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ABSTRACT: The host response to COVID-19 pathophysiology over the first few days of infection
remains largely unclear, especially the mechanisms in the blood compartment. We report on a longitudinal
proteomic analysis of acute-phase COVID-19 patients, for which we used blood plasma, multiple reaction
monitoring with internal standards, and data-independent acquisition. We measured samples on admission
for 49 patients, of which 21 had additional samples on days 2, 4, 7, and 14 after admission. We also
measured 30 externally obtained samples from healthy individuals for comparison at baseline. The 31
proteins differentiated in abundance between acute COVID-19 patients and healthy controls belonged to
acute inflammatory response, complement activation, regulation of inflammatory response, and regulation
of protein activation cascade. The longitudinal analysis showed distinct profiles revealing increased levels
of multiple lipid-associated functions, a rapid decrease followed by recovery for complement activation,
humoral immune response, and acute inflammatory response-related proteins, and level fluctuation in the
regulation of smooth muscle cell proliferation, secretory mechanisms, and platelet degranulation. Three
proteins were differentiated between survivors and nonsurvivors. Finally, increased levels of fructose−
bisphosphate aldolase B were determined in patients with exposure to angiotensin receptor blockers versus
decreased levels in those exposed to angiotensin-converting enzyme inhibitors. Data are available via ProteomeXchange PXD029437.
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■ INTRODUCTION

The COVID-19 pandemic continues to grow and affect human
health and the world economy in many ways. COVID-19
disease, which is promoted by SARS-CoV-2 viral infection,
induces a variable spectrum of symptoms such as fever, cough,
dyspnea, chills, muscle pain, and loss of taste or smell. Severe
disease is worse in males and older patients, with the exact
mechanisms still not fully understood, requiring further
study.1−4 Cellular entry follows on from the interaction
between the spike protein S of SARS-CoV-2 with the
angiotensin-converting enzyme 2 (ACE2) receptor,5−10

which is expressed in many human tissues and at a medium
level in the upper and lower respiratory tract.11 An average
mortality rate of 17.1% was reported for patients admitted to
hospitals, with 40.5% for patients in critical situation.12

COVID-19 continues to be the subject of many scientific
reports that make use of various sample types and analytical
methods. Bojkova et al.13 used proteomics and the Orbitrap
analyzer to study the pathways modulated by SARS-CoV-2 in
the human cell culture model they developed. They found
effects on pathways related to translation, splicing, carbon
metabolism, protein homeostasis, and nucleic acid metabolism.

Gordon et al.14 used affinity purification−mass spectrometry
and determined 332 protein−protein interactions between
SARS-CoV-2 and human proteins. Their findings identified
interactions with proteins belonging to various biological
processes and complexes including DNA replication, epige-
netic and gene expression regulators, vesicle trafficking, lipid
modification, RNA processing and regulation, ubiquitin ligases,
signaling, and nuclear transport machinery. Multiple innate
immune pathways and host translation machinery were also
among the pathways affected. Geyer et al.15 performed a
longitudinal proteomic analysis using data-dependent acquis-
ition and a trapped ion mobility spectrometry time-of-flight
instrument16,17 on plasma samples from 31 COVID-19
hospitalized patients. They found innate immune system
proteins decreased early in the time course while the regulators
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of coagulation and lipid homeostasis increased over time. Mun
et al.18 profiled the nasopharyngeal swabs of COVID-19
patients using a similar instrumental setup as Geyer et al.15 but
operated in the data-independent acquisition (DIA) mode.
Their results revealed various alterations in the processes
related to innate immune response and exocytosis.
Acute COVID-19 causes widespread changes in host

immune, inflammatory, and coagulation responses that are
potential biomarkers and therapeutic targets. However, to date,
there has been limited investigation of the effects of acute
COVID-19 on plasma proteomics during the first few weeks of
hospitalization. One study19 of 46 COVID-19 patients and 53
controls found 93 proteins that had differential expression in
severe COVID-19. Whetton and colleagues20 evaluated
proteomics and used artificial intelligence to understand
acute COVID-19 proteomics.
Our objective, therefore, was to investigate whether plasma

protein abundances in COVID-19 patients measured using
proteomic analysis differ from healthy controls and change
over the course of two weeks after admission. We used plasma
samples from 49 acute-phase COVID-19 patients and 30
externally obtained plasma samples from healthy individuals.
The secondary aims were to determine whether there were
differences in plasma protein levels in COVID-19 patients
between males and females, survivors and nonsurvivors, and
those who were or were not exposed to angiotensin receptor
blockers (ARBs) and ACE inhibitors (ACEi). In a primary
analysis, we used quantitative targeted proteomics with internal
standards that allowed the quantification of multiple proteins
in each sample. Additionally, having internal standards, spiked
into all samples at the same level, allowed excellent
comparability between samples. In parallel, we analyzed all
samples using a DIA approach and compared both data sets.

■ MATERIALS AND METHODS

Ethics

This study was approved by the Providence Health Care and
University of British Columbia Human Research Committee
and by each of the contributing clinical sites. The anonymized
clinical data and use of discarded plasma from clinical blood
tests were deemed low risk, and informed consent was deemed
not necessary for this research. This proteomic study was a
substudy of ARBs and ACEi in adults hospitalized with acute
COVID-19, ClinicalTrials.gov Identifier: NCT04510623.21

Patient Selection Criteria

Individuals over 18 years of age who had confirmed COVID-
19 infection (according to local hospitals or provincial
laboratories’ clinically approved laboratory testing for SARS-
CoV-2) who were admitted to hospitals were included.
Patients who were admitted to hospitals for another reason
who were SARS-CoV-2 positive were excluded. The plasma
samples were collected using K2EDTA tubes and processed
within 4 h upon admission from 46 patients and on days 2, 4,
7, and 14. The control human plasma samples (n = 30) were
obtained commercially from whole blood donors (Human
Plasma K2EDTA, BioIVT, Hicksville, NY, USA). The control
subjects did not have COVID-19 and otherwise declared
themselves to be healthy.

