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ABSTRACT: Since the recent outbreak of COVID-19, there have been
intense efforts to understand viral pathogenesis and host immune response to
combat SARS-CoV-2. It has become evident that different host alterations can
be identified in SARS-CoV-2 infection based on whether infected cells, animal
models or clinical samples are studied. Although nasopharyngeal swabs are
routinely collected for SARS-CoV-2 detection by RT-PCR testing, host
alterations in the nasopharynx at the proteomic level have not been
systematically investigated. Thus, we sought to characterize the host response
through global proteome profiling of nasopharyngeal swab specimens. A mass
spectrometer combining trapped ion mobility spectrometry (TIMS) and high-
resolution QTOF mass spectrometer with parallel accumulation-serial
fragmentation (PASEF) was deployed for unbiased proteome profiling. First,
deep proteome profiling of pooled nasopharyngeal swab samples was
performed in the PASEF enabled DDA mode, which identified 7723 proteins that were then used to generate a spectral library.
This approach provided peptide level evidence of five missing proteins for which MS/MS spectrum and mobilograms were validated
with synthetic peptides. Subsequently, quantitative proteomic profiling was carried out for 90 individual nasopharyngeal swab
samples (45 positive and 45 negative) in DIA combined with PASEF, termed as diaPASEF mode, which resulted in a total of 5023
protein identifications. Of these, 577 proteins were found to be upregulated in SARS-CoV-2 positive samples. Functional analysis of
these upregulated proteins revealed alterations in several biological processes including innate immune response, viral protein
assembly, and exocytosis. To the best of our knowledge, this study is the first to deploy diaPASEF for quantitative proteomic
profiling of clinical samples and shows the feasibility of adopting such an approach to understand mechanisms and pathways altered
in diseases.
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■ INTRODUCTION

Recent advances in data-independent acquisition (DIA),
especially owing to the high-performance mass spectrometers
and improved data analysis strategies, have enabled unbiased
measurement of proteomes.1−4 A major benefit of DIA
compared to data-dependent acquisition (DDA)-based ap-
proaches is the reproducible measurements across runs, which
allows application to large sample cohorts.5 However, it is also
understood that a major limitation of DIA is the complexity of
MS/MS spectra that hinders accurate and sensitive peptide
identification. Therefore, various strategies have been intro-
duced to circumvent this issue in terms of data acquisition
method, as well as data interpretation pipelines.2 Recently, it
was shown that addition of ion mobility separation could
further increase the sensitivity of peptide identification by
decreasing the complexity of MS/MS spectra. Further,
coupling ion mobility separation to DIA through trapped ion
mobility mass spectrometer (TIMS) has been suggested to
reach nearly 100% ion sampling efficiency.6 This new

acquisition strategy, termed diaPASEF, incorporates the idea
that there is correlation between peptide ion mass and ion
mobility. Two TIMS configuration operating in parallel for ion
accumulation and mobility separation combined with a
quadrupole allow data acquisition of every mass window at
the specific time, which overcomes a limitation of conventional
DIA methods acquiring fragment ions from one isolation
window. In addition, data interpretation utilizing ion mobility
in addition to elution time and precursor window contributes
to increased signal-to-noise ratios.
Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) the causative organism of the COVID-19 pandemic,
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poses a substantial threat to human health. SARS-CoV-2
infection usually causes mild symptoms but hyperinflammatory
immune response has been observed in a subset of patients
with severe consequences such as acute respiratory distress
syndrome.7 Therefore, a number of studies to understand host
response in infected cells, animal models, and clinical samples
using genomics8−11 and proteomics approaches12−14 have
been performed. Further, multi-omics analysis has revealed
dysregulated molecules in the blood of COVID-19 pa-
tients.15,16

SARS-CoV-2 enters the body mainly through the nasal
cavity, which is connects posteriorly to the pharynx, larynx and
the lower respiratory tract. Located at the interface with the
external environment, the nasopharynx plays a critical role as a
first line of defense against pathogens.17,18 SARS-CoV-2 enters
cells in the respiratory tract by binding of its S protein to
angiotensin-converting enzyme 2 (ACE2) on the host cell
surface, followed by cleavage by serine protease
TMPRSS2.19,20 Given that the nasopharynx is the primary
site of SARS-CoV-2 exposure, host proteome profiles of
nasopharynx would provide the clue that can help under-
standing pathogenesis and discovering drug targets. The upper
respiratory tract including the nasopharyngeal mucosa can be
easily sampled using nasopharyngeal swabs (NP swabs), which
are the standard sampling for diagnostic testing for COVID-19.
In this regard, while several mass spectrometry-based studies
have employed NP swabs for detection of viral peptides,21−23

