 might play an
important role in the alteration of the metabolism in the
infected host.

Figure 2. Significant alteration of metabolites during nonsevere to severe transition points of COVID-19 infection. For metabolomics, plasma
samples were collected from nine patients showing nonsevere (T1) to severe (T2) transition. We analyzed multiple plasma samples at the severe
time point (T2); the sampling differed from patient to patient. (A) The PCA plot showing the segregation into two clusters: nonsevere and severe.
(B) The volcano plot showing the significant differentially expressed metabolites (DEMs) in severe vs nonsevere. (C) The heat map of five
significant DEMs in severe vs nonsevere time point. All the samples were run in technical duplicates. (D) The box plots for four of these
metabolites (L-arginine, creatine, 3-hydroxyoctanoylcarnitine, and 3,5-tetradecadiencarnitine) are shown for two time points. Welch’s t test ns: 5.0 x
10-2 < p ≤ 1.0 x 100, *: 1.0 x 10-2 < p ≤ 5.0 x 10-2, **: 1.0 x 10-3 < p ≤ 1.0 x 10-2, ***: 1.0 x 10-4 < p ≤ 1.0 x 10-3, ****: p ≤ 1.0 x 10-4.
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A Significant Alteration of Proteins during Nonsevere to
Severe Transition Points of COVID-19 Infection

The total proteins and peptides identified in each COVID-19
patient sample on LFQ analysis are shown in Figure S4. The
total number of proteins common and unique to samples from
T1 and T2 time points is shown in the form of a Venn diagram
(Figure S5). The T1 and T2 time points segregated into two
distinct clusters on partial least squares-discriminant analysis
(PLS-DA) for 14 samples (Figure 3A). Statistical analysis

between the two time points identified a list of 10 differentially
expressed proteins passing the significant criteria that are
represented in the volcano plot (Figure 3B) and heat map
(Figure 3C). In particular, Ras-related protein Rap-1b
(RAP1B), insulin-like growth factor-binding protein complex
(IGFALS), protein disulfide-isomerase A3 (PDIA3), heat
shock cognate 71 kDa protein (HSPA8), PDZ and LIM
domain protein 1 (PDLIM1), profilin-1 (PFN1), prostaglan-
din-H2 D-isomerase (PTGDS), and protein Z-dependent

Figure 3. Significant alteration of proteins during nonsevere to severe transition points of COVID-19 infection. For plasma proteomic analysis of
COVID-19-infected patients, samples from seven patients showing nonsevere (T1) to severe (T2) transition were taken forward. (A) The partial
least squares-discriminant analysis (PLS-DA) plot showing the segregation into two clusters: nonsevere and severe (T1 and T2), respectively. (B)
The volcano plot showing the significant differentially expressed proteins (DEPs) in severe vs nonsevere. (C) The heat map of 10 significant DEPs
at severe vs nonsevere time point. (D) The box plots for four of these proteins (RAP1B, PDIA3, PFN1, and TGFB1) are shown for two time
points. Welch’s t test *: 1.0 x 10-2 < p ≤ 5.0 x 10-2 and **: 1.0 x 10-3 < p ≤ 1.0 x 10-2.4 < p ≤ 1.0 x 10-3, ****: p ≤ 1.0 x 10-4

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.1c00215
J. Proteome Res. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00215/suppl_file/pr1c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00215/suppl_file/pr1c00215_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00215?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00215?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00215?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00215?fig=fig3&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


protease inhibitor (SERPINA10) were upregulated, and

transforming growth factor-beta-induced protein (TGFBI)

and LGALS3BP were downregulated (Table S6). These

proteins were found to be significantly altered at the severe

time points (Figure 3D and Figure S6), indicating that these

proteins might play an important role in maintaining SARS-

CoV-2 proliferation in the host.