Baseline Characteristics of Healthy Controls and COVID-19
Patients

We recorded age and sex in the healthy controls and baseline
(at study enrollment) characteristics in the COVID-19 patients
[age, sex, and presence of heart failure, hypertension, chronic
kidney disease, and diabetes (commonest comorbidities of
2019nCoV22−24)] associated with the increased risk of
intensive care unit (ICU) admission24 and 28-day mortality.

Measurement of Plasma Using Targeted Quantitative
Proteomics

We used targeted MS-based quantitative proteomic assays. The
multiple reaction monitoring (MRM) assays were developed
and validated at the University of Victoria Proteomics Centre,
Victoria, BC, Canada,25−29 and include internal standard
peptides for 270 proteins. A list of the peptides and proteins is
provided in Table S1. Although we target 270 proteins here,
the panel typically quantifies between 160 and 175 proteins
depending on the quality of the plasma samples and
anticoagulant used.30 In the current study, we were able to
detect 192 proteins, of which 172 were quantified and used for
further analysis.
Protein concentrations were determined by comparing their

responses in the mass spectrometer with the responses of
heavy labeled internal standard peptides spiked in the sample.
The sample preparation protocol was developed previously26,28

and is available from PeptideTracker.27,29 Briefly, the sample
digests were prepared through the denaturation and reduction
of the homogenate with 9 M urea/20 mM dithiothreitol for 30
min at 37 °C. Denatured proteins were alkylated with
iodoacetamide (40 mM final concentration) for 30 min at
room temperature, and then samples were diluted to reach a
final urea concentration of 0.55 mM prior to tryptic digestion.
Digestion was carried out at a 10:1 substrate/enzyme ratio
using tosyl phenylalanyl chloromethyl ketone-treated trypsin
(Worthington) for 18 h at 37 °C. After digestion, the samples
were acidified with aqueous 1% formic acid (FA), and a chilled,
stable isotope-labeled standard peptide mixture was added.
The samples were concentrated via solid phase extraction
(SPE; 10 mg Oasis HLB cartridges; Waters), using the
manufacturer’s recommended protocol. The SPE column was
conditioned with 100% methanol (1 mL), followed by washing
with 100% H2O/0.1% FA (1 mL). The sample (diluted to 1
mL using 100% H2O/0.1% FA) was then loaded onto the
column, followed by washing two times with water (1 mL
each). Finally, the sample was eluted with 55% acetonitrile
(can)/0.1% FA (300 μL) and lyophilized to dryness. The dried
samples were rehydrated in 0.1% FA to a concentration of 1
μg/μL for liquid chromatography (LC)/MRM−MS analysis.
The samples were separated on-line with a reversed phase-
ultra-high-performance LC (RP-UHPLC) column (Eclipse
Plus C18 RRHD 150 × 2.1 mm i.d., 1.8 μm particle diameter;
Agilent) maintained at 50 °C. Peptide separations were
performed at 0.4 mL/min over a 56 min run, via a multistep
LC gradient. The solvents were aqueous mobile phase
solvent Awith 0.1% FA in LC−MS grade water, and the
organic mobile phasesolvent Bwith 0.1% FA in LC−MS
grade acetonitrile. The exact gradient was as follows (time
points in minutes, solution B %): 0 min, 2%; 2 min, 7%; 50
min, 30%; 53 min, 45%; 53.5 min, 80%; 55.5 min, 80%; and 56
min, 2%. A post-column equilibration of 4 min was used after
each sample analysis. The LC system was interfaced to a triple
quadrupole mass spectrometer (Agilent 6490) via a standard-

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

https://doi.org/10.1021/acs.jproteome.1c00863
J. Proteome Res. 2022, 21, 975−992

976

http://ClinicalTrials.gov
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00863/suppl_file/pr1c00863_si_001.pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


flow electrospray ionization source, operated in the positive ion
mode. The MRM acquisition parameters employed for the
quantitation were as follows: 3500 V capillary voltage, 300 V
nozzle voltage, 11 L/min sheath gas flow at a temperature of
250 °C, 15 L/min drying gas flow at a temperature of 150 °C,
30 psi nebulizer gas pressure, 380 V fragmentor voltage, 5 V
cell accelerator potential, and unit mass resolution in the first
and third quadrupoles. For optimal peptide collision-induced
dissociation, peptide-specific collision energy (CE) values had
previously been determined experimentally. The exact CE
values for each peptide is available from PeptideTracker.27