host proteome profiling of NP swabs has lagged behind14

although it offers an attractive opportunity for studying the
impact of SARS-CoV-2 on epithelial as well as immune cells.
In this study, we sought to characterize the proteome host

response by analyzing NP swab specimens. Proteome profiles
of 45 SARS-CoV-2 positive and 45 negative NP swab samples
were acquired with diaPASEF mode. Data interpretation was
performed by employing a spectral library generated
specifically for this purpose from extensively fractionated
samples prepared from pooled COVID-19 positive, as well as
COVID-19 negative samples. Functional analysis demonstra-
ted that innate immune responses were elevated in SARS-CoV-
2 positive subjects, which includes IFN-mediated immune
response and complement activation. In addition, processes
related to viral life cycle were shown to be upregulated, such as
endoplasmic reticulum (ER) to Golgi vesicle-mediated trans-
port and exocytosis. To the best of our knowledge, this is the
first use of diaPASEF on clinical samples to decipher the host
response against SARS-CoV-2. We believe that the record of
nasopharyngeal proteome would provide information for
better understanding host response against SARS-CoV-2
infection and finally suggest potential therapeutic targets.

■ EXPERIMENTAL SECTION

Collection of NP Swab Specimens

NP swabs were obtained from samples submitted to the
diagnostic clinical laboratory at Mayo Clinic in Rochester,
Minnesota after approval from the Mayo Clinic Institutional
Review Board. All swabs used in this study were inactivated at
70 °C for 30 min prior to further processing. In total, 45 SARS-
CoV-2 positive and 45 negative NP swab samples were used in
this study.
Protein Extraction and Digestion

NP swabs were collected in PBS. About 200 μL of PBS was
taken for 67 samples and an additional amount (1 mL) was

used from 23 samples to make pooled peptide samples that
were used for generating a spectral library. Protein
precipitation was performed by adding methanol (nine times
by volume) and pelleted by centrifugation at 16 000g for 15
min. The precipitated proteins were reconstituted in 8 M urea
in 50 mM TEAB (pH 8.0) and protein concentration was
measured using BCA assay (Thermo, 23227). Protein lysates
were reduced using 10 mM dithiothreitol for 30 min, followed
by alkylation with 40 mM iodoacetamide for 30 min. Protein
digestion was carried out using trypsin (Promega, V5111)
overnight at 37 °C (1:50 enzyme to protein ratio). The
peptides were desalted using C18 stage tips (Glygen, TT2C18)
or in-house tip packed with C18 disk (3M, Empore). iRT
peptides (Biognosys, Ki-3002-1) were injected for all samples
analyzed in this study.

Generation of Spectral Library from Pooled Samples with
PASEF-DDA

Peptides from pooled samples (∼1.6 mg) were loaded on a
Xbridge column (4.6 mm × 50 cm × 3.5 μm, Waters, Milford,
MA) and separated using Dionex Ultimate 3000 liquid
chromatography system (Thermo Scientific, Waltham, MA).
Mobile phase A was composed of 20 mM ammonium formate
in water (pH 8.5), and mobile phase B was composed of 20
mM ammonium formate in 80% ACN (pH 8.5). Two hours
gradient was applied from 2% to 40% of sol B and 96 fractions
were collected at every 75 s. The fractions were concatenated
into 24 fractions and ∼5 μg of peptides of each fraction were
analyzed in DDA mode to generate a spectral library.
nanoElute liquid chromatography system (Bruker Daltonics,
Bremen, Germany) was operated with two column separation
mode connected to an analytical column (25 cm × 75 μm, 1.6
μm C18, IonOpticks, AUR2-25075C18A-CSI) and a trap
column (2 cm × 100 μm, Acclaim PepMap100, Thermo Fisher
Scientific). The analytical column was kept at 50 °C. Solvent A
was 0.1% formic acid in water, and solvent B was prepared with
0.1% formic acid in acetonitrile. The peptides were separated
over 130 min at 300 nL/min using the following gradients:
from 3% to 35% sol B in 120 min, from 35% to 80% sol B in 5
min, maintaining at 80% for 10 min and equilibrating 3% sol B
for 5 min. Eluted peptide were analyzed on timsTOF Pro
(Bruker Daltonics, Bremen, Germany) in the PASEF-DDA
mode. TIMS was enabled with 100 ms of ramp time and 100%
duty cycle. Ions with ion mobility from 0.6 to 1.6 V s cm−2

were monitored. MS/MS data were acquired with 10 PASEF
MS/MS scans per cycle. Isolation width was set to 2 m/z for
m/z < 700 and 3 m/z for m/z > 800. Collision energy was
increased stepwise from 20 to 59 eV as a function of increasing
ion mobility from 0.6 to 1.6 V s cm−2. MS and MS/MS spectra
were acquired from m/z 100 to 1700.