Integrated Pathway Analysis Revealed a Significant
Dysregulation of Leukocyte Activation and Arginine
Metabolism

We observed around 32 significant peptides mapping to the
proteins PDZ and LIM domain protein 1 (PDLIM1),
complement C3 (C3), fibrinogen gamma chain (FGG), beta-
2-glycoprotein 1 (APOH), alpha-2-HS-glycoprotein (AHSG),
vitamin D-binding protein (GC), alpha-1B-glycoprotein
(A1BG), von Willebrand factor (VWF), profilin-1 (PFN1),

Figure 4. Mapping of significant proteins, peptides, and metabolites for identification of altered pathways at severe time points. (A) Heat map of
significant peptides mapping to the proteins using peptide analysis. (B) The integrated pathway analysis using MetaboAnalyst showed dysregulation
of the following pathways: complement and coagulation cascades, platelet activation, Rap1 signaling pathway, and arginine metabolism. (C) The
Metascape pathway analysis shows dysregulation of pathways such as platelet degranulation, complement and coagulation cascades, blood
coagulation, fibrin clot formation, integrin pathways, myeloid leukocyte activation, regulation of protein stability, and response to topologically
incorrect proteins. (D) The proteins mapping to the prominent pathways are shown in the STRING network.
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complement factor H (CFH), complement C1s subcomponent
(C1S), complement C4-A (C4A), histone H1.4 (H1-4),
clusterin (CLU), histone H1.2 (H1-2), filamin-A (FLNA),
transketolase (TKT), pigment epithelium-derived factor
(SERPINF1), triosephosphate isomerase (TPI1), galectin-3-
binding protein (LGALS3BP), EGF-containing fibulin-like
extracellular matrix protein 1 (EFEMP1), leukocyte immuno-
globulin-like receptor subfamily A member 3 (LILRA3),
proteoglycan 4 (PRG4), and talin-1 (TLN1). The heat map
of these proteins is shown in Figure 4A. The list of these
significant peptides is shown in Table S7. The integrated
pathway analysis using MetaboAnalyst showed dysregulation of
the following pathways: complement and coagulation cascades,
platelet activation, focal adhesion, Rap1 signaling pathway,
antigen processing and presentation, mitogen-activated protein
kinase signaling pathway, and arginine and proline metabolism
(Figure 4B and Table S8). The pathway analysis using
Metascape showed dysregulation of platelet degranulation,
complement and coagulation cascades, blood coagulation,
fibrin clot formation, integrin pathways, myeloid leukocyte
activation, regulation of protein stability, and response to
topologically incorrect protein pathways (Figure 4C and Table
S9). Proteins mapping to the complement and coagulation
cascade (C1S, C3, C4B, CLU, FGG, CFH, VWF, APOH,
AHSG, IGFALS, SERPINA10, SERPINF1, RAP1B, and
LILRA3), platelet degranulation (A1BG, AHSG, APOH,

CLU, FGG, VWF, FLNA, and PFN1), and myeloid leukocyte
activation (A1BG, AHSG, C3, CLU, HSPA8, RAP1B, LILRA3,
and PDIA3) are represented in a network using STRING
(version 11) (Figure 4D). The representative figure for the
prominent pathways from Reactome.org is shown in Figures
S7−S9. Here, we focus on an important role of amino acid
metabolism and leukocyte activation pathway during SARS-
CoV-2 infection.
Validation of LFQ Identified Significant Proteins Using the
MRM Approach

Further, MRM assay was used to validate the differentially
regulated proteins identified in the LFQ analysis using seven
longitudinal severe and nonsevere depleted plasma samples. An
equal amount of a heavy labeled synthetic peptide
(THCLYTHVCDAIK) was spiked in all samples to ensure a
consistent response from the injections. The uniform peak
areas observed for this peptide are shown in Figure S10. Using
the MS Stats external tool in Skyline, we determined that the
vitamin-D-binding protein (GC) protein (THLPEVFLSK,
DVCDPGNTK, and LCDNLSTK) was down-regulated in
the severe COVID-19 patient samples (Figure 5A,B), and
PFN1 (DSPSVWAAVPGK, EGVHGGLINK, and CYE-
MASHLR) was identified to be upregulated (Figure 5C,D).
However, further validation and absolute quantification of the
identified peptides on a larger cohort of samples are required
to reach a firm conclusion.