Measurement of Plasma Using DIA

With an estimated protein concentration of 70 μg/μL, 50 μg of
each sample was denatured, reduced, alkylated, and digested
using the Preomics iST sample preparation kit (Preomics
GmbH, Martinsried, Germany). The samples were resus-
pended in load buffer at a concentration of 1 μg/μL and a DIA
chromatogram library sample was created from a pooled
aliquot of the samples. A 5 μL injection was separated by on-
line reverse-phase chromatography using a Thermo Scientific
EASY-nLC 1000 system with a reversed phase precolumn
Magic C18-AQ (100 μm I.D., 2.5 cm length, 5 μm, 100 Å),
and an in-house prepared reversed phase nano-analytical
column Magic C-18AQ (75 μm I.D., 20 cm length, 5 μm, 100
Å, Michrom BioResources Inc., Auburn, CA), at a flow rate of
300 nL/min. The LC system was coupled on-line using an
Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) equipped with a Nanospray Flex NG
source (Thermo Fisher Scientific). The LC aqueous mobile
phasesolvent A was with 2% acetonitrile and 0.1% FA in
LC−MS grade water, and the organic mobile phasesolvent B
was with 0.1% FA in 90% acetonitrile samples were separated
by a 64 min gradient with the following gradient (time points
in minutes, solution B %): 0 min, 5% B; 50 min, 25% B; 52
min, 40% B; 54 min, 90% B; 59 min, 90% B; 60 min, 5% B;
and 64 min, 5% B. The Orbitrap Fusion instrument parameters
(Fusion Tune 3.3 software) were as follows for an Orbitrap
(OT-MS) iontrap (OT-MS/MS) with HCD fragmentation: A
nano-electrospray ion source with a spray voltage of 2.55 kV
and a capillary temperature of 275 °C.
To create a chromatogram library, we acquired six

chromatogram library acquisitions with a 60,000 resolution
full MS1 spectrum matching the range (i.e., 395−505,495−
605, 595−705, 695−805, 795−905, and 895−1005 m/z) using
an AGC target of 4 × 105 and a maximum inject time of 60 ms.
The MS2 acquisition strategy for DIA spectra was 4 m/z
precursor isolation windows at 30,000 resolution, an AGC
target of 4 × 105, a maximum inject time of 60 ms, charge state
3, HCD 33, and using an overlapping window pattern from
narrow mass ranges using window placements optimized by
EncyclopeDIA,31 that is, 396.43−502.48, 496.48−602.52,
596.52−702.57, 696.57−802.61, 796.61−902.66, and 896.6−
1002.70 m/z. For the sample measurement, the Orbitrap
Fusion Tribrid was configured to acquire a 60,000 resolution
full MS1 spectrum with 385−1015mz range, an AGC target of
4 × 105, a maximum inject time of 60 ms, and matching the
range 25 × 24 m/z of DIA spectra (24 m/z precursor isolation
windows at 30,000 resolution, an AGC target of 4 × 105, a
maximum inject time of 60 ms, Charge state 3, and HCD 33)
using an overlapping window pattern from 388.43 to 1012.70
m/z using window placements optimized by EncyclopeDIA.31

Data Processing

MRM Data Processing. Skyline was used to inspect the
peptide response peaks and ensure accurate selection,
retention time, integration, and the uniformity of the peak
shape for the endogenous and internal standard peptide
signals.32 For each peptide, the relative peak area ratio of the
endogenous to the heavy labeled internal standard peptide was
calculated. This ratio and the known concentration of internal
standard peptide were used to calculate the concentration of
the endogenous peptide in the sample by comparison to a
standard curve generated in the pooled sample. The criteria
used for the standard curve regression analysis were 1/x2
regression weighting, <15% deviation in a given level’s
precision and accuracy for each concentration level, and 20%
at the lower limit of quantification.

DIA Data Processing. EncyclopeDIA31 was used to
generate the library and perform protein identification and
quantification. The human proteome in FASTA format was
obtained from UniProtKB,33 and a spectral library containing
only human proteins (pan human) was obtained from the
National Institute of Standards and TechnologyNIST
(https://chemdata.nist .gov/dokuwiki/doku.php?id=
peptidew:cdownload). These were used with the six gas phase
fraction files from the analysis of the chromatogram library
sample to create a human plasma-specific chromatogram
library. The library was used for the identification and
quantitation of the proteins in samples, with trypsin as the
enzyme, CID/HCD as the fragmentation method, and 10 ppm
mass tolerances for the precursor, fragment, and library mass
tolerances. Percolator34 (3.10) was used to validate the
identifications with the false discovery rate set to 1%.
The MS proteomic data have been deposited to the

ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifier PXD029437.

■ STATISTICAL ANALYSES

An unsupervised cluster analysis was performed on the
determined protein concentrations. We used complete distance
to perform the clustering on the scaled and centered
concentration values. The visualization of the data using heat
maps was performed after centering and scaling of the
determined protein concentrations. Differences between
groups were tested using the Wilcoxon rank-sum test. P-values
were adjusted using the Benjamini−Hochberg method to
account for multiple testing. The volcano plots of COVID-19
patients with healthy controls as the reference, and within the
COVID-19 patient cohort for comparing survivors versus
nonsurvivors, ventilated versus not ventilated, males versus
females, and ARBs and ACEi exposed versus not exposed were
completed based on the p-values of the Mann−Whitney−
Wilcoxon test and calculated fold changes based on the
determined protein concentration. Fold changes were calcu-
lated on a base-2 logarithmic scale after dividing the individual
protein concentrations by the corresponding reference
abundance of the protein, which was dictated by the
comparison performed. For the baseline comparison of
COVID-19 patients with the healthy controls, the reference
was the mean protein abundance in the healthy controls, while
for the longitudinal comparisons it was the corresponding
patient protein abundance at the baseline. For the other
comparisons within the COVID-19 patient group, that is,
survivors versus nonsurvivors, ventilated versus not ventilated
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(invasive ventilation), males versus females, and ARBs and
ACEi exposed versus not exposed, the references were
survivors, not ventilated, males, ARBs and ACEi not exposed
COVID-19 patients, respectively, at all the time points.
Partitional time series clustering with the Manhattan distance
was used to identify protein profile clusters over time.
Significantly differentiated proteins and proteins belonging to
identified time series clusters were used for functional analysis
which was performed using Cytoscape35 and related plugins36

to understand the pathways that were significantly perturbed in
acute COVID-19. Data analysis and visualization were
performed using R,37 Cytoscape, and GeneMANIA Cytoscape
plugin and web application.35,36