Acquisition of diaPASEF Data

Individual 90 samples (45 positive and 45 negative) were
analyzed in the diaPASEF mode by injecting 1 μg of peptide
mixture. The same separation conditions were used as in DDA
experiment. The mass spectrometer was operated in the DIA
mode controlled with text file containing all parameters for
diaPASEF experiment (Supplementary Table 1). The isolation
width was set as 25 m/z and precursor ions of 400−1,200 m/z
and ion mobility of 0.69−1.47 V s cm−2 were monitored with
64 windows.6 Collision energy was ramped linearly from 20 to
59 eV as was done for the PASEF-DDA experiments.

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

https://doi.org/10.1021/acs.jproteome.1c00506
J. Proteome Res. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_002.xlsx
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Data Analysis

PASEF-DDA data from 48 fractionated samples were loaded to
Spectronaut 14 (version 14.10.201222.47784, Biognosys). A
spectral library was generated using Pulsar in Spectronaut 14
under the default settings. Combined protein database of
UniProt human database (20 501 entries), SARS-CoV-2
proteins, SARS-CoV proteins and common coronaviruses
proteins (OC43, HKU1, NL63, and L229E) were used for
protein identification. A maximum of two missed cleavages
were considered with trypsin as the enzyme. Carbamidome-
thylation of cysteine was set as a fixed modification. Protein N-
terminal acetylation and oxidation of methionine were set as
variable modifications. The generated spectral library can be
found in Supplemental Table 2. The same data were searched
against neXtProt database using Andromeda in MaxQuant
suite for evaluating iBAQ values and missing proteins under
the same search parameters as described above. diaPASEF data
were analyzed using Spectronaut 14 against the spectral library
using the BGS factory default settings. The identifications were
filtered at an FDR of 1% at both peptide and protein levels.
Differentially expressed proteins ((|fold-change| > 2 and
adjusted p-value <0.05) reported from Spectronaut were
used as input to Ingenuity Pathway Analysis software (Qiagen,
Germantown, MD) for further functional analyses. The
heatmap was generated using MetaboAnalyst 5.0 (https://
www.metaboanalyst.ca/). Protein abundance was log trans-
formed and scaled with auto scaling setting. Protein−protein
interactions were evaluated with STRING (version 11.0).24

Peptide Synthesis

The peptides were synthesized using standard FMOC

chemistry on a MultiPep RSi (CEM Corp. Matthews, NC)

multiple peptide synthesizer retrofitted with a 384-well filter

plate. The starting resin for peptides were FMOC-Arg(pbf)

Wang resin or FMOC-Lys(Boc) Wang resin (Novabiochem,

Burlington, MA). The peptides were cleaved for 2 h at room

temperature and, then, centrifuged onto a receiving plate for 2

min at 1000 rpm. Cleavage cocktail was trifluoroacetic acid,

water, triisopropyl silane, and 3,6-dioxa-1,8-octanedithiol

(92.5/2.5/2.5/2.5 v/v/v/v). Peptides were washed with

dichloromethane and added to the volume of cleavage cocktail

in the receiving plate. Cold MTBE was added to precipitate the

peptides, and then, the plate was placed at −20 °C for 1 h. The

precipitates were centrifuged for 2 min at 1000 rpm and then

placed in a hood to dry overnight.

Data Availability

The DIA mass spectrometry data have been deposited to the

ProteomeXchange Consortium via the PRIDE partner

repository25 with the data set identifier PXD025277. The

spectral library used in this study can be found in the

Supplementary Data.