Figure 5. Validation of proteins detected by LFQ using the MRM assay. (A) Representative MRM peaks for a peptide of the GC protein showing
the downregulation in the severe time point (T2) sample compared to the nonsevere time point (T1) sample from a COVID-19 patient. (B) Bar
plots for three peptides (THLPEVFLSK, DVCDPGNTK, and LCDNLSTK, respectively) of the GC protein showing the downregulation. (C)
Representative MRM peaks for a peptide of the PFN1 protein showing the upregulation in the T2 sample as compared the T1 sample from a
COVID-19 patient. (D) Bar plots for three peptides (DSPSVWAAVPGK, EGVHGGLINK, and CYEMASHLR, respectively) of the PFN1 protein
showing the upregulation.
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■ DISCUSSION

We conducted a longitudinal multi-omics study of a small
cohort (n = 13) using plasma samples collected at two time
points, namely, nonsevere and severe. With limited knowledge
and the dynamic nature of COVID-19 infection, monitoring
clinical parameters becomes inevitable while treating the
patients. Recently, Velavan et al. have summarized that the
laboratory parameters such as low lymphocyte count and
serum CRP, D-dimer, ferritin, and IL-6 levels can help in
predicting severe and fatal COVID-19 outcomes.24 In our
previous proteomic study, we have observed an increase in the
expression of IL-6 and CRP in severe patients using swab
samples.25

In a meta-analysis by Moutchia et al., they reported that
severe COVID-19 infection is associated with an increased
neutrophil count and IL-6 and CRP levels, and decreased
lymphocyte count. Previously, moreover, they also suggested
that increased D-dimer, AST, alanine aminotransferase (ALT),
urea, and creatinine could be used for stratifying severe
patients with COVID-19 infection.26 Similar to their findings,
our clinical data showed a high level of serum CRP, AST,
bilirubin, and interleukin 6 (IL-6) in the patients with severe
COVID-19 infection (Figure S1). The serum levels for these
clinical parameters were above the normal range during the
severe time point even after the administration of immuno-
modulatory drugs. Lymphopenia was also reported in patients
during the severe and nonsevere stages of the disease.
Although these parameters have been able to guide clinicians
in predicting the course of the disease, the pathogenesis of the
disease remains unclear. At such times, there is an urgent need
to use multi-omics approaches for identifying the altered
biomolecular profile and associated biological pathways that
lead to severe symptoms in the SARS-CoV-2-infected host.
In this study, we performed a high-throughput mass-

spectrometry-based proteomic and metabolomic analysis for
the identification of altered biomolecules and pathways in the
severe COVID-19 longitudinal samples (Figure 1). So far, only
a few studies have used a multi-omics approach for a
longitudinal study of the COVID-19 infection.9,17 The
metabolomic analysis was performed on eight COVID-19
patient samples collected at multiple time points during
progression from nonsevere to a severe state. The metabolomic
investigation of infected plasma samples revealed a significant
alteration of L-arginine, creatine, 3-hydroxyoctanoyl carnitine,
3,5-tetradecadien carnitine, and 1-stearoyl-2-hydroxy-sn-glyc-
ero-3-PE (Figure 2). Fraser et al., in their COVID-19
metabolomic study, revealed that either creatinine alone or a
creatinine/arginine ratio could predict ICU mortality with
100% accuracy.27 Similar to their finding, we observed a
significant upregulation of both creatine and arginine at severe
time points. However, the creatinine breakdown product of
creatine was not found to be significant in our analysis. The
elevated serum creatinine levels have been an indicator of
kidney dysfunction in the severe cases of COVID-19 infection
leading to fatal outcomes.28,29 Along with the increase in
creatine, the clinical parameters also suggest the increase in the
bilirubin and AST level at severe time points. Recently, Rosa et
al. showed that the SARS-CoV-2 spike protein binds to
bilirubin: thus, it might have a role in SARS-CoV-2 immune
invasion.30 Although bilirubin itself was not identified in our
metabolomic analysis, this might indicate that SARS-CoV-2
significantly alters the metabolism in the host. Tang et al.

identified that patients showing an increase in levels of 3-
hydroxyoctanoyl carnitine and 3,5-tetradecadien carnitine
metabolites were at high risk of developing heart failure.31