■ RESULTS

Targeted Proteomics and DIA

We determined protein concentrations in the blood plasma of
acute COVID-19 patients and externally acquired controls
using two approaches, MRM and DIA. Targeted protein
quantification with internal standards is suited for longitudinal
and multicentric studies because it references measured
intensity to spiked-in internal standards. It has been previously
demonstrated that plasma proteomics can identify up to 900
proteins.38 Quantification, however, also relies on additional
criteria, namely that protein-determined concentrations in
samples are within the dynamic range of a standard curve that
is generated as part of the experiment. Here, we used a
quantitative proteomic panel for 270 plasma proteins, which
we were able to quantify in human plasma in various previous
experiments.28,30,39 The panel included internal standards for
all the targeted proteins (Table S1) and has been characterized
previously as showing good reproducibility.30 In a parallel
experiment, we measured all the samples using the discovery
DIA method.40,41 The results from the DIA method were used
mainly for validation purposes and comparison with MRM
results. The quantification based on MRM was used for the
comparison between groups.
In our absolute quantitative MRM proteomics, we were able

to detect 196 proteins, of which 171 were quantified. We
considered a protein not quantifiable if its concentration in all
the samples was below the limit of quantification (LLOQ),
which was determined from the standard curve that was
generated in the same experiment.26 All quantified proteins
were used in the further evaluation of the differences between
groups (Table S1). No imputation was performed, and we
used a nonparametric test for our comparisons.
Using the DIA method, we were able to identify 203 protein

groups. 56% of all the DIA-identified proteins were covered by
three or less peptides, while apolipoprotein B-100 (APOB)
with 126 peptides was the protein with the largest coverage in
terms of unique peptides. Figure S1 shows a histogram of the
number of detected DIA peptides per protein. In total there
were 128 detected proteins shared between the DIA and MRM
methods (Figure S2). Thirty-six out of 70 proteins with no
MRM assay in our panel that were detected using DIA were
immunoglobulins, and another five were keratins (Table S4).
Four proteins with targeted assays in our panel that were not
detectable using MRM, but were identified using DIA,
included coagulation factor X (F10), E-selectin (SELE),
melanotransferrin (MELTF), and phosphatidylcholine-sterol
acyltransferase (LCAT). All four were identified using DIA
with a single peptide, and only the LCAT peptide matched the

surrogate peptide in the failed MRM assay (SSGLVSNAPGV-
QIR). When examining this peptide closely in our MRM data,
it turned out that it had a valid standard curve and intensity
with an acquired signal above LLOQ, but it had interference in
all the measured samples and controls and therefore was not
considered as quantifiable, examples are shown in Figure S3.
Figure S4, on the other hand, shows an example of the
increasing intensity over time of the peptide TYLPAVDEK
surrogate for apolipoprotein C-II (APOC2) in one acute
COVID-19 patient. This protein appeared in one of the
longitudinal clusters that we will discuss below in the section
regarding the longitudinal analysis.
Excellent correlations between the results of the two

methods we used, DIA and MRM, across all the samples
were obtained (Figure S5). Because of this very good
agreement between the two methods, and because of the
absolute quantitative aspect of the MRM data, we focused our
further analysis on the results from the absolute quantification.
We performed multiple comparisons that included investigat-
ing the signature of acute COVID-19 versus healthy
individuals, male versus female, exposure to ARBs, use of
ACEi, use of ventilation, and the difference between survivors
and nonsurvivors. Furthermore, we performed a longitudinal
analysis in which we referenced patient protein levels at 2, 4, 7,
and 14 days to their own baseline levels at admission. With the
exception of comparing patients with healthy individuals, all
our comparisons relied only on the acute COVID-19 patient
samples.

COVID-19 Patients and Associated Plasma Protein
Signature

The baseline characteristics of the COVID-19 patients are
shown in Table 1. Patients were of mean age 65 years, 72%
were males and 52% had comorbidities, most commonly
hypertension (43%). ARBs and ACEi were used prior to
admission in 7 and 11%, respectively. The treatment in
hospitals included mechanical ventilation (35%), vasopressors
(34%), and renal replacement therapy (10%). The hospital
mortality was 22%, with a mean time to death of 23 days.
Controls (n = 30) consisted of 24 male and six female healthy
blood donors with a mean age of 37.3 years and their baseline
characteristics are listed in Table 1.
Figure 1 shows a volcano plot comparison of protein levels

in acute COVID-19 patients at baseline versus healthy
controls. Of all the proteins quantified, 29 were significantly
higher in abundance in acute COVID-19 patients than healthy
controls (Benjamini−Hochberg corrected p-value < 0.05 and
at least twofold higher) and two proteins that were significantly
lower (Benjamini−Hochberg corrected p-value < 0.05 and at
least twofold lower). The proteins with higher abundance
included: actin-aortic smooth muscle (ACTA2), α-1-acid
glycoprotein 1 (ORM1), α-1-antichymotrypsin (SERPINA3),
β-2-microglobulin (B2M), carbonic anhydrase 1 (CA1),
complement component C9 (C9), C-reactive protein (CRP),
cystatin-c (CST3), follistatin-related protein 1 (FSTL1),
fructose−bisphosphate aldolase b (ALDOB), haptoglobin
(HP), hemoglobin subunit α (HBA1; HBA2), insulin-like
growth factor-binding protein 2 (IGFBP2), leucine-rich α-2-
glycoprotein (LRG1), lipopolysaccharide-binding protein
(LBP), matrix metalloproteinase-9 (MMP9), neutrophil
gelatinase-associated lipocalin (LCN2), osteopontin (SPP1),
peroxiredoxin-2 (PRDX2), plasma protease c1 inhibitor
(SERPING1), pregnancy zone protein (PZP), protein s100-
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A12 (S100A12), protein s100-A9 (S100A9), protein deglycase
dj-1/parkinson disease protein 7 (PARK7), serum amyloid A-1
and A-2 proteins (SAA1; SAA2), serum amyloid P-component
(APCS), secreted protein acidic and rich in cysteine (SPARC),
thrombospondin-1 (THBS1), vascular cell adhesion protein 1
(VCAM1, vascular cell adhesion molecule 1), and von
Willebrand factor (VWF). The two proteins with significantly
decreased abundance were cartilage acidic protein 1
(CRTAC1) and serum paroxynase/lactonase 3 (PON3).
Table S2 lists the proteins with their functions as available
from UniProtKB and associated Gene Ontology terms.
A heat map of the COVID-19 patients versus healthy