Figure 1. Performance evaluation and design of the study. (A) Bar charts of the number of protein groups from triplicates of PASEF-DDA and
diaPASEF experiments. All LC-MS/MS experiments were acquired with the same parameters as described under the Methods section by injecting
∼1 μg of peptides from Jurkat cells. (B) Correlation of protein abundance from triplicate PASEF-DDA and diaPASEF analyses is shown.
Quantitative values of proteins in PASEF-DDA and diaPASEF were obtained through MaxQuant and Spectronaut, respectively. (C) Overall
workflow for DIA-based proteome profiling. The nasopharyngeal swab samples were processed and analyzed using the diaPASEF mode on
timsTOF Pro mass spectrometer. The spectral library generated from PASEF-DDA data acquired from pooled samples was used for DIA
interpretation through Spectronaut.
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■ RESULTS AND DISCUSSION

Design of the Study for Comprehensive Quantitative
Proteome Profiling

A major shortcoming of the DDA approach is the lack of
reproducible measurements across samples mainly because of
the stochastic nature of precursor ion sampling during MS/MS
analysis.26 In contrast, the DIA approach ensures fragmenta-
tion of all precursor ions within any predetermined isolation
window to significantly improve the reproducibility of
proteomic measurements.5 We deployed the timsTOF Pro
mass spectrometer which supports PASEF mode coupled to
DIA for our studies. The performance of DDA and DIA
operated in PASEF mode was evaluated by injecting peptide
digests of cultured Jurkat cells. As the effect of mass
spectrometric parameters on protein identification has been
investigated elsewhere,27,28 we adopted the optimized settings
for DDA and DIA experiments such as ion accumulation time,
number of PASEF scans and size of the isolation window. The
acquired PASEF-DDA data were then analyzed using
Andromeda search engine within MaxQuant suite. In total,
4747 proteins were identified from triplicate runs with 2721
proteins (57%) repeatedly detected from all DDA experiments.
In contrast, the same 4490 (94%) proteins were identified in
each of the three DIA experiments (Figure 1A). Further, we
observed highly reproducible quantitation between experi-
ments. Correlation between diaPASEF experiments was
slightly greater than that observed in PASEF-DDA experiments
confirming reproducibility as a major benefit of DIA, which is
highly desirable for large-scale analyses (Figure 1B).
We previously analyzed NP swabs to develop a mass-

spectrometry-based assay for detecting viral antigens.29 In our

experiments aimed at detecting viral antigens, we observed
several expected proteins related to interferon (IFN) mediated
antiviral responses. This motivated us to investigate the host
response against SARS-CoV-2 infection more systematically
using a larger set of NP swab samples and a label-free
approach. To accomplish this, we collected NP swabs from
subjects who underwent RT-PCR-based molecular testing for
diagnosis of COVID-19 infection and decided to perform
diaPASEF-based analysis of individual samples for quantitative
proteome profiling.
The overall workflow of proteome profiling of NP swabs is

described in Figure 1C. We collected SARS-CoV-2 positive
and negative NP swab specimens as determined from RT-
PCR-based diagnostic testing. In RT-PCR test, the amount of
SARS-CoV-2 RNA is estimated by cycle threshold (Ct) value
which is inversely proportional to the viral loads. The median
Ct value of positive samples in this study was 22.4 (range =
15.4−33.8). After protein lysis and digestion of NP swabs
stored in PBS, equal amounts of peptides were used for
proteomic profiling in the diaPASEF mode. Precursor ions
spanning 400 to 1200 m/z with ion mobility from 0.69 to 1.47
V s cm−2 were monitored with 25 m/z isolation width.
Sequential TIMS devices operating in parallel for ions
accumulation and mobility separation coupled to mobility
separation synchronized quadrupole allow nearly 100%
sampling of precursor ion current in DIA mode. DIA data
contain fragment ions of all precursor ions over the entire
duration of elution. As spectral library with ion mobility
information is essential for analyzing diaPASEF data, we
generated two sets of sample poolsSARS-CoV-2 positive and
negative samples. The pooled samples were separated into 24

Figure 2. Generation of a proteome catalog of the nasopharynx. (A) Comparison of nasopharynx proteomes with previous proteomics studies from
NP swab or brush samples. (B) Cellular deduced subtypes of proteins identified in PASEF-DDA experiments. (C) Density distribution of precursor
mass and ion mobility values of 102 392 precursors contained in the spectral library. (D) Distribution of iBAQ intensity of the identified proteins.
The representative proteins known to be expressed in nasopharynx are marked as empty black circle. The missing proteins are marked as red circles.
(E) MS/MS spectrum and mobilogram of experimental and synthetic peptide LEDTILSPTASR derived from the missing protein, CROCC2.