Since most of the patients with severe COVID-19 infection
eventually die of multiorgan failure, these metabolites might be
a potential indicator of disease progression and fatal outcomes.
Recently, few researchers performed a longitudinal proteo-

mic profile and revealed a significant alteration in proteins
involved in the regulation of the immune system (Table
S10).15,16 In this study, the proteomic analysis of longitudinal
samples revealed 10 significant proteins and 35 significant
peptides to be altered at the severe time point. The significant
proteins identified were RAP1B, IGFALS, PDIA3, HSPA8,
PDLIM1, TGFBI, LGALS3BP, PFN1, PTGDS, and SERPI-
NA10 (Figure 3). We observed a few proteins such RAP1B,
PDIA3, and PFN1 that play an important role in platelet
function and thrombosis to be significantly upregulated in
severe patients.32−34 The small molecule mediated inhibition
of PDIA3 during influenza infection has been reported to
decrease the viral load and improve lung inflammation.35 Thus,
these proteins can be explored as potential targets for COVID-
19 therapeutics. Proteins such as TGFB1 and LGALS3BP were
identified to be significantly suppressed in severe patients.
Interestingly, the recent transcriptomics-based longitudinal
study also identified persistent downregulation of TFGB1
transcripts in severely ill COVID-19 patients.17 Gutmann et al.
demonstrated that LGALS3BP is a novel putative binding
partner of the SARS-CoV-2 spike glycoprotein and possesses
antiviral activity.36 Thus, the decrease in the level of these
proteins might indicate the progression toward severity.
However, it cannot be ruled out that the decrease might also
be the outcome of treatments administered to severe patients.
Further, the integrated pathway analysis from significant

proteins and metabolome identified in the severe patients
showed predominant dysregulation of complement and
coagulation cascades, platelet activation and degranulation,
myeloid leukocyte activation, and arginine amino acid
metabolism (Figure 4). We observed that components of the
classical complement pathway (C1S and C4B), C3, and
complement modulator (CFH) were modulated at the severe
time point. Moreover, other proteins such as RAP1B, IGFALS,
and SERPINA10, an inhibitor of the F10a coagulation factor,
were also significantly dysregulated. The complement cascade
is one of the sentinels of the innate immune system. It plays a
major role in the defense against invading pathogens by
recruiting immune cells to sites of infection, labeling the
invading pathogens via opsonization for uptake and
destruction by phagocytes, and direct lysis of susceptible
pathogens.37 Dysregulation of this cascade can contribute to
inflammation-mediated pathologies. Similarly, inflammation-
induced coagulation pathways are pivotal in controlling the
pathogenesis associated with COVID-19 infections.38

Dysregulations of complement component C3 have been
reported to cause severe forms of COVID-19. Moreover, the
inactivation of C3 has been reported to ameliorate lung injury
due to the upstream positioning of C3 signaling in the innate
immune cascade. Therefore, C3 can be considered as a
biomarker for systemic inflammation, and its inhibition can
potentially control COVID-19 associated with acute respira-
tory distress.39 Moreover, Messner et al. reported that C1S and
CFH were activated in COVID-19 patients. They also reported
the upregulation of SERPINA10.12 Furthermore, D’Alessandro
et al. also reported the upregulation of CFH in COVID-19
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patients.40 These observations indicate that the complement
cascade plays a major role in the pathogenesis of COVID-19
and can be a potential target for drug therapy.
We also observed the alteration in proteins such as FGG,

VWF, FLNA, PFN1, and LGALS3BP involved in platelet
activation and degranulation. Fibrinogen is an oligomeric
glycoprotein produced in the liver and secreted into the blood.
Fraga et al. observed that increased fibrin formation and lysis
account for high levels of D-dimers and are associated with
worse outcomes in patients with COVID-19.41 Furthermore,
Ruberto et al. observed a marked increase in the binding of
active VWF to platelets in severe patients.42 Thus, these
proteins might predict the fatal complications and can also be
explored for the therapeutic potential.
Interestingly, we also identified the dysregulation of proteins

such as A1BG, AHSG, C3, CLU, HSPA8, RAP1B, LILRA3,
and PDIA3 involved in the myeloid leukocyte activation
pathways. Myeloid cells represent a diverse range of innate
leukocytes crucial for mounting successful immune responses
against viruses. These cells are responsible for detecting
pathogen-associated molecular patterns, thereby initiating a
signaling cascade that results in the production of cytokines
such as interferons to mitigate infections.43 Schulte-Schrepping
et al. performed single-cell RNA-sequencing and proteomics of
whole-blood and peripheral-blood mononuclear cells to
determine changes in immune cell composition and activation
in mild versus severe COVID-19. They observed a high
occurrence of neutrophil precursors as evidence of emergency
myelopoiesis and dysfunctional mature neutrophils in the
severe COVID-19 patients.44 These studies support the
observation of myeloid leukocyte activation in severe patients.
When an antiviral immune response is generated, a balance