controls illustrates the marked differences in plasma protein
levels between COVID-19 patients (admission levels only) and
healthy controls (Figure 2). The hierarchical clustering guiding
the orders in Figure 2 discriminated almost perfectly between
healthy controls and COVID-19 patients. The horizontal
clustering on the protein axis divided the map into multiple
sections of proteins with increased or decreased abundance,
which can also be seen in the volcano plot (Figure 1). The
protein associations with specific functions are shown such as
various complement component proteins in the second cluster.
Table 2 and Figure 3 list and show the results of an

interaction/pathway analysis of the proteins with significantly
increased (p < 0.05) abundances that showed at least a twofold
increase compared to healthy controls. Pathway ontology
classes included acute inflammatory response, complement
activation, regulation of inflammatory response, and regulation
of protein activation cascade.

Longitudinal Trends in Plasma Protein Levels of COVID-19
Patients

The time course analysis of protein levels in the COVID-19
patients showed distinct protein profiles (Figure S6 and Table
S3). We identified the following specific profiles of proteins
over time: increasing, rapid decrease followed by recovery,
sudden decrease followed by an increase, and steady levels
maintained over time (Figure 4). The analysis of these profiles
revealed increased levels of lipid associated functions. The
complement activation, humoral immune response, and
general protein activation cascade were associated with
proteins showing a rapid decrease followed by recovery.
Proteins associated with acute inflammatory response also
showed a rapid decrease followed by a slower increase, but to a
lesser extent than complement related proteins. Finally, the
rapid decrease followed by an increase was observed in
proteins associated with the regulation of smooth muscle cell
proliferation and migration and secretory mechanisms and
platelet degranulation.

Additional Identified Patterns

The three proteins S100A-9, S100-A12, and apolipoprotein(a)
(LPA) showed a significant difference between survivors and
nonsurvivors (Figure 5). For this analysis all the data points
were considered.
Four proteins that differed between ARB inhibitor users and

non-users including increased complement factor B (CFB),
ALDOB, IgGFc−binding protein (FCGBP), and decreased
VCAM1. There were also two proteins differentiated in their
abundance between ACEi users and non-users; ALDOB and
S100-A9 both showed decreased abundance in the users of
ACE (Figure 6).

Table 1. Baseline Characteristics of COVID-19 Patients and
Healthy Controls, Including Mortality, Use of Invasive
Ventilation, and Use of ARBs and ACEi in Patients with
COVID-19a

aMultiple categories can be selected for each patient. bAbbreviations:
ARB, angiotensin receptor blocker; ACEi, angiotensin-converting
enzyme inhibitor; ICU, intensive care unit; and RRT, renal
replacement therapy.

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

https://doi.org/10.1021/acs.jproteome.1c00863
J. Proteome Res. 2022, 21, 975−992

979

https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00863/suppl_file/pr1c00863_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00863/suppl_file/pr1c00863_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00863/suppl_file/pr1c00863_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00863/suppl_file/pr1c00863_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00863?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00863?fig=tbl1&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Only PZP was significantly different in abundance according
to sex using the threshold that we applied, that is, adjusted p-
value < 0.05 and a twofold change in protein abundance.
No difference in the level of the measured proteins was

determined between ventilated patients versus not ventilated.

■ DISCUSSION

Plasmas Protein Signature of COVID-19

In our analysis, 29 proteins were overexpressed, and two
proteins were underexpressed in COVID-19 patients com-
pared to healthy controls. Several proteins with higher
abundance are known as acute-phase reactants (CRP, LBP,
and B2M) and have been previously reported to be increased
in COVID-19 patients. These acute-phase reactants reflect
distinct pathways: CRP is a marker of IL-6 activation (or IL-
1−IL-6), while B2M is a marker of lymphocyte turnover.
Additionally, three amyloid proteins, of which two are acute-
phase reactants SAA1 and SAA2, showed increased abundance
in patients. While using complement inhibition is under
investigation as therapy in COVID-19,42 there were few
differentiating proteins in our analysis that were associated
with the complement cascade. Other pathway associations
might provide novel targets for biomarkers and/or as drug
targets (Figure 3). Several differentially expressed proteins are
known to be localized to erythrocytes, which makes them
undetectable in plasma unless there is significant hemolysis or
possible sample contamination. These included HBA1, HBA2,
PARK7, PRDX2, HB, ALDOB, and CA1. We investigated
whether this was a result of poor sample preparation that led to
erythrocyte contamination of the plasma, and compared the
differentially abundant proteins with the erythrocyte and
platelet contaminants identified by Geyer et al.38 Only two out
of the 31 differentially abundant proteins are known to be