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

https://doi.org/10.1021/acs.jproteome.1c00506
J. Proteome Res. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00506?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00506?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00506?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00506?fig=fig2&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fractions by offline basic-pH RPLC fractionation. Each fraction
(in total, 48 fractions) was analyzed in PASEF-DDA mode and
subjected to protein database search to generate spectral
library. Protein identification and quantitation of features of
diaPASEF were obtained using Spectronaut against the
generated spectral library.
Generating a Comprehensive Protein Catalog of the
Nasopharynx with PASEF-DDA

PASEF-DDA data from fractionated samples were analyzed
using Pulsar in Spectronaut which resulted in identification of
102 392 peptides corresponding to 7723 protein groups, which
was then assembled as a spectral library. We assessed the
comprehensiveness of the spectral library by comparing it with
the previous proteome profiling studies of the nasopharynx
(Figure 2A). There are a few studies performing proteome
profiling of nasopharynx with swab or brush samples. Sande et
al. identified 1875 proteins from NP swabs of 84 children with
and without respiratory syncytial virus infection.30 Ndika et al.
performed proteome profiling of NP brushes of allergic rhinitis
patients and controls, which resulted in 3207 proteins from
120 LC-MS/MS runs.31 We, further, compared profiled
proteome of nasopharynx from three studies at the gene
level. This comparison showed most molecules detected in

previous studies were covered by our studies. In addition, we
identified 5110 genes that were missed previously. This
confirms that our study provided the most extensive protein
catalog from nasopharynx collected with NP swabs thus far.
The nasopharyngeal swab samples contain a heterogeneous

mixture of immune and epithelial cells. This was supported by
a cell subtype analysis using Enrichr32 (Figure 2B). Immune
cell subtypes including B lymphoblasts and NK cells were
strongly enriched with immune cell-specific markers such as
CD2, CD14, CD38, and granzyme B. Epithelial cells were also
shown as the major cell subtype along with epithelial cell-
specific markers including CDH1 and CLDN3.
We generated a spectral library with these comprehensive

protein catalogs including information on elution time, ion
mobility and fragment ions of peptides. Precursor ion masses
ranged from 300 to 1700 m/z and ion mobility from 0.6 to 1.6
V s cm−2 (Figure 2C). We next evaluated the depth of the
proteome through intensity-based absolute quantification
(iBAQ) values.33 The same data were searched against
neXtProt database using Andromeda in MaxQuant and 7,243
protein groups were identified along with their iBAQ values.
The protein abundance spanned 6 orders of magnitude of
dynamic range (Figure 2D). The protein with the lowest

Figure 3. Quantitative analysis using diaPASEF (A) Bar charts of the number of proteins acquired from diaPASEF experimental analysis of 45
SARS-CoV-2 positive and 45 negative samples. (B) Volcano plot describing protein expression changes between positive and negative samples. (C)
Bar charts displaying type of molecules and subcellular localization for differentially expressed proteins. (D) Gene ontology analysis of upregulated
proteins. Biological processes are shown ordered according to the false discovery rate from DAVID (FDR < 0.05). The size of circle denotes the
number of proteins associated with each biological process.
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expression was lymphocyte antigen 75 (LY75) while the most
abundant protein was immunoglobulin kappa constant chain
(IGKC). We could confidently detect several well charac-
terized nasopharynx-specific proteins, such as BPIFA1/2 and
AMY1A.
To further utilize the extensive protein profiles, we also

mapped the identified proteins to the “missing protein” list
from the neXtProt database.34 Notably, five identified proteins
(GOLGA8F, CROCC2, HSP90AA4P, PMS2P11, and
WDR49) were labeled as missing protein. Of these, WDR49
was in the protein existence (PE) 2 (evidence only at the
transcript level) category while the remaining four proteins
were included in the PE5 (uncertain or dubious) category.
Validation of the identification was carried out using synthetic
peptides. MS/MS spectrum and mobilogram of peptide
LEDTILSPTASR from protein CROCC2 provide a confident
identification (Figure 2E). Interestingly, the evidence of
CROCC2 was reported in Human Protein Atlas with high
expression in nasopharynx and lung based on immunohis-
tochemistry. In this study, we further provide the peptide
evidence with experimental MS/MS spectrum and ion mobility
values.
Proinflammatory cytokines are expected to be induced by

innate immune cells against viral infection. We compared
proteins consisting of the spectral library with a list of 255
cytokines, chemokines, and their receptors (https://www.
immport.org/). Although several CXC chemokines (CXCL1,
CXCL5, CXCL6, CXCL8, CXCL10, and CXCL17) and
interleukins (IL16, IL18, IL19, and IL33) were identified
and included in the spectral library, most cytokines were not
detected through PASEF-DDA runs even with offline
fractionation. This is mainly because of the low abundance
of cytokines, which is still beyond the limit of detection of
mass spectrometers. Further studies are required using
complementary detection techniques such as proximity
extension assays.35