must be reached between two opposing pathways: the
production of proinflammatory and cytotoxic effectors that
drive the robust antiviral immune response to control the
infection and regulators that function to limit or blunt an
excessive immune response to minimize immune-mediated
pathology and repair tissue damage.45 Myeloid cells, including
monocytes and macrophages, play an important role in this
balance, particularly through the activities of the arginine-
hydrolyzing enzymes nitric oxide synthase 2 (Nos2; iNOS)
and arginase 1 (Arg1).46 We identified the dysregulation of
both arginine metabolism and myeloid leukocyte activation at
the severe time point, indicating that the imbalance between
these pathways might be responsible for the fatal symptoms of
cytokine storm seen in the COVID-19 patients. Thus, this
study reveals that leukocyte activation and amino acid
metabolism can be beneficial and damaging to the COVID-
19 infection.
Recently, there has been an unprecedented increase in

understanding the role of small molecule metabolites in SARS-
CoV-2 replication and proliferation in the host (Table S5).
The comprehensive metabolomic studies of infected patient
sera samples have revealed substantial alterations in fatty acid
and amino acid metabolism, specifically pathways involved in
the metabolism of tryptophan, arginine, and lysine.47−49 Most
of these studies were performed in the small cohort of
COVID-19 positive and negative patients. Barberis et al.
performed one of the largest untargeted metabolomic analysis
using plasma samples; they observed a significant alteration in
phenylalanine and tyrosine metabolism in noncritical COVID-
19 patients.50 Although these studies have significantly
increased the understanding of infection, a longitudinal study

is important for developing personalized medicine. Impor-
tantly, in our longitudinal analysis focusing on nonsevere to
severe transition, we identified amino acid metabolism,
essentially arginine metabolism, to be the significant pathway
altered in the host. Similar to our finding, Ansone et al. in their
longitudinal targeted metabolomic study of serum samples
identified the role of arginine metabolism in the immune
response to SARS-CoV-2 and linked it to the acute phase
response and disturbed kidney function observed in the severe
patients.51 However, unlike in our study, the alteration in the
level of L-arginine itself was not detected; rather, an alteration
of citrulline and ornithine amino acid involved in the arginine
catabolism was identified. In another study, Xiao et al. revealed
a significant correlation between circulating inflammatory
cytokines such as IL-6, IP-10, and M-CSF and the metabolites
involved in arginine metabolism in severe patients.52 Thus,
these studies support our findings and indicate that the
development of therapeutics for targeting the amino acid
metabolism pathway might aid in suppressing the elevated
immune response.
Additionally, we validated significant peptides mapping to

PFN1 and the vitamin D-binding protein (GC) protein
identified in the proteomic study using the MRM approach.
Interestingly, we observed that three peptides mapping to the
GC protein were significantly downregulated in the severe
patients (Figure 5). Vitamin D deficiency has been reported as
a key factor in developing respiratory tract infections and
inflammatory processes like acute respiratory distress syn-
drome.53 Speeckaert et al. reported that vitamin D binding
protein, the major carrier of vitamin D, probably plays an
underestimated role in the pathogenesis of COVID-19. Lower
serum vitamin D-binding protein levels were associated with a
higher risk of in-hospital mortality.54 Therefore, this suggests
the importance of vitamin D supplementation during the
treatment of COVID-19.
In summary, this longitudinal study identified the distinct

proteomic and metabolomic profile for the prognosis of
COVID-19 severity. This study also revealed that arginine
metabolism and immune response mechanism, specifically the
leukocyte activation pathway, are strongly linked to the fatal
symptoms induced by the SARS-CoV-2 infection. Thus, along
with strengthening the data resources generated, the
biomolecular pathways identified might be explored for novel
therapeutic interventions.

■ CONCLUSIONS

The leukocyte activation pathway and arginine metabolism
might play a key role in predicting fatal outcomes and could be
considered for COVID-19 therapeutic interventions. However,
the study has its limitation in the sample size. The small cohort
necessitates further validation using a larger cohort before
extrapolating the results for clinical application. Moreover, the
patients in this study received immune-modulatory drug
therapy; thus, the proteomic or metabolomic response might
be due to the therapeutic outcome. Nonetheless, this is the first
longitudinal study in an Indian population; it can benefit the
researchers trying to decipher the immune response and
characteristics of a population to COVID-19 infections.
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