possible erythrocyte contaminants, that is, CA1 and PRDX2,
and only one is known to be a possible platelet contaminant,
that is, THBS1. Although these results await independent
validation, they might imply an increased hemolysis in
COVID-19 patients, which raises questions about whether
erythrocytes are more susceptible to hemolysis in COVID-19
patients and whether there is a causal correlation between the
hemolysis level and disease severity. Along with future
independent validation, these questions may be a focus for
further research on COVID-19 severity.
The difference in mean age between the COVID-19 patients

and healthy controls was 28 years. To investigate possible
effects of the age difference, we compared all the 31
discriminating proteins to the 72 plasma proteins known to
be correlated and predictors of age as described by Tanaka et
al.43 In their work, Tanaka et al. used aptamer-based
SOMAscan assays to measure the relative abundance of 1301
proteins. Only one single protein of the 72 age predictors was
in the set of discriminating proteins between healthy controls
and COVID-19 patients, that is, IGFBP2. In order to further
be more specific in our comparison, we calculated using the
data from Tanaka et al. a projected increase in abundance of
1.57 (β = 0.018) over 25 years for the top age-predicting
protein, that is, growth differentiation factor 15 (GDF15). Top
age-predicting protein corresponds to the largest absolute
slope (β) value, which means all other age related increase or
decrease in protein abundance would correspond to a lower
fold change. To that end, all the discriminating proteins
between healthy and acute COVID-19 patients that we
reported on had a minimum fold change of two, which is
much larger than 1.57.
Comparisons within the patient groups, that is, without

using control samples included effects of sex, ARB exposure,

Figure 1. Comparison of protein levels in COVID-19 patients and healthy controls. The volcano plot indicating fold change (x-axis) and negative
log10 p-value (y-axis) for each protein comparison of patients who had COVID-19 with controls. The vertical dashed line indicates boundaries of
log2 fold change (lower or higher) and the vertical dashed line indicates p < 0.05. p-values were adjusted for multiple testing using the Benjamini−
Hochberg method.

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

https://doi.org/10.1021/acs.jproteome.1c00863
J. Proteome Res. 2022, 21, 975−992

980

https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00863?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00863?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00863?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00863?fig=fig1&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. Heat map of protein levels in COVID-19 patients and healthy controls. The horizontal blue line at the top indicates controls and the
horizontal red line at the top indicates COVID-19 patients. The heat map colors range from blue for decreased levels to red for increased levels,
with shades indicating the relative size of change. Individual subjects are in columns and individual proteins are in rows.
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and use of ACEi. There was little difference in the signature of
the measured proteins between males and females in the
COVID-19 patients with only one protein, PZP. PZP is an α2
globulin that increases during pregnancy, modulates the
immune function and is also associated with Alzheimer’s
disease44 and inflammatory conditions.
A few proteins were overexpressed in ARB-exposed versus

non-ARB-exposed COVID-19 patients, including CFB,
ALDOB, and FCGBP, while one protein showed decreased
abundance, VCAM1. ARBs alter the proteomic response in
other conditions such as myocardial ischemia models45,46 and
thus, ARBs could alter the plasma proteomes of acute COVID-
19 patients. Interestingly, FCGBP was also one of the two
proteins that showed a significant decrease in abundance in the
users of ACEi, together with S100-A9.
Notably, only S100A-9, S100-A12, and LPA were different

between survivors and nonsurvivors. S100A9 has been
associated with increased mortality in COVID-19.47,48

S100A9 interacts with S100A8 to modulate vascular
inflammation and lymphocyte recruitment to the sites of
infection and is central to sepsis responses49 and is associated
with increased sepsis mortality.50

The functional analysis of the differentiated proteins in
COVID-19 patients compared to healthy controls resulted in
the enrichment of multiple annotations pointing to an
activated immune and inflammation response (Table 2, Figure
3). This is in agreement with previous reports on COVID-19
immunopathogenesis.51 The ontology classes included acute
inflammatory response, complement activation, regulation of

inflammatory response, and regulation of protein activation
cascade. Each of these pathways is important in the acute,
immune, and complex protein responses to infection by SARS-
CoV-2. This is in agreement with previous reports. Shen and
colleagues19 found activation of three major pathways: the
complement system, macrophage function, and platelet
degranulation.

Longitudinal Analysis

Analyzing the plasma protein abundances of hospitalized acute
COVID-19 patients revealed several distinct patterns that
included resolution (sustained decrease), decrease followed by
increase, or greater disruption over the 14 day observation
period.
One protein group of the time series clusters identified in

COVID-19 patients (Figure 4B, Table 2, Figure S6, and Table
S2) was associated with the immune response, similar to the
results we obtained when comparing acute COVID-19 patients
versus healthy controls. In a profile showing rapid decrease in
concentrations followed by recovered plasma levels, the
proteins in this group, were associated with activation and
regulation of the complement and humoral systems. Proteins
associated with acute inflammatory response also showed a
similar trend in cluster 4 (Figure S6).
Clusters 1 and 9 (Figure 4A, D), which represented two

opposing trends, that is, an increase for proteins in cluster 1
and decrease for those in cluster 9, were both associated with
the protein−lipid complex. However, while the profile related
to increased abundance over time was associated with multiple