Quantitative Analysis with diaPASEF of Individual
Nasopharyngeal Swabs

Unbiased measurement of proteome for individual SARS-CoV-
2 positive and negative NP swab samples were performed by
injecting the same amount of peptide (i.e., 1 μg) with
diaPASEF mode using an isolation window of 25 m/z.
Spectronaut was used for protein identification using the
spectral library that we generated. We detected a total of
79 703 peptides corresponding to 5023 protein groups and, on
average, 3387 protein groups per sample (Figure 3A). Among
them, 3496 proteins (71%) were shared across ≥45 samples
and ∼15% of proteins (660 proteins) were shared across all 90
samples (Supplemental Figure 1A). The variation in the
number of proteins was mainly due to biological variation and
sampling across the NP swabs.
Protein abundance values were obtained from Spectronaut

which enabled consideration of ion mobility during data
extraction. Proteins quantified in only one sample of SARS-
CoV-2 positive or negative group were excluded, and the
resultant 4943 proteins were used for the further analysis.
Among 4943 proteins 577 proteins were upregulated, and 46
proteins were downregulated (|fold-change| > 2 and adjusted
p-value < 0.05) in SARS-CoV-2 positive samples (Figure 3B,
Supplemental Table 3). As it was expected that IFN stimulated
genes would be upregulated in SARS-CoV-2 positive subjects,
we mapped upregulated proteins onto a web-based database of

IFN regulated genes, Interferome.36 This resulted in 432
proteins related to IFN regulated genes including IFIT1,
IFIT2, IFIT3, IFIT5, ISG15, ISG20, MX1, MX2, OAS1, and
OAS3. We also observed elevated expression levels of alarmin
S100A8/A9, which is recently reported overexpression in
SARS-CoV-2 infected models and COVID-19 patients.10,37

Differentially expressed proteins were categorized based on
their function and subcellular localization through ingenuity
pathway analysis (IPA). This analysis revealed that they
belonged to various classes of molecules with 141 enzymes, 46
transcription regulators and 40 kinases from various cellular
compartments mainly the cytoplasm (Figure 3C, Supplemental
Table 3). Many kinases (39 molecules) were upregulated in
COVID-19 positive samples including protein TBK1, CMPK2,
and TAOK3. TANK binding kinase 1 (TBK1) is a well-
characterized molecule that phosphorylates interferon regu-
latory factor 3 (IRF-3) in type I IFN signaling pathway. It has
been reported that TBK1 acts as a core kinase in the innate
immune response38,39 and several studies have demonstrated
that SARS-CoV-2 nonstructural protein 6 and 13 inhibit
TBK1.40,41 Cytidine/uridine monophosphate kinase 2
(CMPK2) was reported as an ISG that restricts HIV,42 but
less studied in SARS-CoV-2 related studies, which requires
further investigation in the future.
Next, we performed gene ontology-based enrichment

analysis of biological processes for upregulated proteins using
DAVID.43 This analysis revealed a significant enrichment of
proteins associated with the innate immune response to viral
infection including type I IFN and IFN-gamma-mediated
signaling pathway (Figure 3D). Canonical pathways related to
the innate immune response such as IFN signaling, activation
of IRF by cytosolic pattern recognition receptors and increase
cytokines/chemokines in the pathogenesis of influenza were
again enriched in the IPA analysis (Supplemental Figure 1B).
Although enrichment was not significant with FDR > 0.1, we
observed several proteins (SERPINB10, BNIP3L, BCL2L1,
and HMGA2) related to negative regulation of apoptotic
process. Other proteins include proteins, such as WFDC2 and
AGR3, which are known to be expressed in respiratory tract
and are associated with immune response44,45 although their
exact role in SARS-CoV-2 is currently unknown.
There have been several studies to detect virus-derived

peptides from NP swabs using mass spectrometry. We had
previously observed a robust signal in a DDA experiment from
a nucleocapsid-derived peptide, AYNVTQAFGR, which led us
to evaluate the possibility of detecting it in a DIA experiment.
Indeed, this peptide was detected in 23 positive samples with a
confident MS/MS spectrum (Supplemental Figure 2A). The
linear regression analysis between RT-PCR Ct and peak area
showed a positive correlation with R2 of 0.32 (Supplemental
Figure 2B). This analysis describes the potential of a DIA-
based approach recording all precursor ions in an unbiased
fashion, which enables the reanalysis of the data in the future
with different hypotheses including identification of peptides
with coding mutations or with PTMs dysregulated by SARS-
CoV-2 infection.