Table 2. Enriched Protein Functions when Comparing COVID-19 Patients with Healthy Controls and in the Identified
Protein Longitudinal Time Profiles
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binding activities including heparin, glycosaminoglycan, and
sulfur compound binding, the opposing profile was associated
with enzyme inhibiting activities related to multiple serine
protease inhibitors. This outlines a continuous decrease in
these functions (over the first 14 days), which might explain
findings in a recent study that identified altered lipid
metabolism when studying red blood cells in COVID-19
patients compared to healthy.52 The relation between SERPIN
family proteins and COVID-19, including some in the current
study, was also discussed in recent works.53−56 Our results
showed a distinct longitudinal profile that indicates a delayed
response and decrease in abundance of the measured
SERPINs.
One interesting trend that grouped multiple proteins that

exhibited a rapid decrease followed by an increase in
abundance, cluster 8 (Figure 4, Figure S6). These proteins
were related to platelet degranulation, secretory mechanisms,
and the regulation of smooth muscle cell proliferation.
Interpretation and Potential Clinical Aspects

To our knowledge, this is the first report of proteomic analysis
investigating patients with acute COVID-19 over the first 14
days of hospitalization. Shen and colleagues19 found that 93
plasma proteins were differentially regulated in COVID-19
patients at the baseline compared to controls, showing the
dysregulation of pathways that modulate macrophages,
platelets, the complement system, and metabolic suppression.
Park and colleagues57 identified 76 proteins (indicating
alterations of neutrophil activation, complement activation,
platelet function, T cell suppression and pro-inflammatory
factors upstream and downstream of interleukin-6, interleukin-

1B, and tumor necrosis factor) that differed between moderate
and severe COVID-19. Shu and colleagues58 also discovered
significant alterations of immune or inflammatory responses,
platelet degranulation, coagulation, and metabolism.
Increased acute-phase reactants such as CRP and LBP (a

marker of intestinal leakage) increased in patients with
COVID-19 who have cardiac injury,59 B2M (increased in the
cerebrospinal fluid of COVID-1960) and ORM1 (previously
reported in COVID-1961) indicate the brisk host response to
SARS-CoV-2 infection in hospitalized patients. Although it is
true that these are all acute-phase reactants, they reflect distinct
pathways: CRP is a marker of IL-6 activation (or IL-1
activating IL-6), while B2M is a marker of lymphocyte
turnover.
Three amyloid-related proteins were increased in COVID-

19 compared to healthy controls and these are acute-phase
proteins, which was also observed by Shen and colleagues.19

Although await validation, these could be indicators of
cognitive dysfunction and depression after COVID-19 because
of their association with Alzheimer’s disease and depression.
SAA1 and SAA2 were increased in our COVID-19 patients,
and are known to be increased in sepsis,62,63 Alzheimer’s
disease, and depression.64 The survivors of COVID-19 have
increased risks of cognitive difficulties and depression65

suggesting that increased serum amyloid A1 and/or A2 could
be candidate biomarkers of these neurological complications of
COVID-19. APCS (the serum form of amyloid P, a
component of amyloid plaques in brain), which was also
increased in our COVID-19 patients, is a biomarker of

Figure 3. Pathways interactions of the significantly increased (p-value < 0.05 and at least twofold increase COVID-19 compared to healthy
controls. p-values were adjusted for multiple testing using the Benjamini−Hochberg method).
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Alzheimer’s disease66,67 and a drug target for amyloid
disorders.68,69

We also found that SPARC abundance was elevated in the
COVID-19 patient plasma and it is another protein known to
be associated with depression (e.g., bipolar depression,70

modulates brain function in Alzheimer’s disease71 and
depression72) and is overexpressed in peripheral blood
monocytes in acute respiratory distress syndrome.73

Protein s100-A12 was increased in COVID-19 patient
plasma and is a widely studied protein, an alarmin, pro-
inflammatory protein that is increased in conditions such as
diabetes,74 stent thrombosis, and sepsis-induced acute
respiratory distress syndrome, and predicts an increased risk
of death in sepsis.50 Protein s100-A9 was also increased, but to
our knowledge, not previously reported in COVID-19 patients
previously. The increase of protein s100-A9 in the plasma in
various cancers (e.g., chronic lymphocytic leukemia,75

hepatocellular cancer,76 diabetic complications,77 and pulmo-
nary tuberculosis78) has been thoroughly reviewed previously.
Other proteins increased in COVID-19 patients compared

to healthy controls in our study, but not reported in prior
studies on COVID-19 patients included SERPINA3, FSTL1,
ALDOB, HB, HBA1/HBA2, IGFBP2, LRG1, LCN2 (reported
in urine79 but not in plasma from COVID-19 patients),

PRDX2, SERPING1, PZP, PARK7, SPARC, and THBS1.
Several of these proteins point to increased hemolysis in
COVID-19 patients.
Enhanced coagulation is an important part of the

pathophysiology of severe COVID-19 and we found increased
levels of THBS1 in our COVID-19 patients that had not been
reported previously in COVID-19; THBS1 is a pro-
inflammatory matrix glycoprotein that modulates endothelial
cell adhesion, platelet adhesion, and interacts with a host of
adhesion factors and proteases. THBS1 is a marker of
disseminated intravascular coagulation in sepsis80 and this
may be relevant in COVID-19 because of the frequent and
often complicated course (e.g., deep venous thrombosis and
pulmonary emboli) of increased coagulation in COVID-
19.81−83

Other proteins that we found were increased in COVID-19
have been reported by others. Our finding of increased CA1
aligns with observations that carbonic anhydrases interact with
the renin-angiotensin system in the pathogenesis of SARS-
CoV-2 in the respiratory, renal, and cardiovascular systems.84

CST3 was higher in COVID-19 patients than in healthy
controls and has been reported previously as a marker of more
severe COVID-19.85−87 MMP-9 was also increased in COVID-
19 patients as reported previously88 and in acute respiratory