Elevated Innate Immune Response along with Expression
of Various ISGs

We found a robust increase in the innate immune response
against viral infection (Figure 3D and Supplemental Figure
1B). The innate IFN response pathway is one of the first lines
of defense against viral infection. Upon viral infection, the host

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

https://doi.org/10.1021/acs.jproteome.1c00506
J. Proteome Res. XXXX, XXX, XXX−XXX

F

https://www.immport.org/
https://www.immport.org/
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_004.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_004.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_004.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00506/suppl_file/pr1c00506_si_001.pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pattern recognition receptors (PRRs) including retinoic acid-
inducible gene I (RIG-I)-like receptors (RLRs) and Toll-like
receptors (TLRs) recognize viral pathogen-associated molec-
ular patterns (PAMPs).46 Viral recognition triggers interaction
of the caspase activation and recruitment domain (CARD)
with the mitochondrial antiviral adaptor protein (MAVS). The
activation of MAVS initiates downstream signaling, activating
nuclear factor kB (NF-κB) and TANK binding kinase 1
(TBK1). These proteins phosphorylate interferon regulatory
factor 3 (IRF-3) leading to nuclear translocation, and
expression of type I IFN (IFN-I). Secreted IFN-I activates
Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), which
phosphorylate signal transducer and activator of transcription
proteins (STAT1/2). Phosphorylated STAT1 and STAT2
form a heterodimer followed by association with interferon
regulatory factor 9 (IRF9) to form ISGF3. This complex enters
the nucleus and initiates expression of hundreds of ISGs. We
observed a robust elevated protein expression of molecules
associated with above-mentioned IFN signaling pathway
(Figure 4A). Overexpression of proteins involved in IFN-
mediated antiviral response is in agreement with previous
studies on infected cells12 bronchoalveolar lavage fluid,9 and
urine of COVID-19 patients.47

We further sought to classify the identified ISGs by their
function and overlaid the proteins identified in this study on a
list of 628 previously characterized ISGs.48 In all, 65 proteins
identified in this study were found in the list of characterized
ISGs. Among the 65 ISGs identified in this data set, we found
35 classified as IFN mediators/antiviral effectors (Figure 4B).
Interestingly, PARP9, PARP12, and PARP14 were among the
35 IFN mediators/antiviral effectors. PARP12 was previously
shown to suppress zika virus infection in A549 cells by
mediating ADP-ribosylation and subsequent proteasomal
degradation of NS1 and NS3 nonstructural proteins.49 We
provide the resource of modulated ISGs that could be further
investigated for improved understandings of host response
related to antiviral activity against SARS-CoV-2.
In addition to the proteins that were described in the

canonical pathway of IFN signaling (Figure 4A), we observed
an interaction among upregulated proteins involved in
functions such as inflammatory response and immunological
diseases based on the network generated by IPA (Supple-
mentary Figure 3). For example, we observed an upregulation
of EIF2AK2 and RIPK1 kinases. EIF2AK2, also known as
protein kinase R, acts as an antiviral protein that prevents viral
replication by phosphorylating the initiation factor elF2α.
Receptor interacting protein kinase 1 (RIPK1) is a key

Figure 4. Functional analysis of upregulated proteins in SARS-CoV-2 positive subjects. (A) Representative canonical pathway elevated in positive
samples. RIG-I-like receptors (RLRs) and Toll-like receptors (TLRs) mediated IFN-α/β production and downstream interferon signaling pathway
are depicted. Box plots of selected proteins are shown. (B) Heatmap of 64 ISGs across 90 samples classified based on their function of RNA
process, IFN regulators-antiviral effectors, inflammation, and metabolic regulation. (C) Protein−protein interactions of molecules related to Golgi
organization, ER to Golgi vesicle-mediated transport and exocytosis. Box plots of proteins COG8, FOLR1, LMAN1 are shown. (D) Upregulated
proteins that are known to interact with SARS-CoV-2.
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molecule controlling cell death and inflammation.50 To the
best of our knowledge, this is the first report describing the
upregulation of these molecules at the protein level in SARS-
CoV-2 infected clinical samples.
Further, we observed complement activation through

classical pathway with association of proteins, such as C3,
C4A, C4BPB, and CD55 (Figure 3D, Supplemental Figure
3B). Complement system is known as a part of the innate
immune response helping combat various infections.51

Recently, overwhelming complement activation has been
reported to play a role in respiratory failure and end-organ
failure in COVID-19 patients.52 Although we found relatively
high expression level of C3, C4A, and CD55 in several
samples, we could not evaluate the clinical significance of this
observation as one of the limitations of this study was lack of
corresponding clinical information on patients, such as disease
status and severity. Our analysis was informed by the viral load
in samples determined by RT-PCR, but we did not observe a
significant correlation between viral load and protein
expression levels of altered proteins.

Signatures of Active Viral Replication

In addition to antiviral immune responses, functional enrich-
ment analysis revealed other biological processes related to
viral replication, such as vesicle docking involved in exocytosis
and endoplasmic reticulum (ER) to Golgi vesicle-mediated
transport (Figure 3D). SARS-CoV-2 follows the general
mechanism of viral infectiondelivering RNA into the cell,
followed by replication and subsequent release from the cell. In
this context, it was expected that exocytosis pathway would be
dominant in the SARS-CoV-2 positive subjects. We found
seven upregulated proteins (VPS18/45, STXBP1, PLEK,
EXOC4, RAB8B, and SYTL2) associated with the vesicle
docking process in exocytosis. Similarly, elevated expression of
ER to Golgi vesicle-mediated transport and Golgi organization
process was altered, as viral replication and assembly utilize
structural support from the ER-to-Golgi compartment, where
different steps of the viral life cycle including replication and
assembly take place.53 This is in agreement with other reports
that SARS-CoV-2 hijacks the early secretory pathway,
including the ER, ER−Golgi intermediate compartment, and
Golgi.54

Because most of the identified proteins related to ER or
Golgi have not been reported in SARS-CoV-2 studies, we
evaluated the protein−protein interaction (PPI) network of
each process to enumerate molecules playing a pivotal role in
each process. PPI network was built using STRING (version
11.0) under the confidence score ≥0.4 (Figure 4C). Protein
LMAN1, COG8, and FOLR1 were shown to be the molecules
with higher interaction in ER/Golgi related process. LMAN1
also known as ERGIC53 is a cargo receptor that was known to
be associated with transporting glycoproteins in the early
exocytotic pathway. It was demonstrated that LMAN1 is
essential for viral life cycle and noninfectious viral particles are
generated with loss of LMAN1.55 COG8 is one of the
members of the conserved oligomeric Golgi (COG) complex
and is involved in intracellular membrane trafficking. Recently,
it was reported that COG complex proteins facilitate entry and
egress of orthopoxvirus, which suggested its potential as a
therapeutic target intervening viral transport pathway.56 Folate
receptor 1 (FOLR1) has been reported to be upregulated in
several cancers,57 but it is seldom studied in viral research.
Here, we provide evidence of elevated protein expression of

LMAN1, COG complex including COG8 and FOLR1 in
clinical samples of COVID-19 patients. The role of these
proteins during SARS-CoV-2 infection and the interaction
between SARS-CoV-2 are not clear and require further
investigations to elucidate their exact roles.
To investigate if proteins interacting with SARS-CoV-2

could be potential therapeutic drug targets, we further
evaluated if the differentially expressed proteins in our study
interacted with viral protein by comparing our data set to
previously reported SARS-CoV-2 interactome data obtained
from infected cells.58 Notably, we observed that 24 upregulated
proteins from our data have been reported as interacting
proteins with SARS-CoV-2 (Figure 4D). Among them, several
proteinsMRPS27, NUP54/214, BRD2/4, RIPK1, NUP98,
and DNMT1have approved drugs that are known to inhibit
these proteins, which could be investigated further using
SARS-CoV-2 infection-based model systems. In any case, this
is the first demonstration of elevated expression levels of these
proteins in SARS-CoV-2 infected clinical sample and further
functional analysis will be required to pursue them as potential
targets in any therapeutic strategy.

■ CONCLUSIONS
In this study, we have demonstrated that comprehensive
proteomic profiling of clinical samples using the diaPASEF
approach could help decipher host response in response to
SARS-CoV-2 infection. The data reveal activation of several
biological processes including innate immune response (IFN
signaling pathways and complement activation), as well as
virus replication (exocytosis and ER/Golgi transport) in SARS-
CoV-2 positive subjects. In addition to several proteins that
have previously been shown to be regulated in SARS-CoV-2
infection, we discovered additional novel proteins to be altered,
which will require further detailed and mechanistic studies. We
believe that the proteomic profiles presented in this study
could be exploited as the resource for mining potential drug
targets, as well as understanding the response of host in
COVID-19 infection.
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