Figure 4. Time course of protein levels in the COVID-19 patients. Of nine measured longitudinal protein concentration profiles that were
identified using time series cluster analysis, four groups were selected based on the clear distinct profile. The functional analysis of the protein
members of these groups, using known interactions and gene ontology annotations, resulted in the specific functions reported in the figure.
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distress syndrome not due to COVID-19.89 SPP1was increased
in our study and was higher in severe compared to nonsevere
COVID-19 in another study.90 SPP1 is a cytokine-like matrix-
associated phosphoglycoprotein that increases furin expres-
sion.91 Furin is a proprotein convertase that activates
precursors of chemokines, growth factors, hormones, adhesion
molecules, and receptors and promotes SARS-CoV-2 cell entry
and replication. We and others92 showed that VCAM 1 was
increased in COVID-19 patients. VCAM1 is also increased in
sepsis,93 it is a marker of bacteremia in sepsis94 and correlates
with an increased risk of multiple organ failure in sepsis.95

VWF was increased in our COVID-19 cases and has been
published before in COVID-19 in general96 and as a marker of
coagulopathy,97 venous thrombosis,98 and of acute kidney
injury in COVID-19.99

Strengths and Limitations of Current Work

The strengths of our study include the relatively large sample
size of acute COVID-19 hospitalized patients in whom we had
repeated measurements over 14 days of plasma protein levels,
the multicenter design enhancing generalizability, healthy
controls for comparison, the assessment of multiple protein
levels to understand the proteomic response in early acute
COVID-19, and the evaluation of the association of ARBs and
ACEi use with protein levels in plasma.
The possible limitations of our study were that we included

samples that were collected at hospital admission and over 14
subsequent days of hospitalization such that we cannot infer
what effects COVID-19 has on plasma protein levels at earlier,
pre-hospital or later times (in- and post-hospital). The number
of patients with exposure to ARBs and ACEi is small, and
therefore our associated results regarding proteins with
different plasma levels require further validation. Another
possible limitation is that the control group had relatively few
Caucasians and that they were likely healthy (because they

were blood donors) but we do not know if they had any
comorbidities. Finally, the fact that blood was processed within
a 4 h window from collection in the laboratories may be a
limitation.
We performed multiple comparisons using only the samples

from acute COVID-19 patients, this included investigating
proteomic signature of sex, of exposure to ARBs, of ACEi, of
ventilation, and the difference between survivors and non-
survivors. Furthermore, in our longitudinal analysis we made
use of only patient samples and referenced each to own
baseline protein levels. In one analyses, namely comparing
acute COVID-19 with healthy individuals, we used external set
of plasma samples. Although this is not ideal and we cannot
control for differences in sample preparation procedures and
were not able to perform age matching, we followed three
points to assert the validity of this comparison. First, the
COVID-19 samples were collected in a multicentric effort and,
therefore, these samples themselves comprise differences in
sample preparation. Hence, differences in sample preparation
are, to some degree, accounted for implicitly. Second, there
were no significant differences that pointed out any known
contamination from sample preparation, as we highlighted
earlier. Third, all the discriminating proteins were included at a
fold change threshold of two. This threshold is higher than the
maximum reported protein abundance difference in healthy
humans, with a 25 year difference as we mentioned earlier.
Thus, while the two sample sets may seem not ideal for
comparison, our investigation and relating our results to
previous works, on plasma contamination due to sample
preparation and the effect of age, merit the comparison.
Nonetheless, our findings require validation in subsequent
acute COVID-19 cohorts in order to be able to generalize the
results. Future studies should also evaluate plasma protein
levels early in the course of COVID to determine when in the
pre-hospital course changes in plasma protein levels occur.

Figure 5. Proteins that differed between COVID-19 survivors and nonsurvivors. The volcano plot indicating fold change (x-axis) and negative log10
p-value (y axis) for each protein comparison of survivors and nonsurvivors of the COVID-19 patients. The vertical dashed line indicates boundaries
of log2 fold change (lower of higher) and the vertical dashed line indicates p < 0.05. p-values were adjusted for multiple testing using the
Benjamini−Hochberg method.
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Additional studies may evaluate the association of changes in
proteomics in acute COVID-19 patients with “COVID-19 long
haul” syndromes in survivors, and we still need to understand
whether and when changes in proteomics in acute COVID-19
patients return to normal in post-hospital discharge patients.

■ CONCLUSIONS

Several expected (e.g., CRP and LBP) and many unexpected
proteins differed in their plasma levels between COVID-19
patients and healthy controls that indicated activated pathways
that had differing recovery trajectories over 14 days. These
novel proteins and pathways may be targets for the biomarkers
of COVID-19 and/or possible therapeutic targets. We showed
for the first time, several amyloid-related proteins that are
increased in Alzheimer’s disease and depression were also
increased in acute COVID-19, and we speculated that they
could be biomarkers of cognitive dysfunction and depression in

survivors of COVID-19. Finally, the different patterns of
proteome network disruption versus resolution over the 14 day
observation period may help guide the timing of interventions
because the treatment of COVID-19 requires attention to the
clinical and likely the proteomic phases (e.g., viral,
inflammatory, and hypercoagulable) of COVID-19.
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Figure 6. Protein levels according to ARBs or ACEi exposure prior to hospital admission for acute COVID-19. The volcano plots show protein fold
change (x-axis) and negative log10 p-value (y axis) for each protein comparison of patients who had COVID-19 and were or were not on ARBs/
ACE prior to hospital admission for acute COVID-19. The vertical dashed line indicates boundaries of log2 fold change (lower of higher) and the
vertical dashed line indicates p < 0.05. Boxplots show the differentially abundant proteins. p-values were adjusted for multiple testing using the
Benjamini−Hochberg method.
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